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Abstract: We report the anti-breast cancer stem cell (CSC)
properties of a series of Group 10-bis(azadiphosphine) complexes 1-
3 under exclusively three-dimensional cell culture conditions. The
breast CSC mammosphere potency of 1-3 is dependent on the
Group 10 metal present, increasing in the following order: 1 (nickel
complex) < 2 (palladium complex) < 3 (platinum complex). Notably, 3
reduces the formation and size of mammospheres to a greater
extent than salinomycin, an established CSC-active compound, or

any reported anti-CSC metal complex tested under similar conditions.

Mechanistic studies suggest that the most effective complexes 2 and
3 readily penetrate CSC mammospheres, enter CSC nuclei, induce
genomic DNA damage, and trigger caspase-dependent apoptosis.
To the best of our knowledge, this is the first study to systematically
probe the anti-CSC activity of a series of structurally related Group
10 complexes and to be conducted entirely using three-dimensional
CSC culture conditions.

Introduction

The platinum drugs cisplatin, carboplatin, and oxaliplatin, are
routinely used in frontline cancer therapy. They are estimated
to be administered to half of all cancer patients at some point
during their treatment regimens.”) However, cisplatin,
carboplatin, and oxaliplatin are unable to remove a small
subpopulation of tumour cells called cancer stem cells (CSCs),
at their clinically administered doses.P! This is critical as CSCs
are heavily linked to tumour relapse and metastasis, which are
the leading causes of cancer associated deaths.! CSCs can
self-renew, differentiate, and form secondary tumours.! CSCs
are also chemo- and radiation-therapy resistant and thus can
survive conventional anticancer approaches (including platinum
therapy) and instigate secondary tumours with high metastatic
fidelity.®! Therefore, to improve clinical outcomes, it is vital that
treatments have the ability to eradicate the entire population of
cancer cells, including CSCs, otherwise CSC-mediated relapse
and metastasis could occur.

The ineffectiveness of DNA-damaging platinum drugs
against CSCs is likely due to their high capacity for DNA repair,

high expression of drug-efflux pumps, and slow rate of division.[”)
Several biological studies have shown that cisplatin, carboplatin,
and oxaliplatin all enrich CSCs in heterogeneous tumour
populations.®®! Although efforts are underway to develop
platinum agents that can remove bulk cancer cells and CSCs at
clinically relevant concentrations, only one platinum(ll) complex,
trans-[PtCl,(2-(2-hydroxyethyl)pyridine),], and three platinum(IV)
complexes, cis,trans,cis-[Pt(NH3z)2(OH)(cinnamic  acid)Cly],
cis,trans,cis-[Pt(NHs)z(cinnamic  acid).Cl,] and cis,trans,cis-
[Pt(NHs)z(t-cinnamate)(oleate)Cl,], have been identified to
effectively reduce the viability  of (breast and
rhabdomyosarcoma) CSCs in vitro (in the micro- or submicro-
molar range).”! The lack of CSC-active and -selective platinum
compounds has enticed research, albeit limited, into the anti-
CSC properties of other Group 10 metal (palladium and nickel)
complexes. In this context, a monocationic, square-planar
palladium(ll)-terpyridine complex with a saccharinate counter
anion was reported to effectively kill prostate CSCs in vitro (in
micromolar range).’® A series of nickel(ll)-phenanthroline
complexes bearing dithiocarbamate ligands and a chiral metallo-
supramolecular cylinder made up of three bis(pyridylimine)
ligands wrapped in a helical fashion around two nickel(ll) ions,
displayed breast CSC-selective toxicity (in the micromolar
range).'Y Encouragingly, for the supramolecular di-nickel(ll)
complex, in vivo studies showed that the P-enantiomer could
reduce tumorigenesis of breast CSCs.[*1b]

Despite the growing interest in the anti-CSC properties of
Group 10 metal complexes, a holistic understanding of their anti-
CSC potential is unknown. This is partly because the nickel,
palladium, and platinum complexes that have been tested in
CSC systems thus far differ vastly in their chemical structures,
making comparisons based on the Group 10 metal difficult. Here
we have sought to shed light on this knowledge space by
comparing the anti-CSC properties of square-planar, cationic
nickel(ll), palladium(ll), and platinum(ll) complexes with two
azadiphosphine ligands, 1-3 (Figure 1A). The azadiphosphine
ligand was selected as it is known to form stable coordination
complexes with group 10 metals through the formation of
Ni/Pd/Pt-P  bonds.!? The azadiphosphine ligand was



functionalised with a hexyl hydrocarbon chain to endow
reasonable lipophilicity and thus encourage CSC uptake. The
two counter anions in each case were tetrafluoroborate.
Therefore 1-3 are structurally analogous and differ only by the
identity of the metal centre.

The complex designs of 1-3 are similar to previously
reported four-coordinate gold(l) complexes with bidentate pyridyl
phosphine ligands that have a broad spectrum of anticancer
properties.'3  Within this class of anticancer agents,
[AU'(bis(diphenylphosphino)ethane),;]* was identified as a
frontrunner.*4 The gold(l) complex displayed highly promising in
vivo activity against a range of murine solid and liquid
tumours.*  Notably, unlike most biologically-active gold(l)
complexes, this complex was kinetically stable in solution and
resistant to substitution reactions with physiologically relevant
thiols.*)  Detailed mechanistic studies suggested that
[Au'(bis(diphenylphosphino)ethane),]* mainly induced
mitochondrial dysfunction, possibly by acting as a uncoupler of
oxidative phosphorylation.*s! The mechanism of cytotoxicity of
[Au'(bis(diphenylphosphino)ethane),]* was also associated to
DNA strand-breaks, formation of DNA-protein cross-links, and
the inhibition of protein synthesis.*®! Unfortunately, during the
preclinical development of the gold(l) complex, it was found to
be highly toxic to isolated rat and canine hepatocytes and rabbit
myocytes.['8l Furthermore, the gold(l) complex was highly
hepatotoxic in male beagle dogs and cardiotoxic in rabbits,[*516]
which curtailed its therapeutic application as an antitumor agent.

Results and Discussion

The Group 10-bis(azadiphosphine) complexes 1-3 were
synthesised as outlined in Figure 1A. The azadiphosphine ligand,
L', was prepared by reacting n-hexylamine with two equivalents
of chlorodiphenylphosphine in the presence of trimethylamine, in
DCM for 16 h. L! was isolated in a good yield (81%) as a white
solid, and fully characterized by 'H, 3C, and 3P NMR, UV-vis
and infrared spectroscopy, ESI mass spectrometry, and
elemental analysis (see ESI, Figures S1-6). The nickel(ll) and
palladium(ll) complexes, 1 and 2 were prepared by reacting L1
with 0.5 equivalents of the appropriate salt, [Ni(H20)g](BF4)2 or
[PA(NCMe),](BF4)2, in DCM:MeCN or DCM, respectively. The
platinum(ll) complex, 3 was synthesised by reacting L* with the
appropriate equivalents of [Pt(1,5-cyclooctadiene)Cl;] and
NaBF; in DCM:MeOH. The complexes, 1-3 were isolated in
good yields (86-89%) as yellow (1 and 2) or white (3) solids and
characterised by H, 3C, °F, and 3P NMR, UV-vis and infrared
spectroscopy, ESI mass spectrometry, and elemental analysis
(see ESI, Figures S6-24). Single crystals of 1-3 suitable for X-
ray diffraction studies were obtained by layer-diffusion of hexane
into a DCM solution of 1-3 (CCDC 2035446-2035448, Figure 1B
and Table S1). Selected bond distances and bond angles data
are presented in Tables S2-4. The cationic structures of 1-3 all
consist of the Group 10 metal(ll) bound to four phosphorous
atoms belonging to two azadiphosphine ligands. As expected
the P-M-P bite angle (where M = Group 10 metal)
corresponding to . phosphorus atoms within the same
azadiphosphine ligand (73.32(5)° for 1, 69.32(2)° for 2, 69.83(7)°
for 3) is considerably smaller than the P-M—P angle associated
to phosphorous atoms on different azadiphosphine ligands
(106.68(5)° for 1, 110.68(2)° for 2, 110.17(7)° for 3). The
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average P-M-P angles suggest that 1-3 adopt pseudo square-
planar structures. The average Ni—P (2.18 A), Pd—P (2.31 A),
and Pt-P (2.30 A) bond distances are consistent with bond
parameters for related complexes.*?
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Figure 1. (A) Chemical reaction to form the Group 10-bis(azadiphosphine)
complexes 1-3 using the azadiphosphine ligand, L! and the appropriate Group
10 metal salt. The two counter anions for 1-3 are tetrafluoroborate. (B-D) X-ray
structures of 1-3 comprising of two L* ligands and the corresponding Group 10
metal(ll) ion. Thermal ellipsoids are drawn at 30% probability. The hydrogen
atoms, co-crystallizing solvent molecules (if any), and the tetrafluoroborate
counter anions have been omitted for clarity.

The lipophilicity of 1-3 was determined by measuring the
extent to which it partitioned between octanol and water, P. The
experimentally determined Log P values varied from 0.15 to 0.36
(Table S5). The amphiphilic nature of 1-3 suggests that the
complexes should be readily taken up by cells and soluble in
agueous solutions. Time course 3P{*H} NMR spectroscopy and
ESI mass spectrometry studies were carried out to assess the
stability of 1-3 in solution. The 3!P{*H} NMR spectra for the
palladium(Il) and platinum(ll) complexes, 2 (1 mM) and 3 (1 mM)
in DMSO-ds displayed a single signal throughout the course of
72 h (at 45.03 ppm for 2 and 39.35 ppm for 3) corresponding to
the intact complexes (Figures S25-26). In contrast, the 3!P{*H}
NMR spectra for the nickel(ll) complex, 1 in DMSO-ds displayed
multiple signals over the course of 72 h (Figure S27). The signal
for intact 1 (at 55.13 ppm) completely disappeared after 24 h,
and was replaced by signals corresponding to L' and its
oxidised analogues, L'O and L'OO, indicative of solution
instability (see Figures S28 for chemical structures and NMR
signals in DMSO-ds). L'O and L'OO were independently
prepared and characterised by reacting L* with the appropriate
equivalents of H,O, (see ESI) to confirm the abovementioned
assignments (Figures S29-36). In H,O:DMSO (200:1) the ESI
Table 1. ICso values of the Group 10-bis(azadiphosphine) complexes 1-3, the

free azadiphosphine ligand L1, salinomycin, cisplatin, and carboplatin against
three-dimensional HMLER-shEcad mammospheres.

Compound HMLER-shEcad mammosphere
ICso [uM] @
1 2.98+0.03
2 0.97 £0.09
3 0.24 £0.02
Lt > 133
salinomycin ! 18.50 + 1.50
cisplatin [ 13.50+ 2.34
carboplatin ! 18.06 + 0.40

[a] Determined after 5 days incubation (mean of three independent
experiments + SD). [b] Reported in references 14.



mass spectra (positive mode) of the palladium(ll) and
platinum(ll) complexes, 2 and 3 (50 pM) exhibited distinctive
peaks corresponding to the intact complexes, with the expected
isotopic pattern, throughout the course of 72 h at 37 °C (m/z =
522 a.m.u., [2-2BF4]?*; 566 a.m.u., [3-2BF4]?*) (Figures S37-38).
The ESI mass spectra of the nickel(ll) complex, 1 (50 uM) under
the same conditions was dominated by a distinctive peak
corresponding to L*O0O (m/z = 524 a.m.u., [L*OO+Na]* (Figures
S39). Taken together, the NMR spectroscopy and ESI mass
spectrometry studies suggests that in solution (over 72 h), 1
decomposes to L! (with the possible release of the nickel(ll) ion),
and the free ligand is subsequently oxidised to L*OO (via L'O)
(Figures S40). These studies also clearly show that the
palladium(ll) and platinum(ll) complexes, 2 and 3 are more
stable than the nickel(ll) complex 1 in solution.

The ability of the Group 10 metal complexes, 1-3 to inhibit
the formation of spheroids comprising of breast CSCs was
investigated using the mammosphere assay. Breast CSCs have
the ability to form multicellular three-dimensional structures
called mammospheres in serum-free, anchorage-independent
cell cultures.*”? The mammosphere assay serves as a reliable
readout for CSC potency and clinical potential, given that three-
dimensional systems are more representative of solid tumours
compared to more commonly used monolayer cell cultures. The
addition of 1-3 (at the ICy value, determined from monolayer
cytotoxicity studies, see ESI) to single cell suspensions of
HMLER-shEcad cells significantly (p < 0.05) reduced the
number and size of mammospheres formed after 5 days
incubation (Figures 2A-B). The mammosphere inhibitory effect
(according to the size and number of mammospheres formed)
increased in the following order: 1 < 2 < 3. This suggests that
the mammosphere inhibitory effect of 1-3 is linked to the Group
10 metal present. The platinum(ll) complex 3, displayed the
highest inhibitory effect, reducing the number of mammospheres
formed by 92% compared to the untreated control. The
mammosphere inhibitory effect of 3 was significantly greater
than that of salinomycin, an established mammosphere-potent
agent (Figures 2A-B) or any reported anti-CSC metal complex,
under identical conditions.[*® Dosage with L! (at 133 uM for 5
days) did not significantly (p = 0.22) reduce the number or size
of mammosphere formed (Figures 2A-B), indicating that the
Group 10 metal plays an important role in the mammosphere
inhibitory effect of 1-3.

Having proven that 1-3 are able to inhibit mammosphere
formation, we investigated their ability to affect viability
(metabolic activity). This is an important consideration as the
reduction in the number and size of mammospheres formed
does not necessarily mean that the mammospheres are no
longer viable. To assess the ability of 1-3 to reduce
mammosphere viability, the colorimetric resazurin-based
reagent, TOX8 was used. TOX8 has been previously proven to
be a suitable reagent for determining tumour spheroid
viability.*® The ICso values, the concentration required to reduce
mammosphere viability by 50%, were determined from dose-
response curves (Figure 2C) and are summarised in Table 1.
The mammosphere potency of 1-3 were in the micro- or
submicro-molar range. Alike the mammosphere formation
inhibitory effect, the mammosphere potency of the metal
complexes is discrete, and increased in the following order: 1
(ICso value = 2.98 + 0.03 pM) < 2 (ICso value = 0.97 + 0.09 pM) <
3 (ICsp value = 0.24 £ 0.02 pM) (Figures 2C). This implies that
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the cytotoxicity of the Group 10-bis(azadiphosphine) complexes
toward breast CSC spheroids is dependent on the Group 10
metal present. Strikingly, the platinum(ll) complex, 3 displayed
77-, 56-, and 75-fold greater potency for mammospheres than
salinomycin, cisplatin, and carboplatin, respectively under
identical conditions. Unsurprisingly L' was non-toxic towards
mammospheres (ICso > 133 puM, Figures 2C and Table 1). This
shows that the Group 10 metal in 1-3 is a major determinant of
mammosphere toxicity. Collectively, the mammosphere studies
show that the Group 10-bis(azadiphosphine) complexes, in
particular the platinum(ll) complex 3, are able to markedly
reduce breast CSC mammosphere formation, size, and viability.
Reflecting on the abovementioned solution-stability results in
light of the CSC mammosphere potency data, it is evident that
stability bestows higher CSC mammosphere potency (within this
family of complexes).
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Figure 2. (A) Quantification of mammosphere formation with HMLER-shEcad
cells untreated and treated with 1-3 or salinomycin at their respective IC2o
values, or L* at 133 pM 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 1-3 or salinomycin at their
respective ICz values, or L at 133 puM for 5 days. (C) Representative dose-
response curves for the treatment of HMLER-shEcad mammospheres with 1-3,
Lt or salinomycin after 5 days incubation. Error bars = SD.



To provide insight into the mechanism of CSC
mammosphere potency of 2 and 3 (the most effective and stable
complexes within the series), further three-dimensional
spheroid-based studies were carried out. Uptake studies were
conducted to determine mammosphere permeability and CSC
localisation. HMLER-shEcad mammospheres were treated with
2 and 3 at a non-lethal dose (1 uM for 6 h) and the palladium or
platinum content was determined by inductively coupled plasma
mass spectrometry (ICP-MS). The palladium(ll) and platinum(ll)
complexes, 2 and 3 were readily taken up by HMLER-shEcad
mammospheres, with mammosphere uptake totalling 6.98 +
0.34 ng of Pd/ 10° mammospheres for 2 and 7.88 + 0.21 ng of
Pt/ 10° mammospheres for 3 (Figure 3A). Fractionation studies
showed that a substantial amount of 2 and 3 entering HMLER-
shEcad cells (making up mammospheres) was found in the
nucleus (69% for 2 and 74% for 3) providing remarkable access
to genomic DNA (Figure 3A). Markedly lower amounts of
internalised 2 and 3 were detected in the cytoplasm (10% for 2
and 12% for 3) and membrane (16% for 2 and 10% for 3)
(Figure 3A). The cellular uptake data strongly suggests that 2-
and 3-induced CSC mammosphere potency could be related to
genomic DNA damage.
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Figure 3. (A) Palladium or platinum content in mammosphere, cytoplasm,
nucleus, and membrane fractions isolated from HMLER-shEcad
mammospheres treated with 2 or 3 (1 uM for 6 h). Error bars = SD. (B)
Immunoblotting analysis of proteins related to the DNA damage and apoptosis
pathways. Protein expression in HMLER-shEcad mammospheres following
treatment with 2 or 3 (ICso value for 72 h). (C) Representative bright-field
images (x 10) of the mammospheres in the absence and presence of 2 or 3
with z-VAD-FMK (5 pM) at their respective IC2o values for 5 days.

Given that 2 and 3 have access to nuclei within HMLER-
shEcad mammospheres, their ability to induce DNA damage
was studied by monitoring the expression of proteins related to
the DNA damage pathway. Immunoblotting studies showed that
HMLER-shEcad mammosphere treated with 2 or 3 (ICso value
for 72 h) displayed a marked increase in the expression of the
phosphorylated form of H2AX and Chk2 indicative of DNA
damage (Figure 3B).2% As the palladium(ll) and platinum(ll)
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centres in 2 and 3, respectively, are bound to strongly
coordinating ligands and given their stability in solution, the
complexes are unlikely to interact with DNA in a covalent
manner. To determine the non-covalent binding affinity and
mode of 2 and 3 to DNA, ethidium bromide (a strong
intercalator) displacement studies were carried out. Upon
incremental addition of 2 or 3 (0 - 100 uM) to a solution of ct-
DNA (20 uM) and ethidium bromide (1 pM), the emission
associated to the ethidium bromide-DNA complex (originating
from the intercalation of ethidium bromide between DNA base
pairs) markedly decreased (Figure S41-44). The quenching
constants for 2 (Kq = 4.48 £ 0.48 x 10° M) and 3 (Kq = 1.46 +
0.11 x 10° M) were comparable to those reported for moderate
metallointercalators suggesting that 2 and 3 can bind to DNA via
intercalation (most likely via the phenyl groups on L%).21 DNA
intercalation could be the mechanism by which 2 and 3 induces
DNA damage in CSCs. DNA damage can lead to caspase-
dependent apoptosis.?? Immunoblotting studies showed that
HMLER-shEcad mammospheres treated with 2 or 3 (ICso value
for 72 h) displayed markedly higher levels of cleaved caspase 3
and 7, and poly-ADP ribose polymerase (PARP) compared to
untreated cells (Figure 3B), suggestive of caspase-dependent
apoptosis. Independent mammosphere studies in the presence
of z-VAD-FMK (5 uM), a caspase-dependent apoptosis inhibitor
clearly showed that the inhibitory effect of 2 and 3 (at the ICy
value after 5 days incubation) on HMLER-shEcad
mammospheres formation was attenuated, in terms of the
number, size, and spherical nature of mammospheres formed
(Figures 3C and S45). Specifically, co-incubation with z-VAD-
FMK (5 pM) decreased the ability of 2 to reduce the number of
mammospheres formed from 33% to 16% compared to the
appropriate control (a relative decrease of 52%) (Figure S45). At
the same time, co-treatment with z-VAD-FMK (5 pM) decreased
the ability of 3 to reduce the number of mammospheres formed
from 92% to 48% compared to the appropriate control (a relative
decrease of 48%) (Figure S45). Therefore for 2 and 3, z-VAD-
FMK had a markedly similar effect on their mammosphere
inhibitory effect. The potency of 2 and 3 towards HMLER-
shEcad mammospheres also decreased, albeit marginally, in the
presence of z-VAD-FMK (ICso value for 2 = 1.15 + 0.04 pM and
for 3 = 0.31 + 0.01 uM) (Figure S46). Altogether, this suggests
that 2 and 3 are likely to induce DNA damage and caspase-
dependent CSC mammosphere death.

Conclusion

In summary, we report the varying breast CSC activities of
a new series of Group 10-bis(azadiphosphine) complexes, 1-3
under exclusively three-dimensional cell culture conditions. The
CSC mammosphere potency of 1-3 was dependent on the
Group 10 metal present, increasing ‘down the group’ in the
following order: Ni < Pd < Pt. It is conceivable that the Group 10
metal atom solely plays a role in determining the stability of the
complex and consequently the CSC mammosphere activity of
the complex. Despite the similar solution stabilities of 2 and 3,
the complexes could have different reactivity towards biological
nucleophiles which will impact their CSC mammaosphere potency.
From our results, it is clear that the platinum(ll) complex 3
displays markedly higher CSC mammosphere potency than the
nickel(ll) complex 1 and the palladium(ll) complex 2. This result



could be related to the relative facile deactivation of 1 or 2 by
unwanted side-reactions with biological nucleophiles, compared
to 3, given the inherent differences in biological stabilities of
related nickel(ll), palladium(ll), and platinum(ll) complexes.
Strikingly, the most effective complex, 3, displayed 56-77 times
higher potency for CSC mammospheres than salinomycin,
cisplatin, and carboplatin. The solution stable platinum(ll) and
palladium(ll) complexes, 2 and 3 induce CSC mammosphere
toxicity by penetrating CSC mammospheres in reasonable
amounts, entering the nuclei of CSCs making up the
mammospheres, inflicting genomic DNA damage, and prompting
caspase-dependent apoptosis. Our findings reinforce the
therapeutic potential of Group 10 metal complexes and provide
fresh impetus for their development as anti-CSC agents.
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Killing cancer stem cells ‘down the group’. Cancer stem cells (CSCs) are associated to cancer relapse and metastasis. Here we
systematically compare the breast CSC activities of Group 10-bis(azadiphosphine) complexes under exclusively three-dimensional
cell culture conditions. Breast CSC mammosphere inhibition and potency was highly dependent on the Group 10 metal present.
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