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Abstract

It is well-known that cisplatin exhibited a brogaestrum of anticancer activities against many
solid tumors, but its severe toxicity and drug s&sice have largely limited wider clinical
applications. Various strategies have been triedigoover new Pt(ll) drugs with at least equal
activity as well as low toxicity compared to cidpia but the inherent problem remains unsolved.
Here we report that Pt(IV) complexes comprising A-4Canalogue, as dual-targeting Pt(IV)
prodrug, were synthesized and evaluated for aotifprative activity using MTT assay. Among
them, complex19 displayed most potent activity against the testedcer cell lines, and
simultaneously exhibited better cell selectivityvizeen cancer cells and normal cells than that of
cisplatin. Mechanism studies revealed that comp@erffectively induced cell cycle arrest at the
G2/M phase and dramatically disrupted the microieibarganization. Moreover, completd
significantly induced cell apoptosis and decreagdP. Importantly, complexl9 significantly
inhibited tumor growth in SK-OV-3 xenograft modelvivo without apparent toxicity.
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1. Introduction

Ptlatinum(ll)-based anticancer drugs, such as a&iisp(CDDP), carboplatin and oxaliplatin
(OXP) are widely used for the treatment of manyidstmors as first-line chemotherapeutic
agents in clinic. [1-5] Mechanism studies indicatbdt they induce apoptosis in cancer cells
mainly through DNA damage. [6-8] However, non-speity of these drugs toward cancer cells
has limited their applications. [9-11] In the l&sb decades, various Pt(ll) complexes have been
synthesized and screened for antitumor activity, bafortunately, only a few of compounds
entered clinical trials and most of them failed2][Trying to get rid of the embarrassment,
researchers focused on inert Pt(IV) complexes adrpgs that can be activated by intracellular
reduction and reduced to Pt(ll) equivalents follogvicellular uptake. [13, 14] For example,
satraplatin, which used to be a promising Pt(I\)doug, entered phase Il clinical trials for an
orally active drug against prostate cancer dueetteb stability, lower toxicity, and higher blood
circulation time than cisplatin. [15, 16] In addiii several research groups reported that Pt(IV)
prodrugs containing biologically active units irethxial position could significantly improve the
antitumor activities and overcome the side effé@t¢ll) drugs Fig.1). [17-22]

The chemotherapeutic agent combretastatin A-4 (CAi4. 2), a naturally occurring
cis-stilbene from the bark of the South African CapesBwillow (Combretum caffrum), was
found to show potent antitumor activity against gngypes of human cancer cells, own capability
to bind the colchicine binding site of tubulin, aimderfere with the polymerization of tubulin.
[23-25] Its derivatives, compoundsand17, also exhibited excellent anticancer activities agai
a number of human cancer cells including multidragistant cancer cell lines in addition to
strongly inhibit tubulin polymerization via combirg the colchicine binding site [26, 27].
Moreover, combretastatin A-4-phosphala, (Fig. 2) and serine amino acid analogue of CA-4
(AVE8062,Fig. 2) in combretastatin family are currently under iclah trials as a single drug or in
combination for anticancer therapy. [28, 29] To roeee resistance of cisplatin and reduce its
side effect, researchers now prefer to use combmahemotherapy treating the patients with
other therapeutics drugs that act by different raagms. [13] Recent studies indicated that the
combination of platinum anticancer agents with tubinhibitors, primarily with paclitaxel and
docetaxel, could result in improved therapeuticfif@®. [30] Schobert and co-workers recently

reported Pt(ll) complexes containing chalcone ddnes2a and3a (Fig. 2), which displayed



moderate antitumor activities against certain tygfesolid tumors mainly due to the DNA-damage
Pt(Il) agents and tubulin-targeting chalcone megti31] Therefore, a combination of platinum
anticancer agents with tubulin inhibitors can besffactive strategy to overcome drug resistance
and enhance therapeutic effects.

Based on the above background, we have designesivasaries of dual-targeting Pt(IV)
prodrugs, which are expected not only to carryDNA damaging platinum-based agent warhead
into the tumor cells, but also have a CA-4 derixail or 17 to inhibit tubulin polymerization.
Herein, we report the synthesis and biologicalvdis of these compounds as well as their
underlying mechanism of actions.

2. Reaults and discussion
2.1. Design and synthesis

The synthetic route to prepare compouh®<3 and19-20 are depicted in Schemésand?2.
Firstly, the CA-4 derivativeg and17 were obtained according to the reported proced{26s28]

On one hand, compoun8 was achieved by the formation of amide bond betwéeand
mono-methyl glutarate in the presence of HOBT/ED&hjch wasfollowed by hydrolysis o8B
with aluminum hydroxide in the presence of THFZHto obtain the aci®. On the other hand,
compoundl8 was achieved by treatment of compoudvith succinic anhydride in the presence
of E&N in DMF. Meanwhile, Pt(IV) complexe¥0 and 11 were prepared through the oxidative
chlorination of the corresponding Pt(ll) complexe&isplatin or oxaliplatin) with
N-chlorosuccinimide (NCS) in water according to tfemer methods. [32] Finally, target
compoundsl2-13 and19-20 were obtained by esterification betwe®or 18 and10 or 11 in the
presence of TBTU/BN. The resulting target compounds were characttizeH NMR and**C
NMR spectra together with ESI-MS spectroscopy.

2.2. Invitro cytotoxicity.

The in vitro cytotoxicity of complexed2-13 and 19-20 were evaluated by MTT assays on
three human cancer cell lines, HCT-116 (colorectd#pG-2 (hepatocellular), MGC-803 (gastric)
and two normal cells NCM460 (colon) and HL-7702€l), using cisplatin, oxaliplatiry, 17 and
CA-4 as the positive controls, respectively. Thegl€alues (concentration required to reduce
viability to 50%) were summarized in Tablelf.vitro evaluation results revealed that compounds

7 and CA-4 displayed excellent antitumor activitiegginst the tested three human cancer cells as



expected, but CA-4 analogu8sndl13 exhibited lower cytotoxicity than the positive gav and

17. It was noted that complex&8-13 and19-20, the Pt(IV) derivatives of cisplatin or oxaliplati
with one CA-4 analogous ligand in the axial posifipossessed higher cytotoxicity against all test
cancer cell lines than cisplatin and oxaliplatisp&cially, complexe&2 and 19 possessed better
antitumor activities against all test cancer dakt$ than cisplatin, with I values in the range of
0.62—-0.97 umol/L12) and 0.39-0.71 umol/L19), which showed 8.6~14.4.7) and 11.8~21.8
(19) fold increase in activity than those of cisplatin addition, bothl2 and 19 synchronously
exhibited lower cytotoxicity toward two normal INCM460 and HL-7702 than cisplatin and
CA-4, respectively. Moreover, Pt(IV) complexd8 and 20 significantly exhibited better
anti-proliferative activity against the tested aamncell lines than oxaliplatin, with kg values in
the range of 0.75-1.21 and 0.52-1.06 pmol/L, raimdye Interestingly, compleXl9 showed
significantly more effective anticancer activityathcompound?7 against the tested three human
cancer cells, and exhibited up to 1.7~2.6 foldeased cytotoxicity compared with compouird
More importantly, the selectivity index of complex and19 were calculated out as 36.7, 20.9
and 43.6, 49.6, respectively, much higher than dfiafisplatin (1.4 and 1.3). The similar results
were also observed in complexEsand20. In short, then vitro evaluation results suggested that
these Pt(IV) complexes showed better cell seldgthietween cancer cells and normal liver cells
than those of cisplatin and oxaliplatin.

2.3. Antitumor activity of target complexes against cisplatin resistant cancer cell line.

Drug resistance is an important therapeutic prolifexhconfined the efficacies of cisplatin for
some human cancer cells. Thus, we further evaluiedytotoxicity of complexe&2-13 and
19-20 against cisplatin sensitive and resistant candés @muman ovarian cancer cells SK-OV-3
and SK-OV-3/CDDP)). As shown in Table 2, thed@alue of cisplatin against SK-OV-3/CDDP
resistant cells was increased to 30.57 umol/L. 8/nilcontrast, the correspondingsd®@alues of
complexesl?2 and 19 against SK-OV-3/CDDP resistant cells did not olbgly change compared
with those against cisplatin sensitive cells. Iswauch significant to observe that compleg@s
and 19 had much lower resistance factors (1.25 and l1@@hpared with cisplatin (5.99).
Interestingly, other Pt(IV) complexek3 and 20 were also found to exhibit obvious anticancer
activities against cisplatin resistant SK-OV-3/CDD&lls comparable to oxaliplatin with small

resistance factors. The results indicated thatethi$l\VV) complexes with almost equal potent



activity against cisplatin-resistant cells mightuseful in the treatment of drug refractory cancer
resistance to other platinum drugs.
2.4 HPLC analysis of releasing ability of the typical target compound 19.

In order to investigate whether compouhadr 18 and divalent Pt(Il) species can be released
from target compoundd?-13 or 19-20) by biomolecular reducing agents such as ascardiot,
we incubated a typical compouri®, in a solution of acetonitrile and water (13:7}lee presence
of ascorbic acid (0.5 mmol/L) at 37, and analyzed the liberation of compour®and cisplatin
over a period of 12 h by HPLC chromatograms. Aswshim Fig. S1, compoundl9 can be easily
reduced to compountB and the corresponding Pt(ll) equivalent undertés¢ condition as time
passed, accompanied by the falling down peak ofpoamd 19 and the rising up peak of
compound18 in a time-dependent mode. Notably, cisplatin was$ observed in the HPLC
chromatograms due to its weak chromophore in ttraviblet detecting condition. In short, these
results suggested that the target compound caadilg eeduced to release the corresponding Pt(ll)
equivalent and compour@dor 18 under reduction, indicating their potential biolagiactivity.
2.5. Complex 19 induced apoptosisin SK-OV-3 cells.

Studies suggested that most metal complex anticashcgys generally kill cancer cells by
activating apoptosis. [33] Because compléxwas found to exhibit broad spectrum antitumor
activity against all tested human cancer cellsthedbest activity against SK-OV-3 cancer cails
vitro, it was chosen to be further investigated on the mésimaonf action. The apoptosis of
SK-OV-3 cells induced by complet® was studied using FITC-Annexin V staining and japn
iodide (PI) staining method, in which Q1, Q2, Q&daQ4 represent four different cell states:
necrotic cells, late apoptotic or necrotic cellgppiotic cells and living cells, respectively. The
percentages of apoptotic cells were determinedidwy €ytometry. SK-OV-3 cells were treated
with complex19 and cispaltin at the indicated concentrations2tbih, respectively. As shown in
Fig. 3, SK-OV-3 cells treated with complet® exhibited a concentration-dependent increase of
apoptosis by 29.4% and 44.5% at 5 andufr®l/L, respectively. In contrast, the percentage of
apoptosis cells was 23.98% after incubation wigpleitin at 10umol/L for 24 h, which was
obviously lower than that of complé® under the same condition. These results cleavigaied
that complex19 could effectively induce apoptosis in SK-OV-3 cancells at the indicated

concentrations.



2.6. Hoechst 33258 staining.

The ability of complex19 to induce apoptosis was further investigated bglyaing the
nuclear morphology of the exposed SK-OV-3 using d¢hse 33258 staining. SK-OV-3 cells were
treated with compleg9 and cisplatin at the indicated concentration2fbh, and then stained by
Hoechst 33258 to detect apoptosis morphologicalljeun the fluorescence microscope. As shown
in Fig. 4, the control cells exhibited weak blue fluorescemrel appeared as regular round
contours. Following treatment with compl&®, most cells emitted brilliant blue fluorescenaed a
the nuclei of SK-OV-3 cells appeared hyper condéribeghtly stained). The number of apoptotic
nuclei containing condensed chromatin obviouslydéased when SK-OV-3 cells were treated
with complex19 (10 umol/L) for 24 h Fig. 4), suggesting that apoptosis of SK-OV-3 cells was
significantly induced by complet9 in a concentration-dependent manner, consistettt the
results for FITC-Annexin V staining and propidiuadide staining.

2.7. Cdlular uptake.

It is well known that the cytotoxicity of currentt(R)-based anticancer agents, such as
cisplatin and oxaliplatin, was associated with timake of platinum, hence the cellular uptake
measurement of compld® was carried out. The platinum content in SK-O\k8scwas analyzed
using ICP-MS after 24 h of incubation with complEXxand cisplatin. As shown in Table 3, the
whole uptake of comple%9 in the SK-OV-3 cells was 335+31 (#nol/L) and 709+70 ng Pt per
10° cells (10pumol/L), respectively, obviously higher than thoskcisplatin under the same
conditions. Interestingly, the cellular platinumafmpoundl9 was up to 2.2-fold increase at high
dose in SK-OV-3 cells compared to cisplatin under $ame concentration. In addition, it was
notable that the data was completely in accordanttethe MTT assay (I value in SK-OV-3:

19 > cisplatin), which suggested that introductiorad€A-4 analogue in the axial position of the
related Pt(IV) complex can effectively improve tbellular uptake and eventually result in the
increase of its antitumor activity.

2.8. TUNEL staining.

Many studies indicated that the cytotoxicity oftplam-based drugs are able to induce DNA
damage [34], thus, we further investigated thecefté complex19 on the integrity of DNA in
SK-OV-3 cells using TUNEL staining according to athrod reported previously [35]. As shown

in Fig. 5, the cells with increased green florescence iitieli® the web version) suggested the



degree of DNA damage induced by cisplatin at thdicated concentration as expected.
Interestingly, complex19-treated SK-OV-3 cells significantly exhibited enbad green
florescence intensity (in the web version) in aaariration-dependent manner compared to the
control cultures, suggesting the presence of taahidNA damage caused by complEx

2.9. Cdll cycle analysis.

In order to further understand the effect of thetlsgtic Pt(IV) compleX9 on cell cycle arrest,
we used flow cytometry to detect the cell cycleribsition of SK-OV-3 cells following a 24 h
treatment with compleXl9 at the indicated concentrations. Untreated celsewserved as a
negative control, and cells treated with cisplatere acted as a positive control. As showFRign
6 A and B, complexXl9 were found to be as effective in arresting thémalle at G2/M phase in a
concentration-dependent manner compared with th&ato With the untreated SK-OV-3 cells,
the percentage of cells in the GO/G1 phase wa®.87% with only 5.05% in the G2/M phase.
After treatment with cisplatirat 10 pmol/L, the percentage of cells in the G2/Nage only
increased to 11.88%, while in the cells treatedhwiimplex19 at 5 and 1Qumol/L, the percentage
of cells in the G2/M phase increased to 27.11% &h84%, respectively. These trends were in
accordance with the current anti-mitotic agentggesting that tubulin might probably be an
effective target for compleo.

2.10. Complex 19 regulated the expression of G2/M-related proteins.

In order to further investigate the molecular medsim of complex19 induced G2/M phase
block, the expression of cell division regulatedtpins (major Cdc2, cyclin B1, and Cdc25c)
were confirmed by immunoblotting analyses. As showirig. 6 C and D,compared with the
vehicle treated control, complé® caused a significant decrease in Cdc2, cyclina®tl, Cdc25C
expression in a concentration-dependent manneseThesults, which were consistent with the
cell cycle analysis assay, further suggested tlehamesm of the cell cycle arrest effect.

2.9. Analysis of immunofluorescence staining.

It is well-known that the biological activity of GA and its analogues has been reported to be
bound up with tubulin [24, 26]. In order to furthevaluate whether the antitumor activity of
complex 19 was derived from an interaction with tubulin, SKQ cells were treated with
complex19 and CA-4 at the indicated concentrations for 24 hnalyze the cellular microtubule

network by immunohistochemistry  followed by nuclearstaining with 4,



6-diamidino-2-phenylindole (DAPI). As shown kig. 7, a well-organized microtubule network
throughout the cells was observed in the controugy while cells treated with CA-4 exhibited
severely disrupted microtubule organization comgavéth the control group as expected.
Importantly, it was noted that cells treatment wdthmplex19 obviously disrupted microtubule
organization compared with untreated cells. Thessults demonstrated that compld®
dramatically disrupted the microtubule organizationa concentration-dependent manner, and
further revealed that tubulin was an effective ¢éafgr its anticancer activity.

2.11. Complex 19 triggered mitochondrial pathway dependent apoptosis.

Many recent researches demonstrated that mitoclzon@ay an important role in the
progression of apoptosis. [36, 37] The loss of alitmdrial membrane potential (MMP) has been
implicated as an early event in apoptotic cellsotder to learn whether apoptosis induced by
complex 19 was related to mitochondrial dysfunction, cellsatesl with complex19 at the
indicated concentrations for 24 h and the MMP wex@mined by fluorescence microscope using
JC-1 and Hoechst 33258 staining. Untreated cell® weed to serve as a negative control, and
cells treated with cisplatin were used to act @ositive control. In the control group (untreated
cells), JC-1 existed as aggregates in the mitoafiiced), while the apoptotic and necrotic cells,
JC-1 existed as a monomer in the cytosol (greesmstwn irFig. 8, treatment of SK-OV-3 cells
with complex 19 and cisplatin, respectively, caused a decreased®Niel at the indicated
concentration for 24 h.

2.12. Complex 19 triggered ROS generation.

Because mitochondrial dysfunction is associated wiitochondrial production of reactive
oxygen species (ROS),[38] we further evaluated khdretROS production increased after
treatment with complex19 at the indicated concentrations. The fluorescembg 2,
7-dichlorofluorescein diacetate (DCF-DA) was usedétect by flow cytometry after cells treated
with the test compounds for 24 h. Untreated ceadlyexd as a negative control, and cells treated
with cisplatin acted as a positive control. As show Fig. 9, both complex19 and cisplatin
induced the production of significant amounts of R comparison with control cells, in
agreement with the dissipation of MMP. Interestinglfter exposure to 1mol/L of complex19
for 24 h, the ROS level was 75.2%, which showedta3.3-fold increase in SK-OV-3 cells

compared to cisplatin under the same concentrafittogether, these results proved that complex



19 induced apoptosis through the mitochondrial pathwa
2.13. Complex 19 induced apoptosis via the activation of caspases and regulated
apoptosis-related protein expression.

Caspases, in general, are a family of cysteineepsats that play an important role in apoptosis.
[39] In order to investigate whether compl&® induced caspase-dependent cell death, we
performed an immunoblot analysis of the activatdriwo caspases, namely caspase-3 and -9,
which are involved in the apoptotic mitochondriatipvay. As shown ifig.10 A and B, exposure
of SK-OV-3 cells to complexl9 resulted in the activation of caspase-3 and caspas a
concentration-dependent manner. In addition, mangies indicated that Bcl-2 family proteins
are crucial components of mitochondrial stress-teducellular apoptosis [40, 41], hence, the
expression of apoptosis-related proteins (Bax, gpaptotic protein and Bcl-2, anti-apoptotic
protein) was also investigated. Western blot amgalgsiggested that compled® significantly
up-regulated the expression of Bax and correspghddown-regulated the expression of Bcl-2.
2.14. Antitumor effect of complex 19 in vivo.

To evaluate the efficacy of compléd® to inhibit tumor growthin vivo, we established the
nude mouse SK-OV-3 tumor xenograft models by sw#madusly injecting SK-OV-3 cells in the
logarithmic phase into the right armpit of the mi¥éhen the model was well-established, mice
with tumors at the volume of 100-150 rhmere randomly divided into six groups (n=5/groufi):
vehicle treated group (5% dextrose injection), ¢@mplex 19 (5 mg/kg) treated group, (3)
complex19 (13 mg/kg) treated group, (4) cisplatin (5 mg/kgated group; (5) CA-4 (5 mg/kg)
treated group; (6) equal mass mixture of cisplé@img/kg) + CA-4 (5 mg/kg) treated group. As
shown inFig. 11 A andD, the growth of SK-OV-3 tumor xenograft was effeely suppressed by
53.1% and 60.5% (percentage of inhibition rate NRlues) after treatment groups were injected
with complex19 at two doses (5 and 13 (mg/kg)/7 days) for 21 daylse SK-OV-3 tumor model.
Interestingly, compleX9 exhibited better antitumor activity than CA-4 (I&.6%)in vivo in the
entire observation period, as showrFig. 11 B. It was noticed that compleb® exhibited better
antitumor activityin vitro, while displayed a little lower value of IR vivo than that of cisplatin
(IR, 65.8%) and the combination of cisplatintCAHR,( 69.7%), respectively. Although the
cisplatin effectively caused tumor growth inhibitjoits toxicity was conspicuously obvious, as

evidenced by loss of body weight compared with demp9 in the entire observation perioBig.



11 C). Notably, it was found that conjugation of d¢&m with CA-4 not only improved
therapeutic effects, but also reduced the toxioitycisplatin as evidenced by the inhibition of
tumor growth and less decline of body weight thigplatin, as shown ifig. 11. Furthermore, the
toxicity was further investigated by histologicalages in major organs (liver, heart, lung, kidney
and spleen) through H&E staining. It was noted thate was no obvious damage to major organs
after treatments with complel® in three weeksHig.12). In contrast, serious damage to the major
organ was observed in mice treated with cisplatmsistent with the loss of body weighkid. 11
C). In short, complef9 showed high antitumor activity and low toxicitythan vitro andin vivo,
and deserved further study.
3. Conclusions

In summary, four Pt(IV) prodrugs derived from capl and oxaliplatin with two CA-4
analogues as an inhibitor of tubulin were desigared synthesizedn vitro assays revealed that
all the resulting Pt(IV) complexes not only exhdithigher anticancer activities than their mother
Pt(Il) counterparts against tested human cancds, delit also indicated less toxic than their
corresponding Pt(ll) complexes against two normahan cells. Among them, complé$, the
Pt(IV) derivative from cisplatin with one CA-4 aongle ligand in the axial position, possessed
better antitumor activities against three cancérlices (HCT-116, HepG-2 and MGC-803) than
cisplatin with a 11.8-21.8 fold increase in activilnterestingly, the activity of comple}© was
also sensitive to cisplatin resistant cancer ¢8li&-OV-3/CDDP, 1Gy=0.35+0.12) when compared
with cisplatin sensitive cells (SK-OV-3, 460.28+0.16 pumol/L). Importantly, complex19
significantly caused cell cycle arrest at G2/M ghasd obviously disrupted the microtubule
organization, and altered the expression of cetlecyelated proteins. Moreover, complé®
effectively induced cell apoptosis and decreasedPMMolecular mechanism studies indicated
that complex19 caused apoptotic cell death of human cancer cefl<0%-3 through the
mitochondrial mediated pathway by producing re&ctixygen species (ROS), down-regulating
Bcl-2, up-regulating Bax, and further proteolytlgahctivating downstream caspase-9 and -3.
More importantly, the antitumor efficacy of compl&& was verified in ovarian cancer xenograft
mouse models with almost no toxicity. Compléxsignificantly suppressed the tumor volume and
reduced tumor weight by 53.1% and 60.5% at dosésmf/kg and 13 mg/kg/7 days (iv) in an

SK-OV-3 ovarin cancer xenograft nude mice modelictviwas greater than that of the positive



control, CA-4 (51.6%). Our study indicated that g@bex 19 displayed significant antitumor
efficacy bothin vitro andin vivo, which has the potential to be further developg@ @romising
antitumor agent. Consequently, Pt(IV) anticancexddprgs containing a tubulin inhibitor moiety
can effectively inhibit tubulin polymerization thatay be a promising approach for multiple
targeted cancer therapy.
4. Experimental section

All chemicals and solvents were analytical reaggade and commercially available, and used
without further purification unless noted specifigaColumn chromatography was performed
using silica gel (200—300 mesh). Mass spectra werasured on an Agilent 6224 TOF LC/MS
instrument. Elemental analyses of C, H, and N us¥®drio MICRO CHNOS elemental analyzer
(Elementary)'H NMR and**C NMR spectra were recorded in CR@} d°-DMSO with a Bruker
300, 400 or 600 MHz NMR spectrometer.
4.1 The released ability of compound 19 under reduction with ascorbic acid

The ability of compoundl9 to release the active platinum species and contgpd@nunder
reducing condition was studied. Reduction of conmabl® (0.1 mmol/L) was carried out using
ascorbic acid (0.5 0.1 mmol/L) in a solution of wacdtrile/water (65:35, V/V) and the resulting
product was detected by HPLC and peak detectio2l64tnm under UV. The incubation was
generated by adding the test compounds to a sobeemiaining 65% acetonitrile and 35% water,
which was carried out for 0 h, 2 h, 4 h, 6 h, 818,h and 12 h at 37, respectively. Pure
compoundl9 was served as control to match the compdighpeak in the HPLC chromatogram.
Reversed-phase HPLC was performed with a 250 4.50D@ column. Mobile phase comprised
of acetonitrile/water (V/V %2 65:35, 0.1% TFA), afiow rate was 1.0 mL/min. The samples were
taken for HPLC.
4.2. Cell culture and maintenance.

All human cancer cells and two human normal cebbsenpurchased from China Life Science
Collage (Shanghai, PRC). Culture medium Dulbecouxlified Eagle medium (DMEM), fetal
bovine serum (FBS), phosphate buffered saline (pPBiS;7.2), and Antibiotice-Antimycotic came
from Jiangsu KeyGen Biotech Company (China). Ge#ld were grown in the supplemented with
10% FBS, 100 units/ml of penicillin and 100 g/mistfeptomycin in a humidified atmosphere of

5% CQ at 37°C.



4.3. Cytotoxicity assay.

The target complexes were dissolved in DMF and uatall in three human cancer cells
(HCT-116, HepG-2 and MGC-803) and two human noroeils (NCM460 and HL7702) as well
as cisplatin-sensitive and resistant cells (SK-O®r&l SK-OV-3/CDDP), respectively. About
5.0x10 cells/mL cells, which were in the logarithmic phagere seeded in each well of 96-well
plates and incubated for 12 h at 37 °C in 5%, OCbmplexes at five different concentrations
(1.25, 2.5, 5, 10 and 2@mol/L) were added to the test well and then thésagére incubated at
37 °C in a 5% C@ atmosphere for 72 h. An enzyme labeling instrumeas used to read
absorbance with 570/630 nm double wavelength measnt. Cytotoxicity was detected on the
percentage of cell survival compared with the nggatontrol. The final IG values were
calculated by the Bliss method (n = 5). All of tests were repeated in triplicate.

4.4. Apoptosis analysis.

Apoptosis was investigated by flow cytometric as@yof annexin V/PI staining. SK-OV-3
cells were seeded in each well of six-well platetha density of 5.0xf@ells/mL of the DMEM
medium with 10% FBS to the final volume of 2 mL.€Tplates were incubated for overnight and
treated with compled9 and cisplatirat the indicated concentrations for 24 h. Brieglls were
harvested and washed with twice ice-cold PBS, aed suspended cells in the annexin-binding
buffer at a concentration of 2x@ells /ml. Cells were then incubated withub of annexin
V-FITC and 5uL of Pl in the dark at 4 °C for 20 minutes. Thelcalere examined by system
software (Cell Quest; BD Biosciences).

4.5. Hoechst 33258 staining.

SK-OV-3 cells (5.0x1bcells) were seeded in six-well tissue culture lagmd exposed to
different concentrations (5 and 10 pmol/L) of coexdl9 for 24 h. Untreated cells was served as
negative control and cells treated with cisplafi® (tmol/L) was acted as positive control. The
cells were fixed in 4% paraformaldehyde for 10 naind the cells were then washed twice with
cold PBS and incubated with 0.5 mL of Hoechst 33258dark for 10 min. After 10 min
incubation, the cells were washed twice with coRSRPand the results were analysis by a Nikon
ECLIPSETE2000-S fluorescence microscope using 8s@xcitation and 460 nm emissions.

4.6. Cell uptake.

SK-OV-3 cells were seeded in each well of 96-wédlgs. After the cells reached about 80%



confluence, 5 and 1@mol/L of complex19 and cisplatinwere added and the plates were also
incubated for 24 h at 37 °C in 5% gQ@espectivelyAfter completion of 24 h incubation, cells
were collected and washed three times with ice-B@&, then centrifuged at 108pfor 10 min
and resuspended in 2 mL PBS. A volume of iD@vas taken out to examine the cell density. The
remaining cells were digested by HB@00 pL, 65%) at 65°C for 12 h, and then the Pt level in
cells were examined by ICP-MS.

4.7. TUNEL assay.

TUNEL assay was performed as described previoy8y] The TUNEL method was
performed to label 3-end of fragmented DNA of thm@totic SK-OV-3 cells. SK-OV-3 cells
(5.0x10 cells) were seeded in six-well tissue culture iated exposed to different concentrations
(5 and 1Qumol/L) of complex19 for 24 h. Untreated cells was served as negatimea@ and cells
treated with cisplatin (1@mol/L) was acted as positive control. After 24tre tells were washed
two times with ice-PBS and then fixed with 4% parafaldehydeThe staining was carried out
according to the manufacturer’s protocol. The FlaBeled TUNEL-positive cells were imaged
under a fluorescent microscopy by using 488 nmtatich and 530 nhm emission.

4.8. Cell cycle analysis.

SK-OV-3 cells were seeded in 6-well plates andtégtavith complext9 and cisplatimat the
indicated concentrations and maintained with ofgheper culture medium in 5% G@t 37 °C
for 24 h. After completion of incubation, cells wdrarvested and washed two times with ice-cold
PBS, fixed with ice-cold 70% ethanol at -20 °C forernight. The cells were treated with
100pug /mL RNase A for 30 minutes at 37 °C after washatth two times ice-cold PBS, and
finally stained with 1 mg/ml propidium iodide (FAH the dark at 4 °C for 30 minutes. Analysis
was performed with the system software (Cell QUgBtBiosciences).

4.9. Immunofluorescence assay.

SK-OV-3 cells (5.0x1bcells) were seeded in 6-well plates and treatet edmplex19 and
CA-4 at the indicated concentrations and maintained thighproper culture medium in 5% g@x
37 °C for 24 h. After being washed three times WithPBS and fixed in 4% paraformaldehyde at
37 °C for 20 minutes, then the cells were perméagull with 0.5% Triton X-100 for 15 min and
blocked for 30 minutes in 10% goat serum. The oekse incubated overnight with primary

antibody @-tubulin) at 4 °C. In the next day the cells werashed three times with ice-PBS, and



cells were incubated with corresponding fluoreseecranjugated secondary antibody for 1 h.
After the nuclei of cells were stained with DAPItime dark at room temperature for 30 minutes.
Cells were visualized using a fluorescence micmgco

4.10. Mitochondrial membrane potential (MMP) assay.

SK-OV-3 cells were seeded in six-well plates atdbasity of 5.0x1%cells/mL of the DMEM
medium with 10% FBS to the final volume of 2 mL.eTtells were treated with or without tested
compounds at the indicated concentrations for 24fter incubation for 24 h, the cells were then
stained with 2umol/L JC-1 at room temperature for 30 min and wedgheee times with ice-PBS,
and the cell nuclei were stained with Hoechst 33880 minutes at room temperature in the
dark. The emission fluorescence for JC-1 was meedt@t 530 and 590 nm, under the excitation
wavelength at 488 nm, respectively.

4.11. ROS assay

SK-OV-3 cells were seeded in six-well plates aeated with complef9 and cisplatirat the
indicated concentrations and maintained with ofgheper culture medium in 5% G@t 37 °C
for 24 h. After completion of incubation, cells wdrarvested at 2000 rpm and washed three times
with ice-cold PBS, and then resuspend cells in M BCFH-DA (Molecular Probe, Beyotime,
Haimen, China) dissolved in cell free medium af@7or 30 min in dark, and then washed twice
with PBS. Cellular fluorescence was detected by filgtometry at an excitation of 485 nm and an
emission of 538 nm, respectively.

4.12. Western blot analysis

Western blot analysis was performed as describedaqursly. [36] SK-OV-3 cells were treated
with complex 19 and cisplatin at the indicated concentrations 2dr h, respectively. After
incubation for 24 h, cells were collected, cengéd, and washed three times with ice-cold PBS.
The pellet was then resuspended in lysis buffeterAthe cells were lysed on ice for 30 min,
lysates were centrifuged at 20000g at 4 °C for 5. Mhe protein concentration in the supernatant
was examined using the BCA protein assay reagémgge(ex, USA). Equal amounts of protein
per line were was separated on 12% SDS polyacrgkamel electrophoresis and transferred to
PVDF Hybond-P membrane (GE Healthcare). Membrarexe wcubated with 5% skim milk in
Tris-buffered saline with Tween 20 (TBST) buffer fb h and then the membranes being gently

rotated overnight at 4 °C. Membranes were thenbat®d with primary antibodies against Bcl-2,



Bax, caspase-9, caspase-3 or GAPDH for overnight’& Membranes were next incubated with
peroxidase labeled secondary anti-bodies for 2dh tlaen all membranes were washed with TBST
three times for 15 minutes and the protein blotsewdetected with chemiluminescence reagent
(Thermo Fischer Scientifics Ltd.). The X-ray film®re developed with developer and fixed with
fixer solution.

4.13. Antitumor Activity in vivo.

The in vivo cytotoxic activity of compleXd9 was evaluated using human ovarian cells
(SK-OV-3) in BALB/c nude mice. Five-week-old fem@aALB/c nude mice were purchased from
Shanghai Ling Chang biotechnology company (Chitajjors were induced by a subcutaneous
injection in their dorsal region of 1.0x16ells in 100uL of sterile PBS. Animals were randomly
divided into six groups, and started on the seatay When the tumors reached a volume of
100-150 mrin all mice on day 18, the first group was injecteith an equivalent volume of 5%
dextrose via a tail vein as the vehicle controlanilo. 2 and No. 3 groups were treated with
complex19 at doses of 5 mg/kg and 13 mg/kg once a weekhfeetweeks, respectively. No. 4
group was treated with cislatin at the dose of BkgugNo. 5 group was treated with CA-4 at the
dose of 5 mg/kg. No. 6 group was treated with eisplCA-4 mixture at the dose of 5 mg/kg + 5
mg/kg once a week for three weeks. All tested camgds were dissolved in vehicle. Tumor
volume and body weight were recorded every other after drug treatment. All mice were
sacrificed after three weeks of treatment and timeot volumes were measured with electronic
digital calipers and determined by measuring leri@thand width (B) to calculate volume (V =
AB,/2).

4.14. H&E staining.

Tumor samples were shown in routine histopathollgixamination using Hematoxylin and
Eosin (H&E) staining. Mouse organs (liver, heanyd, kidney and spleen) were collected in 4%
paraformaldehyde for proper fixation and then erdeedin paraffin using tissue embedding
machine. Sections were cut and stained with H&Enisig. Briefly, sections were prepared
orderly by dewaxing, stainingm and dehydration.eAfstaining in Harris hematoxylin solution,
sections were stained in eosin-phloxine solutianlfonin and then dehydrated and mounted with
neutral resin. The tissue morphology was then ekseunder fluorescence microscopy using an

Eclipse E800 Nikon (Nikon, Tokyo, Japan).



4.15. Satistical analysis.

All statistical analysis was performed with SPS$si@ 10. Data was analyzed by one-way
ANOVA. Mean separations were performed using tlastlesignificant difference method. Each
experiment was replicated thrice, and all experisigielded similar results. Measurements from
all the replicates were combined, and treatmepttffwere analyzed.
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Scheme 1. Synthetic pathway to target compleX&sand13. Reagents and conditions: (a) Na3H
CH;0OH, 0 °C; (b) PBg, CH,Cl,, 0 °C; (c) PPB, toluene, 110°C; (d) NaH, CHCI,, room
temperature; () Fe, NBI, EtOH, 85°C; (f) EDCI, HOBT, EiN, DMF, 25°C; (g) LiOH-H0,

THF/H,0, 0°C; (h) TBTU, EtN, DMF, 30°C.



CHO H,CO N

HsCO
PPh.Br
b HCO
HaCO HyCO * mco ’ OCHs O
OTBDMS ocH3 OTBDMS

15 16  OCH;
o)
HaCO N HacO O h a0 O A OH
o)
3
OCH OH OCH o)
OCH3 on 3 o> 3 o
OCHs OCH3
HsCO N
OH OH Hz H;CO o}
= e ORI e e
~ or
H3N/c|;| - /| . OCH, % H3N\P|t/CI
H
10 11 ’ 19 N | el
f
H,CO O o)
OCHs o0 o H
OCHs oOj:O\JDt/N\O
/ .
20 70| S
Cl H,

Scheme 2. Synthetic pathway to target complex#3 and 20. Reagents and conditions: (a)
TBDMSCI, EtN, CHCl,, 0 °C; (b) NaH, CHCI,, 25 °C; (c) 1N HCI/CHOH, 50 °C; (d)
2-bromoethanol, BCO,;, DMF, 50°C; (g) succinic anhydride, £4, DMF, 50°C; (h) TBTU, EtN,

DMF, 30°C.



Table 1. Cytotoxic effects of complexel®-13 and19-20 on human cancer and normal cell lines.

Compd.

12
13
18
19
20
7

17

CA-4
Cisplatin

Oxaliplatin

ICso (meI/L) a

HCT-116

1.82+0.51

0.62+0.27

0.75+0.34

1.05+0.41

0.41+0.18

0.52+0.41

0.13+0.05

0.82+0.47

0.12+0.09

8.95+1.08

4.07+0.82

HepG-2
3.24+0.89
0.97+0.38
1.21+0.27
2.25+0.36
0.71+0.23
1.06+0.55
0.14+0.06
1.84+0.69
0.11+0.05

8.36+0.89

10.19+1.76

MGC-803

1.95+0.60

0.74+0.52

0.53+0.21

1.61+0.44

0.39+0.15

0.73+0.59

0.24+0.15

0.65+0.58

0.09+0.08

7.81+1.03

10.24+1.14

NCM460

14.29+1.89

22.74+2.58

24.46x2.17

15.16£1.55

17.86+2.07

20.24+2.16

7.37+1.36

10.61+1.77

5.21+1.06

HL-7702  '5I
11.21+1.767.9
20.24+1.5236.7
25.46+2.0432.6
12.07+1.1314.4
19.35+1.8743.6
23.28+2.6138.9
6.27+1.08 6.75
9.95+1.7112.9

3.2660 434

15.82+1.93 10.85+0.91 1.8

0.2341.

12.63+£1.52 2.3

SI°
3.5
20.9
21.0
54
49.6
21.9
44.8
5.4
29.2

13

1.2

In vitro cytotoxicity was determined by MTT assay upon bation of the live cells with the

compounds for 72 H.Selectivity Index = 1§ (HCT-116) /IG,(NCM460). ¢ Selectivity Index =

ICso(HL-7702)/IGo(HepG-2). Mean values based on three independeetienents.

Table 2. Biological activity of complexe42-13 and19-20 against cisplatin sensitive and resistant

cancer cells (SK-OV-3 and SK-OV-3/CDDP).

Comp.

12

13

18

19

20

IGo(umol/L) #

SK-OV-3

3.01+1.03

0.42+0.31

0.85+0.43

1.88+0.81

0.28+0.16

0.75+0.61

0.49+0.58

SK-OV-3/CDDP

3.66+0.83

0.53+0.25

0.98+0.63

2.56+0.93

0.35+0.12

0.89+0.37

0.61+0.28

RP

1.22
1.26
1.15
1.36
1.25
1.19

1.24



17 0.94+0.72

CA-4 0.1740.19
Cisplatin 5.10£1.21
Oxaliplatin 9.37£1.39

1.06+0.65 1.13
0.21+0.11 1.24
30.57+1.95 5.99
23.05+2.13 2.46

%In vitro cytotoxicity was determined by MTT assay upon ation of the live cells with the

compounds for 72 K.RF (resistant factor) is defined asd@ SK-OV-3CDDP/IGq in SK-OV-3.

Mean values based on three independent experimants,the results of the representative

experiments are shown.

Table 3. Cellular uptake of comple¥9 in SK-OV-3 cells after 24 h of incubation.

Pt content (ng/10cells)

Comp.
19 (5 umol/L)
19 (10 pmol/L)
Cisplatin (5umol/L)

Cisplatin (10umol/L)

SK-OV-3

335+31

709+70

198+20

323+31

The experiments were performed three times,

shown.

andethdts of the representative experiments are



; " L
HaN | Cl o
2 pd
<}N\FL/CI AN FL/C' HaN ‘\CI 1L HN| _cl
2N e Pt
HaN (l) cl HaN \\a ¢ 90 HaN™ \ e
‘( OH O o
Satraplatin Oxoplatin Asplatin Pt(NH3),(VPA)(OA¢)Cl,
Z4
H |
N N <
| w Cl
N Os 80 \
cl P I N
o ~
N cl o
0”0 0 0
0
HN.__| Gl H3N\| _c I H3N\|lt _cl
PALN RN h HNT | cl
H3N Cl H3N | Cl 3 Cl
Cl
OH
Cx-platin Apaplatin Cb-platin
Fig. 1. Chemical structures of some Pt(IV) complexes adnoigs.
HsCO
CO
HaCO O N HsCO O N " O = HsCO Q
H3CO [0}
HsCO O HsCO O OCHs O HeCO “NHAc
OCH OCHs N
3 OH OPO3Naz H
OCHj3 NH
OCHs OCH, OH : H;CO o
CA-4 CA-4 phosphate (1a) AEV-8062 Colchicine
H3CO SN HsCO x (o] (0]
O HsCO ! = ! OH HaCO ‘ = ‘ OH
e OCH O HeCo O HsCO OCH H3CO OCH:
3 3 3
3 NH, OCH3 0/\ S OCH, OCH,
AEV-8063  OCHs OCH;  OH

CA-4 derivative (7)

CA-4 derivative (17)

Chalcone derivative (2a)

Fig. 2. Some tubulin interacting agents and lead structures

Qi

2.20%

Comp-Propidium lodide-A: Propidium lodide-A

=
A

Q2
0.110%

Q3

Chalcone derivative (3a)

al Q2

6.98%

340%

Comp-Propidium lodide-A Propidium lodide-A

Comp-FITC-A: Annexin'/ FITC-A

Control

Fig. 3. Representative flow cytometric histograms of apoptSK-OV-3 cells after 24 h treatment

0.050%
T

Comp-Propidium lodide-A: Propidium lodide-A

al Q2

B881%

951%

519
31.92%

Comp-Fropidium lodide-A: Propidium lodide-A

Comp-FITC-A Annexini FITC-A
Cisplatin 10 pmol/L.

Comp-FITC-A Annexint FITC-A
Complex 19 5 pmol/L

3
10

Comp-FITC-A Annexin FITC-A

Complex 19 10 pymol/L



with complex19 (5 and 10Qumol/L) and cispatin (1@mol/L) as positive control. The cells were
harvested and labeled with annexin-V-FITC and RY analyzed by flow cytometry. Data are

expressed as the mean + SEM for three indepengpetiments.

Complex 19 10 pmol/L

Control Cisplatin 10 pmol/L Complex 19 5 ymol/L

Fig. 4. Morphological changes in the nuclei (typical of pfsis) of SK-OV-3 cells treated with
complex19 and cisplatinat the indicated concentrations for 24 h, respeltivThen, the cells
were harvested, and stained by Hoechst 33258. €l& were analyzed by the Nikon Te2000
deconvolution microscope (magnification 200x). Tengeriments were performed three times,

and the results of the representative experimeatskoown.

Complex 19 10 pmol/L

Control Cisplatin 10 pmol/L Complex 19 5 ymol/L

Fig. 5. TUNEL assay of compleX9 in SK-OV-3 cells. Cells treated with complé® and
cisplatin at the indicated concentrations for 24 réspectively. Selected fields illustrating
condensed chromatin (white arrow heading) as oenaer of cell apoptosis were shown. Images
were visualized by fluorescence microscope. Theexgnts were performed three times, and the

results of the representative experiments are shown
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Fig. 6. (A) Cell cycle arrest effect of compledd. SK-OV-3 cells treated with complet® and
cisplatin at the indicated concentrations for 24 hen, the cells were trypsinized, harvested and
washed three times with ice-PBS for Pl-stained DédAtent detected by flow cytometry. (B)
Quantitative analysis of the percentage of cellgach cell cycle phase. (C) The total proteins
were harvested for the Western blot analysis tealéhe expression of Cdc2, Cdc25c¢ and cyclin
B1. (D) Expression levels of (C) shown as percesgadhe experiments were performed three

times, and the results of the representative exyetis are shown. P<0.05



a-tubulin Merged

Fig. 7. Effect of complex19 on the organization of cellular microtubule netwddntreated cells

Control

CA-4 5 pmol/L

19 5 pmol/L

19 10 umol/L

served as the negative control, and CA-4 as thiiyadrug. SK-OV-3 cells treated with complex
19 were fixed and stained with a-tubulin, and then urterstained with 4,
6-diamidino-2-phenylindole (DAPI). Microtubules amshassembled tubulin are shown in red.
DNA, stained with DAPI, is shown in blue. The expents were performed three times, and the

results of the representative experiments are shown



Hoechst 33258 Aggregates Monoimers Merged

Control

Complex 19 5 pmol/L Cisplatin 10 pmol/L

Complex 19 10 umol/L

Fig. 8. Complex19 decreased the MMP of SK-OV-3 cells. The cells weeated with19 and
cisplatin at the indicated concentrations for 2#blkowed by incubation with the fluorescence
probe JC-1 for 30 min. Then, the cells were anaybg the Nikon Te2000 deconvolution
microscope (magnification 200x). The experimentsewgerformed three times, and the results of

the representative experiments are shown.
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Fig. 9. Intracellular production of ROS by compl&® and cisplatin following a 24 h incubation
determined by flow cytometry. The experiments weggformed three times, and the results of the

representative experiments are shown.
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Fig. 10. (A) Immunoblotting analysis of proteins related to ctempl9-induced cell apoptosis.
Whole-cell extracts were prepared and analyzed bgt¥vh blot analysis using antibodies against
proteins indicated. The same blots were strippeti reprobed with GAPDH antibody to show
equal protein loading(B) Expression levels of (A) shown as percentagé® experiments were

performed three times, and the results of the sgptative experiments are shown. * P < 0.05.
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Fig. 11. In vivo antitumor activity of compled9 in mice (BALB/c nude mice) bearing SK-OV-3



xenograft model. (A) After administered with compl® at the dose of 5 and 13 mg/kg iv once a
week for 21 days, equal mass mixture of cisplatid @A-4 at the dose of 5 mg/kg for iv once a
week for 21 days, cisplatin and CA-4 at the dos& ohg/kg for iv once a week for 21 days,
respectively, the mice were sacrificed and weighedumors. (B) The tumor volume of the mice
in each group during the observation period. (G3 Bhdy weight of the mice from each group at
the end of the observation period. (D) The weidghthe excised tumors of each group. The data

were presented as the mean + SEM. IR=Inhibitory.rd < 0.05.

Control CA-4 (5 mg/kg) Cisplatin (5 mg/kg)  CA-4 + Cisplatin (5+5 mg/kg) Complex19 (5 mg/kg)  Complex 19 (13 mg/kg)

Liver

Heart

L T VAA]
: -

Fig. 12. After 21 days of treatment, the major organs (Jiverart, lung, kidney and spleen) were

Spleen

harvested from mice and then stained with H&E.



Highlights

Novel Pt(1V) complexes containing CA-4 analogues can inhibit tubulin.

The resulting Pt(IV) complexes exhibited certain ability to overcome cisplatin resistance.
Complex 19 displayed higher cytotoxicity and lower toxicity than cisplatin.

19 effectively inhibited tumor growth in SK-OV-3 xenograft model in vivo.

19 might induce cell apoptosis through mitochondrion pathway.



