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Novel monofunctional platinum (ll) complex
Mono-Pt induces apoptosis-independent
autophagic cell death in human ovarian
carcinoma cells, distinct from cisplatin
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Failure to engage apoptosis appears to be a leading mechanism of resistance to traditional platinum drugs in patients
with ovarian cancer. Therefore, an alternative strategy to induce cell death is needed for the chemotherapy of this
apoptosis-resistant cancer. Here we report that autophagic cell death, distinct from cisplatin-induced apoptosis, is
triggered by a novel monofunctional platinum (Il) complex named Mono-Pt in human ovarian carcinoma cells. Mono-Pt-
induced cell death has the following features: cytoplasmic vacuolation, caspase-independent, no nuclear fragmentation
or chromatin condensation, and no apoptotic bodies. These characteristics integrally indicated that Mono-Pt, rather
than cisplatin, initiated a nonapoptotic cell death in Caov-3 ovarian carcinoma cells. Furthermore, incubation of the cells
with Mono-Pt but not with cisplatin produced an increasing punctate distribution of microtubule-associated protein 1
light chain 3 (LC3), and an increasing ratio of LC3-Il to LC3-I. Mono-Pt also caused the formation of autophagic vacuoles
as revealed by monodansylcadaverine staining and transmission electron microscopy. In addition, Mono-Pt-induced cell
death was significantly inhibited by the knockdown of either BECNT or ATG7 gene expression, or by autophagy inhibitors
3-methyladenine, chloroquine and bafilomycin A . Moreover, the effect of Mono-Pt involved the AKT1-MTOR-RPS6KB1
pathway and MAPK1 (ERK2)/MAPK3 (ERKT1) signaling, since the MTOR inhibitor rapamycin increased, while the MAPK1/3
inhibitor U0126 decreased Mono-Pt-induced autophagic cell death. Taken together, our results suggest that Mono-Pt
exerts anticancer effect via autophagic cell death in apoptosis-resistant ovarian cancer. These findings lead to increased
options for anticancer platinum drugs to induce cell death in cancer.

Introduction new cancer cases and 4.1% (140,200) of the total cancer deaths

among females in 2008."! Coupled with the fact that most new

Ovarian cancer is the third leading cause of cancer death and  cases of ovarian cancer are diagnosed at the advanced stage, there
the fourth most commonly diagnosed in gynecologic malig-  is clearly an urgent need for discovering effective chemotherapeu-
nancies worldwide, accounting for 3.8% (225,500) of the total  tic agents for advanced-stage patients.? The discovery of cisplatin
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more than 30 years ago was one of the most significant thera-
peutic advances for treating ovarian cancer. However, patients
receiving conventional platinum drugs often develop resistance,
which diminishes the efficacy of the drugs.’ For example, the
TP53/p53-dependent apoptosis was commonly deficient in 50%
to 70% of patients with ovarian cancer and the failure to engage
apoptotic cell death would thus appear to be an important mech-
anism of the resistance to this type of cancer.® Therefore, the
development of new platinum compounds with improved anti-
cancer profiles and, more importantly, less likelihood to develop
resistance holds much promise for the future.

Although apoptosis (type I programmed cell death) is the
primary mechanism of anticancer-drugs-induced cell death,
an alternative cell death pathway termed autophagic cell death
(type II programmed cell death) has emerged as an important
mechanism of cancer cell death induced by chemotherapeutic
agents.’® Similar to its ‘double-edged sword’ effects on cancer
development, autophagy has prodeath or prosurvival roles during
cancer therapy.® On the one hand, autophagy always has cyto-
protective roles in response to cancer therapeutics.”'’ In addition,

novel therapies such as the use of proteasome inhibitors,'" anti-

ERBB2 (HER2) antibodies'? and kinase inhibitors' also induce
autophagy which is believed to reduce drug efficacy. On the other
hand, excess autophagy can also act as a prodeath mechanism
which leads to the destruction of cancer cells since autophagy
is a ‘self-cannibalistic’ process. There is evidence that autophagy
is required for the death of cancer cells with defects in apopto-
sis.'*" Tt has been reported that autophagy and subsequent cell
death can be induced by various anticancer therapies in differ-
ent cancer cell types.'®” Although the role of autophagy during
cancer therapy is complex, autophagy is becoming an attractive
approach for anticancer therapies.

Ever since cisplatin was recognized and employed as an anti-
cancer drug, the cellular mechanisms that lead to apoptosis have
been well studied and a series of different platinum anticancer
drugs have been clinically applied.”® Classic platinum antican-
cer drugs including cisplatin cause DNA damages by binding to
DNA therefore creating inter- or intra-strand cross links, and,
finally, leading to apoptosis.”” In this process, the cis-type of the
platinum complexes, but not #rans-type or monofunctional plati-
num complexes, serve as the most contributive type due to the
fact that stable cross links with DNA can be formed after the
leaving-groups on cis-position leave the complexes. However, to
increase the efficacy of non-cis type complexes and to broaden the
applicability of platinum complexes, scientists have found that
some modifications like introducing aromatic groups into the
complexes can optimize the structures and improve the activities
of trans-type and monofunctional platinum complexes against
cancer cell growth.?*?? Previously, a series of the monofunctional
platinum (II) complexes were synthesized by our laboratory, and
these platinum analogs were found to exhibit cytotoxicity com-
parable with, and in some cases, better than cisplatin in human
cancer cells.”? The mechanisms of the distinct cytotoxicity pro-
files of these complexes remained to be found.

In the present study, we compared the sensitivities of dif-
ferent human cancer cells to a monofunctional platinum (II)
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complex named Mono-Pt and cisplatin, and investigated the
mechanism of action of Mono-Pt, revealing the occurring
of the autophagic cell death distinct from cisplatin-induced
apoptosis. Further examination of the signaling pathways
indicated that this Mono-Pt-induced autophagic cell death in
ovarian carcinoma cells was subject to either negative regula-
tion of the v-akt murine thymoma viral oncogene homolog 1
(AKT1)-mechanistic target of rapamycin (MTOR) pathway, or
positive regulation of the mitogen-activated protein kinase 1/3
(MAPK1/3) pathway. Our findings may provide novel insights
into the mechanisms underlying the anticancer effects of the
monofunctional platinum (II) complex against human ovarian
carcinoma cells.

Results

Mono-Pt is significantly more potent than cisplatin in killing
various human cancer cells. First we examined the cytotoxic
effects of Mono-Pt and cisplatin (chemical structure shown
in Fig. 1A) on human cancer cells. Our results showed that
Mono-Pt exhibited a significantly higher cytotoxic effect than
cisplatin did on various human cancer cells, including human
ovarian carcinoma cell lines Caov-3 and Skov-3, human breast
carcinoma cell line MCF-7, human colon carcinoma cell line
HCT-116, and human hepatoma cell line BEL-7402 (Fig. 1B).
Then we further compared the anticancer effects of Mono-Pt and
cisplatin in human ovarian carcinoma Caov-3 cells. Mono-Pt and
cisplatin both induced cell death in a dose- and time-dependent
manner (Fig. 1C). Mono-Pt had a significantly more potent cyto-
toxic effect with an IC| (half maximal inhibitory concentration)
at about 10 wM in Caov-3 cells after 48 h treatment, compared
with cisplatin with an IC, about 50 uM.

From the time course of the cellular uptake of platinum, it
was obvious that Mono-Pt exhibited a faster internalizing pat-
tern than cisplatin did (Fig. 1D), indicating that intracellular
platinum accumulation was elevated when ligand lipophilicity
allowed the complex to rapidly cross the membrane. The accumu-
lation of platinum from cisplatin increased slowly but constantly
until reaching the steady-state. With an equal dosage concentra-
tion, the accumulation of platinum from Mono-Pt reached the
peak quickly in the first 2 h and then steadily dropped until the
balance was reached (Fig. 1D).

Relative to cisplatin, Mono-Pt barely induces cell cycle arrest
or causes DNA damage. As shown in Figure 2A, cisplatin at the
dose from 1 pM to 10 wM caused cell cycle arrest at S phase in
human ovarian carcinoma Caov-3 cells. In contrast, even with the
dose high enough to cause a great extent of cell proliferation inhi-
bition, Mono-Pt did not induce any detectable cell cycle arrest
(Fig. 2A and B), indicating that Mono-Pt did not cause DNA
damage. Besides, cell cycle arrest induced by cisplatin but not
Mono-Pt was also observed in human ovarian carcinoma Skov-3
cells (Fig. S1), which further confirmed the previous results.

In most cases, DNA damages caused by platinum complexes
are attributed to the binding of the complexes to DNA, which
leads to DNA conformational changes that block the normal
replication and transcription processes.”? So we performed DNA
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Figure 1. Mono-Pt induces cell death in a more efficient way than cisplatin does. (A) Structure of Mono-Pt (N-(tert-butoxycarbon yl)-.-methionine-
N’-8-quino-lylamidechloridoplatinum(ll), top) and cisplatin (bottom). (B) Different human cancer cell lines were incubated with 10 M of Mono-Pt or
cisplatin for 48 h. Cell death was assessed by MTT assay. Data represent mean + SEM of three different experiments. *p < 0.05, **p < 0.01. (C) Human
ovarian carcinoma Caov-3 cells were incubated with indicated concentrations of Mono-Pt or cisplatin for 12 h, 24 h or 48 h. Cell death was assessed
by trypan blue dye exclusion assay. Data represent mean + SEM of three different experiments. *p < 0.05, **p < 0.01. (D) Cellular uptake in semi-log
coordinates. Caov-3 cells were incubated with 10 wM Mono-Pt or 10 wM cisplatin for indicated time. The cellular accumulation of Pt was interpreted
as nmol Pt/10° cells. Data represent mean + SEM of three different experiments. **p < 0.01, as compared with corresponding time point of Mono-Pt-

binding assay to verify the DNA conformational changes caused
by Mono-Pt or cisplatin. The supercoiled DNA pUCI19 was incu-
bated with different concentrations of either Mono-Pt or cispla-
tin at 37°C for 12 h followed by DNA agarose gel analysis. We
found that cisplatin was able to unwind pUC19 DNA at 3 uM or
higher concentrations, while there was no observable band shift-
ing for those DNA bound with Mono-Pt even at 200 wM, sug-
gesting that Mono-Pt did not cause conformational change to
pUC19 DNA (Fig. 2C).

Mono-Pt but not cisplatin induces a nonapoptotic cell death
in ovarian carcinoma cells. Then we tried to determine whether
a different cell death mechanism as suggested above was induced
by Mono-Pt. Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay showed that cisplatin
induced significant apoptosis in ovarian carcinoma Caov-3 cells
at the indicated concentrations, while Mono-Pt did not (Fig. 3A
and B). Cells treated with DNase I were used as the positive con-
trol. In addition, Hoechst 33342 staining assay indicated that
cells treated with cisplatin rather than Mono-Pt showed typical
characteristics of apoptosis, including the condensation of the
chromosome, the shrinkage of the whole cell and the appearance
of the apoptotic bodies (Fig. S2).
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Furthermore, with the treatment of 10 wM cisplatin, there
was a great amount of cleaved CASP3/caspase-3 produced.
On the contrary, Mono-Pt hardly induced CASP3 cleavage
(Fig. 3C). The same tendency was also seen in CASP3 enzyme
activity analysis (Fig. 3D). Interestingly, the growth inhibitory
effect of cisplatin but not Mono-Pt was significantly blocked by
pan-caspase inhibitor, zZVAD.fmk, which provides another strong
piece of evidence for a caspase-independent cell death in Mono-
Pt-treated cells (Fig. 3E).

Next we wondered whether Mono-Prinduced cell death
required de novo protein synthesis during cell death process. We
coincubated cells with cisplatin or Mono-Pt in the presence of
transcription inhibitor (actinomycin D) or protein biosynthesis
inhibitor (cycloheximide). As shown in Figure S3, cells treated
with 50 wM cisplatin exhibited a dose-dependent increase of cell
death in the presence of either cycloheximide or actinomycin
D, suggesting that cisplatin-induced cell death does not involve
new protein synthesis. On the contrary, the direct inhibition of
protein expression by cycloheximide or mRNA transcription by
actinomycin D both decreased the cell death caused by Mono-Pt
(Fig. S3), indicating that Mono-Pt-induced cell death process
requires mRNA transcription and protein synthesis. These
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Figure 2. Mono-Pt barely induces cell cycle arrest or influences DNA integrity relative to cisplatin. (A and B) Cell cycle analysis. About 5 X 10° syn-
chronized Caov-3 cells were cultured in each well on 6-well plates and treated with various concentrations of cisplatin or Mono-Pt for 24 h. Gates M1,
M2 and M3 indicated G,/G, phase, S phase and G,/M phase, respectively. (C) DNA binding assay. pUC19 DNA (200 ng) was used in each sample and
incubated with different concentrations of Mono-Pt or cisplatin at 37°C for 12 h. The conformational changes of the supercoiled DNA caused by the
binding of the complexes were displayed as the backward shifting of the band on the 1% agarose gel. All results shown are representative of three

different experiments.

findings demonstrate that Mono-Pe-treated cells exhibit pheno-
types of a nonapoptotic cell death.

Mono-Pt, rather than cisplatin, results in a significant
induction of autophagy in ovarian carcinoma cells. Since cas-
pase-dependent cell death was not a distinct feature of ovarian
carcinoma Caov-3 cells treated with Mono-Pt, we wondered
whether the cytotoxic effect of Mono-Pt was due to severe
autophagy. We first examined the production of LC3-II, which
is a cleaved LC3-phosphatidyl-ethanolamine conjugate and a
general autophagosomal marker.?* LC3-1 to LC3-II-conversion
markedly increased with the rising dose of Mono-Pt over 24 h in
Caov-3 cells (Fig. 4A and C). Similar results were also observed
in Skov-3 cells (Fig. S4A). However, compared with Mono-
Pt-treated group, there was minor but not evident increase in
LC3-conversion in cisplatin-treated group as the dose increased
(Fig. 4A). The LC3-conversion increase also displayed a time-
dependent manner in Caov-3 (Fig. 4B) and Skov-3 cells (data
not shown). More importantly, LC3 blots (Fig. 4A—C) did sug-
gest that Mono-Pt treatment induced a general increase in LC3
protein expression as well (LC3-I levels increased with longer
treatment time/higher dose), which was consistent with the find-
ings that cycloheximide and actinomycin D treatment decreased
Mono-Ptrinduced cell death (Fig. S3).

In the context of autophagy, SQSTM1 (sequestosome 1, p62)
acts as an adaptor protein that links LC3 with ubiquitin moieties
on misfolded proteins. Autophagy therefore mediates the clear-
ance of SQSTMI together with ubiquitylated proteins.”® In our
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experiments, we found that expression levels of SQSTM1 were
downregulated by Mono-Pt treatment in Caov-3 cells (Fig. 4C)
and Skov-3 cells (Fig. S4A).

Then we used green fluorescent protein (GFP)-fused LC3, a
specific marker for autophagosome formation, to detect autoph-
agy. As shown in Figure 4D, the formation of GFP-LC3-labeled
vacuoles in Caov-3 cells was markedly increased 24 h after treat-
ment with 10 wM Mono-Pt. The formation of these vacuoles was
interfered with by 3-MA, a specific inhibitor of the autophagic
process at early stages (Fig. 4D). This effect was also confirmed
by immunofluorescence assay showing that Mono-Pt treatment
remarkably increased the number of vacuoles indicated by endog-
enous LC3-II (Fig. 4E). Consistent with western blot results
(Fig. 4A), cisplatin did not induce obvious LC3 puncta (Fig. 4E).

Monodansylcadaverine (MDC) is another specific marker
for autolysosomes that concentrates on the autophagic vacuole
membrane structures distributed within the cytoplasm.?* We
examined the incorporation of MDC into cells after Mono-Pt
treatment, and found that cells treated with Mono-Pt showed an
increase of MDC accumulation, indicating the increasing forma-
tion of the MDC-labeled vacuoles in comparison with untreated
cells (Fig. 4D). MDC incorporation was also suppressed by
autophagy inhibitor 3-MA (Fig. 4D). Similar findings were
obtained in Skov-3 cells (Fig. S4B).

Autophagy is a dynamic process of protein degradation char-
acterized by the formation of double-membraned cytoplasmic
vesicles.?”” Structural analysis via electron microscopy allows the
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Figure 3. Mono-Pt but not cisplatin induces a nonapoptotic cell death in human ovarian carcinoma Caov-3 cells. (A) Caov-3 cells were treated with

10 wM Mono-Pt or 50 wM cisplatin for indicated time, then stained with TUNEL-FITC and subjected to flow cytometric assay. Data represent mean +
SEM of three different experiments. *p < 0.05, **p < 0.01, as compared with untreated group. (B) Caov-3 cells were treated with 10 .M Mono-Pt or

50 wM cisplatin for 36 h, then stained with DAPl and TUNEL-FITC, and subjected to immunofluorescence imaging. Cells treated with DNase | (1 .g/ml)
were used as positive control. The results shown are one of three different experiments. Scale bar: 10 wm. (C) Expression of cleaved CASP3 in Caov-3
cells. Cells were treated with Mono-Pt or cisplatin for 24 h, and then subjected to western blotting. The results shown are representative of three
different experiments. (D) CASP3 activity in Caov-3 cells. Cells were treated with 10 wM Mono-Pt or 50 wM cisplatin for indicated time, and then sub-
jected to CASP3 activity analysis. Data represent mean + SEM of three different experiments. *p < 0.05, **p < 0.01, as compared with untreated group.
(E) Mono-Pt-induced cell death was caspase-independent. Caov-3 cells were pretreated with different concentrations of zZVAD.fmk for 6 h, and then
incubated with 10 wM Mono-Pt or 50 wM cisplatin for 48 h. Cell death was assessed by trypan blue dye exclusion assay. Data represent mean + SEM of
three different experiments. *p < 0.05, **p < 0.01, as compared with the zZVAD.fmk-untreated group.

visualization of autophagy with the massive accumulation of electron microscopy, we observed a time-dependent accumula-
autophagic vacuoles (autophagosomes) in the cytoplasm. When  tion of numerous lamellar structures and double-membraned
we monitored Mono-Pt-induced autophagy using transmission  cytosolic autophagic vacuoles in Caov-3 cells starting at 6 h after
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cisplatin, 10 wM Mono-Pt or 2 wM rapamycin for 24 h were shown in the figure with DAPI indicating the nuclear area and an Alexa Fluor 488 fluores-
cent secondary antibody that binds to LC3 primary antibody to indicate LC3 puncta. Scale bar: 10 wm. The results shown are representative of three
experiments. (F) The transmission electron microscopy imaging of cells showing numerous double-membraned cytoplasmic vacuolation (arrows)

in 10 .M Mono-Pt-treated cells as well as condensed and fragmented nuclei in 50 M cisplatin-treated cells. The results shown are representative of
three different experiments.
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the treatment with Mono-Pt (Fig. 4F). These autophagic vacu-
oles were not found in cisplatin-treated cells, where only features
of apoptosis such as chromatin condensation and fragmentation
of the nuclei were observed (Fig. 4F). Taken together, these find-
ings suggest that Mono-Pt but not cisplatin treatment signifi-
cantly induces autophagy in ovarian carcinoma cells.

Increased autophagy is responsible for Mono-Ptinduced cell
death in ovarian carcinoma cells. To find out whether autoph-
agy was associated with caspase-independent cell death induced
by Mono-Pt in Caov-3 cells, we examined whether inhibit-
ing autophagy by autophagy inhibitors or silencing autophagy-
related genes could affect cell death in human ovarian carcinoma
cells. First, we found by the trypan blue dye exclusion assay that
pretreatment with the autophagy inhibitor 3-MA significantly
prevented Mono-Ptinduced cell death in a dose-dependent
manner in human ovarian carcinoma Caov-3 cells (Fig. 5A).
Similar results were observed in another human ovarian carci-
noma Skov-3 cells (Fig. S4C). Consistent with the trypan blue
exclusion assay data, the MTT assay also showed that Mono-Pt
induced cell death in Caov-3 cells was significantly decreased by
3-MA in a dose-dependent manner (data not shown). Second, we
also found that silencing BECNI or ATG7 by siRNA knockdown
(Fig. 5B) significantly reduced cell death induced by Mono-Pt, as
monitored by trypan blue exclusion assay (Fig. 5C). These results
support autophagy as the major mechanism of the cell death in
ovarian carcinoma cells treated with Mono-Pt. To further con-
firm the role of autophagy in Mono-Pt-induced cell death, we
also used autophagolysosome fusion inhibitor chloroquine and
lysosomal proteases inhibitor bafilomycin A, in the present
study. Both chloroquine and bafilomycin A, decreased cell death
induced by Mono-Pt (Fig. 5D and E), suggesting autophagy con-
tributes to Mono-Pt-induced cell death.

Mono-Pt induces autophagic cell death through AKTI-
MTOR-RPS6KB1- and MAPK1/3-dependent

pathways. There are two well-known pathways involved in the

signaling

regulation of autophagy: phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic subunit a (PIK3CA/PI3K)-AKT1-MTOR-
ribosomal protein S6 kinase, 70 kDa, polypeptide 1 (RPS6KB1)
signaling pathway and the RAS-RAF1-MAPKI1/3 signaling
pathway. Both pathways are often activated in numerous types
of cancers.?® Several anticancer agents are known to inhibit the
PIK3CA-AKT1-MTOR-RPS6KBI pathway and simultaneously
activate MAPK1/3 signaling, resulting in the induction of auto-
phagy in cancer cells.”?' So we examined the effect of Mono-Pt
on both pathways using western blotting. After the treatment
with 10 wM Mono-Pt, there was a time-dependent decrease in
the expressions of phosphorylated RPS6KB1, RPS6 (ribosomal
protein S6) and EIFAEBP1 (eukaryotic translation initiation fac-
tor 4E binding protein 1), compared with the total expressions of
the three proteins in Caov-3 cells (Fig. 6A). To further investi-
gate the upstream inhibition of MTOR by Mono-Pt, we exam-
ined AKT1 phosphorylation at Ser473 and Thr308. As shown
in Figure 6B, the treatment with Mono-Pt also suppressed the
AKTT1 phosphorylation at Ser473 and Thr308 in a time-depen-
dent manner in Caov-3 cells. Similar findings were also obtained
in Skov-3 cells (Fig. S5). Subsequently, we examined whether
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Mono-Pt activated MAPK signaling. As shown in Figure 6C,
Mono-Pt specifically increased the phosphorylation of MAPK1
(ERK2)/MAPK3 (ERKI), a key regulator of autophagy, in
a time-dependent manner. However, MAPK14 (p38a) and
MAPKS8 (JNKI1) were not activated by the same treatment of
Mono-Pt. As expected, MAPK1/3 inhibitor U0126 reversed the
increasing LC3-1I to LC3-I ratio (Fig. 6D) and prevented Mono-
Ptinduced cell death (Fig. 6E). Therefore, we conclude that
Mono-Pt induces autophagic cell death through AKT1-MTOR-
RPS6KBI1- and MAPK1/3-dependent signaling pathways.

It has been reported that autophagy is indispensable for
the death of cancer cells with defects in apoptosis, and lack of
autophagy often diminishes the therapeutic effects of anticancer
agents. Researchers also found that the MTOR inhibitor rapamy-
cin, which induces autophagy, was able to inhibit malignant gli-
oma cells proliferation.? This evidence proved the crucial role of
autophagy in the mechanism of rapamycin-mediated anticancer
effect. In the present study, we found that combining Mono-Pt
and rapamycin showed a stronger effect on the enhancement
of LC3 conversion and cell death compared with the treatment
of Mono-Pt or rapamycin alone (Fig. 6F and G). In addition,
rapidly growing evidence reinforces the notion that resistance to
rapamycin results from a positive feedback loop from MTOR-
RPSGKBI1 to AKT1, which leads to the enhancement of AKT1
phosphorylation at Ser473.>*3¢ Importantly, Mono-Pt inhibits
AKTTI signaling and thus might counteract the effect of this
positive feedback. So it is reasonable that dual suppression of the
PIK3CA-AKT1-MTOR pathway by combination of rapamy-
cin with Mono-Pt better facilitates autophagy. Recently, there is
evidence showing that using rapamycin and an AKT1 inhibitor
simultaneously to inhibit the PIK3CA-AKT1-MTOR pathway
facilitated the autophagy and produced synergistic effects on
autophagy-mediated apoptosis.”’ Taken together, these find-
ings suggest that dual inhibition of PIK3CA-AKT1-MTOR by
rapamycin and Mono-Pt may also be a rational choice for cancer
treatment.

Discussion

In this study, we provided novel evidence that a monofunctional
platinum (II) complex Mono-Pt activates the autophagic cell
death, which is fundamentally different from apoptosis induced
by cisplatin in human ovarian carcinoma cells. We proposed
that autophagic cell death, rather than apoptosis, is a possible
mechanism for Mono-Ptinduced cytotoxicity. Our conclu-
sions were based on the following observations: First, we did not
observe any apparent signs of apoptosis by transmission electron
microscopy and Hoechst staining evaluation in Mono-Pt-treated
ovarian carcinoma Caov-3 cells, such as nuclear fragmentation,
chromatin condensation, or apoptotic bodies (Fig. 4F; Fig. S2).
Characteristically, cell death triggered by Mono-Pt was accompa-
nied by deficiency in DNA fragmentation (Fig. 3A and B), inde-
pendent of caspase activation (Fig. 3C—~E) and de novo protein
synthesis (Fig. S3), indicating that Mono-Pt but not cisplatin
induces a nonapoptotic cell death. Furthermore, it was suggested
by the punctate distribution of LC3, elevated ratio of LC3-1I to

Volume 9 Issue 7



1 o e ” Ctrl BECNT | 1001 O Ctrl siRNA xx
B 3-MA (1 mM) W siRNA siRNA B BECN1T siRNA =
80r M 3-MA(2mM) BECN1T s o 80 M ATG7SsiRNA
<60} ACTB EGO
- @©
i - ctl ATG7 | = —
8 siRNASRNA | §
20 ATG7 - o 207
o LT FLH ACTE - — 0 in H
0 3 10 30 0 3 10 30
Mono-Pt (uM) Mono-Pt (uM)
107 o cr . %7 o c 4
B Chloroquine (15 uM) = B Bafilomycin A1 (75 nM) ok
__801 m Chloroquine (30 uM) 80 m Bafilomycin A1 (150 nM)
X X
< 60 = 60
© ©
[0)] 3k (] Hk
T 40 o D40y £
© ©
Q 20 © 20T *
oL [l , L o
0 3 10 0 3 10
Mono-Pt (uM) Mono-Pt (uM)

measured by trypan blue dye exclusion assay. *p < 0.05, **p < 0.01.

Figure 5. Mono-Pt induces autophagic cell death in human ovarian carcinoma Caov-3 cells. (A) Caov-3 cells were treated with various concentrations
of Mono-Pt and/or 1 or 2 mM 3-MA for 24 h. Cell death was measured by trypan blue dye exclusion assay. *p < 0.05, **p < 0.01. (B) The knockdown of
BECNT or ATG7 was confirmed by western blot. (C) Caov-3 cells were transfected with control siRNA, siRNA targeting BECN1 or siRNA targeting ATG7.
After 48 h, cells were treated with 0, 3, 10 or 30 uM Mono-Pt for 24 h, and cell death was measured by trypan blue dye exclusion assay. *p < 0.05, **p <
0.01. (D and E) Caov-3 cells were treated with various concentrations of Mono-Pt and/or chloroquine (D) or bafilomycin A1 (E) for 24 h. Cell death was

LC3-1, increased SQSTMI1 degradation and the massive auto-
phagic vacuolization which occurred in Mono-Pt-treated cells
(Fig. 4) that Mono-Pt but not cisplatin produced a significant
induction of autophagy in ovarian carcinoma cells. Second,
Mono-Prinduced cell death was mediated through autophagy:
the cell death was significantly suppressed by approaches inhib-
iting autophagy, such as the pretreatment of various autophagy
inhibitors or the transfection of siRNAs targeting the autoph-
agy-related genes ATG7 and BECNI (Fig. 5). Our data agree
with previous studies showing that autophagy may contribute
to cancer cell death and that the inhibition of autophagy can
reduce cytotoxicity. For instance, the autophagy inhibitor 3-MA
or Atg7-siRNA inhibits cell death in caffeine-treated PC12D
cells,” plant alkaloid voacamine-treated human osteosarcoma
cells,” BCL2L1/BCL-X, inhibitor Z36-treated HeLa cells,”” and
Bacillus Calmette-Guerin cell wall cytoskeleton plus ionizing
radiation-treated colon cancer HCT-116 cells.*’ Finally, accord-
ing to the fact that MTOR inhibitor rapamycin increased while
MAPKI1/3 inhibitor U0126 decreased Mono-Pt-induced auto-
phagic cell death, it is suggested that AKT1-MTOR-RPS6KBI
pathway and MAPK1/3 signaling were involved. Together, these
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data strongly suggest that the extent of cell death caused by exces-
sive autophagy seems to be predominant in Mono-Pt-induced cell
death. These results, providing a mechanistic characterization of
the novel monofunctional platinum complex-induced cancer cell
death, shed light on exploring a new tool to overcome apoptosis-
resistance in patients with ovarian cancer.

Usually, apoptosis is the major mechanism to eliminate can-
cer cells. Many chemotherapeutic agents were designed to inter-
fere apoptosis-inducing pathways.”! For example, cisplatin was
reported to cause cell cycle arrest followed by apoptosis in various
human tumor cells.*> However, because of the resistance which
is often developed to apoptosis, researchers have been seeking
alternative form of programmed cell death and demonstrated
that autophagy plays an important role in cancer therapy.”#'41¢
So far, several chemotherapeutic agents such as paclitaxel, arsenic
trioxide and doxorubicin have been reported to be able to induce
caspase-independent cell death.”** Thus, targeting the signal-
ing intermediates in autophagy in premalignant and malignant
cells may be an effective strategy for cancer therapy, especially for
apoptosis-resistant cancer.”®'¢ Tt has also been suggested that
autophagy can directly kill cells in the absence of the apoptosis
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machinery. For example, Atg7 and Becnl regulated cell death
in mouse 1929 cells treated with the pan-caspase inhibitor.”” In
addition, RNAI against Azg5 and Becnl also blocked cell death
of bax”'- and bakl”’- murine embryonic fibroblasts induced by
etoposide.” Thus, it is important to note that the autophagic cell
death induced by monofunctional platinum complex has advan-
tages over cisplatin under conditions of apoptosis deficiency in
some cancers.

Most of the platinum complexes cause DNA damages by bind-
ing to the DNA, which leads to DNA conformational changes to
stop DNA from replication and transcription. Apoptosis often,
although not always, follows the DNA damages that could not
be repaired. For instance, cisplatin was reported to cause DNA
damage and apoptosis in various human tumor cells.** Actually,
cisplatin treatment with Caov-3 cells did induce minor but not
obvious autophagy as shown in Figure 4A. Indeed there are
innumerable examples in the literature over the past decade of
DNA damaging agents such as camptothecin, etoposide and,
specifically, cisplatin, promoting autophagy which delays apop-
tosis in cancers.”" The point emphasized here is that Mono-Pt
induced cell death in tumor cells via autophagy, while autophagy
induced by DNA damaging agents such as cisplatin is mainly a
cell protective mechanism which delayed cell death. Several lines
of evidences support the hypothesis that inhibition of autophagy
could enhance cisplatin-induced apoptotic cell death in renal
tubular epithelial cells,”” breast cancer MCF-7, 67NR and 4T1

cells, 4

and cervical cancer HeLa cells.”® So it is suggested that
autophagy induced by DNA damaging agents such as cisplatin
is a self-protective mechanism by cells for survival. And this is
why inhibition of autophagy improves cisplatin chemotherapy.
However, in this study, Mono-Pe-induced cell death in human
ovary carcinoma Caov-3 cells was significantly inhibited by a
knockdown of either BECNI or ATGY gene expression, or by
various autophagy inhibitors (Fig. 5), suggesting that autoph-
agy here is a kind of cell death mechanism but not a survival
response, which is distinct from cisplatin. Interestingly, unlike
cisplatin, a novel monofunctional platinum complex Mono-Pt
caused neither conformational change of pUCI9 DNA nor
cell cycle arrest, yet was more potent than cisplatin in killing
various human cancer cells in a nonapoptotic pathway. It is of
interest to ask what the difference is between the DNA binding
with Mono-Pt and the DNA binding with cisplatin. This result
was similar to previous report about platinum-phosphato com-
plexes, which did not show any evidence of covalent binding to
DNA.' However, the detailed mechanisms why Mono-Pt barely
affects DNA remained to be discovered. Actually, monofunc-
tional and bifunctional platinum complexes lacking aromatic
group displayed weaker inhibitory effects on cell proliferation
than those with aromatic groups usually did.?* It is worth notic-
ing that Mono-Pt is more lipid-soluble than cisplatin, indicat-
ing Mono-Pt possibly enters cells more efficiently than cisplatin
does. Here we found in the cellular uptake assay that when the
internalization process was stabilized, the amount of Pt accumu-
lated in cells from Mono-Pt was almost 100-fold more than that
from cisplatin, which could be one possible contributor to the
higher cytotoxic effect of Mono-Pt.
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Taken together, our findings suggest that Mono-Pt-induced
cell death in human ovarian carcinoma cells is mediated by the
caspase-independent autophagic cell death, which is distinct
from cisplatin-induced apoptosis. Our study thus provides a use-
ful chemical probe for the investigation of autophagy in cancer
cells and offers a rationale for the development of monofunc-
tional platinum complexes as effective chemotherapeutic agents
against human ovarian carcinoma in the clinical settings.

Materials and Methods

Cell culture. All tumor cells used in the present study were main-
tained in HG-Dulbecco’s modified Eagle’s medium (4.5 g/L glu-
cose; Invitrogen) supplemented with 10% fetal bovine serum
(FBS, Invitrogen) plus 2 mM glutamine, 50 pg/ml streptomy-
cin and 50 U/ml penicillin. Human ovary carcinoma Caov-3
and Skov-3 cell lines, breast adenocarcinoma MCEF-7 cell line,
colon carcinoma HCT-116 cell line and hepatoma BEL-7402
cell line were purchased from Shanghai Institute of Cell Biology
(Shanghai, China), and were cultured at 37°C in a 5% (v/v) CO,
atmosphere.

Chemicals, reagents and antibodies. Novel monofunctional
platinum (II) complex Mono-Pt was synthesized by our labora-
tory as described previously*? and the purity is 99.4%. Mono-Pt
was dissolved at a concentration of 20 mM in DMSO as a stock
solution, stored at -20°C, and diluted with medium before each
experiment. Cisplatin (10018) was purchased from Shandong
Boyuan Chemical Co., Ltd, dissolved at a concentration of 1
mM in phosphate-buffered saline (PBS) and frozen at -20°C.
Rapamycin (R0395), cycloheximide (18079), actinomycin D
(01815), Hoechst 33342 (14533), pan-caspase inhibitor zVAD.
fmk (C2105), MAPK1/3 inhibitor U0126 (U120), monodansyl-
cadaverine (MDC, 30432), 3-methyladenine (3-MA, M9281),
4',6-diamidino-2-phenylindole (DAPI, D8417), bafilomycin
Al (B1793) and chloroquine (C6628) were purchased from
Sigma Aldrich. The pUC19 DNA (D3219) was purchased from
Takara (Dalian, China). GFP-LC3 plasmid was purchased from
Yingrun Biotechnologies Inc. (Changsha, China). In Situ Cell
Death detection kit (1-684-795) was purchased from Roche
Applied Science. The antibodies used were as follows: anti-
cleaved CASP3 (9664), anti-LC3B (2775), anti-ATG7 (2631),
ATG7 siRNA 1 (6604), anti-BECN1 (3738), BECNI siRNA
I (6222), anti-RPS6KBI (ribosomal protein S6 kinase, 2708),
anti-phospho-RPS6KB1 (Thr389) (9205), anti-RPS6/S6 ribo-
somal protein (2217), anti-phospho-RPS6/S6 ribosomal protein
(Ser235/236) (2211), anti-EIFAEBP1 (eukaryotic translation
initiation factor 4E binding protein 1, 9452), anti-phospho-EIF-
4EBP1 (Thr37/46) (9459), anti-AKT1 (9272), anti-phospho-
AKTTI (Serd73) (4058), anti-phospho-AKT1 (Thr308) (4056),
anti-MAPK1 (ERK2)/MAPK3 (ERK1) antibody (9102), anti-
phospho-MAPK1/3 antibody (Thy202/Tyr204) (9101), anti-
MAPK14 (p38a) (9212), anti-phospho-MAPK14 (Thrl80/
Tyrl82) rabbit mAb (4631), anti-MAPK8 (JNK1) (9252) and
anti-phospho-MAPKS (Thrl183/Tyr185) rabbit mAb (4668) were
purchased from Cell Signaling Technology. Anti-SQSTM1/p62
(P0067) was purchased from Sigma-Aldrich. Anti-LC3 (clone
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4F12) and CASP3 activity kit were purchased from MBL. Anti-
ACTB (sc-1616) and anti-GAPDH (sc-32233) were purchased
from Santa Cruz Biotechnology. Alexa Fluor 488 goat anti-rabbit
IgG (A11008) was purchased from Invitrogen. All other chemi-
cals were purchased from Sigma Aldrich.

Assessment of cell death and apoptosis. Cell death was
assessed by trypan blue exclusion assay. Both floating and adher-
ent cells were collected and stained with trypan blue dye for
5 min at room temperature. Cells were counted by four indepen-
dent hemocytometer counts. Cell death was determined as the
percentage of dead cells over the total number of cells. Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end label-
ing (TUNEL) staining was performed using In Situ Cell Death
detection kit from Roche Applied Science following the manu-
facturer’s instructions.

Cellular platinum uptake. Platinum uptake was assessed as
described previously.> Caov-3 cells (2 x 10°) were plated into
12-well plates and treated with 10 puM Mono-Pt or 10 M cis-
platin for indicated time. After incubation, cells were harvested
and washed twice with PBS. The cell pellets were then heated
in nitric acid followed by the addition of hydrogen peroxide and
hydrochloric acid, and diluted with Milli-Q water (Millipore
Corporation). Platinum analysis was performed on an induc-
tively coupled plasma-mass spectrometer (ICP-MS, VG PQ
ExCell). The experiments were performed in triplicate.

Cell cycle analysis. Cell cycle analysis was determined as
described previously.® The synchronization was performed by
incubating cells in DMEM supplemented with 0.5% FBS for
12 h. Then cells were incubated in fresh DMEM supplemented
with 10% FBS and treated with Mono-Pt or cisplatin for 24 h.
After incubation, cells were harvested, washed with cold PBS and
fixed with 70% ethanol at 4°C overnight. The fixed cells were
washed with PBS, stained with 50 pg/ml of propidium iodide (PI)
containing 100 wg/ml of RNase A and 1% Triton X-100 in the
dark for 45 min, and then subjected to flow cytometric analysis.

Immunofluorescence cytochemistry. For TUNEL assay,
Caov-3 cells adhered to glass were treated with either 50 pM
cisplatin or 10 wM Mono-Pt for 36 h. Then cells were fixed
with 4% paraformaldehyde (40 min, room temperature) and
stained with TUNEL-FITC (1:100). For the LC3 assay, Caov-3
cells adhered to glass were treated with either 50 WM cisplatin
or 10 pM Mono-Pt or 2 wM rapamycin for 24 h. Then cells
were fixed with 4% paraformaldehyde (40 min, room tempera-
ture), stained with anti-LC3 antibody (1:100), and detected
with a secondary antibody (Alexa Fluor 488 goat anti-rabbit
IgG, 1:1000, Invitrogen). The coverslips were counterstained
with 0.1 pg/ml DAPI and imaged by fluorescence microscopy.
In another set of experiments, Caov-3 cells transfected with
GFP-LC3 (LC3 tagged with green fluorescent protein) cDNA
were treated with 10 M Mono-Pt in the presence or absence of
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2 mM 3-methyladenine (3-MA) for 24 h. The formation of vacu-
oles containing GFP-LC3 (dots) was examined by fluorescence
microscopy (BX51TRF, Olympus).

Western blot. Proteins were extracted in lysis buffer (30 mM
Tris, pH 7.5, 150 mM sodium chloride, I mM phenylmethylsul-
fonyl fluoride, 1 mM sodium orthovanadate, 1% Nonidet P-40,
10% glycerol, and phosphatase and protease inhibitors), sepa-
rated by SDS-PAGE and electrophcoretically transferred onto
polyvinylidene fluoride membranes (Roche Applied Science).
The membranes were probed with antibodies overnight at 4°C,
and then incubated with a horse radish peroxidase-coupled sec-
ondary antibody. Detection was performed using a LumiGLO
chemiluminescent substrate system (KPL). Band intensity was
quantified by BandScan software (Glyko).

Transmission electron microscopy assay. Cells were cultured
in 100 mm dishes and treated with 10 wM Mono-Pt or 50 pM
cisplatin for indicated times. After incubation, approximately 1 x
107 treated cells were harvested in a 1.5 ml microcentrifuge tube
for each sample. Cells were washed with cold PBS once and fixed
with fixation solution (4% paraformaldehyde, 0.25% glutaralde-
hyde in 0.1 M phosphate buffer) at 4°C overnight. Then samples
were embedded and sectioned, and finally observed under trans-
mission electron microscopy (Hitachi).

Visualization of MDC-labeled vacuoles. Autophagic vacu-
oles were labeled with MDC by incubating tumor cells grown on
coverslips with 0.05 mM MDC in PBS at 37°C for 10 min. After
incubation, cells were washed four times with PBS and imme-
diately analyzed by fluorescence microscopy using an inverted
microscope (BX51TRF, Olympus) equipped with a filter system
(excitation, 380 to 420 nm; emission, 450 nm).

Statistical analysis. Data are expressed as mean + SEM.
Student’s t-test and one-way ANOVA test were used for statistical
analyses of the data. All statistical analyses were conducted using
SPSS 10.0 statistical software (SPSS). Cases in which p values of
< 0.05 or < 0.01 were considered statistically significant.
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