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Abstract

An organometallic arene ruthenium (IT) compound comprising a 1,1-bis(diphenylphosphino)methane (dppm) ligand, [Ru(p-cymene) (dppm)CL,] has been reported
to exhibit interesting anticancer activity in breast cancer cells. However, its underlying molecular mechanism of action remains largely unexplored. We investigated
the anticancer activity and BRCA1 inhibition of the ruthenium compound in BRCA1-associated breast cancer cells and a high degree of cytotoxicity was displayed
against all selected BRCA1-associated breast cancer cells. Triple-negative BRCA1-deficient HCC1937 cells were significantly more sensitive toward the ruthenium
compound than triple-negative BRCA1 wild-type MDA-MB-231 and BRCA1 wild-type MCF-7 cells. The anticancer activity of the ruthenium compound was
more potent than the activity of the dppm ligand alone and cisplatin against all three cell lines. The difference in cytotoxicity was associated with the uptake and
accumulation of ruthenium atoms, cell cycle progression, and the generation of apoptotic cells and the resulting increase in the expression of p53 and p21 mRNAs
along with their respective proteins. In a PCR-based assay, the ruthenium compound inhibited amplification of the BRCA1 gene in all three cell lines, especially in
HCC1937 cells. However, the expression of BRCA1 mRNA in the cell lines was regulated differently. Expression of the BRCA1 protein in the three cell lines was
reduced in HCC1937 > MDA-MB-231 > MCF-7. The findings of this work provide insights into the molecular mechanism of action of [Ru(p-cymene) (dppm)

CL] in BRCA1-associated breast cancer cells.

Introduction

Globally, breast cancer is the second leading cause of cancer-
related deaths in women [1]. Breast cancer is a heterogeneous disease
that is classified into five main intrinsic molecular subtypes based on
differences in gene expression profiling. These subtypes are known
as luminal A, luminal B, human epidermal growth factor receptor 2
(HER2) overexpression, basal-like, and normal-like [2,3]. Triple-
negative breast cancer (TNBC), which accounts for approximately 15%
of breast cancers, is characterized by a lack of expression of the estrogen
receptor (ER), the progesterone receptor (PR), and HER2 [4]. TNBC has
recently gained clinical importance and become the subject of intense
investigation. Its aggressive phenotype, high metastatic progression,
poor prognosis, earlier recurrence and shorter survival distinguish it
from other breast cancer subtypes [5]. TNBC is overlapped up to 70%
by the basal-like subgroup [2,6]. Currently, there is no standard cancer
drug treatment regimen nor specific targeted therapy for TNBC patients
that is effective. However, the recently acquired better understanding of
the molecular basis of different breast cancer subtypes and mutations
within TNBC has allowed the exploration of some innovative targeted
therapies, bringing new hope for TNBC patients. Some promising
targeted therapies such as poly (ADP-ribose) polymerase (PARP)
inhibitors and platinum-based drugs are currently being assessed in
clinical trials [7,8].
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Emerging data have revealed that approximately 20-30% of TNBC
patients harbor germline mutations in the BRCA1 gene [9,10]. The
BRCAL1 protein has multiple functions that help maintain genomic
stability in cells. It is involved in DNA damage repair, cell cycle
check-point control, regulation of transcriptional activities, and
ubiquitination. However, defects in the BRCA1 protein led to a failure
of its functions [7]. It has been reported that some TNBC patients
with germline BRCA1 mutations achieved pathological complete
responses (pCRs) after treatment with platinum-based neoadjuvant
chemotherapy [11-14]. In addition, treatment with a combination of
carboplatin and anthracycline/taxane significantly improved the rate
of pCR among TNBC patients [15]. Consequently, several studies
focused on modifying standard chemotherapeutic regimens using new
chemotherapeutic agents with significantly pCR rates [11]. Following
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clinical trials, a new paradigm was proposed for the treatment of
TNBC patients that made use of dysfunctional BRCA1 proteins or a
specific BRCAl-mediated homologous recombination (HR) repair
defect [7,16]. A report was published that breast cancer cells with
dysfunctional BRCA1 were sensitive to chemotherapeutic agents [17].
BRCAI1-deficient HCC1937 cells were more sensitive than BRCAI1-
wild type MCF-7 cells to the platinum drug cisplatin, but HCC1937
cells in the presence of exogenous BRCA1 exhibited resistance to
cisplatin [18]. However, the antisense inhibition of BRCAL1 in cisplatin
resistant breast cancer cells resulted in increased sensitivity to cisplatin,
a reduced efficacy of DNA repair, and an increased rate of apoptosis
[19,20]. Furthermore, the inhibition of endogenous BRCA1 expression
in ovarian cancer cells resulted in an increased sensitivity to platinum
chemotherapy [21]. Various chemotherapeutic regimens have been
used to improve the treatment of each breast cancer subtype [22,23]
but chemotherapeutic treatment can be more complicated when breast
cancer patients have functional BRCAL1 protein. As a result, the profiling
of BRCAL1 protein expression has been referred as a novel biomarker
to predict the outcome and efficacy of treatment among breast cancer
patients [24,25].

The use of platinum drugs, whether alone or combined, has
increasingly encountered clinical limitations in the treatment of TNBC.
It has been reported that many breast cancer patients who initially
responded well to anticancer platinum drugs later became drug-
resistant [26-29]. The primary limitation of platinum drugs has been
their adverse side effects, and more lately, the induction of secondary
mutations in the BRCAI gene leading to acquired cellular resistance
[30-33]. Over decades, a series of potent and efficient metal-based
compounds have been developed to combat the problems associated
with the use of platinum-based drugs and ruthenium(II) compounds
are the metal-based compounds of choice for this purpose [34]. A
rational drug design aimed at increasing the potency of anticancer
ruthenium compounds should be based on its chemical structure and
activity, ligand exchanges, oxidation states and iron mimic activity [35].
The transition metal ruthenium plays a vital role in metal transport by
means of passive diffusion and a transferrin-dependent mechanism
[36]. Numerous organometallic ruthenium-based compounds have
been synthesized and developed as anticancer agents to overcome the
clinical limitations of cisplatin [35,37]. A promising series of ruthenium
compounds presented a half-sandwich with piano stool geometry in
the following structure [(n6)-arene Ru(X)(Y)(Z)] [38-40].

In organometallic ruthenium (II)-arene complexes, the
hydrophilicity of the metal center, coordinated to a hydrophobic
p-cymene ligand, contributed to the excellent cytotoxicity [41-43].
A distorted tetrahedral piano-stool geometry coordinated to the
ruthenium (II) center with p-cymene, a chloro ligand, and a ligand
with phosphorus donors proved to be an interesting complex [44,45].
In addition, ruthenium compounds have been reported to regulate the
biomarker genes that were involved in the apoptotic pathway (p53), cell
cycle progression (p21) and the homologous recombination repair gene
BRCA1 [8]. The RAPTA-EA1 compound reduced BRCA1 replication
significantly more in BRCA1-deficient HCC1937 cells than in BRCA1-
proficient MCF-7 cells [8,46], and the expression of BRCA1 mRNA
was upregulated in HCC1937 cells in the presence of the ruthenium
compound but downregulated in the MCEF-7 cells. However, the
production of the BRCA1 protein was suppressed in the tested cells.
In this study, BRCA1 mRNA expression in HCC1937 cells was not
proportionally correlated to its respective protein expression as it was
in previous studies. This inverse correlation between BRCA1 mRNA
and its protein level could result from molecular distinctions between
subtypes of breast cancers [47].
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Recently, ruthenium(II)-arene compounds bearing a chelating
ligand of 1,1-bis(diphenylphosphino)methane (dppm), termed [Ru(p-
cymene)(dppm)CL ], have been evaluated as anticancer agents. In a study
that compared the anticancer activities of a ruthenium(II) complex and
free ligands, the complex performed better against cell proliferation
on A2780 and HT-29 cell lines, giving IC_; values of 0.7 and 0.6 uM
, respectively [48]. These results suggest that the ruthenium metal
prevented the ligands being oxidized before they could interact with the
biological target [49]. The complex also inhibited cell growth of several
human cancers through multi-mechanisms, such as interference with
DNA replication, induction of cell cycle arrest, downregulation of anti-
apoptotic genes and upregulation of pro-apoptotic genes that ultimately
trigger the programmed cell death pathway [50]. Our preliminary study
of the proposed ruthenium (II)-arene compound containing a dppm
ligand (Figure 1) revealed a significant anti-proliferative activity against
some selected breast cancer cell lines. It was found to be highly active
against breast cancer cell lines with cytotoxicity properties comparable
to cisplatin [51]. So far, the underlying molecular mechanism of action of
[Ru(p-cymene)(dppm)Cl,] on breast cancer cells remains largely
unexplored. In this study, therefore, we investigated the induction by
[Ru(p-cymene)(dppm)Cl,] of anticancer activity and BRCA1 inhibition
in triple-negative BRCA1-deficient HCC1937, triple-negative BRCA1
wild-type MDA-MB-231, and sporadic BRCA1 wild-type MCF-7
breast cancer cells.

Materials and methods

Compound: The #-arene-based ruthenium compound comprised
a 1,1-bis(diphenylphosphino)methane (dppm) ligand, giving the
compound [Ru(p-cymene)(dppm)] (Figure 1). The dppm ligand was
kindly provided for this study by Asst. Prof. Dr. Nararak Leesakul,
Division of Physical Science and Center of Excellence for Innovation
in Chemistry, Faculty of Science, Prince of Songkla University. The
preparation of the [Ru(p-cymene)(dppm)Cl,] complex and its dppm
ligand was described previously [51].

Human breast cancer cell lines and culture conditions: The human
breast cancer cell lines MCF-7 (BRCA1l-competent), triple-negative
MDA-MB-231 (BRCA1 wild-type), and triple-negative HCC1937
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/
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Figure 1. Chemical structure of [Ru(p-cymene)(dppm)Cl,]
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(BRCA1-deficient, 5382insC), were obtained commercially from
American Type Culture Collections (ATCC, Rockville, MD). All cell
lines were cultured in the cell growth medium as a monolayer. MCF-7
and MDA-MB-231 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and HCC1937 cells were maintained in Roswell
Park Memorial Institute 1640 medium (RPMI 1640). Supplements of
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin were
both added to each cell culture medium. All cells were maintained in a
humidified incubator at 37 °C in 5% carbon dioxide (CO,).

MTT proliferation assay: MTT reduction by metabolically viable
cell activity was used to initially investigate the cytotoxic effects of [Ru(p-
cymene) (dppm)CL] and the dppm ligand alone on the cell viability
of the selected breast cancer cell lines. A logarithmically monolayer
cells were grown in cell culture flasks. Cell pellets were collected by
trypsinization and centrifugation at 500 x g for 5 min at 25 °C and
flat-bottomed 96-well microplates were seeded with 100 pL per well of
a single cell suspension of 10* cells in a complete medium. To allow
cell attachment, the plates were incubated overnight in a humidified
incubator at 37 °C in 5% CO,. When cell growth reached approximately
80% confluence, the medium was removed and fresh medium added
containing 200 uL of either [Ru(p-cymene) (dppm)CL,] or the dppm
ligand, at final concentrations of 0, 0.01, 0.1, 1, 5, 10, 25, 50, and 100
uM. The medium was removed after 48 h of incubation and cells were
then washed twice with 100 pL of phosphate bufferred saline (PBS).
Subsequently, 100 uL of 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) solution was added to each well
and the plates were incubated for a further 4 h at 37 °C in 5% CO,. After
incubation, the solution was aspirated and 200 uL of dimethylsulfoxide
solution (DMSO) was added to dissolve the formazan crystals formed.
The solution was then spectrophotometrically measured at 570 nm.
To compare the sensitivity of the studied cells toward the growth
inhibitory potential of the dppm ligand and the [Ru(p-cymene) (dppm)
CL) complex, the absorbance data were totaled, and cell viability was
calculated from the following equation (1):

Cell viability (%) = ((absorbance of the treated wells)/(absorbance of
the vehicle-treated control wells)) x 100 (1)

Percentage cell viability was plotted against various concentrations
of the ruthenium compound to determine the 50% inhibiting
concentration (IC, ), defined as the concentration of the ruthenium
compound or dppm ligand which inhibited cell viability by at least 50%
compared to the control condition.

Subcellular ruthenium contents distribution: The subcellular
distribution of ruthenium atoms in the breast cancer cell lines was
investigated using ICP-MS. Cancer cells at a density of 5x10° cells/mL
were placed in a 75 cm® cell culture flask and incubated for 48 h at 37 °C
in 5% CO, with [Ru(p-cymene) (dppm)ClL,] at the IC, and 0.1% DMSO
control. After 48 h, cells were rinsed twice with PBS, 0.25% trypsin/
EDTA was added and the cells were centrifuged at 1,000 x g for 10
min at 4 °C. Cellular fractions were produced as described previously
[52,53]. Briefly, cell pellets were lysed with a sucrose-mannitol medium
and the cell homogenates were separated into subcellular components
by centrifugation at 1,000 x g for 10 min at 4 °C. Crude nuclear sediment
and crude cytoplasmic solution were collected separately. The crude
nuclear sediment was resuspended in a Tris-Mg-NaCl buffer made up
of 250 mM sucrose in a Tris-Mg-NaCl buffer and 2 volumes of 2.3 M
sucrose and centrifuged at 40,000 x g for 30 min. The nuclear sediment
was then resuspended in a Tris-Mg-NaCl buffer containing 250 mM
sucrose, 0.1% Triton X-100 (w/w) and centrifuged at 1,000 x g for 10 min.
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After centrifugation, the sediment and the supernatant were separated.
The collected sediment was resuspended in a 1% sodium lauryl sulfate
(SDS) solution (150 mM NaCl, 10 mM Tris-Cl (pH 8.0), 1 mM EDTA)
and kept at room temperature overnight. The collected supernatant
was centrifuged at 17,000 x g for 30 min and the sediment produced
was dissolved in double-distilled water to obtain the nuclear fraction.
The supernatant was then transferred and centrifuged at 12,000 x g for
10 min to yield the solution containing the cytoplasmic fraction and
the mitochondrial pellet. The cytoplasmic fraction was collected. The
mitochondrial pellet was resuspended in a homogenization medium
of sucrose-mannitol and the suspension was centrifuged at 1,000 x g
for 5 min. The formed precipitate was discarded. The supernatant was
collected and resedimented by centrifugation at 12,000 x g for 10 min to
produce a mitochondrial pellet. The mitochondrial pellet was dissolved
in PBS buffer and stored at -20 °C. The three isolated subcellular
fractions (cytoplasmic, mitochondrial, and nuclear fractions) were
later analyzed to determine ruthenium contents using an inductively
coupled-plasma mass spectrometer (ICP-MS). Each experiment was
conducted in duplicate.

Cell cycle distribution analysis: To assess cell cycle distribution,
cellular DNA contents were determined by flow cytometry. Cells were
seeded into 6-well culture plates at 10° cells/mL and grown at 37 °C
in 5% CO,. At approximately 80% monolayer cell growth confluence,
the medium was removed and treated for 48 h with the IC | of the
ruthenium compound. Cells were then trypsinized, rinsed twice with
0.5 mL of cold PBS, and centrifuged at 300 x g for 5 min. The cells
were then fixed with cold 70% ethanol and stored at -20 °C overnight.
The fixed cells were washed twice with cold PBS. Afterward, 1 mL
staining solution of PBS containing 100 pg/mL of RNase A, 50 ug/mL of
propidium iodide (PI), and 0.1% of Triton X-100 was added to the cell
pellets, which were then resuspended and incubated at 37 °C for 30 min
in darkness. Finally, the fluorescence of 20,000 cells was detected using
a FACSCanto flow cytometer (BD Biosciences) and the percentage
cell population was analyzed with MultiCycle software. DNA content
histograms were produced based on the percentage of cells in the GO/
Gl, S, and G2/M phases.

Annexin V/PI double staining apoptotic detection by flow
cytometer: The double staining Annexin V-FITC and PI staining
detection kits (Invitrogen) were used to detect apoptotic and necrotic
cells using flow cytometry following the manufacturer's protocol.
Briefly, following incubation with the IC,  of the ruthenium compound,
the untreated and treated cells were trypsinized, rinsed twice with 0.5
mL of cold PBS, and centrifuged at 500 x g for 5 min. The supernatant
was discarded and the cell pellets were resuspended in 100 uL of
1xAnnexin-binding buffer. Then, 5 uL of Alexa Fluor 488, and 1 pL of
100 pg/mL PI solution were gently mixed into each cell suspension. The
suspensions were then incubated at room temperature for 15 min in
darkness. After incubation, 400 uL of 1xAnnexin-binding buffer were
added and mixed gently. The Annexin V binding staining of 20,000
cells was immediately analyzed using FACS (fluorescence activated
cell sorting) flow cytometry (FACSCanto, BD Biosciences), measuring
emissions at 530 and 575 nm from an excitation wavelength of 488 nm.

Determination of cellular DNA damage by semi-quantitative
polymerase chain reaction (QPCR): Cells were exposed for 48 h to
various doses of [Ru(p-cymene)(dppm)Cl] at 37 °C in 5% CO,. The
cell pellets were collected by trypsinization and centrifuged at 500 x g
for 5 min. The cellular genomic DNA of the cells was isolated using a
procedure from a previous study [53]. The BRCALI exon 11 fragment
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(3426-bp) was the cellular DNA target that identified the effect of the
ruthenium compound on DNA amplification by PCR [53]. Briefly,
the PCR reaction mixture consisted of Ru-treated genomic DNA
template (400 ng), Phusion Hot Start DNA polymerase (2 units), MgCl,
(1.5 mM), 1xPhusion™ GC Buffer, ANTPs (300 pM of each), forward
primer (5-GCCAGTTGGTTGATTTCCACC-3/), reverse primer
(5-GTAAAATGTGCTCCCCAAAAGC-3') (0.5 uM of each primer),
and double distilled water to a final volume of 50 pL. PCR was carried
out in triplicate under the following cycling condition: 1 cycle of an
initial step at 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s, 60
°C for 455, 72 °C for 2 min, and a final extension at 72 °C for 7 min. The
targeted PCR products were then electrophoresed on a 1% agarose gel
at 100 V for 60 min. The agarose gel was stained with ethidium bromide
and illuminated under UV light. The inhibition of DNA polymerization
by ruthenation was assessed using semi-quantitative polymerase chain
reaction (QPCR). The band intensity of DNA amplification products
was measured using a Bio-Rad Molecular Imager with the Molecular
Dynamics program (version 1.0.2, Bio-Rad, Hercules, CA, USA, 1994).
The percentage of DNA amplification was plotted against various
concentrations of the ruthenium compound. The lesion frequency per
strand of the 3,426 bp of the BRCAL1 exon 11 fragment was determined
by the Poisson equation (2) [54],

S=-InAJA )

where S is the lesion frequency/strand, A is the absorbance
produced from a given amount of non-damaged DNA template, and
Ad is the absorbance produced from a given amount of damaged DNA
template induced by a particular dose of the ruthenium compound.
Therefore, A /A gives the fraction of non-damaged template at a given
dose [55].

RNA extraction and reverse transcription-polymerase chain
reaction PCR (RT-PCR): The tested cells were seeded at a density of 10°
cells/mL into 6-well culture plates. After 48 h of treatment with the IC, |
of [Ru(p-cymene)(dppm)CL], cells were collected and total RNA was
isolated using the RNeasy” Mini Kit (Qiagen, Germany) following the
manufacturer’s instructions. Afterwards, the first strand complementary
DNA (cDNA) synthesis was initiated using a 2-step RT-PCR kit (Vivantis,
USA). RT-PCR was performed with the SYBR green-based quantitative
PCR (qRT-PCR) detection system. RT-PCR was performed in a final
volume of 25 uL, consisting of the ruthenated-cDNA template (100 ng),
QuantiFast SYBR green PCR master mix (12.5 pL), and forward and
reverse primers (0.5 uM of each). The gene-specific primer sequences
were as follows: BRCAl: 5-GCCAGTTGGTTGATTTCCACC-3/

(forward) and 5-GTCAAATGTCTCCCCAAAAGC-3' (reverse);
p53: 5-GGTCTCCCCAAGGCGCACTGG-3' (forward)
and 5-AGGCTGGGGGCACAGCAGGCC-3/ (reverse);

p2l:  5-GACACCACTGGAGGGTGACT-3  (forward)  and
5-CAGGTCCACATGGTCTTCCT-3' (reverse), and the sequence
of P-actin: 5-GGACTTCGAGCAAGAGATGG-3' (forward) and
5-AGCACTGTGTTGGCGTACAG-3/ (reverse) as an internal control.
All samples were composed in triplicate and reacted in the following
cycling condition: 1 cycle of an initial step at 95 °C for 5 min, followed
by 35 cycles of 95 °C for 10 s, 60 °C for 30 s and 72 °C for 30 s. The
melt curve analysis was performed by measuring fluorescence during
the annealing step at a steadily increasing temperature from 55 to 90 °C
on an ABI-Prism 7300 analytical thermal cycler (Applied Biosystems).
The 2-24°T method was employed to analyze the RT-PCR data. -actin
mRNA expression was used as a normalization by subtracting the value
of each gene of interest in each sample [56].
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Protein extraction and western blotting analysis: After
incubation for 48 h with the IC_ of [Ru(p-cymene)(dppm)CL] at 37
°C, cells were washed twice with PBS, harvested, and lysed for 5 min
in wells containing 200 pL of lysis buffer (50 mM Tris (pH 8.0), 5 mM
EDTA, 5 mM NaCl, 100 mM PMSE, 2% SDS, 1% Triton X-100,) placed
on ice. The lysate proteins were isolated by centrifugation at 16,000 x
g at 4 °C for 10 min. The concentration of the crude protein in each
sample was determined using the Bradford assay. Protein samples of
50 pg were mixed with electrophoresis buffer and boiled for 10 min
followed by separation by electrophoresis on a 6% SDS-polyacrylamide
gel. Then, using a semi-dry electroblotter, separated proteins in the gel
were transferred to a nitrocellulose membrane through a transfer buffer
(14.4 g of glycine, 3.03 g of Tris base, 200 mL of methanol, and double
distilled water to final volume of 1 liter) in a current of 400 mA for
6 h. The nitrocellulose membrane was incubated with shaking for 4 h
in 10% bovine serum albumin (BSA) blocking reagent buffer in Tris-
buffered saline (TBS). After removal of the blocking reagent buffer, the
nitrocellulose membrane was further incubated overnight at 4 °C with
an appropriate dilution in TBS buffer of primary antibody, anti-BRCA1
(Ab-1) mouse (MS110) antibody (Calbiochem (EMD Millipore)),
mouse anti-p53 horseradish peroxidase-conjugated antibody (R&D
Systems), and mouse monoclonal anti-p21 (R&D System). Then, the
primary antibody was removed and washed 8 times for 5 min with
a washing buffer of TBS with 0.1% Tween 20 (TBST). The blot was
incubated with shaking for 4 h with the secondary antibody, an HRP
conjugated, goat anti-mouse IgG (HAE, R&D Systems) at a 1:5000
dilution in TBS with 10% BSA. A protein loading control, anti -actin
clone C4 (Calbiochem (EMD Millipore)), was diluted at a 1:5000 in
TBS with 10% BSA. The blot was rinsed 8 times for 5 min with TBST,
and incubated with shaking for 1 h with anti-mouse IgG horseradish
peroxidase conjugated secondary antibody (R&D Systems) at a dilution
of 1:1000 in TBS with 10% BSA. The blot was again rinsed with TBST.
The immunoreactive signal detections were visualized by enhanced
chemiluminescence using mixed equal volumes of stable peroxide
solution and Lumino/Enhancer solution (Bio-Rad). The blot was
immediately exposed to the working solution for 5 min. Finally, the
blot was carefully placed in a film cassette, removing air bubbles before
exposure to X-rays in darkness. The experiments were performed in
triplicate.

Statistical analysis: SPSS version 22.0 was used for statistical
analysis. Each value was expressed as a mean + standard error of the
mean (SEM) and comparisons between two groups were made by one-
way ANOVA. Group differences resulting in * p < 0.01 were considered
statistically significant.

Results

[Ru(p-cymene)(dppm)CL,] was highly cytotoxic toward human
breast cancer cells: Cell growth inhibition by [Ru(p-cymene)(dppm)
Cl,] was initially evaluated by MTT assay. The ruthenium compound
displayed a high degree of cytotoxicity against all three breast cancer
cell lines (Table 1) but, within the IC, values, no cytotoxic effect
was exhibited on the growth of CCD841CoN normal human colon
epithelial cells (data not shown). The inhibition of cell growth exhibited
was dose-dependent (Figure 2a). Notably, 5 uM of [Ru(p-cymene)
(dppm)CL] reduced the cell viability of all tested cells by more than
80%, which was only slightly less than the reduction produced by a
concentration of 100 pM. The dppm ligand reduced cellular viability by
more than 50% at a concentration higher than 25 uM. Triple-negative
BRCAI1-deficient HCC1937 cells were considerably more sensitive to
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the ruthenium compound (IC,; = 0.9 uM) than triple-negative BRCA1
wild-type MDA-MB-231 (IC_, = 1.8 uM) and sporadic BRCA1 wild-
type MCF-7 cells (IC_; = 2.5 uM). The ruthenium compound displayed
a greater cytotoxicity than its dppm ligand and cisplatin against all the
cell lines (Table 1, Figure 2b). MCF-7, MDA-MB-231, and HCC1937
cells were respectively 14, 10, and 13 times more sensitive to the
ruthenium compound than to the dppm ligand alone. Remarkably,
the cytotoxicity of the ruthenium compound was greater than the
cytotoxicity of cisplatin by a factor of 17, 71, and 26 times against MCF-
7, MDA-MB-231, and HCC1937 cells, respectively.

Differential profiles of the intracellular distribution of the
ruthenium compound: The efficacy of anticancer activity normally
depends on the cellular uptake of the drug. The total intracellular
ruthenium levels were monitored by ICP-MS anlysis. The total
percentage of the amount of ruthenium detected in the intracellular
compartments of Ru-treated breast cancer cells after 48 h of ruthenium
treatment was significantly different in the cytoplasm, mitochondria,
and nucleus (Figure 3). The distribution of ruthenium atoms was
noticeably different in each cell line. In MCF-7 cells, the ruthenium
content was detected predominantly in the cytoplasm (61.9%),
followed by the mitochondria (26.8%) and the nuclear fraction (11.7%).
In MDA-MB-231 cells, the ruthenium atom mainly accumulated in
the mitochondrial fraction (80.8%) with equal smaller amounts of
ruthenium in the nuclear fraction and cytoplasm. In HCC1937 cells, the
ruthenium atom was mainly detected in the nuclear fraction (92.0%)
with a small amount in both the cytoplasm and nuclear fraction.

Ruthenium compound induced cell cycle arrest and apoptotic
cell death: The effect of the ruthenium compound at its IC, value on
cell cycle distribution was estimated by propidium iodide (PI) staining
using flow cytometric analysis. The cell cycle arrest progression in all
tested cell lines presented significant differences between treatment
and control groups (Figure 4). The populations of Ru-treated MCF-
7 and HCC1937 cells arrested at the G2/M phase (15.7% and 24.0%,
respectively) were approximately twofold the populations of untreated
control cells arrested at the same stage. By contrast, the Ru-treated cell
populations at the GO/G1 and S phases were smaller than the untreated
cell populations in the same phases (Figures 4a and 4c). However, in
the MDA-MB-231 cells, the number of Ru-treated cells arrested in the
GO/G1 phase was significantly higher than the number of untreated
cells (77.7% compared to control 68.6%) (Figure 4b). Consequently, the
accumulation of treated cells at the S and G2/M phase was lower than
the number of untreated cells. The results indicated that the ruthenium
compound displayed a specific difference in alteration of cell cycle
progression.

In addition, the percentage of apoptotic cell death was determined
by double-staining treated cells with Annexin V and PI. The induction
of apoptotic cells was observed in relation to the total amount of early-

and late stage-apoptotic cells. In the Ru-treated cells, a greater increase
in the percentage of apoptotic cells was observed in MDA-MB-231
(70%) than in HCC1937 (51%) and MCF-7 (35%) cells (Figure 5).

[Ru(p-cymene)(dppm)CL,] significantly suppressed BRCA1
amplification in both BRCAIl-deficient and -proficient triple-
negative breast cancer cells: The effect of the ruthenium compound on
cellular BRCA1 damage in MCF-7, MDA-MB-231, and HCC1937 cells
was investigated using a quantitative PCR-based assay (QPCR). After
48 h of treatment with the ruthenium compound, BRCA1 amplification
was reduced in all tested cells. The reduction was correlated with
dose increments of the ruthenium compound (Figure 6a). This result
implied that the ruthenium compound is capable of inhibiting the
amplification of the BRCA1 gene in a dose-dependent manner. The
degree of BRCA1 damage was significantly higher in HCC1937 cells
than in MDA-MB-231 and MCF-7 cells at every concentration of the
ruthenium compound. Notably, the percentage of BRCA1 amplification
was reduced by half in HCC1937 and MDA-MB-231 cells at ruthenium
doses of approximately 50 uM and 80 uM, respectively (Figure 6b), with
approximately 0.5-1 ruthenium atom per BRCA1 fragment (Figure
6¢). Meanwhile, a 500 uM concentration of the ruthenium compound
only slightly impacted BRCA1 amplification in MCF-7 cells (<10%)
(Figure 6b). The results indicated that the ruthenium compound was
significantly more capable of blocking BRCA1 replication in HCC1937
and MDA-MB-231 cells than in MCF-7 cells.

[Ru(p-cymene)(dppm)CL, ] had distinct regulation the expression
of BRCAL, p53 and p21 mRNAs: The mRNA expression of genes of
interest induced by the ruthenium compound was determined using
real-time quantitative RT-PCR. The ruthenium compound exhibited a
different level of regulation on the expression of BRCA1, p53, and p21
mRNAs in all three cell lines (Figure 7). In MCF-7 cells, the expression
of p21 and p53 mRNA was downregulated (Figure 7a), but in MDA-
MB-231 cells (Figure 7b) the expression of p21 and p53 mRNA was
upregulated. The expression of BRCA1 mRNA was suppressed in Ru-
treated HCC1937 cells, while it was upregulated in Ru-treated MCF-7
cells and remained unchanged in Ru-treated MDA-MB-231 cells (p <
0.01).

[Ru(p-cymene)(dppm)Cl] downregulated BRCA1l but
upregulated p53 and p21 protein expression: Whole-cell protein
extracts of ruthenium-treated cells were immunoblotted using
specific antibodies. The results revealed that reductions in the levels
of the BRCALI protein were similar in all Ru-treated cells (Figure 8a).
Treatment with the ruthenium compound suppressed BRCA1 protein
expression more in HCC1937 cells than in MDA-MB-231 and MCEF-7
cells, with a 4-, 1.6- and 1.3-fold, respectively, compared with the Ru-
untreated cells (Figure 8b). On the other hand, the expression of p53 and
p21 proteins was upregulated. Upregulation of the relative expression of
both genes was highest in MCF-7 > MDA-MB-231 > HCC1937.

Table 1. Comparative half-maximal inhibitory concentration (IC,)) profiles (uM) of MCF-7, MDA-MB-231, and HCC1937 cells after 48 h treatment with the [Ru(p-cymene) (dppm)Cl,]
complex and its dppm ligand alone. In addition, the IC, values of cisplatin were included in parallel as a metal-based reference drug comparison. The mean values + standard error of the
mean (SEM) was collected as the average of three independent experiments. In the experiment, at least four parallel wells were set containing each concentration of the [Ru(p-cymene)

(dppm)CL,] complex and its ligand

Compounds
MCF-7
dppm 34.7+0.7 "
[Ru(p-cymene)(dppm)CL,] 25+0.1"%"
cisplatin 5% 42248

1C,, (+M)

MDA-MB-231 HCC1937
17.8+03 %" 11.6+0.2 "
1.8+£02"" 0.9+0.1""
128.2+7 %™ 23475

A statistically significant difference was used to evaluate the IC, values of the same compound based on cell lines and indicated by * p< 0.01, and to evaluate the IC,  values of the

compounds based on a single cell line and indicated by ** p< 0.01
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Figure 2. The cytotoxicity of [Ru(p-cymene)(dppm)Cl,] (a) and the dppm ligand (b) toward BRCA l-associated breast cancer cells was determined using the MTT assay. MCF-7, MDA-
MB-231, and HCC1937 cells were exposed to various doses of the ruthenium compound and its ligand for 48 h in an incubator at 37 °C in 5% carbon dioxide (CO,). Each concentration

was replicated at least four times. The experiments were performed at three separate times and the bar represents the standard error of the experiments. Statistically significant differences in
comparison with the untreated control are denoted by *p <0.01
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Figure 3. The chart shows the intracellular distribution of [Ru(p-cymene)(dppm)Cl,] in MCF-7, MDA-MB-231 and HCC1937 cells. Cells were incubated with the IC, of the ruthenium
compound (Table 1) at 37 °C for 48 h. The ICP-MS analytical technique was used to detect subcellular ruthenium atoms in the cytoplasm, nuclear, and mitochondria fractions. The percentage
of ruthenium content present in each of the subcellular fractions was calculated from the sum of the mass of ruthenium atoms detected in all three fractions
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Figure 4. Cell cycle progression induced by [Ru(p-cymene)(dppm)Cl,] was analyzed using flow cytometry. MCF-7 (a), MDA-MB-231 (b) and HCC1937 (c) cells were exposed to the
ruthenium compound at the IC, for 48 h at 37 °C. Cells were then stained with propidium iodide (PI). The DNA content histograms show the majority phases of the cell cycle in the G0/G1,
S, and G2/M (from the left to the right). The experiment was conducted in triplicate
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Figure 5. [Ru(p-cymene)(dppm)Cl,] induced apoptotic cell death in MCF-7 (a), MDA-MB-231 (b) and HCC1937 (c) cells. Cells were incubated for 48 h with the ruthenium compound at its

IC,, at 37 °C. Flow cytometric profiles of Annexin-V FITC staining in a representative experiment are shown. The experiments were performed at three separate times and the bar represents
the standard error of the experiment (d). Statistically significant differences in comparison with the untreated control are denoted by *p < 0.01
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Figure 6. Cellular BRCA1 damage due to [Ru(p-cymene) (dppm)CL,] in MCF-7, MDA-MB-231, and HCC1937 cells was investigated using QPCR. Cells were incubated for 48 h with
various doses of the ruthenium compound at 37 °C before cellular genomic DNA was collected. The 3,426-bp BRCA1 exon 11 fragments was then amplified using specific forward and
reverse primers in a PCR reaction. Amplified BRCA1 products were electrophoresed on 1% agarose gel. The gel was stained with ethidium bromide and illuminated under ultraviolet light
(a). The percentage of DNA amplification induced by ruthenium compound (b), and the ruthenium compound induced the lesions per the 3,426-bp BRCA1 exon 11 fragment was calculated
by the Poisson equation [54] and plotted with various concentrations of [Ru(p-cymene)(dppm)Cl,] (c). The experiments were carried out at three independent times. Statistically significant
changes by comparison with the Ru-untreated control are denoted by *p < 0.01
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Figure 7. The charts show the effect of [Ru(p-cymene)(dppm)Cl,] treatment on mRNA expression of MCF-7 (a), MDA-MB-231 (b), and HCC1937 (c) cells. Cells were incubated for 48

h with [Ru(p-cymene)(dppm)Cl,] at the IC, before total RNAs were extracted. The quantity of transcriptional of the genes was evaluated by a real-time quantitative RT-PCR. The 2:44¢!
method was employed to analyze the RT-PCR data. -actin mRNA expression was used to normalize the value of each gene in each sample and relative to the expression of Ru-untreated
control cells. The experiments were performed in three independent times. Statistically significant alteration in the mRNA expression of each gene in comparison with the untreated control
are denoted by *p < 0.01
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Figure 8. The effect of [Ru(p-cymene) (dppm)Cl,] on BRCA1, p53, and p21 protein expression was investigated in MCF-7, MDA-MB-231, and HCC1937 cells. Cells were exposed for
48 h to the ruthenium compound at its IC_ at 37 °C. The crude extracted proteins were separated on 6% SDS-PAGE, and the gel was transferred to a nitrocellulose membrane. The target

50

proteins were detected by primary anti-BRCA1, anti-p53, and anti-p21 antibodies, membranes were further probed with secondary anti-mouse horseradish peroxidase conjugated antibody
(a). The equality of protein loading in each sample was validated by an actin antibody. The band intensity of each blot was quantified using a Bio-Rad Molecular Imager with the Molecular
Dynamics program (b). The experiments were carried out in triplicate. Statistically significant alterations in comparison with the Ru-untreated control are denoted by * p<0.01

Discussion

We evaluated a ruthenium(II)-arene compound containing a
1,1-bis(diphenylphosphino)methane ligand, termed [Ru(p-cymene)
(dppm)Cl,], for anticancer activity and BRCA1 inhibition against triple-
negative BRCA1-deficient HCC1937, triple-negative BRCA1 wild-type
MDA-MB-231, and BRCA1 wild-type MCF-7 breast cancer cells. In a
dose-dependent manner, the ruthenium compound showed a higher
cytotoxicity against all three breast cancer cells than the dppm ligand
alone and the standard anticancer platinum-based drug cisplatin. The
dppm ligand alone also exerted more cytotoxic effect than cisplatin.
This class of ruthenium(II)-arene (diphenylphosphine) derivatives
has shown good kinetic stability and reactivity due to chemical
structures in which Ru(II) is surrounded mainly by coordinations with
n-conjugated carbons in p-cymene for bonding, and the dppm ligand
employs the lone electron pair of the phosphorus atom [57-59]. It was
inferred that the chelating dppm ligand might have a strong effect on
cell growth inhibition. It is likely that the chelating diphosphine ligand
in dppm, with phosphorus serving as the electron donor atom and
p-cymene forming intermolecular n-m stacking, provides an important
lipophilicity to [Ru(p-cymene)(dppm)CL] that facilitates cellular
uptake through the membrane, enhancing the anticancer activity
[51,60]. It is most likely that the ability of the complex to permeate the
cell membrane is enhanced by chelation. Previous studies have shown
that ruthenium(II) complexes bearing phosphine and its derivative
ligand exhibited promising anticancer activity against several cancer
cell lines at a low IC,, [48,50,61-63]. The presence of three ligands
tethering the ruthenium metal center can contribute to improved

J Trans! Sci, 2021 doi: 10.15761/]'TS.1000453

lipophilicity and cellular uptake, which facilitates permeation of the
tumor cell membrane allowing interaction with molecularly targeted
molecules.

Several lines of evidence have demonstrated that differences
in cytotoxicity were closely associated with differential subcellular
distributions of anticancer metal-based compounds, cell cycle
progression, induction of apoptotic cell death, and alterations in
gene expression profiles [46,64,65]. [Ru(p-cymene)(dppm)CL] was
differently accumulated and had distinct regulatory effects on cell cycle
arrest in all tested cells. In the MCF-7 and HCC1937 cells, significantly
increased apoptotic cell numbers were observed at the G2/M phase but
in the MDA-MB-231 cells, apoptotic cell numbers were high at the G0/
GI phase and a greater percentage of apoptotic cells was observed in
the MDA-MB-231 cells than in the HCC1937 and MCF-7 cells. It has
previously been demonstrated that NAMI-A and RAPTAs inhibited
cell growth by triggering cell cycle arrest (and subsequently apoptotic
cell death) at the G2/M phase [66,67]. Here, the greater sensitivity of the
HCC1937 cellstoward thisruthenium compoundresultedin partfromthe
greater accumulation of ruthenium atoms in the nuclear compartment.
This event facilitated the formation of Ru-DNA adducts as well as
Ru-BRCALI adducts in HCC1937 and MDA-MB-231 cells. It might
also be associated with a defect of BRCA1 functions (5382insC BRCA1
mutation) in the HCC1937 cells that prevented the repair of DNA
damage produced by the ruthenium compound, which ultimately led
to apoptotic cell death [68-70]. This finding is consistent with findings
of our previous studies that treatment with ruthenium(II) polypyridyl
derivatives and RAPTAs caused more damage to the cellular BRCA1
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gene in triple-negative BRCA1-defective breast cancer HCC1937 cells
than in the triple-negative BRCA1 wild-type breast cancer MDA-
MB-231 and the sporadic BRCAL1 proficient breast cancer MCF-7 cells
(46,53,55].

The underlying molecular mechanisms by which the ruthenium
compound induces apoptosis in HCC1937 cells produced a similar
inhibition of DNA replication, transcription and translation, leading
to apoptotic cell death induction [71]. Some researchers have
recently found that ruthenium(II)-arene compounds have an impact
on more diverse cellular molecular targets than DNA, suggesting
a different biochemical mode of action compared to classical
platinum anticancer drugs [53,72-75]. Cell proliferation was more
effectively inhibited in the MDA-MB-231 cells than in the sporadic
MCEF-7 cells. This evidence could be due to the greater accumulation
of ruthenium atoms in the mitochondria of the MDA-MB-231 cells.
The interference with mitochondrial membrane potential released
molecules that can activate the apoptotic pathways, ultimately
triggering a significant increase in apoptotic cells [76]. It was
previously observed that doxorubicin or docetaxel had a greater
effect on the highly invasive MDA-MB-231 cells, compared with the
non-invasive MCF-7 cells [77]. In addition, MDA-MB-231 cells lack
the Bcl-2 apoptosis inhibitory protein that regulates mitochondria
permeability [78,79]. Triple-negative BRCA1 competent cells might
induce multiple pathways, leading to apoptotic cell death through
upregulation of the epidermal growth factor (EGF)-induced nuclear
factor kB (NF-kB) [67,80]. Moreover, emerging studies have shown
that mitochondrial DNA (mtDNA) is a potential target for cancer
therapy [81,82]. Therefore, it might be possible that the phenyl group
in a chelating dppm ligand binds to mtDNA and induces mtDNA
damage, hence interfering with the function of mtDNA by reducing
the amplification and copy number of mtDNA and affecting the
transcriptional level of mitochondria-encoded genes that might be
responsible for the increased apoptosis in this cell line [81,82]. The
induction of apoptotic cell death represents an important mechanism
in the clinical evaluation of therapeutic potentials [47,83], implying an
alternative mechanism for metal-based anticancer compounds [84].
The lower IC, values for MCF-7 cells in this study could be correlated
to the different intracellular distributions of ruthenium compound
and significantly lower numbers of apoptotic cells, compared with
MDA-MB-231 and HCC1937 cells. Indeed, MCE-7 cells lack the
expression of caspase-3, which is an absolutely crucial effector protein
for apoptosis induction [85]. Alternatively, this class of ruthenium(II)-
arene (diphenylphosphino) derivatives might directly inhibit specific
proteins involved in cellular intrinsic or signal transduction pathways,
giving rise to anticancer activity in these breast cancer cells [86].

Several lines of evidence have demonstrated that cancerous cells
with dysfunctional BRCA1 are defective in DNA double strand break
(DSB) repair, transcriptional regulation, and protein ubiquitination
[7,18,70]. Cancer cells carrying inactivated BRCA1 show increased
sensitivity to chemotherapeutic drugs or DNA-damaging agents that
ultimately lead to genomic instability and cell death. Therefore, cellular
damage to the BRCA1 gene by anticancer ruthenium compounds could
interfere with BRCA1 multi-functions, leading to cancer cell death. To
address this question, we investigated whether [Ru(p-cymene)(dppm)
Cl,] affected the cellular BRCA1 gene. The ruthenium compound at its
IC,, value caused a significant reduction in BRCA1 amplification in
HCC1937 and MDA-MB-231 cells while it caused only slight reduction
in MCF-7 cells. This may partly be due to the different cellular responses
to ruthenium treatment exhibited by each molecular subtype of breast
cancer cells [2,3,87]. The present data agreed very well with our
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previous studies of the inhibition of BRCA1 amplification induced by
cisplatin, carboplatin, RAPTAs, and metallo-intercalator ruthenium(II)
polypyridyl compounds [46,53-55,88,89]. It is likely that the drug
exerted its inhibitory effect through distortion of DNA base pairs that
led to the intervention of the BRCAI polymerization process [54,89].
Importantly, with regard to the inhibition of BRCA1 replication, both
triple-negative cells used in this study, BRCA1-mutated HCC1937 and
BRCA1-wild-type MDA-MB-231, are significantly more susceptible to
the ruthenium(II)-arene (dppm) compound than the sporadic BRCA1-
competent MCF-7 cells. This ruthenium compound exerts its inhibitory
effect on DNA replication of the BRCA1 gene in a similar manner in
both MDA-MB-231 and HCC1937 cells. The higher level of inhibition
of BRCA1 amplification in MDA-MB-231 and HCC1937 cells is most
likely linked to the accumulation of ruthenium atoms in the nuclear and
mitochondrial compartments, respectively, of these cells. It is, therefore,
easier for the ruthenium compound to damage the BRCAI gene,
DNA replication apparatus and relevant signal transduction pathways
involved in cell proliferation, cell cycle progression and programmed
cell death. In addition, the RT-PCR data revealed that the ruthenium
compound differently regulated the expression of BRCA1, p53 and p21
mRNAs in ways that were disproportional to their respective proteins
(Figures 7 and 8). Increased breast cancer cell death was associated
with an increased expression of p53 and p21 proteins in MCF-7, MDA-
MB-231, and HCC1937 cells in the order shown schematically in figure
8.

Globally, the TNBC molecular subtype is known to offer a poor
prognosis and outcome. Presently, no recognized standard regimen or
therapy is available. BRCA1 expression limits the efficacy of treatment
for TNBC breast cancer patients. Preclinical and clinical studies showed
that TNBCs that expressed BRCA1 were more resistant to platinum
drugs than TNBCs that did not [18,25,90,91] and therefore, the
expression level of BRCAL1 has been referred as a molecular biomarker
to predict the treatment response among breast cancer patients [22-25].
In the present study, the expression level of the BRCA1 protein was
significantly reduced in all three breast cancer cell lines after exposure to
[Ru(p-cymene)(dppm)Cl,]. Expression level reductions were greatest in
HCC1937, followed by MDA-MB-231, and lowest in MCF-7. The data
are in consensus with our previous studies that found the expression
of the BRCALI protein in these cells was reduced after treatment with
ruthenium(II) polypyridyl compounds [55] and RAPTAs [46,53]. In
addition, the expression of BRCA1 modulated the chemosensitivity of
BRCA1-mutated HCC1937 cells [8,18]. Together, the present findings
provide insights into the underlying molecular mechanism of action of
the anticancer activity of [Ru(p-cymene)(dppm)Cl,] against BRCA1-
associated breast cancer cells, and increase the possibility of targeting
BRCAL in chemotherapeutic treatment of aggressive triple-negative
BRCA1-associated breast cancers.

Conclusion

The data demonstrated that the ruthenium complex, [Ru(p-
cymene)(dppm)CL ], induced a differential cellular response in breast
cancer cells. The ruthenium compound revealed a high degree of
cytotoxicity against three breast cancer cells. Triple-negative BRCA1
deficient HCC1937 cells were significantly more sensitive to the
ruthenium compound than triple-negative BRCA1 wild-type MDA-
MB-231 and sporadic BRCA1 wild-type MCF-7 cells. Treatment with
the ruthenium compound displayed much more effective against
all selected cell lines than the dppm ligand alone and cisplatin. The
cytotoxic effect of the ruthenium compound was correlated with
the pattern of its accumulation inside the cells, and the resulting
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changes in cell cycle progression and apoptosis induction. Increased
breast cancer cell death was associated with an enhanced expression
of p53 and p21 mRNAs and their respective proteins. Damage of
the BRCA1 gene induced by the ruthenium compound was found
to be much higher in HCC1937 cells than MDA-MB-231 and
MCF-7 cells. The ruthenium compound differently regulated the
expression of BRCA1 mRNA in these cell lines. The expression of the
BRCAL protein was reduced the most in HCC1937 and the least in
MCEF-7 cells. These findings could provide a meaningful evidence to
support the development of ruthenium-based compounds for effective,
targeted therapy of breast cancers. It is expected that the obtained data
will be beneficial for future therapeutic strategies that employ selective,
molecular targeting of BRCA1 by metal-based anticancer agents in
the treatment of BRCAl-associated and triple-negative breast cancer
subtypes.
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