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ABSTRACT: Several Pt(IV) prodrugs containing SAA, a histomacktylases inhibitor, were
designed and prepared for multiply targeting gemoBiNA, histone deacetylases and PARP-1.
The resulting Pt(1V) prodrug had significantly stgpantiproliferative activity against the tested
cancer cell lines, especially SAA1, derived frone ttonjugation of cisplatin and SAA, had
potent ability to overcome cisplatin resistancedémnthe combined action of DNA platination
and inhibition of HDACs and PARP-1 activity, thetatpxic activity of SAA1 was 174-fold
higher than cisplatin against cisplatin-resistaGC3901/CDDP cancer cells. The mechanism of
action of SAA1 was preliminarily investigated, irhieh cellular uptake, cell apoptosis and cell
cycle arrest as well as western blot analysis weade by treating SAA1 with SGC7901/CDDP
cells. Besides, HDACs inhibition activity and PARPenzyme inhibition of SAA1l were also
studied.

Keywords: multi-target, Pt(IV) prodrug, HDAC inhibitor, PAR1 inhibitor, overcoming drug-
resistance.

1. Introduction

Histone deacetylases (HDACSs), a class of zinc rioetatymes that deacetylate core histone
lysine residues, have attracted increased attemtiothe critical role in the regulation of gene
expression owing to governing the acetylation stdté/sine residues [1, 2]. The finding that
overexpression of HDACs transforms the function axgression of tumor-related proteins,
chiefly involved in cell proliferation, migrationmetastasis and angiogenesis, has promoted

histone deacetylase inhibitors (HDACIs) as a neagxbf anticancer agents [3-5].

Generally HDAC inhibitors consist of three domaiaschelator refers to the zinc binding
group (ZBG); a cap component fits into the actite pocket, and a linker domain connects the
ZBG and the cap group [6]. So far, a series of rdwdHDACIs have been found to be effective
antitumor agents via multiple mechanisms, such wephagic cell death, cell-cycle arrest,
mitotic cell death and so on [7, 8]. Moreover, HDAGQave been found to have few adverse
effects on normal cells. In the nucleus, DNA is coralently related to histone to form the
nucleosomes which constitute chromatin subunits.ABB, inducing hyperacetylation of
histone proteins, could enhance the accessibilityDBA within chromatin [9, 10] and

consequently reinforce the antitumor activitieplaitinum and other DNA-damaging drugs [11,



12]. These facts indicate that cancer cell deatlse@d by simultaneous HDAC inhibition and

DNA damage has emerged as a highly promising ateaapproach in cancer therapy.

SAA, a derivative of the drug SAHA, has been reparto exert HDAC inhibitory activity
[13] by carboxylic acid groups partially chelatingth zinc ions and the aromatic groups
occupying the tubular pocket. In addition, it isafound to possess PARP inhibitory activity
with benzamide, a major pharmacophoric group inym2ARP inhibitors [14], to form multiple
hydrogen bonds with two critical amino acid resglirethe PARP active site, Gly-863 and Ser-
904 [15-17]. PARP-1 is regarded as a valuable tangthe prospecting cancer treatment due to
its key role in the repair of DNA strand breaks,[18]. As a DNA repair enzyme [20], PARP
has been observed overexpressed in a number otdlegieal and solid tumors as compared to
normal cells [14]. Besides, it has the catalytiondiion to transfer ADP-ribose units from
nicotinamide adenine dinucleotide (NAD+) to a vayrief receptor proteins [21, 22], and is also
responsible for the formation of ADP-ribose polysjerhich is crucial in the repair of damaged
DNA caused by chemotherapeutic agents [23]. Thd&RHR1 contributes to the diminished
cancer therapies effectiveness and the resistaateften develops after cancer therapy [24-26].
Moreover, PARP-1 is playing an important role inim@ning the integrity of the structure of
chromosomes [27] and participating in DNA replioati transcription [28], and cellular death
processes [29]. Therefore, inhibition of PARP-1i\aist can enhance the effect of chemotherapy

drugs [30] and overcome drug resistance to imptbgeesult of the treatment of tumor [31-38].

Cisplatin (CDDP) has been widely used in canceraine as a classic cytotoxic drug for its
brilliant antitumor effects on numerous cancers.wklger, drug resistance is one of the
drawbacks to limit its chemotherapeutic efficacyumors, which is partly due to DNA damage
repair in addition to the other effects [39-41].cRamtly, a strategy of applying Pt(IV) complexes
with two axial bioactive groups has been adoptegrmmote the efficacy of cisplatin and
overcome its resistance [11, 12, 42-45]. Accordimghe literature reports, divalent platinum
chemotherapy drugs have shortcomings such as sesida effects, low bioavailability and so
on.[46, 47] Compared to Pt(ll), Pt(IV) prodrugs ar®re kinetically inert, resulting in less
toxicity. In addition, Pt(IV) prodrugs are easy be reduced to liberate axially connected
bimolecules and divalent platinum species, whiclty mky a joint action to overcome drug

resistance and improve the pharmacological actwitglatinum-based anticancer drugs. In our



recent research on prodrugs derived from the catijug of Pt(IV) complexes with different

biological units, Pt(IV) complexes with only oneohctive ligand in an axial position and a
chlorine atom or hydroxyl group in the oppositeahxyiosition were involved, because they were
found more likely to be reduced than those with ti@active species in two axial positions and

subsequently to release the pharmacophore [48-52].

Based on the above, SAA was chosen as a bioasgaad (HDACs and PARP-1 dual
inhibitor) to conjugate with four Pt(IV) complexekerived from cisplatin, oxaliplatin, DN603
and DN604 [53], respectively (Fig. 1). The resgticompounds were expected to
simultaneously target genomic DNA, HDACs and PARPypothesizing that the incorporation
of SAA into platinum drug might produce new multifttional Pt(IV) prodrugs by maintaining

the effective Pt(Il) species to bind nuclear DNAd aetting ability to overcome drug resistance
(Fig. 2).

2. Resultsand discussion
2.1. Chemistry.

The synthetic procedure is listed in Scheme 1. S¥es obtained according to a literature
procedure [54]. Meanwhile, Pt(IV) precursors 3-6ravesynthesized through the oxidative
chlorination of the corresponding Pt(ll) compleXessplatin, oxaliplatin, DN603 and DN604)
with N-chlorosuccinimide (NCS) in water [52, 55]nE&lly, four Pt(IV) prodrugs, SAA1-4, were
obtained via SAA coupling with the correspondinglVPt intermediate in the presence of O-
(benzotriazol-1-yl)-N,N,N’,N’- tetramethyluroniumetrafluoroborate (TBTU) as the coupling
agent [48]. The products were purified by colummoamatography, whose structures were
confirmed by*H, *C, **®Pt NMR and IR spectra together with ESI-MS speciopy.
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Scheme 1. Preparation of Pt(IV) prodrugs SAAl-4. Reagentd aonditions: (a) 180 °C; (b)
TBTU, EtN, DMF, room temperature.

2.2. HPLC analysis on the stability and reduction of complex SAAL

The stability of SAAL in a solution of PBS/DMF waxamined by HPLC technique at
different time. As shown in Fig. S1 (see Supportimigrmation), SAA1 was stable in a period
of 48 h under the physiological condition. In ordewverify whether SAA1 could be reduced to
its Pt(Il) equivalent and release SAA in accordanith our design, SAA1 was studied by HPLC
in a solution of acetonitrile/water (25:75, v:v)time presence of ascorbic acid. As shown in Fig.
S2 (see Supporting Information), SAA1 was graduediguced to release SAA as time passed,
accompanied by the decreasing peak of SAAl andisimg peak of SAA. It was noted that



cisplatin was not observed owing to its weak chrphwwe under the ultraviolet detecting

condition.
2.3. Invitro antiproliferative activity.

SAA1-4 and their parent divalent Pt(Il) complexesrav screened against four different
human cancer cell lines including breast (MCF-7 aidA-MB-231), colon (HCT-116) and
gastric carcinoma (SGC7901) along with normal lizells LO2 using MTT assay. Parent Pt(ll)
complexes as well as SAHA and SAA were used astipescontrols. The corresponding

cytotoxic data are given in Table 1.

It was noted that SAHA presented potent antitunwiivities comparable to cisplatin and
oxaliplatin, while SAA displayed negligible cytotioky against all the tested tumor cell lines,
with 1Csp values greater than 2Q@M. In addition to HCT-116, cytotoxicity of cisplatiis
generally stronger than that of oxaliplatin, and tivo clinical drugs were more effective than
DN603 and DN604. It is pleasing to find that byraalucing SAA, complexes SAA1-4, the
Pt(IV) derivatives of cisplatin, oxaliplatin, DN6@&d DN604, exhibited significant ameliorative
antitumor activity, especially against breast (MQFand gastric (SGC7901) cancer cell lines, in
which SAA1 and SAA2, as the trend with their parenimpounds, had particularly better
cytotoxic activity. Compared to oxaliplatin, SAAZa$ a slight increased antitumor activity for
MCF-7, but for SGC7901 cancer cells, it was 1.5e8mmore effective than oxaliplatin.
Regrettably, SAA2 showed higher toxicity to norncalls LO2 compare to oxaliplatin at the
same time. Encouragingly, SAA1 exhibited 13.4 tinmesre effective than cisplatin against
gastric carcinoma (SGC7901) cell lines, witlkyd@alue of 0.95uM in comparison to 12.68M
of cisplatin, but showed lower cytotoxicity agaimgirmal liver cells LO2 compared with the

positive drugs cisplatin and SAHA, prompting ittte a good drug candidate.
2.4. Antitumor activity against drug-resistant cancer cell lines.

Cisplatin has been used as a first-line chemotlyeagent for human gastric cancer, while
drug resistance is a key factor that restricts @ffeacy of cisplatin in treatment. Upon the
cytotoxic data in Table 1, we further tested th@dsl complex, SAAL, against cisplatin-resistant

SGC7901/CDDP cells. The corresponding data for laiisp were also determined for



comparative purposes. The cytotoxic effect of @Bplwas significantly influenced in cisplatin-
sensitive SGC7901. As shown in Table 2, thg, Malue of cisplatin was increased to 67,868
with the resistance factor (RF) value of 5.35. dntcast, the cytotoxicity of SAA1 was markedly
promoted against SGC7901/CDDP while compared widt of SGC7901. SAA1 was nearly
174 times as effective as cisplatin against cigpl&sistant gastric (SGC7901/CDDP) cell lines.
The RF value of SAAl was surprisingly 0.41, whictasw13-fold superior to cisplatin,
demonstrating its strong sensitivity to cisplatasistance cancer cells. It was noted that SAA1
showed much potent cytotoxicity toward both cigplaensitive and resistant cancer cell lines.
As far as we know, only a limited number of Pt(BOmplexes targeting both genomic DNA and
histone deacetylases have been reported to aclaesable activity in the past a few years [42,
56], in which resistance factors against cisplagisistant cancer cell lines were approximately 1.
As postulated, the mechanism of action of SAAL natsonly involved in the process associated
with platination of DNA like cisplatin, but alsovolved in other processes not affected by the
mechanisms of resistance developed by cells towaM& damaging cisplatin. In addition, we
conducted two critical control tests. The resultglicated that, obviously, mechanically
equimolar mixed CDDP and SAA (1:1) could not oveneothe resistance of cisplatin. The Pt(IV)
drug molecule used in SAA1 was not as potent as SAdainst SGC7901 cells and showed a
strong drug resistance in SGC7901/CDDP cells. Basedhe above two control tests, the

rationality of using tetravalent platinum strategyalso proved
2.5.Céellular uptake.

Since SAAL showed better cytotoxic activity, it weesected for cell uptake assays in gastric
cancer cells using inductively coupled plasma nsgestrometry (ICP-MS). As displayed in Fig.
3 and Table S1, SGC7901/CDDP cells were treateld the# complex (12.@M) for 12 hours,
resulting in the higher uptake of SAAL than thatctdplatin and ctc-[Pt(NEJ2(OH)CL]. In
particular, the intracellular platinum concentratiof SAAl-treated cells reached 269 ng/10
cells, which was 2.36-fold and 1.93-fold higherrthhat of cisplatin (114 ng/f@ells) and ctc-
[Pt(NHs)2(OH)Cls] (139 ng/16 cells), respectively. In addition, we had run tank test with
cells washed immediately after treatment with plath complexes without incubation. The level

of Pt in cells was almost negligible compared wtiat of incubation group. According to the



results of cell uptake tests and cytotoxic asshgy tappeared to have a positive correlation,

implying enhanced cellular uptake can lead to iased cytotoxicity.
2.6.HDACs inhibition activity.

HDACSs have received increasing attention in regeatrs because of their close association
with cancer. HDACIs as a class of antineoplastiogdr can alter gene transcription and
anticancer, such as cell growth inhibition, diffeation, apoptosis and tumor angiogenesis. And
several studies suggested that HDACIs have a sigtiergffect on DNA damage agent cisplatin.
Thus, our complexes were designed to release SAklanthe cells so as to exert HDACs
inhibition. In the test, Hela cell nuclear extragtrich source of HDACS, was used to efficiently
evaluate the most active Pt(IV) prodrug SAALl. Apented, cisplatin lacked the activity to
inhibit HDACs with 1Govalue exceeding 100M. As shown in Fig.4 and Table S2, SAA1 had
potent HDACs inhibitory activity with 165 value of 26.83:M in the nuclear extract, but showed
weaker HDACSs inhibitory ability than the positiveud SAHA (1Go= 0.13uM) and SAA (IGo=
16.77uM). This observation is basically in agreement wilte well-known HDACSs inhibitory
effect of SAA [13], indicating that the addition $AA to the axial position of a Pt(IV) atom is a
useful way to introduce HDAC activity into the RtfIprodrug.

2.7.PARP-1 enzyme inhibition.

According to the previous reports [42, 56], theaitigands concerned only had a single
HDAC inhibitory effect. While SAA, as an axial ligd in our complexes, was reported to not
only have a HDAC inhibitory activity, but also hagePARP-1 inhibition effect. It has been
indicated that PARP-1 plays an important role in/OBingle strand breaks repair (SSB) by
implementing basic excision repair (BER) pathwaypdADNA damage caused by agents like
cisplatin is usually repaired by BER pathway. Tlmnisibition of PARP-1 may interfere with
BER pathway thereby enhancing the cytotoxicityl@se agents and sensitizing cancer cells to
them. Based on the above, SAAl as well as SAA @platin was evaluated in vitro for their
PARP-1 enzyme inhibition activity (Fig.5 and Tald8). As expected, SAAL indicated activity
with ICso value of 38.26uM against PARP-1 comparable to SAA, revealing t@ddition of
SAA into a Pt(IV) moiety resulted in a significaimcrease in enzyme potency, while cisplatin
had hardly inhibitory activity with 165 beyond 10QM. Consistent with the HDAC result above,



SAA1 had a strong PARP-1 inhibition activity, whiay explain the better cytotoxic activity

of SAA1 against gastric cancer cells and the gtiititovercome cisplatin resistance.
2.8.Effect on cell cycle arrest.

In order to investigate the effect of our Pt (I\naplexes on cell cycle arrest, the cycle
distribution of SGC7901/CDDP cells treated withfeliént concentrations of SAAL after 24
hours was analyzed by flow cytometry with untreatetls as negative control and cisplatin-
treated cells as positive control. As shown in &igSAAL was as effective as cisplatin in
blocking the cell cycle in G2/M phase. For the aated cells, the percentage of cells in GO/G1
phase was 67.47% and in G2/M phase was only 6.66%as noted that SAA did not have
much effect on the cell cycle, the percentage t$ o GO/G1 and G2/M phase was comparable
to that of the untreated group. (Fig. S25) Afteatment with 21M of SAA1, the percentage of
cells in G2/M phase increased to 18.74%, while pleecentage in S phase did not change
significantly. At 4uM of SAAL, 42.61% of cells were arrested in G2/Maph, which was higher
than the percentage of cells treated with high-ddsasplatin (24.90%). These results showed

that SAAL evidently arrested the G2/M phase ofc#lecycle in a dose-dependent manner.
2.9.Induced apoptotic cell death and western blot analysis.

To confirm whether the inhibitory effect of SAA1 ocancer cell proliferation was
accompanied by enhanced apoptosis, we performed @ Annexin V/propidium iodide (PI)
staining and flow cytometry assay. The compoundstete were co-cultured with
SGC7901/CDDP cells at increasing concentrations2tbrhours with cisplatin as a positive
control. As illustrated in Fig.7 and Fig. S26, ordyfew apoptotic cells were present in the
control group (6.68%) and SAA essentially hadditiffect on apoptosis. Gratifyingly, a dose-
dependent increase in the percentage of apoptelisc was observed after being treated with
SAAL. The population rose to 15.44% after treatnveittt 2 uM of SAA1 for 24 h and further
increased to 37.42% after treatment witihM of SAAL, which was significantly higher than
that after treatment with gM of cisplatin (15.79% apoptotic cells at the samacentration).
Overall, the results above evidently verified tbamplex SAA1 effectively induced apoptosis in
SGC7901/CDDRP cells.



In addition, the promotion of apoptosis inducedolatinum complexes was closely related to
induction of tumor suppressor p53 [57-59]. Sinceé pgays such a pro-apoptotic role in
apoptosis that we studied its pathway involved he tnmechanism of action of SAAl in
SGC7901/CDDP cells. As depicted in Fig.8, treatm@ih85GC7901/CDDP cells with SAAL
resulted in an increase in p53 activation, whicls wansistent with cisplatin. These results

indicated that activation of the p53 pathway wa®ived in SAAtinduced cancer cell death.
3. Conclusion

In summary, we successfully developed several foalttional Pt(IV) prodrugs containing a
HDACs and PARP-1 dual inhibitor for the first timidotably, SAA1 is the most prominent one,
whose cytotoxicity against MDA-MB-231 breast canesd SGC7901 gastric cancer cells is
superior to its parent complex, cisplatin. Notewwgytthe markedly improved ability of SAAL to
overcome cisplatin resistance was found in cigplagsistant SGC7901 cells. The resistance
factor was 0.41 for SAAL, much lower than that ¢d@platin. This suggests that the mechanism
underlying the biological action of SAAL is differtefrom that of cisplatin, allowing SAAL to
successfully overcome the resistance mechanismsatope in the case of cisplatin. The
biological results also indicates that the mechan&éso comprises inhibitory effect towards
HDACs and PARP-1, leading to increasing the acbdigiof DNA in chromatin and DNA
damage caused by the platinum moiety and herehitetering the DNA repair process to
sensitize cancer cells. In addition, through thealgimed action, the cell cycle of cancer cells was
successfully blocked in the G2/M phase and the t@gtp was elevated in cisplatin-resistant
cancer cells compared to the same dose of cispatinsequently, our study provided a new and
promising platform for constructing multi-targetaphum drugs as well as a broad implication

for multi-target chemotherapy in cancer treatment.
4. Experimental Section
4.1. Materials and measurements.

All chemicals and solvents were obtained from comumésources and used directly without
further purification, except where noted. CompouBiddg, 5 and 6 were prepared according to

literature reports [55]. The purity of all compowsnalsed in the biological studies wa85%. 3-

10



acitn and p53 antibodies were purchased from ImgekiSA. All tumor cell lines were
purchased from Nanjing KeyGEN BioTech company (@hifH NMR and**C NMR spectra
were recorded in DMSOsdon a Bruker 300 MHz spectrometér®Pt NMR spectra were
measured in DMSOedwith a Bruker 400 MHz spectrometer using a sofutaf 10 mM
potassium hexachloroplatinate in 95%(/% D,0O as an external standard. IR spectra of the
complexes were detected by Thermo fisher Nicol&®iSpectrometer. Decomposition points
were measured by SGW X-4 Microscopic melting pondter (Shanghai Precision Scientific
Instrument Co. Ltd). Platinum contents were deteadiby inductively coupled plasma-mass
spectrometer (ICP-MS, Optima 5300DV, PerkinElImegA). High solution mass spectra were
measured by an Agilent 6224 ESI/TOF MS instrumd@ie stability and released ability of

complex was measured by Waters 1525 binary HPL@uiment.
4.2. Chemistry
4.2.1. Synthesis of compound SAA.

A mixture of suberic acid (5.73 g, 55.0mmol) andiae (5.12 g, 55.0 mmol) was stirred at
180 °C for 1 h. After cooling, the mixture was ddd with ACOEt-THF and filtered. The filtrate
was washed with saturated aqueous NakjC&hd the aqueous layer was acidified with
concentrated HCI. The precipitated crystals weltected by filtration to give SAA as a white

solid.
4.2.2. Synthesis of compounds SAA1-4.

To a solution of SAA (0.30 g, 1.2 mmol), TBTU (0.8§91.2 mmol), and BN (0.12 g, 1.2
mmol) in dry DMF (15 mL), and complex 4, 5, 6 owds added, respectively. The mixture was
stirred at room temperature overnight. After cortipte of reaction, the whole mixture was
added to CHCI; (120 mL), and then extracted twice with water (100). The organic phase
was dried over anhydrous P8O, and concentrated under reduced pressure. Theueesids
purified on silica gel column eluted DCM/MeOH (5Pt give the desired product as a yellow

solid.

4.2.3. Compound SAA.
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Yield, 66.7%;™H NMR (300 MHz, methanol-fl 5 7.53 (d, J = 8.2 Hz, 2H), 7.29 (t, J = 7.8
Hz, 2H), 7.07 (t, J = 7.4 Hz, 1H), 2.33 (dt, J =&817.4 Hz, 4H), 1.67 (dt, J = 23.8, 7.1 Hz, 4H),
1.49 — 1.30 (m, 4H). ESI-MS (m/z): calcd fo148:0NO3; [M-H] : 249.13649, found: 248.12759.

4.2.4. Compound SAAL.

Yield, 56.9%:IR (KBr, cmi®): 3261, 3173, 2933, 2854, 1659, 1597, 1498, 1884, 793,
722, 690 H NMR (300 MHz, DMSO-¢) 5 9.81 (s, 1H), 7.58 (d, J = 7.8 Hz, 2H), 7.28 &, 0.6
Hz, 2H), 7.02 (d, J = 8.1 Hz, 1H), 6.18 (s, 6HBR- 2.18 (M, 4H), 1.53 (d, J = 28.7 Hz, 4H),
1.31 (s, 4H).*C NMR (75 MHz, DMSO)$ 181.20, 171.73, 139.83, 129.08, 123.36, 119.52,
36.91, 36.78, 29.02, 28.89, 25.84, 255%t NMR (129 MHz, DMSO-¢) § 552.41 ppm. ESI-
MS (m/z): calcd for GH24ClsN3OsPt [M-H]: 583.79800, found: 582.05684.

4.2.5. Compound SAA2.

Yield, 62.5%; IR (KBr, crit): 3182, 2936, 2857, 1705, 1666, 1625, 1597, 15398, 1440,
753, 693.'H NMR (300 MHz, DMSOsdg)  9.84 (s, 1H), 7.58 (d] = 7.7 Hz, 2H), 7.33 — 7.23
(m, 2H), 7.01 (tJ = 7.4 Hz, 1H), 2.54 (s, 2H), 2.29 {t= 7.5 Hz, 2H), 2.20 () = 7.4 Hz, 2H),
2.01 (dd,J = 35.2, 12.3 Hz, 2H), 1.61 — 1.39 (m, 8H), 1.30)p 3.7 Hz, 4H), 1.07 (d] = 8.5
Hz, 2H)*C NMR (75 MHz, DMSO) 174.94, 171.67, 164.37, 164.35, 139.79, 129.09,312
119.48, 61.94, 60.97, 36.82, 34.09, 31.18, 30.8B6 28.79, 25.45, 24.85, 24.23, 2411t
NMR (129 MHz, DMSO+dg) 6 1221.83 ppm. ESI-MS (m/z): calcd fopH3,CIN;O/Pt [M-H]™:
680.15765, found: 680.06525.

4.2.6. Compound SAA3.

Yield, 65.9%;IR (KBr, cmi): 3136, 3055, 2933, 2857, 1793, 1659, 1598, 15388, 1441,
857, 756, 693'H NMR (300 MHz, DMSOds) § 9.79 (s, 1H), 7.57 (dl = 7.9 Hz, 2H), 7.26 (1]
= 7.8 Hz, 2H), 7.00 (t) = 7.3 Hz, 1H), 3.53 (s, 2H), 3.39 (s, 2H), 2.68,(@= 22.2, 11.0 Hz,
2H), 2.27 (t,J = 7.2 Hz, 4H), 2.16 — 1.93 (m, 2H), 1.62 — 1.01, (#H).*C NMR (75 MHz,
DMSO0) 6 203.34, 180.35, 176.01, 175.93, 171.17, 139.38,5I2 122.86, 119.02, 45.74, 37.68,
36.56, 36.35, 35.21, 35.12, 30.88, 30.48, 28.483&85.17, 24.98, 23.56, 23.49°Pt NMR
(129 MHz, DMSOds) 6 1195.47 ppm. ESI-MS (m/z): calcd for,d36CIN3OgPt [M-H]":
749.12100, found: 748.17727.
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4.2.7. Compound SAA4.

Yield, 61.7%;IR (KBr, cm): 3198, 2934, 2854, 1791, 1624, 1597, 1541, 14882, 857,
755, 693.H NMR (300 MHz, DMSOds) 5 9.82 (s, 1H), 7.58 (d] = 7.5 Hz, 2H), 7.27 (1) =
7.3 Hz, 2H), 7.02 (d] = 6.8 Hz, 1H), 6.30 (s, 6H), 3.50 (s, 4H), 2.27X& 7.4 Hz, 4H), 1.52 (d,
J = 28.7 Hz, 4H), 1.26 (d) = 13.6 Hz, 4H)!*C NMR (75 MHz, DMSO)§ 203.48, 179.21,
175.86, 175.65, 171.20, 139.32, 128.57, 122.85,0P195.48, 37.57, 36.36, 35.51, 28.49, 28.38,
25.16, 24.981%Pt NMR (129 MHz, DMSQds) & 1337.74 ppm. ESI-MS (m/z): calcd for
CooH26CIN3OgPt [M-H]": 668.99100, found: 668.11416.

4.3. The stability of complex SAAL in PBSDMF buffer.

The stability of Pt(IV) complexes in a PBS/DMF (29v:v) was investigated by HPLC. The
incubation was generated by adding SAA1 to PBS/OMffer, which was performed at 25 °C
for 0, 6, 12, 24 and 48 h, separately. Reversedgh®LC was implemented on a 250 x 4.5 mm
ODS column and the HPLC profiles were recorded dhddtection at 210 nm. Mobile phase
consisted of acetonitrile/water (25:75, v/v), ahaf rate was 1.0 mL/min. The samples were

taken for HPLC analysis after filtration by 0.4bn filter.
4.4. Released ability of complex SAAL under reduction with ascorbic Acid.

The released ability of SAA1 in a solvent compmsiacetonitrile/water (25:75, v:v) was
investigated by HPLC. The standard compounds wergenby adding ascorbic acid, SAA, and
SAAL, respectively, to a solvent containing 25%tawctrile and 75% water. The incubation was
generated by adding test compounds (10 mM) toesbkontaining 25% acetonitrile and 75%
water in the presence of 15 mM ascorbic acid, wkiels performed at 25 °C for 0, 1, and 2 h,
separately. Reversed phase HPLC was implemented 250 x 4.5 mm ODS column and the
HPLC profiles were recorded on UV detection at 24f. Mobile phase consisted of
acetonitrile/water (25:75, v/v), and flow rate wia® mL/min. The samples were taken for HPLC

analysis after filtration by 0.4f@m filter.

45. Cdl culture.
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Breast (MCF-7 and MDA-MB-231), colon (HCT-116), g&s (SGC7901 and cisplatin
resistant SGC7901) carcinoma cells along with nbtiver cells LO2 were cultured at 37 °C in
a 5% CQ atmosphere using the following monolayer cultuetia containing 10% fetal bovine

serum (FBS), 100 mg/mL of penicillin and 100 mg/oflstreptomycin.
4.6. Cytotoxicity analysis.

The growth inhibitory effect towards human celledinwas evaluated by means of MTT
assay. Briefly, 1 x 10 cells/well, MCF-7, MDA-MB-231, HCT-116, SGC7901,
SGC7901/CDDP and LO2 cell lines, were separatetylae in 96-well microplates in DMEM
medium with 10% FBS and then incubated 24 h at@7n°a humidified atmosphere of 5%
CO)/95% air. The medium was removed and the cells weem exposed to a fresh one
containing the compounds to be studied at the @piate concentration. Triplicate cultures were
established for each treatment. After incubated’®bh, each well was treated with 1D of a 5
mgmL™ MTT. And after 5 h additional incubation, the meuiwas replaced by 1G0. DMSO.
The inhibition of cell growth induced by the testeaimplexes was detected by measuring the

absorbance of each well at 570/630 nm using enzgb@ding instrument.
4.7. HDACs inhibition activity assay.

HDACSs inhibition activity assays were conductedregorted previously [60, 61]. At first,
various concentrations of tested compound &P was mixed with 10uL of HelLa nuclear
extract solution and incubated at 37 °C for 10 ritmen 40uL of fluorogenic substrate Boc-Lys
(acetyl)-AMC was added. After incubation at 37 W€ 30 min, 10QuL of developer, containing
trypsin and Trichostatin A (TSA), was added to stbhp reaction. After 20 min incubation,
fluorescence intensity was measured using a m@atepteader at excitation and emission
wavelengths of 390 and 460 nm, respectively. THebiion ratios were calculated by the
fluorescence intensity readings of tested wellsudgdg those of control wells, and thes}C

values were calculated using the software Grapliadh (version 5.0).
4.8. PARP-1 inhibition assay.

The inhibition of the target compounds on PARP-Xyematic assay was determined by
ELISA in 96-well plates as previously reported [68]stone (20ug/mL) was diluted in 10QL
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PBS buffer prepared by 10 mM M#PO,, 10 mM NaHPO, and 150 mM NaCl. The mixture
was precoated in each well and incubated at 4 ¥@niyht. 100uM NAD®, 200 nM sIDNA and
25 uM biotinylated NAD' diluted in 30uL of reaction buffer (2 mM MgG) 50 mM Tris) were
added into each well, and then b of solvent control or various concentrations estt
compound was added. 2 PARP-1 (50 ng/well) was added to initiate thectem at 30 °C.
After 1 h, 50uL streptavidin conjugated HRP was added and mairteanperature at 30 °C for
30 min. At last, 100uL mixture of luminol and HO, in citrate buffer (0.1 M) was added.
Luminescent signal was measured by spectrophotorfii@ecular Devices SpectraMax M5
microplate reader) and the concentration requi@d50% inhibition of PARP-1 enzymatic

activity (ICsg) was calculated using the software GraphPad Rusnsion 5.0).
4.9. Celular uptake test.

SGC7901/CDDP cells were seeded in 6-well plategriow medium. When the cells
achieved about 80% confluence, SGC7901/CDDP ce#ge wreated with 12:M of ctc-
[Pt(NH3)2(OH)Clg], cisplatin and SAAL for 12 h, respectively. Cellsre collected and washed
three times with cold PBS, harvested and countesh) tentrifuged at 1000 x g for 8 min and
resuspended in 1 mL PBS. A volume of 10 was taken out to determine the cell density.
Finally, the cells were digested in 200 65% HNG;for 10 h at 65 °C. The Pt level in cells was
measured by ICP-MS.

4.10. Cell cycleanalysis.

SGC7901/CDDP cells were treated with suitable cotragon of SAA, SAA1 and cisplatin,
separately. After 24 h of incubation, cells werdemted by trypsinization, washed three times
with ice-cold PBS, fixed, permeabilized with iceleeo70% ethanol and stored at -20 °C
overnight. After washed with ice-cold PBS, the gellere incubated with 10@g/mL RNase A
for 30 min at 37 °C, stained with 1 mg/mL propidiimdide (PI) for 30 min in the dark at 4 °C.
Finally, analysis was performed by flow cytometrsing a fluorescence-activated cell sorting
(FACS) Calibur (Becton Dickinson, Palo Alto, CA).

4.11. Apoptosisanalysis.
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SGC7901/CDDP cells were seeded at the densityxot® cells/mL of the DMEM medium
with 10% FBS on 6-well plates to the final volumie2omL. Cisplatin was positive control at a
concentration of 4 uM. The plates were incubatedofernight and then treated with different
concentrations compound SAA, SAA1 and cisplatinZérh. Briefly, after incubation 24 h, cells
were collected and washed with PBS twice, and thenspend cells in 1 x Binding Buffer (0.1
M Hepes/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CgCit a concentration of 1 x 4@ells/mL.
The cells were stained with |8 of FITC Annexin V (BD, Pharmingen) and i propidium
iodide (PI) staining using annexin-V FITC apoptosiisfollowed; 100uL of the solution was
transferred to a 5 mL culture tube and incubatedB@min at room temperature (25 °C) in the
dark. The apoptosis ratio was quantified by sysieftware (Cell Quest; BD Biosciences).

4.12. Western blot analysis.

Cisplatin-resistant SGC7901 cells were treated wébsted compounds at the indicated
concentrations for 24 h. Afterwards, cells werevhated and lysed in cell in RIPA buffer (0.1%
SDS, 0.5% sodium deoxycholate, 1% NP40), and wen&ituged at 13000 rpm for 20 min at 4
°C. Proteins from cell lysates was electrophoreseda 12% SDS-PAGE and blotted to a
nitrocellulose membrane. The membrane was blockigdl RBST containing 5% non-fat dry
milk for 1 h and another 1 h incubation with primantibodies at 37 °C. The membrane was
further stained with the corresponding secondatipadies for 1 h at room temperature (25 °C).
Protein blots were detected by ECL according tontfamufacturer’s protocol (GEp-actin was

used as a loading control.

Notes

The authors declare that they have no confliciatefest.

Acknowledgments

We are grateful to the National Natural Sciencerfgation of China (Grant No. 21571033)
and the New Drug Creation Project of the NationakeSce and Technology Major Foundation
of China (Grant No. 20152X09101032) for financiadsato this work. The authors would also
like to thank the Fundamental Research Funds fa& @entral Universities (Project
2242016K30020) for supplying basic facilities tor dey laboratory. We also want to express

our gratitude to the Priority Academic Program DOepeent of Jiangsu Higher Education

16



Institutions for the construction of fundamentatilities (Project 1107047002). We would also

like to thank shiyanijia lab for the support of kelat analysis.

Appendix A. Supplementary data

Compounds’ characterization B, *C and***Pt-NMR spectra together with ESI mass
spectroscopy and HPLC chromatograms. Cellular @ptafkmeasured samples on the tested
cancer cell line and biological assays such as HD&®@ PARP-1 inhibitory activity.

Supplementary data related to this article carobad at ****,

Abbreviations List

HDAC Histone deacetylase

HDACIs Histone deacetylase inhibitors

PARP-1 Poly (ADP-ribose) polymerase 1

ZBG Zinc binding group

NAD+ Nicotinamide adenine dinucleotide

CDDP Cisplatin

NCS N-chlorosuccinimide

TBTU O-(benzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium tetrafluoroborate

RF Resistance factor

ICP-MS Inductively  coupled plasma mass
spectrometry

SSB Single strand breaks

BER Basic excision repair

Pl Propidium iodide

DCM Dichloromethane

uv Ultraviolet

HPLC High performance liquid chromatography
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FBS Fetal bovine serum

DMEM Dulbecco's modified eagle medium

FBS Fetal bovine serum

TSA Trichostatin A

HRP Horseradish peroxidase

FACS Fluorescence-activated cell sorting

RIPA Radio immunoprecipitation assay

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel
electrophoresis
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TABLES

Platinum(1V) prodrugs multiply tar geting genomic
DNA, histone deacetylases and PARP-1

Zichen Xu®®* Weiwei Hu? ®' Zhimei Wangd* . Shaohua Gof **

Table 1.

Effect of target compounds against cell viabilifyddferent cell line§

ICs0 values (M)

Complex HCT-116 MCF-7 MDA-MB-231 SGC7901 LO2
Cisplatin 7.44 +0.72 3.75+0.29 7.96 +0.64 126882 8.68 +0.35
Oxaliplatin ~ 8.67 £ 0.33 18.35+1.18 14.33+0.55 6.8 +2.16 16.95+1.17
DN603 43.15+3.36 30.45+2.17 14.25+1.28 8.1:164 1411 +1.27
DN604 3250+259 9.36+0.82 40.99 + 3.23 8.4057 35.84 +£3.12
SAHA 6.98 + 0.52 3.11 +0.16 3.18 +0.25 7.43 #0.5 2.48 £0.18
SAA >200 >200 >200 >200 >200
SAA1 16.27+1.21 6.70+0.58 5.72 £ 0.36 0.95@/0. 16.87+0.35
SAA2 1543+1.08 15.07+1.10 18.17+£0.29 17386 6.93+0.32
SAA3 4596 +4.35 15.68+1.23 17.57+1.69 14.7B¥ 6.71+£0.54
SAA4 32.90+3.08 10.25+0.95 46.46+2.58 6.83149 82.88 £6.25

®Results are expressed as the mean + SD from thdepéndent experiments.



Table 2.

In vitro growth inhibitory effect of SAAl againstisplatin-resistant cell lines

SGC7901

ICs0 values (M)
Complex SGC7901 SGC7901/CDDP LO2 RF
Cisplatin 12.69 + 0.82 67.88 £ 2.16 8.68 +0.35 55.3
SAHA 7.43+0.54 7.18 +0.48 2.48 +0.18 0.96
SAA >200 >200 >200
SAA1 0.95 +0.07 0.39+0.01 16.87 + 0.35 0.41
SAA : CDDP =1:1 1.37 £ 0.09 13.82+1.12 nd* 10.08
cte-[Pt(NHy)2(OH)Cl]  3.44 +0.25 13.46 + 0.34 nd* 3.9

®Results are expressed as the mean + SD from thdepéndent experiments.
nd* means not detected
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Platinum(1V) prodrugs multiply tar geting genomic
DNA, histone deacetylases and PARP-1

Zichen Xu® ™ * Weiwei Hu®* ! Zhimei Wand"®, Shaohua Gofi °*

N i “ i H;N._ .Cl
N\H/\/\/\)J\N,OH \[(\/\/\)J\OH HSN:Pt:CI

(o} H (o) 3

SAHA SAA Cisplatin
N N c H,N ooc
N\ /O (0} Ny /OO 3
Pt /Pt\ (o] Pt (o]

N Do—o N ooc HyN ooc
H2 HZ

Oxaliplatin DN603 DN604

Fig. 1. Chemical structure of SAHA, SAA and platinum(lraplexes.
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Fig. 2. Design of a novel platinum(lV) prodrug derived framsplatin, for example,

as a potential HDAC inhibitor, PARP inhibitor anatitumor agent.
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Fig. 3. Intracellular accumulation of ctc-[Pt(N}(OH)Cl], cisplatin and SAA1 (12
uM) in SGC7901/CDDP cells after 12 h. Each valuewshadn the table is in
nanograms of platinum per &@ells. Results are expressed as the mean + Strée

independent experiments. *P < 0.05 was calculatkdive to cisplatin.



120

100

80+

60 4

40

IC,, of nuclear extract (uM)

204

SAHA SAA SAA1 Cisplatin

Fig. 4. HeLa cell nuclear extract inhibitory activity ofsplatin, SAHA, SAA and
SAAL. Results are expressed as the mean = SD ffee thdependent experiments.

**P < 0.01 was calculated relative to cisplatin.
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Fig. 5. Inhibitory activities against PARP-1 of SAA-1, SAéhd cisplatin. Results are
expressed as the mean + SD for three independgariments. **P < 0.01 was

calculated relative to cisplatin.
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Fig. 6. Effects of SAAL on cell cycle arrest in SGC790RMP cells. Cells were

treated with 2 and gM of SAAL for 24 h. Then the cells were fixed andised with

Pl to analyze DNA content by flow cytometry.
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Fig. 7. Induction of apoptosis at 24 h by cisplatin and SAh SGC7901/CDDP
cells. The cells were harvested and labeled witheam-V-FITC and PI, and
analyzed by flow cytometry. Data are expressedhasmean = SEM for three

independent experiments.
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Fig. 8. Western blot analysis of p53 after treatment of 3&I/CDDP cells with

cisplatin (10uM) and SAA1 (5uM and 10uM) for 24 h, respectivelyp-Actin

antibody was used as reference control.



Highlights

Platinum(l1V) prodrugs multiply targeting genomic
DNA, histone deacetylases and PARP-1

Pt(IV) prodrugs were designed to exert multifunctional anticancer effects.
SAAL1 effectively inhibited HDAC and PARP-1 in addition to damage DNA.

By taking ajoint action, SAA1 could overcome cisplatin resistance significantly.



