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ABSTRACT: Iron complexes of N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine
(N4Py) have proven to be excellent synthetic mimics of the Bleomycins (BLMs), which are
a family of natural antibiotics used clinically in the treatment of certain cancers. However, most
investigations of DNA cleavage activity of these and related metal complexes were carried out in
cell-free systems using plasmid DNA as substrate. The present study evaluated nuclear DNA
cleavage activity and cell cytotoxicity of BLM and its synthetic mimics based on the ligand N4Py.
The N4Py-based reagents induced nuclear DNA cleavage in living cells as efficiently as BLM and
Fe(II)-BLM. Treatment of 2 cancer cell lines and 1 noncancerous cell line indicated improved
cytotoxicity of N4Py when compared to BLM. Moreover, some level of selectivity was observed
for N4Py on cancerous versus noncancerous cells. It was demonstrated that N4Py-based
reagents and BLM induce cell death via different mechanistic pathways. BLM was shown to
induce cell cycle arrest, ultimately resulting in mitotic catastrophe. In contrast, N4Py-based
reagents were shown to induce apoptosis effectively. To the best of our knowledge, the present
study is the first demonstration of efficient nuclear DNA cleavage activity of a synthetic BLM mimic within cells. The results
presented here show that it is possible to design synthetic bioinorganic model complexes that are at least as active as the parent
natural product and thereby are potentially interesting alternatives for BLM to induce antitumor activity.

Bleomycins (BLMs) are a family of natural antibiotics
produced by Streptomyces verticillus first reported in the

1960s.1 Nowadays, they are widely used for the clinical
treatment of various tumors, including carcinoma of cervix,
head, neck, and testicles.2−5 In the presence of cellular metal
ions and oxygen, BLMs are capable of mediating oxidative
DNA cleavage, which is believed to be the major contributor of
their antitumor activity.3−6 The metal-binding region of BLMs
(Figure 1) coordinates metal ions to form metallobleomycins
that react with oxygen and consequently mediate the
abstraction of H atoms from the DNA substrate to initiate
the cascade of DNA cleavage.4−9 BLM mediates both single
(SSBs) and double strand DNA breaks (DSBs) in cells, with
the latter proposed to be the main contributor to the observed
cytotoxic effects. Depending on the number of DSBs and the
ratio of SSB/DSB, two different types of cell death can be
induced by BLM.6,10 Moderate numbers of DSBs lead to cell
cycle arrest and mitotic catastrophe, whereas a high number of
DSBs, that is, high concentrations of BLM, results in an
apoptosis-like process. Experiments with deglycoBLM have
shown that a high number of SSBs, or a high SSB/DSB ratio,
could act as a signal for the cell to trigger apoptosis.10

To date, BLM is among the best studied DNA cleaving
antibiotics, although it is still not fully understood in terms of
function and mechanism.7−9,11,12 To better understand BLM’s
mode of action, different synthetic mimics of the metal-binding

domain of BLMs have been designed and synthesized and the
study of the corresponding metal complexes has contributed
significantly to our understanding.13−22 Among the metal-
lobleomycins, the highest DNA cleavage activity in cell-free
systems is found for Fe-BLM.4,5,23 With the same level of
antitumor activity, the in vivo toxicity of Fe(BLM) is
significantly less than Cu(BLM) and Zn(BLM) and native
BLM at therapeutically effective concentrations.24 Therefore,
intensive studies have been focused on synthetic mimics of Fe-
BLM.15−17,19−22 Many of these mimics are capable of cleaving
isolated plasmid DNA, although generally less efficient than Fe-
BLM.15−17,19−22 The cell cytotoxicity of several of these
synthetic mimics has been investigated,20 but to the best of
our knowledge, to date there have been no reports
demonstrating the actual ability of any of these BLM mimics
to induce efficiently nuclear DNA damage in cells.
We previously showed the iron(II) complex of the

pentadentate ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyrid-
yl)-methylamine (N4Py, 1; Figure 1) to be an excellent
structural and functional mimic of Fe(II)-BLM;22,25−31 efficient
cleavage of plasmid DNA was shown for N4Py mimics in cell-
free systems, albeit still with lower efficiency than BLM
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itself.22,28,31 However, these previous data have been obtained
in cell-free systems, and might not fully reflect the activity of
Fe−N4Py on living cells. Therefore, this study is exploring the
cellular responses upon treatment with N4Py-based reagents.
Here, we report that, compared to BLM and Fe(II)-BLM, three
N4Py-derived synthetic BLM mimics, Fe(II)-1, ligand 2 (which
contains a covalently attached 1,8-naphthalimide moiety that
could potentially contribute to DNA binding), and Fe(II)-2,
show high cytotoxicity at low micromolar concentrations
against the cell lines investigated, with some level of selectivity
toward cancer cells. Moreover, the treatment of human
carcinoma cells with the N4Py-based reagents gives rise to
cell death and nuclear DNA cleavage at least as efficiently as
with BLM and Fe(II)-BLM.

■ RESULTS AND DISCUSSION

Nuclear DNA Damage. The main mechanism of action of
BLM and its mimics is thought to proceed via the induction of
oxidative DNA cleavage.4−6 For BLM, it has been shown that
oxidative DNA cleavage can result in both SSBs and DSBs.4−6

The latter are the most deleterious form of DNA damage and
this can, if left unrepaired, ultimately result in chromosome
breaks and translocations, or even be lethal. To validate that the
N4Py-based BLM mimics can also induce nuclear DNA
damage in living cells, the amount of DSBs was assessed by
fluorescence-activated cell sorting (FACS) analysis of γH2AX.
The phosphorylated histone variant H2AX (γH2AX) has been
well established to be a highly sensitive and specific marker for
double-strand breaks in DNA in nuclear chromatin.32,33

In this study, the N4Py-based iron(II) complexes Fe(II)-1
and Fe(II)-2, as well as the free ligand 2, as a representative
member of the N4Py ligand family,22 were used. Based on the
high affinity of N4Py ligands for Fe(II) salts,26 it was expected
that this ligand would quickly bind an Fe(II) ion in vitro. For
comparison, BLM and its corresponding iron complex, Fe(II)-
BLM, were included as well. After 48 h of treatment with the
reagents, the number of DSBs was determined in two human
cancer cell lines (SKOV-3: epithelial ovarian cancer; MDA-MB-
231: metastatic breast epithelial cancer) and a noncancerous
cell line (HK2: immortalized proximal tubule epithelial cell line
from healthy adult human kidney). As the latter are

noncancerous yet dividing cells, they provide some indication
about the cancer cell line selectivity of the observed effects. The
concentration of BLM and BLM mimics used in this study is in
the range of reported concentrations of BLM in biological tests
in vitro.24,34−37 The HK2 cells were only treated with 30 μM of
DNA cleaving agents, except for Fe(II)-BLM, which was also
tested at 3 μM.
SKOV-3 and MDA-MB-231 cells treated with 3 μM Fe(II)-1,

ligand 2, and Fe(II)-2 showed similar levels of γH2AX
fluorescence as untreated cells or cells treated with solvent
only (Figure 2, Supporting Information (SI) Figures S1 and S2,
Table S1), so no significant genomic dsDNA damage occurred
under these conditions. However, using 3 μM Fe(II)-BLM,
γH2AX levels in SKOV-3 cells were 4.2 ± 1.7 fold higher than
the solvent controls (P < 0.05), which indicates that at this
concentration nuclear DNA damage is induced by Fe(II)-BLM.

Figure 1. BLM (metal binding domain in red color with metal coordinating N atoms underlined) and N4Py ligands 1 and 2 employed in the present
study. Ligand 2 contains a covalently attached 1,8-naphthalimide moiety that could potentially contribute to DNA binding.

Figure 2. dsDNA damage (γH2AX) upon treatment with BLMs and
synthetic BLM mimics. γH2AX mean fluorescence intensity was
normalized to solvent control in SKOV-3 (orange), MDA-MB-231
(gray), and HK-2 cells (blue) treated with 3 μM and 30 μM reagents
after 48 h. HK-2 cells were only treated with 30 μM reagents, except
for 3 μM Fe(II)-BLM. Experiments were conducted by doing each
treatment in duplo, and each experiment was carried out in triplicate.
Data are presented as the mean ± SEM * P < 0.05 compared to all
other conditions, according to one-way ANOVA.
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When the concentration of reagents was increased to 30 μM,
the levels of cellular γH2AX fluorescence in both of the cancer
cell lines were significantly increased compared to the blank
and solvent controls (P < 0.05) (Figure 2, SI Figures S3 and S4,
Table S1). Thus, efficient nuclear DNA cleavage was induced
with all reagents at this concentration (Figure 2, SI Table S2).
A comparison between the different N4Py based reagents
shows that their activity is comparable (i.e., within the margin
of error). The only notable exception is that the observed
γH2AX levels in MDA-MB-231 cells induced by 30 μM of the
iron complex Fe(II)-2 are significantly higher than those
induced by the uncomplexed ligand 2 at the same
concentration (P < 0.05). This is in apparent contrast with
the observed cytotoxicity for these compounds (vide inf ra).
Metabolic Activity. An MTS (3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium) assay was performed to determine whether the observed
dsDNA damage affected cell functioning.38,39 The metabolic
activity was determined on SKOV-3, MDA-MB-231, and HK2
cells treated for 48 h with different concentrations (1, 3, 10, 30,
and 50 μM) of BLM, ligand 2, and the iron(II) complexes
Fe(II)-BLM, Fe(II)-1, and Fe(II)-2.
As shown in Figure 3a−c, the IC50 (half maximal inhibitory

concentration) values of BLM and Fe(II)-BLM against SKOV-
3 and MDA-MB-231 cancer cells were in the range 10−30 μM,
while for the synthetic compounds Fe(II)-1, ligand 2, and
Fe(II)-2 they were in the range 3−10 μM. Against the
noncancerous HK-2 cells, the IC50 of BLM was >50 μM, while
the IC50 of Fe(II)-BLM and Fe(II)-1, ligand 2, and Fe(II)-2
were in the range 10−30 μM. A notable observation is that,
whereas the cell viability of SKOV-3 and MDA-MB-231 cancer
cells gradually decreased upon increasing the concentration of

BLM and Fe-BLM, a sudden transition from good to almost no
cell viability was observed in case of the N4Py-based reagents
between 3 and 10 μM. The reason for this sudden transition is
unclear, but this is in agreement with the observation that at 3
μM concentration of N4Py-based reagents almost no nuclear
DNA damage occurred, whereas at 30 μM extensive nuclear
DNA damage was observed (Figure 2). Against HK-2 cells, this
transition is at higher concentrations, that is, between 10 and 30
μM. Thus, using 10 μM of Fe(II)-1, ligand 2, and Fe(II)-2, the
viability of SKOV-3 and MDA-MB-231 cancer cells was lost
almost completely, while more than 70% of the cell viability of
the noncancerous HK-2 cells was remaining (Figure 3d and SI
Table S2). Raising the concentration of Fe(II)-1, ligand 2 and
Fe(II)-2 to 30 μM, resulted in complete loss of selectivity as
also the viability of HK-2 cells was lost completely. With BLM
and Fe(II)-BLM, reasonable selectivity in cell viability of the
noncancerous HK-2 cells compared to the cancerous SKOV-3
and MDA-MB-231 cells could also be achieved, but only at
higher concentrations (i.e., ≥30 μM). Hence, compared to
BLM and Fe(II)-BLM, the synthetic mimics showed a higher
degree of cancer cell line selective cytotoxicity at low
concentration. This is tentatively caused by the higher levels
of reactive oxygen species (ROS) in cancer cells compared to
normal cells. Cancer cells are known to have elevated levels of
ROS including 1O2 and O2

●− compared to normal cells, which
is mainly due to the increased metabolism.40−42 This result is in
line with the previously reported plasmid DNA cleavage activity
of Fe(II)N4Py complexes, which has been postulated to involve
the formation of N4Py-Fe(III)-OOH by reaction with ROS
such as O2

●−.22

Here, the opposite trend is observed for 2 and Fe(II)-2
compared to the γH2AX assay: in the case of SKOV-3 and

Figure 3. Metabolic activity upon treatment with BLMs and synthetic BLM mimics. Viability of SKOV-3 (a), MDA-MB-231 (b), and noncancerous
HK-2 (c) cells treated for 48 h with 1, 3, 10, 30, and 50 μM of BLM (aqua), Fe(II)-BLM (blue), Fe(II)-1(red), ligand 2 (orange), and Fe(II)-2
(pink). Viability of SKOV-3 (orange), MDA-MB-231 (gray), and HK-2 (blue) cells treated with 10 μM of the indicated DNA cleaving agents (d).
Experiments were conducted by using triplicate samples for each treatment, and each experiment was carried out in triplicate, or in duplicate in case
of BLM. Data are presented as the mean ± SEM.
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MDA-MB-231 cells 2 appears to be more cytoxic than Fe(II)-2
(Figure 3a and b). These observed differences between 2 and
its corresponding iron complex are at present not understood.
While they suggest that in the cancer cell lines, metal uptake
might be a factor, it is not clear how this might relate to the
differences observed. A further complicating factor is that
multiple processes are involved in cell death caused by N4Py-
based reagents (vide inf ra). Since comparable cytotoxicity was
observed for Fe(II)-1 and Fe(II)-2, it can be concluded that the
covalently attached naphthalimide in ligand 2 does not increase
the cytotoxicity.
Apoptotic Effect. Figure 3 shows an improved inhibitory

effect on metabolic activity of all N4Py-based reagents
compared to the BLMs. However, as the MTS assay only
gives a read-out for metabolic activity, the observed decrease
herein could be explained by cell growth inhibition (cytostatic)
and/or cell death (cytotoxic).
To provide some insight into the mechanism of action, cell

death was determined using a propidium iodide (PI)/FACS
assay. Cells will only stain PI positive when the cell membrane
has become permeable; that is, only late apoptotic or necrotic
cells will stain PI positive. For experimental reasons, a
comparison was made only between BLM and Fe(II)-1, as it
is clear from earlier work under cell free conditions and the
results above that the naphthalimide moiety in 2 and Fe(II)-2
does not significantly change the inherent reactivity and the
activity in vitro. 22

As high concentrations of DMSO can by itself induce some
background level of cell death (SI Figure S5), the DMSO
concentration was decreased to 0.1% to reduce background cell
death. Remarkably, it was found that 30 μM BLM does not
induce significantly more cell death compared to solvent
control. In contrast, 30 μM Fe(II)-1 clearly shows an increase
in the percentage of necrotic/late apoptotic cells (77 ± 4.2%)
compared to the solvent control (2.6 ± 0.5%) (P < 0.001)
(Figure 4, SI Table S3, Figure S6).
Different processes may contribute to the observed cell

death, including apoptosis, necrosis, and autophagy. It is known

that BLM and some of its synthetic mimics are capable of
initiating apoptosis.43,44,20 To address the role of apoptosis with
Fe−N4Py, cells were treated with the broad range caspase-
inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoro-
methyl-ketone (zVAD-FMK), which is an irreversible inhibitor
of the catalytic site of caspase proteases and thereby inhibits
apoptosis.45,46 Upon addition of the apoptosis-inhibitor zVAD-
FMK, a relative reduction of 48 ± 9% of cell death in 30 μM
Fe(II)-1 treated cells was found. Hence, about half of the
observed cell death under the 30 μM Fe(II)-1 treatment
condition is the result of apoptosis (Figure 4). Even after
inhibition of apoptosis, there is still a significant amount of cell
death left compared to the solvent control (P < 0.001).
The combined data of Figures 3 and 4 indicate a difference in

the mechanism of action of BLM and Fe(II)-1; the observed
decrease in metabolic activity as seen in Figure 3 is mainly
caused by a cytostatic effect of BLM and a cytotoxic effect of
Fe(II)-1. Thus, in addition to direct N4Py-induced DNA
damage, the overall observed nuclear DNA damage (Figure 2)
is partially caused indirectly by the induction of apoptosis
(Figure 4).45,47,48

The contribution of apoptosis in dsDNA cleavage was
addressed in our experimental setup by combining flow
cytometric analysis of γH2AX with PI. Here, PI was used in a
different staining protocol in which it can be used to assess the
cell cycle distribution by measuring DNA content.49,50 All cells
containing less DNA than cells in the G1 phase of the cell cycle
(the SubG1 peak) resemble (late) apoptotic cells and were
excluded from analysis (SI Figure S7, Table S4). By doing so, a
better estimation of the direct DNA damage of both reagents
could be determined.
A significant amount of γH2AX positive cells within the non/

early apoptotic population arose upon treatment of SKOV-3
cells for 48 h with either 30 μM BLM (79 ± 9.0%) or 30 μM
Fe(II)-1 (55 ± 2.5%) versus the solvent control (0.92 ±
0.27%). However, no significant difference in dsDNA damage
between both 30 μM DNA cleaving treatments was observed
(Figure 5). Interestingly, for 30 μM BLM treated cells, no
change in the percentage of γH2AX positive cells was seen
when cells were cotreated with zVAD-FMK, which is in line
with the minimal cell death observed in BLM treated cells
(Figure 4). However, for 30 μM Fe(II)-1, it is shown that the
amount of γH2AX positive cells was reduced by 51 ± 7.1%
after adding zVAD-FMK to the cells (P < 0.05). This reduction
of γH2AX positive cells equals the reduction in apoptosis as
seen in Figure 4. From this, we can conclude that about half of
the observed dsDNA damage in the cells still-viable after
treatment with 30 μM Fe(II)-1 is directly induced by apoptosis;
the remaining is primarily the result of direct N4Py-induced
dsDNA damage.
The above data show that after 48 h of treatment more toxic

effects occur for Fe(II)-1 compared to BLM treatment (Figure
4). Yet, lower levels of directly induced dsDNA damage were
seen in Fe(II)-1 (28 ± 3.9%) versus BLM (74 ± 14%) treated
cells (P < 0.001) (Figure 5). On the one hand, this reflects the
fact that Fe(II)-1 is a typical single strand DNA cleaving agent,
which causes DSBs only after extended single strand cleavage,
as has been demonstrated before in cell free conditions using
plasmid DNA,22 whereas BLM is capable of direct double
strand DNA cleavage.4−6,22 Importantly, this also suggests that
different mechanisms play a role in the toxicity and generation
of DSBs by Fe(II)-1 versus BLM. Most likely, Fe(II)-1 is more
efficient in inducing (sustained) low level of ssDNA damage.

Figure 4. Cell death observed upon treatment with 30 μM BLM and
Fe(II)-1. SKOV-3 cells were treated for 48 h with 30 μM BLM or
Fe(II)-1 in the presence or absence of the apoptosis-inhibitor zVAD-
FMK (20 μM). Flow cytometric analysis of propidium iodide as a cell
permeability staining was used to define the percentage of necrotic/
late apoptotic cells. Each value represents mean ± SEM from three
independent experiments. *** P < 0.001 compared to all other
conditions, according to one-way ANOVA.
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When enough SSBs accumulate, these could act as signals to
induce apoptosis, analogous to the reported activity of
deglycoBLM.10 As a consequence of the apoptosis process,
then, DSBs occur. In contrast, at low numbers of DSBs the
cytoxity of BLM is caused by cell cycle arrest followed by
mitotic catastrophe.10 Another explanation for the higher
toxicity of Fe(II)-1 versus BLM might be that Fe(II)-1 not only
damages molecules within the nucleus but also in other
compartments of the cell, which then also results in triggering
of apoptosis.
The proposed difference in mechanism of cell death is

further illustrated by comparing BLM and Fe(II)-1 in a
clonogenic assay.51 After a 1 h or 8 h treatment with either 30
μM BLM, 30 μM Fe(II)-1, or 0.1% DMSO, SKOV3 cells were
reseeded in fresh media at a density of 750 cells/6 well. After 20
days, the colony forming potential was assessed by counting the
number of colonies formed (≥50 cells/colony). During
treatment, neither BLM or Fe(II)-1 induced significant cell
death. Figure 6a shows that BLM is already very potent in
inhibiting the colony forming potential after only 1 h treatment.
In contrast, the inhibitory effects of Fe(II)-1 on the colony
forming potential become visible only after an 8 h treatment
(Figure 6b). This clearly indicates that the mechanism in which
both reagents damage the cell is different. Combined with the
FACS data (Figures 4 and 5, SI Figure S8), these results
confirm that 30 μM BLM mainly affects the cell via the
induction of a G2/M-phase cell cycle arrest through the
induction of DSBs (Figure 5). As a consequence, either a lack
of proliferation or cell death induced via mitotic catastrophe
results in virtually none of the cells capable of forming colonies
anymore already after 1 h treatment. On the other hand, Fe(II)-
1 does not affect the cell cycle (SI Figure S8) but induces
damage in the cell. Only after 8 h treatment the accumulated
damage is such that apoptosis is triggered, resulting in cell
death and thus the colony forming potential is significantly
reduced compared to 0.1% DMSO treatment.

■ CONCLUSION
The results presented here are the first demonstration of the
nuclear DNA cleavage activity of a synthetic BLM mimic. It was
found that Fe(II)-1, ligand 2, and Fe(II)-2 were cytotoxic for
SKOV-3 and MDA-MB-231 cancer cells at low micromolar
concentrations while displaying some degree of cancer cell line
selectivity; that is, at the same concentrations, the viability of
noncancerous HK-2 cells was not affected significantly.
Treatment of SKOV-3 and MDA-MB-231 cancer cells with
N4Py-based mimics gave rise to DSBs at least as efficient as
with BLM. The DSBs induced by treatment with BLM were the
result of a direct effect, that is, BLM induced nuclear dsDNA
cleavage, resulting in cell cycle arrest. In contrast, the observed
DSBs of Fe(II)-1 are partially caused by the triggering of
apoptosis, tentatively ascribed to a combination of sustained
ssDNA cleavage and indirect effects such as oxidative damage of
other cellular components. Nevertheless, besides the apoptosis-
related DSBs, also significant direct oxidative DNA cleavage by
the N4Py-based mimics occurs (summarized in Figure 7).
In conclusion, our results convincingly show that it is

possible to design synthetic bioinorganic model complexes that
are at least as active as the parent natural product, even if they
function through a different mechanism, thus underlining the
power of the bioinorganic modeling approach.

■ METHODS
Materials. All reagents and solvents were used as purchased

without further purification unless noted otherwise. Bleomycin sulfate
(A2 + B2, 95%), from Streptomyces verticillus, was purchased from
Calbiochem. Ligands 1 and 2 were synthesized according to literature
procedures and all characterization data are in agreement with those
reported.22 Iron(II) complex of ligand 1 was obtained as [MeCN·
Fe(II)·N4Py](ClO4)2·2H2O by crystallization, as previously pub-
lished.25 (NH4)2Fe

II(SO4)2 (1 equiv.) was added to solutions of
BLM and ligand 2 in 1:1 DMSO/H2O to generate the corresponding
iron(II) complexes in situ. The broad range caspase-inhibitor
carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethyl-ketone
(zVAD-FMK) was bought from Calbiochem.

Cell Culture. The human ovarian carcinoma cell line SKOV-3
(HTB-77), the human mammary gland adenocarcinoma cell line
MDA-MB-231 (HTB-26), and the immortalized proximal tubule
epithelial cell line from normal adult human kidney HK-2 (CRL-2190)
were obtained from the ATCC (Manassas, VA). SKOV-3 and MDA-
MB-231 were cultured in Dulbecco’s modified Eagle’s medium

Figure 5. dsDNA damage (γH2AX) in non/early apoptotic cells.
SKOV-3 cells were treated for 48 h with 30 μM BLM or Fe(II)-1 in
the presence or absence of the apoptosis-inhibitor zVAD-FMK (20
μM). Flow cytometric analysis of γH2AX, a marker for dsDNA
damage, was used in combination with propidium iodide, a marker for
DNA content, to exclude late apoptotic cells (in the subG1 peak) from
analysis. The γH2AX positive population was defined based on about
1% positivity in the 0.1% DMSO treated cells. Each value represents
mean ± SEM from at least three independent experiments. * P < 0.05;
** P < 0.01; *** P < 0.001 compared to all other conditions,
according to one-way ANOVA.

Figure 6. Colony forming potential upon treatment with 30 μM BLM
and Fe(II)-1. After 1 h (a) or 8 h (b) treatment with either 30 μM
BLM, Fe(II)-1, or 0.1% DMSO, SKOV-3 cells were reseeded in fresh
media (750 cells/6 well). After 20 days, the colony forming potential
was determined relative to 0.1% DMSO treatment. Each value
represents mean ± SEM from at least three independent experiments.
** P < 0.01; *** P < 0.001; ns = not significant, compared to all other
conditions, according to one-way ANOVA.
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(DMEM) (Lonza, Verviers, Belgium) supplemented with 10% FCS
(Perbio Hyclone, Etten-Leur, The Netherlands), 50 μg/mL
gentamycine sulfate (Invitrogen, Breda, The Netherlands), 2 mM L-
glutamine (Lonza). HK-2 was cultured in 1:1 mixture DMEM and
Ham’s F-12 (Invitrogen) supplemented with 10% FCS, 1% penicillin/
streptomycin (Invitrogen), 0.01 mg/L EGF(Tebu-Bio, Heerhugo-
waard, The Netherlands), 10 mg/L insulin, 5.5 mg/L transferrin, 6.7
ug/L sodium selenite (ITS) (Invitrogen), 36 ug/L hydrocortisone
(Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands), 2 mM
glutamax (Invitrogen). Cell cultures were incubated at 37 °C under
humidified conditions and 5% CO2.
In Vitro Cytotoxicity. The viability of cells in the presence and

absence of reagents was determined by using the MTS assay. SKOV-3
and MDA-MB-231 cells were seeded at a density of 2 × 104/cm2 in
96-well plates (Corning Inc., Corning, NY), HK-2 cells were seeded at
1.5 × 104/cm2. At 70−80% confluence, the culture medium was
replaced by fresh medium containing reagents. All DNA cleaving
reagents were dissolved in 1:1 DMSO/H2O to obtain final
concentrations of 0, 1, 3, 10, 30, and 50 μM in 100 μL culture
medium. The final concentration of DMSO in culture medium was
2.4% (v/v). Controls were treated with same concentrations (v/v) of
1:1 DMSO/H2O only. After 48 h, 20 μL of fresh CellTiter 96 Aqueous
One Solution (Promega, Madison, WI) was added and incubated for 3
h. The absorbance at 490 nm was measured using a Varioskan plate
reader (Thermo Electron Corp., Breda, The Netherlands) and
subtracted with the absorbance of cell-free medium containing
reagents. Experiments were conducted by using triplicate samples for
each treatment and each experiment was carried out at least three
times unless noted otherwise.
Cell Death Analysis. SKOV-3 cells were seeded at a density of

2.85 × 104/cm2 in 12-well plates (Corning Inc.). The following day,
culture medium was replaced with fresh medium containing reagents.
All DNA cleaving reagents were dissolved in 1:1 DMSO/H2O to
obtain a final concentration of 3 and 30 μM in the medium. Apoptosis
was inhibited by addition of zVAD-FMK (20 μM final concentration)
to the medium. The final concentration of DMSO in culture medium
was 0.1% (v/v). Controls were treated with same concentrations (v/v)
of 1:1 DMSO/H2O only. 48 h after treatment, both floating and
adherent cells were harvested and stained with 5 μg/mL PI (Sigma-
Aldrich Chemie B.V.)/PBS. After a 10 min incubation at 4 °C in the
dark, fluorescence was measured using the FL-3 channel of a
FACScalibur flow cytometer (Beckton Dickenson Biosciences, San
Jose, CA). Experiments were conducted in triplicate. Percentages PI
positive cells were determined with Kaluza 1.2 (Beckman Coulter)
software and graphs were made using Kaluza 1.2 (Beckman Coulter)
and Graphpad Prism 5 software (GraphPad Software Inc., La Jolla,
CA).

dsDNA Breaks. The ability of the reagents under investigation to
induce dsDNA damage was tested using intracellular γH2AX staining
with flow cytometry read-out as described in literature.52 In short,
SKOV-3 and MDA-MB-231 cells were seeded at a density of 2.85 ×
104/cm2 in 12-well plates (Corning Inc.). At 70−80% confluence, the
culture medium was replaced with fresh medium containing reagents.
All DNA cleaving reagents were dissolved in 1:1 DMSO/H2O to
obtain a final concentration of 3 and 30 μM in the medium. Apoptosis
was inhibited by concurrently adding 20 μM zVAD-FMK to the well.
The final concentration of DMSO in culture medium was 4.6% (v/v)
for Figure 2 and 0.1% for Figure 5. Controls were treated with same
concentrations (v/v) of 1:1 DMSO/H2O only. Both floating and
adherent cells treated with different reagents were harvested after 48 h,
and fixed in 4% formaldehyde (Merck, Darmstadt, Germany)/PBS for
10 min at 37 °C and permeabilized in 90% methanol/PBS for 30 min
on ice. Cells were resuspended in 100 μL PBS containing 50 μg
phospho-histone H2A.X (ser139) (20E3) rabbit mAb (Alexa Fluor
488 conjugate) (Cell Signaling, Leiden, The Netherlands), and 0.5%
BSA. After a 30 min incubation in the dark at RT, cells were washed
with PBS and fluorescence was determined in the FL1 channel of a
FACScalibur flow cytometer.

The amount of dsDNA breaks in the healthy/early apoptotic
population was determined by adding PI, used as a DNA content
marker, to the staining.49,50 Fixed and permeabilized cells were
resuspended in 100 μL PBS containing 50 μg of Phospho-Histone
H2A.X (ser139) (20E3) Rabbit mAb (Alexa Fluor 488 conjugate), 10
μg RNase A (Qiagen, Utrecht, The Netherlands), and 0.5% BSA. After
a 30 min incubation in the dark at RT, cells were washed in PBS. Cells
were resuspended in 5 μg/mL PI/PBS and after a 10 min incubation
in the dark at 4 °C, fluorescence was measured in the FL-1 channel for
γH2AX-Alexa Fluor 488 and the FL-2 channel for PI using a
FACScalibur flow cytometer. Cells in the subG1 population were
excluded from analysis of dsDNA breaks in early/non-apoptotic cells.
The cutoff for a γH2AX positive cell was set based on a level of ∼1%
positivity in the solvent control. Experiments were conducted by using
duplicate samples for each treatment, and each experiment was carried
out at least three times unless noted otherwise. MFI and PI low cells
were determined with WinList and Kaluza 1.2 (Beckman Coulter)
software. Graphs were made using WinMDI, Kaluza 1.2 (Beckman
Coulter) and Graphpad Prism 5 software.

Clonogenic Assay. The inhibitory effects of BLM and Fe(II)-1 on
the colony forming potential were tested as described in literature.53

After 1 h or 8 h treatment with either 30 μM BLM, 30 μM Fe(II)-1 or
0.1% DMSO, SKOV-3 cells were reseeded in 6-well plates (750 cells/
well) containing fresh media. After 20 days, media was replaced by
Coomassie brilliant blue (Bio-Rad). The colony forming potential was

Figure 7. Differential effect on living cells of 30 μM BLM vs 30 μM N4Py treatment. SKOV-3 cells treated for 48 h with either 30 μM BLM or 30
μM N4Py show a different response to each treatment. 30 μM BLM directly induces a large amount of dsDNA breaks compared to 30 μM N4Py.
Nevertheless, more cells are dying upon treatment with 30 μM N4Py compared to 30 μM BLM.
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determined by counting the number of colonies (≥50 cells) using
phase-contrast microscopy
Statistics Calculation. All FACS and MTS data are presented as

the mean ± SEM. These data were evaluated by one-way ANOVA and
considered statistically significant with a p value <0.05.
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