Journal Name

A reactive oxygen

species-generating, cyclooxygenase-2

inhibiting, cancer stem cell-potent tetranuclear copper(ll) cluster

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Tetranuclear copper(ll) complexes containing multiple diclofenac
and Schiff base moieties, 1-4 are shown to kill bulk cancer cells
and cancer stem cells (CSCs) with low micromolar potency. The
most effective complex, 1 elicits its cytotoxic effect by elevating
intracellular reactive oxygen species (ROS) levels and inhibiting
cyclooxygenase-2 (COX-2) expression.

Cancer stem cells (CSCs) are a distinct subpopulation of
tumour cells that have high clonal long-term repopulation and
self-renewal capacity.}2 The quiescent, slow-cycling, and stem-
like properties of CSCs enable them to survive current
therapeutic regimens (which are often designed to target
proliferating bulk cancer cells) and instigate tumour regrowth.3
CSCs are also linked to metastasis due to their inherent
plasticity to reversibly transition between stem cell-like cells
and non-stem cell-like cells.*> The clinical implication of CSCs
means that cancer treatments must have the ability to remove
heterogeneous cancer population in their entirety, including
bulk cancer cells and CSCs, otherwise CSC-mediated relapse
could occur. Although a great deal of effort has gone into
identifying CSC therapeutic targets such as cell surface
markers, organelles, dysregulated signalling pathways, and
aspects of their microenvironment,® there is still no clinically
approved agent (chemical or biological) that can
simultaneously remove bulk cancer cells and CSCs. Most of the
CSC specific small molecules undergoing clinical trials are
organic in nature,” however, we and others have shown that
metal complexes also display attractive anti-CSC and -bulk
cancer cell properties.8-15

Our previous work has shown that reactive oxygen species
(ROS) elevation in combination with cyclooxygenase-2 (COX-2)
inhibition by mononuclear copper(ll)-nonsteroidal anti-
inflammatory drug (NSAID) complexes enables CSC and bulk
cancer cell toxicity.21013 The success of this strategy is
attributed to the vulnerability of CSCs and bulk cancer cells to
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changes in their intracellular redox statel®l” and the
overexpression of COX-21819 jn certain CSCs and bulk cancer
cells. Here, we have sought to improve CSC and bulk cancer
cell activity by developing tetranuclear copper(ll) complexes
bearing multiple diclofenac moieties (a COX-2 inhibitor with
anti-metastatic potential)292! and Schiff base ligands (a well-
known ROS mediator once coordinated to copper).2223
Specifically, four copper(ll) centres, four diclofenac moieties,
and two Schiff base ligands were used (within a single cluster)
to modulate ROS generation power and COX-2 inhibition.

The tetranuclear copper(ll) complexes, 1-4 were
synthesized, as outlined in Scheme S1, by refluxing the
appropriate Schiff base ligand, L' with two equivalence of
Cu(NOs3)2:3H20 and diclofenac sodium in methanol (pH 7,
adjusted by triethylamine) for 24 h. The complexes were
isolated as green solids in reasonable yields (48-60%), and
characterised by UV-Vis and infrared spectroscopy, and
elemental analysis (see ESI). Single crystals of 1 suitable for X-
ray diffraction studies were obtained by slow diffusion of
diethyl ether into an acetonitrile:DMF (100:1) solution of 1
(CCDC 1548878, Fig. 1 and S1). Selected bond distances and
bond angles data are presented in Table S1-2. The structure
consists of four copper(ll) centres, two Schiff base ligands, four

diclofenac moieties, and two bridging hydroxyl groups. As

Fig. 1 X-ray structure of a tetranuclear copper(ll) complex, 1 comprising of
four diclofenac moieties and two Schiff base ligands. Ellipsoids are shown
at 50% probability, Cl atoms are shown in green, O in red, C in grey, N in
dark blue, S in yellow, and Cu in light blue. H atoms and co-crystallizing
solvent molecules have been omitted for clarity.
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depicted in Fig. 1 and S1, Cu(1)/Cu(1A) and Cu(2)/Cu(2A)
display different coordination environments. Cu(1)/Cu(1A)
exhibits a five coordinate, distorted triangular bipyramid
geometry whereas Cu(2)/Cu(2A) displays a five coordinate,
distorted square-based pyramidal structure. The different
copper(ll) coordination environments is borne out in the
slightly shorter distance of Cu(1)-Cu(1A) compared to Cu(1)—
Cu(2). The average Cu-0 (2.01 A), Cu=S (2.39 A), and Cu-N
(1.95 A) bond distances are consistent with bond parameter
for related copper(ll) complexes.24-26

The stability of 1, taken a representative member of the
tetranuclear copper(ll) complexes, in biologically relevant
solutions was assessed using UV-Vis spectroscopy and high
resolution ESI mass spectrometry. In Tris-HCI (pH 7.4)/DMSO
(200:1), 1 (50 uM) is moderately stable over the course of 24 h
at 37 °C (Fig. S2). In PBS (pH 7.4)/DMSO (200:1) and sodium
acetate (pH 5.12)/ DMSO (200:1) solutions, 1 (50 uM) is stable
up to 4 hours at 37 °C, after which degradation is clearly
observed (Fig. S3-4). In the presence of ascorbic acid (10
equivalents in PBS), a cellular reductant, the absorption of 1
(50 uM) changed markedly over the course of 24 h at 37 °C
(Fig. S5). Specifically, the strong band at 270 nm, associated to
ligand-centred m-nt* transitions decreased and was replaced by
a broad band at 260 nm and shoulder at 278 nm. The latter is
reminiscent of free diclofenac (25 uM, Fig. S6). Lower energy
bands at 320 nm and 365 nm corresponding to metal-
perturbed m-m* transitions associated to L! (Fig. S6) also
decreased, suggesting a possible change in the copper
oxidation state and coordination environment. ESI mass
spectrometry studies under the same conditions revealed
peaks corresponding to [diclofenac+K]* (335.0113 m/z) and
[diclofenac-H]- (294.0097 m/z) in the positive and negative
mode respectively (Fig. S7 and S8). This shows that diclofenac
is released under reducing conditions. Peaks with the
appropriate isotopic pattern, associated to mononuclear
copper complexes with various ratios of diclofenac and L were
also observed (Fig. S8 and S9), implying that 1 does not remain
as a tetranuclear entity under reducing conditions. Upon
incubating concentrated solutions of 1 (250 uM) with ascorbic
acid (2.5 mM) in PBS/DMSO (95:5) for 24h at 37 °C, the d-d
transition band (647 nm) associated to the copper(ll) centre
disappeared indicative of reduction to copper(l) (Fig. S10). This
was further proved by the addition of bathocuproine
disulfonate (BCS, 2 equivalence), a strong copper(l) chelator,
which produced a characteristic absorption band at 480 nm
corresponding to [Cu!(BCS),]3 (Fig. S11).27 Collectively the UV-
Vis and ESI mass spectrometry studies suggest that the copper
centres in 1 are reduced from Cu(ll) to Cu(l) under biologically
relevant conditions and that diclofenac is liberated.

The bulk breast cancer cell (HMLER) and CSC (HMLER-
shEcad) potency of 1-4 after 72 h incubation was determined
using the MTT [3-(4,5-di-methylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. 1Cso values
(concentrations required to reduce cell viability by 50%) were
determined from dose—response curves (Fig. S12-15) and are
summarized in Table 1. All of the tetranuclear complexes, 1-4
displayed equal toxicity towards CSC-enriched HMLER-shEcad
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cells and bulk cancer-enriched HMLER cells, in the low
micromolar range. The advantage of 1-4 over CSC-selective
compounds such as salinomycin (Table 1),28 is that they have
the potential to remove whole cancer cell populations (bulk
cancer cells and CSCs) with a single dose. CSC-selective
compounds need to be administered in combination with bulk
cancer-selective agents (at the appropriate dose) to elicit a
similar response. Control cytotoxicity studies showed that the
potency of diclofenac, CuCl,, and 1 pre-incubated with 10
equivalents of ascorbic acid for 24 h (1 + AA,
reduced/degradation products) towards HMLER and HMLER-

Table 1. ICs values of 1-4, diclofenac, CuCl,, 1 preincubated with
10 equivalents of ascorbic acid for 24 h, and salinomycin against
HMLER and HMLER-shEcad cells determined after 72 h incubation
(mean of three independent experiments + SD). * Taken from
reference 9.

Compound HMLER HMLER-shEcad
ICso / UM ICso/ UM
1 8.4+0.2 8.6+0.3
2 13.1+0.3 14.4+0.2
3 13.0+£0.7 13.1+0.3
4 8.3+0.5 8.4+0.1
diclofenac > 100 37.1+2.0

CuCl, >100 >100

1+AA >100 83.0+8.9
salinomycin? 11.4+0.4 42+04
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Fig. 2 (A) Quantification of mammosphere formation with HMLER-
shEcad cells untreated and treated with 1-3 and salinomycin at their
respective 1Cy values for 5 days. Error bars = SD and Student t-test, * = p
< 0.05, ** = p < 0.01. (B) Representative bright-field images (x 10) of the
mammospheres in the absence and presence of 1 and salinomycin at
their respective ICy values.
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shEcad cells was significantly lower than 1 (Table 1 and Fig.
S16-18). This suggests that the cytotoxicity of 1 is likely to
result from intact 1 rather than its individual components



(diclofenac and copper) or the reduced/degradation products
(1+AA).

The mammosphere assay was performed to determine the
ability of 1-3 to inhibit the formation of spheroids comprising
of breast CSCs. This method serves as a reliable readout for
CSC potency and in vivo potential, given that three-
dimensional systems are more representative of solid tumours
compared to monolayer cell cultures.?® The addition of 1-3 (at
the ICy0 value) to single cell suspensions of HMLER-shEcad cells
significantly (p < 0.05) reduced the number and size of
mammospheres formed after 5 days incubation (Fig. 2 and
S19). Notably, 1 displayed the highest inhibitory effect,
reducing the number of mammospheres formed by 51%
compared to the untreated control. This is comparable to the
effect of salinomycin (46% reduction in mammosphere
formed), an established mammosphere-potent agent (Fig. 2).
Upon treatment of single cell suspensions of HMLER-shEcad
cells with diclofenac and CuCl; (at the ICyo value for 5 days),
the number and size of mammospheres formed was largely
unaffected (Fig. S20-21). The colorimetric resazurin-based
reagent, TOX8 was used to measure the ability of 1-3 to reduce
mammosphere viability. The ICso values (concentration
required to decrease mammosphere viability by 50%) of 1-3
were in the micromolar range (Fig. S22 and Table S3). Notably,
1 exhibited the greatest mammosphere-potency (ICso = 27.9 +
1.3 uM) within the series, comparable to salinomycin (ICsq =
18.5 £+ 1.5 uM). Diclofenac and CuCl; were relatively non-toxic
towards mammospheres (ICsp > 133 uM, Fig. S23, Table S3).
This suggests that mammosphere potency of 1 is likely to
result from intact 1 rather than its individual components
(diclofenac and copper). Overall the cytotoxicity and
mammosphere studies show that 1-3, in particular 1, can
effectively inhibit CSC growth in monolayer and three-
dimensional cell culture systems.

Cell uptake studies were conducted to identify bulk breast
cancer cell and CSC permeability. HMLER and HMLER-shEcad
cells were treated with 1-4 (10 uM for 24 h) and the copper
content was determined by inductively coupled plasma mass
spectrometry (ICP-MS). As depicted in Fig. 3 and S24, 1-4 are
readily taken up by HMLER and HMLER-shEcad cells (> 48 ppb
of Cu/ million cells). Strikingly, 1 displayed up to 6-fold higher
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Fig. 3 Copper content in HMLER-shEcad cells treated with 1-4 (10 uM for
24 h). The copper content was determined by ICP-MS.

uptake by HMLER-shEcad cells and 2-fold higher uptake by

1

HMLER cells than 2-4, suggesting that the addition of the
methoxy group on the Schiff base ligand hinders bulk cancer
cell and CSC uptake. No direct correlation could be drawn
between cellular uptake and bulk cancer or CSC cell
cytotoxicity. Control cellular uptake studies showed that CuCl,
and 1 + AA (reduced/degradation products) were taken up to a
lesser extent than 1 by HMLER-shEcad cells under identical
conditions (10 uM for 24 h) (Fig. S25). Diclofenac was also
shown to not traffic large quantities of copper into HMLER-
shEcad cells (Fig. S25). This suggests that 1 is taken up better
by CSCs as the intact cluster rather than as the
reduced/degraded products (1 + AA). For 1, the complex with
the greatest uptake, fractionation studies were carried out
with HMLER-shEcad cells (treated with 10 uM for 24 h), to
determine cell localisation (Fig. $S26). A significant amount of
internalised 1 was detected in the cytoplasm (35%). A
relatively lower, but nevertheless appreciable amount of 1 was
found in the nucleus (11%). The data also revealed that a large
portion of 1 (48%) became trapped in the cell membrane. This
is could be due to the large size and high intrinsic lipophilicity
of 1. Overall, the fractionation studies suggest that 1-induced
toxicity is more likely to result from deleterious action within
the cytoplasm rather than the nucleus.

The tetranuclear complexes were expected to increase
intracellular ROS levels and thereby induce cell death. To
determine the ability of 1 to produce ROS in HMLER-shEcad
cells, 6-carboxy-2’,7’-dichlorodihydrofluorescein  diacetate
(DCFH-DA), a well-established ROS indicator was used. HMLER-
shEcad cells treated with 1 (20 uM) displayed a noticeable
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Fig. 4 (A) Normalised ROS activity in untreated HMLER-shEcad cells
(control) and HMLER-shEcad cells treated with 1 (20 uM for 3, 6, 12, and
24 h) and co-treated with 1 (20 uM for 3, 6, 12, and 24 h) and N-
acetylcysteine (2.5 mM for 3, 6, 12, and 24 h). Error bars represent
standard deviations and Student t test, * = p < 0.05. (B) Representative
histograms displaying the green fluorescence emitted by anti-COX-2 Alexa
Fluor 488 nm antibody-stained HMLER-shEcad cells treated with LPS (2.5
uM) for 24 h (red) followed by 48 h in media containing 1 (5 - 15 uM, blue,
orange, and green). (C) Representative dose-response curves for the
treatment of HMLER-shEcad cells with 1 after 72 incubation in the
presence and absence of PGE2 (20 uM).
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increase in ROS levels after 3 h (17%) and 6 h (26%) exposure
(Fig. 4A). Prolonged exposure of 1 (20 uM for 12 or 24 h) did
not significantly increase ROS levels compared to untreated
control cells (Fig. 4A). Therefore 1-induced ROS generation is
time-dependent. Similar results have been reported for other
metal complexes.30 HMLER-shEcad cells treated with H,0, (150
UM for 3, 6, 12, or 24 h) exhibited a marked increase in ROS
levels (7-8-fold) relative to untreated control cells (Fig. S27).
Notably, both 1- (after 6 and 3 h exposure) and H,0,- (after 3,
6, 12, and 24 h exposure) induced ROS production was
reduced in the presence of N-acetylcysteine (2.5 mM), a ROS
scavenger (Fig. 4A and S27). Cytotoxicity studies in the
presence of N-acetylcysteine (2.5 mM, 72 h) showed that the
potency of 1 towards HMLER-shEcad cells decreased
significantly (ICso value increased from 8.6 + 0.3 uM to 11.9 +
0.3 uM, p < 0.05) (Fig. S28). Taken together, this suggests that
1-induced cell death is related to intracellular ROS generation.

COX-2 is overexpressed in certain cancer cells and linked to
proliferative cancer growth and resistance against traditional
chemotherapy and radiotherapy.3132 There is compelling
evidence for a role for COX-2 in CSC biology and as a mediator
of tumour repopulation and metastasis.’832 Given these
findings, COX-2 is now recognised as a molecular target for
CSC-directed therapy. As the tetranuclear complex, 1 contains
four diclofenac moieties which can potentially be released
under biologically reducing conditions, flow cytometric studies
were performed to determine if the mechanism of action of 1
involved COX-2 downregulation. Upon treatment of HMLER-
shEcad cells pre-treated with lipopolysaccharide (LPS) (2.5 uM
for 24 h), to increase basal COX-2 levels, with 1 (5-15 uM for
48 h), a marked decrease in COX-2 expression compared to
untreated cells was observed (Fig. 4B). A decrease in COX-2
expression was also observed in HMLER-shEcad cells treated
with diclofenac (20 uM for 48 h) (Fig. S29). Overall, the flow
cytometric data suggests that the cytotoxic mechanism of
action of 1 may involve COX-2 downregulation. To prove this,
cytotoxicity studies were carried out with HMLER-shEcad in
the presence and absence of prostaglandin E2 (PGE2) (20 uM,
72 h), the functional product of COX-2-catalysed arachidonic
acid metabolism. The ICso value of 1 against HMLER-shEcad
cells decreased by 3.8-fold in the presence of PGE2 (Fig. 4C),
implying that 1 induces COX-2-dependent CSC death.

In summary, we report the first tetranuclear copper(ll)
complexes, 1-4 to simultaneously kill bulk cancer and CSCs. As
1-4 are equipotent towards bulk cancer cells and CSCs, they
have the potential to remove heterogenous tumour
populations with a single dose. The representative complex, 1
is readily taken up by CSCs and induces cell death by
generating intracellular ROS and downregulating COX-2
expression. Our results pave the way for the development of
other multinuclear metal complexes (bearing various
biologically active moieties) that can evoke bulk cancer and
CSC death through distinct cellular pathways.
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