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ARTICLE INFO ABSTRACT

Keywords: Breast cancer is one of the most common cancers globally and a leading cause of cancer-related deaths among
8-Aminoquinoline-naphthyl-copper complex women. Despite the combination of chemotherapy with targeted therapy, including monoclonal antibodies and
Apoptosis

kinase inhibitors, drug resistance and treatment failure remain a common occurrence. Copper, complexed to
various organic ligands, has gained attention as potential chemotherapeutic agents due to its perceived decreased
toxicity to normal cells. The cytotoxic efficacy and the mechanism of cell death of an 8-aminoquinoline-naphthyl
copper complex (Cu8AgN) in MCF-7 and MDA-MB-231 breast cancer cell lines was investigated. The complex
inhibited the growth of MCF-7 and MDA-MB-231 cells with ICs values of 2.54 + 0.69 yuM and 3.31 + 0.06 pM,
respectively. Nuclear fragmentation, annexin V binding, and increased caspase-3/7 activity indicated apoptotic
cell death. The loss of mitochondrial membrane potential, an increase in caspase-9 activity, the absence of active
caspase-8 and a decrease of tumour necrosis factor receptor 1(TNFR1) expression supported activation of the
intrinsic apoptotic pathway. Increased ROS formation and increased expression of haem oxygenase-1 (HMOX-1)
indicated activation of cellular stress pathways. Expression of p21 protein in the nuclei was increased indicating
cell cycle arrest, whilst the expression of inhibitor of apoptosis proteins (IAPs); cIAP1, XIAP and survivin were
decreased, creating a pro-apoptotic environment. Phosphorylated p53 species; phospho-p53(S15), phospho-p53
(S46), and phospho-p53(S392) accumulated in MCF-7 cells indicating the potential of Cu8AQN to restore p53
function in the cells. In combination, the data indicates that Cu8AgN is a useful lead molecule worthy of further
exploration as a potential anti-cancer drug.

Inhibitor of apoptosis proteins
Haem oxygenase-1
Breast cancer

1. Introduction

Breast cancer is a leading cause of cancer-related deaths among
women (Sung et al., 2021). Treatment regimens are designed following
staging and molecular profiling to achieve the best possible outcomes
(Sarhangi et al., 2022). The absence of receptors for oestrogen, pro-
gesterone, and the human epidermal growth factor-2 receptor is asso-
ciated with a poor prognosis (Joshi and Press, 2018). The standard of
care includes surgical resection, radiotherapy, chemotherapy and tar-
geted therapy (Waks and Winer, 2019). Chemotherapy includes cyclo-
phosphamide, doxorubicin, paclitaxel in combination with targeted
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treatments like trastuzumab and immune checkpoint inhibitors like
pembrolizumab (Harbeck, 2022; Emens and Loi, 2023). Despite the
advances made, drug resistance and treatment failure is common in in
triple-negative breast cancer and metastatic disease. Both targeted and
traditional chemotherapeutic agents are associated with severe adverse
drug reactions, contributing to patient morbidity and driving the notion
to de-escalate treatments (Sacchini and Norton, 2022). Consequently,
the search for alternative treatments remains important.

Copper complexed to various organic ligands have potential as
chemotherapeutic agents due to their predicted lower toxicity to normal
cells, compared with platinum containing chemotherapeutic drugs
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(McGivern et al., 2018; Zehra et al., 2021a, 2021b; Balsa et al., 2023).
Since copper functions as a co-factor in specific enzymatic reactions in
humans, its transport and distribution are finely controlled (Matson-D-
zebo et al., 2016; Yang et al., 2023). Hitherto, successful development of
Cu(Il) metallodrugs is exemplified by both Elesclomol and Casiopeina
Ill-ia (Tarin et al., 2023; Aguilar-Jiménez et al., 2022).

Investigational polypyridine copper complexes reportedly bind and
inhibit the 20S proteasome causing apoptosis in triple negative breast
cancer cell lines, MDA-MB-231 and CAL-5 Li et al. (2019).Foo et al.
(2018), reported ICsy values ~20 pM with apoptotic cell death for
S-benzyldithiocarbazate copper complexes in MDA-MB-231 cells. Gordon
et al. (2022) reported ICsg values of 1.5 pM and 2.6 pM for MDA-MB-231
and MCF-7 cells for a copper-phenanthroline-theophylline complex. Cop-
per complexes of imidazo[1,2-a]lpyridines were active against five cell
lines including breast cancer cell lines (Dam et al., 2017). These complexes
induced intrinsic apoptosis in HT-29 colorectal and leukaemic cell lines by
modulating the transcriptional activity of the NF-kB pathway (Harmse
et al., 2019; Ismail et al., 2022).

The ligand critically controls the efficacy and selectivity of copper
complexes (Ali et al., 2021). The 8-aminoquinoline ligand is known for
its metal chelating ability and rigid structure., (Facchetti et al., 2019; Ali
et al,, 2021). A Pt(IlI)-8-aminoquinoline derivative induced p53 and
suppressed the growth of MDA-MB-231 triple-negative breast cancer
cells, with the most active complex having an ICsg value of 10.9 + 1.3
pM (Facchetti et al., 2019).

This study reports the superior cytotoxic efficacy, mechanism of cell
death and effects on apoptotic regulatory proteins of an 8-aminoquino-
line-naphthyl copper complex (Cu8AgN) in MDA-MB-231 and MCF-7
breast cancer cell lines. We investigated its effect on two important
cancer related proteins, HMOX-1 and the tumour suppressor protein,
p21. To our knowledge, this is the first study to report on the cytostatic
effect and cell death mechanisms of Cu8AgN in breast cancer cell lines.

2. Methods
2.1. Synthesis, characterization and stability of 8AgN and Cu8AgqN

General methods, instruments, and materials used for compound
synthesis and biochemistry are given in the Supplementary data. In-
formation relevant to the cell biology experiments is contained in the
main body of the manuscript.

2.1.1. Compound synthesis and characterization and purity

Complete details for the synthesis and characterization of the com-
pounds reported herein, specifically the metal-free ligand 1-[(E)-8-qui-
nolyliminomethyl]naphthalen-2-ol, abbreviated 8AqN, and the Cu(II)
chelate of this ligand, Cu8AQN, are given in the Supplementary data. The
protocol followed was described previously by Zacharias (2012) and
later by Kozlyuk et al., 2015.

Purity of 8AgN: The compound was synthesized in ethanol,
affording a bright orange product as a fine precipitate. Recrystallization
from acetonitrile afforded orange needle-like crystals. The crystalline
material had a purity of 99% (1% ethanol) based on its NMR peak
integration data (Fig. S2). From the microanalytical elemental analysis
data for the bulk powder material (C, H, and N), the mean percentage
purity of the bulk solid compound was ~97%. Because the compound
was synthesized in ethanol and recrystallized from acetonitrile, residual
acetonitrile and ethanol were present (~3%). These trace components
were inconsequential for the synthesis of the metal chelate and any in
vitro cell biology work.

Purity of Cu8AqN: As described in Supplementary data, the metal
chelate was synthesized by reacting the ligand with CuCl,-2H>0 in hot
ethanol and then recrystallized as an orange-brown solid from ethanol.
From the microanalytical elemental analysis data (C, H, and N), the
mean percentage purity of the bulk solid compound was 97.3%. The
residual component (2.7%) was ethanol.
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2.1.2. Plasma stability assays

The UV-visible spectra of 63 pM Cu8AqN, AgN, 8-aminoquinoline
and 2-hydroxy-4-napthaldehyde were analysed in human plasma (Na-
tional Bioproduct Institute, South Africa) as a function of time over 24 h
or 36 h at 37 °C (unless otherwise stated). Plasma was diluted in phos-
phate buffer (50 mM; pH 7.50) in a 1:4 ratio. Spectra for control com-
pounds and Cu8AgN were also measured in water/DMSO or phosphate
buffer (50 mM, pH 7.50). Each spectrum was recorded from 200 to 800
nm using a Specord-210 Plus double beam spectrometer (Analytik-Jena,
Germany). The temperature was regulated using thermostatic cell
holders connected to a circulating water bath with a temperature ac-
curacy of +0.5 °C. Three independent experiments were performed for
Cu8AqgN. Data points for determination of the half-life of CuBAQN were
averaged for plotting and curve fitting.

2.2. Cell culture

The breast cancer cell lines MCF-7 and MDA-MB-231 and the normal
breast cell line MCF-10A were obtained from the ATCC (Manassas,
Virginia). MDA-MB-231 and MCF-7 breast cancer cell lines both repre-
sent invasive breast adenocarcinomas but differ in their molecular
characteristics. MCF-7 cells are oestrogen and progesterone dependent
and is a good model for oestrogen receptor positive breast cancer. MDA-
MB-231 cells lack the expression of the receptors for oestrogen, pro-
gesterone and human epidermal growth factor-2 and represents triple-
negative breast cancer (Theodossiou et al., 2019). Cell lines were eval-
uated for authenticity by Inqaba Biotech, SA, using Short Tandem
Repeat (STR) profiling. All cell lines were regularly evaluated for my-
coplasma infection by fluorescence microscopy with the Hoechst 33342
DNA stain.

The cells were maintained in a humidified incubator at 37°C in a 5%
CO, atmosphere. MCF-7 and MDA-MB-231 breast cancer cells were
cultured in 1:1 ratio of DMEM/Ham’s F12 media (Gibco, ThermoFisher,
South Africa), supplemented with 10% heat inactivated foetal bovine
serum (Gibco, ThermoFisher, South Africa). MCF-10A cells were
cultured in modified basal serum-free media for mammary epithelium
cells containing human epidermal growth factor (20 ng/ml), insulin
(0.01 mg/ml), hydrocortisone (500 ng/ml), bovine pituitary extract (25
mg), and isoproterenol transferrin (Gibco, ThermoFisher, South Africa).

2.3. Selection of compounds and treatment concentrations

The 8-aminoquinoline-naphthyl copper (II) complex (Cu8AgN) and
the 8-aminoquinoline-naphthyl copper free ligand (8AqN) were syn-
thesized and fully characterized as described in Section 2.1.1. Doxoru-
bicin, (Sigma Aldrich, South Africa), was selected as a positive control
since it is used clinically in the treatment of metastatic breast cancer
whereas the platinum drugs are rarely used. Doxorubicin is an anthra-
cycline and causes apoptosis by intercalating with the DNA. It directly
inhibits DNA replication and repair by inhibiting the re-ligation function
of the topoisomerase II enzyme causing DNA double strand breaks
(Wang et al., 2004). Cisplatin on the other hand is unstable in aqueous
environments and act by forming covalent adducts with DNA (Takahara
et al., 1995). Untreated cells were used as negative controls. Cu8AgN,
8AgN and doxorubicin was dissolved in cell culture grade dimethyl
sulfoxide (DMSO) (PanReac AppliChem, South Africa) at concentrations
of 3 mM and 10 mM for Cu8AgN and 8AqN respectively, while doxo-
rubicin was prepared at a concentration of 10 mM. The cells were
treated with freshly diluted compounds.

2.4. Cytotoxicity studies

The MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium
bromide) assay was used to evaluate the effect of the complexes on the
cells and determine the ICsy values. The assay was performed as
described in the literature by Mosmann (1983), and modified by
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dissolving the formazan crystals in dimethyl sulfoxide (Sigma Aldrich,
South Africa). Cells were seeded at 10 000 cells per well in in 100 pl of
culture media in 96-well plates (Nest, Whitehead Scientific, SA) and
allowed to adhere overnight. The next day, the cells were treated with
100 pl of media containing a range of concentrations of Cu8AgN, 8AgN
and doxorubicin. Each concentration was tested in quadruplicate and
experiments were repeated at least three times. After a 44 hours (h)
incubation at 37 °C, 40 pl of MTT solution (5 mg/ml) was added to each
well, followed by a further 4 h incubation. The plates were centrifuged at
735xg for 5 min (min) to ensure sedimentation of the formazan crystals.
Thereafter, culture media and the MTT solution was removed. The for-
mazan crystals were dissolved in 200 ul DMSO and the absorbance of the
solubilized formazan crystals was measured at 540 nm and 690 nm with
a Labsystems iEMS plate reader (ThermoLabsystems, Finland). The
percentage cell viability was calculated and the ICsy values were
determined from a sigmoidal log dose-response curve generated by
GraphPad Prism software Version 10.

2.5. Evaluation of cellular morphology and necrosis

Fluorescent microscopy was used to investigate morphological
changes caused by the Cu8AgN, 8AgN and doxorubicin in MCF-7 and
MDA-MB-231 breast cancer cells. The fluorochromes, propidium iodide
(ThermoFisher, South Africa), and Hoechst33342 (Sigma Aldrich, South
Africa) were used to assess nuclear changes. The assay was performed as
previously described by (Harmse et al., 2015). MCF-7 and MDA-MB-231
cells were seeded on sterile glass coverslips in 6-well culture plates and
incubated with 2 mL culture media overnight in a humidified incubator
at 37 °C with 5% CO, atmosphere. The following day, the cells were
treated with Cu8AgN, 8AgN and doxorubicin at a final concentration
equivalent to the ICg value of each complex for 18 h. Following washing
with PBS, the coverslips were incubated with a Hoechst/Propidium io-
dide mixture (Hoechst-33342 concentration was 5 pg/mL, and propi-
dium iodide was 10 pg/mL) for 20 min in the dark at room temperature.
The coverslips were rinsed with PBS, mounted on microscope slides, and
viewed with an Olympus BX41 microscope, using the U-MWIG2 and
U-MWU2 Olympus filter cubes for propidium iodide and Hoechst 33342,
respectively. Images were captured with an Olympus DP72 camera and
analysed with the Olympus CellSens Software (Olympus, Tokyo, Japan).

2.6. Annexin V assay

The Annexin-V-FLOUS staining kit (Roche, Mannheim, Germany)
was used to investigate the presence of phosphatidylserine on the outer
leaflet of the cell membrane of the treated and untreated MCF-7 and
MDA-MB-231 cells. Cells were grown on coverslips and treated as
described in Section 2.5. At the end of the treatment period, the culture
media was removed, and the coverslips were gently rinsed with PBS. The
coverslips were mounted on microscope slides with 40 pl of the Annexin-
V-FLOUS and PI working solution and incubated in the dark for 15 min.
Thereafter, the slides were viewed, images captured with the Olympus
DP72 camera using the U-MNIBS3 filter cube for annexin V and U-MWIG2
for propidium iodide. Images were analysed with the Olympus CellSens
Software.

2.7. Assessment of reactive oxygen species (ROS) formation

ROS production was measured by CellROX Deep Red Reagent fluo-
rogenic probe (Molecular Probes, Life Technologies, South Africa). Cells
were treated as above and doxorubicin and tert-butyl-hydro-peroxidase
(tBHP) were used as positive controls. The CellROX Deep Red Reagent
(2.5 pM) was added at the same time as the test compounds and incu-
bated for 6 h. At the end of the treatment period, the treatment media
was removed, and the coverslips were rinsed with PBS twice and
mounted on microscope slides for viewing with an Olympus BX41 mi-
croscope, using the U-MWIG?2 filter cube to detect the CellROX Deep Red
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reagent (excitation/emission of 640/665 nm). Fluorescence intensity
was measured with ImageJ software.

2.8. Detection of caspase-3-/7 activity

Caspase-3/7 activity was assessed with the CellEvent™ Caspase-3/7
green detection reagent (Invitrogen, ThermoFisher, South Africa). The
assay was performed as instructed by the manufacturer. Cells were
plated and treated as described in Section 2.5 for 48 h. At the end of
treatment period, the media was removed, and floating cells harvested
by centrifugation at 735 g, and the coverslips washed with PBS. There-
after, the coverslips and the harvested cells were incubated at 37 °C for
30 min with 5 pM of CellEvent™ Caspase-3/7 detection reagent which
selectively binds to active caspase-3. The fluorescent signal was detected
with an Olympus BX41 microscope, using the U-MNIB3 filter cube for
Caspase-3/7 activity. Images were captured with an Olympus DP72
camera and analysed with the Olympus CellSens Software.

2.9. Assessment of mitochondrial membrane potential (A¥m)

The change in mitochondrial membranse potential (MMP) was
assessed using the reagent 5',6,6-tetrachloro-1,1',3,3-tetraethyl-benzi-
midazolyl-carbocyanine iodide (JC-1) (ThermoFisher, South Africa).
Cells were plated and treated as described in Section 2.5 for 20 h. Post
treatment, the cells were rinsed gently with 2 mL of PBS and incubated
in the dark for 20 min at 37 °C with 500 pl of a 5 pg/mL JC-1 reagent.
After removing the reagent, the coverslips were washed and viewed on
an Olympus BX41 epifluorescence microscope at 400X magnification
using the Olympus U-MWIG2 filter cube for JC-1 aggregates and U-
MNIBS3 filter cube for JC-1 monomers. Images were captured with an
Olympus DP72 camera and analysed using the Olympus CellSens Soft-
ware package.

2.10. Caspase-8 activity assay

The caspase-8 detection kit (ab65618) (Abcam, Biocom Africa) was
used to determine caspase-8 activity. The assay was performed as
described by the manufacturer. Cells were treated as described above
and treated with the test compounds for 20 h. At the end of treatment
period, media was discarded, and the cells washed with PBS after which
the cells were incubated for 60 min at 37 °C in a 5% CO» atmosphere
with 3 pl Red-IETD-FMK peptide in 900 pl of caspase-8 proprietary
buffer. After the incubation period, the cells were rinsed with the same
buffer and mounted on microscope slides. The cells were viewed with an
Olympus BX41 microscope at 400X magnification, using the U-MWIG2
filter cube. The photographs were captured and analysed as described
previously.

2.11. Caspase-9 activity assay

Active caspase-9 was detected with the Abcam Active caspase-9 FITC
detection kit (Abcam ab65615) (Abcam, Biocom Africa, South Africa).
The assay was performed as indicated by the manufacturer. Cells were
treated as described previously for 48 h. At the end of the treatment
period, the media was discarded, and the coverslips were rinsed with
PBS. Thereafter, each coverslip was incubated for 45 min with 3 pl FITC-
LEHD-FMK in 900 pl of caspase-9 buffer in a humidified incubator at
37 °C with 5% CO.. Following the incubation period, the coverslips were
gently rinsed with caspase-9 buffer, mounted on a microscope slide, and
viewed with an Olympus BX41 microscope at 400X magnification, using
the U-MNIB3 filter cube. The images were captured with Olympus DP72
camera and analysed with the Olympus CellSens Software.
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2.12. Assessment of apoptotic protein expression levels

2.12.1. Measurement of protein concentration

The total protein concentration in cell lysates were quantified with
the Thermo™ Scientific Pierce™ Detergent Compatible Bradford assay
reagent (ThermoFisher, South Africa).

2.12.2. Apoptosis protein profiler array

The Proteome Profiler Human Apoptosis Array Kit (Catalog #
ARYO009, R&D Systems, Minnesota, USA) was used to detect 35 human
apoptosis-related proteins simultaneously. The array was performed as
recommended by the manufacturer. Briefly, seven million cells were
seeded per flask in 20 mL of culture media and grown overnight in 75
em? culture flasks. The next day, the media was discarded, and the cells
were treated with fresh media containing Cu8AqN, 8AgqN and doxoru-
bicin. The cells were harvested after 18 h before any obvious morpho-
logical changes were observed by phase contrast microscopy. The cells
were lysed with propriety lysis buffer-17 to which a protease inhibitor
cocktail tablet (Roche, Mannheim, Germany) was added and mixed on a
rotating platform for 30 min at 4 °C, after which the cell debris was
removed by centrifugation at 14000 g for 5 min at 4 °C (ThermoFisher
Sorvall LYNX 4000). An aliquot of the clear lysate was used to determine
the protein concentration whilst the remainder of the lysate was kept on
ice. Following the protein determination, 400 ug of protein from each
treatment was incubated with each of the pre-blocked membranes
overnight, at 4 °C, on a rocking platform. On the following day, the
membranes were washed 3 times for 10 min with 20 mL of proprietary
wash buffer. Thereafter, the membranes were incubated for 1 h with the
detection-biotinylated antibody cocktail followed by three wash steps as
described above. This was followed by incubation at room temperature
for 30 min with horseradish peroxidase conjugated streptavidin.
Following this, the membrane arrays were washed as described previ-
ously. The membranes were then simultaneously exposed to Chemi-
Reagent Mix for 1 min and the chemiluminescent signals captured
using the BioRad Chemidoc instrument. The data was analysed using the
Biorad Image Lab software Version V (Bio-Rad Laboratories, California,
USA).

2.13. Immunofluorescence detection of the cyclin dependent kinase
inhibitor, p21 and HMOX-1

The effects of Cu8AQN and doxorubicin on the expression and loca-
tion of p21 and HMOX-1 (Invitrogen, Life Technologies, South Africa) in
MCF-7 and MDA-MB-231 cells were determined with fluorescence mi-
croscopy. Cells were seeded on coverslips and treated as described
previously. Following treatment, coverslips were rinsed with PBS and
fixed for 20 min with 3% formaldehyde in PBS. This was followed by
washing and permeabilization for 20 min with 0.25% Triton X100 in
PBS containing 0.5% bovine serum albumin (BSA). After permeabiliza-
tion, the cells were washed as described before and blocked with 0.5%
(BSA) in PBS for 1 h. The coverslips were gently washed three times with
PBS and incubated at 4°C overnight with a 1:200 dilution of each spe-
cific primary antibodies in PBS with 0.5% BSA. On the next day, the
coverslips were washed with PBS and incubated with 1:800 dilution of
an Alexa fluor 488™ conjugated secondary antibody (ThermoFisher)
and Hoechst-33342 for 1 h. Following a washing step, the coverslips
were mounted on microscope slides using Fluoromount™ mounting
media (Sigma, South Africa) and allowed to dry before viewing with an
Olympus BX41 epifluorescence microscope. Images were captured with
an Olympus DP72 camera and processed with the Olympus CellSens
Software.

2.14. Data analysis

All experiments were performed at least three times and data is
presented as a mean and +standard deviation (SD). The percentage is
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expressed as the number of cells with positive fluorescence relative to
the total number of cells in the accompanying phase contrast image, and
three separate fields were counted for each treatment in every experi-
ment. Data and statistical significance were analysed with GraphPad
Prism version 10. Statistical significance between the means of the
treated group and the untreated control or the positive control group
was determined either with Student’s t-test or ANOVA followed by
Dunnett’s post hoc multiple comparison test. In Dunnett’s test each
experimental group is compared to the control group and the test re-
quires three or more groups for comparison to the control group. The
results were considered statistically significant if the p-value was <0.05.

3. Results

3.1. Cu8AgN is more active against MCF-7 and MDA-MB-231 breast
cancer cells than the MCF10A cell line

The Cu8AgN complex inhibited proliferation of MCF-7 and MDA-
MB-231 breast cancer cells with the ICsg values of 2.54 + 0.99 and
3.31 £ 0.12 pM, respectively (Table 1). It was three-fold less active to-
wards the normal mammary epithelial cell line, MCF-10A, with an ICsg
value of 9.45 + 1.03 pM indicating selectivity towards the cancer cell
lines. Cu8AqN was more potent in both cancer cell lines than the copper
free ligand, 8AgN, which had ICsg values of 16.93 + 1.13 pM in MCF-7
cells and 97.33 + 4.28 yM in MDA-MB-231 cells. In MCF-7 cells,
doxorubicin had an ICsg value of 1.38 + 0.48 pM which was lower than
that of Cu8AgN, whilst in MDA-MB-231 cells the doxorubicin ICsy was
higher with an ICsp of 8.75 + 1.74 pM. Doxorubicin had an ICsq value of
2.99 £ 0.1 pM against the MCF-10A cell line, indicating its poor selec-
tivity towards non-cancer cells. The structures of the complexes and ICsg
values are shown in Table 1.

3.2. Cu8AgN caused nuclear fragmentation in MCF-7 and MDA-MB-231
breast cancer cells

The effects of Cu8AqN and doxorubicin on cell morphology were
evaluated in MCF-7 cells, Fig. 1A and MDA-MB-231 cells, Fig. 1B. Un-
treated MCF-7 breast cancer cells are polygonal, cobblestone-shaped
cells with a round to oval evenly stained nucleus as shown in (Fig. 1A,
panels a and b). MDA-MB-231 cells shown in (Fig. 1B, panelsi and j), are
elongated, spindle-like cells with an irregular nucleus. The lack of pro-
pidium iodide (PI) staining in (Fig. 1A, panel a-h) and (Fig. 1B, panel
i-p), indicate the absence of necrotic cell death. Following treatment
with the Cu8AgN complex, both cell types appeared to be smaller and
assumed a rounded shape (Fig. 1A, panels c and d), and (Fig. 1B, panels k
and 1). Hoechst 33342 stained cells treated with Cu8AgN, showed nu-
clear fragmentation and condensation, (Fig. 1A, panel d) and (Fig. 1B,
panel 1), which are characteristics consistent with apoptosis. In com-
parison, the copper free ligand 8AgN caused no obvious changes to the
morphology of the cells, (Fig. 1A, panels e and f) and (Fig. 1B, panels m
and n). Doxorubicin treated cells were irregular with fragmented nuclei
(Fig. 1A, panels g and h), and (Fig. 1B, panels o and p).

3.3. Cu8AgN increased annexin-V binding to phosphatidylserine in breast
cancer cells

Annexin-V/propidium iodide binding confirmed early and late
(secondary) apoptosis caused by Cu8AgN and doxorubicin as seen in
Fig. 2. 8AqN was not included in this assay since it did not cause any
significant changes in the cell morphology and had high ICsy values
indicating poor efficacy. In the untreated cells of both cell lines (Fig. 2A,
panel a and b and Fig. 2C, panel g and h) annexin-V/propidium iodide
binding was absent. MCF-7 cells treated with the Cu8AgN complex and
doxorubicin (Fig. 2A, panel d and f) and Fig. 2B, predominantly showed
annexin-V binding alone as seen by the bright green fluorescence
indicative of early apoptosis.
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Table 1

The chemical structures of Cu8AqN, the 8AgN copper free ligand and doxorubicin together with their
respective ICsq values in MCF-7 and MDA-MB-231 breast cancer cells and the MCF-10A mammary epithelial
cell after 48 h of exposure.

Cu Complex Copper free Doxorubicin
(Cu8AgN) Ligand (8AgN)
A X
Z o
N N
H /N"“Cf’u\m H N\H
/ I
904 o
Molecular 396.33 g/mol 298.34 g/mol 543.52 g/mol
Weight
Cell lines ICso values (uM) after 48 h of treatment
MCF-7 2.54 +0.99 16.93 £ 1.13 1.38+0.48
MDA-MB- 3.31+0.12 97.33+4.28 8.75+ 1.74
231
MCF-10A 9.45+1.03 Not determined 2.99+0.1
(A) MCEF-7 cells (B) MDA-MB-231 cells

PC/HO HO/PI HO/PI

Fig. 1. Cu8AgN caused nuclear fragmentation and condensation in MCF-7 and MDA-MB-231 breast cancer cells. Photomicrographs in part (A) and (B) show the
changes to MCF-7 and MDA-MB-231 cells and their nuclei, respectively. The MCF-7 and MDA-MB-231 cells were treated with Cu8AgN at 3 pM and 4.2 pM,
respectively. Doxorubicin was used at 5 pM in MCF-7 cells and at 10 pM in MDA-MB-231 cells. The cells were treated for 18 h and viewed with an Olympus BX41
epifluorescence microscope at 400x magnification. Images were captured with an Olympus DP72 camera and analysed with the Olympus CellSens Software. Scalebar:
20 pm. Legend: N = nucleus, white arrow = nuclear condensation, yellow arrow = nuclear fragmentation.

In MDA-MB-231 cells (Fig. 2C, panel j and Fig. 2D), Cu8AgN caused Cu8AgN complex, (Fig. 2C, panel i) and doxorubicin, (Fig. 2C, panel k)

fewer cells to be early apoptotic and more cells to be late apoptotic. In showed cells with a rounded morphology and fluorescence images
contrast, doxorubicin treated MDA-MB-231 cells showed a high per- which indicated the presence of both early and late apoptotic cells.
centage of cells in early apoptosis and a small fraction of cells in late Cu8AgN caused a higher percentage of cells with late/secondary

apoptosis. MDA-MB-231 phase contrast images of cells treated with the apoptosis (Fig. 2D) in the cells (22%) compared to doxorubicin, while
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Fig. 2. Photomicrographs showing the increase of Annexin-V binding by Cu8AgN in MCF-7 and MDA-MB-231 cells. (A) is a photomicrograph of Annexin-V binding
in MCF-7 cells. (B) is a bar graph showing the percentage of apoptotic cells in MCF-7 cells determined in three separate experiments. (C) shows a photomicrograph of
Annexin-V binding in MDA-MB-231 cells. (D) is a bar graph showing the percentage of apoptotic cells from three independent experiments with MDA-MB-231 cells.
The MCF-7 and MDA-MB-231 cells were treated with Cu8AqN at 3 pM and 4.2 pM, respectively. Doxorubicin was used at 5 pM in MCF-7 cells and at 10 pM in MDA-
MB-231 cells. The cells were treated for 18 h and viewed with an Olympus BX41 epifluorescence microscope at 400x magnification. Images were captured with an
Olympus DP72 camera and analysed with the Olympus CellSens Software. Scalebar: 20 pm. Legend: EAC = early apoptotic cells, LAC = late apoptotic cells.

doxorubicin showed a higher percentage of cells in early apoptosis
(80%). The results of three independent experiments (Fig. 2B and 2D)
indicated that doxorubicin was superior to the Cu8AgN complex in
causing phosphatidyl serine exposure on the outer cell membrane.

3.4. Cu8AqN increases ROS formation in MCF-7 cells and MDA-MB-231
cells

Since copper complexes are known to cause oxidative stress, the
formation of ROS was evaluated (Zehra et al., (b)2021). Low baseline
levels of ROS were observed in untreated MCF-7 cells, (Fig. 3A, panels a
and b) which was not increased by Cu8AqN (Fig. 3A, panel d and
Fig. 3B). Doxorubicin treated cells increased ROS relative to the un-
treated cells, (Fig. 3A, panel f and Fig. 3B). In MDA-MB-231 cells tBHP
was used as a positive control. MDA-MB-231 untreated cells showed low
levels of ROS as seen in (Fig. 3C, panels g and h). The Cu8AgN complex
and tBHP caused a marked increase of ROS formation in the cells
(Fig. 3C, panel j and 1 and Fig. 3D) with Cu8AgN being a superior
inducer when compared with tBHP as reflected in Fig. 3C (panels j and 1)
and in Fig. 3D.

3.5. Cu8AgN affects mitochondrial function in MCF-7 and MDA-MB-
231 cells

3.5.1. Cu8AqN caused a loss of mitochondrial membrane potential (A¥'m)
In the untreated MCF-7 and MDA-MB-231 cells, (Fig. 4A, panel a)
and (Fig. 4C, panel d), J-aggregates were visible as punctate bright red/
orange fluorescence and were quantified in Fig. 4B and D, indicating an
intact mitochondrial membrane. In the cells treated with Cu8AgN and
doxorubicin the monomeric form of JC-1 pre-dominates as seen by the
intense green fluorescence and absence of red fluorescence (Fig. 4A,
panel b and c; Fig. 4B) and (Fig. 4C, panel e and f; Fig. 4D), indicating a
loss of mitochondrial membrane potential. The diffuse green fluores-
cence caused by Cu8AgN and doxorubicin in both cell lines indicates
that the mitochondria are no longer intact. Depolarized but intact
mitochondria have a punctate appearance with green fluorescence.

3.5.2. Cu8AgN increased caspase-9 activity in MCF-7 and MDA-MB-231
cells

Caspase-9 activity was not present in the untreated controls of MCF-7
(Fig. 5A, panel a and b) and MDA-MB-231 cells (Fig. 5B, panel g and h)
cells. The treatment of MCF-7, (Fig. 5A, panel c, d, e, and f) and MDA-
MB-231 (Fig. 5B, panels i, j, k and 1) cells with Cu8AgN and doxoru-
bicin caused the activation of caspase-9 in close to 100% of the cells. In
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Fig. 3. Cu8AqN increased the formation of reactive oxygen species (ROS) in MCF-7 and MDA-MB-231 breast cancer cells. (A) is a representative photomicrograph of
a ROS formation in MCF-7 cells, (B) is a bar graph of three independent experiments determining ROS intensity in MCF-7 cells. (C) is a representative photomi-
crograph of ROS formation in MDA-MB-231 cells. (D) is a bar graph of three independent experiments determining ROS intensity in MDA-MB-231 cells. MCF-7 cells
were treated with 3 pM Cu8AgN and 5 pM doxorubicin, while MDA-MB-231 cells were treated with 4.2 pM Cu8AqN and 20 pM tBHP. The red fluorescence indicates
the presence of ROS. Both cell lines were treated for 6 h. The cells were viewed on an Olympus BX41 epifluorescence microscope at 400x magnification. Images were
captured with an Olympus DP72 and were analysed with the ImageJ Software. Scalebar: 20 pm, AU: arbitrary units.

both cell lines, caspase-9 activation occurred in almost 100% of the cells
treated with the Cu8AqN complex and was comparable to that of
doxorubicin as shown in Fig. 5C.

3.6. Cu8AqN increased the activity of caspase-7 in MCF-7 cells and
caspase-3/7 in MDA-MB-231 cells

The activation of effector caspase-3 and caspase-7 is responsible for
nuclear fragmentation. The caspase3/7 assay indicated that Cu8AqN
was able to cause cell death by apoptosis after 48 h as shown In Fig. 6.
MCF-7 cells do not express caspase-3 but caspase-7 (Janicke, 2008).
Untreated MCF-7 cells, showed no caspase-7 activity (Fig. 6A, panel a
and b) whilst the cells treated with Cu8AqN (Fig. 6A, panel ¢ and d) and
doxorubicin (Fig. 6A, panels e and f and Fig. 6B) had 50 % and close to

90% of cells positive for active caspase-7, respectively. Caspase 3/7
activity was absent in untreated MDA-MB-231 cells, (Fig. 6B, panel g
and h) whilst Cu8AgN and doxorubicin treated cells had close to 100%
of cells with active caspase-3/7 (Fig. 6B, panels i, j, k and | and Fig. 6C).

3.7. Cu8AgN changed the expression levels of apoptotic regulatory
proteins in both MCF-7 and MDA-MB-231 breast cancer cells

Following confirmation of Cu8AgN-induced apoptotic cell death, the
effects of the CuBAgN complex on the expression of apoptosis regulatory
proteins using a focussed apoptosis proteome array was investigated.
MCF-7 cells were treated with 3 pM of Cu8AgN and the copper-free
8AgN to obtain a direct comparison of the effect of the copper com-
plex and its copper free ligand. MDA-MB-231 cells were treated with
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Fig. 4. Cu8AgN caused the loss of mitochondrial membrane potential (A¥m) in MCF-7 and MDA-MB-231 cells. MCF-7 cells were treated with 3 pM Cu8AgN and 5
pM doxorubicin, while MDA-MB-231 cells were treated with 4.2 pM Cu8AgN and 10 pM doxorubicin for 18 h. (A and C) are representative fluorescent photomi-
crographs showing the effects of CuBAQN and doxorubicin on JC-1 aggregates and monomers in MCF-7 and MDA-MB-231 cells. B and D shows the percentage of JC-1
aggregates and monomers in MCF-7 and MDA-MB-231 cells of three independent experiments. The cells were viewed on an Olympus BX41 epifluorescence mi-
croscope. Images were captured with an Olympus DP72 camera and analysed with the Olympus CellSens Software. Magnification: 400x, Scalebar:20 pm.

Cu8AqgN at a concentration of 3.1 pM and compared to the effects caused
by doxorubicin. Doxorubicin concentrations of 5 pM in MCF-7 cells and
9 uM in MDA-MB-231 cells were used. These concentrations were
selected as no obvious changes were observed on the gross morphology
of the treated cells were observed by phase contrast microscopy after an
18 h treatment period. Protein expression levels were measured as
arbitrary units representing pixel density.

3.7.1. Cu8AgN modulated the expression of apoptotic regulatory proteins
in MCF-7 cells

3.7.1.1. CuBAgN increased the expression on three phosphorylated p53
species in MCF-7 cells. Baseline expression of three phosphorylated
species of p53 (S15, S45 and S392) varied in MCF-7 cells with phospho-
p53(S15) being low and phospho-p53(S45) and phospho-p53(S392)
being moderate as seen in Fig. 7A and B. The Cu8AgN complex and
doxorubicin significantly increased (p < 0.001) the expression of three
phosphorylated p53 species in the cells when compared to their
respective untreated cells. In contrast, 8AgN did not cause meaningful
changes to the expression of phospo-p53(S15) and phospho-p53(S45)
and decreased phospho-p53(S§392). Doxorubicin highly significantly
increased the three species of phospho-p53, consistent with its known
DNA damaging effects.

3.7.1.2. Cu8AqN decreased the expression levels of IAPs in MCF-7 cells.
Baseline expression of the IAPs, cIAP1 (cellular inhibitor of apoptosis
protein-1) and XIAP (X-linked inhibitor of apoptosis protein) was high in
MCF-7 cells with survivin levels being very high as shown in Fig. 7C and
D. Cu8AgN highly significantly decreased the expression of cIAP1 and
XIAP. Although the expression of survivin was significantly decreased, it
was considered less meaningful since the expression level of survivin in
Cu8AqN treated cells remained high. Expression of the three IAPs were
decreased by the copper free ligand 8AgN, but to a lesser extent than
Cu8AgN. Doxorubicin was the most effective suppressor of all three
IAPs, and highly significantly decreased expression of all the IAPs by
more than 50%.

3.7.1.3. CuBAgN increased the expression of HMOX-1 and p21 and sup-
pressed the expression of TNFR1 in MCF-7 cells. Baseline expression of the
stress response protein HMOX-1 was low and impressively increased by
Cu8AqgN. The metal free ligand, 8AqN increased HMOX-1 expression less
markedly (Fig. 7E and F), albeit statistically significant. The effect of the
copper complex and its metal free ligand was in contrast with doxoru-
bicin which caused a statistically significant decrease of HMOX-1
expression.

Baseline expression of p21 was low and highly significantly (p <
0.001) increased from a low to a high expression level by Cu8AgN,
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Fig. 5. Cu8AgN and doxorubicin activates caspase-9 in MCF-7 and MDA-MB-231 cells. MCF-7 and MDA-MB-231 cells were treated for 48 h with 3 pM and 4.2 pM of
Cu8AgN, respectively and doxorubicin at 5 pM (MCF-7) and 10 pM (MDA-MB-231). (A) is a representative photomicrograph of MCF-7 cells showing active caspase-9.
(B) is a representative photomicrograph showing active caspase-9 in MDA-MB-231 cells. (C) is a bar graph representing the percentage cells with active caspase-9 in
MCF-7 and MDA-MB-231 cells of three independent experiments. The cells were viewed on an Olympus BX41 epifluorescence microscope at 400x magnification.
Images were captured with an Olympus DP72 camera and analysed with the Olympus CellSens Software. Scalebar: 20 pm.

whilst the copper free ligand, 8AgN, caused a decrease. This is consistent
with the observed increases in phosphorylated p53 species which is
known to induce the expression of p21. Doxorubicin caused a statisti-
cally significant but poor increase in p21 expression as seen in Fig. 7E
and F.

The baseline expression of TNFR1 was high and extensively sup-
pressed by all treatments (Fig. 7E and F). Cu8AgN and doxorubicin
significantly decreased (p < 0.001) the expression of TNFR1 from high
to very low, whilst the 8AgN copper free ligand showed a statistically
significant decrease with expression remaining medium high (Fig. 7E
and F.)

3.7.1.4. Cu8AgN decreased the expression of HIF-1a and BAD in MCF-7
cells. The baseline expression of the HMOX-1 transcription factor, HIF-
1o, was high and suppressed by Cu8AgN, 8AqN and doxorubicin. Both
8AgN and doxorubicin were more effective suppressors than Cu8AqN
(Fig. 7G and H). The baseline expression of the pro- and anti-apoptotic
Bcl-2 related proteins indicated high expression levels of BAD and low

=]

expression of Bcl-2 (Fig. 7G and H). The Cu8AgN, 8AgN and doxorubicin
caused a significant decrease in the expression of BAD. Bcl-2 expression
was statistically significantly reduced but given its low baseline
expression level this was not considered to be meaningful.

3.7.2. Cu8AqN modulated the expression of apoptotic regulatory proteins
in MDA-MB-231 cells

3.7.2.1. In MDA-MD-231 cells, Cu8AgN selectively changed expression
levels of phosphorylated p53 species. In MDA-MB-231 cells, baseline
expression of phospho-p53(S15) and phospho-p53(S392) were moder-
ate, in contrast with the high expression of phospho-p53(S46) (Fig. 8A
and B) The treatment of the cells with Cu8AQN caused non-significant
changes in the expression of phospho-p53(S15), phospho-p53(S46)
and phospho-p53(S392). Doxorubicin however, caused a significant
increase in the expression of phospho-p53(S15) and phospho-p53(5392)
in the cells, but did not significantly affect the expression levels of
phospho-p53(S46) (Fig. 8A and B).
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Fig. 6. Representative photomicrographs and bar graphs showing the activation of caspase-7 in MCF-7 cells, and caspase-3/7 in MDA-MB-231 cells. (A) repre-
sentative photomicrographs of MCF-7 cells showing active caspase-7 cells after treatment with Cu8AgN (3 pM) and doxorubicin (5 pM) for 48 h. (B) representative
photomicrographs showing active caspase-3/7 in MDA-MB-231 cells after treatment with Cu8AgN (4.2 pM) and doxorubicin (10 pM). for 48 h. (C) is a bar graph
showing the average percentage of cells with active caspase-3 and caspase-3/7 from three independent experiments. The cells were viewed on an Olympus BX41
epifluorescence microscope at 400x magnification. Images were captured with an Olympus DP72 camera and analysed with the Olympus CellSens Software. Scalebar:

20 pm.

3.7.2.2. Cu8AqN decreased the expression of IAPs in MDA-MB-231 cells.
Baseline expression of cIAP1 was moderately high in MDA-MB-231 cells
and significantly supressed by Cu8AgN and doxorubicin, as shown in
Fig. 8C and D. In comparison, doxorubicin was more effective in sup-
pressing cIAP1 than Cu8AgN. XIAP was moderately expressed and was
significantly suppressed by both Cu8AgN and doxorubicin. Survivin
expression was very high in the cells and significantly suppressed by
Cu8AgN. In contrast, doxorubicin increased the expression levels of
survivin (Fig. 8C and D).

3.7.2.3. Cu8AgN increased the expression of HMOX1, suppressed the
expression of TNFR1 and decreased p21 expression in MDA-MB-231 breast
cancer cells. MDA-MB-231 untreated cells had a moderate baseline
expression of HMOX-1 expression. HMOX-1 was highly significantly
increased (p < 0.001) in the cells treated with CuBAQN and decreased in
the cells treated with doxorubicin, Fig. 8E and F. Baseline expression of
p21 was low in MDA-MB-231 cells, treatment of the cells with Cu8AgqN
decreased p21 expression in the cells with poor significance whilst

doxorubicin did not affect the expression of p21 in the cells as seen in
Fig. 8E and F. Baseline expression of TNFR1 was medium low and
significantly decreased (p < 0.001) by Cu8AgN and doxorubicin, the
latter causing more suppression than Cu8AgN, as shown in Fig. 8E and F.

3.7.2.4. CuBAqN decreased the expression of HIF-1a and BAD in MDA-
MB-231 cells. Unlike MCF?7 cells the baseline expression of the HMOX-1
transcription factor HIF-1la was moderate and suppressed by Cu8AgN.
From the group of BCL-2 related proteins BAD was the only protein with
high baseline expression, which was significantly decreased by Cu8AgN
and doxorubicin, similarly to what was observed for MCF-7 cells (Fig. 8G
and H). Bcl-2 levels were significantly decreased by Cu8AqN and
doxorubicin, but due to the low levels of baseline expression, the
decrease was not considered to be meaningful.
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Fig. 7. CuBAgN caused changes to the expression levels of apoptosis regulatory proteins of MCF-7 breast cancer cells. The figure shows the expression intensity and
the segment of the nitrocellulose membrane array with the blots for each protein. The cells were treated with 3 pM of Cu8AqN, 3 pM of 8AgN, and 5 pM of
doxorubicin for 18 h. (A) and (B) shows the effects of CuBAgN, 8AgN and doxorubicin on the expression of phospho-p53(515), phospho-p53(S46), and phospho-p53
(8392). (C) and (D) shows the changes caused by Cu8AqN, 8AgN and doxorubicin on the expression levels of cIAP1, XIAP and survivin. (E) and (F) shows changes in
the expression levels of HMOX-1, p21, and TNFR1. (G) and (H) shows the effect on HIF-1, BAD and Bcl-2 in MDA-MB-231 cells.
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Fig. 8. Cu8AgN caused changes in the expression of apoptosis regulatory proteins in MDA-MB-231 breast cancer cells. The figure shows the expression intensity and
the segment of the nitrocellulose membrane array with the blots for each protein. The cells were treated with 3.1 pM of Cu8AgN and 9 pM of doxorubicin for 18 h. (A)
and (B) shows the effects of Cu8AqN and doxorubicin on the expression of phospho-p53(S15), phospho-p53(S46), and phospho-p53(5392). (C) and (D) illustrates the
changes caused by Cu8AgN and doxorubicin on the expression levels of cIAP1, XIAP, and survivin. (E) and (F) shows the changes in the expression levels of HMOX-1,
p21, and TNF R1. (G) and (H) shows the effect on HIF-1a, BAD and Bcl-2 in MDA-MB-231 cells.
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3.8. The Cu8AgN complex increased expression of HMOX-1 in MCF-7
and MDA-MB-231 cells

Immunofluorescence confirmed the increased expression of HMOX-1
in both cell lines as shown in (Fig. 9). In untreated MCF-7 cells, HMOX-1
expression was located mainly in the nucleus (Fig. 9A, panel b and c)
whilst treatment with Cu8AqQN caused HMOX-1 relocation from the
nucleus to the cytoplasm (Fig. 9A, panel e and f). In untreated MDA-MB-
231 cells (Fig. 9B, panel h and i), HMOX-1 was observed in both the
nucleus and cytoplasm. Following treatment with the Cu8AqN, HMOX-1
remained associated with the nucleus in most of the cells with a more
intense fluorescence signal (Fig. 9B, panel k and 1).

3.9. Cu8AqN increased the expression of p21 in MCF-7 and MDA-MB-
231 cells

Expression of p21 was observed in 23.6 % of untreated MCF-7 cells
with 6.3 % having an intense fluorescence signal (Table 2 and Fig. 10A,
panel a and b). Treatment with Cu8AqN increased the p21 positive cells
to 80.6 % with 39.3 % of cells showing an intense p21 signal (Fig. 10A
panels c and d, and Table 2). Doxorubicin caused 95.0 % of cells to have
a positive signal with 54 % of cells showing an intense p21 signal
(Table 2 and Fig. 10A, panels e and f). In contrast, untreated MDA-MB-
231 cells did not show p21 expression and Cu8AqN and doxorubicin
increased the percentage of cells expressing p21 to 83.3 % and 100%,
respectively (Table 2 and Fig. 10B, panels i-1).

3.10. Stability of Cu8AqN in plasma, phosphate buffer, and DMSO

The stability of a metallo-drug candidate is important for several
reasons, including whether it will retain its ligand(s) upon interaction
with biomolecules and survive intact for a reasonable period in the
blood stream in order to reach the intended target site/s. Many metal-
lodrug candidates like NAMI-A (Ru®"), auranofin (Au™), and cisplatin
(Pt?") undergo ligand exchange reactions and ultimately react as a more
simple (ionic) metal species with biomolecules (Van der Westhuizen
et al., 2021; Alessio, 2017).

The Cu(Il) complex Cu8AgN was stable over prolonged periods in
pure DMSO and phosphate buffer at pH 7.5 (Fig. S7). No chemical
changes such as bond dissociation or metal ion release could be detected
over 36 h in DMSO, which often enhances the dissociation rate of metal
complexes (Keller et al., 2020)

The stability of CuBAQN in human plasma was evaluated in vitro as a
function of time by spectroscopy in the UV-visible region (Fig. 11). The
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Table 2
Percentage of MCF-7 and MDA-MB-231 cells expressing p21 following treat-
ment with Cu8AgN and doxorubicin for 18 h.

MCF-7 cells
Treatment High intensity p21 Low intensity p21 Total p21
expression (%) expression (%) expression (%)
Control 6.3+1.5 17.3+25 23.6+56
Cu8AqgN 39.3+13.54 41.3+9.29 80.6 + 22.7
Doxorubicin 54.0+4.7 41.0+35 95.0 £ 8.1
MDA-MB-231 cells
Treatment High intensity p21 Low intensity p21 Total p21
expression (%) expression (%) expression (%)
Control 0.00 0.00 0.00
Cu8AqgN 40.0+9.8 43.3+8.2 83.3+18.0
Doxorubicin 38.0+5.6 62.0£8.8 100.0 + 14.4

spectral changes showed that the 480 nm (n — n*) band of Cu8AgN and
its vibronic component at 450 nm both decreased in intensity over time
with a negligible change in wavelength. The band at 362 nm decreased
in intensity and shifted to 372 nm after 8 h, while a new band peaking at
402 nm increased in intensity over the same period. The spectral
changes were accompanied by two discrete isosbestic points at 379 and
425 nm. This single pair of isosbestic points remained unchanged
throughout the reaction, suggesting a simple chemical conversion
operating in a single step, i.e., reactant — product(s). The kinetics of the
reaction (monitored at 484 nm) indicated that the process was first order
(t12 = 6.2 + 0.2 h) as shown in Fig. 11.This is comparable to that re-
ported for paclitaxel, an approved cancer drug, which has a plasma half-
life of 6.54 + 1.43 h (Brouwer et al., 2000). Since weak absorption bands
commensurate with the presence of Cu(ll), remained present in the
540-650 nm region of the spectrum after ~1.5 half-lives (9 h), reductive
demetallation of the copper complex to form colourless Cu(I), seemed
unlikely (Fig. S9). The data suggested a simple exchange of the Cu(II) ion
to release the Schiff base ligand, 8AgN. After 24 h, only 6% of the initial
absorption intensity remained. The main spectral peaks prevalent at 9 h
in the reaction were nevertheless still observed after 24 h (albeit with
significantly diminished amplitude). Furthermore, the broad, over-
lapping weaker-intensity bands due to Cu(Il) at 545 and 568 nm were

MDA-MB-231 cells
Control

Fig. 9. Immunofluorescence images showing the increased expression of HMOX-1 in MCF-7 and MDA-MB-231 cells. (A) shows HMOX-1 in MCF-7 cells and B shows
HMOX-1 in MDA-MB-231 cells. MCF-7 and MDA-MB-231 cells were treated with Cu8AqN at 3 pM and 3.1 pM, respectively and doxorubicin was used at 5 pM in MCF-
7 cells and 9 pM in MDA-MB-231 cells for an 18 h treatment period. The cells were viewed with an Olympus BX41 epifluorescence microscope, images were captured
with an Olympus DP72 camera and analysed with the Olympus CellSens Software. Magnification:400x. Scalebar:20 pm.
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MCF-7 cells
p21 expression

Cu8AgN

Doxorubicin
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MDA-MB-231 cells
p21 expression

Fig. 10. Photomicrographs showing the increased expression of p21 in MCF-7 and MDA-MB-231 cells following treatment with Cu8AgN and doxorubicin. (A) MCF-7
cells treated with 3 pM Cu8AqgN and 5 pM pM doxorubicin and (B) MDA-MB-231 cells treated with Cu8AgN at 3.1 pM and doxorubicin 9 pM for 18 h. The cells were
viewed with an Olympus BX41 epifluorescence microscope, images captured with an Olympus DP72 camera and analysed with the Olympus CellSens Software.

Magnification:400x. Scalebar: 20 pm.
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Fig. 11. Stability of CuBAgN measured in human plasma. (A) UV-visible spectral changes for Cu8AgN (63 pM) recorded in a solution of human blood plasma diluted
with phosphate buffer (50 mM KH,POy4, pH 7.50, 1:4 ratio) as a function of time. Peak maxima and isosbestic points are indicated in black and blue typeface,
respectively. (B) Nonlinear least-squares regression fit of the absorbance decay curve to a single exponential function (rate constant, k = 0.111 + 0.004 h™?; half-life,

tijp = 6.2 + 0.2 h; y* = 0.00762; R = 0.9999).

better resolved after 24 h (Fig. S9).

In summary; our in vitro kinetics study in diluted human plasma
showed that the decay of CuSAgN was monophasic with a plasma half-
life of 6.2 + 0.2 h at 37 °C. In addition, the spectroscopic data of Fig. 11
suggest that CuBAgN was not reductively de-metallated via a Cu(I) in-
termediate because signals from Cu(II) alone are evident after 24 h, i.e.,
bands at 545 nm and 568 nm due to d-d electronic transitions for
chelated Cu®*" are present, (Fig. S9). A possible explanation for this
observation is that Cu(II) was released from the Schiff base ligand 8AqN
(see Figs. S8 and S10) and subsequently bound to the high-affinity Cu(II)
transporter motif (the N-terminal Asp-Ala-His tripeptide) of human
serum albumin (Laussac and Sarkar, 1984; Bal et al., 1998; Hureau et al.,
2011).
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4. Discussion

4.1. Cu8AgN is an effective inhibitor of breast cancer cell proliferation
and induces intrinsic apoptosis

Cu8AqN showed selective toxicity towards MCF-7 and MDA-MB-231
breast cancer cells with ICsq values below 5 pM, compared to almost 10
pM for normal MCF-10A cells. The increased ICsg value of the normal
cells line, MCF-10A, indicates some selectivity towards cancer cells. The
copper free ligand, 8AqN was poorly active in both cancer cell lines
indicating that copper increased the cytotoxicity of the ligand. The ICsg
values compared favourably to doxorubicin, a commonly used cancer
treatment. Doxorubicin did not show selectivity towards the cancer or
normal cells and was poorly active against triple negative MDA-MB-231
cells.

Fragmentation and condensation of the nuclei, typical apoptotic
characteristics, (Galluzzi et al., 2018) indicated Cu8AgN caused
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apoptotic cell death in both cell lines. Doxorubicin, a known inducer of
apoptosis, showed similar effects (Wang et al., 2004). The absence of red
stained PI nuclei in Cu8AQN treated cells indicated the absence of overt
necrosis (Atale et al., 2014). 8AqN, did not cause noticeable morpho-
logical changes at the concentrations tested, confirming its lack of
efficacy.

An increase in annexin V binding to phosphatidylserine confirmed
apoptotic cell death. Phosphatidylserine translocate to the outer leaflet
of the cell membrane during apoptosis (Crowley et al., 2016). The
Cu8AqN treated MCF-7 cells were primarily early apoptotic whilst late
apoptotic cells were present in MDA-MB-231 cells, indicating a faster
response and greater sensitivity to the copper complex.

The increased activity of caspase-3/7 in MDA-MB-231 and increased
caspase-7 activity in MCF-7 cells following treatment with Cu8AgqN
confirmed apoptotic cell death. Caspase-3/7 activation causes cell
shrinkage, membrane blebbing, nuclear fragmentation and condensa-
tion leading to apoptosis (Olsson and Zhivotovsky, 2011). MCF-7 cells
do not express caspase-3, with caspase-7 being the primary effector
caspase (Janicke, 2008).

The formation of ROS commonly occurs with cancer drugs and is
associated with the induction of intrinsic apoptosis. Various copper
complexes increase ROS formation and apoptosis in cell lines repre-
senting different cancers (Harmse et al., 2019; Li et al., 2019; Zehra
et al., 2021b). Cu8AgN increased ROS in both MCF-7 and MDA-MB-231
cells with superior activity in MDA-MB-231 cells most likely promoting
mitochondrial dysfunction.

The loss of mitochondrial membrane potential and the activation of
caspase-9 are essential for the formation of the apoptosome and acti-
vation of the intrinsic apoptotic pathway (Galluzzi et al., 2018) Cu8AqQN
and doxorubicin caused the loss of mitochondrial membrane integrity in
both cell lines causing leakage of cytochrome ¢ and pro-apoptotic factors
like Smac/Diablo and HTRA(OMI) from the mitochondria. Cu8AgN and
doxorubicin were effective activators of caspase-9 in both cell lines
confirming activation of intrinsic apoptosis. In addition, the failure of
Cu8AgN and doxorubicin to activate caspase-8 and the loss of TNFR1
expression in both cell lines confirmed that the extrinsic apoptotic
pathway was not activated.

4.2. Cu8AgN modulated the expression of important apoptotic related
proteins including p53, IAPs, p21 and HMOX-1

The TP53 tumour suppressor gene encodes the p53 tumour sup-
pressor and is frequently mutated in breast and other cancers (Dumay
et al.,2013). MDA-MB-231 triple negative breast cancer cells have a
missense mutation of TP53 while MCF-7 are wild type TP53 expressing
cells (Alkhalaf and El-Mowafy, 2003).

In MDA-MB-231 cells Cu8AQN decreased the expression of phospho-
p53(S46) but not phospho-p53(S15), and phospho-p53(S392). Baseline
phospho-p53(S46) expression was very high and the observed decrease
in suppression is therefore not considered to have a profound effect on
the cells. Doxorubicin increased the expression of phospho-p53(S15),
and caused small increases of phospho-p53(S46) and phospho-p53
(S392) suggesting inhibition of p53 degradation. In MCF-7 cells,
Cu8AqN increased the expression levels of all three phosphorylated p53
species whilst the 8AgN ligand had no effect. A similar but more pro-
nounced increase was observed for doxorubicin. Accumulation of the
phosphorylated species of p53 indicates DNA damage and activation of
DNA repair. In normal cells with wild type p53, its levels are low due to
proteasomal degradation by MDM2 (Junttila and Evan, 2009). Upon
DNA damage or cell stress, p53 is phosphorylated, accumulates in the
cell and translocate to the nucleus to transactivate genes involved in the
initiation of apoptosis and/or DNA repair as well as the tumour sup-
pressor gene p21 (Duffy et al., 2022).

Unlike wild type p53, mutant p53 protein loses its tumour suppres-
sive function and may acquire gain of function mutations leading to
tumour progression and chemoresistance (Dumay et al., 2013; Yue et al.,
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2017; Marvalim et al., 2023). Mutant p53 bypasses MDM2 mediated
proteasomal degradation and is present at high levels in cancer cells
(Muller and Vousden, 2013). Changes to the expression levels of mutant
p53 was observed with other copper complexes and the MDA-MB-231
cell line, (Lee et al., 2021), and in HT29 colorectal cancer cells where the
high baseline expression of mutant p53 was suppressed (Harmse et al.,
2019).

The proteome array data indicated that Cu8AgN treatment of both
cell lines caused a profound increase in the protein expression level of
HMOX-1. HMOX-1, is an inducible stress response protein, and is
expressed in many cancers, including breast cancer (Podkalicka et al.,
2018; Gandini et al., 2019). The exact role of HMOX-1 in breast cancer,
whether promoting cancer cell survival or cell death remains unclear
(Noh et al., 2013; Luu-Hoang et al., 2021). The increase in HMOX-1
observed with the proteome array was confirmed by an increase of
immunofluorescence in both cell lines. HMOX-1 was primarily localized
to the nucleus in untreated control cells. In MDA-MB-231 cells, the
Cu8AqgN induced increase was localized to the nucleus whilst in MCF-7
the increase was observed in the cytoplasm. Nuclear HMOX-1 is trun-
cated, enzymatically inactive and associated with more aggressive tu-
mours where it is thought to act as a cofactor in gene transcription
(Biswas et al., 2014; Hsu et al., 2017). Cytoplasmic HMOX-1 is assumed
to be enzymatically active and required for the normal cell survival
response to oxidative stress (Gandini et al., 2019). The implications of
increased HMOX-1 expression in breast cancer requires further
investigation.

The transcription of the HMOX-1 gene is regulated by various tran-
scription factors including HIF-1a, nuclear factor erythroid 2-related
factor-2 (Nrf2), and activator protein 1(AP-1) (Loboda et al., 2016)
Protein array data indicated high baseline expression of HIF-1a in MCF-7
and MDA-MB-231 cell lines. Cu8AgN and doxorubicin decreased levels
of HIF-la in MCF-7 cells, whereas in MDA-MB-231 cells Cu8AgN
decreased and doxorubicin conversely increased HIF-1a expression. This
poor correlation suggests that other HMOX-1 transcription factors were
responsible for the increased HMOX-1 levels in MDA-MB-321 cells.

High expression levels of cIAP1, XIAP, and survivin are associated
with cancer progression, chemoresistance and increased morbidity
(Fulda, 2014; Finlay et al., 2017). Cu8AqN decreased cIAP1, XIAP, and
survivin in both MCF-7 and MDA-MB-231 cells, creating a pro-apoptotic
environment. XIAP and cIAP1 inhibits caspase-3/7, whilst survivin in-
hibits caspases by binding to the catalytic domain of caspase-3, -7 and -9
via its BIR domains (Fulda, 2014; Finlay et al., 2017). The suppression of
cIAP1, XIAP and survivin aligns with increased caspase-9 and
caspase-3/7 activity, promoting apoptosis.

BAD, a member of the Bcl-2 family of proteins, interacts with Bcl-2
and translocate BAX to the mitochondria, thereby increasing mito-
chondrial membrane permeability and the release of cytochrome c. BAD
function is controlled by phosphorylation at serine-112, -115 and -136
via PKA/MAPK and AKT pathways. Increased levels of phosphorylated
BAD are associated with resistance to apoptosis (Bui et al., 2018; Boac
et al., 2019). Cu8AgN and doxorubicin decreased BAD expression in
both cell lines. This effect may be associated with the copper free ligand,
8AqgN, which suppressed BAD in a similar manner to Cu8AgN in MCF-7
cells. Given the dual role of BAD in apoptosis, further studies to deter-
mine the effects of CuBAgN on the various phosphorylated forms of BAD
are warranted.

An evaluation of Bcl-2 and Bax showed low baseline expression in
MCF-7 and MDA-MB-321 cells, which was statistically significantly
decreased by Cu8AgN. Given the low expression levels of these proteins
their suppression was not considered to have a meaningful role.

p21 is a cyclin-dependent kinase inhibitor and its expression is
upregulated by p53 in response to DNA damage or oxidative stress
(Shamloo and Usluer, 2019). Activation of the p53 response, as in
MCF-7 cells, caused the transcription of p21 which inhibited cyclin
dependent kinases preventing the completion of the cell cycle (Geor-
gakilas et al., 2017). The function of p21 depends on its subcellular
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localization (Zhang et al., 2000). Cytoplasmic p21 prevents apoptosis by
binding and preventing the activation of pro-caspase-3, and caspase-8
(Karimian et al., 2016; Georgakilas et al., 2017). Nuclear p21 inhibits
cyclin dependent kinase-2 and -4, and binds to PCNA, thereby pre-
venting progression of the cell cycle from the G1 to the S phase (Shamloo
and Usluer, 2019). In untreated MCF-7 cells, immunofluorescence
indicated low baseline expression of p21 in the nucleus and an increase
of nuclear p21 expression after CuBAgN and doxorubicin treatment. This
was mirrored by the proteome array data which showed that copper free
8AgN did not affect p21 expression. In MDA-MB-231 cells immunoflu-
orescence data showed increases in p21 expression similar to that of
MCEF-7 cells with increased intensity localized to the cell nucleus.

4.3. Cu8AgN is sufficiently stable in human plasma

The stability of CuBAgN in human plasma, is of direct relevance to its
longer-term prospects as a potential drug candidate (Sarpong-Ku-
mankomah and Gailer, 2021) Our in vitro kinetics study with human
plasma indicated a plasma half-life for CuBAQN of approximately 6 h at
37 °C, which is comparable to paclitaxel, a widely used chemothera-
peutic drug (Brouwer et al., 2000) Importantly, the decrease in Cu8AqQN
concentration was monophasic, indicating the slow dissociation of Cu
(I1) from Cu8AgN which would allow the intact complex to enter cells.

5. Conclusion

The cellular mechanism of cytotoxicity induced by a Cu(II) complex
of a quinoline-containing Schiff base chelate, Cu8AgN, was investigated.
The data indicate that Cu8AqN selectively targeted breast cancer cells at
clinically relevant, low micromolar concentrations. Cell death occurred
via the activation of the intrinsic apoptotic pathway due to the sup-
pression of apoptotic inhibitory proteins. The combination of suppres-
sion of IAP’s and increased p21 expression created a pro-apoptotic
environment promoting cell death. The ability of the complex to induce
the expression of HMOX-1 must be further investigated to determine the
impact of this on cell survival. The effects observed in triple negative
MDA-MB-231 cells are particularly encouraging. An in vitro study with
human plasma indicated a half-life of 6.2 + 0.2 h for Cu8AgN. This study
provides valuable insights in the response of cancer cells to Cu8AgN
illustrating the potential benefits of copper complexes in cancer
treatment.
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IAPs Inhibitor of apoptosis proteins

AU Arbitrary Units

Bcl-2 B-cell lymphoma-2 protein

cIAP1 Cellular inhibitor of apoptosis protein-1

h hour/hours

HIF-lalpha Hypoxia inducing factor-1la

HMOX-1 Heam oxygenase 1

HTRA (OMI) High temperature requirement protein A2

HO Hoechst 33342

MDM2 Mouse double minute 2 homolog
Min minutes

NF-«kB  Nuclear factor kappa B

Smac/Diablo Second mitochondria-derived activator of caspase

TNFR1 Tumor necrosis factor receptor 1

XIAP X-linked inhibitor of apoptosis protein
PCNA  Proliferating cell nuclear antigen

PC Phase contrast

tBHP Tert-Butyl hydroperoxide
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