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Preclinical activity of multiple-target
gold(lll)-dithiocarbamato peptidomimetics
in prostate cancer cells and xenografts

Background: Recently, novel gold(lll)-dithiocarbamato peptidomimetics, designed to
target peptide transporters upregulated in several tumor cells have shown promise as
anticancer agents. Results: The biological behavior of the most promising derivatives
AuD8 and AuD9 was studied in PC3 and DU 145 prostate cancer cells. They exert higher
cytotoxicity in vitro than the reference drug cisplatin and induce apoptosis, promoting
mitochondrial membrane permeabilization and stimulating reactive oxygen species
generation. Moreover, they inhibit both selenoenzyme thioredoxin reductase and
proteasome activity. Additionally, AuD8 effectively reduces tumor growth in prostate
tumor-bearing nude mice with minimal systemic toxicity. Conclusion: Altogether, our
results provide insights into the anticancer activity of these gold(lll)-dithiocarbamato
peptidomimetics and support their potential as new agents for prostate cancer

treatment.

Prostate cancer is a major cause of death in
men, and bone metastasis is the primary
cause of morbidity and mortality [1]. Most
prostate tumors initially respond to androgen
depletion therapy, but ultimately progress to
androgen-independent disease with few ther-
apeutic options [2], therefore new treatment
strategies are required.

Cisplatin is amongst the first chemothera-
peutic agents exhibiting broad effectiveness
toward solid tumors and is still a widely used
anticancer drug. In recent years, much effort
has been made to design both platinum
and nonplatinum metal complexes showing
therapeutic outcomes, at least, comparable
to cisplatin together with lower drawbacks
(i.e., toxicity, tumor resistance and poor
oral bioavailability) (3). In this regard, some
gold(IIT)-dithiocarbamato derivatives were
reported to exert promising antiproliferative
activity associated with reduced, or even no,
systemic and renal toxicity [4]. Such com-
plexes are characterized by the presence of a
dithiocarbamato ligand stabilizing the metal
center in the +3 oxidation state and likely act-
ing as intrinsic chemoprotectant, thus limit-
ing further interactions with biomolecules

responsible for the onset of side effects and
toxicity (in particular, nephrotoxicity), fre-
quently accompanying metal-based chemo-
therapy [5], as widely demonstrated in animal
). These gold(III)-dithiocarbamato
derivatives were shown to overcome cisplatin
(71, displayed powerful antiprolif-
erative and proapoptotic effects on a panel
of acute myeloid leukemia cell lines (8], and

models [6

resistance

were proved active both in vitro and in vive
in models of breast [9 and prostate cancer [10].
Unlike cisplatin, previous results indi-
cated that DNA is not their main biologi-
cal target, whereas they are able to activate
the mitochondrial death pathways [,
inhibit proteasome activity both in vitro
and iz vivo [12.13], and affect the selenoen-
zyme thioredoxin reductase (TrxR)
(14,15], recently identified as potential alter-
native targets for the development of novel
chemotherapeutics for prostate cancer [2,16].
Subsequent to the positive outcomes
achieved, we have extended our research
toward ‘second-generation’ gold(III)-dithio-
carbamato derivatives of oligopeptides as
improved delivery and intracellular drug
transfer systems, supported by transport pro-
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teins. Peptide transporters (PEPTs) are integral plasma
membrane proteins that mediate the cellular uptake of
di- and tri-peptides [17]. Two PEPTs, namely PEPT1
and PEPT2, have been identified in mammals. They
are present predominantly in epithelial cells of the
small intestine, mammary glands, lung, choroid plexus
and kidney, but are also localized in other tissues to
a lesser extent. Remarkably, they are overexpressed in
some types of tumors (18], including prostate cancer
(19). A peculiar feature is their capability for sequence-
independent transport inside the cells of most possible
di- and tri-peptides, as well as peptide-like chemo-
therapeutics resembling the main structural scaffold of
small peptides (i.e., peptidomimetics) [20]. Therefore,
PEPTs represent an excellent target for the delivery
of pharmacologically active compounds as their sub-
strate binding site can fit a wide range of molecules of
different size, hydrophobicity and charge [21].

On account of these considerations, we have been
designing some novel gold(IlI)-dipeptidedithiocarba-
mato complexes that could combine both the antitu-
mor properties and the favorable toxicological profile
of the previously reported gold(IIl) analogs, along

Gold-based peptidomimetics: Coordination compounds
deriving from the binding of a peptideligand to a metal
element (commonly a transition metal center, namely
gold[Il]).

Reactive oxygen species (ROS): Highly reactive oxygen
containing molecules (free radicals) with unpaired electrons
able to trigger oxidative chain reactions thus leading cell
damages.

Proteasome: Multicatalytic enzyme complex that
degrades ubiquitinated proteins via an ATP-dependent
mechanism.

Thioredoxin reductase: Selenoenzyme recently identified
as a potential alternative target for the development of
novel anticancer chemotherapeutics.

Crossresistance: Some cell lines that show decreased
sensitivity (resistance) to a chemotherapeutic also exhibit
resistance to several other antitumor drugs.

Bcl-xI: B-cell ymphoma-extra large is a transmembrane
molecule in the mitochondria and member of the Bcl-2
family of proteins, acting as a prosurvival protein by
preventing the release of cytochrome c.

Bcl-2: B-cell ymphoma-2, encoded in humans by the
BCL2 gene, is the founding member of the Bcl-2 family of
regulator proteins that regulate cell death (apoptosis). Bcl-2
is specifically considered as an important antiapoptotic
protein and is thus classified as an oncogene.

Bax: Bcl-2 associated x protein that promotes apoptosis by
binding to and antagonizing the Bcl-2 protein. The ratio

of Bcl-2 to Bax determines survival or death following an
apoptotic stimulus.

with an enhanced bioavailability and tumor selectiv-
ity owing to the exploitation of the dipeptide-medi-
ated cellular internalization by targeting PEPT1 and
PEPT?2 via the dipeptide chain [2223]. Although not
yet demonstrated for our gold(III)-dithiocarbamato
compounds, it was previously proved that peptidomi-
metics are able to target peptide transporters in pros-
tate cancer [18], thus providing a reliable rationale for
the design of these gold-based peptidomimetics.
Among all, the gold(IT) complexes [Au"X_ (dtc-Sar-
Aib-O[#Bu])] (dtc = SSCN"-; sar: sarcosine [/N-meth-
ylsarcosine]; Aib: a-aminoisobutyric acid [2-methyl-
alanine]; X: Br [AuDS8], Cl [AuD9]) (Figure 1) turned
out to be among the best performers, reporting in
vitro IC,  values in the low micromolar range toward a
number of human tumor cell lines (up to fivefold lower
than the reference drug cisplatin) [22].

Further to these extremely positive preliminary
results, we here report on detailed in vitro and in vivo
biological studies aimed at evaluating their anticancer
activity against androgen-resistant prostate cancer,
as well as at elucidating their mechanism of action
by means of several assays focused on the inhibition
of proteasome and thioredoxin, reactive oxygen
species (ROS) accumulation and levels of expression
of pro- and anti-apoptotic proteins.

Results & discussion

Cell growth inhibition & apoptosis induction
We first evaluated the 77 vitro cytotoxic effect of the
gold(IT)-dipeptidedithiocarbamato  derivatives AuD8
and AuD?9 (Figure 1) on the androgen-resistant prostate
cancer PC3 and DU145 cell lines. For comparison pur-
poses, cisplatin (Figure 1) was also evaluated under the
same experimental conditions. As reported in Table 1,
both AuD8 and AuD?9 inhibited cell proliferation over
72 hin a dose-dependent way, showing IC,  values about
up to fivefold lower than the reference platinum drug.
To establish whether cancer cells could start proliferat-
ing again after removal of the gold compounds, we per-
formed cell growth recovery experiments. After incuba-
tion for 24 h with either AuD8, AuD?9 or cisplatin, the
medium was replaced with a drug-free one and cells were
incubated for an additional 72 h. Remarkably, the effect
of the gold(IlI) compounds was not reversed, suggest-
ing a cytotoxic rather than cytostatic activity, whereas
cisplatin showed lower antiproliferative potency after the
shorter incubation time of 24 h. Moreover, the gold(I1I)
derivatives were proved significantly more cytotoxic
than the reference platinum drug also toward the corre-
sponding cisplatin-resistant parent cell lines PC3-R and
DUI145-R, with activity levels comparable with those
induced in the cisplatin-sensitive counterparts (over
72 h), thus ruling out crossresistance phenomena.
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Figure 1. Chemical drawing of the compounds studied in this work. [Au"Br,(dtc-Sar-Aib-Ot-Bu)] (AuD8),
[AuCl,(dtc-Sar-Aib-Ot-Bu)] (AuD9) and cis-[Pt"Cl,(NH,),] (cisplatin).

Since PC3 cells are more invasive and more resistant
to chemotherapy than DU145, the former cell line was
selected for further in-depth investigations aimed at
assessing the capability of the gold(III) compounds to
induce apoptosis and cell cycle modifications. Follow-
ing a 24 h incubation with a single cytotoxic dose (10
UM) of either AuD8, AuD9 or cisplatin, treatment with
both complexes resulted in a substantial phosphoti-
dylserine exposure together with a higher percentage
of cells permeable to propidium iodide (PI) staining
(whereas cisplatin had negligible effect under the same
experimental conditions), thus supporting apoptosis as
a major mechanism of cell death (Figure 24).

Cell cycle progression and DNA fragmentation were
measured by PI staining and flow cytometric analyses.
Incubation for 12 h with the gold compounds caused
an increase of the S phase and a decrease of the G,M
phase, the latter being again detected after 24 h together
with a reversal of the S phase and a block in G /G, step
with respect to the control (Figure 2B). DNA fragmen-
tation was apparent after 48—72 h. On the other hand,
after 72 h an equivalent amount of cisplatin caused
a blockade in the G,M phase of the cell cycle, with
no significant DNA fragmentation (Figure 2B). DNA
fragmentation induced by AuD8 and AuD9 was also
confirmed by Apo-Direct analysis (Figure 3A).

Altogether, these results point out a quite different
mechanism of action of our compounds if compared

with the reference drug cisplatin. In this context, they
seem to trigger cell death commitment in few hours,
thus highlighting DNA is not their main target.

Inhibition of mitochondrial functions

& activation of the caspases pathway

Incubation of PC3 cells with the investigated com-
pounds promoted mitochondrial membrane permea-
bilization and cytochrome-c (Cyt-c) release from the
mitochondria (Figure 3A). Additionally, treatment with
either compound also induced activation of caspase 3
and caspase 9 after just 3 h (Figure 3B).

Since Bcl-2, Bcl-xL and Bax proteins play a key
role in regulating the intrinsic apoptotic pathway,
we analyzed whether AuD8 and AuD9 could affect
their expression. Both gold derivatives increased the
proapoptotic molecule Bax and markedly decreased
the antiapoptotic molecule BclxL (Figure 3C). Bcl-2
expression resulted significantly downregulated only
upon incubation with AuD8. On the contrary, under
the same experimental conditions, cisplatin reduced
BclxL expression (Figure 3C) but had negligible or even
no effect on Bax and Bcl-2 expression.

Overall, these findings put in evidence that our
gold complexes affected the expression of three essen-
tial regulators of the mitochondrial apoptotic pathway
after a short incubation. On the contrary, over 24 h
cisplatin was shown to not be able to affect the mito-

Table 1. In vitro growth inhibition of human prostate cancer cisplatin-sensitive (PC3 and DU145) and

-resistant (PC3-R and DU145-R) cells by the gold(lll)-dipeptidedithiocarbamato derivatives AuD8
and AuD9, and comparison with the reference drug cisplatin.

IC,, (uM): Mean = standard deviation (p < 0.0001).
72 h: cells incubated with the tested compound for 72 h.

SSee reference [22].

Cell line Cisplatin AuD8 AuD9

72 ht 24 + 72 h* 72 h 24 +72h 72 h 24+72h
PC3 3.3+0.3% 15.0+ 1.6 0.8 +0.1% 1.5+0.1 1.1+0.18 1.6 +0.2
PC3-R 99+ 1.1 - 1.8+0.2 - 29=+0.3 -
DU145 45 +0.18 120+ 1.3 1.4+0.15 1.5+0.1 2.2+0.15 1.8+0.1
DU145-R 8.2+0.8 - 2.7+0.3 - 2.1 x0.1 -

24 + 72 h: cells incubated with the tested compound for 24 h then washed and incubated for additional 72 h with fresh medium.

Research Article

future science group

www.future-science.com

1251



Research Article celegato, Fregona, Mongiat et al.

DMSO Cisplatin AuD8 AuD9
10* 104
18% . 18%
10 . 10° | [
10 10
101 i 1] ‘_;."‘ %
ot 579% 10 59%
| | 10 10— 10°

1001 T 1 I T T 1
10° 10" 102 10% 104 10° 10" 102 10° 10*

DMSO AuD8

Cell count

Annexin-V-FITC

T 1 T T T
10° 10' 10 10° 10* 10° 10" 10 10° 10*

AuD9 Cisplatin
GG, 27 - G,G, 20
s 72 S 49
0% 0% =
GM 1 __'| GM31 t=12h
] G,G, 13
i S 50
_2_%| GzM 37 t=24h
] G,G, 13
S 19
Ta% ' GM 69 t=48h
] GG, 5
6% S 1 _
—+— G2M 94 t=72h

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

DNA content

Figure 2. Induction of apoptosis, DNA fragmentation and changes in cell cycle progression by AuD8 and AuD9.
(A) Fluorescence-activated cell sorting analysis of PC3 cells in drug-free medium and after 24 h incubation

at 37°C with either AuD8, AuD9 or cisplatin (10 uM), and double stained with Annexin-V-FITC and PI.

(B) Fluorescence-activated cell sorting histograms showing cell cycle progression and DNA fragmentation after 12,
24,48 and 72 h. The percentages of cells in the G /G, phase, S phase and G,M phase are reported, as well as the
percentage of sub-G, cells. The same amount of DMSO necessary to dissolve the compounds was used as negative
control. Fluorescence-activated cell sorting dot plots and histograms are representative of one of three different

experiments.

chondrial functions and, hence, to lead to apoptotic
upstream signals in agreement with its well-known
long time required to target the cell nucleus.

Mitochondrial ROS accumulation & inhibition
of the activity of the selenoenzyme TrxR

In our previous studies carried out on prostate can-
cer cells, ‘first-generation’ gold(I1I)-dithiocarbamato
derivatives were shown to inhibit the activity of seleno-
enzyme TrxR and to promote ROS production, thus

highlighting a potential major involvement of a dereg-
ulation of the thioredoxin/thioredoxin reductase redox
system in their antiproliferative activity [10]. Therefore,
we extended our investigations to assess the capabil-
ity of these gold(I1I)-based peptidomimetics to induce
ROS accumulation. Both gold complexes induced a
dramatic increase of mitochondrial ROS, as evaluated
by Mitosox Red assay, even after a short incubation
time (12 h) (Figure 4A & 4B). In agreement with previ-
ously described results, AuD8 and AuD9, contrary to
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the reference drug, promote ROS species production
that may be involved in the release of Cyt C and so in
the upregulation of proapoptotic factors.

In order to establish a possible relationship between
ROS overproduction and decreased cell viability, PC3
cells were cotreated with the ROS scavenger N-acetyl-
l-cysteine (I-NAC) and either AuD8 or AuD9. With
reference to Figure 4C, pretreatment with [-NAC effec-
tively blocked ROS production and, at the same time,
completely neutralized the antiproliferative effect of
the gold derivatives (Figure 4D), thus suggesting that
their cytotoxic activity is somewhat connected with
ROS generation. On the other hand, ROS scavenging
could be also associated with a direct reaction of the
thiol moiety of I-NAC with the metal center, leading to
its reduction to a nonactive metallic gold.

We also investigated the effects on the thioredoxin
(Trx) system which is involved in ROS detoxification,
thus avoiding the formation of proapoptotic molecules,
as well as in the maintenance of the intracellular redox
balance [24,25]. Higher levels of Trx and TrxR are found
in many different tumor types and in transformed
cell lines compared with healthy cells from the same
patient [24,26-27). Prostate cancer tissues are in a state
of redox imbalance, and the Trx/TrxR system is fre-
quently upregulated [2829]. Increased Trx levels have
also been associated with resistance to several powerful
anticancer drugs in prostate cancer, including cisplatin
(30] and docetaxel [31]. The pivotal role of TrxR in regu-
lating apoptosis [32] and the high levels of expression
detected in different cancer histotypes have boosted
interest in developing drugs that, on either their own
or in combination with other therapeutic agents, can
target the Trx system [33]. Many compounds, includ-
ing our gold(I1I)-dithiocarbamato derivatives [14], were
proved potent inhibitors of purified TrxR 7z vitro, but
only a few studies have reported its inhibition in cancer
cell lines [1033-34]. In this regard, a short incubation
(12 h) with either AuD8 or AuD9 (10 uM) was able
to inhibit dramatically (~909%) the activity of TrxR in
PC3 cells (Figure 4E).

Remarkably, under the same experimental condi-
tions, cisplatin was much less effective in both inducing
ROS accumulation and affecting TrxR activity.

Inhibition of proteasome activity

The proteasome is a multicatalytic enzyme complex
that degrades ubiquitinated proteins via an ATP-
dependent mechanism, and plays a central role in
cell cycle progression and cell death [3s). Specific pro-
teasome inhibitors have recently emerged as effective
anticancer agents [1336] and they are showing promise
against several tumor types (37]. In this context, our
‘first-generation” gold(I1I) compounds turned out to be

proteasome inhibitors in breast cancer cells and xeno-
grafts (9.16]. In this study, we demonstrate that both
compounds AuD8 and AuD9 significantly inhibit
the proteasome activity also in PC3 cells (Figure 4F),
whereas cisplatin had negligible effect under the same
experimental conditions.

Evaluation of epithelial growth factor receptor
phosphorylation & cell migration
Androgen-independent prostate cancer is characterized
by a greater invasive potential than its hormone-respon-
sive counterpart. A successful therapeutic approach
should provide suppression of not only cancer cell pro-
liferation, but also of the metastatic potential of any cell
escaping from the primary tumor site to colonize the
bone marrow [38]. Our study shows that both gold(III)
complexes reduce EGFR expression, whose impaired
endocytic downregulation contributes to oncogenic
metastatic phenotype [39] and whose ligands are para-
crine and autocrine growth factors [40-42]. Treatment
of PC3 cells with AuD8 or AuD9 resulted in a signifi-
cant decrease of the surface expression of both EGFR
and its phosphorylated form (pEGFR), as assessed by
flow cytometry (Figure 5A & 5B), whereas cisplatin was
proved almost ineffective. EGFR phosphorylation is
known to affect prostate cancer cells migration [43].
Accordingly, the effect of the gold complexes on PC3
cells migration was evaluated by means of the scratch
wound healing assay [44]. Cells were cultured at low
serum concentration so as to rule out that the differ-
ential migration rate subsequent to the treatment was
attributable to decreased cell proliferation. After 24 h,
incubation with either compound (4 pM) reduced
PC3 cell migration rate (Figure 5C & 5D) and cells, con-
trary to the control counterparts, were not able to form
a confluent monolayer.

Inhibition of tumor growth in prostate cancer
xenografts

The anticancer activity of AuD8 was evaluated also
in vivo. PC3 cells (3 x 10° cells) were implanted into
the right flank of 6-week-old athymic nude mice and,
once tumors reached a volume of about 28 mm?,
animals were treated every other day with intratu-
moral injections of either drug-free medium vehicle
or containing 2 mg kg' of AuD8. Significant tumor
growth inhibition induced by the gold complex was
evident after 5 days of treatment. At the end of the
experiment (19 days), the control tumors grew to an
average 890 = 79 mm?® volume, whereas mice treated

Defined key terms

Scratch assay: Wound test that measures the expansion of
a cell population on surfaces.
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Figure 3. Mitochondrial-mediated apoptosis and Bax, Bcl-2 and Bcl-xL modulation induced by AuD8 and AuD9
(see facing page). (A) Fluorescence-activated cell sorting (FACS) analysis of DNA fragmentation (Apo-Direct),
mitochondrial membrane permeabilization (CMXros), and Cyt-c release as assessed by flow cytometry upon
treatment of PC3 cells at 37°C for 24 h with either AuD8, AuD9 or cisplatin (10 uM). (B) FACS analysis of caspases
activation upon incubation of PC3 cells at 37°C with either AuD8, AuD9 or cisplatin (10 uM) for 3, 6 and 12 h; cells
were then harvested, washed and resuspended in warm complete medium supplemented with fluorochrome
inhibitors of caspases for 1 h at 37°C under 5% CO,, then washed again and analyzed by flow cytometry. (C) FACS
analysis of Bax, Bcl-2 and Bcl-xL after treating PC3 cells at 37°C in complete medium containing either AuD8, AuD9
or cisplatin (10 uM). After 24 h, Bax, Bcl-2 and Bcl-xL expression was assessed by flow cytometry. FACS histograms
are representative of one of three different experiments. Unless otherwise stated, dotted lines indicate
background fluorescence of cells, as determined by isotype-matched immunoglobulins or autofluorescence. x- and
y-axes indicate the logarithm of the relative intensity of fluorescence and the relative cell number, respectively.

Cyt-c: Cytochrome-c.

with AuD8 experienced a 70% inhibitory effect,
since tumors reached an average size of 270 + 38 mm?®
(Figure 6A). Mice body weights were monitored every
other day and no significant changes were detected
upon treatment. Remarkably, no histologically detect-
able cytotoxicity involving animals’ lung, liver, kidney
or spleen was observed, except for focal and aspecific
lung lymphocyte infiltration (Figure 6B).

Experimental

Chemicals

Cisplatin (Ebewe Pharma, Unterach, Austria), NV-ace-
tyl-L-cysteine, DMSO, propidium iodide, RPMI
medium, penicillin, streptomycin, L-glutamine, digito-
nin, fetal bovine serum (FBS) (Sigma-Aldrich, Milan,
Italy) were used as received. All other reagents and sol-
vents were of high purity and were used as purchased
without any further purification. The gold (III)-dithio-
carbamato complexes [Au''Br,(dtc-Sar-Aib-O[#Bu])]
(AuD8) and [Au"'Cl, (dtc-Sar-Aib-O[#-Bu])] (AuD9)
were synthesized as previously described [22]. Before
use, the gold(III) complexes were dissolved in DMSO,
aliquoted (10 mM) and stored at -80°C. Just before the
experiments, calculated amounts of either gold com-
pounds DMSO solutions or cisplatin aqueous isotonic
solution were then added to RPMI medium and filter
sterilized, to a final organic solvent concentration lower
than 0.5% (v/v). In particular, taking into account that
the logP (partition coefficient) of AuD8 and AuD?9 is
approximately 1, we are able to achieve 100-uM con-
centrations in aqueous media by previous dissolution
with DMSO. The culture medium added with the
same amount of drug-free DMSO was used as nega-
tive control in all experiments. All the tested gold(I1I)
complexes were proved by 'H NMR studies to be stable
in DMSO over 48 h [22].

Cell lines & culture conditions

Androgen-resistant human prostate cancer PC3 and
DU145 cell lines were obtained from the German Col-
lection of Microorganisms and Cell Cultures (Braun-
schweig, Germany) and further authenticated by BMR
Genomics (Padova, Italy). The parent cisplatin-resis-

tant PC3-R and DU145-R cell lines were obtained by
weekly treatment with 1 uM cisplatin. All cells were
cultured at 37°C in 5% CO, and moisture-enriched
atmosphere in RPMI medium supplemented with 10%
heat-inactivated FBS, 0.1% (w/v) L-glutamine and
antibiotics (0.2 mg mlL" penicillin and streptomycin).

Cell proliferation assay

Before testing, 2.5 x 10° cells were seeded in 96-well
flat-bottomed microplates in RPMI medium (100 pl)
and incubated at 37°C in a 5% CO, atmosphere for
24 h to allow cell adhesion. The medium was then
removed and replaced with fresh one containing the
compounds to be studied at increasing concentrations
(0.3, 0.6, 1.25, 2.5, 5 and 10 uM) at 37°C for 72 h.
Alternatively, cells were exposed to increasing concen-
trations (0.5-10 uM) of the investigated compounds
at 37°C for 24 h, then washed and incubated for addi-
tional 72 h with fresh medium. Each treatment was
performed in triplicate in three independent experi-
ments. Cell proliferation was assayed using the Bro-
modeoxyuridine (BrdU) Cell Proliferation ELISA kit
(Roche Diagnostics, Mannheim, Germany) according
to manufacturer’s instructions. IC, values (represent-
ing the concentration of a substance required for 50%
growth inhibition 7z vitro) were calculated using the

CalcuSyn software (Biosoft, MO, USA) [45].

Evaluation of cell cycle progression & apoptosis
A total of 5 x 10° PC3 cells were incubated in Petri
dishes with complete medium containing 10 pM of
either AuD8, AuD9 or cisplatin at 37°C. After 12,
24, 48 and 72 h, DNA fragmentation and cell cycle
progression were evaluated by PI staining, as described
elsewhere [8]. Data analysis was performed using Mod-
Fit LT software (Verity Software House, Topsham
(ME), USA).

Annexin-V binding, DNA fragmentation,
changes in mitochondrial membrane potential
& production of mitochondrial ROS

A total of 2.5 x 10° PC3 cells were incubated in six-
well plates with RPMI medium supplemented with
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Figure 4. Reactive oxygen species accumulation, inhibition of thioredoxin reductase and proteasome activity
induced by AuD8 and AuD?9. (A) Fluorescence-activated cell sorting analysis of mitochondrial reactive oxygen
species (ROS) production in PC3 cells treated with either AuD8, AuD9 or cisplatin (10 uM) at 37°C for 12 h by
flow cytometry after incubation for 30 min at 37°C with MitoSox reagent. FACS dot plots are representative of
one of three different experiments. (B) The histogram represents the percentage of ROS as the mean + standard
deviation (SD) of three different experiments. (C) Effect on ROS production in PC3 cells upon cotreatment with
either AuD8 or AuD9 (10 uM) and the antioxidant I-NAC (5 mM) at 37°C for 24 h.
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Figure 4. Reactive oxygen species accumulation, inhibition of thioredoxin reductase and proteasome activity
induced by AuD8 and AuD9 (cont.). The histogram represents the percentage of ROS as the mean = SD of three
different experiments. (D) Percentage of PC3 cells viability upon cotreatment with either AuD8 or AuD9 (10 uM)
and the antioxidant I-NAC (5 mM) at 37°C for 24 h, counted after additional 72 h of incubation with fresh
medium. The histogram represents the percentage of ROS as the mean + SD of three different experiments.

(E) Inhibition of TrxR in PC3 cells treated at 37°C with either AuD8, AuD9 or cisplatin (10 uM) at 37°C for 12 h,
evaluated by Thioredoxin Reductase Assay kit. Values represent the mean + SD of three different experiments.

(F) Inhibition of proteasome chymotrypsin-like activity in PC3 cells treated AuD8, AuD9 or cisplatin (10 uM) at 37°C
for 12 h, evaluated by Proteasome Assay kit. Values represent the mean = SD of three different experiments.

*p < 0.0001 AuD8 or AuD9 vs control.

**p < 0.0001 AuD8 or AuD9 vs control; °p < 0.0001 AuD8 or AuD9 vs AuD8 + I-NAC or AuD9 + I-NAC.
***p < 0.0001 AuD8 or AuD9 vs control; °p < 0.0001 AuD8 or AuD9 vs AuD8 + |-NAC or AuD9 + [-NAC.
*%*%%p < 0.0001 AuD8 or AuD9 or cisplatin vs control; °p < 0.0001 AuD8 or AuD9 vs cisplatin.

***%%*p < 0.0001 AuD8 or AuD9 or cisplatin vs control; °p < 0.0001 AuD8 or AuD9 vs cisplatin.

10% FBS containing 10 pM of either AuD8, AuD9 or
cisplatin at 37°C for 24 h.

Annexin-V binding was detected by flow cytom-
etry, as described elsewhere [8]. DNA fragmentation
within cells was assessed using the Apo-Direct kit
(Becton-Dickinson Pharmigen, CA, USA) according
to manufacturer’s instructions.

To evaluate the dissipation of the mitochondrial
membrane potential, 200 nM CMXros (Molecular
Probes, OR, USA) was added to the cell culture for
30 min, then cells were washed twice and analyzed by
flow cytometry, as described elsewhere [46].

For Bcl-2, BelxL and Bax analysis, fixed and per-
meabilized PC3 cells were incubated with fluorescein
isothiocyanate (FITC)-conjugated mouse antihuman
Bcl-2 (clone 124) (DAKO Citomation, Milan, Italy),
or with rabbit anti-human BeclxL (Cell Signaling,
MA, USA) followed by goat antirabbit immunoglobu-
lin G (IgG)-FITC (Becton-Dickinson Pharmigen), or
with 1 pg ml" of mouse anti-Bax generated from Bax-
alpha (Becton-Dickinson Pharmigen), followed by
phycoerythrin (PE)-conjugated goat anti-mouse IgG
(Becton-Dickinson Pharmigen) (s].

Cyt-c release was assessed, with minor modifica-
tions, as explained elsewhere [(47]. Briefly, PC3 cells
were permeabilized with 100 pg ml! digitonin and
fixed with 4% paraformaldehyde in phosphate buffered
saline (PBS) solution for 20 min at room temperature.
After washing twice with PBS, cells were incubated
with labeling medium (2% FBS, 0.2% sodium azide,
0.5% TritonX-100 in PBS) for 15 min, then with 1 pg
ml” of the mouse anticytochrome-c antibody (Becton-
Dickinson Pharmigen), followed by PE-conjugated
goat anti-mouse IgG.

For intracellular ROS evaluation, cells were incu-
bated with 5 uM of MitoSox reagent working solu-
tion (Molecular Probes Invitrogen, Milan, Italy)
for 15 min at 37°C. Red fluorescence was immedi-
ately analyzed by flow cytometry. In another series
of experiments, 25 x 10° PC3 cells were seeded in
24-well plates and exposed to either AuD8 or AuD9
(10 uM) in the presence or absence of the antioxi-

dant I-NAC (5 mM) at 37°C for 24 h. Cells were then
washed, medium replaced with fresh one, and viable
cells were counted after 72 h using the trypan blue
dye exclusion assay.

Caspase activity was evaluated using the fluo-
rochrome inhibitors of caspases CaspalaglM cas-
pase-3/7 (FAM-DEVD-FMK), caspase-9 (FAM-
LETD) (Chemicon International, Milan, Italy). PC3
cells were treated with either AuD8, AuD9 or cisplatin
(10 uM) at 37°C for 3, 6 and 12 h, then harvested,
washed and resuspended in warm complete medium
supplemented with fluorochrome inhibitors of caspases
for 1 h at 37°C in a 5% CO, atmosphere, and then
analyzed immediately by flow cytometry. Viable anti-
body-labeled cells were identified according to their
forward and right-angle scattering, electronically gated
and analyzed on a FACScalibur flow cytometer (Bec-
ton-Dickinson Pharmigen), using CellQuest software
(Becton-Dickinson Pharmigen).

Thioredoxin reductase enzyme activity assay
TrxR activity in cultured cells was assessed using the
Thioredoxin Reductase Assay Kit (Sigma-Aldrich,
Milan, Italy), according to manufacturer’s instruc-
tions: 2.5 x 10° cells were treated with 10 pM of either
AuD8, AuD9 or cisplatin and, after 12 h, cells were
lysed with lysis buffer (50 mM Tris-HCI, 0.1% Tri-
ton X-100, 0.9% NaCl, pH 7.6) on ice for 30 min.
Total protein content was analyzed with the protein
assay dye reagent (Bio-Rad Laboratories, CA, USA).
Cell lysates were then incubated in 100 mM of potas-
sium phosphate with 10 mM ethylenediaminetatraace-
tic acid (EDTA) and 0.24 mM nicotinamide adenine
dinucleotide phosphate (NADPH) with and without
a TrxR inhibitor. The reaction was started by add-
ing dinitrothiocyanobenzene (DNTB) and it was
monitored spectrophotometrically at 412 nm.

Evaluation of proteasome activity

Cytosolic extracts were assayed to measure protea-
some activity using 20S Proteasome Activity Assay kit
(Chemicon International) according to manufacturer’s
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Figure 5. Inhibition of EGFR expression and cell migration induced by AuD8 and AuD9. (A) Fluorescence-activated
cell sorting analysis of EGFR and the corresponding phosphorylated form pEGFR after treating PC3 cells at 37°C
for 12 h, with either AuD8, AuD9 or cisplatin (10 uM). EGFR and pEGFR were analyzed using the anti-EGFR mAb
528 and the anti-pEGFR PY1197, respectively. Fluorescence-activated cell sorting histograms are representative

of one of three different experiments. Dotted lines indicate background fluorescence of cells, as determined

by isotype-matched immunoglobulins or autofluorescence. x- and y-axes indicate the logarithm of the relative

intensity of fluorescence and the relative cell number, respectively. (B) Quantification of EGFR and p-EGFR protein
levels as MFI. Data are expressed as mean * standard deviation of three separate experiments. (C) Scratch test
analysis of PC3 cells migration after incubation at 37°C with either AuD8, AuD9 or cisplatin at 4 uM for 24 h. Cells
were then washed, scraped up three times in the confluent monolayer, and then cultured in low serum medium
for additional 24 h. Pictures are representative of one of three different experiments (original magnification 10x).

(D) The migration rate is represented by the distance between the edges of the wound (defined by the lines),
indicating the surface area occupied by the migrating cells after 12 and 24 h. Values in the bar graphs represent
the mean = standard deviation of three different experiments.

*p < 0.0001 AuD8 or AuD9 or cisplatin vs control; °/°°AuD8 or AuD?9 vs cisplatin (°p < 0.01, °°P < 0.0001).

**p < 0.0001 AuD8 or AuD9 vs control.

MFI: Mean fluorescence intensity; pEGFR: Phosphorylated EGFR.

instructions. The assay is based on the detection of the
fluorophore 7-amino-4-methylcoumarin (AMC) after
cleavage from the labeled substrate LLVY-AMC. Lev-
els of released AMC were measured using an excitation
wavelength of 380 nm and an emission wavelength of
460 nm with an automatic multiwell plate reader. The
relative activity was standardized by protein concentra-
tion, determined using the protein assay dye reagent
(Bio-Rad laboratories, Milan, Italy).

Cell migration assay

Cell migration was assessed using the scratch wound
healing assay, as described elsewhere [44]. Cells were
grown to confluence in tissue culture dishes, then

either 4 pM of AuD8, AuD9 or drug-free medium

were added. After 24 h, cells were washed twice with
PBS and scraped up using a sterile pipette tip, then
washed again and cultured in RPMI medium with
2% FBS for 24 h. The migration rate was evaluated
by the Image Tool Software measuring the area of the
scratch covered by the migrated cells after 12 and 24 h
48] (TX, USA).

Evaluation of EGFR phosphorylation

In total, 2 x 10° PC3 cells were incubated in six-well
plates with RPMI medium supplemented with 10%
FBS containing 10 pM of either AuD8, AuD9 or cis-
platin at 37°C for 12 h. After fixing cells in 2% parafor-
maldehyde (for 15 min at 4°C), the surface expression
of the EGFR was analyzed by flow cytometry using the
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anti-EGFR monoclonal antibody (mAb) 528 (Santa
Cruz Biotechnology, CA, USA). To detect tyrosine
phosphorylated EGFR (pEGFR), cells were fixed in
2% paraformaldehyde in PBS for 15 min at 4°C, then
permeabilized with 1% Tween 20 for 30 min at 4°C,
and, eventually, incubated with mouse anti-pEGFR
(PY1197) (DAKO Citomation, Milan, Italy) [49]. The
PE-conjugated goat anti-mouse IgG (Becton-Dickinson
Pharmigen) was used as secondary antibody.

Human prostate tumor xenograft experiments
Six-week-old athymic nu/nu (nude) mice were pur-
chased from Charles River (Lecco, Italy). In total, 3
x 10° PC3 cells suspended in 0.1 mL of matrigel (1:3
in PBS) were inoculated subcutaneously into the right
flank of each mouse. When tumors reached sizes of
approximately 28 mm?, mice were divided randomly
into two groups of eight mice each, and treated every
other day with intratumoral injection of either drug-
free vehicle or medium containing 2 mg kg™ of AuD8.
This kind of administration reduces side effects and
pain and prevent recurrence, in addition to shrinking
the tumor. Tumor size was measured over time using a
caliper and tumor volumes were calculated according
to the standard formula (width? x length x m)/6. Mice
were sacrificed after 19 d of treatment when control
tumors had reached about 900 mm?. Organs were then
excised and fixed in formalin for tissue toxicity analy-
ses. Sections were cut and counterstained with hema-
toxylin and eosin according to standard procedures.
Images were taken using a Leica DFC495 camera on
a Leica DM4000B microscope at 10x magnification.
Image processing was conducted by Leica Acquisition
Suite v4.0 acquisition software (Leica Microsystems,
Wetzlar, Germany).

Statistical analyses

Graphs were generated using Microsoft Office Excel
(Microsoft Italia, Milan, Italy) and SigmaPlot soft-
ware (Systat Software, San Jose (CA), USA). Values
are reported mean + standard deviation of no less than
three measurements (unless otherwise stated). Statisti-
cal analysis was performed using GraphPad Prism 6
software (GraphPad, CA, USA). Statistical compari-
sons were drawn using Student’s t-test for comparing
two groups. Analysis of variances was used to evaluate
the correlation of data among three or more groups;
consecutive multiple comparison analysis was per-
formed using Dunnett’s or Tukey’s tests. Differences
were considered statistically significant at p < 0.05.

Conclusion
Prostate cancer is among the most common malig-
nancies, as well as a major cause of cancer-related

death worldwide [50]. Despite the benefits of andro-
gen ablation in the early stages of the disease, many
tumors recur in an androgen-independent form with
a dramatic increase in the mortality rates [1], thus
making the development of more active and less
toxic chemotherapeutics a major goal of medicinal
chemistry.

In this work, we report on the biological activity
and molecular mechanisms involved in the antican-
cer properties of ‘second-generation’ gold(III)-dithio-
carbamato complexes, focusing on prostate cancer. In
this regard, two gold(IIl)-dipeptidedithiocarbamato
derivatives, namely [Au"Br,(dtc-Sar-Aib-O[#Bul])]
(AuD8) and [Au"'Cl,(dtc-Sar-Aib-O[#Bu])] (AuD9),
have been selected owing to the promising results
recently obtained in preliminary 7z vitro cytotoxicity
studies [22].
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Figure 6. In vivo anticancer activity of AuD8
(xenograft). (A) Tumor volume was measured in
athymic nude mice after intratumoral injection of
either drug-free medium or containing 2 mg kg of
AuD8 every other day. Tumor volumes were measured
three-times a week using a caliper. Points represent the
mean = standard deviation of eight animals per group.
(B) Representative pictures of mouse lung, liver, kidney
and spleen with no evidence of tissue toxicity. Lung
parenchyma with focal lymphocyte infiltration (original
magnification 10x).

*p < 0.0001 AuD8 vs control.
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Both complexes were proved significantly more
cytotoxic in vitro than cisplatin in human prostate
cancer PC3 and DU145 cells. Moreover, they were able
to overcome cisplatin resistance, showing comparable
IC,, values in the corresponding cisplatin-resistant
PC3-R and DU145-R cell lines. Such potent cyto-
toxic effect resulted from the induction of apoptosis
in androgen-resistant cells, causing early cell damage
and DNA fragmentation while affecting cell cycle
progression in a different way compared with cisplatin.

From a mechanistic point of view, AuD8 and AuD9
promoted mitochondrial membrane depolarization,
Cyt-c release and caspase 9 activation, suggesting that
their anticancer activity involves the mitochondrial
intrinsic apoptotic pathway. In this regard, they were
shown to significantly reduce the expression of the pro-
survival Bel-2 and BelxL proteins and, simultaneously,
to increase the expression of the proapoptotic Bax pro-
tein, three fundamental regulators of the mitochon-
drial apoptotic pathway [51.52). Additionally, treatment
of PC3 cells with both gold(IlI) complexes induced
a massive inhibition of TrxR activity accompanied
by the generation of large amounts of mitochondrial
superoxides, in agreement with the involvement of the
selenoenzyme in ROS detoxification [28].

An additional feature of the gold(IlI) peptidomi-
metics here reported is the capability to strongly inhibit
proteasome activity, likely accounting for a multiple-

target antiproliferative action. AuD8 and AuD9 were
also shown to inhibit cell migration and to reduce the
expression and functional activity of EGFR and its
phosphorylated form, likely owing to the occurrence of
an oxidative stress [53].

Remarkably, the outcomes outlined above for the
investigated gold(III) derivatives resulted largely differ-
ent from those observed for the reference drug cisplatin
tested under the same experimental conditions, thus
suggesting a different mechanism of action compared
with clinically established platinum chemotherapeutics.

As the two complexes showed similar biological
activity in vitro, AuD8 was selected as a model com-
pound and tested for 77 vivo anticancer activity in pros-
tate cancer-bearing nude mice. Administration of 2 mg
kg every other day induced an overall promising 70%
reduction of tumor xenografts after 19-day treatment
(compared with control untreated mice). Remarkably,
chemotherapy was well tolerated by mice, which did
not display any sign of sufferance. Moreover, histology
showed no detectable damage to main animals’ organs.

Future perspective

Peptide transporters are overexpressed to a good extent
in prostate cancer PC3 and DU145 cells, thus provid-
ing a potentially preferential uptake way to selectively
accumulate anticancer peptidomimetics. In this regard,

the rationale behind the design of the object gold(I1I)-

Executive Summary

Background
mortality.
is still a widely used anticancer drug.

tri-peptides.

In vivo anticancer activity

Cytotoxicity

PC3 and DU145 cells.
Mechanism of action
e DNA is not their main target.

and Bcl-2.

e Prostate cancer is a major cause of death in men, and bone metastasis is the primary cause of morbidity and

e Cisplatin is among the first chemotherapeutic agents exhibiting broad effectiveness toward solid tumors and

e Peptide transporters are integral plasma membrane proteins that mediate the cellular uptake of di- and

e Gold(lll)-dipeptidedithiocarbamato complexes combine the antitumor properties and a favorable
toxicological profile along with an enhanced bioavailability and tumor selectivity owing to the exploitation of

the dipeptide-mediated cellular internalization by targeting PEPT1 and PEPT2.

e The gold complex AuD8 was administered to nude mice bearing prostate cancer xenograft.
e Every other day 2 mg kg induced the 70% grow inhibition of tumor after 19-day treatment.

e Our gold complexes were proved significantly more cytotoxic in vitro than cisplatin in human prostate cancer
e The investigated gold complexes were also able to overcome cisplatin resistance.

e Gold(lll) dithiocarbamato derivatives seem to trigger cell death commitment in few hours.

e They increase the proapoptotic molecule Bax and decrease the expression of antiapoptotic molecule Bcl-xL

e They promote mitochondrial membrane permeabilization and cytochrome-c release.

e They induce activation of caspase 3 and 9 after just 3 h.
e They promote reactive oxygen species production and inhibit the proteasome activity.
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dithiocarbamato peptidomimetics relies on the poten-
tial recognition of the whole metal complex that, once
recognized, transported and delivered by PEPTs inside
the tumor cell, can exert its anticancer activity with-
out affecting healthy tissues. In this context, we have
recently investigated acute toxicity in mice by two
administration routes (intravenous and oral) recording
outstanding results [NarRDON C, UNPUBLISHED DATA].
Remarkably, the investigated compounds were
proved to hold back the ‘normal’ development of can-
cers in vivo, by inducing up to 70% tumor mass decrease
in prostate cancer, together with negligible (or even no)
organ toxicity. The real breakthrough is not simply the
use of gold compounds to treat cancer but the rational
design of gold-based drugs that may be very effective,
nontoxic and potentially selective towards cancer cells.
Their enormous potential impact relies on the possible
site-specific delivery, strongly improving the cellular
uptake and minimizing unwanted side effects.
Altogether, the results here reported are promis-
ing and should encourage further studies in order to
demonstrate the potential of these gold-based pepti-
domimetics as a novel therapeutic strategy for treating
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