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ABSTRACT

Conjugates of a Pt(IV) derivative of picoplatin lvimonomeric (Pt-c(RGDfK)5) and tetrameric
(Pt-RAFT-{c(RGDfK)}4, 6) RGD-containing peptides were synthesized withatme of exploiting
their selectivity and high affinity fomy[33 anday s integrins for targeted delivery of this anticancer
metallodrug into tumor cells overexpressing theseptors. Solid- and solution-phase approaches in
combination with click chemistry were used for theeparation of the conjugates, which were
characterized by high resolution ESI MS and NMRf; and ay[3s integrins expression was
evaluated in a broad panel of human cancer andmadignant cells. SK-MEL-28 melanoma cells
were selected based on the high expression level®tb integrins, while CAPAN-1 pancreatic
cancer cells and 1BR3G fibroblasts were selectedegstive control. Internalization experiments
revealed a good correlation between integrin exyowasand the cellular uptake of the corresponding
fluorescein-labeled peptides, and that the interatbn capacity of the tetrameric RGD-containing
peptide was considerably higher than that of th@anteric one. Cytotoxic experiments indicated
that the antitumor activity of picoplatin in melana cells was increased by 2.6-fold when its Pt(IV)
derivative was conjugated to c(RGDfK) (== 12.8 + 2.1 uM) and by 20-fold when conjugated to
RAFT-{c(RGDfK)}4 (ICso = 1.7 + 0.6 puM). In contrast, the cytotoxicity thfe conjugates was
inhibited in control cells lackingy33 anday s integrin expression. Finally, cellular uptake $tgd
by ICP-MS confirmed a good correlation between léwel of expression of integrins, intracellular
platinum accumulation and antitumor activity. Inde@accumulation and cytotoxicity were much
higher in SK-MEL-28 cells than in CAPAN-1, beingrpeularly higher in the case of the tetrameric
conjugate. The overall results highlight that theag ability of RAFT-{c(RGDfK)}, to bind to and to
be internalized by integrins overexpressed in SKENB cells results in higher accumulation of the
Pt(IV) complex, leading to a high antitumor actviThese studies provide new insights into the
potential of targeting,33 anday 35 integrins with Pt(IV) anticancer pro-drugs conjteghto tumor-
targeting devices based on RGD-containing peptidi@gicularly on how multivalency can improve
both the selectivity and potency of such metallgdrby increasing cellular accumulation in tumor

tissues.



INTRODUCTION

A key challenge in the fight against cancer disesase develop therapeutic agents that target tumor
tissues specifically. Although cancer cells sha@yncommon characteristics with normal cells,
certain receptors are overexpressed on their sufeg. folate receptors, somatostatin receptors,
epidermal growth factor receptors, integrins, tfamsg receptors, etc.), thereby offering an
opportunity to deliver cytotoxic agents into hunmtamors by attachment to a carrier agefthis
targeted anticancer strategy can lead to drugsnedbced toxic side effects due to increased tumor
selectivity, as well as with improved solubilityiodistribution and ability to cross cell membranes,

which are also relevant issues from a therapeuiit pf view.

Among receptors overexpressed on tumor cells, limggre particularly attractive pharmacological
targets’ These heterodimeric transmembrane cell adhesi@opjloteins have a fundamental role in
increasing migration, invasion, proliferation andwval of tumor cells. In addition, integrins have
been linked to tumor angiogenesis, which is anrgsdegrocess for tumor growth and metastasis.
Among integrins, thexy3 andayBs integrins are particularly interesting since tlaeg frequently
overexpressed in tumor endothelial cells as welbmsarious tumor cells including lung, breast,
melanoma, prostate, ovarian carcinoma and braimrsffi® The fact thatiyB; andayBs integrins
recognize the consensus tripeptide motif RGD (Ahg-&sp) with high affinity offers the possibility
of using carriers based on RGD-containing peptatgseptidomimetics to deliver chemotherapeutic
drugs or radionuclides into cancer cells or for eunimaging purpose¥:* Several studies have
demonstrated that the efficiency of the RGD maiiftarget angiogenic endothelial cells is higher
when using constrained peptides embedding the R&fesnce within a cyclic structuteFor
example, the cyclic pentapeptide c(RGDf[N-Me]V) Ie@igitidef, anayBs andoyBs antagonist, is
currently in phase lll clinical trials as an angrog@sis inhibitor for patients with glioblastoma
multiforme. These results have prompted researdzedevelop RGD derivatives to be used as
tumor-targeting devices of cytotoxic drugs, suchdasorubicin’ camptotheciff, paclitaxel? or
metal-based anticancer drudsEurthermore, the principle of multivaleriéyhas been applied to

RGD-containing moleculé not only to enhance binding affinity of the ligatalits receptor but
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also to promote an active integrin-mediated intézation of the bound entity. In this context, the
regioselectively addressable functionalized tenep(&AFT) cyclodecapeptide scaffbfddecorated
with four copies of the conjugable version of Cgaide, c(RGDfK), provides a good example on
how multivalency can increase the potential of ¢hesmpounds. Indeed, the tetrameric RAFT-RGD
binds 10 times more strongly to the,3; integrin than the monomeric RGD peptide, being
internalized through an active clathrin-dependeetimanisnt? Besides offering the possibility to
oligomerize four RGD monomers, the well-definedhaexcture of this cyclodecapeptide scaffold
provides a possibility for introducing other suhstnts such as fluorescent dyes, radionuclide
chelators or cytotoxic compounds. In fact, tetramBIGD-containing derivatives have been used for
tumor imaging® and for targeted drug delivéfyby the convenient functionalization of the labglin

domain.

Although cisplatin {, Fig. 1) and its derivatives are used in about 5%l chemotherapeutic
regimens administered in the clinic, they causemetoxic side-effects, mainly owing to their lack
of selectivity for cancer cells, which limits thesk that can be administered to patiéhtstrinsic or
acquired resistance can also limit the scope ofajmglication of Pt(ll) metallodrugs in cancer
chemotherapy® A promising approach to circumvent these probl@mssists on increasing the
selectivity of platinum drugs against cancer céfstagging them with carrier molecules whose
receptors are overexpressed in the membrane ofrtoatie. This targeted approach has the capacity
of overcoming some of the problems associated wittrent metallodrugs by increasing drug
efficacy and reducing toxic side-effetsin this context, platinum(lV) complexé$,which are
considered pro-drugs from a medicinal chemistryipof view, are very attractive compounds since
in vivo reduction by gluthathione, ascorbate or metaltwtbins generates an active square planar
Pt(ll) complexes by releasing of the axial posisidhAttachment of carrier molecules at these
positions is particularly interesting since theyllviie lost upon reduction, thereby avoiding any
interference with the mechanism of action of thevacPt(ll) species (e.g. interaction with DNA).
For this purpose, a Pt(IV) derivative of cisplatias been derivatized in the detachable axial

positions with targeting compounds such as estradidarget estrogen receptdfsfolic acid to



target folate receptdf,or monomeric RGD-containing peptides to targei@genic tumors through
integrin receptor§?®#*The use of pro-drugs based on Pt(IV) complexesrsfhdditional advantages
over their Pt(ll) congeners, including higher sligbiin blood which might avoid undesirable
interactions with proteins or other biomoleculesbinod circulation and results in reduced side-

effects, as well as the possibility of oral adningson.

Based on the potential of multimeric RGD-containimglecules for tumour imaging and for targeted
drug delivery, we wanted to investigate the abilitf a tetrameric RAFT-RGD peptitfe to
specifically deliver Pt(IV) complexes into canceills throughay 33 anday s cell-surface integrins
and to compare it with that of its monomeric vemsid/e reasoned that the higher binding affinity of
the RAFT-RGD for theays and ayfs integrins may result in higher platinum accumwalatin
cancer cells compared to the same monomeric ligag for instance, in higher cytotoxicity. As a
platinum complex, we selectes-ammine(2-methylpyridine)dichloridoplatinum(ll) @mplatin,2 in

Fig. 1), a sterically-hindered platinum compoundttivas designed to overcome cisplatin resistance
mediated by enhanced levels of gluthathithi€o this end, the 2-methylpyridine ligand was clmose
to hinder the axial approach of nucleophiles suzlylathathione to the platinum center. In recent
years, the synthesis and biological evaluationt@¥Pderivatives of picoplatin has been explorad i
an attempt to overcome some of the problems eneweahtby this compound in phase llI clinical
trials for the treatment of lung canééiThe oxidation of picoplatin (compour&in Fig. 1) resulted

in a highly reactive compoufitwhereas the introduction of carboxylato ligandénofeasing length
resulted in Pt(IV) complexes with activity agaimstig resistant cell line€sS. Here, we describe the
synthesis, characterization and biological evatutof the first conjugates between a Pt(IV)
derivative of picoplatin and monomeric and tetram&GD-containing peptides (Pt-c(RGDfKS,

and Pt-RAFT-{c(RGDfK)}, 6, respectively; see Fig. 1).



Asp—GIy Asp—Gly
\ / \

NH />SP-GI\y ASP Gly DPhe Arg D-Phe Arg />sp-GIy
Cl,, \ N\ /
ot DPhe  Arg DPQe é\rg '-VS '—YS D-Phe  Arg
ca” \NH3 Lys Lys O O Lys
cisplatin, 1 (L
(0]
ﬁ ﬁ
N
Cl/, ) \\\NH3 @) \ ‘\I]
CI/ \
/ A o]
_ 2 o
picoplatin, 2 S
NH GIy Ala” Pro
OR 0
Cl,,, I «NH3 Pro Lys Gly
ca” F]’t\N o § o
OH ¢\ 0 HNNO
_ Cl, | WNHs o "
R=H 3 P O Clu, | oNH
0 | SN N \
R = o OH ¢ N\ c” |
OH 4 _ OH / \
O J—
Pt-c(RGDfK) conjugate, 5 Pt-RAFT-{c(RGDfK)}4 conjugate, 6

Fig. 1 Structure of cisplatinl], picoplatin ), cis,cis,trangPtCl,(2-methylpyridine)(NH)(OH),] (3),
cis,cis,trangPtCl(2-methylpyridine)(NH)(OH)(succinate)]4) and of the Pt(IV)-peptide conjugates

synthesized¥ and6).



RESULTSAND DISCUSSION

Synthesis and characterization of conjugates between a Pt(IV) derivative of picoplatin and
monomeric and tetrameric RGD-containing peptides.

The conjugation of the Pt(IV) derivative of picojplawas planned via the formation of an amide
bond with the peptides, which required the incoaion of a carboxylic function in the Pt complex.
In our case, we usedis,cis,trangPtClL(2-methylpyridine)(NH)(OH)(succinate)] 4) as the
precursor for the synthesis of the conjugates. &Swe wanted to compare the effect of monomeric
and tetrameric RGD-containing moieties in the lpatal activity of the resulting conjugates with
the picoplatin-based pro-drug, only one axial positwas derivatized with a succinate group.
Picoplatin was prepared from cisplatin followingepiously reported procedurs?® The key step
involved the preparation of K[Pt§{NH3)] which was reacted successively in water withalkitl 2-
methylpyridine to afford cis-[Ptly(2-methylpyridine)(NH)]. This intermediate was easily
transformed into picoplatin2f.?® Oxidation of 2 with an excess of hydrogen peroxide (15 mol
equiv.) in a 1:10 mixture of water/heptane at 888C2 h afforded the dihydroxidoplatinum(IV)
derivative of picoplatin J) in 51% vyield (Scheme 1A). Finally, compouBdwas reacted with
succinic anhydride (1.2 mol equiv.) in anhydrous P&t 40°C for 2 days. The target complewxas
obtained as a pale yellow solid after purificatiby recrystallization (26% vyield), and was
characterized byH NMR and high resolution ESI MS. The homogeneftyhe compound was also

tested by reversed-phase HPLC analysis.

A solid-phase approach in combination with solujpdrase reactions and click chemistry was used
for the synthesis of the monomeric (c(RGDfB)jn Scheme 1) and tetrameric (RAFT-{c(RGDJK)

11 in Scheme 2§ RGD-containing peptides. The linear cyclopentaipeptvas assembled on 2-
chlorotrityl chloride resin using standard Fmoc/tehemistry, cleaved under mild acidic conditions
(1% AcOH for 30 min) and cyclized with PyBOP toatft the protected peptide, c[-Arg(Pbf)-Gly-
Asp(tBu)D-Phe-Lys(Alloc)-] 7). After removal of the Alloc group by treatmenttiviphenylsilane
and Pd(PP}.,>° the freee-NH, of the lysine residue was used to derivatize thptije with a

polyethyleneglycol spacer. Finally, the Fmoc grauma the remaining side chain protecting groups



(tBu and Pbf) were successively eliminated by tmesit with 5% piperidine in DMF and
TFA/TIS/H,O 95:2.5:2.5, respectively. Peptide® was purified by reversed-phase HPLC and

characterized by HR ESI-MS.
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Scheme 1. Schematic representation of the approach usetiéasynthesis of the Pt(IV) derivative of

picoplatin @) (A) and of its conjugation to the monomeric c(Ri&ppeptide @) to afford conjugaté (B).

For the synthesis of the tetrameric RAFT-RGD peap(id), an elegant approach recently reported
by Galibert et al. was chosen, which makes use agper(l)-catalyzed azide-alkyne [3+2]
cycloaddition for the assembly of the four RGD jdgs onto the RAFT cyclopeptide scaff6fc?
Following the procedure reported for peptidethe cyclic decapeptide c[-Lys(alkyne)-Lys(Boc)-
Lys(alkyne)-Pro-Gly-Lys(alkyne)-Ala-Lys(alkyne)-R@ly-] (9) was prepared by using a Fmoc-Lys-
OH derivative whosee-NH, function had been derivatized with an alkyne grotipis RAFT
scaffold was reacted with cyclo-pentapeptide c[-Arg(Pbf)-Gly-Asp(tBu)D-Phe-Lys(COCHN3-

1,° bearing the required azide function for click cligny assembly (Scheme 2). Taking into account
previous results reported by Galibert et?alye used copper nanosize powder as a catalyshéor t

azido-alkyne cycloaddition during 18 h at room tengpure. After elimination of the Boc group and



HPLC purification, the desired RAFT-{c(RGDfKj)}(11) was obtained as a white solid and

characterized by HR ESI-MS.
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Scheme 2. Schematic representation of the approach usettidosynthesis of RAFT-{c(RGDfK) (11) and

its conjugation to the Pt(IV) derivative of picoptato afford conjugaté.

For the synthesis of the conjugates, the Pt(IVivdéve of picoplatin 4) was activated with HATU
and DIPEA in anhydrous DMF for 2 min, and allowexd react with the corresponding RGD-
containing peptides3(or 11) for 2 h at room temperature. In both cases, amalyy reversed-phase
HPLC showed main peaks (see Figures S5 and S7eirStipporting Information) which were
isolated and unambiguously characterized by higblution ESI mass spectrometry as the expected
products. After purification by semipreparative HFPand lyophilization, the trifluoroacetate salts of
conjugates (overall yield from8: 52%) and6 (overall yield from11l: 27%) were obtained as white
solids.

High-resolution ESI MS analysis of both conjugaséf®rdedm/z values that were consistent with
the calculated value of the charged species ([M+6f]5, and [M+3HF*, [M+4H]*" and [M+5HF*

for 6) and with the proper isotopic mass distributiottgras of platinum (see Fig. 2 and Fig. S6 and
S8 in the Supporting Information). In addition, tm@nomeric conjugaté was characterized By
NMR spectroscopy by using 1D and 2D experimentsd$®). The aromatic region of thel NMR

spectra is shown in Fig. 2, where some diagnosgoats from the platinum complex (2-
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methylpyridine) and from the peptide moiety (NH fores of amide bonds and aromatic protons of

D-phenylalanine residue) are indicated.
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Fig. 2 'H NMR spectra of conjugatg (A) in H,O/D,O 9:1, showing the region between 6.7 and 9.1 ppm.

Expanded HR ESI mass spectrum of the molecular pEakIM+H]"), experimental (B) and calculated (C).

Selection of cell lines overexpressing ayBs and ays integrins.

To assess the capacity of the monomeric and tetrarR&D-containing peptides to selectively
deliver the Pt(IV) pro-drug into cancer cells, virstffocused on studying the level of expression of
avBs andayBs integrins in a wide panel of cell lines, includiogncer cells of different origins and
non-malignant cells. The integrin’'s expression leme the cell surface was characterized by flow
cytometry using specific monoclonal antibodies (B@nd Fig. S14 in the Supporting Information).
We found that SK-MEL-28 cells expressed high lew#l®oth a3 andayfs integrins (mean cell
fluorescence intensity of 156.0 and 13.8, respelyfiy which is in good agreement with literature
reporting that integrim 33 is strongly induced on metastatic melanoma cellsle is expressed at
low levels on normal melanocytdsin contrast, we detected a very lawps and oyps integrin
expression in CAPAN-1 cells (mean cell fluorescemtensity of 4.7 and 5.0, respectively) and in
1BR3G non-malignant cells (mean cell fluorescemtensity of 6.2 and 6.7, respectively). These

results indicate that the melanoma cancer celliireegood model to evaluate the biological agtivit
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of the conjugates. In addition, human fibrobladtscand pancreatic cancer cells can be used as

negative control since the expression of both negs very low.
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Fig. 3 Expression ofayfs and ayBs integrins on SK-MEL-28, CAPAN-1 and 1BR3G cell dm
Representative flow cytometry histograms obtaingdr ghe indirect immunofluorescence staining of th
cells. Solid lines represent the fluorescence gitgnof the cells after the incubation with monowb
antibodies against,3; anday 35 integrins followed by the incubation with secondantibody conjugated to

Alexa-Fluor 488. Dotted lines indicate the backgmbstaining with the secondary antibody alone.

Intracellular uptake of fluorescein-labeled RGD-containing peptides (12 and 13).

As previously stated, binding affinity of multimerRGD-containing peptides towaed 33 integrin

is considerably higher than that of the monomeersions. For example, a tetrameric RAFT-RGD
peptide assembled by oxime ligation and labeleth Wiy5 dye binds specifically tayf33 integrin
with a ten-fold higher affinity than c(RGDfK), as eawsured by fluorescence correlation
spectroscopy’ In addition, RAFT-RGD is actively and efficientigternalized withayps integrin

via clathrin-mediated endocytosis, whereas the mman peptide is internalized without modifying
11



ovPs internalization. In order to check the capacityimternalization of c(RGDfK) and of its
tetrameric version assembled by click chemistryFRAc(RGDfK)J}, % in the selected cell lines,
we labeled them with fluorescein. Reaction of Nvaydroxysuccinimide ester of 6-[fluorescein-
5(6)-carboxamido]hexanoic acid with peptid@sor 11 in a 1:1 mixture of ACN and aqueous
phosphate buffer afforded the expected fluoreskedieled derivatives in high purity, Fluo-
c(RGDfK) (12) and Fluo-RAFT-{c(RGDfK)}, (13), respectively, which were purified by reversed-
phase HPLC (see Fig. S-2 and S-4 in the Suppadrtfiogmation) and characterized by HR ESI-MS.
Next, flow cytometry was used to obtain quantitatiata on the internalization capacity of both
peptides. As expected from the higher affinity lnd tetrameric RAFT-RGD peptides for integrins,
the intracellular uptake df3 by SK-MEL-28 cells was more elevated compared whtt observed
in cells incubated witi2, by 5.1-fold when incubated at 1M (mean fluorescence intensity of
74.67 + 10.0vs 14.6 + 1.8) and by 5.9-fold at 28V (128.86 + 17.3/s21.7 + 2.08) (Fig. 4A). As
represented in Fig. 4B, a similar trend was obsemeéCAPAN-1 and 1BR3G cells, which showed a
2.2-fold (34.1 + 3.2/s15.6 + 0.1) and a 6.0-fold (78.3 + 813.0 + 1.5) higher uptake efficiency
for 13 than for12 (at 25uM), respectively. Interestingly, the internalizatiof peptidesl2 and 13
was higher in the integrin overexpressing SK-MELe2s than in CAPAN-1 (by 1.4-fold and by
3.7-fold, respectively) or in 1BR3G cells (by 1de for both peptides). All together, these results
demonstrate that RGD-containing peptides, partitulthe RAFT-RGD derivative, display the
internalization properties required to deliver tygotoxic metallodrugs intay 33 anday s integrin

overexpressing cancer cells in a selective manner.
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Fig. 4 Intracellular delivery efficiencies of fluorescdabelled RGD-containing peptides, Fluo-c(RGDfK)
(12) and Fluo-RAFT-{c(RGDfK)} (13), in SK-MEL-28, CAPAN-1 and 1BR3G cells. Cells wencubated
with the peptides for 1 h or medium alone (contrdhe fluorescence intensity of the cells, corresiiag to
the intracellular uptake of the peptides, was deiteed by flow cytometry. A: Comparison of the
intracellular uptake ofl2 and 13 in SK-MEL-28 at two different concentrations (10 85 uM). B:
Comparison of the intracellular uptake Xf and13 at 25 uM in SK-MEL-28, CAPAN-1 and 1BR3G cells.
Each column in the graphs represents the meaneluence intensity of three independent experiments

SD.
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Cytotoxicity studies.

Our next objective was to evaluate the cytotoxiaitythe Pt(IV)-peptide conjugates, Pt-c(RGDfK)
(5 and Pt-RAFT-{c(RGDfK)}, (6), to determine their potential as anticancer agenheir anti-
proliferative activity was determined in SK-MEL-28APAN-1 and 1BR3G cell lines by using the
MTT assay that measures mitochondrial dehydrogemetseaty as an indication of cell viability. The
cytotoxicities of cisplatin, picoplatin and the wmgugated peptides @nd1l) were also determined
as a control. As indicated in Table 1, the cytatoxctivity of picoplatin in SK-MEL-28 cells was
enhanced by conjugation to both peptides. Conjufatsplayed an 165 value of 12.8 + 2.1uM,
what represents a 2.6-fold increase of the picop@ttotoxicity in this cell line (IG= 33.6 + 6.6).
This effect was considerably higher for conjugai¢Cso= 1.7 + 0.7) since the cytotoxicity against
SK-MEL-28 cells was increased by approximately @@fwhen compared to the unconjugated
picoplatin. Despite the fact that picoplatin cytataty in SK-MEL-28 cells is lower than that of
cisplatin (about 2-fold), conjugation of the Pt(ldgrivative of picoplatin to the tetrameric RAFT-
RGD peptide leads to a compound with a much higietoxic activity than cisplatin (l§g= 17.0_+
5.4 for cisplatinvs ICso = 1.7 + 0.7 for6). This result is particularly relevant since SK-MES8
malignant melanoma cell line is notoriously resistto many chemotherapeutic drugs, including
cisplatin® Hence, conjugation of the Pt(IV) pro-drug to teérameric RAFT-RGD results in a
compound with much higher antitumor activity thas parent Pt(ll) complex or cisplatin. In
addition, comparison of the cytotoxic activity obrmgugates5 and 6 in SK-MEL-28 cells
demonstrates that four copies of the RGD-containimptif assembled on the RAFT
cyclodecapeptide scaffold are preferred over alsingpy (IGo= 12.8 + 2.1vsICso= 1.7 + 0.7,
respectively) from a chemotherapeutic drug efficagint of view. These effects were not observed
in CAPAN-1 or 1BR3G cells, selected as negativetrobiased on the low the expressiongfis
andayf3s integrins. In these cell lines, the conjugationtieég Pt(IV) derivative of picoplatin to the
carrier peptides resulted in a marked reductionthef cytotoxic activity when compared with

picoplatin. 1Govalues for5 were over 5QuM in both cell lines whereas thed§value for6 was also

over 50uM in 1BR3G cells and reduced by half in CAPAN-1I€€ICso0f 27.2 + 5.7). The fact that
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the antitumor activity of the conjugates was int@iin the absence afyf33 and ayfs integrin
expression supports the suitability of using RGDtaming peptides, particularly a multimeric

version of this scaffold, to selectively delivertaldrugs in cancer cells.

Table 1. Sensitivity of SK-MEL-28, CAPAN-1 and 1BR3G cetts cisplatin, picoplatin, conjugates

5-6 and control peptides.

ICs0 (LM)*®
Compound Cell line
SK-MEL-28 CAPAN-1 1BR3G

Cisplatin 17.0+5.4 2.25+0.3 3.9+0.2
Picoplatin 33.6+6.6 13.8+ 1.0 23.2+35
Pt-c(RGDfK)5 128+2.1 > 50 > 50
Pt-RAFT-{c(RGDfK)}, 6 1.7+0.6 27.2+5.7 > 50
c(RGDfK) 8 18.5+5.5 > 50 > 50
RAFT-{c(RGDfK)}, 11 2.1+0.7 > 50 > 50

#Theconcentration of the compounds that inhibits celibility by 50% (ICs) after 72 h was determined by

means of the MTT assay. Each value representsehe of three independent experiments + SD.

MTT assays also revealed a marked effect of theonjugated peptides on SK-MEL-28 cell
viability. It is well described that RGD-containingeptides and derivatives can display
antiproliferative properties by interacting withetleell surface integrins, which leads to the cells
detachment from the extracellular matrix and camfational changes that induce an anchorage
dependent apoptosis, named anoikigve observed that exposure of the cells to the njngated
peptides at 1@M induced morphologic changes followed by cell dataent from the plate surface.
Changes were greater in cells exposed to the tetrameptide (RAFT-{c(RGDfK)}, 11) compared

to the monomeric version (c(RGDfKg) (Fig. S15, see the Supporting Information). Saméffects

on the cell morphology and adhesion were deteaiedhe unconjugated RAFT-{c(RGDfK)}and

for its platinum conjugate, Pt-RAFT-{c(RGDfKj)}at 5 puM, while no changes on the cell
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morphology were observed after picoplatin treatmé&hts, unconjugated RGD-containing peptides
seem to exert some antiproliferative effects in 8KL-28 cells by disrupting the integrin mediated
cell adhesion. In this sense, the tetrameric RAKIBRpeptide, with higher binding affinity for
integrins than the monomeric RGD peptide, showedhighest antiproliferative activity (kgof 2.1

+ 0.8 uM for 11 vs 18.5 + 5.5uM for 8). Our results are in accordance with a previoymnte
describing pro-apoptotic activity of RGD-analoguesnelanoma cells, although they describe that
the biological effects may be independent from rthemitiadhesive properti€$. Notably, the
concentration-response curves, plotted in Fig.eSealed that the cytotoxic activities of both Pt-
peptide conjugates were higher than those detethforethe corresponding unconjugated peptides,
although only small differences were detected betwdt-RAFT-{c(RGDfK)}; and RAFT-
{c(RGDfK)} 4. These results seem to indicate that in additmrihe proapoptotic effects of the

peptides, the Pt(IV) pro-drug contributes to thetamor activity of the conjugates.
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Fig. 5 Cytotoxic effect of picoplatin, conjugatéss and control peptides in the SK-MEL-28 cells. Cellsre
treated for 72 h with the indicated concentratiohg®ach compound. Cell viability was determinedtiy

MTT assay. Each point in the graphs representsdan of three independent experiments + SD.
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Intracellular uptake of Pt-peptide conjugates by ICP-MS.

Since metal accumulation into cells is essentiattie cytotoxicity of metal-based anticancer drugs,
the investigation of the cellular uptake efficiensyof high relevance to determine the potential
activity of the compounds as well as to understdner mechanism of action. This is particularly
relevant when using biological carrier compourtisuch as peptides whose receptors are
overexpressed on the membrane of cancer cellse she uptake of the metal-peptide conjugate
might be conditioned by the level of expressionhaf receptors and by the binding affinity between
the resulting conjugate and the target receptoouincase, according to internalization studie$ wit
fluorescein-labeled peptidd2 and13, the internalization of Pt-RAFT-{c(RGDfK)}was expected

to be much higher than that of the monomeric catgidPt-c(RGDIK), which is in good agreement
with its higher cytotoxicity, attributable to a gter intracellular Pt accumulation. However, the
proapoptotic effects of the unconjugated peptidpssticularly of the tetrameric RAFT-
{c(RGDfK)} 4, led us to investigate the cellular uptake of twe Pt(IV)-peptide conjugates, Pt-
c(RGDfK) (5) and Pt-RAFT-{c(RGDfK)}, (6) in the melanoma cancer cell line, as well as dhabe
parent platinum(ll) complex, picoplatin. The parag@denocarcinoma cell line was also included in
the study as negative control for integrin exp@ssintracellular levels of platinum in both cancer
cell lines were quantified by inductively-couplethigma mass spectrometry (ICP-MS) ustitpt
detectiori® after a 24 h exposure to the compounds at the sanmentration (0.fiM), which was in

all cases below their Kgvalues in both cell lines.

As shown in Fig. 6, the accumulation of platinunet@@dmined as the net effect of influx and efflux
of Pt) after exposure of SK-MEL-18 cells to Pt-c(B&) conjugate %) (12.64 + 1.13 pmol Pt/£0
cells) was higher than that of the parent picoplabmplex (8.44 + 1.53 pmol Ptfl6ells), which
indicates that the RGD-containing peptide has atipeseffect on the intracellular accumulation of
the Pt(IV) pro-drug. Interestingly, the tetramermonjugate, Pt-RAFT-{(cRGDfK)}, was
accumulated in the melanoma cells (22.41 + 0.07I & cells) at a much higher amount than
the parent Pt(ll) complex (about 2.7-fold) or th@nmomeric conjugate (about 1.8-fold). Such a

significant differences between these compoundkligigt again the potential of multivalency in
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targeted anticancer strategies since conjugatidheoPt(IV) complex to the RAFT cyclodecapeptide
moiety containing four copies of the RGD motif résun higher accumulation than when the pro-
drug was conjugated to a single RGD-containingigdepfThese results are also in good agreement
with our internalization experiments by flow cytommyewith peptidesl2 and13 as well as with those
previously reported in the literature with simiR6GD-containing macroestructures, and indicate that
the capacity of integrin-mediated internalizatidrR&D peptides was not substantially modified by

the attachment of the metallodrug.
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Fig. 6 Cell accumulation of platinum in SK-MEL-28 and CAR-1 cells after exposure to picoplatin and
conjugates and6 (0.5uM, 24 h). The platinum content is related to thik member. Errors bars represent

the standard deviation of three replicates

Platinum accumulation in CAPAN-1 cells after expesto conjugates (3.69 + 1.37 pmol Pt/£0
cells) and6 (4.27 + 0.29 pmol Pt/facells) was similar and substantially lower tharSig-MEL-28
cells (about 3.4-fold and 5.2-fold, respectivelJhis result agrees with the internalization studies
and with the lower level of expression®ff; anday s integrins in CAPAN-1 cells compared with
SK-MEL-28 cells, and confirms the selectivity of R&ontaining peptides, particularly the

tetrameric RAFT-{c(RGDfK)} peptide, against cells overexpressing these rexept
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It is worth highlighting the existence of a cleaorrelation between the internalization and
accumulation of the conjugates (Figs. 4 and 6) thedr antitumor activity (Table 1 and Fig. 5).
Effectively, the cytotoxic activity of conjugat&sand6 was much higher in SK-MEL-28 cells than
in CAPAN-1 cells, and cytotoxicity of the tetrameionjugate was even higher than that of the
monomeric conjugate. This indicates that the gabdity of RAFT-{c(RGDfK)}, to bind to and to
be internalized byayfs and ayPs integrins overexpressed in SK-MEL-28 results ireager
accumulation of the Pt(IV) complex when conjugatéeéreby leading to a higher antitumor efficacy.
By contrast, the lower expression of integrins IRRAN-1 cells hinders the internalization of the
Pt(IV) pro-drug conjugated to the RGD-containingofides and, as a consequence, a reduced
platinum accumulation leads to lower or even nytbtoxic activity. Surprisingly, this correlation
was not found in the case of the parent platingm¢bmplex. Indeed, despite the higher
accumulation of picoplatin in SK-MEL-28 cells (8.44 1.53 pmol Pt/1Dcells) compared with
CAPAN-1 (3.65 + 1.53 pmol Pt/fells), the antitumor efficacy was about 2.4-f@der in the
melanoma cancer cell line than in the pancreasecardd! line (e.g. 16 = 33.6_+ 6.6 in SKMEL-28
vsICso = 13.8 + 1.0 in CAPAN-1), which agrees with theowm resistance of SK-MEL-28 cell line

to Pt-based drugs.

Activation by reduction of the Pt-peptide conjugates

As previously stated, the greater inertness oMpt¢bmplexes in blood compared with their Pt(Il)
precursors makes this family of compounds venaetive as chemotherapeutic agents with the aim
of reducing toxic side-effects of Pt(ll) metallodeu In addition, the functionalization of the axial
positions of the Pt(IV) complex with carrier moléesioffers the possibility to target cancer cellsui
selective manner. Despite these advantages, afegnalization and accumulation, Pt(IV) pro-drugs
need to be intracellularly activated by reductiomyénerate the cytotoxic Pt(ll) species. In thee s
functionalizing one or two axial positions of th§I®) complex with a carrier, such as in the Pt-
peptide conjugateS and 6 reported in this work, the release of the camvidl occur during the
reduction step. Among possible biological reduciagents, ascorbate, glutathione and some

cysteine-containing proteins have been postulatedpdrticipate in the activation of Pt(IV)
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complexes®#1*3’|n order to gain some insight on the capacityhef®t(V) derivative of picoplatin

to be activated by reduction when conjugated to RBBtaining peptides, we selected ascorbate as
reducing agent. For this purpose, Pt-c(RGDfK) cgaja 6) was allowed to react in water (0.25
mM) with an excess of ascorbate (5 mol equiv.)Gbanosine monophosphate (5 mol equiv.) was
also added to act as a simple model of DNA foruwapg the Pt(ll) species generated upon reduction

(Scheme 3).

H_D

OM oV N,  N7-GMP o

HSN/“' | ‘\\\CI 0 ’ + H_D
/T\Cl RGD-containing Ascorbate / \N7 GMP HO

peptide H,0, 37°C \ o

7 N\ OH

Scheme 3. Reaction between Pt-peptide conjugates and 5'-@idBiated by ascorbate reduction.

The monitoring of the reduction process was caroetby reversed-phase HPLC coupled to a ESI
mass spectrometer. As shown in Figs. S16-S18 (seeSupporting Information), the peak
corresponding to conjugate(R; = 9.9 min) disappeared completely after incubatbB87°C for 24

h, while some new peaks appeared, including a mpgak at R= 6.7 min. Most of those
intermediate peaks evolved into that major peadr &2 h. This compound was characterized by MS
as the adduct between the platinum(ll) moiety {Pt§2-pic)}** and two GMP. The fact that the
maximum wavelength absorption ais-[Pt(GMP)(NH3)(2-pic)f* (the charge on the GMP is
ignored in the formula) was shifted by 4 nm (259) mith respect that of GMP (255 nm) indicates
coordination of platinum to th&l7 of guanosine. The release of the succinate derevatf the

peptide (R= 9.5 min) was also confirmed by MS.

The overall results indicate that the Pt(IV) detiva of picoplatin conjugated to RGD-containing
peptides can be activated by typical intracellidgiucing agents leading to an activated Pt(ll) igsec
with capacity to react with DNA nucleobases, asrirgd by the main adduct generated upon reaction
with GMP. This indicates that the covalent attachivad the RGD-containing peptide to the Pt(IV)
complex does not seem to interfere with the redagbrocess. Hence, we can envisage from cellular

uptake studies by ICP-MS in SK-MEL-28 cells that thtact Pt-peptide conjugates are internalized
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and accumulated in the cancer cell, where theg®gpected to be activated by reduction to generate
their antitumor effect. Otherwise, a premature otidn of the Pt(IV) complex conjugated to the
peptides prior to the integrin-mediated interndl@a would lead to similar or even lower Pt
accumulation ratios than those obtained with tliereace complex, picoplatin. Although we have
observed a participation of the RGD-containing folsst in the cytotoxic activity of the conjugates,
particularly that of the tetrameric RAFT-{c(RGDfKj)peptide in the melanoma cancer cell line, the
overall results seem to point out to an importasritcbution of the Pt(IV) complex derived from

picoplatin in the antitumor activity of the Pt-pelj& conjugates.

CONCLUSIONS

In summary, in this work we have explored the usdR@D-containing peptides, particularly a
RAFT-{c(RGDfK)} 4 derivative that contains four copies of the RGD ifmdb deliver Pt(IV)
anticancer metallodrugs into tumor cells overexgirgsays and ayPs integrins in a selective
manner. By using solid- and solution-phase apprescla Pt(IV) derivative otis-ammine(2-
methylpyridine)dichloridoplatinum(ll) (picoplatinyas conjugated to monomeric (Pt-c(RGDfR),
and tetrameric (Pt-RAFT-{c(RGDfK)} 6) RGD-containing peptides. In order to evaluate the
biological activity of the compounds, the SK-MEL-&&lignant melanoma cell line was selected on
the basis of a high expression level wf33 and ayps integrins. The use of the corresponding
fluorescein-labeled peptides revealed a good airoel between integrin expression and their
cellular uptake and, more importantly, that theeiinalization capacity of the tetrameric RGD-
containing peptide was considerably higher tham thahe monomeric one. As expected, cellular
uptake was substantially reduced in CAPAN-1 panireancer cells and 1BR3G fibroblasts, which
were selected as negative control due to a vernyolgy anday3s integrin expression. Interestingly,
a good correlation was found between the cytotariwity of the conjugates and their intracellular
accumulation, which was determined by ICP-MS. Oe tme hand, the antitumor efficacy of
picoplatin in SK-MEL-28 cells was increased by &} when its Pt(IV) derivative was conjugated

to c(RGDfK) (IGp = 12.8 + 2.1 pM) and, more importantly, by 20-falien conjugated to RAFT-
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{c(RGDfK)} 4 (IC50 = 1.7 + 0.6 uM). However, the cytotoxicity of thenjugates was inhibited in
CAPAN-1 and 1BR3G cells lackingy 33 anday s integrin expression. On the other hand, cellular
uptake studies after exposure to both conjugatédieated that platinum accumulation was much
higher in SK-MEL-28 cells than in CAPAN-1, beingrpeularly higher in the case of the tetrameric
conjugate §) compared with that of the monomeric o (The overall results highlight the great
capacity of RAFT-{c(RGDfK)} to bind to and to be internalized by integrinsrexpressed in SK-
MEL-28 cells, which results in higher intracellulaccumulation of the platinum pro-drug and,
consequently, in a higher antitumor activity. Intpotly, the Pt(IV) pro-drug can be activated by
typical intracellular reducing agents such as dster even when conjugated to the peptide to
generate the cytotoxic Pt(Il) species. To our sseprthe tetrameric RAFT-RGD peptide showed an
intrinsic antiproliferative activity in the melan@ntancer cell line. Although the overall resultsrse

to indicate that the Pt(IV) derivative of picoptatcontritubes to the antitumor activity of the Pt-
peptide conjugates, further studies will be neggdsaevaluate the impact of this multivalent RGD-

containing peptide in other cancer cell lines oxpressingy 33 anday 35 integrins.

These studies provide new insights into the paérdf exploiting specific alterations found in
human tumor cells, such as the overexpressiomgf; and ayps integrins, to develop new
chemotherapeutic drugs with reduced side-effeaisraduced toxicity in normal cells. The potential
of this receptor-targeted anticancer strategy igeeted to be increased by conjugating
photoactivatable Pt(IV) anticancer pro-drifg® tumor-targeting devices based on RGD-containing
sequences, particularly on multivalent derivatiwspther receptor-binding peptides, with the afim o
improving their selectivity and potency by increwsiintracellular accumulation in tumor tissues.

Work is in progress in this direction.
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