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Abstract

Basal like breast cancer (BLBC) is a very aggressivbtype of breast cancer giving few chances wival,
against which cisplatin based therapy is a compmeramong the anticancer activity, the resistangeldpment
and the severe side effects. With the aim of figdiew anticancer agents alternative to cisplagmes gold(l)
azolate/phosphane compounds were evaluateiro by MTT tests in human MDA-MB-231, human mammary
epithelial HMLE cells overexpressing FoxQ1, and imeiA17 cells as models of BLBC. Two compoundsh<4,
dichloro-1H-imidazolate-1-yl)-(triphenylphospharggld(l) 1 and  (4,5-dicyano-1H-imidazolate-1-yl)-
(triphenylphosphane)-gold(l2 were found very active and chosen for ianvivo study in Al17 tumors
transplanted in syngeneic mice. The compoundstessth be more active than cisplatin, less nepkiotand
generally more tolerated by the mice. This study girovides evidence that both gold(l) complexdsbited
the 19S proteasome-associated deubiquitinase USRILihduced apoptosis, while compourglmechanism of
action depends also on its ability to down-regulkatg molecules governing cancer growth and progressuch

as STAT3 and Cox-2.



Introduction

Basal-like Breast Cancer (BLBC) is one of the mexggressive subtypes of breast cancer and it iciasso
with the worst prognosis. BLBCs lack the expressidnsteroid hormone receptors (estrogen receptdr an
progesterone receptor) and human epidermal groadtorf receptor 2, limiting targeted therapeuticiapt!
BLBC treatment usually consists of conventionabtyxic chemotherapy: although patients are quitsitige

in the preoperative setting, they are neverthalsseciated with short relapse-free and overalligaité Hence,
the development of new therapies with improvedapeutic indices is of paramount importance. Ingbarch

of anticancer drugs, metal-based drugs gained gnebrtance starting from the accidental discovefy
cisplatin, one of the leading agents in clinicaé.li®reclinical and clinical data reveal encouragintjvity of
platinum-based chemotherapy drugs in BLBywever, their continued use is greatly limitedseyere dose
limiting side effects and intrinsic or acquired gnesistanc& Among all the drugs containing metals other than
platinum, gold compounds have turned out to betinguedge class of anticancer compouhti&émong all the
classes of gold compounti$the gold(l) phosphane complexes are potential gmodlidate for the anticancer
therapy'>**In fact, Auranofin (ridaura), an old and reliablgiaheumatic drug, made of a tetracetylthioglucose
and the gold(l)triethylphosphane  fragment, [(2 B#etra-O-acetyl-1-thi@-D-glucopyranosato-S-
[triethylphosphine]gold), has been recently recdeed for the treatment of P388 leukerii&, lung’s non
small cell tumors?**as well as, in combination with other drugs, fae theatment of breast canc¢®A strong
encouragement to continue the investigation inathicancer activities of phosphane gold(l) comptegemes
from the upgrade in the understanding of the mashaof action of Auranofin and its derivativEd’ Seleno-
proteins such as Thioredoxine Reductase, were tede® possess a key role in a complicate netwdérk o
biological processé%* involving redox metabolism and mithocondria ankreif they have been identified as

the major targets of gold(l) phosphane compl&amtextually the concept that gold compounds arkitanget



drugs grew up to&??#The nature of the ligand, its slight modificatios well as the gold coordination
environment lead to the activation of preferentallular paths???’ However, Auranofinappears to have
predominant antimitochondrial activity due to thwhibition or uncoupling of oxidative phosphorylatidoy
gold(l) phosphine complexes; comparing its actitdythose of cationic ([Au(dppgL!) and ([Au(dppy)]CI)
(dppe = bis(diphenylphosphino)ethane, dppy = bsfiliylphosphino)ethane) complexes, showing a simil
mechanism, the fine tuning of the hydro/lipophBiglancing gained attention in the gold drug de&ighzolate
gold(l) phosphane complexes were found to possge®mounced cytotoxic activity on many human cancer
cells, some of which were endowed with cisplatimmudtidrug resistanc€:*° These compounds were made with
pyrazolate or imidazolate and gold(l) triphenylpbiosne or gold() TPA (TPA=1,3,5-triazaphosphaadaaraajt
for these latter a lack of activity was observetiug, assuming the hydro/lipophilicity might be ttwitical
aspect on the design of effective anticancer gplatibsphane complexes with low systemic toxicitgnping
N-Au-P or P-Au-Cl skeletal structure, different a@olfunctional groups have been introduced eithethin
phosphane or/and in the azole ligand. Hence, assefigold(l) complexes containing, in the azokate/or in
the phosphane ligand, polar groups such as COOHQBHCI, CN, were synthesized and labelled as fallow
(4,5-dichloro-1H-imidazolate-1-yl)-(triphenylphosgie)-gold(l) 1, ((4,5-dicyano-1H-imidazolate-1yl)-
(triphenylphosphane)-gold(B, (2-benzoic acid-diphenylphosphane)-gold(l)chleid(4,5-dicyano-imidazolyl-
1yl)-(4-benzoic acid-diphenylphosphane)-goldd))4-Benzoic acid-diphenylphosphane)-gold(l)chlejis, (4-
hydroximethyl-imidazolyl-1yl)-(2-benzoic acid-diphg@phosphanegold(l) 6 and [tris(4-benzoic-
diphenylphosphane-acid)-gold(l)chlorid@] Then, our goals have been: (i) to define the chine Activity
Relationship (SAR) of the above mentioned comple§g§so evaluate their anticancer efficaityvitro; (iii) to
confirm their antitumor potentiah vivo against a murine BLBC transplanted in a syngeheat; and (iv) to
investigate the mechanisms underlying their antearactivity. Among all the complexes, we identfie

compoundd and?2 as the most powerful antitumor agents behavinguals target anticancer agents.
Material and Methods

Synthesis of gold(l) phosphane complexes



For the synthesis, 2-benzoic acid of diphenylphospnh4-benzoic acid of diphenylphosphine and other
chemicals were purchased and used without furthgfigation. The complex RRAUCI was synthesized from
tetrachloride gold (lI1) acid and a double molarcamt of PPhin ethyl alcohol as previously report&€dolid
Me,SAuUCI was synthesized by reducing HAL@lith an excess of M& and by washing with methanol the
white solid obtained. Melting Points were not detieied because most of the compounds decomposevat lo
temperature and the meltings were not clearly ofeskr (4,5-dichloro-1H-imidazolate-1-yl)-
(triphenylphosphane)-gold(lL, (4,5-dicyano-1H-imidazolate-1yl)-(triphenylphospie)-gold(l) 2, (2-benzoic
acid-diphenylphosphane)-gold(l)chloride 3 and (4,5-dicyano-imidazolyl-1yl)-(4-benzoic acid-
diphenylphosphane)-gold(1)3, (4-Benzoic acid-diphenylphosphane)-gold(l)chlejid were synthesized as
described in literatur€:*® Samples for microanalysis were dried under vac@2@iC, 0.1 torr) till constant
weight. C, H and N elemental analyses were perfdroyethe CARLO-ERBA ELEMENTAL ANALYSIS mod.
1106 mycro analyser at University of Camerino. dnéid spectra (4006 100 cm®) were recorded with
PERKIN-ELMER SYSTEM 2000 FT-IR spectrophotomet#t.NMR spectra were recorded on an Oxford-400
Varian spectrometer. Chemical shifts, in ppm, féfNMR spectra are relative to internal }& Melting points
were determined with an instrument ELECTROTHERMANGNEERING LTD Mod.9100. Mass spectra
(ESI-MS) were obtained for negative ions through $#ies 1100 MSD spectrometer. Solutions (ca. M) m
were prepared using MeOH as solvent. The experaheonnditions were as following: the organic phfiee
was 300 pL/min, the drying gas flow {Nwvas 10 L/min, the nebulization pressure was 3§, pse temperature
of the drying gas was 350 °C, the value for thgrfrantor was fixed to 30, the acquisition of theadats
performed by scanning in ranges from 500 to 2000.am

Synthesis of 4-hydromethyl)imidazolyl-1H-gold(l)-(2benzoic-diphenylphosphane acid (compound 6)

50 mgs of solid 4-hydromethyl-imidazole (0.5 mmagre dissolved in 5 mL of C}H. To this solution 0.5
mL of a 1 M methanolic solution of KOH (0.5 mmolere added. After magnetic stirring of a half of hati
room temperature, 12 mL of a methanolic solutiontaiming 275 mgs of 2-benzoic-diphenylphosphaneacid

gold(l)-chloride were added (0.5 mmol). The susmensvas stirred for two hours and then filtered ofer a



celite bed. The clear solution was concentratetiOtanL and let to evaporate till a microcrystallipalid was
obtained Yield 63 %. M. p. 195-197°C.

'H-NMR (CDsOD, &): 8.11 (s, br 1H); 7.65-7.46 (m, 13H), 7.41 (t,)1RA.00 (s, 1H), 6.86 (t, 1H), 4.56 (s, 1H)
$IP_.NMR (CD;OD, 8): 33.21 (s). MIR (cr): 3123 (s, br), 3055 (m, br), 2855 (m, br), 170@:8), 1596 (s),
1579 (s), 1557 (s), 1479 (m), 1435 (s), 1371 (BROL(M), 1256 (m), 1241 (m), 1206 (W), 1157 (W)011s),
1063 (w), 1019 (m), 982 (m), 937 (m), 879 (m-w)P8g8), 747 (s), 710 (s), 692 (vs). FIR (cm-1): %68, 519
(m), 543.6 (m-s), 500.8 (w), 433.8 (m), 393 (M)528(m), 227 (w), 175.6 (m), 153.4 (w), 135 (w)SIE-)
(CHOH, m/z) : 98 (45), 392 (30), 536.9 (100). ESI (©HOH, m/z): 809 (100) [(2-COOH-BR)AU]".
Elemental analysis for gH,0AUN,OsP, calcd %: C 46.01, H 3.36, N 4.67. Found C 48:56,01, N 4.99.
Synthesis of tris(4-benzoic-diphenylphosphane-acidjold(l)chloride (compound 7)

The solution of 4-(diphenylphosphine)benzoic ad@g 3mg; 0.4 mmol) in CHgwas added dropwise to the
solution of dimethylsulfidegold(l)chloride (30 m@;1 mmol) in CHCJ (3 mL) at 0°C The mixture was stirred at
r. t. overnight. A pale yellow precipitate was dbtl. The suspension was filtered off through acgodhe
solid was washed with few mL of CHCAnd dried by vacuum. The crude product was ciiztdl dissolving in

few mL of CHC} and adding cyclohexane.
Yield. 86%. M. p. 139-140°C

'H-NMR (CD;0D, 8): 7.81 (d, 6H); 7.50 (t, 6H), 7.26 (m, 30HIP-NMR (CD,OD, 3): 42.09(s). MIR (cril):
3484 (s, br), 3054 (m, br), 1702.9 (vs), 1597.91550.2 (s), 1481 (m), 1434 (s), 1393 (s), 13{Mp 1275 (m,
sh), 1225 (vs), 1183 (s),1122.6 b(m), 1091.8 (82519 (m), 1016.8 (s), 998.9 (m), 855 (m-w), 79(g, 764
(s, sh), 742.8 (s), 689.9 (vs).FIR (&m534 (w), 513.5 (m), 367.8 (W), 295.68 (w), 1%(@n), 139 (m), 125.7
(m), 106 (w), 58.43 (m), 39.8 (m). ESI (-) (§BH, m/z) : 305.2 (100), 536.9 (40). ESI (+) (§H, m/z): 808.9
(100) [(2-COOH-PEP),AU]*. Elemental analysis for §@Hs:AuCIOgP;, calcd %: C 56.80 , H 4.26. Found C
56.86, H 4.13.

Cell cultures



A17 cells were established from spontaneous lolmdacinomas that arose in a FVB/neuT mice transgieni
the activated form of rat HER-2/neu oncogene (F\éBF233), as previously describ¥f® A17 cells were
cultured in Dulbecco’s Modified Eagle Medium (DMENhvitrogen, Carlsbad, CA) supplemented with 20%
fetal bovine serum (FBS, Invitrogen, Carlsbad, @AYl 1% penicillin-streptomycin (P/S, Invitrogen,riShad,
CA). MDA-MB-231 cells were obtained from Americaiype Culture Collection (Rockville, MD) and cultured
in DMEM supplemented with 10% FBS and 1% P/S. MDB-MI68 and HMLE/FoxQ1 cells were cultured in
DMEM supplemented with 10% FBS, 1% P/S or DMEM/HANI2 (1:1) supplemented with 10% FBS, 1% P/S,
2 mM L-glutamine, 10 ng/mL human EGF, 0.5 pg/mL togbrtisone and 10pg/mL insulin, respectively. To
maintain the Foxgl gene in HMLE/FoxQ1 cells, 2.p&/mL Blasticidin was added to culture metia30
Cells were grown in a humidified atmosphere with 6@ at 37°C.

Cell viability assay

The effects of gold(l) compoundd-{), respect to cisplatin (cis-Diammineplatinum(llickloride, Sigma-
Aldrich, St. Louis, MO), on cell viability were ekmted by seeding 2.5*1M\17, 7*10° MDA-MB-231,
7.5*10° MDA-M-468 and 3*18 HMLE/FoxQ1 cells/well in 96 wells plates in thaiespective complete
medium. The day after, fresh medium containing epgate concentrations of compouride?, 3, 4, 5, 6, and
cisplatin were added. After 24h and 48h, cell Jigbwas determined using an MTT (Sigma Aldrich, Sbuis,
MO) assay, as previously describ8drhe cytotoxicity of the compounds was reported exgntage of viable
cells relative to control cells. All the experimgntere repeated three times.

Immunoblotting analysis

Lysates were separated by 4-20% gradient precaStFSRGE (Bio-Rad) and transferred onto polyvinyliden
difluoride (PVDF) membranes (Immobilion P, Millipgr For DUB labeling assay, cell lysates were iated
with Ub-VS for 30 minutes at 37°C, followed by hind in reducing sample buffer and resolving by SDS-
PAGE. For immunoblotting analysis on HMLE/Fox Q1l extracts, primary antibodies against NMNAT3 (D-
10) (Santa Cruz Biotechnology, Inc.), Purified Meuanti-Human PARP (BD Pharmingen™), and USP14

(Abcam) were used, respectively. After secondatipady incubation, the immunoreactive bands wergwad



with ECL chemiluminescent substrates (Pierce Rodifand detected by exposing to X-ray films (Kodak,
Rochester, NY, USA). For immunoblotting analysis tamor lysates, primary antibodies feactin, STATS3,
phospho-STAT3, Cox-2, Slug and Snail were from Gahaling Technology. Secondary antibodies congaja
with peroxidase were from Sigma-Aldrich. The immresxtive bands were detected by using LiteAblot 8LU
(Euroclone) reagents and images were acquired@imiDoc Imaging System (Bio-Rad).

Animals

Female FVB mice, line 233, 6 weeks old, were ole@ifrom Charles River S.r.l. (Lecco, Italy), anduked
under controlled conditions. Mice were treated agicg to the European Community guidelines. Therdadi

Research Committee of the University of Camerinthanized the experimental protocol.

Treatments and tumor growth

A suspension of 1*T0A17 viable cells in 20Qul of PBS was inoculated into mammary fat pad of é&krold
FVB females. 10 days after tumor challenge, miceewandomly divided in 4 groups (5 mice per groapdl
treated with compound, compound2, cisplatin or isotonic solution by intraperitoneajection (via i.p.) in
accordance with a treatment schedule (protocol y@xéviously reported Briefly, 3 mg/kg/day of each
compound (12 mg/kg final amount) were administdoed times, once every three days. Body weight afem
and tumor growth was checked constantly until the & the experiment, progressively growing massemm
mean diameters were considered as tumors. Tumomeoivas calculated as 0.5 X & d,, where d and d are
the smaller and larger diameters, respectively. drsmvere surgically removed on day 24.

Histology and immunohistochemistry

Tumors and kidneys were harvested at the end oéxperimental period, fixed in formalin and embetide
paraffin or fixed in PFA 4% and frozen in cryo-erddang medium (OCT Bioptica, Milan, Italy). To detec
possible organ toxicity, kidney slides were staiméth hematoxylin and eosin. Histopathological evides of
acute tissue damage were semi-quantified accotditiie methodology described elsewtiérewo slides were
analyzed in a blind fashion evaluating the follogviparameters: atrophic glomerulus, dilated proximal

convoluted tubule, degenerated tubules, inflammyatetls infiltrate, desquamation of epithelial seind cast
8



formation. The severity and incidence of each patamwas scored as follows: - absent , -/+ scgrcel-
moderately; + frequently. For immunohistochemistaymor slides were incubated with the followingnpuary
antibodies: anti-CD31 (550274) and anti-CD105 (3E)5BD Pharmingen, Milan, Italy). After washindides
were overlaid with appropriate secondary antibadiesnunostaining was developed with DAB Chromogen
System (Dako, Milan, Italy) or Vulcan Fast Red @&ice, Milan, ltaly) alkaline phosphatase methode Th
number of CD31/105 positive vessels was evaluatedigital images of controls, cisplatin, compouh@nd
compound? treated tumors (5 per group, 5 x 400 microscapid$ per tumaor).

Metal trace examination

Gold and platinum content in explanted kidneys frmie treated witttompoundl, compound?, cisplatin or
isotonic solution was evaluated by ICP-MS. All smnos were prepared using ultrapure water obtafred a
Millipore Milli-Q system (resistivity 18.2 M2 cm). Optimized digestion of samples was carrietl ioua
microwave digestor (Berghof Speedwave four, Bergkmingen, Germany) with 5 ml of HN@65%). Fifty
microliters of iridium solution (20 mg) was addesl r@covery standard. Digested solutions were dilwigh
ultrapure water to obtain a solution with the cotracid concentration in order to perform analyJike
concentrations of metals in the processed sampes measured by ICP-MS (7500cx series) with theating

conditions described elsewhéfeCalibration curves were obtained using aqueousdatansolutions (1,5%

nitric acid) with appropriate stock standards diog (Fluka Analytical, Aldrich, Milan, Italy).

Step 1 2 3 4
T © 150 190 50 50
P (bar) 36 36 0 0
Power (%) 70 90 0 0
Ramp (min) 5 5 1 1
Step (min) 10 20 15 1

Table 3) Optimized digestion protocol for explanted kidneys

Proteasomal chymotrypsin-like activity in HMLE/FoxQ1 breast cancer cells



The HMLE/FoxQ1 cells were treated with compounand compouna for different periods of time (0, 30, 60,
90, 120, 150, 180 minutes), lysed, and the prateircentrations were measured using a Bio-Rad pratsay
(Bio-Rad). Whole-cell lysates (143) were incubated for 2 h at 87in 100ul assay buffer (20 mM Tris-HCI,
pH 7.5) with 20 uM fluorogenic peptide substrate Suc-LLVY-AMC (Anagp Fremont, CA, USA).
Proteasomal CT-like activity was measured usingwadiac Victor3 multi-label counter with an excitat Iter

of 365 nm and an emission filter of 460 nm, as jonesly described®

Statistical analysis

Quantitative data are presented as means = SEM fhwe® independent experiments. The significance of
differences was evaluated with two-tailed Studentest, or one way ANOVA followed by Bonferroni or
Tukey's Multiple Comparison post test. Statistiaaklysis was executed with GraphPad Prism Softé%ae

Diego, CA, USA), using p<0.05 as the critical legébignificance (*p< 0.05; **p < 0.01; *** p<0.001).

Results

Structure of the compounds

A set of gold(l) compounds having the N-Au-P or B-@l backbones were synthesized according to argene
scheme where the azolate salt was treated witbeleeted phosphane gold(l) chloride or tetrafluate(Figure
1). It is known that compounds having a N-Au-P envirenmare more active than those with a C-Au-P
chemical structureThus, the gold(l) compounds$, 2 3 and 6 have the N-Au-P chemical backbone but,
compoundsl and2 contain polar groups such as chloride and cyaoogy in the imidazole ring and they have
PPh as coligand, compoungland 6 possess one COOH group in the phosphane liganthéoformer and a
CH,OH group in the imidazole for the latter. Compouddsd5 exhibit a P-Au-Cl backbone and they differ for
the position of the COOH group in the phenyl grafiphe phosphane ligand (compoufidortho position, and
compoundb, para position); lastly, the compourdontains the P-Au-Cl environment with the gold rchioated

to three 4-benzoic diphenylphosphane ligands. Thé&ewmicrocrystalline solids of compounds? were

prepared and used to prepare fresh stock solutiorie biological tests.
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Compound 1 Compound 2 Compound 3

OH

al o ]
Q Au/ Cl / N
P/ Au Au
‘‘‘‘‘ . o P ) /
OH

Compound 4 Compound 5 Compound 6

[ O)\@P/]VA“/G
©\\

3

Compound 7

Figure 1. Schematic representation of the gold(l) compouesi®d in this work.

Compounds 1 and 2 inhibited BLBC growthin vitro

The effect of the new gold(l) compoundk4), compared with that of cisplatin, on cancer c@dlbility was
estimated by MTT assay at 24h treatment using thmeam MDA-MB-231 cells and the murine A17 cells as
models of BLBC® Among the tested drugs, only compoutidand2 exhibited a remarkabi@ vitro anticancer
efficacy against both murine and human cell lifesng able to decrease cell viability in a doseeejent

manner with 1G, values at low M concentrations, whereas compo@rdfailed in reducing significantly cell

11



viability even at the highest tested dose (Tablsupporting information Figure 1, 2). Interestingtpmpounds

1 and?2 displayed a stronger antineoplastic activity respe cisplatin. In particular, the response of MD#B-
231 cells to compoundsand?2 resulted to be stronger and even faster thartdhasplatin. In fact, compounds
1 and2 showed IG, values of 19.28 uM and 14.83 uM, respectivelyerai4h treatment, whereas cisplatin
displayed an Ig value of 50.49 uM only after a 48h treatment (€ab). In additionjn vitro screening was
completed evaluating the cytotoxicity of the sepammoieties of compounds and 2, corresponding to free
azoles (ImMH(CH and ImH(CN) for compoundsl and 2, respectivel), and triphenylphosphane moieties
(PhPAUCI and the bare ER) (supporting information Figure 4). Of note, ofigPAUCI moiety was able to
decrease viability in both A17 and MDA-MB-231 cedis24h, with an I value of 22.274M and 18.29uM,
respectively. On the contrary, ImH(gIYmH(CN), and PBP displayed negligible cytotoxicity in both BLBC
cells highlighting the role of the metal centre thre anticancer activity of our gold compountisand 2
(supporting information Figure 3). The anticancH#icacy of compoundd and2 was also confirmed on two
otherin vitro models of breast cancer: the human BLBC MDA-MB-468s" and human mammary epithelial
HMLE cells overexpressing FoxQ1, characterized taymsess traits and chemoresistatiteHMLE/FoxQ1
line revealed to be the most responsive cells tbh bompoundl and?2, displaying 1G, values of 7.41uM and
9.27uM at 24h, respectively. Of note, cisplatin was lesctive than compoundsand2 also in HMLE/FoxQ1
and MDA-MB-468 cells, inducing a significant decsean cellular viability only after 48h treatmenithwvan
ICsovalue of 34.12 uM in HMLE/FoxQ1, and after 24h treant with an IGvalue of 32.50 uM in MDA-MB-

468 cells (Table 1; supporting information Figuje 3

Table 1- ICso Values of Compounds 1-2, cisplatin on A17, MDA-MB-231, MDA-MB-468 and HMLE/FOXQ1

breast cancer cells.
ICso

Compound Cell Line Time
Meanz+ SD? [uM]

12



Al7 24h 11.38 £1.05

MDA-MB-231 24h 19.28 £1.06
Compound 1

MDA-MB-468 24h 13.62 £1.05

HMLE/ FoxQ1 24h 741 +1.06

Al7 24h 11.95+1.04

MDA-MB-231 24h 14.83 £1.05
Compound 2

MDA-MB-468 24h 11.25+1.14

HMLE/FoxQ1 24h 9.27 £1.06

Al7 24h 15.86 £ 1.17

MDA-MB-231 48h 50.49£2

Cisplatin
MDA-MB-468 24h 3250+1.12
HMLE/FoxQ1 48h 34.12 £2.17

2SD: standard deviatiol

Table 1. Half Maximal Inhibitory Concentration (i) values of compounds?2 and cisplatin for A17, MDA-
MB-231, MDA-MB-468 and HMLE/FoxQ1 cells after 24 48h of treatment with increasing concentration of

each gold(l) compound. kgvalues are expressed as Mean + SI2)(

Compounds 1 and 2 inhibited BLBC growthin vivo

We next investigated thim vivo antineoplastic effect of compoundsand 2, which showed the strongest
anticancer activityn vitro, against A17 cells, able to give rise to aggressiesenchymal tumors when injected
into syngeneic mic&* As previously described, A17 transplanted tumdrars molecular signature with

BLBC, including expression of vimentin, cytokerafid, N-cadherin and Cox“2*3The antineoplastic activity

of compoundsl and2 was compared with that of cisplatin, known to bfeafve against A17 transplanted
13



tumors®* 10 days after tumor challenge when tumors becamiaple, 3 mg/kg/day of each compound were
administered 4 times, once every 3 days, in accoelavith a previously reported protocol (q3X%Here we
show that compound$ and 2 were able to reduce significantly A17 tumor gron®f note, control tumors
displayed a rapid growth rate, completely countexby both compoundk 2 and cisplatin for all the duration
of treatment (from day 10 to 19) (Figure 2A). Indaibn, both gold(l) compounds were able to sigraifitly
delay the growth of A17 tumors and to maintain themaller than control ones even after the last drug
administration (day 19) until the end of the expennt, although their effect was not long lastinghescisplatin
one (Figure 2A,B). Since Al7 cells are able to gige to highly vascularized aggressive tumorscaried out
histological and immunohistochemical analyses taliate the effect of compoundsand2 on A17 tumor
angiogenesis. In fact, several data support a aentle for angiogenesis in breast cancer growtd an
metastasié? Interestingly, both compouridand?, similarly to cisplatin, were able to provoke a retion in the
number of vessels (CD31/ 105 positive cells) inlaxed tumors (supporting information Figure 5). riote,
body weight did not significantly differ in miceetnted with compounds$ and2 respect to the control ones,
suggesting that they have very low drug toxicityttet selected doses. On the contrary, cisplatateétemice
showed a continuous significant reduction in bodayight during the treatment, reaching the maximurighte

loss at day 19 (Figure 2C).
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Figure 2. Compoundd and2 suppressed BLBC growth viva. FVB female mice were injected with syngeneic
A17 cells and treated with cisplatin, compoundr 2 or isotonic solution. Treatments schedule (q3tdjted
ten days after cell injection. A) Tumor growth ceisvin mice receiving the treatment schedule q3>Xdu#&s are
mean + SEM, n = 5/group; B) representative imadgetuimors explanted from control and treated mice at
sacrifice (upper panel) and relative tumor weidtivér panel) 24 days after tumor challenge, vaaresmean +
SEM; C) effect of treatments on mean body weightmiofe. Values are mean + SEM. The significance was
determined by the One way ANOVA test followed byk&y's Multiple Comparison Post Test; each group was

compared to control. (*g 0.05; **p < 0.01; *** p<0.001).

Compounds 1 and 2 exhibited reduced nephrotoxicityespect to cisplatin

To better evaluate the toxicity of compouridand2 we carried out an extensive histopathological ysislof
explanted kidneys, common target organs of chemaylyedrugs. Importantly, hematoxylin and eosin (H&E
staining (Figure 3) and relative semiquantitivelgsia (Table 2) revealed a significant reduced nefaixicity,
similar for compoundl and compoun@ treated mice, respect to cisplatin. In detailtditgyical changes in

kidneys after cisplatin treatment revealed a sewtrephy of glomeruli, which was apparently duethe
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reduction in its size, and moderate dilatation mixpmal convoluted tubules with slogging of almesttire
tubular epithelium due to its desquamation. Cigplaeatment also provoked marked degenerationuladles
and moderate interstitial inflammatory cells imfiion (Figure 3 A,B,C) (Table 2). On the contrabgth
compoundsl and2 administrations caused just a moderate atroplgjooeruli respect to cisplatin, whereas the
dilation of proximal convoluted tubule and the dagmtion of tubules is comparable to controls.rkggngly,

we revealed no signs of inflammation neither aft@mpoundl or compound treatment (Figure 3 A,D,E,F)
(Table 2). Furthermore, analysis of gold and plat traces by Inductively Coupled Plasma-Mass Spectry
(ICP-MS) analysis in the kidneys of treated miceady demonstrated a good excretion of both gold(l)
phosphane compounds, significantly higher respeatigplatin, that led to an accumulation of platmin

kidneys (Figure 4).

NE- %) PCT

PCT

Figure 3. Histopathological effects of compoutd? and cisplatin in mouse kidney using hematoxylid easin
(H&E) staining. A) Histology of normal control maaigidney (isotonic solution); B,C) renal tissuecisfplatin-
treated mice; D) renal tissue of compowrmeated mice; E,F): renal tissue of the compaolsetated mice. (N)
normal glomeruli; (G) atrophic glomerulus; (PCTlatiéd proximal convoluted tubule; (T) degeneratdalites;

() inflammatory cells infiltrate; (D) desquamatiofepithelial cells. (Magnification x 200).
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Isotonic solution Cisplatin - Compound 1 Compound 2

score score Score score
Atrophic glomerulus (G) -/+ + +/- +/-
Dilated proximal convoluted tubule (PCT) -/+ +/- -+ -+
Degenerated tubules (T) -/+ + -+ -+
Inflammatory cells infiltrate (1) -/+ +/- -+
Desquamation of epithelial cells (D) -/+ +/- +/- +/-

Table 2 Semiquantitative analysis of histopathologicahtfiees in kidneys after treatment with cisplatin,

compoundl and compoun@: - absent ;/+ scarcely:+/- moderately:+ frequently.

Kidney

e

—_—
<

Metal trace (ug/gr)

&
A

o ¢®
Figure 4. Gold and platinum content in kidneys of mice teglatvith compound., compound2 or cisplatin
evaluated by Inductively Coupled Plasma-Mass Spewtry (ICP-MS). The data are presented as micnogra

of metal (Au or Pt) per gram of tissue. Valuesrasan + SEM, n= 5/group. The significance was detexthby

the One way ANOVA test followed by Tukey's Multipt@Bomparison test (*** §0.001).

Compound 1 decreased Cox-2 expression in BLBC Alransplanted tumors

Al7 cells, beside the expression of mesenchymakensyr display constitutively active STAT3 transtop
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factor?*® and overexpression of Cox-2, that is one of itsvmiiream target gend¥’® Cox-2 is frequently
associated with basal-like transcription patternhimman breast tumof$, where it correlates with their
mesenchymal signature and their malignant phenatygelating neoangiogenesis, invasion and antitagiop
mechanism&****3*54Thys, the molecular mechanisms underlying the antier effects of compouridand?2
were analysed by western blot firstly evaluatingcQoexpression level in A17 tumors explanted froeated or
untreated control mice. Our results show that lmotmpoundl and cisplatin treatments were able to induce a
marked downregulation of Cox-2 expression, whichs vearrelated with a significant decreased level of
phospho-STATS3 (Figure 5). Furthermore, both compduand cisplatin induced a significant reduction oftb
Snail and the closely related gene Slug (FigurevB)ch mediate Epithelial Mesenchymal Transitiod(B in
invasive carcinoma cells and retain the mesenchymaiessive phenotyfg?>°0On the contrary, compour
treatment did not affect neither Cox-2 expression3irAT3 activation and it did not induce a decesakSnail

and Slug targets, suggesting a mechanism of adiffament from the one exerted by compound
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Figure 5. Effect of compound, compound and cisplatin treatment on STAT3 activation ana-2pSnail and
Slug expression in A17 transplanted tumors. Reptatiee image of western blot analysis (right pafat the
expression levels of STAT3, p-STAT3, Cox-2, Snaillg andp-actin (loading control) in A17 tumors from
FVB mice receiving isotonic solution (control), cpound 1, compound2 or cisplatin; densitometric
guantification of p-STAT3, Cox-2, Snail and Slugpession normalized ofi-actin (left panel) from three
independent experiments, performed with ImageJwdod. Values are mean + SEM. The significance was
determined by the One way ANOVA test followed byk&y's Multiple Comparison test (*g 0.05; **p < 0.01;

*k 1) <0.001).

Compounds 1 and 2 were able to induce apoptosis HMLE/FoxQ1 breast cancer cells

To gain further insights into the mechanism undegyanticancer activity of both compoundsand 2, we
investigated their ability to induce apoptosis iMEE/FoxQ1 cells, which revealed the higher sengibtb both
complexesin vitro, as previously described. Hence, HMLE/FoxQ1 celése treated with compount or
compound2 for 8h or 24h and cleavage of poly (ADP-riboselypmrase-1 (PARP), a hallmark of apoptosis,
was detected by western blot. Interestingly, batinglexes were able to induce PARP cleavage after23lh

treatment, suggesting their strong ability to teiggpoptosis in HMLE/FoxQ1 cells (Figure 6).
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Figure 6. Compoundsl and 2 induce apoptosis. Representative image of wedbn analysis of PARP

cleavage (89 kDa fragment) detected in HMLE/Fox@llscupon treatment with compourdd(7.5 uM) or

compound (9.15 puM),B-actin was used as loading control.
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Compounds 1 and 2 induced accumulation of polyubigtinated NMNAT3 (Nicotinamide mononucleotide
adenylyltransferase 3) in HMLE/FoxQ1 breast cancecells

Dou lab has found that NMNAT3 protein can be degdady ubiquitin-proteasome system (unpublished
results). NMNAT3 is the key enzyme in nicotinamiddenine dinucleotide (NAD) biosynthesis pathway in
mitochondria and cancer cells generally displayrra@né NAD metabolism, hence targeting NMNAT3 coblel

a strategy for treating different cancers. Thusjmwestigated whether both compouridsnd2 had effect on the
level of ubiquitinated NMAT3 in HMLE/FoxQ1 cellsidgure 7 showed that both gold(l) compounds were abl
to induce a time-dependent accumulation of polyuititpted NMNAT3 in treated HMLE/FoxQ1 cells,
suggesting a possible inhibition of 26S proteaseitteer at 20S (proteolytic core) or 19S (regulatpayt) via
proteasome-associated deubiquitinases (DUBSs) dm, heading to a block of degradation of ubiquitetht
proteins and eventually to apoptosis. However, weueled that our gold complexes could suppress tumo
growth via direct inhibition of the 20S proteasometivity since they failed to inhibit 20S proteasdm
enzymatic activity, measured by a proteasomal chgypsin-like (CT-like) assay in HMLE/FoxQ1 cells&gia

not shown).
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Polyubiquitin

NMNATS3 (28 KDa)

Figure 7. Effect of compound4 and2 on ubiquitinated NMNAT3 in HMLE/FoxQ1 cells. Regantative image

of western blot analysis for the expression of ubigated NMNAT3 was shown witl-actin as a loading

control.

Compounds 1 and 2 inhibited 19S-associated Ubiquitispecific peptidase 14 (USP14) in HMLE/FoxQ1
breast cancer cells

Auranofin, a gold(l)-containing complex and a dimliy used antirheumatic agent, has been foundet@ b
proteasomal deubiquitinase inhibifdrSince accumulation of polyubiquitinated NMNAT3 HMLE/FoxQ1
cells treated with compoundsand?2 did not correlate with inhibition of 20S proteasdmazymatic activity, we
investigated their ability to inhibit the 19S praseme-associated deubiquitinases (DUB$&y UB-VS
(Ubiquitin vinyl sulfone, HA-tag) assajnterestingly, compoundkor 2 were able to partially inhibit 19S DUB
USP14 after 1h and 3h treatment, as shown by ttreased levels of unmodified USP14 protein (56 Kibaj

indicates a competitive binding (Figure 8)owever, after 5h treatment both gold(l) compoutrdated cells
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showed only the 66 kDa band (Ub-VS-bound form) Wwhian be explained as decrease of inhibition of 14SP

DUB.
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Figure 8. UB-VS (Ubiquitin vinyl sulfone, HA-tag) assay fddSP14 in HMLE/FoxQ1 cells: ability of

compoundl and compouna@ to inhibit USP14. C-UB-VS= Control cells without \BS, C+UB-VS = Control
cells with UB-VS, DMSO-UB-VS= DMSO without UB-VS, dSO+UB-VS = DMSO with UB-VS §3-actin

was used as loading control.

22



Discussion and conclusions

To date, BLBCs remain the most hard-to-treat brieasor due to the lack of effective targeted thisjand the
occurrence of resistance phenomena, which corselatth a short relapse-free and overall survi¢al.
Experimental research on the promising cell growttibiting effects of gold(l) complex Auranofin, filgtively
triggered an immense interest in the research dd gomplexes for cancer chemotherapy as innovative
alternative metal based drligdence in this work, seven new gold(l) complexethwiifferent hydro/lipophilic
properties have been screened for their anticaat@rity againstin vitro models of BLBC.Consistently, we
found that micromolar concentration of compourahd compoun@ exhibited a uniquén vitro dose-dependent
cytotoxic activity, higher than cisplatin, againstirine A17 cells and human MDA-MB-231 cells. Intiegly,
the antitumor efficacy was confirmed also on baimhn MDA-MB-468 and HMLE/FoxQ1 BLBC cells, which
resulted to be the most sensible cells to both goldpounds treatment. Tl vitro cytotoxic activity of free
azoles and phosphane moieties of compouhdsd 2 was also assessed. Of note, justPRCI moiety
possessed the ability to hamper cell growtlvitro, suggesting that the lipophilic fragment;PAU" is likely
responsible for the antiproliferative activity. £gcture—activity relationship study on 63 Auramofinalogues
had already demonstrated the importance of the pbires ligand as derivatives lacking this moiety ever
significantly less activd® These early evidences remark without any doubt fbatthis class of gold(l)
compounds the introduction of hydrophilic groupstsas the alcoholic or the carboxylic functionshbiot the
azole and/or in the phosphane group hampers thect@ anticancer activity, even though in literatis
reported that hydrophilic phosphane gold(l) comphexte found active against several panels of turets>*
Furthermore, the presence of polar groups (COOHnlg one of the aryl substituents of the phospltiaigon,
although it lowers the lipophilia and likely thedsitoxicity, negatively affects the anticancer\atj then the
idea to lower the potential toxicity of the actiW®h moiety has to be forsaken. On the other handptbésence
of large and lipophilic ligand such as the phemgup on the phosphorous guarantees a good celiptake®

In the present study, BPAUCI resulted to be less effective than compoliadd compoun@ on both A17 and

MDA-MB-231 cells at 24h treatmensuggesting that the introduction of azole ligandg wwolar functional

23



groups could be critical in determining the fateaoticancer properties of this new class of golgeladrugs.
Moreover, previous study on both Auranofin and EigPAuCl, aimed to disclose the role of the,AZU",
showed that for the latter the DNA interaction vgasferred”>°highlighting that the easier chloride exchange
leads to alternative cellular path. So far, themeehnot been studies on the effects of compodraisd2 in in
vivo experimental tumor models. Hence, in this study imeestigated the antineoplastic activity of both
complexes against A17 transplanted tumors, reptiegea BLBC preclinical model. Of note, A17 celleeaa
highly tumorigenic and invasive cell line, estabéid from an FVB/neuT transgenic mammary tumor,ngfso
related to human mesenchymal cancer stem cellsbasal-like breast canc&r!®*“*'Herein reported results
indicate that both compouridand?2 administration was able to hamper BLBC tumor gtoimtviva. Of note,
the anticancer efficacy of both compouridand?2 correlated with a reduced nephrotoxicity respedatisplatin
due to the increased hydrophilicity of the azolgiéd(l) phosphane complexes which allowed a goantetion

of gold from kidneys. Interestingly, the study merfied on the molecular mechanisms underlying their
anticancer effects suggests a different mechanfsamtmn between compouridand compoun@. Compoundl
induces a significant inhibition of STAT3 activati@associated with a significant downregulation @<
expression. In fact, Cox-2 expression has beenrtegppdo be controlled by STAT3 transcription factorAl7
tumors® This is a relevant result considering Cox-2 reléuimor growth, invasiveness and angiogen@aisd
that a preferential activation of STAT3 has beeored in BLBC, where it seems to be specificadiguired for
the maintenance of stem cell-like cancer céf8Consistently, we found that phospho-STAT3 dowretipiia
induced by compountl correlates also with decreased levels of bothl @nai Slug transcription factors, known
to be involved in EMT. Thus, our data indicate tlwae of the main targets of compoufidis STAT3
transcription factorthat represents a really good target for anticadogegs conceived against BLBC, since its
down-regulation leads to a decreased expressideypinolecules governing cancer growth and progoassi
such as Cox-2 and the EMT inducers Slug and Snail.

On the contrary, probably due to a different suitestof the whole molecule, the anticancer actigftgompound

2 does not strictly depend on the same moleculgetaraffected by compount suggesting a completely

different mechanism of action which remains to bhfer examined. Furthermore, preliminary in vistodies
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on HMLE/FoxQ1 cells, allowed us to highlight altative important mechanisms through which both
compoundd and2 could exert their anticancer activity vitro. First, both gold(l) complexes induced apoptosis
in HMLE/FoxQ1 cells as demonstrated by cleavageARP. The normal function of PARP is the routingaie
of DNA damage, but it is also a preferred substi@teseveral ‘suicidal’ proteases. In fact, cleava§ PARP by
caspases is considered to be a hallmark of apepfsén, preliminary data suggest that the antexapotential
of these new gold(l) complexes is based on thdlityabo inhibit 19S associated DUBs, although arsdin
depth analysis of their mechanisms of action isessary. In fact, compounds and 2 targeted the
deubiquitylating function of USP14, one of the DUBSssociated with the proteasome 19S, leading to an
accumulation of polyubiquitylated NMNAT3 in HMLE/KQ1 cells. Consistently, recent studies showed that
some metal complexes, including gold(l) Auranofioting as inhibitors of 19S-associated DUBs UCHhO8 a
USP14, have promising antitumor effetts
In conclusion, the present study demonstratescirapoundsl and2, targeting key molecules associated with
the malignant phenotype, provide an effective theutic strategy against BLBC associated with minhiside
effects.
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Ancillary Information

Supporting Information

Evaluation of antiproliferative activity of gold(Phosphane complexes on different BLBCvitro models by

MTT assay (Figure S1-S4) and IHC analysis of angiegis in A17 tumors (Figure S5).
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Highlights

Seven phosphane/azolate gold(l) compounds were synthesized and SAR was
determined.

Two compounds (1: (4,5-dichloro-1H-imidazolate-1-yl)-(triphenyl phosphane)-gol d(1)
and 2: (4,5-dicyano-1H-imidazol ate-1yl)-(tri phenyl phosphane)-gol d(1)) induce apoptosis
in basal-like breast cancer (BLBC) cells.

Compounds 1 and 2 inhibit BLBC growth in vivo.

Compounds 1 and 2 induce accumulation of polyubiquitinated NMNAT3.

Compounds 1 and 2 inhibit 19S proteasome-associated deubiquitinase USP14.



