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Abstract

Despite similar structures and DNA binding profiles, two recently synthesized dinuclear platinum
compounds are shown to elicit highly divergent effects on cell cycle progression. In colorectal
HCT116 cells, BBR3610 shows a classical Go/M arrest with initial accumulation in S phase, but
the derivative compound BBR3610-DACH, formed by introduction of the 1,2-
diaminocyclohexane (DACH) as carrier ligand, results in severe G1/S as well as Go/M phase
arrest, with nearly complete S phase depletion. The origin of this unique effect was studied.
Cellular interstrand crosslinking as assayed by comet analysis was similar for both compounds,
confirming previous in vitro results obtained on plasmid DNA. Immunoblotting revealed a
stabilization of p53 and concomitant transient increases in p21 and p27 proteins after treatment
with BBR3610-DACH. Cell viability assays and cytometric analysis of p53 and p21 null cells
indicated that BBR3610-DACH-induced cell cycle arrest was p21-dependent and partially p53-
dependent. However, an increase in the levels of cyclin E was observed with steady state levels of
CDK?2 and Cdc25A, suggesting that the G; block occurs downstream of CDK/cyclin complex
formation. The G,/M block was corroborated with decreased levels of cyclin A and cyclin B1.
Surprisingly, BBR3610-DACH-induced G1 block was independent of ATM and ATR. Finally,
both compounds induced apoptosis, with BBR3610-DACH showing a robust PARP-1 cleavage
that was not associated with caspase-3/7 cleavage. In summary, BBR3610-DACH is a DNA
binding platinum agent with unique inhibitory effects on cell cycle progression that could be
further developed as a chemotherapeutic agent complementary to cisplatin and oxaliplatin.
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1. INTRODUCTION

Platinum drugs are a mainstay of cancer therapeutics especially for the treatment of head
and neck, testicular, ovarian, lung, and colorectal cancers [1,2]. To date, all clinically useful
platinum drugs contain a single Pt (I1) center with two exchangeable ligands in cis geometry.
Interaction of these drugs with cellular biomolecules such as sulfur-containing glutathione
and metallothionein can render them inactive before reaching their pharmacological target,
DNA [3,4]. Subsequently, polynuclear platinum complexes (PPCs) that are structurally
different from cisplatin, and exhibit a different mode of DNA binding, were developed to
circumvent the cellular resistance arising toward the mononuclear compounds, primarily
decreased uptake, increased efflux, and increased DNA repair. Especially, structural
conformational changes induced by long-range inter and intrastrand crosslinks are distinctly
different from those induced by the mononuclear cisplatin and oxaliplatin [5]. The prototype
of this class, BBR3464 [{trans-PtCl (NH3),}{u-trans-Pt (NH3), (H2N(CH2)6NH2)}]4+
(Fig. 1A), is the only platinum compound without two exchangeable ligands in cisto have
reached human Phase Il clinical trials [2]. It is cytotoxic in cisplatin-resistant cell lines and
shows high efficacy in p53 mutant tumor cells [6]. However, despite promising responses in
Phase Il clinical trials, BBR3464 had an unacceptably low therapeutic index, possibly due to
increased metabolism in human plasma [7,8].

In analyzing the structure-activity relationship of the trinuclear complexes, it was seen that
the charged central platinum atom provided H-bonding and an electrostatic pre-association
with duplex DNA in the minor groove. Replacement of this central platinum with linear
polyamines has yielded second-generation analogues of BBR3464 that retain its biological
activity [9]. BBR3610 (Fig. 1B), which was developed by replacing the central platinum
with a spermine-like linker, is one of the most cytotoxic platinum compounds, with
nanomolar toxicity in gliomas and colon cancer cells [10,11]. However, like its predecessor,
BBR3610 was also found to undergo serum biotransformation leading to its
degradation[12,13]. This was attributed to the substitution of the Pt-Cl bond by thiol
compounds, resulting in bridge cleavage.

To improve metabolic stability and circumvent irreversible plasma protein binding, different
analogues of BBR3610 have been developed by modifying either the leaving groups or the
carrier ligands. Replacement of the chloride leaving groups in BBR3610 with butyrate or
capronate alkylcarboxylates (CT-47518 and CT-47463 respectively, Fig. 1C), improved
pharmacokinetic and pharmacodynamic profiles of the parent drug [14]. These compounds
were found to overcome resistance due to defects in DNA mismatch repair and were highly
effective in cisplatin- and oxaliplatin-resistant cell lines. The use of the 1,2-
diaminocyclohexane (DACH) as the carrier ligand gave BBR3610-DACH (Fig. 1D), where
the chelating effect of the DACH ring contributed to the increased metabolic stability of
BBR3610-DACH in the presence of sulfur-containing compounds at physiological pH [15].
In vitro studies showed this compound formed DNA adducts that persisted longer, escaped
DNA repair, and inhibited transcription [16].

Deregulation of cell cycle progression is one of the key contributors toward cancer
development [17]. Exposure to DNA damaging agents induces G1/S or G,/M cell cycle
arrest by activating cell cycle checkpoint proteins that inhibit cyclin-dependent kinases
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(CDKSs) [18]. The resulting cell cycle arrest can afford an opportunity for DNA repair and
have negative effects on apoptosis [19]. Like cisplatin and most of its analogues, BBR3464
and BBR3610 disrupt DNA synthesis, resulting in transient S phase accumulation, followed
by arrest in G,. However, as shown below, BBR3610-DACH unexpectedly induced a
dramatically different cellular response, consisting of a biphasic cell cycle arrest in G; and
Gy, with a complete depletion of cells in S phase. These unusual cellular effects indicate a
marked divergence from other PPCs and raise the possibility that BBR3610-DACH may
have a unique spectrum and/or mechanism of antitumor activity.

2. MATERIALS AND METHODS

2.1. Chemicals

Cisplatin was obtained from Sigma-Aldrich (St. Louis, MO, USA,; Cat# 479306) and
dissolved in water. BBR3610 and BBR3610-DACH were synthesized as discussed earlier
[12,15]. The stock solutions of platinum compounds were prepared at the concentration of 1
mM in water, stored at —20°C and diluted in complete medium. The ATM inhibitor,
KU-60019, was obtained from Selleck Chemicals (Houston, TX, USA). BrdU was obtained
from Sigma-Aldrich (Cat# 9285).

2.2. Cell Culture and PPC treatments

The human colorectal cancer cell line, HCT116, and its p53 and p21 knockout derivatives
(denoted as p53—/- and p21-/-; kind gift from Dr.Bert VVogelstein) were cultured in RPMI
1640 (Invitrogen, Grand Island, NY, USA; Cat# 11875-093) supplemented with 10% fetal
bovine serum (Quality Biologicals, Gaithersburg, MD, USA; Cat# 110-001-101US) and 100
U/mL penicillin and 100 ug/mL streptomycin (Invitrogen, Grand Island, NY, USA; Cat#
15140). The mismatch repair-proficient HCT116+chr3 cell line (a kind gift from Dr.
C.Richard Boland, Baylor Health Care System, Dallas, Texas) was cultured in IMDM
(Invitrogen, Grand Island, NY, USA; Cat# 12440-053) supplemented with 10% fetal bovine
serum and 100 U/mL penicillin and 100 pg/mL streptomycin. Cells were maintained in
logarithmic growth as a monolayer in T75 tissue culture flask at 37°C in a 5% CO,
incubator. For the treatment, cells were seeded at a density of 5x10° cells/10 mL medium
and treated with 20 uM compound, unless otherwise specified.

2.3. Growth Inhibition Assay

Five thousand cells/well in 100 pL were seeded in a 96-well plate and allowed 24 hr to
attach. Cells were then treated with the PPCs for 72 hr. Following PPC removal, the cells
were incubated in the presence of 0.5 mg/mL MTT reagent [(3, 4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide; Sigma-Aldrich, St.Loius, MO, USA; Cat# M2128] in
RPMI medium for 3 hr at 37°C. The MTT reagent was removed and 100 pL DMSO was
added to each well. The plate was then incubated on a shaker at room temperature in the
dark. The spectrophotometric reading was taken at 570 nm using a microplate reader.

2.4. Analysis of cell cycle distribution

HCT116, HCT116 p53—/—, HCT116 p21-/-, and HCT116 +chr3 cells were seeded in 100-
mm tissue culture dishes at a density of 5x10° cells per dish. After 24 hr, cells were treated
with an equimolar dose of the PPCs (20 uM) for 6, 24, and 48 hr. Both attached and floating
cells were harvested at the different timepoints. One million cells were then suspended in 1
mL of propidium iodide solution (3.8 mM sodium citrate; 0.05 mg/mL propidium iodide;
0.1% Triton X-100) with added RNaseB at a final concentration of 7 Kunitz units/mL and
kept in the dark at 4°C. Cells were then analyzed using flow cytometry.
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2.5. Flow Cytometry

A Becton Dickinson (San Jose, CA, USA) FACSCanto Il flow cytometer was used for these
studies. The argon ion laser set at 488 nm was used as an excitation source. Cells having
DNA content of 2N and 4N were designated as being in G, and G, phases respectively, with
those in between as being in S. Twenty thousand events were acquired for each sample and
the data obtained were analyzed using the Modfit software.

2.6. Go/M checkpoint assay

HCT116 cells were incubated with 20 uM BBR3610 or 20 uM BBR3610-DACH for 6, 24,
and 48 hr. Cells were then harvested, fixed with 1 % paraformaldehyde followed by 80 %
ethanol, and permeabilized with 0.25 % Triton X-100 in PBS for 5 min. Cells were stained
with anti phospho-histone H3 antibody (Cell Signaling, Danvers, MA, USA; Cat#3377P),
followed by anti-1gG Alexa 647. DNA was stained with propidium iodide in the presence of
RNAse B. Phospho-histone H3 positive cells were determined using a FACSCanto 1l flow
cytometer (Becton Dickinson, San Jose, CA, USA). Ten thousand events were acquired for
each sample.

2.6. Cell Synchronization studies

To obtain Gg synchronization, HCT116 cells were first seeded at a density of 5x10° cells/10
cm dish and allowed 24 hr to attach. The cells were then serum-starved in medium
containing 0.5% FBS for 96 hr. Flow cytometry analysis of synchronized cells showed
approximately 80% cells arrested in Go/G4 phase.

2.7. Antibodies

The primary antibodies used are listed in Table 1 and were used at the dilutions
recommended by the manufacturer.

2.8. Immunoblotting

Following PPC treatments, both floating and adherent cells were harvested, washed once
with ice-cold PBS and pelleted (10,000 rpm, 5 min, 4°C). The pellets were then lysed in 50—
200 L SDS lysis buffer [62.5 mM Tris-HCI, pH 7.5, 5% glycerol, 4% SDS, 4% complete
protease inhibitor (Roche, Indianapolis, IN, USA; Cat# 11873580001), 5% BME], passed
through 21-gauge needle 10-15 times on ice, and centrifuged (12,000 rpm, 20 min, 4°C).
Protein concentrations were determined by the Bradford Assay, resolved on 10%, 12%, or
4-20% gradient polyacrylamide gels, and transferred to PVDF membrane (90 V, 75 min,
4°C). For the detection of ATR in the siRNA knockdown experiment, the proteins were
resolved on 5% gel and transferred to PVDF membrane (0.1 A, 7 hr, 4°C). The membrane
was blocked in 5% non-fat dry milk in 1X Tris buffered saline containing 0.1% Tween-20
for 60-90 min. The membranes were then probed with the primary antibodies in blocking
buffer overnight at 4°C, followed by secondary antibody (anti-rabbit or anti-mouse)
conjugated to horseradish peroxidase (Cell Signaling, Danvers, MA, USA or Thermo
Scientific, Pittsburgh, PA, USA) for 1 hr at room temperature. Chemiluminescent protein
bands were visualized on X-ray films.

2.9. siRNA Transfection

ATR expression was down-regulated using the ON-Target plus Smart Pool, L-003202-00
and Non-targeting sSiGENOME control siRNA, D-001210-01-05 (Dharmacon, Thermo
Scientific, Pittsburgh, PA, USA). 50 nM siRNAs were transfected 24 hr after seeding of
HCT116 cells using Dharmafect 1 according to the manufacturer’s instructions.
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2.10. BrdU Incorporation Assay

To determine the percentage of cells in the S phase, the cells were treated with PPCs for
various times, pulse-labeled with 10 uM BrdU for 3 hr and then fixed in 70% ethanol
overnight. Following fixation, the cells were incubated in 2.5 M HCI for 30 min and
neutralized in 0.1 M sodium borate for 2 min at room temperature. The cells were then
blocked in PBS, 2% BSA, 0.1% Tween-20, RT, 1 hr, incubated with mouse anti-BrdU
antibody (BD Biosciences, San Jose, California, ISA) for 1 hr and then probed with the
secondary Alexa Fluor 488 rabbit anti-mouse antibody (Molecular Probes, Invitrogen,
Grand Island, NY, USA) for 1 hr. Finally, the cells were stained with propidium iodide and
analyzed by flow cytometry.

2.11. Alkaline Comet Assay

Single-cell gel electrophoresis or comet assay was carried out using a Trevigen kit to
quantitatively assess PPC-induced DNA damage [20]. Briefly, HCT116 cells (1x10°cells/
mL) were plated in 35 mm or 60 mm dishes and allowed to attach for 24 hr. The cells were
then treated with different concentrations of each PPC for 1 hr. The medium was removed,
the cells washed once, and further incubated in drug-free medium for 6 hr. The cells were
then irradiated with 15 Gy y-radiation (MDS Nordion Gammacell 40 research irradiator
(ON, Canada), with a 137Cs source. Cells were harvested by scraping and resuspended in 1
mL of ice-cold phosphate buffered saline (PBS, pH 7.4). Then, 50 L of the cell suspension
was mixed with 500 uL of low melting agarose at 37°C, and 50 uL of this mixture was
spread on comet slides, and solidified in the dark for 30 min at 4°C. The slides were then
treated with ice-cold lysis buffer in the dark for 1 hr at 4°C and then incubated in an alkaline
solution (pH>13) for 1 hr at room temperature to allow for alkaline unwinding.
Electrophoresis was carried out under alkaline conditions at 21 V, 300 mA, and 30 min at
4°C. Slides were washed twice with distilled water, once with 70% ethanol, and then
allowed to dry for 10 min at around 37-45°C. The slides were then stained with SYBR
green for 5 min at 4°C. Comet images were obtained using a fluorescence microscope
(Olympus IX70). The comet analysis was performed using the Comet Score software from
TriTek Corporation.

The extent of crosslinking was expressed as the percentage decrease in tail moment and was
calculated using the formula:

% Decrease in tail moment = [1 — (TMgj = TM¢)/(TMj — TMg,)] % 100

where, TMg; is the tail moment of the PPC treated irradiated samples, TMg; is the tail
moment of the untreated irradiated samples, and TM,, is the tail moment of the untreated,
unirradiated samples [21]. At least 40 comets were scored for each concentration and the
reduction in comet tail length and intensity was apparent within each sample.

2.12 Statistical Analysis

Data are shown as a mean and standard deviation or standard error of the mean from two or
three independent experiments. Student’s t-test was used to analyze the significance of
difference between different treatments wherever applicable. *p-value < 0.05. **p-value <
0.01, ***p-value < 0.001.

3. RESULTS

3.1. BBR3610-DACH induces interstrand crosslinks in HCT116 cells

PPCs are known to cause long-range intrastrand and interstrand crosslinks in DNA [5]. We
utilized the alkaline comet assay to assess interstrand crosslinking by BBR3610-DACH in
cells. (Fig. 2). In unirradiated untreated HCT116 cells, no DNA damage was detected (Fig.
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2A), nor were any strand breaks detectable following treatment with BBR3610-DACH (250
UM) alone (data not shown). Following irradiation with 15 Gy to introduce a fixed level of
DNA strand breaks, shorter DNA fragments migrated from the bulk of DNA during alkaline
electrophoresis to produce comet tails (Fig. 2B). When the cells were treated with 50-250
UM BBR3610-DACH prior to irradiation, a decrease in the comet tail length and intensity
was observed, in comparison to irradiated controls (Fig. 2C-E), consistent with the retention
of more DNA in the head due to the PPC-induced interstrand crosslinks. By quantifying the
decrease in the moment of the comet tails, BBR3610-DACH-induced interstrand crosslinks
were compared to those formed by BBR3610 at the same concentrations, and while both
analogues showed concentration-dependent decreases in tail moments, there were no
statistically significant differences between the effects of the two PPCs (Fig. 2F).

3.2. BBR3610-DACH exhibits an anti-proliferative effect

BBR3610-DACH was evaluated in HCT116 and in isogenic cell lines deficient in p53 or
p21. Cells were exposed to the platinum complex (0.78 — 50 uM) and the cytotoxicity was
assessed using the MTT assay. In the case of BBR3610, the cells showed an approximately
50% reduction in cell viability at 1-10 nM (data not shown), but were highly resistant to any
further reduction (Fig. 3A). The basis of this biphasic response in uncertain, but it could
reflect either a resistant subpopulation of cells or a high-affinity transport mode that
saturates at low concentrations of BBR3610. No such biphasic response was seen in cells
treated with BBR3610-DACH (Fig. 3A) and as a result the 1C5q (5.9 £ 0.87uM, Table 2)
was lower than that for BBR3610. However, the I1Csq was higher in the p53-deficient cells
(17.14 £ 5.06) than in parental cells (Fig. 3B) indicating a pivotal role of p53 in the
antiproliferative response. However, in p21-null HCT116 cells, BBR3610-DACH produced
a greater anti-proliferative effect on growth than in the wild type cells (Fig. 3C and Table 2).
This could indicate that p21-mediated cell cycle arrest in G, led to enhanced DNA repair
and a reduction in cell death that outweighed the initial arrest.

3.3. BBR3610-DACH induces G; and G, arrest

Following genotoxic stress induced by antitumor agents, p53 levels are stabilized resulting
in induction of p21, which mediates transient cell cycle arrest or apoptosis, depending on the
damage incurred. As expected from previous work [22,23], treatment of HCT116 cells with
cisplatin caused accumulation of S phase cells within 24 hr, followed by a G, arrest at 48 hr
(data not shown). However, treatment with BBR3610-DACH induced an early robust G;
and G, phase arrest with a significant reduction in S phase, compared to BBR3610 which
like cisplatin showed only G, arrest (Fig. 4A, B). To assess the possibility that the high
proportion of BBR3610-DACH-treated cells having 2N DNA content might represent an
arrest in very early S rather than in G4, BrdU incorporation and DNA content were
measured simultaneously. The results gave no evidence of an early S block, which would
have been manifested as an accumulation of BrdU-positive cells with near-G; DNA content.
Instead, the results confirmed the depletion of BrdU-positive S-phase cells following
BBR3610-DACH treatment, as well as the transient accumulation of late S cells following
BBR3610 treatment (Fig. 4C). Also, the distinct cell cycle effects of the two analogues were
observed over a range of concentrations, with the specific Gy block detectable with as low as
0.5 uM BBR3610 and G arrest with S phase depletion being apparent with as low as 5 uM
BBR3610-DACH treatment (data not shown), suggesting that the qualitative differences
between these compounds in cellular responses cannot be ascribed to differences in uptake,
overall potency, or stability. Finally, cytometry of the mitotic marker phospho-histone H3
indicated that both PPCs induced complete depletion of mitotic cells, implying a block in G,
rather than M phase (Fig. 4D).
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Concurrently, a stabilization of p53 protein resulting in an increase in its steady-state level
was seen in BBR3610-DACH-treated cells, as early as 6 hr and continuing to 24 and 48 hr,
accompanied by an increase in p21 and p27 expression levels (Fig. 4E). This result indicates
that the classical p53 pathway is being triggered for the G1/S phase arrest and possibly the
G,/M arrest. However, p21 induction was seen in HCT116 p53-/- cells (data not shown),
indicating that expression of p21 did not require p53 stabilization. Although BBR3610 also
induced both p53 and p21, the response was slower and less robust (Fig 4E). Similar studies
carried out in the HCT116 isogenic cell line lacking p53 or p21, showed that BBR3610-
DACH-induced G arrest was largely p21-dependent (Fig. 5B) but only partially p53-
dependent (Fig. 5A). However, the Go/M arrest was found to be independent of p53 and
p21.

DNA mismatch repair is a post-replication DNA repair mechanism which removes the
mismatch from newly synthesized daughter strand [24,25]. Defects in mismatch repair
confer resistance to some platinum drugs, especially cisplatin [26], but not to analogues with
bulky DACH ligands such as oxaliplatin [27]. In this context, we investigated whether the
disparate cell cycle effects elicited by BBR3610 and BBR3610-DACH were dependent on
the mismatch repair status of the cells. We used HCT116+chr3 cells wherein the absence of
the mismatch repair h(MLH1 gene is complemented by the transfer of an additional copy of
chromosome 3, which carries the MLH1 gene [28]. Treatment of HCT116+chr3 cells with
BBR3610 or BBR3610-DACH resulted in cell cycle profiles similar to those of parental
HCT116 cells (Fig. 5C). Treatment with cisplatin elicited a classical Go/M arrest 24-48 hrs
after PPC treatment (data not shown) that was similar for the two cell lines [29]. Thus, the
disparate cellular effects of BBR3610 and BBR3610-DACH do not depend on either the
presence or the absence of mismatch repair.

3.4. BBR3610-DACH specifically targets the G, phase population of cells

To define precisely the phase of the cell cycle where BBR3610-DACH exerts its anti-
proliferative effect, we carried out a “cell mapping” experiment with cells blocked in G¢/G,
phase by serum starvation. As shown in Fig. 6A, progression into S phase was seen at 12 hr
after release from the block. Immediately following release of the block, PPC treatment was
initiated and cells were harvested 8, 12, 16, or 24 hr later. The cells that were synchronized
in Go/G; continued to be arrested in Go/G; following treatment with BBR3610-DACH (Fig.
6A). However, with BBR3610 treatment, they progressed normally out of G4 and halted in
the S phase. These results show that the cells are specifically halted in the G, phase by
BBR3610-DACH. To further confirm this finding, the cells were released from the block
and allowed to progress through Gq phase into S. A 4-hr treatment with each PPC in the
early S phase, ~8 hr after release of block, resulted in a blockade of cells at the G,/M phases
in the case of BBR3610-DACH and a delayed accumulation in S phase in the case of
BBR3610 (Fig. 6B). These results corroborate the observation with the asynchronous
population of cells wherein a prominent G1/S and G,/M arrest is seen following treatment
with BBR3610-DACH, and further show that G; accumulation in BBR3610-DACH-treated
cells is due almost exclusively to a persistent and complete G, arrest, and not to cells that
successfully traversed mitosis to re-enter G.

3.5. BBR3610-DACH-induced S phase depletion is independent of ATM and ATR activation

ATM and ATR are DNA damage sensor protein kinases that activate a signal transduction
cascade involving Chk1 and Chk2 and culminating in cell cycle arrest [30]. To test whether
the cell cycle perturbations elicited by BBR3610-DACH were ATM/ATR dependent, we
inhibited ATM/ATR activation by, (i) KU-60019, a small molecule inhibitor of ATM (3
uUM), and (ii) knockdown of ATR by 50 nM ATR-targeting siRNA.

Biochem Pharmacol. Author manuscript; available in PMC 2014 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Menon et al.

Page 8

Inhibition of ATM using KU-60019 did not abrogate the cell cycle arrest elicited either by
BBR3610 or BBR3610-DACH (Fig. 7A), indicating that ATM activation was not required
for arrest by these agents. The effectiveness of KU-60019 in inhibiting ATM was confirmed
by its suppression of radiation-induced p53 phosphorylation on Ser15 (Fig. 7D).
Intriguingly, the robust Ser15 phosphorylation induced by BBR3610-DACH was not
affected by KU-60019, confirming that BBR3610-DACH activates the p53 pathway by an
ATM-independent route.

Similarly, while ATR knockdown by siRNA (Fig. 7C) allowed faster progression of
BBR3610-treated cells through S phase to G,/M arrest, it did not relieve the G4 block in
BBR3610-DACH-treated cells at all (Fig. 7B). The absence of ATR activation by
BBR3610-DACH was further confirmed by examining Phospho-Chk1 levels [31], which
were increased dramatically after 24 hr in the cells treated with BBR3610 (Fig. 7E) or
cisplatin (data not shown). These results suggest a significant S phase arrest following
treatment with BBR3610, which is then resolved, allowing cells to progress into the G,
phase. However, BBR3610-DACH treatment did not induce any Phospho-Chk1, indicating
the absence of ATR activation, which is consistent with the lack of delay in progression
through S phase. In summary, ATM/ATR activation is not required for BBR3610-DACH-
induced S phase depletion, but BBR3610-induced S phase accumulation is abrogated by
knockdown of ATR (Fig. 7B).

3.6. Effect of BBR3610-DACH on G1/S and G,/M phase cell cycle regulators

The interaction of CDKs with their corresponding cyclins mediates the normal cell cycle
progression from G t0 S, S to Gy, and G, to M phases [32]. To assess their roles in cell
cycle perturbations, we investigated the effect of BBR3610-DACH treatment on the protein
levels of G; CDKs and cyclins. Immunoblot analysis revealed that treatment with
BBR3610-DACH, which elicits a G arrest, was accompanied by an increase in cyclin E
(Fig. 8A), which normally accumulates in G; and is degraded in S. CDK2 and Cdc25A were
maintained at steady state levels while phospho-Rb decreased markedly after 24 and 48 hr of
treatment. Thus, in BBR3610-DACH-treated cells CDK2/cyclin E complexes presumably
were formed, but kinase activity was apparently suppressed by p21, resulting in Rb
dephosphorylation and G arrest. An increase in cyclins D1 and D3 was observed, which
could be due to cells exiting the Gy phase and getting arrested in G4. Also, the levels of
cyclins A and B fell dramatically after 24 and 48 hr of BBR3610-DACH treatment (Fig.
8B), which may result from p53-mediated suppression of their synthesis [33,34] and may
contribute to G, arrest.

3.7. BBR3610-DACH induces early PARP cleavage independent of caspase-3 and
caspase-7 activation

Following prolonged cell cycle arrest, damaged cells eventually either recover or undergo
programmed cell death or apoptosis. During this event, activated cysteine aspartate proteases
(caspases), primarily caspase-3 and caspase-7, cleave downstream substrates such as the
DNA repair protein PARP [35]. Treatment with BBR3610-DACH elicited robust PARP
cleavage between 6-24 hr (Fig. 9A), along with a weak but reproducible increase in
cleavage of caspase-8 and caspase-9, which are markers for the extrinsic and intrinsic
apoptotic pathways respectively. However, unlike cisplatin (Fig. 9B), neither of the PPCs
induced detectable caspase-3 or caspase-7 cleavage, suggesting a caspase-independent
PARP cleavage (Fig. 9A). There was no internucleosomal DNA fragmentation in BBR3610-
DACH-treated cells, as analyzed by agarose gel electrophoresis (data not shown). Overall,
our results suggest that BBR3610-DACH induces a non-classical apoptotic pathway.
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4. DISCUSSION

Platinum-based drugs constitute one of the major classes in the armamentarium of cancer
therapies. However, their use is often compromised by intrinsic or acquired drug resistance
in cells, including increased scavenging by thiol-containing compounds such as glutathione
and metallothionein [3,4]. The dinuclear platinum compound, BBR3610-DACH, used in this
study, was previously shown to be resistant to metabolic decomposition by sulfur
nucleophiles including glutathione [15,16]. Subsequent in vitro studies showed that the
DNA adducts formed by BBR3610-DACH persisted longer, escaped DNA repair, and
inhibited RNA pol Il transcription much more efficiently than cisplatin adducts [16].
Considering these promising early findings and the potential for clinical combinations of
platinum drugs with DNA-repair modifying agents such as PARP inhibitors [36] it was
important to examine whether the cell signaling responses elicited by BBR3610-DACH
were similar to those of other platinum-based compounds, both mononuclear and
multinuclear.

As reported previously for glioma cells, BBR3610 induced a classical Go/M arrest in
HCT116 cells [10], which is a typical response to PPCs. However, BBR3610-DACH
unexpectedly showed a completely different response wherein a biphasic G, and G5 cell
cycle arrest was accompanied by near total depletion of S phase (Fig. 4). Assuming that
these effects represent responses to DNA damage, it is likely that at least some of the
crosslinks formed by BBR3610-DACH had structural features not present in BBR3610
adducts, resulting in recruitment of specific proteins that trigger these unique responses. In
this context it is of interest that the main effects of oxaliplatin in a panel of human tumor cell
lines were also G,/M cell cycle arrest and a transient delay in entry into S phase [37,38].

Typical of DNA damaging agents, treatment with both BBR3610 and BBR3610-DACH
induced an increase in the level of p53, which can mediate arrest at both G1 and G, phases
of the cell cycle. However, BBR3610-DACH elicited a more rapid and robust p53
stabilization, accompanied by increased levels of its transcriptional target, p21. Binding of
p21 to the proliferating cell nuclear antigen (PCNA), even in p53-null cells, causes both Gy
and Gy, arrest [39]. Experiments with isogenic HCT116 p21-null and p53-null cells revealed
that BBR3610-DACH-induced G arrest was strictly p21-dependent but only partially p53-
dependent, indicating a p53-independent mechanism for induction of p21. However, p21
was not required for the G, arrest by either of these PPCs. Compared to the sensitivity of
wild-type HCT116 cells to platinum agents, there is a greater resistance of HCT116 p53-null
cells to oxaliplatin than observed here for BBR3610-DACH [40]

Ataxia Telangiectasia Mutated (ATM) and Ataxia Telangiectasia and Rad3-related (ATR)
are members of the PI3K-like family of serine/threonine protein kinases, playing critical
roles as DNA damage sensors upstream of the p53/p21 pathway and thereby promoting cell
cycle arrest, DNA repair, and apoptosis [30]. Typically, ATR senses stalled replication forks
such as those resulting from DNA interstrand crosslinks, while ATM senses double-strand
breaks. Experiments with pharmacological inhibitors of ATM and/or ATR, along with ATR
knockdown, showed that BBR3610-induced G, arrest was ATM-independent but ATR-
dependent, consistent with interstrand crosslinks as the initiating lesion (Fig. 7A-E). The
observed S phase accumulation could be due to replication fork arrest that is subsequently
recognized by ATR, which then activates Phospho-Chk1 (Fig. 7F). However, after 24 hr
treatment, BBR3610-DACH induced an ATR-dependent G, arrest, as well as a p21-
dependent G, arrest that was independent of both ATM and ATR. The exact mechanism
behind the dual phase arrest is not known. While interstrand crosslinks could be converted to
double-strand breaks in the process of crosslink repair, the lack of ATM dependence argues
against such conversion as an intermediate in checkpoint activation. Although an increase in
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Phospho-Chk?2 levels is seen after BBR3610-DACH treatment (data not shown), the absence
of S phase accumulation (Fig. 4) and lack of ATR activation (Fig. 7) appear to exclude
stalled replication forks as the signal for cell cycle arrest as well, raising the possibility of a
novel mechanism which senses DNA adducts directly and causes the activation of DNA
damage checkpoints [41]. In this context, it has been reported earlier that adducts formed by
the mononuclear platinum compound oxaliplatin, containing a DACH ligand, likewise does
not activate ATR, which points out the possibility that compared to most platinum adducts,
DACH adducts may trigger unique recognition mechanisms and thereby elicit unique
responses [42].

The normal progression through the different phases of the cell cycle depends on the pivotal
interaction of CDKSs with the cyclins and thus disruption of these interactions could in
principle mediate the effects of PPCs. In our study, the steady state levels of CDK2 and
Cdc25A remained relatively constant following PPC treatment (Fig. 8A). Perturbations of
the G4/S cyclins E, D1 and D3 were similar for BBR3610 and BBR3610-DACH, although
cyclin E reached much higher levels after treatment with BBR3610-DACH, perhaps
reflecting the large number of cells that accumulate in late G, but fail to enter S phase,
during which cyclin E is normally degraded. Overall, however, these data suggest that the
unique effect of BBR3610-DACH on G4/S progression reflects events downstream of CDK/
cyclin complex formation, such as CDK inhibition by p21.

The G,-M transition is primarily governed by the activities of cyclin A and cyclin B.
Following treatment with BBR3610-DACH, a robust decrease in levels of both of these
cyclins (Fig. 8B) was observed, which may result from their suppression by p53, and could
contribute to G, arrest. Treatment of HepG2 cells with 5-fluorouracil or methotrexate
reduced cyclin B2 mRNA levels accompanied with increased p53 levels [34]. Likewise,
DLD-1 colorectal cancer cells harboring a p53 mutation showed decreased cyclin B1 and B2
MRNA levels after expression of a wild-type p53 [34]. Similarly, stabilization of p53
following BBR3610-DACH treatment could be interfering with the transcription of cyclin B
or cyclin A since the latter contains a p53 binding site in the 5" untranslated region [33].

Based on weak caspase-8/caspase-9 cleavage, lack of caspase-3/caspase-7 cleavage, and
absence of internucleosomal cleavage, BBR3610-DACH is not a potent inducer of classical
apoptosis, compared to cisplatin. An apparently caspase-independent BBR3610-DACH-
induced PARP-1 cleavage (Fig. 9A) may instead be mediated by cathepsins or TGF-
activation [43]. This effect is mechanistically different from other platinum-based
compounds, and it will be of interest to determine the structural reasons behind such
differences.

One of the key features that distinguish PPCs from their mononuclear counterparts is the
formation of long-range DNA intrastrand and interstrand crosslinks. PPC-induced crosslinks
cause conformational changes in DNA that are not recognized by many of the DNA binding
proteins and repair proteins that bind to the adducts formed by cisplatin or its congeners
[44,45]. Earlier work using plasmid DNA showed that both BBR3610 and BBR3610-DACH
form a high proportion of highly toxic interstrand crosslinks (26% and 23% of total adducts
respectively) [16]. These interstrand crosslinks irreversibly block major DNA transactions
such as replication, transcription, and recombination [46,47]. Consistent with the in vitro
studies, BBR3610 and BBR3610-DACH formed similar levels of interstrand crosslinks in
cells, as analyzed by the comet assay (Fig. 2). Thus, while it is likely that the intracellular
effects observed after treatment with these compounds are a consequence of the crosslinks
formed, there are no obvious qualitative or quantitative differences in adducts formed in
cells that would explain the dramatic differences between the cellular effects of BBR3610
and BBR3610-DACH, other than the presence of the DACH ligand. The results show that

Biochem Pharmacol. Author manuscript; available in PMC 2014 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Menon et al.

Page 11

despite retaining superficially similar DNA-binding profiles, relatively minor modifications
in PPCs can dramatically alter the effects of these compounds on cell signaling pathways,
suggesting new avenues for rational combination drug development involving platinum
cytotoxics.

In summary, BBR3610-DACH induces DNA interstrand crosslinks, eventually eliciting a
unique dual mode of cell cycle arrest. Since this compound exhibits significant anti-
proliferative activity and also has been shown previously to be metabolically stable to
nucleophilic attack, it would be an ideal candidate to be developed further and tested in
clinical trials. Also, it shows a promising paradigm shift for the structure-activity
relationship of novel platinum based compounds, wherein a ligand modification in the
original compound, BBR3610 yields a structurally similar compound but with distinctly
different cellular effects.
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ATM

Ataxia Telangiectasia Mutated
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BrduU Bromodeoxyuridine

CDK Cyclin Dependent Kinase

Chk1 Checkpoint Kinase 1

DACH 1, 2 diaminocyclohexane

Gy Gray

MTT (3, 4, 5-dimethylthiazol-2-yl)-2, 5-dipheny! tetrazolium bromide
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PBS Phosphate buffered saline PCNA - Proliferating Cell Nuclear Antigen
PPC Polynuclear Platinum Complex

PVDF Polyvinylidene difluoride

SDS Sodium Dodecyl Sulfate
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Figure 1. Structures of the polynuclear platinum compounds (PPC) mentioned in the present
study
(A) BBR3464; (B) BBR3610; (C) CT-47463 and CT-47518; (D) BBR3610-DACH
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Figure 2. Comet assays of interstrand crosslinks in HCT116 cells treated with BBR3610 or
BBR3610-DACH

(A) Untreated, unirradiated cells. (B) Cells receiving 15 Gy irradiation only. (C-E) Cells
were treated with 50, 100, or 250 uM BBR3610 or BBR3610-DACH for 1 hr, incubated for
6 hr in PPC-free medium to allow interstrand crosslink formation, and then irradiated.
Interstrand crosslink formation was represented as mean percentage decrease in the tail
moment + SE from three independent experiments (F).
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Figure 3. Cytotoxicity of PPCs in HCT116 and isogenic cell lines

Sensitivity of (A) HCT116; (B) HCT116 p53-/—; or (C) HCT116 p21-/- cells to BBR3610
and BBR3610-DACH was determined by MTT assay following exposure to micromolar
concentrations of the polynuclear platinum complexes for 72 hr. Error bars indicate mean +
SD from three independent experiments.
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Figure 4. BBR3610-DACH induces G1/S and G»/M cell cycle arrest in HCT116 cells with robust
S phase depletion

(A) Cells were treated with 20 uM BBR3610 or 20 uM BBR3610-DACH and analyzed for
cell cycle distribution using propidium iodide. Modfit analysis of G4, S, and G, populations
is also shown. (The significance of differences between BBR3610-DACH-and BBR3610-
treated cells were p<0.02 for G4 fraction at 24 hr, p<0.03 for G fraction, p<0.003 for S
fraction, and p<0.005 for G, fraction at 48 hr) (C) BrdU staining assay following treatment
with 20 uM BBR3610-DACH as compared to BBR3610 or 20 uM cDDP. The data shown
are a representative of 2 or 3 independent experiments.(D) Go/M checkpoint assay. HCT116
cells were exposed to 20 uM BBR3610 or 20 uM BBR3610-DACH for 6, 24, and 48 hr.
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Cells were fixed and stained with phospho-histone H3 (Ser10), followed by anti-rabbit
Alexa 647 secondary antibody and PI staining. Ten thousand events were analyzed by flow
cytometry. The data shown are a representative of two independent experiments. (E)
HCT116 cells were treated with 20 pM BBR3610 or 20 uM BBR3610-DACH for 6, 24, and
48 hr. Representative immunoblots are shown from two or three independent experiments.
The gap between BBR3610 and BBR3610-DACH lanes was a lane for the M, standards.
Relative band intensities of the proteins were normalized with B-actin as an internal control.
Error bars indicate + SEM from two or three independent experiments. *p-value < 0.05

Biochem Pharmacol. Author manuscript; available in PMC 2014 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Menon et al.

Cell Population (%)

Page 20
75 =75
T e
= T T
* L u B Fwi . = I
“h - - T T;; T
< _ 5 -
2> i i I ' i i g ) I I i " I
0 = = SR - -
S N NI N > > > > N Q K Q> > RS
& -0 -0 ) W W W s ) -0 ) W W W
& S Nt N Q Q ) & S & N Q ) Q9
S S 0 & & & N S & & <
S U S R
X S N 2
N % 53 & & & » S & & &
Q' Q S Q 37 sb
Gl S mG2 & I = Gl s mG2 & 5 &
A HCT116 p53-/- B HCT116 p21-/-
Control Control
BBR3610 BBR3610-DACH BBR3610 BBR3610-DACH
6hr . | i ‘ 6hr
2 E ,
g £
3 3
2 ) ) . E - —
3 °
o o
24hr 24hr
48hr 48hr
DNA content DNA content
HCT116 + chr3
C
‘1‘ Control
|
BBR3610 BBR3610-DACH
|
5 | | 6hr
g | A
2 | |
= .
o
(‘ | 24hr
|
/ |
N | i A
/ | |
|
\“ ﬁ
] I 48hr
| ﬂ‘\
A | |
DNA content

Figure 5. Effect of BBR3610-DACH on isogenic HCT116 cell lines

Following treatment with 20 uM BBR3610 or 20 uM BBR3610-DACH, cell cycle
distribution was analyzed using propidium iodide. BBR3610 treatment showed a similar cell
cycle profile in HCT116 p53-/- (A) and p21-/- cells (B) as observed in the parental cells.
Data shown are a representative of 2 or 3 independent experiments. Modfit analysis is
shown above each histogram for HCT116 p53-/- and p21-/- null cells. (C) Wild type
HCT116 and hMLH1 complemented cells, HCT116+chr3, were treated with 20 uM
BBR3610 or BBR3610-DACH for 6, 24, and 48 hr. They were then analyzed for cell cycle
distribution using propidium iodide.
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Figure 6. BBR3610-DACH specifically inhibits the progression of G1 phase cells

HCT116 cells were synchronized in Go/G4 by serum starvation using 0.5% serum for 96 hr.
(A) The cells were then released immediately into medium containing BBR3610 or
BBR3610-DACH. FACS was performed at different timepoints to determine the progression
of cell cycle after PPC treatment. (B) Cells were released into medium and allowed to
progress into S phase. They were then treated with BBR3610 or BBR3610-DACH and
FACS was performed at different timepoints to determine the progression of cell cycle
following PPC treatment .
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Figure 7. BBR3610-DACH induced cell cycle arrest is independent of ATM or ATR activity

(A) Effect of ATM inhibition on BBR3610 or BBR3610-DACH-induced cell cycle arrest.
Cells were pretreated with 3 uM KU-60019 (ATMi) for 1 hr and then treated with 20 uM
BBR3610 or BBR3610-DACH for 10 hr and 24 hr respectively in the continued presence of
inhibitor. As a control, cells were also treated with 0.05% DMSO (solvent for KU-60019).
(B) Effect of ATR knockdown on BBR3610 or BBR3610-DACH induced cell cycle arrest.

Cells were transfected with 50 nM siRNA against ATR for 3 days. Each PPC was then
added and the cells incubated for 24 hr. (C) Immunoblot showing ATR knockdown in
HCT116 cells by 50 nM siRNA in comparison to non-targeting siRNA control and
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Dharmafect Reagent Control. Relative band intensities of the protein was normalized with
DNA-PK as an internal control. Error bars indicate + SEM from two or three independent
experiments. *p-value < 0.05. **p-value<0.01. (D) Immunoblot analysis of p-p53 levels in
HCT116 cells following treatment with 5 Gy radiation in the presence and absence of 3 uM
KU-60019 and 20 uM BBR3610-DACH for 24 hr in the presence and absence of 3 uM
KU-60019. Relative band intensities of the protein was normalized with -actin as an
internal control. Error bars indicate + SEM from two or three independent experiments. **p-
value<0.01, ***p-value<0.001 (E) Immunoblot analysis of Phospho-Chk1 levels in HCT116
cells following treatment with 20 uM BBR3610 or BBR3610-DACH. Relative band
intensities of the protein was normalized with B-actin as an internal control. Error bars
indicate £ SEM from two or three independent experiments. *p-value<0.05.
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Figure 8. Effect of BBR3610-DACH on G1/S and Go/M regulators

Cells were treated with 20 pM BBR3610 or BBR3610-DACH for 6, 24, or 48 hr. Protein
lysates were prepared and 30 ug protein was resolved on SDS-PAGE and detected by
probing the immunoblot with antibodies against (A) pRb, CDK2, Cdc25A, cyclin E, cyclin
D1 and cyclin D3 and (B) cyclin A and cyclin B1. B-actin was used as a loading control.
Relative band intensities of the proteins were normalized with B-actin as an internal control.
Error bars indicate £+ SEM from two or three independent experiments. *p-value<0.05, **p-
value<0.01, ***p-value<0.001.
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Figure 9. BBR3610-DACH induces an early apoptotic response

HCT116 cells were treated with 20 uM BBR3610 or 20 uM BBR3610-DACH for 6, 24, or
48 hr and then, (A) western blots of lysates were probed with antibodies against caspase-8,
caspase-9, full length and cleaved caspase-3, full length and cleaved caspase-7, and cleaved
PARP. B-actin was used as a loading control. Arrow indicates the 37 kDa fragment of
cleaved caspase-9. (B) Time course analysis of cleaved caspase-3 and cleaved caspase-7 in
HCT116 cells treated with 20 uM cisplatin for 6, 24, and 48 hr. f-actin was used as a
loading control. Relative band intensities of the proteins were normalized with $-actin as an
internal control. Error bars indicate £ SEM from two or three independent experiments.
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Asterisks indicate cleaved fragments of caspase-3 (17 and 19 kDa) and caspase-7 (20 kDa)
respectively.
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List of antibodies used in this study

TABLE 1

Antibody Description Source
p53 Rabbit Polyclonal Cell Signaling Cat# 9282
p-p53 Rabbit Polyclonal Cell Signaling Cat# 9284
p21 Rabbit Monoclonal  Cell Signaling

Clone 12D1, Cat# 2947
p27 Mouse Monoclonal  Cell Signaling

Clone SX53G8, Cat# 3698
ATR Mouse Monoclonal ~ Abcam

Clone 2B5, Cat# 4471
DNA-PK Mouse 19G, BD Pharmingen

Phospho-Chk1 (Ser 345)
Cdc25A

Phospho-Rb (Ser 780)
CDK?2

Cyclin E
Cyclin D1
Cyclin D3
Cyclin A
Cyclin B1
Caspase-8

Caspase-9
Caspase-9
Caspase-3

Cleaved Caspase-3

Caspase-7
Cleaved PARP
Phospho-histone H3 (S10)

fB-actin

Rabbit Monoclonal

Rabbit Polyclonal

Rabbit Polyclonal
Rabbit Polyclonal

Rabbit Polyclonal

Rabbit Monoclonal

Mouse Monoclonal

Rabbit Polyclonal

Rabbit Polyclonal

Mouse Monoclonal

Rabbit Polyclonal
Rabbit Polyclonal
Rabbit Polyclonal
Rabbit Polyclonal

Rabbit Polyclonal
Rabbit Polyclonal

Rabbit Monoclonal

Rabbit Monoclonal

Clone 4F10C5, Cat# 2348

Cell Signaling
Clone 133D3, Cat# 2348

Santa Cruz
Clone 144, Cat# 97

Cell Signaling, Cat# 9307

Santa Cruz
Clone M2, Cat# 163

Santa Cruz
Clone C-19, Cat# 198

Cell Signaling
Clone 92G2, Cat# 2978

Cell Signaling
Clone DCS22, Cat# 2936

Santa Cruz
Clone H-432, Cat# 751

Cell Signaling
Cat# 4138

Cell Signaling
Clone 1C12, Cat# 9746

Cell Signaling Cat# 9502
Cell Signaling Cat# 9502
Cell Signaling Cat# 9662

Cell Signaling
Clone 5AE1, Cat# 9664

Cell Signaling Cat# 9492
Cell Signaling Cat# 9541

Cell Signaling
Clone D2C8, Cat# 3377P

Cell Signaling
Clone 13E5, Cat# 4970
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TABLE 2
Cytotoxicity of BBR3610-DACH in HCT116 and isogenic cell lines.

Cell Line 1Cso (HM)*

HCT116 59+0.87
HCT116 p53-/- 17.14 +5.06
HCT116 p21-/- 2.7%0.75

*
IC5Q values are means + SD from 2 or 3 independent experiments, each conducted in triplicate
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