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Abstract

The cellular response evoked by a hexanuclear platinum complex, PtgL4 (1), is reported.
Compound 1, a 3-nm octahedral cage formed by self-assembly of six Pt(Il) centers and four 2,4,6-
tris(4-pyridyl)-1,3,5-triazine ligands (L), exhibits promising in vitro potency against a panel of
human cancer cell lines. Unlike classical platinum-based anticancer agents, 1 interacts with DNA
in a non-covalent, intercalative manner and promotes DNA condensation. In cancer cells, 1
induces DNA damage, upregulates p53, its phosphorylated form phospho-p53 and its downstream
effector, p21, as well as both apoptosis and senescence.
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INTRODUCTION

Platinum-based drugs, cisplatin, carboplatin, and oxaliplatin, are routinely used in clinics
throughout the world to treat cancer patients.1~3 Approximately 50% of cancer patients
undergoing chemotherapy receive one of these platinum agents at some point during the
course of their treatment. Despite such widespread use of platinum drugs, drawbacks
associated with these agents, such as lack of selectivity, dose-limiting toxic side effects, low
bioavailability, and short half-life in blood,*~> have motivated research into alternative
metal-based anticancer agents.6 The search for new chemotherapeutics has included
platinum containing compounds, many of them similar in structure to cisplatin. \ery few
clinically relevant breakthroughs, however, have been made by using this approach.
Polynuclear platinum complexes offer an approach to widen the spectrum of activity of
current FDA-approved platinum drugs. Here, we combine supramolecular self-assembly and
bioinorganic chemistry to develop a hexanuclear platinum compound that potently inhibits
proliferation of cancer cells.

Coordination-driven self-assembly is one of the most effective methodologies in inorganic
chemistry for preparing supramolecular metal complexes of high structural complexity and
diversity.”~19 A large numbers of inorganic supramolecules developed over the past two
decades is a testimonial to the rapid growth of this field.” Inorganic supramolecular
structures are also receiving increased attention in drug discovery, owing to their well-
defined, unique chemical structures and diverse host-guest chemistry.11 The earliest studies
of this kind highlight the unique DNA binding profile and biological activity of a series of
metallocylinders.12-16 More recent is work unveiling the 7 vitroand in vivo anticancer
activity of Ru- and Pt-based supramolecules.1’~20 We and others have utilized metallocages
to encapsulate and deliver biologically active small molecules to cancer cells.21-26 Because
the application of inorganic supramolecules in medicine is still in its infancy, fundamental
studies aimed at improving our understanding of the biological properties of these
complexes are of particular interest.

In this article we present an in-depth mechanistic investigation of the origin of the
antiproliferative activity of a self-assembled platinum cage, 1. The cytotoxicity of 1 toward
several human cancer lines was determined and the mode of cell death characterized.
Detailed biophysical assays were conducted to probe the DNA binding properties of 1.

RESULTS AND DISCUSSION

Synthesis and characterization of the PtgL4 cage (1)

The PtgL4 cage was prepared using a previously reported procedure.?” The octahedral
hexanuclear platinum cage, comprising six Pt(Il) centers and four 2,4,6-tris(4-pyridyl)-1,3,5-
triazine ligands (L), was self-assembled using a 1-adamantane carboxylic acid template,
which was later removed via chloroform extraction. The proton NMR spectrum of 1 (Figure
S1) matched that of the previous report and confirmed a 6:4 ratio of Pt(ll) centers to pyridyl
ligands. Diffusion-Ordered Spectroscopy (DOSY) NMR was used to measure the size of the
structure.2528 The Dys value for 1is 7.8 x 10711 m2/s in DMSO at R.T. (Figure S2),
leading to a hydrodynamic radius (r) of 1.4 nm, calculated using the Stokes-Einstein
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equation (Dgisf = kgT/6mnr, kg: Boltzmann constant, T: temperature, n: dynamic viscosity).
This value agrees with that expected from the crystal structure of the platinum cage.?’

Cytoxicity profiles

The cytotoxicity of the PtgL4 cage (1) was assessed in a panel of human cancer and normal
cell lines using the MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide]
assay. The cells were incubated with the Pt compounds for 72 h, and the 1C50 values
(concentrations required to induce 50% viability) were derived from dose—response curves
(Figure 1A). All of the 1C50 values refer to platinum concentration. In A2780, HT-29,
MCF-7, and PC3 cells, 1 exhibits ICsq values comparable to those of cisplatin. Compound 1
displays higher cytotoxicity against A2780CP70 and MDA-MB-231 cells (ICsq = 3.42+0.63
UM for A2780CP70 and I1Cgq = 7.85+£0.21 pM for MD-MBA-231) than cisplatin (ICsg =
6.49+1.40 uM for A2780CP70 and I1Csq = 15.4+2.3 uM for MD-MBA-231). Because
A2780CP70 and MDA-MB-231 cells are intrinsically resistant to cisplatin, these data show
that 1 has the potential to target cispla-tin-resistant cells. To provide insight into the
therapeutic potential of 1, we conducted cytotoxicity studies with normal lung fibro-blast
MRCS5 cells. The platinum cage 1 was reasonably potent toward MRC5 cells (ICgg =
7.21+0.35 uM), but not to the same extent as cisplatin (ICsq = 1.59+0.25 uM).

Intracellular target

In order to elucidate the mechanism of action, the subcellular target of the platinum cage, 1
was probed.

DNA damage

To confirm genomic DNA as the main cellular target responsible for the cell-killing function
of 1, we probed for DNA damage using a number of molecular biological methods.
Immunoblotting analysis was conducted to monitor changes in expression of biomarkers
related to DNA damage pathways (Figure 1B). A2780 cells incubated with 1 ([Pt] = 10 uM)
for 72 h showed a marked increase in phosphorylated H2AX (yH2AX), p53, phosphorylated
p53 (P-p53), and p21 (Figure 1C), indicative of DNA damage. An increase in p21 mRNA
expression was also observed upon 1 treatment by RT-qPCR (Figure S4). A newly developed
RNAI-based signature assay was used to further clarify the intracellular behavior of the
cage.2%-33 This methodology uses a fluorescence competition assay whereby lymphoma
cells that are partially infected with one of eight different short hairpin RNAs (ShRNAS).
Depending on the drug survival advantage or disadvantage conferred by a given shRNA,
shRNA-bearing cells will either enrich or deplete relative to the uninfected population. The
collective responses of these cells comprise the signatures, which have been obtained for all
classes of clinically used cytotoxic agents. The signature of a new compound is compared to
Ovarian cancer cells, A2780 were treated with 1 (10 uM platinum concentration) and, after 5
h incubation, the nucleus, cytosol, mitochondria, membrane were isolated and the content of
1in each fraction was determined by graphite furnace atomic absorption spectroscopy
(GFAAS) (Figure S1). The Pt cage (1) was taken up higher by A2780 cells than cisplatin
(Figure S3A). Importantly, 1 was found to penetrate the nucleus, giving it access to genomic
DNA (23% of the internalized complex was in the nucleus). Genomic DNA extracted from
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the nuclei of A2780 cells treated with 1 (10 uM for 5 h followed by incubation in fresh
media for an additional 19 h) displayed comparable platinum levels (42.9+17.2 Pt/108 bases)
to those extracted from cisplatin treated cells (40.9+1.6 Pt/10° bases). Taken together, the
results show that 1 is able to accumulate in the nucleus and target genomic DNA. those of a
reference set of drugs using a probabilistic K-nearest-neighbors algorithm. The algorithm
then determines whether it belongs to a class in the reference set or a new category that is
not represented in the reference set. As shown in Figure 1D, 1 does not share a mechanism
of action with cisplatin or carboplatin. Cisplatin, and other DNA cross-linkers in the data set,
have high positive shp53:shChk2 log2(RI) values (e.g. 4.2:4.3 for cisplatin), whereas the
shp53:shChk2 ratio is 1.5:1.4 for the cage. Against the entire set of drugs, including those
with unknown mechanisms, the closest identification was with acridine, a DNA intercalator.
The algorithm classified the Pt cage as belonging to the category of DNA intercalators with
a p-value of 0.04. Collectively, these results suggest that the Pt cage (1) is a DNA damaging
agent and, unlike the classic Pt-based agents, DNA damage is caused by non-covalent
interactions.

DNA binding

The nature of the non-covalent interaction between DNA and 1 was investigated by
analyzing a competitive Scatchard plot.34 This method can determine the DNA binding
mode by profiling the inhibition of ethidium bromide binding in the presence of increasing
amounts of added competitor. There are four different categories: Type A (competitive),
Type D (non-competitive), Type B (both), and Type C (no inhibition). Metallointercalators
generally belong to Type A. As shown in Figure 2A, 1 displays Type B behavior, which is a
combination of competitive (change of slope) and noncompetitive (change of intercept on
the abscissa) inhibition. Competitive inhibition, characteristic of intercalation, is likely to
involve the platinum-bipyridine corners. To evaluate this hypothesis, a mononuclear analog
[Pt(2,2"-bipyridyl)(pyridine),](NO3), (2), reminiscent of the platinum-bipyridine corners
found in 1, was prepared and subjected to a Scatchard analysis.3® As anticipated, 2 exhibited
Type A behavior (Figure 2B). To interpret the noncompetitive aspect found for 1, a TEM
study was carried out to investigate the effect of 1 on DNA structure. Remarkably, treatment
with 1 led to condensation of pBR322 plasmid DNA (Figure S5). This result is tentatively
attributed to the high overall positive charge (12+) and multiple DNA intercalation sites of 1.
Thus, the data clearly indicate that 1 interacts with DNA in a non-covalent manner, resulting
in both DNA intercalation and condensation.

Cellular response

Apoptosis and senescence represent two major cellular responses to DNA damage.
Apoptosis was studied using the Annexin V/PI assay. In healthy cells, phosphatidylserine
(PS) is located on the cytoplasmic surface of the cell membrane, but in cells undergoing
apoptosis, PS is translocated from the inner to the outer side of the plasma membrane,
exposing PS to the external cellular environment where it can be detected by annexin V
conjugates. Combining Annexin V and PI, both early and late stage apoptosis can be
detected. By using the dual staining Annexin V/PI approach, the occurrence of apoptosis
was studied in A2780 cells treated with 1 ([Pt] = 10 uM for 72 h) (Figure 3A). This platinum
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cage induces significant populations of cells to under early- and late-stage apoptosis (14.5%
and 7.9%, respectively).

Senescence, which causes permanent cell cycle arrest, is an another consequence of DNA
damage.36-37 Upon treatment with 1 ([Pt] = 10 uM), the proliferation of A2780 cells was
inhibited, as shown in Figure S6. Most of the treated cells were alive, but they were much
larger in size compared to untreated cells (Figure S6). Cell cycle analysis using flow
cytometry showed A2780 cells dosed with 1 (([Pt] = 10 uM) arrested at the G1 phase
(Figure S7), consistent with senescence. To confirm the occurrence of senescence, X-gal (a
marker of senescence) staining studies were carried out using 1-treated A2780 cells. As
shown in Figure 4B, 60% of the treated group were deemed X-gal positive (or undergoing
senescence), significantly higher than the control group. Collectively our cell-based studies
strongly support that 1 triggers both apoptosis and senescence owing to DNA damage.

CONCLUSIONS

We present a detailed analysis of the cytotoxic mechanism of a PtgL4 cage, 1. The platinum
cage exhibits micromolar potency against a panel of human cancer cells (comparable to that
of cisplatin) and no cross-resistance with cisplatin. The PtgL4 cage is taken up in large
amounts by cancer cells, accumulating in the nucleus and inducing DNA damage. RNAI-
based signature assays suggest that DNA damage most likely results from non-covalent
interactions. Biophysical analysis confirmed that 1 interacts with DNA in a non-covalent
manner; these studies showed unambiguously that 1 is able to intercalate between DNA base
pairs and induce DNA condensation. Strikingly, 1-mediated DNA damage leads to both
apoptosis and senescence. Overall, this study provides much needed information on the
biological properties of a supramolecular ensemble, which could pave the way for further
pre-clinical studies with novel supramolecular inorganic constructs.

EXPERIMENTAL SECTION

General information

The compounds Pt(bpy)Cl, and 2 were prepared according to previous reports.27:35 Al
reagents were purchased from Strem, Aldrich, or Alfa and used without further purification
under normal atmospheric conditions. Calf-thymus DNA was purchased from Invitrogen,
pBR322 plamid DNA from New England Biolabs and deuterated solvents were purchased
from Cambridge Isotope Laboratory (Andover, MA). IH NMR and DOSY NMR spectra
were recorded on a Bruker AVANCE-400 NMR spectrometer with a Spectro Spin
superconducting magnet in the Massachusetts Institute of Technology Department of
Chemistry Instrumentation Facility (MIT DCIF). Chemical shifts in 1H NMR spectra were
referenced to solvent signals (*H NMR: DMSO at & = 2.50 ppm). Electrospray ionization
mass spectrometry (ESI-MS) spectra were obtained on an Agilent Technologies 1100 Series
liquid chromatography/MS instrument. UV-vis spectra were recorded on a Cary 50
spectrophotometer. UV-vis experiments were performed in septum-capped UV-vis cells
(Starna). Fluorescence spectra were obtained on a Quanta Master 4 L-format scanning
spectrofluorimeter (Photon Technology International) at 25 or 37 °C. GFAAS measurements
were obtained on a Perkin ElImer AAnalyst 600 spectrometer. Distilled water was purified by
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passage through a Millipore Milli-Q Biocel water purification system (18.2 MQ) with a 0.22
um filter.

Synthesis and characterization of the PtgL4 cage (1)

To a mixture of [Pt(bpy)Cl>] (124 mg, 0.29 mmol) and silver nitrate (100 mg, 0.59 mmol)
was added 3 mL water, and the suspension was heated at 80 °C for 3 h with protection from
light. The resulting suspension was filtered, and the clear aqueous solution was added to the
ligand (61 mg, 0.20 mmol). The suspension with a final volume of 10 mL was heated at

100 °C for 40 min, and 50 pL 70 % HNO3 and 1-adamantane carboxylic acid (35 mg, 0.20
mmol) was added. The mixture was further heated at 80 °C overnight, and then was cooled
down to R.T.. 1-adamantane carboxylic acid was removed by extraction with CHCl3 (4 x 10
mL), and the aqueous solution was evaporated to dryness at 55 °C under reduced pressure.
The solid residue was redissolved in 10 mL water, and the mixture was filtered via a 0.2 um
syringe filter. To the clear solution was added 40 pL of 70% HNO3 slowly with stirring at

0 °C. Upon addition of HNO3, a white precipitate formed immediately. The product was
collected by centrifugation, washed with acetone, and dried in vacuum. Yield: 130 mg,

39 %. 'H NMR (400 MHz, D,0) & 9.42 (d, J = 6.8 Hz, 24H), 8.88 (d, J = 6.8 Hz, 24H),
8.48 (d, J = 8.4 Hz, 12H), 8.41 (t, = 7.6 Hz, 12H), 7.93 (d, J = 5.6 Hz, 12H), 7.60 (t, J = 6.4
Hz, 12H); DOSY NMR (400 MHz, DMSO-dg, R.T.): Dgifr = 7.8 x 10711 mZ/sand r = 1.4
nm.

RNAI signatures29-33

Eu-Mycpl9arf-/- lymphoma cells were infected with GFP-tagged shRNAs such that 15—
25% of the population were GFP positive. An eighth of a million cells in 250 pL B-cell
media (BCM) were then seeded into 24-well plates. For wells that would remain untreated
as a control, only 1/16th of a million cells were seeded. Next, 250 pL of medium containing
the active agent was added to the cells. After 24 h, 300 uL of cells from untreated wells were
removed and replaced by 300 pL fresh BCM. All wells then received 500 pL of BCM before
being placed in the incubator for another 24 h. At 48 h, cells transduced with the control
vector, MLS, were checked for viability via FACS on a FACScan instrument (BD
Biosciences) using propidium iodide as a live/dead marker. Next, a 700 pL aliquot of
untreated were removed from the wells and replaced with 700 pL of fresh media, followed
by an additional 1 mL of fresh media. Wells for which the compound had killed 80-90% of
cells (LD80-90) were then diluted further by adding 1 mL of BCM. Finally, at 72 h, all wells
for which an LD80-90 was achieved, as well as the untreated samples, were analyzed via
FACS to determine GFP% enrichment. Linkage ratios (LR) and p-values were generated as
described previously.29-33 All FACS was conducted using a FACScan (BD Biosciences).

Immunoblotting analysis

A2780 cells (5 x 10° cells) were incubated with the Pt complex ([Pt] = 0-10 uM) for 72 h at
37 °C. Cells were washed with PBS, scraped into SDS-PAGE loading buffer (64 mM Tris-
HCI (pH6.8)/9.6% glycerol/2% SDS/5% p-mercaptoethanol/0.01% Bromophenol Blue), and
incubated at 95 °C for 10 min. Whole cell lysates were resolved by 4-20 % sodium
dodecylsulphate polyacylamide gel electrophoresis (SDS-PAGE; 200 V for 25 min) followed
by electro transfer to a poly-vinylidene difluoride membrane, PVDF (350 mA for 1 h).
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Membranes were blocked in 5% (w/v) non-fat milk in PBST (PBS/0.1% Tween 20) and
incubated with the appropriate primary antibodies (Cell Signalling Technology and Santa
Cruz). After incubation with horseradish peroxidase-conjugated secondary antibodies (Cell
Signalling Technology), immune complexes were detected with the ECL detection reagent
(BioRad) and analyzed by using an Alpha Innotech ChemilmagerTM 5500 fitted with a
chemiluminescence filter.

Scatchard analysis

TEM study

For all fluorescence measurements, the excitation wavelength was 530 nm, and the emission
was monitored between 540 and 740 nm. The buffer used in these studies was PBS with pH
= 7.4. For the Scatchard analysis, 1 (Rf = 0.01-0.06) or 2 (Rf = 0-8) was incubated with 4
UM of calf thymus DNA for 1 min at room temperature before adding ethidium bromide.
The ethidium bromide concentration varied from 1 to 8 uM. A plot of r/cs versus r is
described by r/cs = K(n - r), where cs is the concentration of unbound ethidium bromide and
r is the ratio of bound ethidium bromide to total nucleotide concentration [DNA]. The plot
therefore provides the intrinsic binding constant (K) for ethidium bromide (slope) and the
maximum value of r (n, the intercept of the abscissa).

pBR322 DNA (24 pM) was mixed with or without the Pt cage ([Pt] = 18 uM) in aqueous
solution. The aqueous sample (3.5 uL) was adsorbed onto glow discharged carbon-coated
TEM grids for 4 min and then wiped away, followed by staining using 3.5 uL 2 % aqueous
uranyl acetate for 45 sec. Imaging was performed using an JEOL 1400 operated at 80 kV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cytotxicity and DNA damage: (A) cytotoxicity profiles of 1 and cisplatin against a panel of

human cancer and normal cell lines; (B) DNA damage pathway provoked by 1; (C)
Immunoblotting analysis of the biomarkers corresponding to DNA damage pathway; (D) the
RNA.i signature assay of 1.

p=0.04
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Figure 2.
DNA binding: Scatchard analysis of DNA-binding mode of 1 (A) and 2 (B) (r is the ratio of

bound EB to total nucleotide concentration; c is the concentration of EB; Ry is the ratio of
the compounds to total nucleotide concentration).

Inorganica Chim Acta. Author manuscript; available in PMC 2016 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zheng et al. Page 11

(A) Control 1 ([P = 10 M, 72 h)
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Figure 3.
Cellular response to DNA damage: (A) Annexin V/PI flow cytometric analysis of the

apopotic events of A2780 cells treated with 1 ([Pt] = 10 uM); (B) X-gal staining studies of
the senescent events of A2780 cells treated with 1 ([Pt] = 10 uM)..
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Scheme 1.
The platinum compounds studied in this project.
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