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cycle arrest and apoptosis by
copper complex Cu(SBCM)2 towards oestrogen-
receptor positive MCF-7 breast cancer cells†

Jhi Biau Foo, *ab Li Shan Ng,a Ji Hui Lim,a Pau Xien Tan,a Yan Zhi Lor,a
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Copper complexes have the potential to be developed as targeted therapy for cancer because cancer cells

take up larger amounts of copper than normal cells. Copper complex Cu(SBCM)2 has been reported to

induce cell cycle arrest and apoptosis towards triple-negative breast cancer cells. Nevertheless, its effect

towards other breast cancer subtypes has not been explored. Therefore, the present study was

conducted to investigate the effect of Cu(SBCM)2 towards oestrogen-receptor positive MCF-7 breast

cancer cells. Growth inhibition of Cu(SBCM)2 towards MCF-7 and human non-cancerous MCF-10A

breast cells was determined by MTT assay. Morphological changes of Cu(SBCM)2-treated-MCF-7 cells

were observed under an inverted microscope. Annexin V/PI apoptosis assay and cell cycle analysis were

evaluated by flow cytometry. The expression of wild-type p53 protein was evaluated by Western blot

analysis. The intracellular ROS levels of MCF-7 treated with Cu(SBCM)2 were detected using DCFH-DA

under a fluorescence microscope. The cells were then co-treated with Cu(SBCM)2 and antioxidants to

evaluate the involvement of ROS in the cytotoxicity of Cu(SBCM)2. Docking studies of Cu(SBCM)2 with

DNA, DNA topoisomerase I, and human ribonucleotide reductase were also performed. The growth of

MCF-7 cells was inhibited by Cu(SBCM)2 in a dose-dependent manner with less toxicity towards MCF-

10A cells. It was found that Cu(SBCM)2 induced G2/M cell cycle arrest and apoptosis in MCF-7 cells,

possibly via a p53 pathway. Induction of intracellular ROS was not detected in MCF-7 cells. Interestingly,

antioxidants enhance the cytotoxicity of Cu(SBCM)2 towards MCF-7 cells. DNA topoisomerase I may be

the most likely target that accounts for the cytotoxicity of Cu(SBCM)2.
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1. Introduction

Cancer is a polygenic and multifactorial complex series of
disease characterised by an uncontrolled proliferation of
cells.1,2 For the past 50 years, drug treatment for oestrogen-
receptor (ER) positive breast cancer has shown great clinical
advances and has served as a paradigm for the development of
cancer targeted therapies. ER positive is the major subtype of
breast cancer, and it has been proven that ve years of therapy
with tamoxifen reduces the recurrence of breast cancer and
improves the overall survival of women with early-stage ER
positive breast cancer.3,4

Despite the standard regimen with tamoxifen, long term side
effects of tamoxifen have been reported. In both Adjuvant
Tamoxifen: Longer Against Shorter (ATLAS) trial and the trials
of 5 years of tamoxifen versus no treatment, tamoxifen was re-
ported to increase the incidence of developing endometrial
cancer in postmenopausal women who have not had a hyster-
ectomy before trial entry.5 This could be due to the off target
effects of tamoxifen towards the organ expressing oestrogen
RSC Adv., 2019, 9, 18359–18370 | 18359
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receptors. Therefore, it is crucial to discover new strategy to
treat oestrogen receptors breast cancer.

Copper is an essential component needed in appropriate
amounts for multiple biological processes within the body.
However, abnormal elevated levels of copper can be found in
cancer tissues in comparison to normal cells.6 Based on this
discovery, our group is developing copper complex to deliver
anticancer agent into cancer cells.7 The increased uptake of
copper-anticancer agent complex by cancer cell will increase the
selectivity and activity of the anticancer agent. Our previous
publication reported that S-benzyldithiocarbazate and 3-ace-
tylcoumarin [Cu(SBCM)2] induced cell cycle arrest and
apoptosis towards MDA-MB-231 triple-negative breast cancer
cell.8 Nevertheless, its effect towards other breast cancer
subtype has not been established. Therefore, the present study
was conducted to investigate the effect of Cu(SBCM)2 towards
oestrogen-receptor positive MCF-7 breast cancer cells.
Fig. 1 Copper complex synthesised with S-benzyldithiocarbazate and
3-acetylcoumarin [Cu(SBCM)2].
2. Material and methods
2.1 Chemicals

Dimethyl sulfoxide (DMSO), ethanol, acetonitrile and pentane
were purchased from Friedemann Schmidt (Frankfort, Ger-
many). 3-Acetylcoumarin, dichlorodihydrouorescein diacetate
(DCFH-DA), a-tocopherol (vitamin E), N-acetylcysteine (NAC),
hydrogen peroxide (H2O2), doxorubicin, propidium iodide,
RNAse A, bromophenol blue and glycerol were purchased from
Sigma-Aldrich (St Louis, MO, USA). Copper(II) acetatemonohy-
drate was purchased from HmbG Chemicals (Hamburg, Ger-
many). Phenol-red-free RPMI-1640 with L-glutamine, bovine
serum albumen (BSA), dulbecco Modied Eagle Medium
(DMEM) F12 and Chemi-Lumi One L were purchased from
Nacalai Tesque (Kyoto, Japan). Foetal bovine serum, trypsin–
EDTA (1�) and penicillin–streptomycin (100�) were purchased
from PAA Laboratories (Pasching, Austria). MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was
purchased from PhytoTechnology Laboratories (Kansas, USA).
Sodium deoxycholate, Triton-X 100 and sodium chloride (NaCl)
were purchased from Merck (Darmstadt, Germany). Phenyl-
methanesulfonyl uoride (PMSF) and protease inhibitor cock-
tails were purchased from Calbiochem (San Diego, CA, USA).
Sodium dodecyl sulphate (SDS), tris-base, glycine, acrylamide,
bisacrylamide, ammonium persulfate (APS), tetramethylethyle-
nediamine (TEMED), 10% Tween-20, Bradford reagent, 2-mer-
captoethanol, extra thick blotting paper and pre-stained protein
marker were purchased from Bio-Rad (California, USA).
Immobilon-FL polyvinylidene uoride (PVDF) membrane with
0.45 mm pore size was purchased from Millipore (Bedford, MA,
USA). Primary mouse antibodies anti-p53 (DO-1: sc-126), anti-
beta-actin (sc-47778) and horseradish peroxidase-conjugated
anti-mouse (sc-2005) secondary antibodies were purchased
from Santa Cruz Biotechnology (CA, USA). Epidermal growth
factor (EGF), hydrocortisol, insulin and horse serum were
purchased from Life Technologies (Rockville, Maryland).
Annexin-V-FITC kits were purchased from BD Bioscience
(Singapore).
18360 | RSC Adv., 2019, 9, 18359–18370
2.2 Synthesis of copper complex Cu(SBCM)2

Cu(SBCM)2 was prepared and characterised as previously
prescribed (Fig. 1).7 Briey, S-benzyldithiocarbazate was reacted
with 3-acetylcoumarin. The mixture was heated for 2–3 hours
and allowed to stand for a few hours at 4 �C to afford SBCM-H.
Cu(OAc)2$H2O was then added to the SBCM-H solution. The
reaction mixture was stirred overnight and concentrated. The
precipitate was ltered, washed with pentane and dried under
vacuum to afford Cu(SBCM)2 (Fig. 1). Elemental analysis for
C38H30CuN4S4O4: calcd. C 57.16, H 3.79, N 7.02; found C 56.53,
H 3.80, N 7.02. ESI-MS: m/z ¼ [M + K]+ calcd. 836.02, found
836.01; [M + Na]+ calcd. 820.04, found 820.03; [M + H]+ calcd.
798.06, found 798.05. IR: n (cm�1) ¼ 1726 (s) 1565 (m) 986 (s)
965 (s) 853 (w). The difference between the theoretical and
calculated is less than 1%, indicating a high purity of our
copper complex Cu(SBCM)2.

2.3 Cell culture

The human oestrogen-receptor positive MCF-7 breast cancer,
triple-negative MDA-MB-231 breast cancer and non-cancerous
MCF-10A cell lines were purchased from American Type and
Culture Collection (ATCC, Manassas, VA, USA). MCF-7 and
MDA-MB-231 breast cancer cells were grown in RPMI 1640,
supplemented with 10% foetal bovine serum and 1% penicillin–
streptomycin (complete growth culture media). MCF-10A cells
were cultured in DMEM/F12 supplemented with 10% FBS, 20 ng
mL�1 epidermal growth factor, 0.5 mg mL�1 hydrocortisone,
100 ng mL�1 cholera toxin and 10 mg mL�1 insulin.

2.4 Determination of cell growth inhibition

MCF-7 cells and MCF-10A were seeded in 96-well plates with
5000 cells per well in 100 mL of complete growth culture media,
followed by incubation at 37 �C (5% CO2 and 95% air) for 24
hours to allow cell attachment. The cells were then treated with
Cu(SBCM)2 or tamoxifen for 72 hours. Negative control cells
treated with 0.3% DMSO alone was also included. At the end of
experiment, MTT (20 mL, 5 mg mL�1 in PBS) was added into
each well and the plate was incubated for 3 hours. Excess MTT
was then aspirated and the formazan crystals formed were
dissolved by 150 mL of DMSO. The absorbance, which was
proportional to cell viability, was measured at 570 nm and
a reference wavelength of 630 nm by using ELx800™ Absor-
bance Microplate Reader (BioTek Instruments Inc., Vermont,
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) Effect of SBCM and Cu(SBCM)2 and on the growth of MCF-7
breast cancer cells as determined byMTT assay. * significantly different
from the control SBCM at the same concentration (p < 0.05). (B) Cell
viability of MCF-7 and MCF-10A cells after 48 hours exposure with
Cu(SBCM)2. ** indicates p < 0.05 when compared between MCF-7 and
MCF-10A. Each data point represents the mean of three independent
experiments � SD.
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USA). Cell viability was calculated by using formula shown
below:

Percentage of cell viabilityð%Þ ¼ OD570�630 treatment

OD570�630 control
� 100%

A graph of percentage of cell growth versus concentration of
Cu(SBCM)2 was plotted. The concentration of Cu(SBCM)2 which
inhibited 50% of cellular growth was determined. For the
selective index (SI), the value was calculated by comparing the
IC50 value of Cu(SBCM)2 in MCF-10A cell line against the IC50

value of Cu(SBCM)2 in MCF-7 cancer cell lines.9
2.5 Morphological study

MCF-7 cells were seeded in 6-well plates at 1.3 � 105 cells per
well in 3 mL of complete growth medium, followed by incuba-
tion at 37 �C (5% CO2 and 95% air) for 24 hours and treated with
Cu(SMCM)2. Control cells treated with 0.3% DMSO alone were
also included. The morphological changes were observed and
the images were captured under an inverted light microscope
(Olympus, PA, USA) at 0, 24, 48 and 72 hours. The same spot of
cells was marked and captured.
This journal is © The Royal Society of Chemistry 2019
2.6 Conrmation of apoptosis by Annexin V/PI ow
cytometry assay

MCF-7 cells were seeded in a 25 cm2 culture ask with a pop-
ulation of 300 000 cells and incubated overnight. Cells were
then treated with Cu(SBCM)2 at 20, 30 and 40 mM. Control cells
(0.3% of DMSO as negative control and 10% DMSO as positive
control) were also included in this experiment. Aer 48 hours,
cells were washed twice with PBS (phosphate buffer saline) and
were later detached by trypsinisation. Cold PBS was then used to
wash cells and cells were re-suspended in 500 mL of 1� binding
buffer (cell concentration 1 � 106 cells per mL). Next, 5 mL of
Annexin-V-FITC and 5 mL of PI (propidium iodide) were added
to cells. Cells were gently vortexed, incubated on ice for 10
minutes and analysed by NovoCyte® ow cytometry (ACEA
Biosciences, San Diego, CA).
2.7 Cell cycle analysis

MCF-7 cells were seeded in 25 cm2 cell culture asks with
300 000 cells per ask, which allowed for cells attachment
overnight. Cells were subsequently treated with 20, 30 and 40
mM of Cu(SBCM)2 and incubated at 37 �C for 48 hours. All
attached and oating cells were washed with cold PBS, xed
gently in 70% cold ethanol and stored at�20 �C overnight. Cold
PBS was used to wash cells, followed by cell staining with RNase
and PI for 30 minutes to ease cell cycle detection. Cell cycle
distribution was evaluated using NovoCyte® ow cytometry
from ACEA Biosciences (San Diego, CA).
2.8 Western blot analysis

Western blot was performed according to the previous publi-
cation.8 Briey, 300 000 MCF-7 cells were seeded and treated
with Cu(SBCM)2 for 24 and 48 hours. The cells were then lysed
with RIPA buffer. The protein was separated by gel electropho-
resis and transferred to PVDF membrane. The membrane was
then blocked with 3% bovine serum albumen and probed
overnight with mouse anti-p53 (1 : 2000) and anti-beta actin
(1 : 10 000). Next, the membrane was incubated with horse-
radish peroxidase-conjugated goat anti-mouse secondary anti-
bodies (1 : 20 000) for 1 hour at room temperature. Detection
was performed with Chemi Lumi-One L Detection Reagent and
ChemiDoc MP System.
2.9 Determination of intracellular ROS in Cu(SBCM)2-
treated cells

MCF-7 and MDA-MB-231 breast cancer cells were seeded in 6-
well plates at a density of 1.3 � 105 cells per well in 3 mL of
complete growth culture media and incubated for 24 hours at
a temperature of 37 �C under 5% CO2 to allow attachment of
cells. Next, the spent media were removed and the cells were
pre-treated with 10 mM DCFH-DA in complete culture media
for 1 hour. Upon the removal of excess DCFH-DA, the cells
were washed with phosphate-buffered saline (PBS) twice and
followed by treatment with hydrogen peroxide or Cu(SBCM)2
in culture media for 30 minutes. 0.3% DMSO alone, as
a negative control, was also used to treat the cells. The samples
RSC Adv., 2019, 9, 18359–18370 | 18361
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Fig. 3 The population of MCF-7 cells treated with Cu(SBCM)2 as observed under inverted light microscope at the same spot for 72 hours (100�).
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were then examined and images were captured using the
Eclipse Ti2 inverted uorescent microscope (Nikon, Shanghai,
China) with excitation and emission wavelengths of 485 nm
and 535 nm.
18362 | RSC Adv., 2019, 9, 18359–18370
2.10 Evaluation of the effects of antioxidants on Cu(SBCM)2-
induced cell death in MCF-7

MCF-7 and MDA-MB-231 breast cancer cells were seeded in 96-
well plates at a density of 5000 cells per well and incubated at
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03130h


Fig. 4 Close-up view of MCF-7 cells treated with Cu(SBCM)2 at 48 hours (200�). Cellular shrinkage was observed in Cu(SBCM)2-treated MCF-7
cells (arrows).
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a temperature of 37 �C under 5% CO2 and 95% air for 24 hours.
Following cell attachment, cells were treated with doxorubicin
or Cu(SBCM)2 or co-treated with 100 mM a-tocopherol or 100 mM
N-acetylcysteine (NAC) for 48 hours. Each well was then added
with 20 mL MTT (5 mg mL�1 in PBS) and followed by incubation
for 3 hours. Next, the extra MTT was removed by aspiration and
the purple formazan crystals formed were dissolved in 200 mL of
DMSO. The cell viability, which was proportional to the amount
of formazan crystals formed, was determined by measuring the
absorbance at 570 nm and at background of 630 nm (reference
wavelength) by employing ELx800™ Absorbance Microplate
Reader (BioTek Instruments Inc., Vermont, USA). Cell viability
was calculated by using formula as mentioned above and
a graph of percentage of cell viability against Cu(SBCM)2
concentration were plotted from the experiments.
2.11 Molecular docking studies

To explore the interactions of Cu(SBCM)2 with various biolog-
ical macromolecules, we performed docking studies of
Cu(SBCM)2 with DNA (PDB code 1BNA), DNA topoisomerase I
(PDB code 1SC7), and human ribonucleotide reductase (PDB
This journal is © The Royal Society of Chemistry 2019
code 4X3V). All three targets have previously been shown to
potentially account for the antitumor activity of thio-
semicarbazone metal complexes.10,11

Themetal complex was rst constructed using ChemDraw 17
and subjected to geometry optimisation using the AM1 force-
eld. The target structures were downloaded from the Protein
Data Bank and prepared using the Protein Preparation module
implemented in Schrodinger Maestro.12 Hydrogen atoms were
added, missing side chains were modelled using Prime,13

appropriate protonation states were assigned at pH 7, and
hydrogen bond networks were optimised. The target structures
were then subjected to restrained energy minimisation before
docking. Docking calculations were performed using Glide SP,14

with the Induced Fit Protocol used for protein targets to allow
for side chain exibility.15 Default settings were used. The
docking grid was centred on the major and minor groove for
DNA or the co-crystallized ligand for DNA topoisomerase I and
ribonucleotide reductase respectively. A total of 20 binding
poses were initially generated for each target, with the nal pose
chosen based on the docking score and comparison with the co-
crystallised ligands.
RSC Adv., 2019, 9, 18359–18370 | 18363
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Fig. 5 Annexin-V/-FITC/PI Flow cytometry analysis of MCF-7 breast cancer cells treated with 20, 30 and 40 mM of Cu(SBCM)2 for 48 hours. (A)
These figures are from representative experiments carried out at least two independent test. The viable cells, early apoptotic and necrotic/
secondary necrotic cells was represented by the lower left quadrant (Annexin-V�/PI�), lower right (Annexin-V+/PI�) and upper (Annexin-V+/PI+)
quadrant, respectively. (B) Percentage of early and late apoptotic cells after Cu(SBCM)2 administration in MCF-7 cells. Data were mean � SD of
two independent experiments. (* indicates p < 0.05 when compared with control, ** indicates p < 0.001 when compared with control).
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2.12 Statistical analysis

Statistical analysis was conducted using the Statistical Package
for Social Science (SPSS) version 21.0. Data were expressed as
mean � standard deviation (mean � SD). Results were analysed
by one-way analysis of variance (ANOVA), followed by Dunnett's
post hoc test. A difference is considered to be signicant at p <
0.05.
18364 | RSC Adv., 2019, 9, 18359–18370
3. Results
3.1 Cu(SBCM)2 inhibited the growth of MCF-7 cells but less
toxic towards MCF-10A

The growth of MCF-7 cells was not inhibited by SBCM up to 60
mM as compared to control. However, treatment with
Cu(SBCM)2 signicantly inhibited (p < 0.05) the growth of MCF-
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Flow cytometry analysis of MCF-7 breast cancer cells treated with 20, 30 and 40 mMof Cu(SBCM)2 for 48 hours. (A) Representative figures
of cell cycle distribution (G0/G1, S, and G2/M) showing accumulation of Cu(SBCM)2-treated cells in G2/M stage. Results shown are one of the two
independent experiments conducted. (B) Bar chart showing accumulation of MCF-7 breast cancer cells in each cell cycle phase after Cu(SBCM)2
administration. Data were mean � SD of two independent experiments. (* indicates p < 0.05 when compared with control).

Fig. 7 Expression levels of wild-type p53 protein in MCF-7 cells following treatment with Cu(SBCM)2. Fold change was normalised against beta-
actin and compared to the control. Each data point represents the mean of three independent experiments � SD. * significantly different from
the control (p < 0.05).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 18359–18370 | 18365
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Fig. 8 Effects of Cu(SBCM)2 on the production of ROS in breast
cancer cells. After pretreatment with 10 mM DCFDA for 1 hour, cells
were treated with Cu(SBCM)2 for 30 minutes and examined under
fluorescence microscope. Green fluorescence indicates the presence
of intracellular ROS.
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7 cells in a dose-dependent manner (Fig. 2A). The growth of
MCF-7 cells appeared to be completely inhibited at approxi-
mately 27 mM and cell death was observed at higher concen-
tration of Cu(SBCM)2.

The viability of MCF-7 cells treated with 20, 30 and 40 mM of
Cu(SBCM)2 decreased to 65.0 � 2.5%, 53.1 � 5.3% and 42.3 �
5.%, respectively as compared to control. As for non-cancerous
MCF-10A breast cells, similar trend was observed. Nevertheless,
the viability of MCF-10A cells was 81.8 � 2.8%, 79.0 � 11.3%
and 69.9 � 4.5% for concentrations 20, 30 and 40 mM, respec-
tively, in which the viabilities were signicantly higher than the
one in MCF-7 cancer cell lines (Fig. 2B). The IC50 value of
Cu(SBCM)2 towards MCF-7 and MCF-10A were 32 and 60 mM,
respectively, at 48 hours. The calculated selective index of
Cu(SBCM)2 in MCF-7 is 1.9, indicating that Cu(SBCM)2 is more
selective towards cancer cells than non-cancerous cells.

3.2 Cu(SBCM)2 induced apoptosis towards MCF-7 cells

The population of attached cells in the control, 10 mM and 20
mM increased from 0 to 72 hours. For the cells treated with
Cu(SBCM)2 at higher concentration, increased in the cell pop-
ulation was noted until 24 hours and the cells detached from
the substratum (Fig. 3). Cu(SBCM)2-treated MCF-7 cells
demonstrated characteristics of apoptosis such as cellular
18366 | RSC Adv., 2019, 9, 18359–18370
shrinkage at 48 hours. Nevertheless, other features of apoptosis
such as chromatin condensation and formation of apoptotic
bodies were not observed (Fig. 4). To conrm our observation
that Cu(SBCM)2 induced apoptosis towards MCF-7 cells, the
Cu(SBCM)2-treated-MCF-7 cells were then stained with Annexin
V-FITC/PI and analysed using ow cytometry. Results indicated
(Fig. 5A and B) that cells underwent early and late apoptosis.
The percentage of early apoptosis cells treated with Cu(SBCM)2
at 20, 30 and 40 mMwas 6.70 � 1.81%, 15.45 � 5.72% and 30.79
� 11.75%, respectively, in comparison to control (4.22 �
1.23%). Similar trend was also noted for late apoptosis pop-
ulation. The percentage of late apoptosis cells treated with
Cu(SBCM)2 at 20, 30 and 40 mM was 18.74 � 4.26%, 24.95 �
3.30% and 27.88 � 1.60%, respectively, in comparison to
control (10.59 � 1.77%).
3.3 Cu(SBCM)2 induced G2/M cell cycle arrest in MCF-7
breast cancer cells

MCF-7 cells treated with 20, 30 and 40 mM of Cu(SBCM)2
resulted in a drop in S phase population from 26.73 � 3.36% to
21.94 � 2.31%, 24.36 � 6.87% and 22.62 � 4.40%, respectively
(Fig. 6). On the other hand, there was increments in G2/M phase
in comparison to control in which the percentage was increased
from 14.60 � 1.12% to 23.57 � 4.61%, 19.47 � 2.75% and 18.77
� 1.47% at 20, 30 and 40 mM of Cu(SBCM)2, respectively.
3.4 Cu(SBCM)2 up-regulated p53 protein in MCF-7 cells

In the present study, treatment of MCF-7 cells with 20, 30 and 40
mM of Cu(SBCM)2 for 24 hours signicantly up-regulated the
expression of wild-type p53 by 3.7, 1.6 and 1.7 folds, respec-
tively. Similar trend was also observed when the cells were
treated for 48 hours (Fig. 7).
3.5 Effects of Cu(SBCM)2 on the intracellular ROS levels

Green uorescence cell indicates the presence of intracellular
ROS and the intensity increases with the levels of intracellular
ROS. From Fig. 8, green uorescence can be clearly seen in
positive control (H2O2) of both cell lines. This indicates that
H2O2 was able to induce ROS formation in both cell lines and
subsequently, detected by DCFH-DA. Nonetheless, when both
cell lines were exposed to concentrations of 20, 30 and 40 mM of
Cu(SBCM)2 for 30 minutes, there was no increased intensity in
green uorescence for both cell lines, as compared to the
control.
3.6 NAC enhanced the cytotoxicity of Cu(SBCM)2 in MCF-7
cells

Viability of MCF-7 cells aer treatment with Cu(SBCM)2 alone at
20 mM, 30 mM and 40 mM for 48 hours was 55%, 53% and 42%,
respectively. Co-treatment of MCF-7 cells with 100 mM NAC and
Cu(SBCM)2 signicantly decreased the cell viability to 29%, 33%
and 24% (Fig. 9A). In contrast, co-treatment of MDA-MB-231
cells with antioxidants and Cu(SBCM)2 did not affect the cell
viability as compared to Cu(SBCM)2 alone (Fig. 9B).
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Effects of antioxidants on the cytotoxicity of Cu(SBCM)2. (A) and (B) represent the percentage of viability of MCF-7 and MDA-MB-231 cells
after treatment with Cu(SBCM)2 and a-tocopherol or NAC for 48 hours. Each data point represents the mean of triplicates � SD. a and b in the
same concentration were considered significantly difference (p < 0.05).
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3.7 Cu(SBCM)2 has a good binding towards DNA
topoisomerase I

Of the three targets investigated, Cu(SBCM)2 showed the greatest
affinity for DNA topoisomerase I with a calculated binding free
energy of �12.04 kcal mol�1. This was in comparison to a calcu-
lated binding free energy of �7.52 kcal mol�1 for ribonucleotide
reductase and �5.22 kcal mol�1 for DNA. We then performed the
molecular docking in reference to MJ238, which is a known DNA
topoisomerase I inhibitor that was co-crystallised in the 1SC7
crystal structure (Fig. 10A). The predicted binding free energy of
Cu(SBCM)2 towards DNA topoisomerase I (�12.04 kcal mol�1) is
lower than the predicted binding free energy of MJ238 towards
This journal is © The Royal Society of Chemistry 2019
DNA topoisomerase I (�8.22 kcal mol�1), indicating that our
Cu(SBCM)2 binds stronger to the target. Molecular docking also
revealed that Cu(SBCM)2 intercalates the DNA base pair whenever
the DNA is unwind (Fig. 10B). The key interaction in Cu(SBCM)2
binding to DNA topoisomerase I is demonstrated in Fig. 10C.
4. Discussion

In the present study, SBCM-H Schiff base did not inhibit the
growth of MCF-7 breast cancer cells. However, the conjugation
of SBCM-H with copper [Cu(SBCM)2] enhanced the inhibitory
properties of the Schiff base towards MCF-7 breast cancer cells,
RSC Adv., 2019, 9, 18359–18370 | 18367
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Fig. 10 (A) Binding of Cu(SBCM)2 (cyan) in comparison to the co-crystallised DNA topoisomerase inhibitor MJ238 (green). (B) Intercalation of
Cu(SBCM)2 with base pairs. (C) Key interactions in Cu(SBCM)2 binding to DNA topoisomerase I.
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probably due to the increased uptake of Schiff base by the cells
(Fig. 2A). Apart from that, Cu(SBCM)2 was also evaluated
towards non-cancerous MCF-10A breast cells. It was noted that
Cu(SBCM)2 demonstrated stronger inhibition towards MCF-7
than MCF-10A (Fig. 2B), suggesting that Cu(SBCM)2 is more
toxic towards cancer cells but less toxic towards normal cells.
This warrants the safety prole of Cu(SBCM)2 for future drug
development.

Observation of cells under an inverted light microscope
revealed that Cu(SBCM)2 inhibited the growth (Fig. 3) and
apoptosis (Fig. 4) towards MCF-7 breast cancer cells. Cells
treated with Cu(SBCM)2 showed cellular shrinkage (Fig. 4)
postulating that Cu(SBCM)2 induced apoptosis in MCF-7 cells,
which was then further conrmed by Annexin-V/PI ow
cytometry analysis (Fig. 5). Some other features of apoptosis
such as membrane blebbing, chromatin condensation, nuclear
fragmentation and formation of apoptotic bodies were not seen
in MCF-7 cells under the inverted light microscope aer treat-
ment of Cu(SBCM)2 due to caspase-3 deciency in the MCF-7
cells. Caspase-3 is important for typical biochemical and
morphological changes of cells undergoing apoptosis such as
DNA nuclear fragmentation.16 Since Cu(SBCM)2 induced
apoptosis in the caspase-3-decient-MCF-7 cells, it is suggested
that the induction of apoptosis via caspase-3-independent
pathways. Although the exact mechanism of apoptosis in
MCF-7 breast cancer cells is yet to be determined, but there are
many different mechanisms of apoptosis that could possibly be
induced by Cu(SBCM)2 towards MCF-7 breast cancer cells.17

Apart from apoptosis, Cu(SBCM)2 was also found to induce
G2/M phase cell cycle arrest towards MCF-7 breast cancer cells
(Fig. 6). The induction of apoptosis and cell cycle arrest are very
likely due to the increased expression of wild-type p53 by
Cu(SBCM)2 in MCF-7 cells (Fig. 7). Apoptosis may be induced by
either p53-dependent or p53-independent pathways.18 In the
present study, the wild-type p53 of MCF-7 cells was signicantly
up-regulated by 20, 30 and 40 mM of Cu(SBCM)2 suggesting the
involvement of p53 pathway in Cu(SBCM)2 induced apoptosis.
In response to a stress signal, p53 up-regulation may result in
extensive apoptosis.19 The signicantly increased expression
18368 | RSC Adv., 2019, 9, 18359–18370
levels of wild-type p53 in Cu(SBCM)2-treated-MCF-7 cells indi-
cating that Cu(SBCM)2 is a stressor that induces p53 accumu-
lation which in turn induces apoptosis in the MCF-7 cells.

Cu(SBCM)2 exhibited a high redox potential which might be
related to its cytotoxic effects.7 The high redox potential
demonstrated by Cu(SBCM)2 suggests that in the Cu(SBCM)2
complex, Cu(II) is easily reduced to Cu(I). Cu(I) has been recog-
nised to take part in Fenton-like reactions that generate ROS
which can subsequently cause damage to functional biomole-
cules, such as protein, lipids, DNA and RNA in the cells.20 This
proposes that the cytotoxicity of Cu(SBCM)2 could be due to the
production of intracellular ROS as copper complex of other
variants have found that they induced cell death by induction of
high oxidative stress.21–25 Unexpectedly, based on the DCFH-DA
assay results (Fig. 8), Cu(SBCM)2 did not increase the ROS
production in both MCF-7 and MDA-MB-231 cells. However,
further exploration is required as DCFH-DA is not sensitive to
all types of reactive species. Hence, there is a possibility that the
cytotoxic effect of Cu(SBCM)2 towards both cell lines was
induced by reactive species that cannot be detected by DCFH-
DA such as H2O2, reactive nitrogen species, O2c

�, and lipid
peroxides.26,27 This requires further investigation and
conrmation.

To assess the role of ROS in the cytotoxicity of Cu(SBCM)2, we
co-treated the cancer cells with antioxidants. Surprisingly,
instead of blocking the reduction in cell viability, NAC synergise
the inhibition effect of Cu(SBCM)2 towards MCF-7 cells but had
no inuence on the viability of MDA-MB-231 treated with
Cu(SBCM)2 (Fig. 9). Breast cancer is a heterogeneous disease
and each breast cancer subtype is responsive towards different
anticancer therapy. Different response towards the co-treatment
with Cu(SBCM)2 and a-tocopherol or NAC between MCF-7 and
MDA-MB-231 breast cancer cell lines suggesting a new approach
for the treatment of oestrogen receptor positive breast cancer.
However, the mechanism of the synergistic anticancer effects
between the antioxidants and Cu(SBCM)2 is yet to be estab-
lished. Similar results was reported in which co-incubation of
NAC enhanced the killing effects of their copper complexes
towards cancer cells and they proposed that thiol-induced redox
This journal is © The Royal Society of Chemistry 2019
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cycling of Cu(II) complex happens outside the cells. Upon the
reduction of Cu(II) to Cu(I) by NAC, the Cu(I) complex forms
H2O2 readily by dismutation of O2

� in the extracellular uid.
H2O2 then diffuses into the cells where more ROS formation is
induced.28

Our molecular docking studies indicated that DNA topo-
isomerase I may be the most likely target that accounts for the
antitumor activity shown by Cu(SBCM)2. The predicted binding
mode of Cu(SBCM)2 to DNA topoisomerase I was found to be
remarkably similar to the co-crystallised indenoisoquinoline
MJ238 (Fig. 10A),29 whereby the ligand intercalates at the site of
DNA cleavage between the +1 and �1 base pairs through p–p

stacking with the coumarin moiety (Fig. 10B). While the pre-
dicted binding mode of Cu(SBCM)2 lacks the bidentate inter-
action of MJ238 with the two nitrogens on the Arg364 side
chain, it is stabilised by an additional p–p stacking interaction
between the phenyl ring and the cystosine base (Fig. 10C). While
experimental validation will be needed to conrm these nd-
ings, they provide a useful starting point to further explore
potential structure–activity relationships.

5. Conclusion

Cu(SBCM)2 induced cell cycle arrest and apoptosis in caspase-3
decient MCF-7 breast cancer cells possibly via the activation of
wild-type p53 with less toxic towards non-cancerous MCF-10A
cells. Antioxidants seems enhanced the cytotoxicity of
Cu(SBCM)2 towards MCF-7 cells. DNA topoisomerase I may be
the most likely target that accounts for the antitumor activity
shown by Cu(SBCM)2. Based on our previously published and
current data, Cu(SBCM)2 has a great potential to be developed to
target the breast cancer cells.
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