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Abstract

- Khwanjira Hongthong' - Paul J. Dyson?

- Adisorn Ratanaphan'’

An organometallic ruthenium(II) arene compound, Ru(né-toluene)(PTA)Cl2 (PTA =1,3,5-triaza-7-phosphaadamantane),
termed RAPTA-T, exerts promising antimetastatic properties. In this study, the effects of RAPTA-T on BRCA I-defective
HCC1937 breast cancer cells have been investigated, and compared to its effects on BRCA I-competent MCF-7 breast cancer
cells. RAPTA-T showed a very low cytotoxicity against both tested cells. Ruthenium is found mostly in the cytoplasmic
compartment of both cells. Flow cytometric analysis reveals that the compound arrests the growth of both cells by triggering
the G2/M phase that led to the induction of apoptosis. At equimolar concentrations, RAPTA-T causes much more cellular
BRCAI damage in HCC1937 than in MCF-7 cells, suppressing the expression of BRCAI mRNA in both cell lines with the
subsequent down-regulation of the BRCA1 protein. Interestingly, RAPTA-T exhibits an approximately fivefold greater abil-
ity to suppress the expression of the BRCA1 protein in HCC1937 than in MCF-7 cells. These data provide insights into the
molecular mechanisms by which RAPTA-T exerts its effects on BRCA I-associated breast cancer cells.
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Introduction

Breast cancer is one of the most frequent malignant diseases
and the second highest cause of cancer death among women
worldwide [1]. In clinical settings, different responses to sys-
temic therapy result from the complexity and heterogene-
ity of breast cancer with distinct histopathological, genetic
and epigenetic characteristics [2, 3]. Recently, several stud-
ies have highlighted the level of the BRCA1 expression as
a potential biomarker to manage patients and predict the
response to specific therapies [4]. It has been reported that
DNA repair of BRCA1-deficient cancer cells is defective
due to a single mutant BRCA [ allele. The mutation increases
sensitivity to DNA damage-based chemotherapeutics
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through modulation of chromosomal aberrations and apop-
tosis [5—7]. In addition, cancer cells carrying BRCAI muta-
tions and hypermethylation of BRCAI promoters with low
BRCAT1 expression have been shown to be hypersensitive to
platinum-based DNA damaging agents, such as cisplatin and
carboplatin, and to poly(ADP-ribose) polymerase (PARP)
inhibitors, leading to effective clinical responses to BRCAI-
associated breast cancers [8—11]. The neoadjuvant settings
of platinum-based chemotherapy have shown a high rate of
pathologic complete response (pCR) and a better disease
free survival (DFS) and overall survival (OS) in breast can-
cer patients defective in BRCA I-mediated DNA repair of
double-strand breaks (DSB) [12, 13].

However, a clinical trial of metastatic breast can-
cer patients treated with platinum-based chemotherapy
revealed severe side effects that persist over a prolonged
period of time [14, 15]. Furthermore, some breast can-
cers acquire resistance, in particular, with the induc-
tion of secondary mutations in the BRCAI gene [16,
17]. Consequently, alternative transition metal-based
compounds with increased efficacy that overcome the
problems associated with platinum-based chemother-
apy are required. Compounds based on ruthenium are
regarded as potential drug candidates [18, 19], with some
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ruthenium(IIT) compounds already entering clinical trials
[20]. Ruthenium(II) arene complexes combined with the
1,3,5-triaza-7-phosphaadamantane (PTA) ligand, termed
RAPTA complexes, show promise as alternatives to plat-
inum-based drugs. In general, RAPTA complexes are not
strongly cytotoxic [21, 22], although the prototype com-
pound, [Ru(n®-p-cymene)(PTA)Cl,], termed RAPTA-C
(Fig. 1a), was shown to inhibit the growth of tumor cells
extracted from mice bearing the Erlich ascites carcinoma
(EAC) [23]. In vivo RAPTA-C has also been shown to
exhibit a strong anti-tumor effect [21, 24-26]. Compared
to platinum-based drugs the mode of action of RAPTA-C
appears to be markedly different, with binding to histone
proteins in nucleosome core particles rather than DNA
[27, 28]. Ru(nﬁ—toluene)(PTA)Clz, termed RAPTA-T
(Fig. 1b), is closely related to RAPTA-C, however, some
evidence points toward adducts formed by RAPTA-T with
guanine residues in double-stranded oligonucleotides [29].
RAPTA-T inhibits some steps of the metastatic process,
including detachment from the primary tumor cell, migra-
tion, and re-adhesion with this effects apparently being
mediated through interactions with components in the
extracellular matrix [30]. It is also notable that the effects
of RAPTA-T were more pronounced with the highly
invasive MDA-MB-231 breast cancer cells compared to
non-invasive MCF-7 cells or non-tumorigenic HBL-100
derived from breast tissue [31].

Recently, it has been shown that RAPTA-T causes
upregulation of many cellular target proteins suggesting a
broad mechanism of action involving suppression of both
metastasis and tumorigenecity [32]. Furthermore, RAPTA-
T displays strong in vivo antiangiogenic activity in the
chicken chorioallantoic membrane model exemplified by
a decrease in microvessel density [30]. RAPTA-T clearly
has potential in the treatment of breast cancers, however,
the activity of RAPTA-T against the BRCAI-defective
HCC1937 breast cancer cells is unknown. Therefore, we
have evaluated the effects of RAPTA-T on the BRCAI-
defective HCC1937 breast cancer cells in comparison to
BRCA I-competent MCF-7 breast cancer cells.

a b

Fig.1 Structures of RAPTA-C (a), RAPTA-T (b)

Materials and methods
Cell culture

HCC1937 (BRCA1 mutant, TNBC) and MCF-7 (wild-
type BRCA1) breast cancer cell lines were obtained from
the American Type Culture Collection (ATCC), Rockville,
MD, USA. HCC1937 cells were cultured in RPMI 1640
medium (Life Technologies, Paisley, UK), while MCF-7
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, Pawasley, UK). Both media
were without phenol red and supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. Both
cell lines were incubated in a constant temperature of 37 °C
incubator with a humidified atmosphere of 5% CO,.

Antiproliferative effects

The cytotoxicity effect of RAPTA-T on HCC1937 and
MCEF-7 cells were performed using a colorimetric test based
on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) as previously described
[33]. Briefly, the cell lines were plated at a density of 1x 10*
cells in 100 pl of cell culture media into each well of the 96
well microplates, and then cultured in 37 °C incubator for
overnight. RAPTA-T complex was diluted with the required
amount of cell culture media in order to desire various final
concentration (0—1200 uM) and 200 pl of each concentra-
tion was added to respective wells in triplicate, following
by incubation at 37 °C for 48 h. At the end of incubations,
the treatments were removed and the cell lines were washed
twice with 100 pl of phosphate-buffered saline (PBS) (pH
7.4). Then, 100 pl of 0.5 mg/ml MTT solution were added to
each well and the plates were incubated for additional 4 h at
37 °C in dark conditions. Following the incubation the MTT
solution was carefully removed. The insoluble formazan pro-
duced was by dissolved in 200 pul of DMSO and the absorb-
ance of each well was measured at a wavelength of 570 nm
using a microplate reader spectrophotometer. The percentage
of cell viability was calculated with the absorbance values of
the treated cells divided by the absorbance of untreated cells.
The values of the half inhibitory concentration (ICs) that
reduced the number of living cells to 50% were determined
by the correlation between the percentage of viability cells
and the concentration curves.

Cellular accumulation and distribution
Cells were seed in 75 cm?® cell culture flask at a density

of 5x 10° cells/ml and grown at 37 °C with 5% CO,. The
cells were treated with 1 mM of RAPTA-T [22] and then
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incubated for 48 h. The cells were washed twice with PBS,
harvested by trypsinization and centrifuged at 1000xg for
10 min at 4 °C. For cell fractionation, all operations were
carried out in the cold (4 °C) [34]. The cultured cells were
broken in a sucrose-mannitol medium. The homogenate was
centrifuged at 1000xg for 10 min to yield a crude nuclear
pellet and a crude cytoplasmic fraction. The nuclear pellet
was resuspended in 250 mM sucrose in a Tris—Mg—NaCl
buffer. The homogenate was mixed with 2 volumes of 2.3 M
sucrose, and then centrifuged at 40,000xg for 30 min. The
sediment nuclei were suspended in 250 mM sucrose in
Tris—Mg—NaCl buffer containing 0.1% Triton X-100 (w/w)
and centrifuged at 1000xg for 10 min. The pellet was sus-
pended in 1% of a solution of sodium dodecyl sulfate (SDS)
in 10 mM Tris—Cl (pH 8.0), 150 mM NaCl, 1 mM EDTA
and kept overnight at room temperature. The solution was
centrifuged at 17,000xg for 30 min and dissolved in double
distilled water to yield the nuclear fraction. The cytoplasmic
fraction was centrifuged at 12,000xg for 10 min to pellet
the mitochondrial fraction and the cytoplasmic fraction. The
mitochondrial pellet was rehomogenized in sucrose-man-
nitol medium. The suspension was centrifuged at 1000xg
for 5 min, the precipitate was discarded and the mitochon-
dria resedimented at 12,000xg for 10 min. The ruthenium
contents in three fractions (cytoplasmic, mitochondrial and
nuclear fraction) were analyzed by an inductively coupled
plasma mass spectrometer (ICP-MS).

Cell cycle profiling analysis

About 10° cells were seeded into 6-well plates and fur-
ther grown at 37 °C with 5% CO, until approximately 80%
confluent. The medium was removed and cells were then
exposed to completed medium containing 1 mM of RAPTA-
T for 48 h. After the exposure period the cells were har-
vested by trypsinization, washed twice with cold PBS and
centrifuged at 300X g for 5 min at 4 °C. The pellet was fixed
with 70% ethanol in PBS overnight at —20 °C. The fixed
cells were washed with cold PBS. Following centrifugation
the pellet was resuspended in 0.5 ml of PBS and stained with
1 ml of PBS containing 100 ug/ml of RNase A, 50 ug/ml of
PI, and 0.1% of Triton-X 100), and then further incubated at
37 °C in the dark for 30 min. The DNA content was quanti-
tated by counting 20,000 cells and expressed as G0/G1, S,
and G2/M phases.

Annexin V apoptosis detection

After 10° cells were exposed to 1 mM of RAPTA-T for 48 h.
Cells were trypsinised, washed twice with cold PBS, and
centrifuged. The supernatant was discarded and 100 pl of
1 X Annexin-binding buffer was added to resuspend the pel-
lets. Then, 5 pl of Alexa Fluor 488 annexin V and 1 pl of PI
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(100 pg/ml) was added to each cell suspension and mixed
gently, and further incubated at room temperature in the dark
for 15 min. Subsequently, 400 pl of 1 X Annexin-binding
buffer was added and mixed gently. Annexin V binding was
analyzed by the FACS flow cytometer with a fluorescence
emission at 530 and 575 nm using fluorescence excitation
at 488 nm. The percentage of apoptotic cells was calculated
from the total 20,000 cells.

Semi-quantification of cellular BRCA7 damage using
QPCR method

After 10 cells were incubated with the various concentra-
tion of RAPTA-T (200-1200 uM) the genomic DNA of the
ruthenium-treated and untreated cells (control) was isolated,
and the 3426 bp fragment of the BRCAI exon 11 of the cells
was then amplified in a PCR reaction [35, 36]. Briefly, PCR
reactions were carried out in a total volume of 50 ul contain-
ing 400 ng of a treated genomic DNA template, 0.5 uM of
forward primer (5'-GCCAGTTGGTTGATTTCCACC -3")
and reverse primer (5-GTAAAATGTGCTCCCC AAAAG
-3"), 300 pM of each dNTP, 2 units of Phusion Hot Start
DNA polymerase, 1.5 mM MgCl,, 1xPhusion™ GC Buffer
and steriled water to make up to 50 pl. The 3426 bp fragment
of the BRCAI exon 11 of the cells was then amplified using
thermal cycle conditions as the following: 3 min at 94 °C; 30
cycles of 30 s at 94 °C, 2 min at 72 °C, and a final extension
for 7 min at 72 °C. The PCR products were separated on
1% agarose gel electrophoresis, stained with ethidium bro-
mide and visualized under UV light. The quantitative PCR
(QPCR) method was used to assess the DNA polymerase
blocking effect of the ruthenated DNA adduct. The ampli-
fication products were quantified using a Bio-Rad imaging
densitometer, and the amount of DNA amplification (%) was
plotted as the concentrations of

RAPTA-T. The number of lesions per the 3426 bp frag-
ment of the BRCAI exon 11 was estimated by the Poisson
equation [36],

S=-In(Ay/A)

where S is the lesion frequency per strand, A is the absorb-
ance unit produced from a given amount of non-damaged
DNA template, and A, is the absorbance unit from a given
amount of damaged DNA template (damaged by a particular
concentration of RAPTA-T). Therefore, A /A is the radio of
non-damaged DNA template at a given concentration.

Quantification of BRCAT mRNA expression using
real-time quantitative RT-PCR

After 10° cells were incubated in the absence and the pres-
ence of 1 mM of RAPTA-T for 48 h 37 °C with 5% CO, the
cells were harvested, and then the total RNA was isolated
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from the culture cells using the RNeasy® Mini Kit (Qia-
gen, Germany). One microgram of total RNA was reverse-
transcribed for cDNA strand complementary by using
QuantiTech® Reverse Transcription (Qiagen, Germany). The
primer sequences for RT-PCR were used follows; BRCAI:
5'-GCCAGTTGGTTGATTTCCACC-3' (forward) and
5'GTCAAATGTGCTCCCCAAAAGC-3'(reverse); f-Actin:
5'-CCGTAAAGACCTCTATGCCAACA-3' (forward) and
5'-CGGACTCATCGTACTCCTGCT-3' (reverse). Real-time
PCR reactions were then carried out in a total volume of
25 pl including 100 ng of the cDNA template, 12.5 pl of
QuantiFast SYBR green PCR master mix, and the final con-
centration of primers of 0.5 pM. The PCR conditions were
as follows: 5 min at 95 °C, and 35 cycles of 10 s at 95 °C,
30 s at 60 °C. Fluorescence was measured during the anneal-
ing step on an ABI-Prism 7300 analytical thermal cycler
(Applied Biosystems). Data were analyzed according to the
2-AACq method [37], and normalized by p-Actin mRNA
expression in each sample.

Quantification of BRCA1 protein expression using
Western blot

After 10° cells were incubated in the absence and the pres-
ence of 1 mM of RAPTA-T for 48 h 37 °C with 5% CO, the
cells were washed twice with PBS, pelleted, and lysed with
200 pl of lysis buffer (50 mM Tris-HCI (pH 8.0), 5 mM
NaCl, 2% SDS, 5 mM EDTA, 1% Triton®X-100, 100 mM
PMSF) for 5 min and spun at 16,000xg for 10 min at 4 °C.
The supernatant was transferred to determine the protein
concentration by a Bradford assay. Whole-cell extracts were
fractioned through a 6% SDS-polyacrylamide gel electro-
phoresis. The separated protein was then transferred to the
nitrocellulose membrane in a transfer buffer (3.03 g of Tris
base, 14.4 g of glycine, 200 ml of methanol, and double
distilled water adjusted to 1 L) and layered on the semi-
dry electroblotter for 6 h. The blot was blocked with a TBS
buffer containing 10% bovine serum albumin (BSA) for 4 h
with shaking and the membrane was then incubated with
primary antibody, anti-BRCA1 (Ab-1) mouse (MS110) anti-
body at a dilution of 1:1000 in 10% BSA in TBS buffer for
4 h with shaking. An equivalent protein loading was con-
trolled by p-actin expression using anti B-actin at a dilution
of 1:1500 in 10% BSA in TBS buffer for 4 h with shak-
ing. The blot was then washed by washing buffer, Tris buft-
ered saline with Tween®20 (TBST) 8 times for 5 min, then
exposed to an anti-mouse IgG horseradish conjugated sec-
ondary antibody at a dilution of 1:1000 in 10% BSA in TBS
for 1 h with shaking. The blot was washed by TBST 8 times
for 5 min, then visualized by enhanced chemiluminescence.
The enhanced chemiluminescence working solution was pre-
pared by mixing equal parts of two substrate components
of the stable peroxide solution and the Lumino/Enhancer

solution to the final volume of 0.1 ml/cm? of the blot. The
blot was incubated with the working solution for 5 min, then
dried and exposed to an X-ray film in a film cassette.

Data processing and statistical analysis

Statistical analysis of the results was performed using one-
way ANOVA and Turkey’s post-test for comparisons with
a control. A probability of 0.01 deemed statistically signifi-
cant. The following notation was used throughout the manu-
script: *p <0.01, relative to the control.

Results

Antiproliferative effect of RAPTA-T on human breast
cancer cells, cellular uptake and distribution

The effect of RAPTA-T on cell growth inhibition of MCF-7
and HCC1937 cells was initially evaluated using the MTT
assay. The percentage of cell viability after exposure to
various concentration of RAPTA-T for 48 h was estimated,
see Fig. 2. RAPTA-T exhibits a dose-dependent inhibitory
effect of cell growth against MCF-7 and HCC1937 cells. No
significant difference of cell viability was observed in both
breast cancer cell lines at the same concentrations. To inves-
tigate intracellular ruthenium content and distribution in the
cytoplasm, mitochondria and nuclear fraction in MCF-7 and
HCC1937 cells, 1 mM of RAPTA-T was incubated with the
cells for 48 h and then the three cellular compartments were
separated and the ruthenium content of each fraction deter-
mined using ICP-MS. The ruthenium accumulates mostly in
the cytoplasm, i.e. 70 and 90% in the MCF-7 and HCC1937
cells, respectively (Fig. 3). Furthermore, ruthenium was also
detected in nuclear fraction and some in the mitochondrial
fraction. There is more ruthenium present in the nuclear
fraction of MCF-7 cells than in HCC1937 cells, i.e. 31%
and 7%, respectively.

Cell cycle arrest and mechanism of cell death

The effect of RAPTA-T on the cell cycle distribution and
cancer cell death was analyzed by flow cytometry. After
treatment the cells with the 1 mM of RAPTA-T for 48 h, the
DNA content was estimated by propidium iodide staining.
RAPTA-T treatment results in an increase in the popula-
tion of the cells in G2/M cell cycle phase of MCF-7 and
HCC1937 cells, accounting for 17.3% and 29.4%, respec-
tively, compared to the control (Fig. 4a, b). These results
show that RAPTA-T progressively induces G2/M cell
cycle arrest in both cell lines, along with the dramati-
cally decreased cell population in the GO/G1 and S phase.
Annexin V and PI double staining was used to determine
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Fig.2 The antiproliferative

effect of RAPTA-T on MCF-7 1 20 i
and HCC1937 cells. Cells were
treated with various concentra- 1 00 . 2 *
tion of RAPTA-T for 48 h and ,a"
then the percentage of viable E 80 |
cells was assessed using the 0
MTT assay. Experiments were <_U
performed in triplicate. Statisti- > 60 .
cally significance differences —
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Fig.3 Intracellular accumulation and distribution of RAPTA-T in
MCEF-7 and HCC1937 cells. Cells were exposed to | mM of RAPTA-
T for 48 h. The cytoplasm, mitochondria, and nuclear fraction com-
partments were isolated and the ruthenium content of each compart-
ment was quantified using ICP-MS and presented as the percentage
distribution relative to the total ruthenium content detected

RAPTA-T induced apoptotic cell death. The percentage of
total apoptotic cells calculated by the sum of both early and
late apoptotic cells is shown in Fig. 5, indicates that RAPTA-
T is able to induce apoptosis in both cell lines to a similar
extent.

RAPTA-T reduces BRCAT replication
in BRCA1-defectifve HCC1937 cells

A quantitative PCR-based (QPCR) assay was used to inves-
tigate the effect of RAPTA-T on cellular BRCAI damage in
MCF-7 and HCC1937 cells after exposure to various con-
centration of RAPTA-T for 48 h. After treatment, genomic
DNA of the ruthenium-treated or untreated (control) cells
was extracted, and the 3426 bp fragment of BRCAI exon
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Concentration of RAPTA-T (uM)

11 of the cells was then amplified by PCR that utilized the
ruthenated BRCAI adducts as templates to monitor the pro-
gress of DNA polymerization [33]. RAPTA-T exhibited a
dose-dependent inhibition of BRCA amplification in both
breast cancer cell lines (Fig. 6a). The amount of BRCAI
amplification was inversely proportional to the amount of
Ru-DNA lesions within the specified DNA region. RAPTA-
T showed different capacities to block replication of the
BRCAI exon 11 of MCF-7 and HCC1937 cells. At equi-
molar concentrations RAPTA-T causes considerably more
damage to the HCC1937 cells than the MCF-7 cells. The
inhibition concentration for 50% BRCA1 amplification by
RAPTA-T was at 600 uM for HCC1937 cells and in MCF-7
cells above 1200 uM (Fig. 6b).

Lesion induction within the 3426 bp fragment of the
BRCAI exon 11 can be quantitated by assuming a random
(Poisson) distribution of damage. The amount of Ru-DNA
lesions were calculated using a Poisson equation. The rela-
tionship between the ruthenium concentration and the ruthe-
nium ions bound to the 3426 bp fragment of the BRCAI
exon 11 in MCF-7 and HCC1937 cells is shown in Fig. 6c.
The results reveal an approximately threefold higher rate
of ruthenation in MCF-7 cells compared to HCC1937 cells
under equivalent experimental conditions.

Downregulation of BRCAT mRNA expression
and protein expression

Real time quantitative PCR method was used to determine
whether BRCA] transcription is inhibited by RAPTA-T.
The level of BRCAI mRNA expression, after incubation
of MCF-7 and HCC1937 cells with 1 mM of RAPTA-
T for 48 h, decreased only in HCC1937 cells, while no
significant alteration of BRCAI mRNA expression was
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Fig.4 Effect of RAPTA-T on
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observed in MCF-7 cells (p <0.01) (Fig. 7a). However,
reduced expression of BRCAI mRNA in HCC1937 cells
represents an approximately twofold greater sensitivity
to RAPTA-T compared to MCF-7 cells (Fig. 7b). Further
investigations regarding the effect of RAPTA-T on the
expression of the BRCAI protein were performed using
Western blot analysis, showing that RAPTA-T causes a
similar reduction of the BRCA1 protein in both types
of breast cancer cells (Fig. 8a). RAPTA-T exhibits an
approximately fivefold greater ability to suppress the
expression of the BRCA1 protein in the HCC1937 cells
compared to the MCF-7 cells (Fig. 8b). These findings
are consistent with previous investigations regarding the
inhibition of BRCAI replication and transcription, in that
the BRCAI-deficient HCC1937 cells are more sensitive
to RAPTA-T than the BRCAI-competent MCF-7 cells.

Control RAPTA-T

200 250

(x 1,000) 50 100 150 200 250
PI-A (x1,000)
100 -
[
o 80 -
0Goiet & 0G0/G1
@S & 60 - =S
mG2M & mG2/M
3401
o
0 :

Control RAPTA-T

Discussion

We investigated the effects of RAPTA-T on BRCAI-
defective HCC1937 breast cancer cells in comparison to
BRCAI-competent MCF-7 breast cancer cells. RAPTA-
T displays a very low cytotoxicity in vitro against both
selected breast cancer cell lines. Nevertheless, RAPTA-T
was found to exhibit promising in vivo antimetastatic and
antiangiogenic properties [22, 27]. Some evidence indi-
cates that RAPTA compounds work on molecular targets
other than DNA, implying a biochemical mode of action
profoundly different to classical platinum anticancer drugs
[27, 38—40]. Ruthenium was found to preferentially accu-
mulate in the cytoplasm of MCF-7 and HCC1937 cells,
which indicates that RAPTA-T might directly interacts
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Fig.5 Effect of RAPTA-T on apoptosis cell death of MCF-7 (a) and
HCC1937 (b) cells. Cells were incubated in the absence and the pres-
ence of 1 mM of RAPTA-T for 48 h. The percentage of apoptotic
cells was detected by analyzing for the Annexin V-FITC and PI bind-
ing using flow cytometry presented by the sum of the early apoptotic
cells (Annexin V +/PI-) and late apoptotic cells (Annexin V +/PI+).
The standard error of experiments realized in duplicate was plotted as
shown in a bar graph (c)

with the transferrin membrane receptor and interfere with
cellular specific proteins involved in the signal transduc-
tion pathways, cell adhesion, and migration processes that
are likely to be critical to its mode of action [23, 41, 42].
Recent identification of key protein targets involved in the
mechanism of action of RAPTA-T led to the identifica-
tion of upregulation of a large number of cancer-related
proteins that might be responsible for its ability to sup-
press metastasis and tumorigenicity. These data suggest
that RAPTA-T could improve cancer drug chemotherapy
combinations [32].

It is known that PARP-1 is an essential protein in DNA
repair process associated with cancer resistance to chemo-
therapy and has been identified as potential drug target for
cancer therapy [43]. The inhibition activity of PARP-1 by
RAPTA-T was found to inhibit the activity of the PARP-1
enzyme to a similar extent of the benchmark inhibitor
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3-aminobenzamide, suggesting that zinc-finger domains of
PARP-1 might be altered by RAPTA-T that could be linked
to its mode of action and potential molecular target in can-
cer treatment [44]. Similarly, a previous in vitro study has
shown that RAPTA-T binds BRCA1 RING domain protein
and result in change in conformation of the BRCA1 protein,
leading to inactivation of the BRCA1-mediated ubiquitin
ligase function. It is possible that cellular BRCA1 RING
domain protein may also be a potential molecular target of
RAPTA-T in cancer treatment [45]. These studies suggest
that RAPTA-T is able to interact with a large number of key
proteins. This broad action is important as it may lead to
a widespread modification of cellular target proteins with
effects on resistance and sensitizing that could be linked to
antimetastatic and antitumor properties [38]. The modifica-
tion of cellular targeted protein could be useful for cancer
chemotherapy drug combination to improve their efficacy
[32]. In addition, there is a higher content of ruthenium in
the nuclear fractions of MCF-7 cells relative to HCC1937
cells where the RAPTA-T presumably forms adducts includ-
ing genomic DNA and specific histone sites on the nucleo-
some core [29, 42]. Indeed, synergy between RAPTA-T and
a gold-based drug, auranofin, was identified, with RAPTA-T
allowing auranofin to form histone adducts by binding to
distant histone sites, resulting in a synergistic activity in kill-
ing cancer cells [46].

During chemotherapy cellular or DNA damage responses
mediated by various cell cycle checkpoints either activates
specific DNA-repair machinery, resulting in the arrest of the
cell cycle, or induces cellular apoptosis, when DNA damage
seems irreparable. Flow cytometric analysis indicated that
RAPTA-T influences cell cycle progression in both breast
cancer cell lines, mainly by inducing arrest in the G2/M,
which is accompanied by a corresponding reduction in the
number of cells in the GO/G1 and S phases. RAPTA-T was
able to block the cell mitotic progression and ultimately
induced apoptosis preventing proliferation of damaged
cells. Indeed, RAPTA-T affects cell cycle progression in a
similar way to other ruthenium complexes [23, 27, 35, 42].
The upregulation of cyclin B and a significant decrease of
total Cdc2, due to the lack of Cdc25 phosphatase activity,
suggests that these changes in the proteins involving in cell
cycle regulation in G2/M phase may be linked to RAPTA-
T treatment [47, 48]. In addition, RAPTA-C inhibits cell
cycle progression at the G2/M phase by increasing p21
expression in a p53-dependent manner and the subsequent
apoptosis [23]. The pronounced differences in sensitiv-
ity to RAPTA-T in both types of breast cancer cells were
observed. A higher extent of G2/M in the HCC1937 cells
that harbors a BRCA1 mutation (5382insC) might be related
to dysfunctional BRCAL that is unable to repair DNA dam-
age produced by RAPTA-T, resulting in accumulation of
genomic instability, and ultimately to apoptotic cell death
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[49]. The cytotoxicity of some ruthenium complexes has
been correlated with their ability to induce DNA damage
that leads to the inhibition of DNA replication, transcription,
and ultimately to programmed cell death with similar kinet-
ics to cisplatin [50]. Recently, damage to the BRCAI gene
in cancer cells has received much attention as a potential
molecular target for metal-based anticancer compounds [33,
35, 36, 39, 40, 51]. RAPTA-T is able to inhibit BRCAI repli-
cation in a dose-dependent manner. However, at equal doses,
RAPTA-T causes much more BRCAI damage in HCC1937
cells compared to MCF-7 cells. Notably, the level of lesions
within specified BRCA1 fragment in MCF-7 cells were lower
than in HCC1937 cells, whereas the accumulation of ruthe-
nium in nuclear fraction in MCF-7 cells was significantly
higher than in HCC1937 cells. Consequently, it is possible
that RAPTA-T forms adducts with specific histone sites on
the nucleosome core rather than binding to genomic DNA
[42]. Interestingly, BRCAI mRNA and its protein in BRCAI-
defective HCC1937 cells are dramatically decreased follow-
ing treatment with RAPTA-T. This could be attributed to the
ruthenation of the BRCAI gene that can interfere with DNA
replication, transcription and translation [33], and might
lead to an insufficient of BRCA1 function in cancer cells.
In clinical studies, it has been shown that the response of
cancer patients to cisplatin depends on the status or expres-
sion of BRCAI mRNA and its protein. Patient with low or
intermediate levels of BRCA1 expression were found to be
hypersensitive to cisplatin, whereas enhanced resistance to
cisplatin was observed in those with over-expression of the
BRCALI protein [51, 52].

In conclusion, we have investigated the cellular responses
of BRCAI-defective HCC1937 breast cancer cells induced
by the antimetastasis compound RAPTA-T. RAPTA-T was
essentially nontoxic to BRCAI-defective HCC1937 and
BRCAI-competent MCF-7 cells, with the ruthenium local-
ized mainly in the cytoplasm of both cell lines. However,
RAPTA-T showed different cellular responses to both cell
lines depending on the BRCA1 status. RAPTA-T mediated
inhibition of cell growth through triggering cell cycle arrest
at G2/M that lead to apoptosis. Moreover, it causes dramatic
cellular BRCAI damage in BRCA I-defective HCC1937 cells
with the subsequent down-regulation of BRCAI mRNA and
its protein. Consequently, RAPTA-T could be a useful drug
for the treatment of BRCA I-defective breast cancers when
applied in combination with other agents that exhibit com-
plementary modes of action.
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