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III)-bisphosphine complex alters
the mitochondrial electron transport chain to
induce in vivo tumor inhibition†

Jong Hyun Kim, a Samuel Ofori,a Sean Parkin, a Hemendra Vekaria,cd

Patrick G. Sullivancde and Samuel G. Awuah *ab

Expanding the chemical diversity of metal complexes provides a robust platform to generate functional

bioactive reagents. To access an excellent repository of metal-based compounds for probe/drug

discovery, we capitalized on the rich chemistry of gold to create organometallic gold(III) compounds by

ligand tuning. We obtained novel organogold(III) compounds bearing a 1,2-bis(diphenylphosphino)

benzene ligand, providing structural diversity with optimal physiological stability. Biological evaluation of

the lead compound AuPhos-89 demonstrates mitochondrial complex I-mediated alteration of the

mitochondrial electron transport chain (ETC) to drive respiration and diminish cellular energy in the form

of adenosine triphosphate (ATP). Mechanism-of-action efforts, RNA-Seq, quantitative proteomics, and

NCI-60 screening reveal a highly potent anticancer agent that modulates mitochondrial ETC. AuPhos-89

inhibits the tumor growth of metastatic triple negative breast cancer and represents a new strategy to

study the modulation of mitochondrial respiration for the treatment of aggressive cancer and other

disease states where mitochondria play a pivotal role in the pathobiology.
Introduction

Platinum drugs, e.g. cisplatin, remain the rst-line treatment
option for many cancer types.1,2 The induction of drug resis-
tance and toxic side effects from platinum therapy has promp-
ted the generation of new metal-based anticancer agents.3–6

Metal complexes with different mechanisms of action in the
biological context hold great promise. The mode of action of
metal complexes is usually by covalent modication of
biomolecules,7–9 non-covalent interaction with target
proteins,10–12 redox activation by biomolecules,13–15 and photo-
sensitizer action.16 This has propelled the broad application of
metal-based compounds in the treatment of diseases such as
microbial infection, rheumatoid arthritis, diabetes, and
cancer.17 Alternative metals used in recent metal-based drug
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discovery include ruthenium,18,19 rhenium,20,21 osmium,22,23 and
gold.24–27 Additionally, developing metal-based anticancer
compounds with a known mechanism of action, well differen-
tiated from cisplatin is essential to overcome cisplatin resis-
tance and improve therapeutic performance.

Gold compounds are resurging as an important class of
therapeutics across a broad range of pathophysiology, but
major challenges in gold-based bioinorganic chemistry remain,
including: (i) the kinetic lability of gold(III) compounds under
physiological conditions; (ii) the lack of a rational design of
gold-based drugs; (iii) affinity for thiol-rich proteins and
enzymes;28,29 (iv) incomplete understanding of gold reagent
localization in living systems; and (v) difficulty in accessing
stable high-valent gold(III) compounds. Signicant progress in
understanding the structure and reactivity of selected gold(III)
complexes has provided new impetus for the use of gold
compounds.30–36 Previous and ongoing contributions to
surmount challenges associated with physiologically relevant
gold compounds as anticancer libraries through innovative
chemistries37–39 continue to expand via the development of new
scaffolds including gold-porphyrin,9,40–44 gold-phosphine,45–51

and cyclometalated gold variations.52–57 Additionally, our
synthetic efforts have led to the generation of [C^N]-
cyclometalated gold(III) compounds, which present strong
sigma-donation of electrons to stabilize the gold center.58,59

Furthermore, we expanded the repertoire of gold-based agents
with the synthesis of distorted gold constructs bearing chiral
phosphine ligands.60
Chem. Sci., 2021, 12, 7467–7479 | 7467
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Accumulating evidence shows that aggressive tumors
including triple negative breast cancer (TNBC, the model
system for this report)61–65 have strong dependence on both
glycolytic and oxidative pathways. Thus, a key promising
strategy is targeting mitochondrial metabolism for cancer
therapy.66 Rosner et al. showed that combining BACH1 targeting
with oxidative phosphorylation electron transport chain
(OXPHOS) inhibition by metformin is an effective TNBC
therapy.67 The lack of potency of metformin has prompted
several groups to develop superior inhibitors of OXPHOS as
therapeutic agents for several diseases including cancer.68–73

Parada et al. demonstrated the use of a small-molecule, Gboxin,
as an inhibitor of OXPHOS to target glioblastoma.74 Their work
revealed that aggressive tumors rely on mitochondrial respira-
tion for their energy needs, which can be exploited for thera-
peutic gains.

Here, we have synthesized and characterized new organo-
gold(III) compounds supported by a diphenylphosphine
benzene ligand. These compounds are stable toward biological
thiols and demonstrate enhanced mitochondrial oxygen
consumption rate and inducing proton leak in TNBC. Strik-
ingly, in a comparative screening of a reference set of 60 cancer
cell lines compiled by the National Cancer Institute (NCI-60)
these compounds induce lethality across all tumor types.
Whole-cell transcriptomics reveal a broader mechanism of
action in addition to the dominant oxidative phosphorylation
target supported by quantitative proteomic studies in response
to the gold compound, AuPhos-89. We tested the efficacy of the
lead compound, AuPhos-89 in a metastatic 4T1 TNBC mouse
model and found signicant tumor inhibition. Together, these
studies demonstrate the translational potential of gold(III)
compounds in anticancer drug development.

Results and discussion
Anticancer compound design, synthesis, and characterization

The organogold(III) bearing bisphosphine ligands, herein
referred to as the AuPhos class of compounds, were synthesized
as part of our research efforts to generate diverse gold
compounds for biological evaluation. We rationalized that
stabilizing the gold(III) center by efficient ligand tuning will
inuence biological reactivity and function. To minimize
premature deactivation and degradation of anticancer agents,
in vivo, it is imperative to enhance their kinetic stability. The use
of strongly donating phosphorus containing ligands coupled
with (C^N)-cyclometalation provides a unique balance between
compound stability and efficacy. Optimizing ligands around the
gold center decorated with (C^N)-cyclometalation has been
hampered by the rapid reductive elimination induced by donor
ligands to form C(sp2)–X bonds. To resolve this, we utilized
bisphosphine coupled with mild reaction conditions which
minimizes reductive elimination but gives rise to the target
compound. We selected diphenylphosphine benzene as the
donor ligand of choice and reacted it with a series of cyclo-
metalated gold(III) starting materials for structure activity rela-
tionship (SAR) studies. Briey, treatment of HAuCl4 with the
respective benzyl/benzoyl pyridine ligands in reuxing water
7468 | Chem. Sci., 2021, 12, 7467–7479
affords the cyclometalated compounds. Ligand substitution
reactions with bisphosphine ligands in chloroform at room
temperature overnight resulted in organometallic gold(III)
bisphosphine compounds, AuPhos (Fig. 1). It is worth noting
that the products of the reaction scheme in Fig. 1A were veried
by structural insights obtained by X-ray crystallography data
(vide infra). Thus, the Au(III)-bisphosphine studied in this work
likely existed as organgold(III)-bisphosphine compounds
without Au–N (sp2) coordination or with Au–N (sp2) coordina-
tion as in AuPhos-83. Complexes AuPhos-81–AuPhos-89 were
characterized by 1H NMR, 31P NMR, 13C NMR spectroscopy
(Fig. S1–S24†), and high-resolution mass spectrometry
(Fig. S25–S32†). The purity of the compounds was conrmed by
elemental analysis. The 31P NMR spectra of these compounds
show two characteristic peaks in the downeld region of
>50 ppm. The resonances show a doublet, which is as a result of
cis-P–P coupling. The spectroscopic data obtained were vali-
dated by HRMS (ESI) for all compounds, showing a character-
istic [M–Cl]+ molecular ion peak. The ionization pattern and
isotopic distribution conrm the potential coordination of one
chloride ligand to the gold center.

The AuPhos complexes display moisture and air stability. To
study the biological stability of AuPhos complexes, reactivity
with glutathione (L-GSH), a representative intracellular antiox-
idant, was evaluated using HPLC in aqueous solution
(Fig. S33†). Interestingly, the chromatogram of AuPhos-89 in the
reaction showed little change over the estimated 24 h period.
Similarly, stability studies of AuPhos-89 using 1H-NMR spec-
troscopy were performed (Fig. S34†). The proton resonances
corresponding to AuPhos-89 or L-GSH in the mixed reaction
solution of AuPhos-89 and L-GSH in DMSO-d6 were minimally
altered aer 24 h. Changes in proton resonances at 0 and 1 h
seem to be due to the slow solubility of L-GSH in DMSO solvent.
Together, these experiments conrm the stability of AuPhos-89
in the biological environment.

Single crystals of AuPhos-81, 82, and 84 were grown by vapor
diffusion of ether into a solution of concentrated gold complex
in DMF at 4 �C or room temperature, and AuPhos-83 was crys-
tallized using acetone/THF. The single crystals were analyzed by
X-ray diffraction to determine the molecular structures. The
crystal structures solved for AuPhos-81, 82 and 84 reveal a four-
coordinate structure with the carbon from the arylpyridine
bonded to the gold atom, chloride and diphosphine coordi-
nated to the gold atom in a square-planar geometry. Based on
the crystal structure of AuPhos-83, a cyclometalated compound
is obtained, where the arylpyridine ring is bonded through the
carbon and nitrogen atoms to the gold. The Au–N bond length is
2.096(4), indicative of a strong bond. The organogold character
is dened by the existence of the Au–C bond with a bond length
within the range of 2.072(8)–2.0819(19) for AuPhos-81, 82 and
84. In contrast, the Au–C bond for AuPhos-83 is slightly longer
at 2.100(5). Another interesting feature of the crystal structure of
AuPhos-83 is the potential axial interaction of the cationic Au
center and chloride ligand. Whereas the observation is found in
the solid state with a relatively longer bond length of 2.8790(11),
it presents opportunities to investigate the type of interaction or
bonding in solution and whether Au(III) systems can
© 2021 The Author(s). Published by the Royal Society of Chemistry
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accommodate a h coordination. The use of the 1,2-bis(di-
phenylphosphino)benzene (DPPB) ligand provides a rigid
backbone for gold chelation. Table 1 shows selected interatomic
bond distances and angles of the crystal structure of AuPhos-81,
Fig. 1 Chemical structures of AuPhos compounds. (A) Synthetic scheme
Crystal structures of AuPhos-81, 82, 84, and 83. Outer-sphere solvent mo
probability level. In (D), only one representative molecule from the asym

© 2021 The Author(s). Published by the Royal Society of Chemistry
82, 83, and 84 as displayed in Fig. 1. Further analysis of the P1–
Au1–Cl1 angles of AuPhos-81, 82, and 84 shows a close to linear
angle of �173–178�. Overall, the structures of organogold(III)-
bisphosphine complexes have been elucidated.
to access organogold(III) compounds investigated in this study. (B)–(E)
lecules are omitted for clarity. Thermal ellipsoids are shown at the 50%
metric unit is shown.

Chem. Sci., 2021, 12, 7467–7479 | 7469
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Table 1 Selected interatomic distances (Å) and angles (�) from the crystal structures shown in Fig. 1 below

Bond/angle

Gold complexes

AuPhos-81 AuPhos-82 AuPhos-83 AuPhos-84

Au1–N1 — — 2.096(4) — —
Au1–C1 2.0819(19) 2.074(3) 2.100(5) 2.079(8) 2.072(8)
Au1–P1 2.2808(5) 2.2843(7) 2.3396(12) 2.289(2) 2.283(2)
Au1–P2 2.3602(5) 2.3451(7) 2.3406(12) 2.341(2) 2.344(2)
Au1–Cl1 2.3387(5) 2.3354(6) 2.8790(11) 2.342(2) 2.341(2)
P1–C24/C25 1.808(2) 1.811(3) 1.797(4) 1.807(8) 1.804(8)
P1–C12/C13 1.8180(19) 1.815(3) 1.810(5) 1.806(9) 1.814(9)
P2–C36/C37 1.808(2) 1.799(3) 1.801(5) 1.800(8) 1.808(8)
C1–Au1–P1 91.10(6) 93.46(7) 96.22(14) 88.7(2) 178.63(7)
N1–Au1–P2 — — 96.46(13) — —
C1–Au1–P2 172.04(6) 175.92(7) 175.16(15) 175.3(2) 175.5(2)
P1–Au1–P2 84.459(17) 82.91(2) 82.76(4) 86.55(8) 86.57(8)
N1–Au1–Cl1 — — 96.05(14) — —
C1–Au1–Cl1 89.76(6) 90.44(7) 97.65(14) 90.5(2) 90.5(2)
P1–Au1–Cl1 176.814(18) 173.47(2) 88.58(4) 178.91(8) 178.63(7)
P2–Au1–Cl1 94.331(17) 93.01(2) 87.07(4) 94.15(8) 93.79(8)
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NCI-60 screening

Encouraged by the anti-proliferative potency of the compounds
(Table S1 and Fig. S35–S39†), we sought to expand the cell lines
used and possibly gain insight into the mechanism of action
(MOA). Comparative proling and recent advances in omics
technology have expanded the toolkit for target identication
and mechanism of action of bioactive molecules. A phenotypic
comparison of compounds with known mechanisms can reveal
the MOA of compounds with unknown mechanisms, particu-
larly, metal-based compounds. The use of comparative proling
approaches relies on correlating phenotypes obtained with an
unknown compound to those within a set of reference
compounds with known MOA. It is inferred that compounds
with similar MOA will exhibit similar phenotypes. In 1990, the
Fig. 2 Summary of the NCI-60 human tumor cell line screen. AuPhos
83, 84, and 89 show superior activity across the panel of cell lines
tested including breast. Numbers in parentheses represent the number
of cell lines tested for each indication. The breast panel includes TNBC
(MDA-MB-231, BT549, Hs578T, MDA-468) and luminal cell lines
(MCF7, T47D).

7470 | Chem. Sci., 2021, 12, 7467–7479
National Cancer Institute compiled a reference set of 60 cancer
cell lines (NCI-60) and proled the sensitivity of each cell line to
a large panel of compounds.75,76 This has yielded large-scale
datasets that are rich resources for the MOA of unknown
compounds and target identication. We were interested in
assessing the comparative proles of three of our AuPhos
compounds (AuPhos-83, 84, and 89) in the NCI-60 screening
service. Following a single dose screening at 10 mM, the Devel-
opmental Therapeutic Program prioritized the compounds for
5-point dose response assays in the NCI-60 panel. The results
reveal that AuPhos-83, 84 and 89 display profound lethality
across all cancer types including breast cancer with GI50 in the
range of 150 nM–700 nM. All three compounds (AuPhos-83, 84,
and 89) showed excellent results across the NCI-60 panel with
unbiased lethal effects, especially in central nervous system
(CNS) cancer, melanoma, and renal cancers. Surprisingly, the
lethal effect on liquid tumors such as leukemia was relatively
diminished compared to the solid tumors in the NCI-60 panel.
Thus, we prioritized the compound with superior cell growth
inhibitory ability across all cell lines (i.e. AuPhos-89) for further
biological experiments. These results are shown in the ESI
(Fig. S40–S42†) and summarized in Fig. 2.

Additionally, the COMPARE algorithm, which is a pattern
recognition algorithm, can be used to suggest a putative
mechanism or the uniquely distinct mechanism of a given
agent. Pearson (PCC) and Spearman correlations (SC) are used
to estimate the degree of similarity of a test compound, in this
case AuPhos, to compounds with known mechanisms in the
NCI-60 database. We used an FDA-approved and investigational
compound library from the Cancer Chemotherapy National
Service Center (NSC) for comparison. The rationale for this
compound set was the well-characterized MOA of approved
drugs. We found that the AuPhos compounds screened in the
NCI-60 panel had no reliable correlation with the drug set used.
The ltering conditions utilized GI50, LC50, and TGI derived
from the NCI-60 results obtained for AuPhos. Taken together,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Whole-cell transcriptomics. (a) Representative heat map of DEGs in response to AuPhos-89. (b) KEGG analysis plots outlining varying
pathways perturbed upon treatment with AuPhos-89. MDA-MB-231 cells were treated with AuPhos-89 (1 mM for 12 h) and pure RNA isolated for
sequencing. Data are representative of two independent replicates.
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the comparative proling of the novel class of gold compounds
revealed a different mechanism of action from known drugs,
which presents new opportunities for efficacious drugs.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Differential gene expression and biological pathway analysis

Based on the exceptional potency of the AuPhos class of
compounds and different mechanism of action as derived from
the NCI-60 screening, we employed a systems biology approach
Chem. Sci., 2021, 12, 7467–7479 | 7471
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to assist in our quest to unravel the mechanism of action or
validate ndings from comparative proling. We used RNA
sequencing to determine differential gene expression in MDA-
MB-231 cells in response to treatment with 1 mM of AuPhos-89
for 12 h. Briey, MDA-MB-231 cells were exposed to AuPhos-89
and following the isolation of highly pure RNA, RNA-sequencing
was performed for both control- and AuPhos-treated cells with
�30 million 50-bp paired-end reads generated per sample using
the Illumina Hi-seq. Sequence reads were mapped to the hg19
(GRCh37) human genome. We found 922 DEG with 83 upre-
gulated and 94 downregulated genes in response to AuPhos
(Fig. 3a). Kyoto encyclopaedia of genes and genomes (KEGG)77–79

(Fig. 3b) pathway analysis uncovered potential processes per-
turbed by AuPhos-89. The pathway analysis soware employed
is an extensive library database capable of integrating chemical
and biological pathway perturbation processes and is well
suited for drug development studies. Differentially expressed
genes that contributed to the top ve pathways in response to
AuPhos-89 included rheumatoid arthritis, oxidative phosphor-
ylation, Parkinson's disease, cytokine–cytokine receptor inter-
action, and NOD-like receptor signaling. Interestingly, these
processes are related to inammation, which is chiey regu-
lated by the mitochondria and linked to metabolism. Several
differentially expressed genes were related to the electron
transport chain, the driver of oxidative phosphorylation. Thus,
we hypothesized that AuPhos-89 induces cell death by modu-
lating oxidative phosphorylation and redox pathways in breast
cancer cells. Recent ndings suggest OXPHOS as a viable ther-
apeutic target in cancer including breast cancer. This led us to
investigate the effect of AuPhos-89 on mitochondrial
metabolism.
Cellular and mitochondrial uptake of AuPhos

In our efforts to deepen the insight into themechanism of action of
AuPhos, we sought to examine the intracellular accumulation. Cell
permeability is an essential physicochemical property of drug-like
molecules or chemical probes. The ability of compounds to cross
the cell membrane to induce cytotoxic effects or engage their
targets contributes to their efficacy. To study the intracellular
uptake for AuPhos, we performed whole-cell uptake experiments in
Fig. 4 Cellular and mitochondrial uptake study. (A) Whole-cell uptake r
Mitochondrial accumulation of AuPhos-89 in breast cancer epithelial c
epithelial cells (NCM 460). Data are a mean of three independent repli
ANOVA, **P < 0.01, ***P < 0.001, ****P < 0.0001.

7472 | Chem. Sci., 2021, 12, 7467–7479
OVCAR8 cells using AuPhos-83, 84 and 89 and found that an
appreciable amount of compound was detected in cells aer 15 h
(Fig. S43†). Compound uptake was conrmed by measuring gold
accumulation using graphite furnace atomic absorption spectros-
copy (GF-AAS). Given that the preliminary targets identied viaNCI-
60 screening and RNA-seq were localized in the mitochondria,
quantication of AuPhos inmitochondria is imperative.We further
assessed compound uptake in mitochondria organelle fractions of
MDA-MB-231 cells aer incubation with AuPhos-89 (Fig. 4). This
was to conrm mitochondria localization given the dominant
oxidative phosphorylation pathway identied. The gold content
measured by GF-AAS showed that the gold compound taken up in
the mitochondria of cancer cells is signicantly higher (>5-fold)
than normal cell mitochondria (Fig. 4B and C). This could be
attributed to the highmitochondrialmembrane potential in cancer
cells compared to normal cells. Additionally, gold uptake by the
mitochondria ofMDA-MB-231 compared to NCM460 demonstrates
the selective accumulation of the compound for cancerous cells in
comparison to normal cells. The high degree of cancer cell selec-
tivity is driven by the upregulation of vitamin and fatty acid
transporters in cancer cells. In addition, the lipophilic cationic
character of AuPhos facilitates mitochondrial uptake. Together,
these ndings suggest that AuPhos-89 is taken up into intracellular
locations of cancer cells, specically into the mitochondria.
Role of AuPhos in enhancing
mitochondrial respiration

The direct interaction and effect of AuPhos-89 on mitochondria
was investigated to assess mitochondrial bioenergetics. A
characteristic hallmark of mitochondrial uncoupling activity is
the increase of mitochondrial oxygen consumption rate (OCR),
even in the presence of FoF1 ATP synthase inhibitors including
oligomycin. Using isolated mitochondria from the liver of
C57BL/6J mice, AuPhos-89 at a concentration of 1 mM increased
oxygen consumption in the presence of oligomycin (Fig. 5A) as
determined using a Seahorse XF analyzer. This phenomenon
was dose-dependent up to about 10 mM. Moreover, the induc-
tion of OCR was independent of Ca2+ (Fig. 5B). Furthermore, at
the same concentrations, AuPhos-89 acutely induced proton
esults of representative AuPhos compounds in MDA-MB-231 cells. (B)
ells. (C) Mitochondrial accumulation of AuPhos-89 in normal colon
cates. For (B), unpaired t-test, *P < 0.0001, for (C), ordinary one-way

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of AuPhos on bioenergetics. (A) OCRmediated by complex I (State IV) from the effect of AuPhos-89 on isolated liver mitochondria
in the presence of oligomycin. (B) OCR mediated by complex I (State IV) from the effect of AuPhos-89 on isolated liver mitochondria in the
presence of oligomycin and Ca2+. (C) Schematic diagram of the mitochondrial respiration experiment. (D) Proton leak extrapolated from the
mito-stress test of MDA-MB-231 cells treated with AuPhos-89, (E) ATP production extrapolated from the mito-stress test of AuPhos-89 treated
MDA-MB-231 cells. (F) Changes in the membrane potential of MDA-MB-231 cells depending on the concentration of AuPhos-89 using TMRE
assay and FCCP as control. (G) Mitochondrial membrane potential measured by FACS of MDA-MB-231 cells, control (left), AuPhos-89-treated
(middle) using JC-1 assay. Ordinary one-way or two-way ANOVA, *P < 0.01 and ****P < 0.0001.
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leak in live MDA-MB-231 cells (Fig. 5D) with diminished ATP
production (Fig. 5E). Assessment of the mitochondrial
membrane potential (MMP) indicated that there was depolar-
ization of the MMP of MDA-MB-231 cells using the TMRE
(Fig. 5F) or JC-1 assay at short compound exposure periods
(Fig. 5G). Our results support the mitochondrial OXPHOS as
a potential target of AuPhos-89.
Cellular responses evoked by AuPhos

Analysis of cell population in the different phases of the cell
cycle revealed no signicant changes to the cell cycle, indicating
that the compound does not stall cells in these phases under the
treatment condition used (Fig. 6A). The DNA binding agent,
cisplatin, is known to induce S and G2/M cell cycle arrest in
a number of cell lines, supporting its mechanism of DNA cross-
linking. When MDA-MB-231 cells were exposed to AuPhos-89 at
1 mM for 15 h, a signicant population (�40%) of cells were in
early to late apoptosis as detected by FACS (Fig. S43A†). As
© 2021 The Author(s). Published by the Royal Society of Chemistry
expected, the control treated with hydrogen peroxide showed
signicant apoptosis (Fig. S44B†). The results suggest that
AuPhos induces signicant apoptosis as a mode of cell death in
breast cancer cells. Furthermore, to determine if AuPhos-89
induces apoptosis through the caspase-mediated apoptotic
pathway, we performed western blotting to assess the induction
of caspases and cleaved PARP (Fig. S44C†). We found that
AuPhos-89 activates cleaved caspases, PARP and the cellular
energy regulator, AMPK (Fig. 6B), a hallmark of apoptosis. We
investigated global changes in proteins using quantitative pro-
teomics aer 12 h of exposing MDA-MB-231 cells to AuPhos-89
at 1 mM. In this tandem mass tag (TMT)-based quantication,
protein was extracted from cryo-preserved cell pellets and
following tryptic digestion, TMT-labeling was performed. Aer
fractionation, tandem LC-MS/MS was conducted and database
search against HUMAN protein database was carried out.
Proteins of relative quantication were divided into two cate-
gories. A quantitative ratio over 1.5 was considered upregulation
while a quantitative ratio less than 1/1.5 was considered as
Chem. Sci., 2021, 12, 7467–7479 | 7473
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Fig. 6 Cellular responses to AuPhos-89. (A) Cell cycle distribution by PI staining: br graph representing the percentage of cells in G1, G2, and S.
MDA-MB-231 cell bars represent an average of 3 measurements. Error bars represent means� SD. (B) Time-dependent activation of AMPKa and
of MDA-MB-231 treated with AuPhos-89 (1 mM) and analyzed by immunoblotting. (C) TMT-labelled quantitative proteomics. Differentially
expressed protein data; only Log2 FC values more than 1 and less than �1 were extracted and displayed. Proteins with high values are shown in
the table. MDA-MB-231 cells were treated with AuPhos-89 (1 mM, 12 h).
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downregulation. We found a total of 163 differentially expressed
proteins, 75 of which were upregulated and 88 downregulated
(Fig. 6C, ESI table†). Additionally, protein-related mitochon-
drial metabolism including ADP-ribosylation 4, glutathione-S-
transferase, thioredoxin, and enzymes in the glucose pathway
was upregulated to compensate for energy deprivation by
mitochondrial stress. Overall, the proteomics study supports
the other proling studies described in this work and clearly
lays out a systematic pipeline to study new metal-based agents
and elucidate their mode of action in an unbiased way.
In vivo anticancer potential of AuPhos-89

Despite the augmented in vitro potency and the novel mecha-
nistic activities reported with other experimental metal-based
anticancer agents, many of these compounds have been
limited by lack of preclinical evaluation in animal models.

We evaluated the relative in vivo antitumor efficacy of
AuPhos-89 as compared to vehicle control. A murine 4T1 cell-
line syngeneic of the TNBC model was employed, and
AuPhos-89 was administered by 3 weekly IV injections at a dose
equivalent of 10 mg kg�1 (n ¼ 5 mice per treatment group). A
separate group of mice was administered equal volumes of
vehicle control at the same time points and via the analogous
7474 | Chem. Sci., 2021, 12, 7467–7479
route. During the rst three days aer tumor cell implantation
and prior to treatment, all mice exhibited equivalent rates of
tumor growth. Aer the rst injection, the growth rate of the
AuPhos-89 treated group decreased signicantly, and this trend
was maintained until the end of the experiment (Fig. 7A).

We conducted a separate experiment to compare the anti-
tumor efficacy of the gold compound, AuPhos-89, with that of
the FDA approved platinum drug, cisplatin, which is used to
treat TNBC. AuPhos-89 (10 mg kg�1) was injected by the intra-
peritoneal route, and cisplatin was administered at a low
concentration of 3 mg kg�1 via intraperitoneal injection due to
the toxicity of the drug. Compared with the control group,
signicant tumor inhibition was observed in the two treatment
groups. The weight was kept constant in all the control groups
and the experimental group (Fig. 7).

Tissue biodistribution of therapeutic agents can shed light
on drug accumulation and clearance in various organs within
test animals. Biodistribution contributes to validating a drug
candidate for clinical use. To determine the in vivo bio-
distribution prole and to validate the effective delivery of the
gold compound, we injected AuPhos-89 intravenously at 10 mg
kg�1 into female BALB/c mice. Aer respective time points of
1 h and 24 h, mice were euthanized. Organs including heart,
lung, liver, spleen, kidney, and tumor were excised and the gold
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Antitumor effect induced by AuPhos-89. (A) Impact of AuPhos-89 on the tumor volume of 4T1 (1 million cells inoculated, n¼ 5). Unpaired
t-test, *P < 0.05. (B) Weight of mice (n ¼ 3) following intravenous administration of AuPhos-89 and observed over 19 days. (C) Tissue bio-
distribution of AuPhos-89 in mice as determined by GF-AAS, which measures gold content. The compound was administered by intravenous
injection and at indicated time points, tissues were collected after mice (n ¼ 3) were euthanized. (D) Hematoxylin and eosin (H&E) staining
indicates reduced cellularity and proliferation in tumors treated with AuPhos-89. Liver metastasis is observed in control mice with no palpable
metastatic lesions in treated mice. (E) Comparative in vivo efficacy study of AuPhos-89 and cisplatin. Impact of AuPhos-89 and cisplatin on the
tumor volume of 4T1 (two million cells inoculated, n ¼ 5). Ordinary one-way ANOVA test, *P < 0.05. (F) Weight of mice following intraperitoneal
administration of AuPhos-89 and cisplatin.
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concentration was analyzed by GF-AAS. Furthermore, the rela-
tive quantication of Au levels (as measured by GF-AAS) in the
different organs conrmed the uptake of AuPhos-89 that had
been introduced into separate mice via IV administration
(Fig. 7B). These data give preliminary indication that AuPhos-89
may travel in circulation to reach various organs. Further
studies to determine metabolized or degraded gold compounds
in circulation using detailed LC-MS/MS are underway.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Together, the data suggest that AuPhos-89 induces signi-
cant tumor inhibition in 4T1 tumor bearing mice. Importantly,
TNBC is an aggressive form of breast cancer with limited
treatment options. Thus, therapeutic agents with different
mechanisms of action could provide therapeutic benet to
patients. At the end of the observation period, mice in the
AuPhos-89 treatment arm did not exhibit signicant change in
their body weights, and histological tissue evaluation aer H&E
staining of excised tumor tissue shows high cellularity in the
Chem. Sci., 2021, 12, 7467–7479 | 7475
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treated group compared to vehicle control (Fig. 7D). Addition-
ally, signs of liver metastasis were observed in control tissue,
suggesting that AuPhos-89 can inhibit liver metastasis associ-
ated with 4T1 tumors. Overall, AuPhos shows promise as
a potent anticancer agent in vivo.
Conclusion

This report details the synthesis of novel gold(III)-bisphosphines
that modulate mitochondrial respiration as anticancer agents
in vitro and in vivo. Compounds that disrupt mitochondria with
good pharmacokinetics and a wide therapeutic window remain
an unmet need. Thus, a gold-based platform as a mitochondria
respiration modulator holds promise as a useful therapeutic
agent in a variety of diseases including cancer. The developed
organometallic gold(III) compounds are relatively stable in
solution even in the presence of physiologically relevant
concentrations of glutathione, a major biological thiol. These
complexes are potent across a wide range of cancer cell lines
with signicant lethality in the NCI-60 cell line with no cross-
resistance. The compounds display high cellular uptake in
cancer cells of >100 pmol per million cells. We used a systems
biology approach to gain insight into the mechanism of action
of the prioritized gold agent, AuPhos-89. The global effects of
AuPhos on MDA-MB-231 cells identied biological processes
related to oxidative phosphorylation, rheumatoid arthritis,
Parkinsons disease, cytokine–cytokine receptor interaction, and
NOD-like receptor signalling as prominent pathways by KEGG
analysis. Using bioenergetics to assess mouse liver mitochon-
dria and liver cancer cells, it was conrmed that AuPhos stim-
ulates OCR leading to oxidative stress and, consequently, cell
death via apoptosis. Therapeutic indices including the
maximum tolerated dose, tissue biodistribution and efficacy
reveal that AuPhos is a promising gold(III) anticancer agent.
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