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ABSTRACT: Three new Pt(IV) complexes comprising a combretastatin A-4 analogue
were designed and synthesized. The resulting antitumor Pt(IV) complexes could
significantly improve the anti-proliferative activity and overcome the drug resistance of
cisplatin in vitro. Interestingly, these novel compounds can not only carry the DNA
binding Pt(II) warhead into the cancer cells but also have a small molecule fragment that
can inhibit tubulin polymerization. Among them, complex 13, which was attached to an
inhibitor of tubulin at one axial position of Pt(IV) octahedral coordination sphere, could
effectively enter cancer cells, arrest the cell cycle in HepG-2 cancer cells at G2/M phases,
and induce activation of caspases triggering apoptotic signaling via the
mitochondrial-dependent apoptosis pathways. Moreover, complex 13 has the ability of
effectively inhibiting the tumor growth in the HepG-2 xenograft model without causing

significant loss of animal body weight in comparison with cisplatin.
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INTRODUCTION

Platinum(II) based complexes, including cisplatin, carboplatin and oxaliplatin
(Figure 1), are the most frequently applied DNA-damaging anticancer drugs, and among
them cisplatin is the first-line chemotherapeutic agent against certain types of
malignancies.'” Nevertheless, the effectiveness of Pt(II) drugs has been heavily limited
by high toxicity, severe side effects and inherent or acquired drug resistance.®'! Therefore,
great efforts have been devoted to the design of novel platinum based drugs with
improved therapeutic properties, clinical efficacy and without acquired resistance. >

Recent studies have described the combination of platinum anticancer agents with
inhibitors of tubulin, primarily with paclitaxel and docetaxel, resulting in the
improvement of therapeutic efficacy.'® The inhibitors of tubulin, such as the natural
products vinblastine, vincristine, paclitaxel and docetaxel,”’18 are forceful as anti-mitotic
agents that can induce tumor cells apoptosis and inhibit cancer cells proliferation and
angiogenesis. Microtubules are well known key components of the cytoskeleton which is
composed of a, B-tubulin heterodimers, playing a significant role in a variety of essential
cellular processes, notably mitotic spindle assembly during cell division, cell proliferation,
intracellular transport, cell signaling, and migration."”*' Meanwhile, inhibition of the
assembly of tubulin into microtubules, or inversely, the depolymerization of microtubules
leading to the arrest of cell division and eventually to apoptosis, makes the microtubule

cytoskeleton an effective and attractive molecular target for cancer chemotherapeutic

agents. Combretastatin-A4 (CA-4, Figure 2), as a natural cis-stilbene product, isolated
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from the bark of African willow tree Combretum caffrum, is one of the well known
tubulin-binding molecules that strongly inhibit tubulin polymerization by binding to the
colchicine binding site, causing rapidly vascular shutdown and cell death in tumor cells.
CA-4 has shown strong cytotoxicity against a large number of human cancer cells,
including those that are multidrug resistant ones.””?® Particularly, Pt(Il) complexes
comprising a CA-4 analogous chalcone seemed to primarily target the tubulin at a
physiologically meaningful concentrations.”” Hence, a combination of cytotoxic DNA
damaging agents, such as platinum drugs, with inhibitor of tubulin can be a fascinating
strategy for targeting microtubules, and at least in theory, can enhance the efficacy and
overcome the resistance of the platinum drugs. However, the activities of these
compounds, which hinge on the intracellular aquation of the Pt(II) complexes to release
the inhibitor of tubulin, were not as potent as expected. Furthermore, it is extremely
difficult to control major obstacles in administering free-drug formulations, such as the
definitive exposure to the targets of interest, individual pharmacokinetics, or
bio-distribution parameters, when drugs are individually administered.

Rather than depend on aquation for the synchronous release of two anti-tumor drugs
inside the cancer cells, it might be an alternative way to construct a single prodrug which
takes advantage of the favorable chemical properties of Pt(IV) complexes towards that
end. Recently, there have been several reports on Pt(IV) prodrugs derived from cisplatin
or oxaliplatin with chalcone derivatives or phenylbutyrate as the axial ligands in the

octahedral geometry of Pt(IV) complexes, in which the Pt(IV) compounds were reduced
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to Pt(Il) equivalents in the tumor cells and released other molecular fragments to activate
p53, suppress efficacy of histone deacetylases (HDACs) and induce cell cycle arrest at S
phase and cell death through apoptosis, respectively.”*>° However, hitherto, no examples
of a prodrug containing both cisplatin and combretastatin-A4 (CA-4) has been reported as
a inhibitor of tubulin polymerization. In recent years, the work of Hsieh and Nam showed
that 3,4,5-trimethoxy substitution on the A-ring and the cis-orientation were essential for
efficient CA-4 inhibition of tubulin polymerization and antitumor activities.>'** In this
mind, we designed and tried to obtain a novel dual-targeting platinum(IV) anticancer
prodrug with the ability to release cisplatin and CA-4 analogue for their respective
biological actions that can not only carry the DNA binding platinum warhead into the
tumor cells but also have a small molecule fragment that can inhibit tubulin
polymerization (Figure 3.).
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Figure 1. FDA approved platinum(II) anticancer agents, platinum(IV) prodrug in clinical

trials, satraplatin, and platinum(IV) compound commonly used as precursor for acylation
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32 Figure 3. Design of a novel platinum(IV) prodrug as a potential anti-tubulin and
35 anti-tumor agent.

38 RESULTS AND DISCUSSION

Synthesis and Characterization. The CA-4 analogue were synthesized according to
43 the reported procedures.’®>> Platinum(IV) precursor complexes were synthesized
46 according to the reported procedure.”’® Target compounds purity was determined by
microanalysis and their structures were characterized by HR-MS, 'H and *C NMR
51 spectrometry. The synthetic profiles of the compounds and their chemical structures are
54 listed in Schemes 1 and 2.

Scheme 1. Synthetic Pathway to Target Compounds 10-12. Reagents and Conditions:
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Scheme 2. Synthetic Pathway to Target Compounds 13-15. Reagents and Conditions:
(a) NaBH,, CH;0H, 0 °C; (b) PBr3, CH,Cl,, 0 °C; (c) PPh;, toluene, 110 °C (d) NaH,
DCM, rt; (¢) IN HCI/CH;0H, 50 °C; (f) K,CO;, DMF, rt.; (g) LiOH.H,O, THF/H,0,

rt.; (h) TBTU, Et;N, DMF, rt.
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HPLC Analyses On the Pt(IV) Complexes Released Ability. To investigate whether

the activities of the synthetic Pt(IV) complexes were released Pt(I) equivalents as

planned under reduction, complex 13 in a solution of acetonitrile and water (1.5:1) to

release compound 9 and cisplatin under reduction with ascorbic acid was studied by
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HPLC. As shown in Figure S1, complex 13 was gradually reduced to release compound
9 and cisplatin as the time passed, accompanied by the falling down peak of complex 13
and the rising peak of compound 9. It was noted in the HPLC chromatograms that
cisplatin was not observed due to its weak chromophore under the ultraviolet detecting
condition. Since oxaliplatin could be observed under the ultraviolet detecting condition,
we further investigated the behavior of Pt(IV) complex 15 under the same condition. As
illustrated in Figure S1, similar trend was observed. These results suggested that the
Pt(IV) complexes were easily reduced to their Pt(I[) equivalents in the presence of

ascorbic acid at the room temperature, implying its potential biological activity.

In Vitro Cytotoxicity Assay. The cytotoxicity of target complexes were first screened
in vitro against five different human cancer cell lines representative of MCF-7 (breast),
HCT-116 (colon), HepG-2 (hepatoma), Bel-7404 (hepatoma), NCI-H460 (lung) and LO2
(human normal liver cell line) with cisplatin, oxaliplatin, DACHPt and CA-4 as reference
controls using MTT assay. The corresponding ICsy values obtained after 72 h exposure,
are summarized in Table 1. As shown in Table 1, the compound CA-4 analogue 9 showed
a low cytotoxicity against the tested tumor cell lines than positive drug CA-4. However,
compounds 13-15, the Pt(IV) derivatives of cisplatin, oxaliplatin, or DACHPt with one
CA-4 analogue ligand in the axial position, exhibited significant antitumor activity
against all tested cell lines. The Pt(IV) derivative of cisplatin, complex 13, was
significantly more potent than the commercial anticancer drug cisplatin with ICsy values
in the range of 0.35-3.01 uM, and simultaneously showed low cytotoxicity against LO2

cells with ICsy value of 36.06+3.21 uM compared with the positive drug cisplatin
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(3.54+0.26 uM) and CA-4 (0.58+0.11 uM), respectively, making it as a good antitumor
drug candidate. The Pt(IV) derivatives of DACHPt and oxaliplatin, complexes 14 and
15, displayed better cytotoxicity against the tested cell lines than their references
DACHPt and oxaliplatin, with ICsy values in the range of 0.87-5.95 and 4.69-9.53 uM,
respectively. Especially, both 14 and 15 also exhibited low cytotoxicity against LO2 cells
with ICsy values of 37.84+2.25 and 38.84+2.23 uM compared with DACHPt (2.66+0.23,

uM) and oxaliplatin (4.71+0.41 uM), respectively.

Table 1. Effect of Target Compounds against Cell Viability of Different Cell Lines

Compd. ICso (uM)
MCEF-7 HepG-2 HCT-116 Bel-7404  NCI-H460 LO2
9 25214218  11.79+0.84 27.29+2.43 15.59+0.54 12.56+0.57 48.42+2.92
13 2.14+0.15  0.35+0.11  3.01+0.27 2.17€1.56  0.56+1.19 36.06+3.21
14 4434045  0.87+0.71 3.89+0.42 5.95+£1.03 0.91+1.85 37.84+2.25
15 9.53+0.87  6.89+£0.52  4.89+0.51 8.94+0.15  4.69+0.23 38.84+2.23
CA-4 0.13£0.13  0.23£0.13  0.25+0.17  1.16£0.35  0.33+0.15  0.58+0.11

CDDP* 5.90+0.35 3.96+0.28  7.78+0.63 12.47+0.49 18.93£1.08 3.54+0.26

oxp’ 10.73£0.89  21.65+1.78 3.98+0.26 17.90+2.01 14.36+£1.25 4.71+0.41

DACHPt®  24.46+1.95 21.47+£2.53 8.18+0.74 20.75+1.75 19.51£1.81 2.66+0.23

*Cisplatin, bOxaliplatin, “Dichloro(trans-1,2-diaminocyclohexane)platinum.

Notably, complex 13 showed up to 11.3-fold increased cytotoxicity compared with
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cisplatin in HepG-2 cells and exhibited almost similar antitumor activity to CA-4. The
similar trend was also observed in NCI-H460 cells. This Pt(IV) compound showed high
potency against the tested cancer cell lines, which can be due to the “synergistic
accumulation” of both the Pt moiety and the CA-4 analogue 9, respectively. Interestingly,
all resulting Pt(IV) complexes displayed low cytotoxicity than their corresponding
positive controls (cisplatin, oxaliplatin and DACHPt) against human normal LO2 cell line,
indicating that these complexes have a selective toxicity for the tumor cells over the
normal cell.

Table 2. In Vitro Growth Inhibitory Effect of Selected Compounds 13-15 on

Cisplatin-Resistant Cell Lines SGC-7901 and A549

Compd. ICso (uM) resistant ICso (uM) resistant
SGC-7901 SGC-7901/CDDP  factor ¢ A549 A549/CDDP  factor ¢
9 58.93+5.26 61.15+5.26 1.04 21.36+0.58  29.68+0.71 1.44
13 0.89+0.07 1.62+0.09 1.82 2.04+0.92 2.77£1.66 1.36
14 3.98+0.28 7.91+1.24 1.99 2.93+0.47 8.47+£1.52 2.89
15 7.37+0.62 9.53+0.87 1.29 5.56£1.53  10.38+1.35 1.87
CA-4 84.54+6.69 77.68+5.23 - 0.18+0.49 2.68+0.31 14.89
CDDP* 1.11+0.09 12.86+0.73 11.58 6.29£1.59  25.33+0.73 4.03
OXP" 15.21+1.03 21.65+1.78 1.42 9.81+£0.82  32.54+0.97 3.32
DACHPt® 12.36+1.07 21.47+2.53 1.74 8.37£0.36  30.41+1.34 3.63

*Cisplatin, bOxaliplatin, “Dichloro(trans-1,2-diaminocyclohexane)platinum, “The values express the
ratio between ICs, determined in resistant and nonresistant cell lines.

Effects of Complexes 13-15 on Drug Resistant Cell Lines. Drug resistance is a
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critical therapeutic problem that limited the efficacies of cisplatin for a variety of human
cancer cells. According to the above biological result, we further evaluated sensitivity to
the selected complexes (13-15) of two cisplatin resistant and non-resistant cancer cells
(SGC-7901 human gastric cancer cell lines ) and human lung epithelial cells (A549). As
shown in Table 2, the ICs values of cisplatin against SGC-7901/CDDP and A549/CDDP
resistant cell lines were increased to 12.86 and 25.33 uM, respectively. Interestingly, the
activity of compound 13 was not markedly changed for these two cisplatin resistant
cancer cell lines compared with the sensitive ones, its ICsy values against cisplatin
resistant SGC-7901 and A549 cell-lines were 1.62 and 2.04 uM, respectively. It was of
much significance to observe that compound 13 had a much lower resistance factor (1.82
for resistant SGC-7901 cell line and 1.36 for resistant A549 cell line) than cisplatin
(11.58 for resistant SGC-7901 cell line and 4.03 for resistant A549 cell line). Moreover,
15 and 14 have potent cytotoxicity against parental cells and cells resistant to cisplatin
comparable to that of oxaliplatin and DACHPt, and have smaller resistant factors,
suggesting that these compounds might be useful in the treatment of drug refractory
tumors resistant to other platinum drugs.

Cellular Uptake. Since complexes 13 and 14 exhibited better cytotoxicity, they were
selected to carry out the cellular uptake test in HepG-2 cells by using the inductively
coupled plasma mass spectrometry (ICP-MS). As shown in Figure 4 and Table 3, treating
HepG-2 cells with the complexes (10.0 and 20.0 uM) for 12 h resulted in a substantial

increase in the content of cellular platinum in a concentration dependent manner,
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suggesting facile internalization of the complexes within 12 h. Particularly, the uptake of
complex 13 was significantly higher than those of cisplatin and complex 14. After
exposure to 20.0 uM of complex 13 for 12 h, the concentration of cellular platinum rose
to 606 ng/10° cells, which is nearly two times as much as that of cisplatin. Upon the
results from the cytotoxicity assay and cellular uptake tests, it seems that there might be a
positive correlation between these two tests, namely, the enhanced cellular uptake can
result in the increase of the cytotoxicity. However, the platinum accumulation of complex
14 on the tested cells was not always high in comparison with cisplatin, which did not
correlate with the cytotoxicity against HepG-2 cells. The un-correlation between the
intracellular platinum levels and the cytotoxicity of complexes may be due to the fact that
the intracellular platinum level is, although important, not the only factor deciding the
cytotoxicity of the complexes.

Table 3. Cellular Uptake of 13 and 14 in HepG-2 Cells after 12 h of Incubation

Complex Pt content (ng/ 10° cells)

HepG-2

13 (10 uM/L) 235421
13 (20 uM/L) 60661
14 (10 uM/L) 140+12
14 (20 uM/L) 220+19
CDDP (10 uM/L) 157+21
CDDP (20 uM/L) 351+18

ACS Paragon Plus Environment

Page 14 of 57



Page 15 of 57

©CoO~NOUTA,WNPE

Bioconjugate Chemistry

600

I Cisplatin
1 |13
. 14

I3

=}

S
1

400

300+

200+

Platinum content (ng/lO(' cells)

100

10 uM/L 20 pM/L

Figure 4. Intracellular accumulation of cisplatin, 13 and 14 (10, 20 pM) in HepG-2 cells
after 12 h. Each value shown in the table is in nanograms of platinum per 10° cells.
Results are expressed as the mean + SD for three independent experiments.

Effects of complex 13 on Tubulin Polymerization in vitro. Microtubule perturbing
agents can either enhance or inhibit the assembly of microtubules. It is well-known that
the mechanism of tubulin-binding agents can be divided into two types: stimulating
agents (e.g. paclitaxel) and inhibiting agents (e.g. CA-4).>” As platinum conjugates with
CA-4, compound 13 was expected to inhibit the formation of microtubules by interacting
with the colchicines binding site of tubulin. To prove this, we investigated complex 13
that acts as an inhibitor of tubulin polymerization at dose-dependent manner in a tubulin
polymerization assay. As shown in Figure 5, incubation with 13, paclitaxel or CA-4
resulted in various degrees of inhibition of tubulin polymerization, depending on the
property of each compound and the dose in the time dependency of this process. Among
them, the positive drug paclitaxel (10 uM) was found to stimulate tubulin polymerization

and CA-4 (10 uM) nearly completely inhibited tubulin polymerization as expected. For
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compound 13, an obvious inhibition of polymerization was observed at two
concentrations, and the rate of assembly as well as the final amount of microtubules was
lower than the control. However, cisplatin at 10 pM was barely effective in inhibition or
stimulation of tubulin polymerization under the similar conditions compared with the

control.
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Figure 5. Effects of compound 13 on microtubule dynamics. Polymerization of tubulin at
37 °C in the presence of paclitaxel (10 uM), CA-4 (10 uM), cisplatin (10 uM) and 13 (10
uM and 20 uM) were monitored continuously by recording the absorbance at 340 nm
over 60 min. The reaction was initiated by the addition of tubulin to a final concentration
of 3.0 mg/mL.

Molecular Modeling. To elucidate the binding mode of platinum(IV) complexes, we
performed a molecular docking postulated that they have the same binding site as
colchicine and CA-4. The binding modes of these complexes in the colchicine binding

site of tubulin are depicted in Figure 6 and the Surflex docking scores obtained are

ACS Paragon Plus Environment
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summarized in Table 4. The Surflex docking scores are 7.83 for CA-4, 11.29 for 13,
10.37 for 15 and 10.68 for 14, where higher scores indicate greater binding affinity. The
order of the docking scores correlates with the ICsy values of the complexes for the
growth inhibition of HepG-2 human liver cancer cells. Here we examine the docking
details of complex 13 (whose ICs values is 0.35 uM in HepG-2 cells) as compared with

those of 3E22-colchicine, CA-4 and compound 9 (CA-4 derivative).
Table 4. Docking Scores (kcal/mol) for All Studied Compounds

Compd. Total Crash polar D Score PMF Score G-Score Chem Score Cscore

Score
13 11.29 -225 3.11 -235.69 -5.03 -392.55 -35.51 4
14 10.37 -2.28 491 -225.40 -9.48 -419.01 -42.66 5
15 10.68 -526 6.06 -262.27 -19.15 -440.78 -38.01 5
9 6.71 -098 1.79 -162.88 24.82 -221.82 -25.39 4
CA+4 7.83 244 248 -137.09 10.98 -236.47 -23.67 4
3E22-ligand 6.70 -4.60 1.85 -158.29 18.38 -281.20 -26.83 4

Figure 6 A shows that the interacting mode of the cocrystallized 3E22-colchicine in
the binding site, with 3,4,5-trimethoxy-phenyl rings placed in proximity to residue
Cys241. In particular, 3E22-colchicine formed three hydrogen bonds with the polar
amino acids Asn249, Ala 250 and Asn258, suggesting a probable stronger electrostatic
interaction with the protein. In addition, the hydrophobic moiety of the 3E22-colchicine
is well embedded in a pocket interacting with several hydrophobic residues making
3E22-colchicine bind tightly to tubulin. Not surprisingly, the accommodation of complex
13 in the binding site is similar to colchicine (Figure 7). Also in this case, docking
simulations showed that the 3,4,5-trimethoxy-phenyl rings of complex 13 like colchicine

can also be accommodated in the same hydrophobic groove, adopting an energetically
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stable conformation. Moreover, the methoxy group in 13 as an acceptor establishes one
hydrogen bond with Asn258, which is consistent with the observation that colchicine
stabilizes the tubulin heterodimer and further confirms that this moiety is also crucial for
binding. It is interesting to note that the crucial electrostatic interactions between the
ammine of the Pt(IV) unit and residues Thr179, Ser178, Glul83 and AsnlO1 of the
neighboring a-subunit were observed in the binding pocket, demonstrating a plausible

competitive mechanism of action at the colchicine site.

(B)
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16 ©)
18 Figure 6. Molecular modeling of CA-4, 3E22-colchicine and 13 in complex with tubulin.

20 llustrated is the proposed binding mode and interaction between tubulin and selected
23 compounds, (A) 13, (B) CA-4 and (C) 3E22-colchicine. The compounds and important
26 amino acids in the binding pockets are shown in stick model, whereas tubulin is depicted

28 in the ribbon model.

47 Figure 7. Comparison of the crystallographic structure of colchicines (in green), CA-4 (in
50 orange) in complex with tubulin (Protein Data Bank code 3E22) and the energetically
most favorable pose of 13 (in gray) obtained by molecular docking simulation. Hydrogen

55 atoms are omitted.

57 Competitive Binding to Colchicine Binding Site of Tubulin. To understand whether
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the Pt(IV) conjugates can competitively bind to colchicine site of tubulin, we studied our

representative compound to evaluate its effect on the binding of [*H] colchicine to tubulin.

The result is given in Table 5. For comparison, CA-4 was examined in contemporaneous
experiments. In the colchicine binding studies, both compounds 9 and 13 are capable of
inhibiting tubulin polymerization with calculated ICsy values of 7.56 uM and 7.91 uM,
respectively. In addition, compound 13 showed the ability to compete with [‘H]
colchicine in binding to tubulin. The binding potency of 13 (53.5%) to the tubulin
colchicine binding site, comparable to compound 9 (55.8%), was much stronger than that

of cisplatin but less than that of CA-4 (98%)).

Table 5. Inhibition of Tubulin Polymerization and Colchicine Binding by Tested
Compounds

Compounds Tubilin assembly Colchicines binding
(10 uM) ICs (uM) (% inhibition)
9 7.56+1.2 55.84+1.1
13 7.91+1.1 53.5+1.4
CbDP? >100 1.2+0.3
CA-4 1.2+0.2 98.0+0.5
* Cisplatin

Effect on Cell Cycle Arrest. To investigate the effect of the synthetic Pt(IV)
complexes on cell cycle arrest, we used flow cytometry to analyze the cell cycle
distribution of HepG-2 cells following a 24 h treatment with complex 13 at different
concentrations. Untreated cells were used as a negative control, and cells treated with
cisplatin were used as a positive control. As shown in Figure 8, the most potent complex

13 was found to be as effective in arresting the cell cycle at G2/M phase as cisplatin.
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With the untreated cells, the percentage of cells in the GO/G1 phase was at 73.34% with

only 2.44% in the G2/M phase. After treatment with complex 13, the percentage of cells
in the G2/M phase increased to 18.09% (1 uM) and 63.30% (2 uM), respectively. These

results compare favorably to 23.28% in the G2/M phase for cells treated with cisplatin

(10 uM).
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Figure 8. Effects of 13 on cell cycle phase arrest in HepG-2 cells. Cells were treated with
1 and 2 uM of 13 for 24 h. Then the cells were fixed and stained with PI to analyze DNA

content by flow cytometry.
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Figure 9. Western blot analysis of cyclin B1, CDKI1, p21 and p53 after treatment of
HepG-2 cells with 13 at the indicated concentrations and for the indicated times. B-actin
antibody was used as reference control.
Furthermore, the molecular events involved in cellular response to the effective
compound were investigated. The levels of regulatory proteins implicated in G2 arrest,

including p21, CDKI, cyclin B1 and p53, were examined (Figure 9). Protein p21 plays a
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significant role in G2 arrest through accumulation of inactive cyclin Bl/p34Cdcz
complex.® In fact, under the same conditions used for analysis of cell cycle
perturbation (24 h exposure to 1, 2 uM for 13), there was a noteworthy increase of p21
and p53 expression accompanied with up-regulation of cyclin B1, indicating an activation
of the mitotic checkpoint following drug exposure. This effect was confirmed by the
appearance of slower migrating forms of phosphatase CDK1 at 1 puM, followed by a
strong reduction at 2 uM. Altogether these events are consistent with a pivotal role of p21
in G2 arrest as a consequence of inactivation of cyclin B1, and thus suggesting that the
cells are effectively arrested at G2 phase of the cell cycle.

Complex 13 Induced Apoptotic Cell Death. In order to confirm whether the complex
13 induced reduction in cell viability was responsible for the induction of apoptosis,
HepG-2 cells were co-stained with Annexin-V FITC and PI, and the number of apoptotic
cells was estimated by flow cytometry. The tested complex was incubated with HepG-2
cells for 24 h at the increasing concentrations, and cisplatin served as a positive control.
Q1—Q4 represent four different cell states: necrotic cells, late apoptotic or necrotic cells,
living cells, and apoptotic cells, respectively (Figure 10). A dose-dependent increase in
the percentage of apoptotic cells was noted after the cells were treated with complex 13
for 24 h at the concentrations of 2 uM and 4 pM. As shown in Figure 10, few (0.81%)
apoptotic cells were present in the control panel, in contrast, the population rose to
23.58% at the concentration of 2 uM after treatment with 13 for 24 h. Further increase to

33.88% occurred after treatment with 13 at the concentration of 4 uM, while cisplatin
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showed a lower population of apoptotic cells than complex 13. Overall, the results clearly

confirmed that complex 13 effectively induced apoptosis in HepG-2 cells.
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Figure 10. Representative flow cytometric histograms of apoptotic HepG-2 cells after 24
h treatment with 13. The cells were harvested and labeled with annexin-V-FITC and PI,
and analyzed by flow cytometry. Data are expressed as the mean + SEM for five
independent experiments.

Morphological Examination. The ability of complex 13 to induce apoptosis was

further confirmed by analyzing the nuclear morphology of the exposed HepG-2 cells.
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HepG-2 cells were treated with complex 13 for 24 h and stained with
membrane-permeable blue Hoechst 33258 to detect apoptosis morphologically. As shown
in Figure 11A, the Hoechst 33258 fluorescent photomicrographs of cultured HepG-2
cells treated with 2.0 and 4.0 uM complex 13 for 24 h, respectively, indicated that in the
control cultures, the nuclei of HepG-2 cells appeared with regular contours and were
round, whereas smaller nuclei and condensed chromatin were rarely seen. Treatment with
10.0 uM cisplatin or 2.0 pM complex 13 slightly changed the nuclear morphology
(Figure 11B and 11C). It should be noted that the numbers of apoptotic nuclei containing
condensed chromatin increased significantly as the result of treatment with 4.0 uM

complex 13 (Figure 11D).

(A) (B)
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©) (D)
Figure 11. Morphological changes in the nuclei (typical of apoptosis) of cultured HepG-2

cancer cells. HepG-2 cancer cells treated with 2.0 and 4.0 uM 13 ( C and D) and treated
with 10.0 uM cisplatin for 24 h, respectively, and stained with Hoechst 33258. Selected
fields illustrating occurrence of apoptosis were shown. Cells with condensed chromatin
(brightly stained) were defined as apoptotic HepG-2 cancer cells. Images were acquired
using a Nikon Te2000 deconvolution microscope (magnification 200x).

Complex 13 Triggered ROS Generation. Reactive oxygen species (ROS) are highly
harmful elements to cells as they initiate oxidative stress and ultimately cause cellular
damage. Excessive ROS generation renders cells vulnerable to apoptosis.*™ To
determine whether 13 triggers ROS generation in HepG-2 cells to induce apoptosis, the
ROS level was measured with and without (control) treatment of 13 (2.0, 4.0 and 6.0 uM)
for 24 h, using the fluorescent probe 2,7-dichlorofluorescein diacetate (DCF-DA) by flow
cytometry, and treatment of cisplatin (4.0 uM) as a positive control, respectively. As
shown in Figure 12, the results indicated that complex 13 induced the production of
significant amounts of ROS in HepG-2 cells. After exposure to 2.0 uM of complex 13 for
24 h, the ROS level was 33.6%, which is more than two times that of control and

cisplatin. In all, these results proved that 13 causes oxidative imbalance in HepG-2 cells.
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24 Figure 12. Assessment of the ROS production in HepG-2 cells. After 24 h incubations
27 with 13, cells were stained with DCF-DA and analyzed by flow cytometry. Data are
30 expressed as the mean + SEM of three independent experiments.

32 Effect of Complex 13 on Mitochondrial Depolarization. The loss of mitochondrial
35 trans-membrane potential (Ay,,) is regarded as a limiting factor in the apoptotic
38 pathway.*** Therefore, the ability of mitochondria to maintain membrane potential after
incubation with complex 13 was measured in HepG-2 cells using the fluorescent dyes
43 JC-1. HepG-2 cells treated with complex 13 (2.0 and 4.0 uM) and cisplatin (4.0 uM),
46 respectively, for 24 h, subsequently processed, which were stained with JC-1 dye and
analyzed by flow cytometry. Complex 13 treated cells showed an increase in green/red
51 fluorescence intensity indicating increased mitochondrial membrane depolarization
54 compared with untreated cells (Figure 13). As shown in Figure 13 B, the cisplatin

induced dissipation of Ay, was significantly reduced in HepG-2 cells as compared with
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13. The results revealed that the induction of apoptosis by complex 13 in HepG-2 cells is

closely associated with mitochondrial function disruption. In fact, the dissipation of Ay,

©CoO~NOUTA,WNPE

is characteristic of apoptosis and has been observed with platinum conjugates in different

cell types.
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probe JC-1 and analyzed by flow cytometry. Data are presented as the mean + SEM for
three independent experiments.

Effect of Complex 13 Induced Apoptosis via an Intrinsic Apoptosis Pathway in
HepG-2 Cells. The mitochondrial pathway is one of the major apoptosis pathways,
which is often related to the loss of AWm. The mitochondria-dependent apoptotic
pathway is regulated by the Bcl-2 family of pro- and anti-apoptotic proteins, which
induce the permeabilization of the mitochondrial outer membrane and cytochrome c
released into the cytosol, resulting in the activation of the caspase cascade and the
induction of apoptotic cell death.***’ To further understand the mechanism of action of
the newly synthesized complex, the mitochondrial related apoptotic proteins of Bax,
Bcl-2, cytochrome ¢, caspase-9, caspase-3 and PARP were tested in HepG-2 cells treated
with complex 13 by the Western blot analysis. As shown in Figure 14, in comparison
with the control cells, complex 13 induced a significant increase in the expression of Bax
and a reduction in the levels of Bcl-2, in a time dependent fashion. The result indicated
that treatment with 13 could shift the ratio of Bax/ Bcl-2 proteins and thus lead to
collapse of the mitochondrial membrane potential. Moreover, after HepG-2 cells were
treated with 5.0, and 10.0 uM 13 for 24 h, the release of cytochrosome c increased in a
concentration-corresponding manner. Subsequently, the activation of downstream
caspases, including caspase-3 and caspase-9, was observed, all of which could trigger
apoptosis of tumor cells. Exposure of HepG-2 cells to this complex caused a dramatic

increase in the levels of caspase-9, caspase-3 and cleaved-PARP, as compared with
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control cells. These observations suggested that complex 13 might induce HepG-2 cells

apoptosis through a mitochondrial mediated pathway and caspase cascade.
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Figure 14. Western blot analysis of Cyt ¢, Bax, Bcl-2, PARP, caspase-9 and caspase-3
after treatment of HepG-2 cells with 13 at the indicated concentrations and for the
indicated times. B-actin antibody was used as reference control.

Anti-tumor Effect of Complex 13 in Vivo. To validate the efficacy of complex 13 to
inhibit tumor growth in vivo, the nude mouse HepG-2 tumor xenograft models were
established by subcutaneously injecting HepG-2 cells in the logarithmic phase into the
right armpit of the mice. When the model was well-established, mice with tumors at the
volume of 100—150 mm® were randomly divided into six groups: (1) cisplatin (5 mg/kg)
treated group; (2) CA-4 (5 mg/kg) treated group; (3) cisplatin (5 mg/kg) + CA-4 (5 mg/kg)
treated group; (4) complex 13 (5 mg/kg) treated group; (5) complex 13 (10 mg/kg)
treated group; (6) vehicle treated group (5% dextrose injection). The mice were
administered intravenously with the above-mentioned formulations once every seven

days for 21 days. As shown in Figure 15, the growth of HepG-2 tumor xenograft was
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significantly suppressed by 51.2% and 59.4% (percent of inhibition rate [IR] values) after

iv administration of complex 13 at 5 and 10 mg/kg compared with vehicle control group,

©CoO~NOUTA,WNPE

10 respectively. It was found that complex 13 presented better antitumor activity than CA-4
12 (IR, 39.6%) in vivo, as the similar results were also observed in the tumor weight and
15 volume change (Figures 15 C and D). It was noted that complex 13 displayed better
18 anticancer activity in vitro, but showed a little lower value of IR in vivo than either
20 cisplatin (IR, 66.0% ) or cisplatintCA-4 (IR, 71.7%), respectively. Despite the cisplatin
23 treatment also significantly caused tumor growth inhibition, its toxicity was apparent, as
26 evidenced by loss of body weight compared with 13. In all, complex 13 exhibited high
28 antitumor activity and low toxicity both in vitro and in vivo, suggesting that it could be

31 used as a drug candidate for further research on the therapy of hepatic carcinoma.
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Figure 15. In vivo anti-tumor activity of complex 13 in mice bearing HepG-2 xenograft.
(A-B) After administered with complex 13 at the dose of 5 and 10 mg/kg, cisplatin at the
dose of 5 mg/kg, CA-4 at the dose of 5 mg/kg, cisplatintCA-4 (cisplatin: dosage of 5
mg/kg, CA-4: dosage of 5 mg/kg) for 21 days, the mice were sacrificed and weighed the
tumors. (C) The tumor volume of the mice in each group during the observation period.
(D) The weight of the excised tumors of each group. (E) The body weight of the mice
from each group at the end of the observation period. The data were presented as the
mean = SEM. *P < 0.05.

CONCLUSION

In summary, conjugation of the CA-4 derivative (9) to the Pt(IV) units derived cisplatin,
oxaliplatin and DACHPt, respectively, has resulted in three Pt(IV) complexes containing
the moiety of a tubulin inhibitor. Each Pt(IV) compound showed higher cytotoxicity than
its Pt(I) counterpart against all the tested cancer cell lines including cisplatin resistant
ones, but exhibited less toxic than all the corresponding Pt(II) complexes against normal
human liver cell LO2. Additional molecular docking studies revealed that the CA-4
moiety carried a Pt(IV) unit to the binding of colchicine to tubulin, in which the ammine

group of the Pt(IV) unit established the crucial electrostatic interactions with the
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neighboring a-subunit. Further mechanistic studies on complex 13 indicated that it can
effectively enter cells, arrest the cell cycle at G2/M phases, heavily inhibit the assembly
of tubulin, and dramatically increase the apoptosis level. Our investigation also revealed
that the induction of apoptosis by 13 was associated with down-regulation of Bcl-2,
dissipation of the mitochondrial trans-membrane potential, and activation of caspase-3,
which are coupled with terminal events of apoptosis, such as PARP cleavage. These
results indicated that complex 13 has a distinct mechanism of action to kill cancer cells.
Although CA-4 might have other targets except tubulin, it indeed promotes the anticancer
activity of cisplatin by inhibiting the assembly of tubulin. Remarkably, complex 13
exhibited much effective inhibition on tumor growth in the HepG-2 xenograft mouse
model with high safety in vivo. Although we cannot exclude the possibility that the
promoted cellular uptake of platinum, due to the hydrophobic feature of the CA-4 moiety
in complex 13, may also contribute the elevated apoptosis and cytotoxicity to one specific
cellular event in HepG-2 cells, the unique property of a single prodrug on cell cycle arrest
together with the tubulin inhibition clearly indicated that the CA-4 moiety plays a key
role in the cytotoxicity of complex 13, not only by facilitating the cell entrance.
Nevertheless, this study highlights the advantage of the “dual action” complexes
conjugating cisplatin with a tubulin inhibitor, in which the resulting single “multi-action”
Pt(IV) prodrug can trigger many different events that lead to the death of the cancer cells.
EXPERIMENTAL SECTION

Materials and Instruments. All chemicals and solvents were of analytical reagent
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grade and used without further purification, unless noted specifically. The purity of all
target compounds were used in the biophysical and biological studies was >95%. The
Acitn, Bax, Bcl-2, cytochrome c, caspase-9, caspase-3, PARP, cyclin B, CDK1, p21 and
p53 antibodies were purchased from Imgenex, USA. All tumor cell lines were obtained
from Nanjing KeyGEN BioTECH company (China). '"H NMR and "C NMR spectra
were recorded in CDCIl; or de-DMSO with a Bruker 300 or 400 MHz spectrometer.
Elemental analyses of C, H, and N used a Vario MICRO CHNOS elemental analyzer

(Elementary). Mass spectra were measured on an Agilent 6224 TOF LC/MS instrument.

Synthesis of Compound 2. To a solution of compound 1 (5.0 g, 25.5 mmol) in dry
MeOH (50 mL), NaBH4 (2.9 g, 76.5 mmol) was added at 0 °C, then the mixture was
stirred at room temperature for 2 h and monitored by TLC. After completion of reaction,
the reaction was quenched with ice water, and the solvent was removed under the reduced
pressure. The residue was added water (100 mL), then was extracted with CH,Cl,. The
combined organic layer was washed with saturated NaCl solution, dried over anhydrous
Na,SO4 and concentrated under reduced pressure to give the desired product (4.9 g, yield
97.0%) as a white oil. The crude product, used directly without further purification, was
characterized by 'H-NMR spectrum. 'H NMR (300 MHz, CDCls): & 6.58 (s, 2H), 4.61 (s,

2H), 3.84 (d, J=7.7 Hz, 9H, 3x-OCH3), 1.89 (s, 1H).

Synthesis of compound 3. To a solution of compound 2 (4.9 g, 24.7 mmol) in dry

DCM (35 mL), PBr; (2.9 g, 76.5 mmol) in DCM (15 mL) was dropwise added at 0 °C,
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then the mixture was stirred at room temperature for 30 mins. After completion of
reaction, the reaction was quenched with ice water and extracted with CH,Cl,. The
combined organic layer was washed with saturated NaCl solution, dried over anhydrous
Na,;SOy4 and concentrated under reduced pressure. The residue was purified on a silica gel
column to give the desired product (5.5 g, yield 85.9%) as a white solid. "H NMR (300

MHz, CDCL): § 6.62 (s, 2H), 4.46 (s, 2H), 3.85 (d, J= 7.6 Hz, 9H).

Synthesis of Compound 4. To a solution of compound 3 (4.9 g, 18.8 mmol) in dry
toluene (100 mL), PPh; (6.4 g, 24.5 mmol) was added in portions and stirred at reflux for
3 h. After completion of reaction, the reaction mixture was cooled at room temperature
and removed the solvent under the reduced pressure, the white solid was washed with
toluene. The solid was dried over in vacuum to give the desired product (8.5 g, yield
86.7%) as a white solid. The crude product, used directly without further purification,
was characterized by '"H-NMR spectrum. "H NMR (300 MHz, DMSO-d6):  7.94 — 7.89
(m, 3H), 7.81 — 7.72 (m, 6H), 7.71 (s, 2H), 7.69 — 7.64 (m, 4H), 6.24 (d, J = 2.4 Hz, 2H),

5.03 (d, J = 15.2 Hz, 2H), 3.62 (s, 3H), 3.41 (s, 6H).

Synthesis of Compound 5. To a solution of 3-hydroxy-4-methoxybenzaldehyde (3.5
g, 23.0 mmol) and Et;N (4.6 g, 46.0 mmol) in DMF (30 mL), TBDMSCI (5.2 g, 34.5
mmol) was added at 0 °C, then the mixture was stirred at room temperature for 2 h. After
completion, the reaction mixture was poured into ice water (500 mL) and extracted with

CH,Cl, (2x150 mL). The combined organic layer was washed with saturated NaCl
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solution (three times), dried over anhydrous Na,SO4 and concentrated under reduced
pressure to give yellow oil (5.8 g, yield 95.1%) which was used directly without further
purification. '"H NMR (300 MHz, CDCls): § 9.82 (s, 1H), 7.47 (dd, J = 8.3, 1.9 Hz, 1H),
7.37 (d, J=1.9 Hz, 1H), 6.95 (d, J = 8.3 Hz, 1H), 3.90 (s, 3H), 1.01 (s, 9H), 0.17 (d, J =
0.9 Hz, 6H); HR-MS (m/z) (ESI): caled for C;4H»,0;Si [M+H+]: 267.14165, found:

267.14303.

Synthesis of 6a and 6b. To a solution of compound 4 (5.8 g, 11.1 mmol) in dry DCM
(50 mL), NaH (2.2 g, 55.5 mmol) was added at 0 °C. After the mixture was stirred at the
same temperature for 0.5 h, compound 5 (2.9 g, 11.1 mmol) in dry DCM (10 mL) was
added dropwise. The reaction was stirred at room temperature for overnight, then the
reaction mixture was quenched with ice water, washed with water. The organic phase was
washed with saturated NaCl solution, dried over anhydrous Na,SO,4 and concentrated
under vacuum. The residue was purified on a silica gel column eluted with petroleum
ether/ethyl acetate (19:1= V:V ) to give the desired product 6a (2.1 g, yield 44.0%) as a
yellow oil and 6b (2.5 g, yield 52.4%) as a white solid. 6a: 'H NMR (300 MHz, CDCls):
0 6.85(dd, J=8.2,1.7 Hz, 1H), 6.79 (d, /= 1.9 Hz, 1H), 6.73 (d, /= 8.3 Hz, 1H), 6.50 (s,
2H), 6.43 (t, J= 8.5 Hz, 2H), 3.83 (s, 3H), 3.78 (s, 3H), 3.70 (s, 6H), 0.93 (s, 9H), 0.06 (s,
6H); HR-MS (m/z) (ESI): calcd for C,4H3405Si [M+Na]: 453.20732, found: 453.20235.
6b: "H NMR (300 MHz, CDCls): 8 7.05 (d, J = 8.4 Hz, 2H), 6.88 — 6.82 (m, 3H), 6.71 (s,

2H), 3.92 (s, 6H), 3.87 (s, 3H), 3.83 (s, 3H), 1.03 (s, 9H), 0.19 (s, 6H); HR-MS (m/z)
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(ESI): caled for C24H3405S1 [2M+Na]: 883.42847, found: 883.35081.

Synthesis of Compound 7(CA-4). To a solution of compound 6a (2.7 g, 6.28 mmol)
in dry MeOH (30 mL), 1IN MeOH/HCI (10 mL) was added. The reaction mixture was
stirred at 50 °C for 2 h, and then cooled to the room temperature. After the solvent was
removed by evaporation, the resulting residue was diluted with water (100 mL) and
extracted with CH,Cl, (2x100 mL). The organic phase was dried over anhydrous Na,SOj4
and concentrated under vacuum. The residue was purified on a silica gel column eluted
with petroleum ether/ethyl acetate (3:1= V:V ) to give the desired product (1.8 g, yield
94.7%) as a white solid. '"H NMR (300 MHz, CDCls): & 6.92 (d, J= 1.7 Hz, 1H), 6.79 (dd,
J=28.3, 1.7 Hz, 1H), 6.73 (d, J = 8.4 Hz, 1H), 6.52 (s, 2H), 6.47 (d, J = 12.2 Hz, 1H),
6.40 (d, J=12.2 Hz, 1H), 5.53 (s, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.70 (s, 6H); HR-MS

(m/z) (ESI): calcd for C;gH,0Os [M+H]: 317.13890, found: 317.13805.

Synthesis of Compound 8. To a solution of compound 7 (1.6 g, 5.06 mmol) in DMF
(25 mL), a-bromoethyl acetate (1.1 g, 6.58 mmol), K,COs (1.4 g, 10.1 mmol) and KI (84
mg, 0.51 mmol) were added. The mixture was stirred at room temperature for overnight,
the reaction was monitored by TLC. After completion of reaction, the mixture was diluted
with water (300 mL) and extracted with CH,Cl, (2x150 mL). The organic phase was
dried over anhydrous Na,SO,4 and concentrated under reduced pressure. The residue was
purified on silica gel column eluted with petroleum ether/ethyl acetate (3:1=V:V ) to give

the desired product (1.6 g, yield 80.0%) as a yellow oil. '"H NMR (400 MHz, CDCls): &
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6.91 (dd, J= 8.3, 1.9 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 6.74 (d, J = 1.9 Hz, 1H), 6.50 —
6.45 (m, 3H), 6.43 (d, J = 12.1 Hz, 1H), 4.49 (s, 2H), 4.19 (q, J = 7.1 Hz, 2H), 3.86 (s,
3H), 3.83 (s, 3H), 3.69 (s, 6H), 1.24 (t, J = 7.1 Hz, 3H); HR-MS (m/z) (ESI): caled for

CxnHy607 [M+H]: 403.17568, found: 403.17739.

Synthesis of Compound 9. To a solution of compound 8 (1.5 g, 3.73 mmol) in THF
(30 mL) lithium hydroxide (470 mg, 11.2 mmol) was added and stirred at room
temperature for 2 h. The reaction mixture was adjusted pH = 2 with 2 N HCl solution, the
mixture was added water (100 mL) and extracted with CH,Cl, (2x100 mL), then the
organic phase was dried over anhydrous Na,SO, and concentrated under reduced pressure
to give the desired product (1.2 g, yield 85.7%) as a white solid. '"H NMR (300 MHz,
CDCl): 6 6.94 (d, J = 7.9 Hz, 1H), 6.80 (d, J = 8.2 Hz, 2H), 6.46 (d, J = 4.9 Hz, 4H),
4.51 (s, 2H), 3.86 (s, 3H), 3.83 (s, 3H), 3.69 (s, 6H); HR-MS (m/z) (ESI): calcd for

Cy0H2,07[M+H]:375.14438, found: 375.14217.

General Syntheses of Compounds 10-12 According to the Reported Procedure.*
To a solution of cisplatin, dichloro(trans-1,2-diaminocyclohexane)platinum or oxaliplatin
(8.0 mmol) in water (450 mL), NCS (1.2 g, 8.8 mmol) in 450 mL of water was added
dropwise. After the mixture was stirred at room temperature for overnight, the black
deposit was removed by filtration. The filtrate was concentrated under reduced pressure
and yellow solid precipitated. The solid was collected and washed with ethanol and ether,

respectively, then dried in vacuum to give the desired product. This crude product was
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used directly without further purification.

Compound 10. Yield: 92.1%. "H NMR (300 MHz, DMSO-d6): & 6.15 — 5.22 (m,

GH).

Compound 11. Yield: 92.5%. "H NMR (300 MHz, DMSO-d6): & 7.51 — 7.20 (m,
2H), 7.09 — 6.56 (m, 2H), 2.83 — 2.56 (m, 2H), 2.05 (t, J= 9.1 Hz, 2H), 1.59 — 1.37 (m,

4H), 1.16 — 0.90 (m, 2H).

Compound 12. Yield: 89.3%. 'H NMR (300 MHz, DMSO-d6): & 8.01 — 7.57 (m,
2H), 7.31 — 6.83 (m, 2H), 2.62 — 2.54 (m, 2H), 1.99 (d, J = 15.0 Hz, 2H), 1.64 — 1.34 (m,

4H), 1.11 — 0.99 (m, 2H).

General Syntheses of Compounds 13-15. To a solution of compound 9 (140 mg,
0.374 mmol), TBTU (164 mg, 0.510 mmol) and Et;N (52 mg, 0.510 mmol) in dry DMF
(4 mL), compound 10, 11 or 12 (0.340 mmol) was added in portions. The mixture was
stirred at room temperature for overnight. After completion of reaction, the whole
mixture was added CH,Cl, (120 mL), then extracted two times with water (100 mL). The
organic phase was dried over anhydrous Na,SO,4 and concentrated under reduced pressure.
The residue was purified on silica gel column eluted DCM/ MeOH (50:1) to give the

desired product as a yellow solid.

Compound 13. Yield: 53.0%. '"H NMR (300 MHz, DMSO-d6): & 6.87 (d, J=7.2 Hz,

3H), 6.55 (s, 2H), 6.50 (d, J = 12.4 Hz, 1H), 6.43 (d, J= 12.4 Hz, 1H), 6.21 (s, 6H), 4.49
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(s, 2H), 3.73 (s, 3H), 3.64 (s, 3H), 3.60 (s, 6H); >°C NMR (75 MHz, DMSO-d6): § 175.96,
152.99, 148.68, 147.75, 137.18, 132.79, 129.97, 129.85, 129.06, 121.85, 115.63, 112.45,
106.52, 66.68, 60.64, 56.13, 46.21; HR-MS (m/z) (ESI): calcd for C,yH»;CI3N,O7Pt
[M-H+]:707.05316, found: 707.04872. Elem Anal. Calcd (%) for Cy0H,7CI3N,0O4Pt: C,

33.89; H, 3.84; N, 3.95; found: C, 33.71; H, 3.99; N, 3.67.

Compound 14. Yield: 69.3%. 'H NMR (400 MHz, DMSO-d6): 5 9.08 (t, J = 9.7 Hz,
1H), 8.16 (s, 1H), 7.90 (s, 1H), 7.67 — 7.44 (m, 1H), 6.91 — 6.82 (m, 2H), 6.75 (s, 1H),
6.53 (s, 2H), 6.50 (d, J = 12.2 Hz, 1H), 6.42 (d, J = 12.2 Hz, 1H), 4.58 (s, 2H), 3.74 (s,
3H), 3.64 (s, 3H), 3.60 (s, 6H), 2.15 — 2.02 (m, 2H), 1.57 — 1.18 (m, 4H), 1.11 — 0.85 (m,
4H); *C NMR (100 MHz, DMSO-d6): & 178.12, 152.99, 148.52, 147.63, 137.29, 132.75,
129.95, 129.79 129.31, 121.61, 114.80, 112.60, 106.65, 65.34, 63.99, 62.83, 60.56, 56.14,
56.17, 31.39, 3136, 24.06, 23.95; HR-MS (m/z) (ESI): calcd for CasH3sCl3N,O;Pt
[M+H']: 788.12358, found: 789.11737. Elem Anal. Calcd (%) for CasH3sCL13N,O-Pt: C,

39.58; H, 4.47; N, 3.55; found: C, 39.64; H, 4.53; N, 3.28.

Compound 15. Yield: 56.5%. '"H NMR (400 MHz, DMSO-d6): & 8.50 — 8.24 (m,
2H), 8.07 (t, J = 9.4 Hz, 1H), 7.67 (t, J = 10.2 Hz, 1H), 6.89 — 6.83 (m, 2H), 6.73 (d, J =
1.2 Hz, 1H), 6.54 (s, 2H), 6.50 (d, J = 12.2 Hz, 1H), 6.43 (d, J = 12.2 Hz, 1H), 4.57 (s,
2H), 3.73 (s, 3H), 3.64 (s, 3H), 3.60 (s, 6H), 2.09 — 1.99 (m, 2H), 1.61 — 0.99 (m, SH);
3C NMR (100 MHz, DMSO-d6): & 175.54, 163.60, 152.98, 148.60, 147.51, 137.19,

132.74, 129.85, 129.79, 129.25, 121.84, 114.68, 112.60, 106.51, 99.99, 66.49, 62.08,
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61.64, 60.53, 56.12, 56.09, 31.33, 31.02, 23.97, 23.94; HR-MS (m/z) (ESI): calcd for
CysH3sCIN,O 1Pt [M+Na]: 829.11477, found: 829.10064. Elem Anal. Calcd (%) for

CasH3sCIN,O41Pt: C, 41.72; H, 4.38; N, 3.48; found: C, 41.66; H, 4.25; N, 3.23.

The released ability of Pt(IV) complexes under reduction with ascorbic acid. The
released ability of Pt(IV) complexes in a solvent comprised of acetonitrile/water (60:40,
v:v) was studied by HPLC. The standard compounds were made by adding ascorbic acid,
compound 9 and Pt(IV) complexes, separately, to a solvent containing 60.0% acetonitrile
and 40.0% water. The incubation was generated by adding test compounds to a solvent
containing 60% acetonitrile and 40% water, which was performed at 25 °C for 0 h, 1 h
and 2 h, separately. Reversed-phase HPLC was carried out on a 250x4.5 mm ODS
column. HPLC profiles were recorded on UV detection at 210 nm. Mobile phase
consisted of acetonitrile /Water (60:40, v/v), and flow rate was 1.0 mL/min. The samples

were taken for HPLC analysis after filtered by 0.45 um filter.

Cell Culture. All adherent cell lines including human colorectal carcinoma cell line
(HCT-116), hepatocellular carcinoma cell line (HepG-2), non-small cell lung cancer cell
line (A549), gastric cancer cell line (SGC7901), cisplatin-resistant gastric cancer cell line
(SGC7901/CDDP), breast cancer cell line (MCF-7), large cell lung cancer cell line
(NCI-H460), cisplatin-resistant non-small cell lung cancer cell line (A549/CDDP),
hepatocellular carcinoma cell line (Bel-7404) and human liver cell line (LO2), were

cultured in a humidified, 5% CO, atmosphere at 37°C, and maintained in monolayer
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culture in DMEM medium supplemented with 10% fetal bovine serum (FBS), 100

mg/mL of streptomycin and 100 mg/mL of penicillin.

Cytotoxicity Analysis. A549, Bel-7404, HCT-116, HepG-2, MCF-7, NCI-H460,
SGC-7901,7901/CDDP, A549/CDDP and LO2 cell lines were grown on 96-well plates at
a cell density of 1 x 10° cells/well in DMEM medium with 10% FBS. The plates were
incubated at 37 'C in a humidified atmosphere of 5% CO,/95% air for overnight.
Therewith, the cells were exposed to different concentrations of selected compounds,
cisplatin and CA-4, and incubated for another 72 h. The cells were stained with 10 pL of
MTT at incubator for about 4 h. The medium was thrown away and replaced by 100 mL

DMSO. The O.D. Value was read at 570/630 nm enzyme labeling instrument.
Cellular Uptake Test. HepG-2 cells were seeded in 6-well plates. After the cells

reached about 80% confluence, 20 puM of cisplatin, 13 or 14 was added, respectively.
After 12 h incubation, cells were collected and washed three times with ice-cold PBS,
then centrifuged at 1000xg for 10 min and resuspended in 1 mL PBS. A volume of 100
uL was taken out to determine the cell density. The rest of the cells was spun down and
digested at 65 °C in 200 pL 65% HNO; for 10 h. The Pt level in cells was measured by

ICP-MS.

Tubulin Polymerization Assay in Vitro and Competitive Inhibition Assays. Tubulin
polymerization assay was monitored by the change in optical density at 340 nm using a
modification of methods described by Jordan et al.”® Purified brain tubulin
polymerization kit was purchased from Cytoskeleton (BK0OO6P, Denver, CO). The final

buffer concentrations for tubulin  polymerization contained 80.0 mM
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piperazine-N,N’-bis(2-ethanesulfonic acid) sequisodium salt (pH 6.9), 2.0 mM MgCl,,
0.5 mM ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA), 1
mM GTP, and 10.2% glycerol. Test compounds were added in different concentrations,
and then all components except the purified tubulin were warmed to 37 °C. The reaction
was initiated by the addition of tubulin to a final concentration of 3.0 mg/mL. Paclitaxel
and CA-4 were used as positive controls under similar experimental conditions. The
optical density was measured for 1 h at 1 min intervals in BioTek’s Synergy 4
multifunction microplate spectrophotometer with a temperature controlled cuvette holder.
Assays were performed according to the manufacturer’s instructions and under conditions

similar to those employed for the tubulin polymerization assays described above.’'*

Competitive Inhibition Assays. The competitive binding activity of inhibitors was
evaluated using a [*H]colchicine competition scintillation proximity (SPA) assay.” In
brief, 0.08 puM [*H]colchicine was mixed with the test compound and biotinylated
porcine tubulin (1.3 mg/ml) in the incubation buffer (80 mM PIPES, pH 6.9, 2.0 mM
MgCl,, 0.5 mM EGTA, 10% glycerol, 1 mM GTP) at 37 °C for 2 h. Varying
concentrations (5, 10, 15, 20, and 40 uM) of the test compounds were used to compete
with colchicine originally bound to tubulin. After incubation, the filtrate was obtained as
described previously.” The ability of the test compounds to inhibit colchicine binding to
tubulin was measured as described > except that the reaction mixtures contained 1 uM

tubulin, 5 uM [*H]colchicine, and 5 uM test compound.

Molecular Modeling. All the docking studies were carried out using Sybyl-X 2.0 on a
windows workstation. The initial coordinates for tubulin was taken from the crystal

structure of tubulin in complex with colchicine (PDB: 3E22.pdb).56’57 The synthetic
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analogues, including the parent compound CA-4, were selected for the docking studies.
The 3D structures of these selected compounds were first built using Sybyl-X 2.0 sketch
followed by energy minimization using the MMFF94 force field and Gasteiger—Marsili
charges. We employed Powell’s method for optimizing the geometry with a distance
dependent dielectric constant and a termination energy gradient of 0.05 kcal/mol. All the
selected compounds were automatically docked into the binding pocket of tubulin by an
empirical scoring function and a patented search engine in the Surflex docking program.
Before the docking process, the natural ligand was extracted; the water molecules were
removed from the crystal structure. Subsequently, the protein was prepared by using the
Biopolymer module implemented in Sybyl. The polar hydrogen atoms were added. The
automated docking manner was applied in the present work. Other parameters were
established by default in the software. Surflex-Dock total scores, which were expressed in
-logip (K4) units to represent binding affinities, were applied to estimate the

ligand-receptor interactions of newly designed molecules.

Cell Cycle Analysis. HepG-2 cells line were treated with different concentrations
of compound 13. After 24 h of incubation, cells were washed twice with ice-cold PBS,
fixed and permeabilized with ice-cold 70% ethanol at -20 ‘C overnight. The cells were
treated with 100 pg /mL RNase A at 37 “C for 30 min after washed with ice-cold PBS,
and finally stained with 1 mg/ml propidium iodide (PI) in the dark at 4 °C for 30 min.
Analysis was performed with the system software (Cell Quest; BD Biosciences).

Apoptosis Analysis. HepG-2 cells were seeded at the density of 2x10° cells/mL of the

DMEM medium with 10% FBS on 6-well plates to the final volume of 2 mL. The plates
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were incubated for overnight and then treated with different concentrations compound 13
for 24 h. Briefly, after treatment with compound 13 for 24 h, cells were collected and
washed with PBS twice, and then resuspend cells in 1xBinding Buffer (0.1 M
Hepes/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CaCl,) at a concentration of 1x 10° cells /ml.
The cells were subjected to 5 uLof FITC Annexin V (BD, Pharmingen) and
5 uL propidium iodide (PI) staining using annexin-V FITC apoptosis kit followed the
100 pL of the solution was transfer to a 5 mL culture tubeand incubate for 30 min at RT
(25 °C) in the dark. The apoptosis ratio was quantified by system software (Cell Quest;
BD Biosciences).

Hoechst 333258 Assay. HepG-2 cells (1x10° cells) were seeded in six-well tissue
culture platesand exposed todifferentdoses of compound 13 for 24 h. The cells were fixed
in 4% paraformaldehyde for 10 min followed by the medium was discarded. The cells
were then washed twice with cold PBS and incubated with 0.5 mL of Hoechst 33258 at
dark for 5 min. After 5 min incubation, the cells were washed twice with cold PBS and
the results were analysis by a Nikon ECLIPSETE2000-S fluorescence microscope using
350 nm excitation and 460 nm emissions.

Determination of Mitochondrial Membrane Potential. HepG-2 cells were seeded at
the density of 2x10° cells/mL of the DMEM medium with 10% FBS on 6-well plates to
the final volume of 2 mL. The plates were incubated for overnight and then treated with
compound 13 at different concentrations for 24 h. JC-1 probe was added 20 min after

replacing with fresh medium. Cells were collected at 2000 rpm, rinsed twice with cold
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PBS and mitochondrial membrane potential was analyzed in FL-l1channel by flow
cytometer.

ROS Assay. HepG-2 cells were seeded into six-well plates and subjected to various
treatments. On the following treatment, cells were collected and washed with PBS twice,
and then resuspend cells in 10mM DCFH-DA (Beyotime, Haimen, China) dissolved in
cell free medium at 37 ‘C for 30 min in dark, and then washed three times with PBS.
Cellular fluorescence was quantified by flow cytometry at an excitation of 485 nm and an
emission of 538 nm.

Western Blot Analysis. Total cell lysates from cultured HepG-2 cells after compound
13 treatments as mentioned earlier were obtained by lysing the cells in ice-cold RIPA
buffer with protease and phosphatase inhibitor and stored at -20 °C for future use. The
protein concentrations were quantified by Bradford method (BIO-RAD) using
Multimode varioskan instrument (Thermo Fischer Scientifics). Equal amounts of protein
per lane was applied in 12% SDS polyacrylamide gel for electrophoresis and transferred
to polyvinylidine difluoride (PVDF) membrane (Amersham Biosciences). After the
membrane was blocked at room temperature for 2 h in blocking solution, primary

antibody was added and incubated at 4 “C overnight. Bax, Bcl-2, cytochrome ¢, caspase-9,

-3, PARP, cyclin B1, CDK1, p21 and p53 antibodies were purchased from Imgenex, USA.

After three TBST washes, the membrane was incubated with corresponding horseradish

peroxidase-labeled secondary antibody (1:2000) (Santa Cruz) at room temperature for 1 h.

Membranes were washed with TBST three times for 15 min and the protein blots were
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detected with chemiluminescence reagent (Thermo Fischer Scientifics Ltd.). The X-ray
films were developed with developer and fixed with fixer solution.

Antitumor Activity in Vivo. The in vivo cytotoxic activity of complex 13 was
investigated using a human hepatocellular carcinoma cell line in BALB/c nude mice.
Five week-old female BALB/c nude mice (16—18 g) were housed purchased from
Shanghai Ling Chang biotechnology company (China), tumors were induced by a
subcutaneous injection in their dorsal region of 107 cells in 100 pL of sterile PBS.
Animals were randomly divided into six groups, and starting on the second day. When
the tumors reached a volume of 100—150 mm” in all mice on day 14, the first group was
injected with an equivalent volume of 5% dextrose injection via a tail vein injection as
the vehicle control mice. No.2 and No.3 groups were treated with cisplatin and CA-4 at
the doses of 5 mg/kg body weight once a week for three weeks, respectively. No.4 and
No.5 groups were treated with complex 13 at the doses of 5 or 10 mg/kg body weight
once a week for three weeks, respectively. The sixth group was treated with cisplatin at
the doses of 5 mg/kg body weight combined with CA-4 at the doses of 5 mg/kg body
weight once a week for three weeks. All compounds were dissolved in vehicle. Tumor
volume and body weights were recorded every other day after drug treatment. All mice
were sacrificed after three weeks of treatment and the tumor volumes were measured
with electronic digital calipers and determined by measuring length (A) and width (B) to
calculate volume (V = AB*/2).

®Supporting Information. The binding modes of complexes 13, 15 and 9 in the
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colchicine binding site of tubulin were carried out using Sybyl-X 2.0 on a windows
workstation and '"H NMR, '*C NMR and HR-MS of the target compounds. This material

is available free of charge via the Internet at http://pubs.acs.org.
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