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INTRODUCTION

Malignant melanoma is an aggressive skin cancer and worldwide its incidence is increas-
ing faster than any other cancer. Although, melanoma accounts for less than 2% of all skin 
cancers, it is responsible for the vast majority of skin cancer deaths (American Cancer 
Society, 2015). The first chemotherapeutic agent approved by the FDA to treat melanoma 
was dacarbazine; however, only 10–20% of patients treated with this drug showed a sig-
nificant response (Tentori et al., 2013). Importantly, despite its moderate effect, dacarbazine 
continues to be the standard treatment for metastatic melanoma simply because no other 
chemotherapy has yet been shown to have a better survival benefit. Recently, temozolomide 
(TMZ), an imidazotetrazine analog, has been investigated in a randomized multicenter 
phase III trial in the treatment of metastatic melanoma (Patel et  al., 2011). In comparison 
to a median overall survival of 9.1 months with dacarbazine, TMZ treatments resulted in a 
median overall survival of 9.4 months. Platinum [Pt(II)] analogs such as cisplatin and car-
boplatin have also been used in metastatic melanoma treatment either alone or in combina-
tion with other treatments. Recently, palladium (Pd) complexes have been reported to exert 
a significant antitumor activity in cisplatin resistant cells, including melanoma, and to have 
less side effects than cisplatin (Aliwaini et al., 2013, 2014).

Most chemotherapeutic drugs are alkylating agents that generate single- and double-
strand breaks in the DNA, leading to the activation of apoptotic pathways (Aliwaini et al., 
2013). However, some alkylating chemotherapeutic drugs, including TMZ, have also been 
shown to induce autophagy in cancer cells (Rangwala et al., 2014). Indeed, several studies 
have confirmed a complex cross-talk between apoptosis and autophagy, while some studies 
indicate that autophagy inhibits the process of apoptosis (Rangwala et al., 2014), others sug-
gest a role for autophagy in the induction of cell death (Tomic et al., 2011). It would, how-
ever, appear that these opposing roles of autophagy depend, in part, on both the cell type 
and the chemotherapy used. This chapter reviews the induction of autophagy and apoptosis 
in melanoma cells treated with palladacycle complexes.

Abstract
Recently palladium (Pd) complexes have attracted a lot of interest as chemotherapeutic agents because they 
have been shown to exert a significant cytotoxic effect on cancer cells. Importantly, Pd complexes have been 
shown to exert antitumor activity in cisplatin resistant cells and to have less side effects than cisplatin, a 
widely used platinum-based chemotherapeutic agent. This led to suggestions that Pd(II) compounds may 
have different mechanisms of action from those of cisplatin, but this is still unresolved. It is, however, gener-
ally accepted that the cytotoxic effects exerted by most metal-based compounds result from their capacity 
to trigger DNA double-strand breaks which activate a canonical DNA damage signaling pathway through 
activating ataxia telangiectasia mutated (ATM), the checkpoint kinase 2 (CHK2), and the tumor suppres-
sor protein p53. These proteins play an important role in deciding cell fate in response to DNA damage 
through transactivating the cyclin-dependent kinase inhibitor p21 as well as pro-apoptotic proteins. While 
most chemotherapeutic agents have been described to induce cell death via apoptosis, there is increasing 
evidence that they can also function by initiating mitotic catastrophe and autophagy. Indeed, several stud-
ies have confirmed a complex cross-talk between apoptosis and autophagy, but while some studies indicate 
that autophagy inhibits the process of apoptosis, others suggest a role for autophagy in the induction of cell 
death. It would, however, appear that these opposing roles of autophagy depend, in part, on both the cell 
type and the chemotherapy used.
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APOPTOSIS

“Apoptosis” is an ancient Greek word which means “leaves falling from a tree,” and bio-
logically it was the first programmed cell death to be identified. Apoptosis can be classified 
into two main pathways: caspase-dependent and caspase-independent apoptosis. The best 
known mechanism is the caspase-dependent apoptosis which includes extrinsic (receptor-
mediated) and intrinsic (mitochondria-mediated) pathways.

Intrinsic Apoptosis

The intrinsic or mitochondrial mediated apoptosis is activated by intracellular signals 
such as DNA damage, hypoxia, and endoplasmic reticulum (ER) stress. The main media-
tors of intrinsic apoptosis are the Bcl-2 family proteins which include the antiapoptotic 
subfamily (Bcl-2 and Bcl-xl) and the pro-apoptotic subfamily (Bax, Bok, Bak, and the BH3 
domain-only proteins including Bid, Bad, Bim, and PUMA) (Yan et al., 2008). Bax and Bak 
are considered the main pro-apoptotic proteins and their activation results from a very 
controlled process where they are translocated from the cytoplasm to the outer mitochon-
drial membrane (OMM). The main role of Bax/Bak in the intrinsic apoptosis pathway is 
to permeabilize the mitochondrial membranes and allow efflux of apoptotic factors such 
as cytochrome c through a poorly understood mechanism (Yan et al., 2008). Upon permea-
bilization of the mitochondria, cytochrome c is transported to the cytoplasm and inter-
acts with apoptosis protease activating factor 1 (Apaf-1) to trigger apoptosome assembly. 
The apoptosome, a heptameric platform, then activates caspase 9 which, in turn, acti-
vates downstream effector caspases such as caspase 3 and caspase 7. This starts a proteo-
lytic cascade which results in the degradation of different cellular structures and leads to 
cell death. In healthy cells there are low levels of Bax/Bak in the OMM, but it has been 
observed that Bax moves back and forth continuously from the cytoplasm to the mito-
chondria. The antiapoptotic Bcl-2/Bcl-xl proteins are found to retro-translocate Bax to the 
cytoplasm by an unknown mechanism. Several factors such as p53 and BH3-only have 
been shown to be responsible for sending Bax/Bak to the mitochondria and for triggering 
changes in its conformation.

Extrinsic Apoptosis

The extrinsic apoptotic pathway is initiated when cell death ligands bind to death 
receptors such as TNF-1, CD95 (Fas/Apo-1), DR3, DR4, DR5, and DR6. This induces 
conformational changes in the intracellular domains of the death receptors, result-
ing in their activation. The now active death receptors recruit apoptotic proteins to 
form a death-inducing signaling complex (DISC) which activates a caspase cascade 
and initiates extrinsic apoptosis. The initiator procaspases 2 or 8 must be recruited to 
this complex to trigger the extrinsic apoptotic pathway irreversibly. In response to cis-
platin treatment of a number of cancer cell lines such as ovarian carcinoma, osteosar-
coma, melanoma, and lung cancers it would appear that caspase 8, and not caspase 2, is 
involved (Paul et al., 2012).



II. ROLE IN DISEASE

12. INdUCTION Of AUTOPHAgy ANd APOPTOsIs IN MELANOMA TREATEd WITH PALLAdACyCLE COMPLExEs234

AUTOPHAGY IN MELANOMA

Autophagy is a tightly regulated fundamental catabolic process that maintains cellu-
lar homeostasis and promotes cell survival under conditions of stress. During autophagy, 
double-membrane vesicles known as autophagosomes engulf misfolded proteins, 
damaged organelles, and superfluous cell contents that are targeted for degradation. 
Autophagolysosomes are formed when autophagosomes fuse with hydrolase containing 
lysosomes, after which the cargo is degraded into basic biomolecules and recycled back 
into the cell for reuse. The formation of the autophagosome is regulated by the action of 
autophagy-related (Atg) proteins of which Beclin-1 and microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3) are key components. Beclin-1, sequestered by Bcl-2 under 
nutrient-rich conditions, is crucial for initiation of autophagosome formation and regula-
tion of the autophagic process (Yang and Klionsky, 2010). LC3-I, a cytosolic form of LC3, 
is conjugated to phosphatidylethanolamine forming the autophagosomal membrane bound 
form, LC3-II. This conversion of LC3 is widely used to detect and monitor autophagy. 
Furthermore, LC3-II is degraded in the autophagosomal lumen after lysosomal fusion and 
this turnover of LC3 is an indicator of autophagic flux.

The regulatory mechanism of autophagy has been partially revealed; however, the func-
tion of autophagy in cancer is still a topic of debate. There is substantial evidence suggest-
ing that the functions of autophagy in cancer are contradictory and context-specific. During 
normal homeostasis, the basal level of autophagy provides very important homeostatic and 
housekeeping functions, and decreased expression of autophagy-related proteins is linked 
to the initiation and/or progression of cancer. The other face of autophagy is that it can pro-
mote the survival of established tumors by providing extra energy. Whether autophagy is 
an executor of cell death is still a matter of debate, but in certain settings, it is a required 
process in combination with other pro-death signals. The induction of autophagic cell 
death may also be used to target certain types of cancer cells with defects in apoptosis. 
The role of autophagy in cancer treatment is also very complex. As one of the most impor-
tant mechanisms to tolerate cytotoxic stresses, autophagy confers anticancer drug resist-
ance and enables eventual tumor recurrence after long-term cytotoxic treatment. Indeed, 
in many experimental settings the inhibition of autophagy has been shown to be an effi-
cient approach to enhance therapeutic benefits (Yang et al., 2010). Whether the autophagic 
response to chemotherapy is an attempt to support cancer cell survival or the cause of death 
is still controversial and may be context dependent.

Autophagy as a Tumor Suppressor Mechanism

Allelic loss and deletions of Beclin-1 (Atg6) correlate with the development of differ-
ent types of cancers in humans and mice (Qu et al., 2003). In melanoma and several other 
cancers, mutations leading to activation of the serine/threonine kinase Akt are frequent 
(Altomare and Testa, 2005). Akt enhances cell survival directly by inhibiting several pro-
apoptotic proteins including Bad and Bax and indirectly by phosphorylation and activa-
tion of MDM2, which antagonizes p53-mediated apoptosis. Moreover, Akt suppresses 
autophagy by activation of mTOR, which inhibits the autophagy-initiating complex also 
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called ULK1 kinase complex, and by mediating Beclin-1 phosphorylation (Wang et  al., 
2012). Interestingly, more recent studies show that Atg5 inhibits proliferation and induces 
senescence in melanoma cells. Not surprisingly, Atg5 has been found to be downregulated 
in primary melanomas compared to benign nevi, leading to a reduction of basal autophagy 
as evidenced by reduced expression of LC3-II. This is in agreement with earlier results 
which indicated that both LC3-II and Beclin-1 proteins are downregulated in melanoma 
compared to benign nevi (Miracco et al., 2010). These results suggest that downregulation 
of Atg5 contributes to tumorigenesis in early-stage cutaneous melanoma, and that the level 
of Atg5 and LC3-II correlates with melanoma diagnosis and prognosis. Other important 
autophagy proteins (i.e., UVRAG, Atg4, Atg5, Atg2b, Atg9b, Bif-1) are also lost or mutated 
in various human cancers. In addition, the autophagy complex PI3KC3–Beclin-1 has been 
shown to prevent the ubiquitination and degradation of p53 by stabilizing the deubiquit-
inating enzymes USP13 and USP10 (Liu et  al., 2014). Interestingly, autophagy may also 
induce senescence, a mechanism critical to preventing melanoma initiation and progression 
(Liu et al., 2014). Indeed, senescence and cell death induced by autophagy were observed 
in melanoma cells with high levels of oncogenic mutated BRAF (mBRAF). Importantly, 
downregulation of BRAF or inhibition of autophagy, but not inhibition of apoptosis, res-
cued growth inhibition and cell death caused by high mBRAF. Taken together these studies 
reveal that autophagy and autophagy-related proteins may activate or support antitumor 
mechanisms including senescence and cell death.

Autophagy Supports Tumor Progression and Metastasis

There is a growing body of evidence suggesting that autophagy may be employed by 
cancer cells as a highly plastic and dynamic mechanism to support the survival and growth 
of established tumors (Maes et  al., 2013). Autophagy may support tumor growth particu-
larly in the early stages of tumor progression by providing tumor cells with nutrients under 
the severe conditions of nutrient- and oxygen-shortage. Indeed, metastatic melanoma 
cells display an “autophagy addiction” that is required to maintain their energy balance. 
For example, under stress conditions, human melanoma cells can augment autophago-
some formation, and inhibition of autophagy by knocking down Atg5 reduces melanoma 
cell survival (Jiang et al., 2014). These observations are supported by another study which 
showed that inhibition of autophagy induces spontaneous melanoma cell death (Ma et al., 
2014). Interestingly, autophagy inhibition has been shown to be coupled with the metabolic 
shift from oxidative phosphorylation to glycolysis in metastatic melanoma cells, which sug-
gests that these cells depend on autophagy to support energy metabolism and allow growth 
under conditions of energy deficiency and metabolic stress (Maes et al., 2014).

The Expression of Atg Proteins in Melanoma Specimens

To understand the role of autophagy in melanoma progression in vivo, several studies 
have investigated the level of autophagy in melanoma specimens using immunostaining 
techniques with antibodies to Atg proteins. However, the results obtained from these stud-
ies were conflicting which may be in part due to the heterogeneity of the melanoma tumors 
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used in each study. In a panel of 12 cases of cutaneous malignant melanoma, autophago-
somes were detected by immunohistochemistry with an antibody to LC3-II and by electron 
microscopy (Lazova et al., 2010). In this study, the melanoma cells exhibited a heterogene-
ous vesicular pattern in the cytoplasm, whereas normal melanocytes were only faintly 
LC3-II-positive. These findings were supported by a large-scale autophagy study which 
investigated the expression levels of LC3-II and Beclin-1. Melanoma cells with vasculogenic 
mimicry (VM) (an alternative type of blood supplement that is responsible for aggressive 
tumor behavior) displayed high levels of autophagy. Furthermore, real-time quantitative 
PCR and immunohistochemical analyses revealed that, compared to VM-negative mela-
noma, the expression levels of both Beclin-1 and LC3-II proteins were higher in VM-positive 
melanoma. Additionally, the level of LC3-II was strongly associated with advanced meta-
static melanomas and poor clinical prognosis. A similar conclusion was reported by 
Sivridis et al. (2011) who showed a diffuse and variably cytosolic expression of LC3-II and 
Beclin-1 in 79 cases of nodular melanomas. High Beclin-1 expression levels were observed 
in hypoxic areas in some melanoma specimens, and this was linked to an increase in early 
deaths. Furthermore, another study revealed that whereas normal melanocytes display 
moderate cytoplasmic staining of LC3-II, melanoma cells from different stages of tumor pro-
gression exhibit heterogeneous LC3-II expression (Miracco et  al., 2010). These conflicting 
results may be due to the different LC3 antibodies used which may recognize different LC3 
isoforms (LC3A or LC3B).

THE DUAL ROLE OF AUTOPHAGY IN MELANOMA TREATMENTS

Accumulating evidence indicates that autophagy can be induced by different types of 
chemotherapy, and that it plays a critical role in determining how tumor cells respond 
to the treatment. In many cases, autophagy can be activated as a pro-survival response 
(Table 12.1) to promote resistance to the cancer therapy. In these instances, the inhibition 
of autophagy enhances drug-induced cell death. However, other studies have demon-
strated that some anticancer agents exert their cytotoxicity by inducing autophagy as a 
cell death mechanism (Table 12.1). In line with the latter observations, efforts have been 
made to focus on the design of novel drugs that can induce autophagy. The inhibition of 
the pro-survival pathway, AKT/mTOR, has the most potential for such therapies because 
it triggers cell cycle arrest, autophagy, and apoptosis as cell death mechanisms (Aliwaini 
et al., 2013). Indeed, MK-2206, everolimus (RAD001), and temsirolimus specifically inhibit 
mTOR, and have been used successfully for the treatment of melanoma, renal cell carci-
noma, mantle cell lymphoma, and pancreatic tumors (Dancey, 2010). It has been shown 
that everolimus reduces tumor mass very efficiently in vivo by mainly autophagic cell 
death. Moreover, everolimus showed strong antitumor activity in patients with advanced 
pancreatic tumors and daily treatment with this drug was well tolerated by patients with 
metastatic renal cell cancer (Dancey, 2010). It would appear that autophagy may function 
as a cell survival or cell death mechanism depending on the cancer cell type and/or the 
chemotherapeutic agent used.
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CROSS-TALK BETWEEN APOPTOSIS AND AUTOPHAGY

Several cancer therapies induce both apoptosis and autophagy at the same time and 
there is evidence suggesting a cross-talk between these two processes, and that they may 
impact on one another. For example, while disruption of apoptosis by inhibiting different 
caspases increased autophagic cell death, blocking autophagy has been shown to potentiate 
both intrinsic and extrinsic apoptotic cell death pathways (Gordy and He, 2012). A study 
by Yu et al. (2004) showed that inhibition of caspase 8 with a pharmacological inhibitor led 
to high levels of cell death in human U937 monocytoid and mouse L929 fibroblastic cells. 
Using transmission electron microscopy, these cells were confirmed to display no apoptotic 
features but showed an increase in several large double-membrane autophagic vacuoles. In 
the same study, the authors demonstrated that inhibition of both apoptosis and autophagy 
blocked cell death, suggesting that both processes function as cell death mechanisms and 
that the one can possibly compensate for the other.

The apoptotic caspase and calpain family members provide important points of cross-
talk between apoptosis and autophagy (Fig. 12.1). Active members of these families cleave 
Beclin-1, Atg4, and Atg5 proteins, and once cleaved, Beclin-1 (N- and C-terminal) is unable 
to interact with Vps34 to facilitate autophagy (Li et al., 2011). Results obtained from several 
other studies indicate that the balance between cleaved and full-length Beclin-1 may also 
determine the equilibrium between apoptosis and autophagy (Wirawan et al., 2010). While 
full length Beclin-1 mediates autophagy, cleaved Beclin-1 (C-terminal fragment) localizes 

TABLE 12.1 Examples of Cancer Therapies Reported to Induce Autophagy in Melanoma Cells which 
Results in Either Cell survival (drug Resistance) or Cell death

Anticancer Drug Effect of Autophagy Mechanism of Action References

G-quadruplex ligands Pro-survival Protects from DNA damage 
induced by the drug

Orlotti et al. (2014)

Sanguilutine Pro-survival Delays the induction of 
necroptosis

Hammerová et al. (2012)

Paclitaxel and carboplatin Pro-survival Hinders cell death Rebecca et al. (2014)

MK-2206 Pro-survival Hinders cell death through 
decreasing generation of ROS

Rebecca et al. (2014)

Vemurafenib Pro-survival Prevents cell death and 
induces drug resistance

Ma et al. (2014)

Metformin Pro-cell death Enhances apoptosis Tomic et al. (2011)

5-aminolevulinic acid Pro-cell death Autophagic cell death Sparsa et al. (2013)

Polyinosinepolycytidylic acid Pro-cell death Enhances apoptosis Hossain et al. (2012)

Terfenadine Pro-cell death Autophagic cell death Nicolau-Galmés et al. (2011)

JG-03-14 Pro-cell death Autophagic cell death Biggers et al. (2013)
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predominantly in the mitochondria and sensitizes the cells to apoptosis (Wirawan et  al., 
2010). Caspase 3 cleaves Atg4 which is required for autophagy, but cleaved Atg4 was also 
shown to be located at mitochondria, but it is unclear whether it plays a role in apopto-
sis. Other apoptotic regulators upstream of caspase 8 also appear to impact on autophagy. 
It has been reported that the DISC can activate autophagy when caspase 8 is inactive (Yu 
et al., 2004). Furthermore, activation of Fas-associated protein with death domain, an extrin-
sic apoptotic pathway regulator, resulted in high levels of autophagic cell death in cells with 
defective extrinsic apoptotic machinery. Taken together these observations may suggest 
that apoptosis regulates autophagy negatively, and that the inhibition of apoptosis leads to 
autophagic cell death as an alternative cell death mechanism.

Autophagy, on the other hand, can modulate apoptosis, and several studies have focused 
on its negative regulation of apoptosis. For example, the failure of TRAIL treatment to 
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FIGURE 12.1 Cross-talk between apoptosis and autophagy. Autophagy and apoptosis share common signaling 
pathways and exhibit some degree of mutual inhibition. During sustained cellular stress, caspase-mediated cleav-
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activation of Bid by Beclin-1. Source: Modified from Kang et al. (2011).
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kill aggressive colon cancer is thought to result, in part, from the cytoprotective effects of 
autophagy. This may have resulted from autophagy inhibiting apoptosis because when 
autophagy was inhibited apoptosis was induced (Hou et  al., 2008). Although different 
mechanisms have been proposed for how TRAIL-induced autophagy may modulate apop-
tosis, the exact mechanism remains to be elucidated. It has, however, been suggested that 
one mechanism is by the degradation of apoptotic proteins in autophagic vacuoles.

Several studies have shown that autophagy may also enhance apoptosis (Hossain et  al., 
2012; Tomic et al., 2011). Hossain et al. (2011) evaluated the role of autophagy induced by a 
natural triterpenoid (GA-DM) in melanoma cells. Results showed a significant increase in 
Beclin-1 protein expression at 3–6 h after GA-DM treatment which declined after 12 h of treat-
ment due to Bcl-2-binding Beclin-1 (Hossain et al., 2012). Beclin-1 plays a pivotal role in the 
cross-talk between autophagy and apoptosis as it inactivates the antiapoptotic protein Bcl-2, 
and triggers caspase-dependent apoptosis (Ma et al., 2014). This indicates that the cross-talk 
between autophagy and apoptosis may be an important mechanism of action for effective 
antitumor drug responses, which can be exploited for melanoma therapies. All these conflict-
ing observations indicate that further investigations are required to gain greater insight into 
the cross-talk between the apoptotic and autophagic pathways, and more efforts in this field 
will be critical in developing new approaches and therapies for cancer.

The following sections will focus on the impact of Pd-based compounds on autophagy 
and apoptosis and their potential as chemotherapeutic agents to treat melanoma.

Pd-BASED COMPOUNDS

Recently, Pd complexes, especially Pd(II) species, have been reported to exert signifi-
cant cytotoxic effects against cancer cells (Ulukaya et al., 2011). Importantly, they have been 
shown to exert antitumor activity in cisplatin resistant cells and have less side effects than 
cisplatin. While Pd(II) complexes are 105 times chemically more active than their Pt(II) 
analogs, many Pd(II) compounds were previously shown to have low antitumor activity. 
However, this low anticancer activity has now been attributed to the rapid hydrolysis of 
the ligands which in many cases dissociates readily in solution. This results in very reactive 
species which are assumed to undergo further chemical transformations, preventing them 
from reaching their pharmacological targets. The development of effective antitumor Pd(II) 
drugs, therefore, requires strong stabilization, such as coordination by nitrogen ligands 
and incorporation of suitable chelating groups, to prevent such dissociation. In this regard, 
many studies have focused on the preparation of Pd(II) complexes bearing one (mononu-
clear), two (dinuclear), or more (multinuclear) Pd(II) centers with different types of ligands 
to stabilize these compounds. The most common types of ligands used in stabilizing Pd(II) 
compounds are described below.

Bidentate Nitrogen Ligands

Spermidine and its derivative spermine are natural polyamines known to be essential 
regulators of various cellular processes including DNA stability, cellular growth, differen-
tiation, and apoptosis. Because of their relevant biological activity, several research groups 
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have used them as chelating ligands to stabilize novel anticancer Pd(II) compounds. An 
early study by Navarro-Ranninger et  al. (1993) reported the synthesis of dichloro Pd(II) 
complexes with spermidine and spermine ligands. The compounds were assayed for in 
vitro antiproliferative activity against breast cancer cells (MDA-MB-468) and human leuke-
mia cells (HL-60) and showed potential cytotoxic activity. In another study, the cytotoxicity 
of a dinuclear Pd(II) compound chelated with a spermine ligand, Pd2-Spm [(PdCl2)2(spm), 
(spm = spermine, H2N(CH2)3NH(CH2)4NH(CH2)3NH2)] was compared in breast cancer cell 
lines and the BJ untransformed fibroblast cell line (Fiuza et al., 2011). This compound exhib-
ited strong antiproliferative effects preferentially toward estrogen receptor-positive (MCF7) 
and estrogen receptor-negative (MDA-MB-231) breast cancer cell lines. The results showed 
that it was more effective against the MDA-MB-231 breast cancer cells which are notoriously 
unresponsive to current chemotherapeutic treatments.

Other examples of bidentate nitrogen containing ligands that have also been used to 
stabilize Pd(II) complexes are the aromatic N-heterocyclic ligands like pyridine, quino-
line, 1,10-phenanthroline, and their derivatives. Some of these ligands are able to interca-
late DNA and have been shown, in combination with Pd(II) salts, to be effective against 
experimental tumors in animals, as well as human cancers. For example, while the ligand 
2,6-dimethyl-4-nitro-pyridine (dmnp) on its own displayed anticancer activity in dif-
ferent cancer cell lines including SW707 (adenocarcinoma of the rectum), T47D (breast 
cancer), HCV (bladder cancer), and A549 (nonsmall cell lung carcinoma), when co-ordi-
nated to Pd(II) in the complex [Pd(dmnp)2Cl2], it was found to be much more efficient 
(Kuduk-Jaworska et  al., 2004). Indeed, Pd(dmnp)2Cl2 was more effective than cisplatin 
in lung, liver, and breast cancer cell lines tested. Moreover, Opolski et  al. (2000) showed 
that Pd(dmnp)2Cl2 had the strongest activity against the T47D breast cancer cell line 
which is known to be poorly responsive to Pt(II)-based drugs. Another study investi-
gated the antitumor activity of three Pd(II) complexes of the form: trans-PdCl2L2 (where 
L = 3-hydroxypyridine, 2-hydroxypyridine, or 4-hydroxypyridine, code named TH5, TH6, 
and TH7, respectively) (Huq et  al., 2007). While all three complexes were generally less 
active than cisplatin against ovarian cancer cells, TH6 was effective against the cisplatin-
resistant ovarian cancer cell line, A2780cisR (IC50 ± SD = 5.6 ± 0.1 μM compared to cisplatin 
IC50 ± SD = 12.9 ± 0.4 μM). In more recent studies, the bioorganic and medicinal chemistry 
of 2,2ʹ:6ʹ,2ʺ-terpyridine (terpy) was further used in the synthesis of a group of novel Pd(II) 
and Pt(II) complexes (Ulukaya et al., 2011). The Pd(II) complex [Pd(sac)(terpy)](sac)·4H2O], 
where sac = saccharinate was found to exhibit significant cytotoxic effects against MCF7 
and MDA-MB-231 breast cancer cells (Ulukaya et al., 2011). Very recently, two novel com-
pounds [PtCl2(L)] and [PdCl2(L)] (where L = 2-deoxy-2-[(2-pyridinylmethylene)amino]-α-
d-glucopyranose):Dichloro (2-deoxy-2-[(2-pyridinylmethylene)amino]-α-d-glucopyranose) 
were synthesized and tested against cisplatin-resistant gastric cancer cells (Tanaka et  al., 
2013). The study showed that [PdCl2(L)] was able to induce a high level of apoptosis and to 
overcome cross-resistance to cisplatin both in vitro and in vivo.

Phosphine Ligands

It has been suggested that the organometallic biphosphine-based cyclopalladated 
complexes comparatively are more stable and less toxic and that they could have more 



II. ROLE IN DISEASE

241ANTITUMOR ACTIVITy Of Pd-BAsEd COMPOUNds IN MELANOMA 

specific antitumor activity in vivo. In this regard four novel Pd(II) compounds derived from 
2-oxo-1,2-dihydroquinoline-3-carbaldehyde thiosemicarbazones with triphenylphosphine 
as coligands have been investigated for possible antitumor activity (Ramachandran et  al., 
2013). The compounds exhibited significant reduction in cell viability accompanied with 
a cell cycle arrest in skin, liver, and cervical cancer cells. Other studies showed that cyclo-
palladated complexes derived from dppf [1,1ʹ-bis(diphenyl-phosphino)ferrocene] were able 
to induce apoptosis in K562, HL60, and Jurkat leukemia cell lines (Oliveira et al., 2009).

A group of dinuclear Pd(II) compounds, biphosphinic cyclopalladated, were produced 
and tested in vitro and in vivo against melanoma B16F10-Nex2 cells (Rodrigues et  al., 
2003). Out of the seven compounds tested in this study, three compounds showed a robust 
cytotoxic effect in vitro with an IC50 lower than 1.25 µM. One of the compounds, C7a sig-
nificantly inhibited the growth of melanoma tumors, and its antitumor activity was further 
enhanced when combined with immunotherapy. More recent reports described the antican-
cer properties of another complex, compound 7b, in human leukemia cells, which induces 
cell death via mitochondrial apoptosis (Moraes et al., 2013).

ANTITUMOR ACTIVITY OF Pd-BASED COMPOUNDS  
IN MELANOMA

Induction of Apoptosis and Autophagy

While most chemotherapeutic agents are known to induce the intrinsic apoptotic path-
way, some studies showed that Pd-based compounds induce markers of both the intrin-
sic (upregulation of PUMA and Bax, downregulation of Bcl-2, and release of cytochrome c 
from the mitochondria) and extrinsic (active caspase 8) pathways (Aliwaini et  al., 2013; 
Moraes et al., 2013). This is particularly interesting because resistance to many chemothera-
peutic drugs results from defects within the intrinsic apoptotic pathway and the develop-
ment of drugs that target the extrinsic pathway may circumvent this problem. Furthermore, 
increased expression of antiapoptotic Bcl-2 family proteins is associated with drug resist-
ance and poor clinical outcome. We recently reported that the Pd compound (AJ-5), a binu-
clear complex with 1,2-bis(diphenylphosphino)ethane as coligand, is able to significantly 
inhibit Bcl-2 in melanoma cells (Aliwaini et al., 2013). It is worth noting that cisplatin treat-
ment, used as a control in our study, led to an increase in Bcl-2 levels in the metastatic mel-
anoma cells WM1158 after 48 h which may suggest a possible reason why AJ-5 was more 
effective than cisplatin in these cells. These observations are consistent with results from 
another study in which WM1158 and BML metastatic melanoma cell lines were treated with 
cisplatin (Matin et al., 2013). The inhibitory effect of AJ-5 on Bcl-2 levels is exciting in light of 
different strategies being proposed for targeting Bcl-2 and its related antiapoptotic proteins 
in the treatment of cancers.

AJ-5 was also shown to induce autophagy in advanced melanoma cells, and inhibition of 
autophagy by several mechanisms significantly decreased the level of PARP cleavage and 
cell death. This suggests that autophagy induced by AJ-5 is a cell death mechanism and sup-
ports the theory that whether autophagy functions as a cell survival or cell death mecha-
nism depends on the cancer cell type and/or the chemotherapy used.
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Mechanisms of Antitumor Activity of Pd-Based Compounds

While there is substantial evidence suggesting that Pd(II)-based complexes exert their 
anticancer effects by inducing cell cycle arrests, apoptosis and autophagy, very little is 
known regarding the molecular basis of their action. Indeed, to the best of our knowledge, 
there are only a few reports that contribute to a detailed understanding of how they ini-
tiate their anticancer activity and two mechanisms have been proposed. One mechanism 
involves the induction of DNA damage and the other suggests that Pd(II)-based compounds 
target specific organelles such as mitochondria, ER, and lysosomes (Ulukaya et al., 2013).

Induction of DNA Damage

Based on the structural similarity between Pd(II) and Pt(II) ions, it was suggested that 
Pd(II)-based compounds might also induce their cytotoxic effects via a mechanism involv-
ing the induction of DNA damage. In agreement with this proposal, some studies showed 
that Pd(II)-based compounds increase the level of γH2AX, a marker of double-strand DNA 
breaks, in different types of cancer cells (Fiuza et al., 2011; Tanaka et al., 2013; Ulukaya et al., 
2013). In a very recent study, a novel Pd(II)-based compound [PdCl(terpy)](-sac)·4H2O 
(where sac = saccharinate, and terpy = 2,2ʹ:6ʹ2ʺ-terpyridine) was shown to exhibit strong 
antitumor activity against a number of prostate cancer cell lines (Ulukaya et  al., 2013), 
resulting in high levels of γH2AX that was accompanied by an increase in cells with sub-G1 
DNA content and induction of apoptosis and autophagy. In advanced melanoma cells, AJ-5 
also induced DNA damage as evidenced by an induction of γH2AX and phosphorylation of 
ataxia telangiectasia mutated (ATM) kinase at Ser1981 and its substrate checkpoint kinase 2 
(CHK2) at Thr68 (Aliwaini et al., 2013). Importantly, p53 levels increased in both advanced 
melanoma cell lines following AJ-5 treatment, which correlated with an increase in levels 
of the cell cycle regulator p21. However, while elevated levels of p21 followed the upregu-
lation of p53 in the vertical growth phase ME1402 cells, it preceded p53 induction in the 
metastatic WM1158 cells. Furthermore, knocking down p53 in both melanoma cell lines did 
not affect the AJ-5-induced p21 response and apoptosis, which suggests that AJ-5-induced 
cell death was independent of p53 in these melanoma cell lines. Previous studies have 
shown that CHK2 activated by DNA damage can induce p21 transcription in the absence 
of a functional p53 and that this contributes to CHK2-mediated cell cycle arrest and apopto-
sis (Wansleben et al., 2013). It is, therefore, possible that the p53-independent AJ-5-induced 
cytotoxicity could be mediated by the CHK2-p21 pathway.

Targeting Organelles

As indicated earlier, there are also reports suggesting that the antitumor activity of Pd(II) 
complexes results mainly from organelle-specific actions, such as lysosomal and mitochon-
drial membrane permeabilization, rather than through DNA interactions. For example, 
cyclopalladated complexes derived from dppf [1,1ʹ-bis(diphenyl-phosphino)ferrocene] were 
able to induce lysosomal permeabilization in the K562, HL60, and Jurkat leukemia cell lines, 
which resulted in the release of cathepsin B and apoptotic cell death (Oliveira et al., 2009). 
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Similarly, Rodrigues et al. (2003) and Moraes et al. (2013) synthesized a group of palladacy-
clic compounds from the reactions of dmpa (N,N-dimethyl-1-phenethylamine) with diphe-
nyl phosphine derivatives and studied their anticancer effects in several cancer cell lines. 
One of the compounds, C7a, was further tested in vivo and the promising results obtained 
motivated this group to investigate the mechanism underlying its antitumor activity 
(Serrano et al., 2011). The data showed that C7a interacts with thiol groups on the mitochon-
drial membrane proteins, inducing Bax translocation from the cytosol to the mitochondria; 
hence, disrupting the mitochondrial membrane potential. Importantly, C7a treatment signif-
icantly decreased the cytoplasmic ATP levels and activated the apoptotic effector caspases 
in mouse melanoma cells. More recently, the same group reported on the anticancer activ-
ity of another palladacycle compound named compound 7b against the K562 human leu-
kemia cells (Moraes et  al., 2013). The compound 7b oxidized protein thiol residues in the 
membrane causing dissipation of the mitochondrial transmembrane potential and leading 
to an induction of the intrinsic apoptotic pathway. AJ-5 treatment resulted in severe mito-
chondrial loss in metastatic melanoma cells as shown in Fig. 12.2B. This was also confirmed 
in breast cancer cells where AJ-5 treatment induced abundant cytoplasmic distribution of 
cytochrome c. While these results suggest that Pd-based compounds might target specific 
organelles such as mitochondria, the exact molecular mechanism(s) of cell death induced by 
Pd(II) compounds has yet to be elucidated.

Signaling Pathways Affected by Pd-Based Compounds

Investigations into the mechanisms by which chemotherapeutic drugs kill tumor cells 
have provided invaluable insight into the molecular basis of not only tumor cell death but 
also of cell death in general. This information has important implications on the develop-
ment of chemotherapies that specifically target the machinery that regulates cell death.

FIGURE 12.2 AJ-5 treatment leads to mitochondrial loss in melanoma cells. (A) Representative transmission 
electron photomicrographs of advanced melanoma cells (ME1402) treated with vehicle displaying a high level of 
mitochondrial content. (B) Representative transmission electron photomicrographs of ME1402 cells treated with 
0.2 µM AJ-5 for 24 h shows a severe loss of mitochondria (Aliwaini et al., 2013).
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Inhibition of the mTOR Pathway

AKT/mTOR signaling is a survival pathway and one of the major pathways activated 
in melanoma cells, and several reports have shown that it accelerates resistance to chemo-
therapeutic agents. Indeed, clinical reports showed that resistance to the melanoma MEK 
inhibitor, AZD6244, was mediated by the activation of AKT and inhibition of AKT or its tar-
get TORC1/2 resulted in cell death (Gopal et al., 2010). Similar findings were also observed 
after treating melanoma cells with vemurafenib (a BRAF inhibitor), and silencing AKT in 
combination with this therapy completely reversed the resistance. It has been proposed 
that inhibitors of the AKT/mTOR pathway may be a successful strategy for treating mela-
noma (Gao et al., 2013). We showed that AJ-5 strongly inhibited the AKT/mTOR pathway in 
advanced melanoma cells as demonstrated by the decrease in AKT, mTOR, and p70S6 pro-
tein levels, which underscores its potential value in the treatment of this aggressive cancer 
(Aliwaini et al., 2013).

Activation of MAPKs

The mitogen-activated protein kinase (MAPK) subfamily members p38, ERK, and 
JNK have been implicated in the regulation of apoptosis and autophagy. For example, 
p38 has been shown to mediate apoptosis and autophagy induced by different antitumor 
agents such as oridonin, resveratrol, and polygonatum cyrtonema lectin (Liao et al., 2010). 
Resveratrol-induced apoptosis and autophagy in leukemia cells were also shown to result 
from the activation of p38 because the suppression of p38 attenuated these responses 
(Ge et  al., 2013). Other studies revealed that the increasing levels of autophagy-related 
proteins Atg1 and Atg5 in response to stress conditions were associated with the activa-
tion of p38. It is important to note that there are also other studies that have suggested that 
autophagy is negatively regulated by p38 and that the inhibition of p38 leads to the activa-
tion of Beclin-1 and autophagy (Zhang et al., 2012). The apparent conflicting roles for p38 in 
autophagy may relate to the different p38 inhibitors used in various studies.

An early study demonstrated that ERK1/2 mediates starvation-induced autophagy in 
human colon cancer cells (Ogier-Denis et  al., 2000), and several subsequent studies have 
shown that ERK1/2 is activated in response to antitumor agents and is responsible for the 
initiation of autophagy (Choi et al., 2010). The overexpression of ERK2 was found to be suf-
ficient to induce autophagy in glioblastoma cells.

The activation of JNK1/2 under these stress conditions was associated with the phospho-
rylation of the Bcl-2 protein, which is known to inhibit autophagy and apoptosis by binding 
to Beclin-1 and Bax, respectively. Activation of the JNK pathway by mild stress conditions 
has been shown to release Beclin-1 from the Bcl-2/Beclin-1 complex, whereas only sustained 
starvation and strong stress conditions are sufficient to release Bax from the Bcl-2 complex 
(Wei et al., 2008a,b). These results and similar data obtained from other studies suggest that 
the levels of Bcl-2 phosphorylation determine whether the autophagic or apoptotic pathway 
is activated (Wei et al., 2008a,b).

We showed that AJ-5 induces both apoptosis and autophagy, which are distinct processes 
but have substantial overlap in the signaling pathways connecting them. While AJ-5 acti-
vates the ATM-CHK2 pathway, a key player in mediating both autophagy and apoptosis 
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in response to DNA damage, inhibiting this pathway did not abrogate the effect of AJ-5 on 
either one of these two processes (unpublished data). Importantly, our results revealed that 
AJ-5 activates the p38 and ERK MAPK pathways, and that they are responsible for mediat-
ing AJ-5-induced apoptosis and autophagy. This is consistent with reports indicating that 
the MAPK pathway plays an important role in the DNA damage response and that it can 
activate the autophagic and apoptotic responses (Mansouri et al., 2003). For example, inhibi-
tion of p38, JNK, and ERK MAPKs in different cell lines has been shown to prevent apopto-
sis induced by cisplatin and other treatments (Gao et al., 2013). Furthermore, inhibition of 
p38 MAPK has been shown to reduce LC3-II protein levels in response to capsaicin-induced 
autophagy, and many studies have confirmed that an increase in the levels of LC3-II in 
response to chemotherapeutic agents cause downstream of ERK (Choi et al., 2010). In con-
trast to these data, however, another study showed that inhibition of the MEK-mediated 
signaling pathway sensitized malignant melanoma cells to high concentrations of cispl-
atin, as shown by the increasing levels of markers for both intrinsic and extrinsic apoptosis 
(Mirmohammadsadegh et al., 2007). Despite these conflicting observations, it is worth not-
ing that there is evidence suggesting that the cellular response to chemotherapeutic agents 
depends on the kinetics of p38 MAPK activation. For example, while short activations of the 
pathway lasting for up to 3 h have been linked to cisplatin resistance, sustained activation of 
the pathway for 8–12 h has been associated with cellular sensitivity to this drug (Mansouri 
et al., 2003). Our results showed that AJ-5 activates p38 for up to 48 h in the melanoma and 
breast cancer cells tested in this study, suggesting that AJ-5 is a potent inducer of this path-
way which is likely to ensure its cytotoxicity in these cells.
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