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The dysregulation of apoptosis and DNA damage repair are two leading mechanisms of cisplatin resistance.
Two anticancer PtV prodrugs with the formulas [Pt(NHz),Clx(Ly),] (1, Ly = 3-chloro-benzolb]thiophene-2-
carboxylic acid) and [Pt(NH=),Cly(Ly),l (2, Ly = 3-chloro-6-methylbenzolb]thiophene-2-carboxylic acid)
were designed to target myeloid cell leukemia-1 (Mcl-1), a protein responsible for inhibiting apoptosis
and promoting DNA damage repair. Complexes 1 and 2 exhibited high cytotoxicity against various
cancer cell lines, especially cisplatin-resistant non-small-cell lung and ovarian cancer cells. The
resistance factors of both complexes for cisplatin-resistant cancer cells also decreased markedly as
compared with that of cisplatin. Both 1 and 2 could enter cancer cells effectively and cause DNA
damage while simultaneously downregulating Mcl-1 to prompt a conspicuous apoptotic response.
Complex 2 also downregulated the DNA damage repair proteins RAD51 and BRCA2 as well as inhibited
the formation of RAD51 foci, which is regarded as a critical step and functional biomarker in
homologous recombination. The acute toxicity of 1 and 2 to mice is lower than that of cisplatin, and
more importantly, they show much stronger inhibition towards the growth of non-small-cell lung cancer
in nude mice than cisplatin. Complexes 1 and 2 are the first Mcl-1-targeted Pt prodrugs, and the latter
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Accepted 20th February 2020 could synchronously inhibit apoptosis and DNA repair related proteins in cisplatin-resistant cancer cells.

_ The strategy of tuning both apoptosis and DNA repair pathways opens a promising window to
DOI: 10.1039/d0sc00197] overcoming resistance to cisplatin in anticancer chemotherapy, and is also a breakthrough in the design

rsc.li/chemical-science of multitalented platinum-based anticancer drugs.
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Introduction

Cisplatin (CDDP) is one of the most effective anticancer drugs
for treating various malignancies."” It Kkills cancer cells
primarily through damaging nuclear DNA to trigger apoptosis;*
unfortunately, its therapeutic efficacy is severely hindered by
inherent and acquired drug resistance.*® In general, CDDP
resistance is multifactorial, that is, it relies on the activation of
multiple molecular or cellular responses.*” In these events,
impeded apoptosis and enhanced DNA damage repair are two
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vital factors because some important proteins are dysregulated
in CDDP-resistant tumors.®® For example, myeloid cell
leukemia-1 (Mcl-1) is an antiapoptotic protein in the Bcl-2
family, which inhibits the progression of apoptosis via seques-
tering the proapoptotic proteins.’ Overexpression of Mcl-1 is
the hallmark of several cancers and is associated with drug
resistance and tumor relapse.”>'* Cancer cells can avoid
apoptosis elicited by CDDP-mediated DNA damage through
upregulating Mcl-1, leading to drug resistance;'>** whereas the
depletion of Mcl-1 can impair homologous recombination
(HR)," which is a major way to repair the DNA double-strand
breaks (DSBs) triggered by CDDP.'*'” Therefore, impaired HR
can block the repair of DNA DSBs and increase the curative
effect of CDDP. We suppose that targeting Mcl-1 may not only
promote apoptosis via mediating apoptosis-related pathways,
but also interfere with DNA damage repair and ultimately
potentiate CDDP towards CDDP-resistant tumors.

Octahedral Pt" prodrugs are kinetically inert in blood
plasma and can be activated by biological reductants in tumor
cells, such as ascorbic acid (AsA) and glutathione (GSH),
producing Pt" species to damage DNA and kill cancer cells.*®*®
In addition to avoiding side reactions with biomolecules prior
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to DNA binding, Pt" complexes have two axial ligands to finely
tune the pharmacological effects.”*** This prodrug strategy has
been widely used for the construction of multifunctional Pt
complexes as illustrated in many studies.?*"**

BRCA and RAD51 play essential roles in HR, and BRCA-
proficient tumors are usually refractory to CDDP due to effec-
tive HR. Recently, we designed two Pt -artesunate prodrugs,
which inhibited HR via downregulating RAD51 and exhibited
higher cytotoxicity against BRCA-proficient cancer cells than
CDDP.* However, platinum complexes simultaneously inter-
fering in HR and apoptosis are rarely seen in the literature.
Herein we report the design and properties of two Pt" prodrugs
(1 and 2, Fig. 1) that target Mcl-1 to reverse CDDP resistance.
The ligands L; and L,, that is, Cl- and Cl-/Me-substituted
benzothiophene-2-carboxylic acids, were identified as poten-
tial Mcl-1 inhibitors through preventing BH3-containing
peptides from binding to Mcl-1.*%** The incorporation of L,
and L, into 1 and 2 respectively made these complexes exhibit
potent antitumor potential and strong inhibition of Mcl-1 and
HR proteins. Particularly, complex 2 is highly cytotoxic to
CDDP-resistant non-small-cell lung cancer (NSCLC) and ovarian
cancer cells and shows significant antitumor activity in vivo. The
unique mechanism of action and remarkable activity of these
complexes provide a new train of thought for designing Pt"
prodrugs to overcome cisplatin resistance.

Results and discussion
Synthesis and characterization

cis-Diamminedichloro-trans-dihydroxyplatinum(iv) (oxoplatin)
was prepared by oxidizing CDDP with hydrogen peroxide
(30%).*> Complexes 1 and 2 were synthesized by directly react-
ing ligand L; or L, with oxoplatin using uronium salts as
a coupling agent (Fig. 1 and Scheme S17). The structures and
purity of 1 and 2 were fully characterized by 'H, *C and '*°Pt
NMR spectroscopy, HPLC and elemental analysis (see Fig. S1-
S31), which supported the proposed structures for the
complexes. The proton resonances of the amine coordinated to
the PtV centre appear over a wide range from 6.0 to 7.0 ppm,
which are similar to other Pt" complexes.® The '°°Pt NMR
spectra show single resonance peaks at 1227.05 and
1226.80 ppm for 1 and 2, respectively, which are also similar to
related Pt" complexes.**

Reduction, stability and lipophilicity

Prior to biological evaluation, the reduction potential,
stability and lipophilicity of 1 and 2 were measured because

Cl cl OH Ly L,

\ 3 | & H3N\|/CI H3N\I/CI HaN~ |t/CI
S S H3N/|\CI H3N/|\CI H3N/|\CI
OH OH OH Ly L

Ly L, oxoplatin 1 2

Fig. 1 Chemical structures of ligands L; and L, oxoplatin and
complexes 1 and 2.
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they are crucial for antitumor activity.” The reduction
potentials of 1 and 2 determined by cyclic voltammetry are
—0.66 and —0.72 V, respectively (see Fig. S41). The relatively
low values are indicative of less propensity for reduction. In
fact, both 1 and 2 are stable in cell culture media and phos-
phate buffered saline (PBS) at pH 7.4 and 37 °C for 24 h (see
Fig. S5 and S6%). The reduction process was further studied
through the reactions between the complexes and AsA in PBS
following the reported procedure,* and the data indicate that
1 and 2 can be reduced by AsA (see Fig. S71). The lip-
ophilicities (log P,,y) of 1 and 2 determined in an n-octanol/
buffer system via the shake-flask method were 0.60 and
0.84, respectively, which are more lipophilic than CDDP
(—2.15), thus suggesting that complexes 1 and 2 enter cancer
cells more readily than CDDP.

Cytotoxicity

The cytotoxicities of 1, 2, L,, L,, CDDP, and oxoplatin, as well
as a mixture of CDDP and L, or L, at a molar ratio of 1 : 2 were
tested against human NSCLC A549, human ovarian cancer
A2780, and their CDDP-resistant counterparts A549/DDP and
A2780/DDP cells using the MTT assay. Meanwhile, the breast
cancer MCF-7, the human ovarian cancer Caov3, and the
human normal liver L-02 cell lines were also subjected to the
test. The median growth inhibitory concentrations (ICs,) of
the compounds at 72 h are listed in Tables 1 and S2.}
Complexes 1 and 2 showed potent cytotoxicity towards all the
tested cancer cell lines, particularly the A549/DDP and A2780/
DDP cells. The IC5, values of 1 and 2 for A549/DDP cells are 18-
and 32-fold less than that of CDDP, respectively; and those for
A2780/DDP cells are 35- and 61-fold less than that of CDDP,
respectively. The resistance factors (RFs), which are defined as
the ratios of IC5, for resistant cells to that for sensitive cells, of
CDDP, 1, and 2 for A549 and A549/DDP cells are 5.0, 0.9, and
0.9, respectively; and those for A2780 and A2780/DDP cells are
7.2,0.9, and 0.7, respectively. These results indicate that 1 and
2 possess great potential to overcome CDDP resistance in
NSCLC and ovarian cancer cells. All the control compounds or
mixtures, including CDDP plus ligand, oxoplatin, and the
ligands alone, only showed moderate or no cytotoxicity against
these cell lines. Since Mcl-1 is overexpressed in many tumours,
especially CDDP-resistant cancers,'* we tested the levels of
Mcl-1 in these cells by western blot (WB). As expected, the

Table1l ICsq (uM) of the compounds against different cancer cell lines
at72 h

Compounds A549 A549/DDP A2780 A2780/DDP
1 1.5+ 0.3 1.4+ 0.4 0.8 + 0.2 0.7 £ 0.2

2 0.9 + 0.1 0.8 £ 0.1 0.6 £ 0.3 0.4 + 0.1
CDDP 5.1+ 0.3 25.7 £ 2.9 3.4+ 1.0 24.4 £+ 3.7
CDDP + 2L, 6.0 + 1.2 21.0 £ 2.1 3.6 £ 0.6 25.3 £ 2.6
CDDP + 2L, 5.2+ 1.3 18.0 £ 3.5 4.2 + 0.3 23.1+ 1.9
Oxoplatin >50 >50 30.0 + 5.6 >50

L, >100 >100 >100 >100

L, >100 >100 >100 >100

This journal is © The Royal Society of Chemistry 2020
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expression of Mcl-1 in A549/DDP, A2780/DDP and CDDP-
insensitive Caov3 cells is significantly higher than that in
other cells (see Fig. S81). Complexes 1 and 2 exhibited strong
cytotoxicity towards all the tested cancer cells regardless of the
Mcl-1 expression; whereas CDDP only showed high cytotoxicity
against cancer cells expressing a low level of Mcl-1. The results
highlighted the effectiveness of targeting Mcl-1 as a strategy
for overcoming CDDP resistance.

Cellular uptake

Owing to the potent cytotoxicity of 1 and 2 against CDDP-
resistant cancer cells, the cellular Pt contents after incuba-
tion with A549/DDP cells for 12 h were measured by means of
inductively coupled plasma mass spectrometry (ICP-MS).
The results are shown in Fig. 2. The cellular Pt accumula-
tion follows an order of 2 > 1 > CDDP, which is in line with
their lipophilicity and cytotoxicity sequences. Apparently,
the conjugation of Ly or L, with the Pt" scaffold greatly
improves the lipophilicity and cellular uptake of the
complexes, which may contribute to the elevated cytotox-
icity. Further, we measured the cellular Pt content in A549/
DDP cells after incubation with different concentrations of
CDDP, 1 and 2 for 36 h. The cellular uptake of Pt is positively
correlated with the concentration of the complexes (see
Table S3t). The Pt contents in A549/DDP cells after treatment
with 12 yM CDDP, 1.4 uM 1, and 0.7 pM 2 are similar, sug-
gesting that the cell-penetrating ability of 1 and 2 is greater
than that of CDDP.

DNA damage

DNA is believed to be the major cellular target of platinum
complexes, so the ability of 1 and 2 to platinize nuclear DNA
was assessed. After drug treatment, the genomic DNA of
A549/DDP cells was extracted by a DNA isolation reagent
(DNAzol) and the quantity of bound Pt was measured by ICP-
MS. As shown in Fig. 3A, the platination of DNA by 1 and 2 is
greater than that by CDDP, which may be due to the higher
cellular uptake of 1 and 2 in A549/DDP cells. y-H2AX, the
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Fig.2 Cellular uptake of Ptin A549/DDP cells after exposure to CDDP,
1 and 2 for 12 h.
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Fig. 3 Platination of cellular DNA (A), expression of y-H2AX and p53
(B) in A549/DDP cells after incubation with 1 uM CDDP, 1 and 2 for
36 h. * p < 0.05, *** p < 0.001 (versus CDDP-treated group).

phosphorylated form of the histone protein H2AX, is a known
biomarker of DNA DSBs caused by CDDP and can be detected
by immunoblotting.**-** Fig. 3B shows that the expression of
v-H2AX in drug-treated A549/DDP cells increased signifi-
cantly as compared with the control cells, indicating that the
genomic DNA was severely damaged by the platinum
complexes. The expression of p53, a downstream effector of
DNA damage,*® also increased after treatment with complexes
1, 2 or CDDP (Fig. 3B), suggesting that the DNA damage could
not be repaired and that p53 began to initiate the apoptosis
process.

Cell cycle arrest

Cellular DNA damage could induce cell cycle arrest.*> We hence
examined the cell cycle arrest of A549/DDP cells by flow
cytometry after treatment with the complexes. As shown in
Fig. 4, in comparison with the control, the cell distribution in
the S and G2 phases increased moderately after the treatment
with 1 and 2. CDDP also arrested the cell cycle mainly in the S
and G2 phases, which is consistent with other reports.** The
similarity of the cell cycle arrest among these complexes
suggests that the active form and DNA damage mode of 1 and 2
are similar to those of CDDP.

The results associated with cellular DNA damage response
and cycle arrest demonstrate that complexes 1 and 2 were effi-
ciently reduced in A549/DDP cells to release Pt" species for DNA
binding, which constituted the basis for their remarkable
cytotoxicity.
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Fig.4 Cellcycle arrest of A549/DDP cells after incubation with CDDP,
1 and 2 for 36 h.
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Expression of Mcl-1 and apoptotic proteins

In the absence of complexes, the expression of Mcl-1 in A549/
DDP and A2780/DDP cells is significantly higher than that in
A549 and A2780 cells (see Fig. S81); hence, we examined the
expression of Mcl-1 in A549/DDP cells in the presence of 1 or 2
using WB. As shown in Fig. 5A, the expression of Mcl-1 in A549/
DDP cells is significantly inhibited, while it is slightly upregu-
lated by CDDP as compared with the control cells. The down-
regulation of Mcl-1 could arise from the higher cellular uptake
of 1 and 2 than that of CDDP (see Fig. 2). To examine this
possibility, we studied the expression of Mcl-1 in A549/DDP
cells after incubation with 1.4 uM 1, 0.7 uM 2, and 12 uM
CDDP, which ensured similar Pt accumulation in the cells (vide
supra). The results show that the expression of Mcl-1 decreased
after incubation with 1 and 2, but increased after incubation
with CDDP as compared with the control (see Fig. S1171), thus
proving that the downregulation of cellular Mcl-1 by 1 and 2 is
mainly due to the introduction of axial ligands rather than the
higher cellular accumulation of Pt. Actually, ligand L; or L,
alone could downregulate the cellular Mcl-1 at high concen-
trations (see Fig. S121). The concentrations of 1 and 2 (ca. 1 pM)
required to inhibit cellular Mcl-1 are much lower than those of
L, and L, (ca. 200 pM), implying that it may be hard for the
negatively charged ligands to enter the cells, and hence showing
the advantages of 1 and 2 as integrated functional entities. In
fact, the IC5, values of the mixtures of CDDP and L, or L, are
similar to that of CDDP (see Table 1), showing no superiority in
cytotoxicity.

It is known that Mcl-1 prevents the activation of apoptosis
effector proteins such as Bax, either through direct interaction
or by inhibiting proapoptotic BH3-only proteins like Bim.*®
Therefore, the downregulation or inhibition of Mcl-1 could
result in the activation of several proapoptotic proteins and
facilitate the release of cytochrome c (Cyt c) into the cytosol,
thereby activating caspase and triggering an apoptotic
response.”® The upregulation of Bim and Bax as well as the
release of Cyt ¢ in A549/DDP cells after treatment with 1 and 2
are shown in Fig. 5. The release of Cyt ¢ can activate apoptotic
protease and then cleave the caspase-3 zymogen, leading to
apoptosis.” Therefore, we further measured the level of cleaved
caspase-3 in A549/DDP cells after incubation with CDDP, 1, and

A Ctrl _CDDP 1 2
M°P4¢-D -— e |

Bax| e s—_ -
GAPDH e ca— e S—

B
Cytcl — - ~|

B-acti r?—l

Fig.5 Expression of Mcl-1, Bax and Bim (A), and Cyt c (B) in A549/DDP
cells after incubation with complexes 1 and 2 (1 uM) for 36 h.
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2. As expected, cleaved caspase-3 was observed in cancer cells
after the treatment with complexes 1 and 2 (see Fig. S137). All
these events are conducive to apoptosis or suppressing resis-
tance to apoptosis.

Apoptosis

The apoptosis of A549/DDP cells after treatment with these
complexes for 72 h and staining with annexin V-FITC and pro-
pidium iodide (PI) was investigated. The cellular density plots
are shown in Fig. 6. Complexes 1 and 2 efficiently induced
60.9% and 65.5% of A549/DDP cells to go into early apoptosis,
respectively. By contrast, CDDP only triggered 2.7% of the cells
to undergo early apoptosis, which agrees well with the CDDP-
resistant characteristics of A549/DDP cells. The sharp contrast
of 1 and 2 to CDDP in promoting apoptosis reveals that these
pt" complexes possess great potential to conquer CDDP
resistance.

Expression of HR proteins RAD51 and BRCA2

In addition to the antiapoptotic function, Mcl-1 also plays a key
role in the DNA damage response.*** Cellular Mcl-1 depletion
can impede the repair of DNA DSBs by impairing HR and
decreasing the expression of related proteins.”” RAD51 and
BRCA2 play essential roles in HR by promoting homology
search and stimulating strand invasion into the sister chro-
matid. Specifically, following DNA-end resection, BRCA2 directs
RAD51 filament nucleation onto single-stranded DNA (ssDNA),
which catalyzes a strand exchange reaction to initiate HR
repair.***> We hence measured the levels of RAD51 and BRCA2
in A549/DDP cells after exposure to complexes 1 and 2 or CDDP
to evaluate their impact on the HR ability. As shown in Fig. 7,
CDDP induced an increase in RAD51 expression, presumably
due to the damage to genetic DNA, and barely influenced the
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Fig. 6 Apoptotic analysis of A549/DDP cells by flow cytometry after
incubation with the complexes for 72 h.
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Fig. 7 Expression of RAD51 and BRCA2 in A549/DDP cells after
incubation with each complex (1 uM) for 36 h (A), and the relative
expression levels of RAD51 and BRCA2 to GAPDH (B). * p < 0.05, ***p
< 0.001 (versus CDDP-treated group).

expression of BRCA2. The levels of RAD51 and BRCA2 in 1-
treated cells were slightly higher than those in the control cells,
suggesting that 1 had almost no effect on the expression of
RAD51 and BRCA2. Impressively, the expression of RAD51 and
BRCA2 decreased markedly after treatment with 2 as compared
with both the control and CDDP-treated cells. The down-
regulation of RAD51 implies that the repair of DSBs by HR is
inactivated, and that DNA damage could remain to produce
lethal effects to cancer cells. It has been reported that BRCA2-
deficient cancer cells are hypersensitive to DNA-crosslinking
agents such as CDDP due to the impaired HR, while BRCA2-
proficient cancer cells are refractory to Pt-based drugs owing
to the effective HR.***” Knockdown of BRCA2 can enhance the
cytotoxicity of CDDP in ovarian cancer cells.”® Therefore, BRCA2
is a potential target for defeating CDDP resistance. The
decreased expression of BRCA2 indicates that 2 can reduce the
HR ability of A549/DDP cells. Oddly, complex 1 only differs
slightly from complex 2 in terms of ligands, but it hardly
influenced the expressions of RAD51 and BRCA2 in A549/DDP
cells. Therefore, we suppose that the 6-methyl in L, may play
a key role in suppressing the expression of these proteins;
however, the detailed action is unknown at the moment. The
results exemplify that even a minute change in the structure of
Pt" complexes could produce significant impact on their cyto-
static mechanism and antitumor potency.

Formation of RAD51 foci

Furthermore, immunofluorescence staining was used to study
the formation of RAD51 foci, which is regarded as a critical
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Number of RAD51 foci per nucleus

Fig.8 Representative images of the formation of RAD51 foci (green) in
the nucleus (blue) induced by different complexes (1 pM) after incu-
bation with A549/DDP cells for 36 h (left), and the number of RAD51
foci per nucleus (right). * p < 0.05, *** p < 0.001 (versus CDDP-treated
group).
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step and functional biomarker in HR.**** As shown in Fig. 8,
CDDP triggered increased RAD51 foci (green) as compared
with the control due to the DNA damage. However, the
number of RAD51 foci in the nucleus induced by 2 is markedly
less than that induced by CDDP even though the DNA damage
caused by 2 is more severe than that caused by CDDP (see
Fig. 3 and S97). The results show that complex 2 can prevent
the formation of RAD51 foci, which would hinder the HR
repair of DSBs, and further sensitize cancer cells to DNA
damage.

Acute toxicity and in vivo antitumor activity

Finally, we evaluated the acute toxicity and in vivo antitumor
efficacy of 1 and 2. The median lethal dose (LDs,), body weight
change and histological images of major organs after intra-
venous injection of each complex were investigated. The LDs,
values of 1 and 2 are 16.24 + 2.89 and 12.31 & 1.31 mg kg7,
respectively (see Fig. S14t), much higher than that of CDDP
(4.06 + 1.02 mg kg~ '). No obvious change in body weight or
damage to major organs was observed in the 1- or 2-treated
mice (see Fig. S15 and S167). By contrast, the CDDP-treated
mice showed significant weight loss as compared with the
control (see Fig. S157). These results indicate that complexes 1
and 2 are less toxic to the body or more biocompatible than
CDDP. Furthermore, mice implanted with A549 cells were
used as xenograft models to evaluate the in vivo antitumor
efficacy of 1 and 2. As shown in Fig. 9 and S17,} strong inhi-
bition of tumor growth was observed after the treatment. On
day 15, the average tumor volume was 940.26 + 50.55 and
676.25 + 80.64 mm® for the control and CDDP groups,
respectively. Remarkably, complexes 1 and 2 effectively sup-
pressed the tumor growth. The average tumor volume in the 1-
and 2-treated groups after 15 d was 189.82 +43.17 and 67.29 +
6.71 mm®, respectively, only reaching 20% and 7% of the
control size. These results indicate that complexes 1 and 2 are
more efficient inhibitors of tumor growth and less toxic to
mice than CDDP, and hence are promising drug candidates for
cancer therapy.
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Fig.9 Volume of A549 tumours in mice treated intravenously with
CDDP (1.3 mgp kg™, 1, and 2 (1.1 mgp, kg™%) every three days for
15 d.
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Conclusions

The mechanism of CDDP resistance is complicated and involves
several stages.®” Intervening in one stage alone may not
necessarily overcome resistance effectively because of the
compensatory mechanism, and thus metal complexes with
multiple targets are very attractive to researchers.®** Since
CDDP primarily damages nuclear DNA to induce apoptosis,®
targeting proteins relevant to DNA repair or apoptosis seems to
be an effective way to enhance cytotoxicity. Some examples of
Pt" prodrugs targeting DNA damage repair or apoptosis-related
proteins have been reported.**>* However, efforts have rarely
been dedicated to the development of Pt complexes interfering
synchronously with these two processes. In this study, we
designed two Pt" prodrugs that could target the myeloid cell
leukemia-1 (Mcl-1) protein, hoping to circumvent cisplatin
resistance. Both complexes showed enhanced -cytotoxicity
against cisplatin-resistant non-small-cell lung and ovarian
cancer cells. More importantly, they exhibited remarkable
anticancer potential toward lung cancer xenografts and low
toxicity in mice. In particular, complex 2 not only inhibited the
expression of Mcl-1, but also downregulated the homologous
recombination proteins RAD51 and BRCA2, thereby signifi-
cantly promoting apoptosis. Apoptosis evasion is an important
hallmark of cancers®* and limits the efficacy of CDDP.%’
Although Mcl-1 has received much attention due to its unique
role in mediating apoptosis and chemoresistance,»>% Pt
complexes targeting Mcl-1, and further targeting RAD51 and
BRCA2 have not been reported so far. This study provides
uncommon examples of the design of such complexes; also, it
gives some new insight into the cytostatic mechanism of such
complexes and broadens the way to designing Pt complexes for
overcoming CDDP resistance. Regrettably, the molecular details
of the interactions between the complexes and the proteins are
unclear at the moment.
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