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Abstract

Targeting apoptosis is one of the major strategies for cancer therapy. Essentially, most of the conventional cancer therapeutic drugs that are in the clinical use induce apoptosis and in part necrosis of malignant cells and therefore prevent cancer progression and metastasis. Although these cytotoxic anticancer drugs are important weapons for killing cancers, their toxic side effects limited their application. The molecularly targeted therapeutics that are based on the deeper understanding of the defects in the apoptotic signaling in cancers are emerging and have shown promising anticancer activity in selectively killing cancers but not normal cells. The examples of molecular targets that are under exploration for cancer therapy include the cell surface receptors such as TNFR family death receptors, the intrinsic Bcl-2 family members and some other intracellular molecules like p53, MDM2, IAP, and Smac. The advance in the high-throughput bio-technologies has greatly accelerated the progress of cancer drug discovery.
Key words: Apoptosis; Chemotherapy; Drug targets; Drug resistance; Cancer; Translational medicine

© The Author(s) 2015. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Chemotherapy and radiotherapy are important approaches for cancer therapy and have prolonged the lifespan and reduced the mortality of cancer patients. But chemotherapy and radiotherapy induce apoptosis in both cancer and normal cells, therefore possessing severe toxic side effects. It appears quite important to develop the biological mechanism-based drugs that that can selectively kill tumor cells but not normal cells. Molecular targets in the apoptotic signaling pathways such as p53, TRAIL, and Bcl-2 have been identified, and molecularly targeting drugs for a variety of tumors based on these pathways are currently under development. Dissecting the genetic alterations in a particular tumor type and designing the rational drug combinations targeting different pathways can help achieve synergy in eradicating cancer cells and reversing drug resistance, and this holds great promise for the personalized treatment of cancer patients.  

Liu XC, Gao JM, Liu S, Liu L, Wang JR, Qu XJ, Cai B, Wang SL. Targeting apoptosis is the major battle field for killing cancers. World J Transl Med 2015; 4(3): 69-77  Available from: URL: http://www.wjgnet.com/2220-6132/full/v4/i3/69.htm  DOI: http://dx.doi.org/10.5528/wjtm.v4.i3.69
INTRODUCTION

The most important concern facing current cancer therapy is the lack of tumor selective agents that kill cancer cells effectively but do not harm normal cells. In the past decade, many of the efforts have been contributed to dissecting the mechanisms underlying the pathogenesis of cancer, particularly the altered signal transduction pathways in different cancers[1-5]. Recent advances in our understanding of how a normal cell is mutated to become cancerous and the accu​mulation of mutations in cancerous cells leads to malig​nancy, progression and metastasis have greatly pro​moted the identification of new molecular targets for developing tumor selective therapeutics[6-10]. 

Apoptosis is a programmed physiological process to eradicate unwanted cells for maintaining homeo​stasis[11-14]. The signal transduction pathways mediating apoptosis are frequently deregulated in cancers, enabling cancer cells to evade from apoptosis and become hyper-proliferated. Most of the genetically altered signaling components in the intrinsic and extri​nsic apoptotic pathways in cancers are usually the central regulators of apoptosis, which play a key role in arbitrating the fate of a cell[15,16]. The key components in the apoptotic machinery are the Bcl-2 family members including Bcl-2, Bax and Bcl-xl in the mitochondrial pathway, the extrinsic cell surface receptors such as death receptor KILLER/DR5, and some other intra​cellular molecules such as p53[17-25]. These signaling molecules are frequently mutated or deleted in cancers and therefore are the ideal targets for developing novel cancer targeting drugs[24-28]. Targeting of Bcl-2 with RNAi and BH3 mimetics are currently underway in the clinical trial studies and have shown significant clinical activity in selectively killing cancer cells[29-32]. High-throughput screening of chemical libraries have identified some small molecule compounds that can target p53 to activate or restore p53 functions, which already showed success in killing some of the cancer cells[33,34]. Loss of p53 in cancers confers resistance to some chemotherapeutics and tumors bearing p53 mutations are less sensitive to radiotherapy[35-37]. Optimal com​bination of agents targeting different targets in the signal transduction pathways in cancers leads to a synergistic effect on killing tumors and overcoming resistance to single agent treatment[25,38].

In this review, we summarize the basic under​standing of the apoptotic signal transduction cascades in cancers and the crosstalk between different pathways in which the signaling components are mutated in cancers. We also introduce some of the knowledge about the mechanisms of tumor targeted drugs and chemotherapeutic agents in killing cancers. Moreover, we highlight recent advances in the technologies that are applied for identification of cancer drug targets and the strategies for cancer drug screening. The translational designs of drug combination for achieving synergy in eradicating cancer cells and reversing drug resistance will also be discussed.

DYSREGULATED CELL DEATH PATHWAYS IN CANCERS

The complex apoptotic signaling networks play a key regulatory role in maintaining homeostatic cellular progresses in living organisms[39]. There are two major signaling pathways that mediate apoptosis in mammalian cells: The extrinsic apoptotic signaling pathway and the intrinsic apoptotic signaling pathway (Figure 1). Some intracellular stimuli, such as DNA damaging agents, irradiation or oncogene activation, trigger apoptosis primarily through the intrinsic pathway which requires the activation of apoptotic regulators in the mitochondrion. Extracellular apoptotic pathway is initiated through apoptotic signaling cascades mediated by members of the tumor necrosis factor (TNF) superfamily, usually generated by the cytotoxic cells of the immune system, for example TNF, TRAIL, and FasL. Both pathways require the activation of proapoptotic cysteine proteases, caspases, to execute the cell death process[40-43]. Most of the genetically mutated intracellular signaling molecules in the intrinsic and extrinsic apoptotic pathways in cancers are the central regulators of apoptosis which arbitrate life-or-death decision of a cell. Mutations in these signaling components allow cancer cells to escape from eradicating by the host immune system and accelerates the proliferation of transformed tumor cells[44,45].

Some of the mutated molecules in the apoptotic machinery have been identified as important markers for the distinction between normal and cancer cells, and therefore are the targets for developing tumor therapeutic drugs. The alterations in the apoptotic pathways in cancers include the Bcl-2 superfamily members in the mitochondrion. All the Bcl-2 pro-survival family members like Bcl-2 and Bcl-XL are likely to be oncogenic [15,17,18]. Bcl-2 was found to be overexpressed and implicated in the pathogenesis of myeloid and T-cell leukemia[21]. Conversely, members of the pro-apoptotic subfamily such as Bax and Bak are probably tumor suppressors. Bax or Bak is frequently mutated or deleted in some gastric and colorectal cancers. Cell surface death receptor KILLER/DR5 is mutated in some of the head and neck cancers and lung cancers[46,47]. P53 is mutated or deleted in more than 50% of the human cancers. P53 induces apoptosis through regulating its downstream targets including the proapoptotic Bax, KILLER/DR5 and p53 upregulated modulator of apoptosis (PUMA). Loss of p53 impairs the apoptotic signaling pathways by aberrant control of its downstream apoptotic target genes and confers resistance to chemotherapy or radiotherapy-induced apoptosis[35-37,48-50]. Oncogenic mutations impair apoptosis indirectly by prompting or repressing the expression of the signaling molecules in cell death pathways and promote tumor progression and metastasis.
TARGETING APOPTOTIC PATHWAYS FOR CANCER THERAPY

Recent advances in our understanding of how apoptosis is activated and the mechanisms how cancers evade apoptosis have paved new revenues for developing the molecularly targeted cancer drugs[10,19,26-28]. The first link between apoptosis and cancer emerged when Bcl-2, the gene that is linked to an immunoglobulin locus by chromosome translocation in follicular lymphoma, was found to inhibit cell death[51]. Later on, many other Bcl-2 family proteins including the proapoptotic Bax, Bak and Bok, and anti-apoptotic Bcl-2, Bcl-XL and Mcl-1 were discovered. The BH3-only proteins such as the proapoptotic Bid, Bad, Bim, PUMA and phorbol-12- myristate-13-acetate induced protein 1 (NOXA) were identified as the other key regulators which control the mitochondria-mediated intrinsic apoptotic pathway[52]. These Bcl-2 family proteins are important targets for cancer therapy (Figure 2). Several strategies have been developed by targeting the Bcl-2 family members. One approach for modulating Bcl-2 function is to target Bcl-2 with antisense Bcl-2 deoxyoligonucleotides. The other approach is to mimic the binding of a BH3 peptide to its surface groove. For example, ABT-737 and ABT-263 are BH3-mimetics that inhibit Bcl-2, Bcl-XL and Bcl-w to liberate Bax and Bak to induce apoptosis (Table 1). Preclinical studies have shown that ABT-737 was effective as a single agent in killing small cell lung cancer (SCLC) and causing SCLC tumor regression[29-31,51-55]. ABT-737 has also been shown to synergize with other conventional chemotherapy, radiotherapy or tyrosine kinase inhibitors imatinib and gefitinib to reverse drug resistance and enhance cancer cell apoptosis[56,57]. One advantage of the BH-3-memitics as cancer therapeutics is to target specific Bcl-2 family members such as Bcl-2 or Bcl-XL which is overexpressed in certain cancer types, therefore increasing the tumor selectivity and reducing the toxicity of the anticancer drugs (Figure 2). 

p53 is the most commonly mutated gene in human cancers and more than 50% of cancers carry mutations or deletions in p53, making p53 an important target for cancer therapy[58-60]. Growing evidence has shown that reactivation or restoration of p53 function in cancers will have significant therapeutic benefit. Several strategies are being explored to target tumors expressing mutant p53. Small molecules that bind to a site in mutant p53 (Y220C) increase the level of p53 with wild type conformation and activity. Other compounds (e.g., PRIMA-1, CP-31398) bind to multiple mutant p53 proteins and interact with DNA binding domain, thereby promoting the proper folding of the mutant protein and restoration of p53 function[61,62]. Of all the compounds that restore wild type activity, the most progress has been made with PRIMA analogs, with the demonstration of safety in phase I clinical trial study[63] (Table 1). An alternative approach to target mutant p53 is to remove the protein by enhancing its degradation. HDAC inhibitors such as SAHA show promise in destabilizing mutant p53 by preventing HDAC6 from interacting with Hsp90[64]. Small molecule activators of SIRT1 have also been shown to lead to the deacetylation of p53 and reduction of overall mutant p53 levels[65]. 

Oncogenic mutations of proteins in the intrinsic or extrinsic apoptotic pathways often lead to resistance to anticancer agents, among these molecules are p53, the Bcl-2 family members, death receptors, inhibitor of apoptosis proteins (IAPs), and the prosurvival factors such as AKT, PI3K and c-FLIP[66-69]. Mutant p53-carrying tumors showed increased resistance to commonly used chemotherapeutic agents. Overexpression of Bcl-2 confers the resistance of leukemic cells to cytotoxic chemotherapeutic agents. Similarly, other Bcl-2 family members including Bcl-XL, Bax, and BH3-only proteins such as P53 Upregulated Modulator of Apoptosis and NOXA also play regulatory roles in determining the sensitivity of cancer cells to therapeutic agents[48,49,53]. In addition to the defects in the cell apoptotic and survival machineries, there are still some other mechanisms that contribute to cancer drug resistance including the rates of drug efflux, alterations in drug metabolism and drug targets, DNA damage repair capacity, and the changes of the local tumor microenvironment. Drug resistance can also be acquired during treatment of tumors that were initially sensitive as well as the adaptive responses such as activation of other compensatory pathways. Further investigation of the molecular basis of drug resistance will help to overcome the hurdle that limits the clinical usage of cancer chemotherapeutic drugs and design rational drug combinations to restore or enhance the sensitivity of cancer drugs and improve the tumor selectivity and efficacy of cancer therapeutics[70,71].

STRATEGIES FOR CANCER DRUG SCREENING

The initial identification of a chemical compound or small molecule inhibitors to be translated into medicine generally occurred by screening molecules in the animal models and cellular assay systems with functional biomarkers or molecular targets which are specifically mutated in cancers. Therefore, the level of mechanistic understanding of the alterations in cancers and the suitable targets used determine the success of a design for cancer drug discovery. The emergence of the high-throughput and high-content technologies has driven modern cancer therapy to the molecular era that new generations of molecularly targeted cancer drugs were continuously discovered. In the past decades, new technologies have been developed for dissecting the mechanisms of cancer development and metastasis and the molecular targets have been identified for designing new cancer selective therapeutic drugs. Large scale profiling approaches such as transcriptomics and proteomics and the high-throughput sequencing techniques which comparatively quantify the expression levels of transcripts and proteins have uncovered numerous genes, proteins and biomarkers that correlate with tumorigenesis. Some of these genes and proteins have been used as good targets for developing cancer therapeutics. The most prominent examples are EGFR, BCR-ABL, VEGF, BRAF, PDGFR, p53, BCL2, MDM2, and ERBB2[24,58-65,72-78].

Target-based screening strategy focused on the rational molecular targets that are hypothesized to have a role in cancers and represents the predominant approach for cancer drug discovery. Alternatively, there is another cancer drug discovery strategy called phenotypic screening approach which is referred to as phenotypic measurement of responses upon drug treatments in the animals or cellular models and is based on the cellular phenotype or functional endpoints rather than target potency alone. Much of the early pharmaceutical and drug discovery is based on the phenotypic screening. A recent report showed that phenotypic screening achieved more success in first-in-class medicine than target-based screening. One of the successful examples of cell based phenotypic drug screening was the discovery of vorinostat, an HDAC inhibitor, for inducing differentiation of cancer cells[79].

The integration of advanced high-content imaging system into the drug screening field has aided the rapid development of cancer drug discovery[80-82]. Light microscope imaging methods evolving in the mid-90s have provided multiple cellular measurements from living cells but require continuous user intervention. The development of fluorescent proteins permitted the tracking of proteins in living cells and the use of green fluorescent protein to tag functional proteins allowed many different fluorescent analogs to be created quickly and be used as markers to study the functions, subcellular localization, trafficking and activities of particular proteins. The automation of light microscope imaging, particularly the laser-directed multicolor fluorescence of arrays of cells, formed the high content screening system. Image-based screening techniques provide invaluable readouts, for example, the changes in the morphology, proliferation, cell cycle progression, cell death, differentiation, cell migration and invasion in the cellular models before and after drug treatment. Multiplexed high content screening  assays integrated measurements of multiple cellular targets in a single assay, can be applied in numerous cell types which were subjected to libraries of chemical compounds or other experimental treatments such as RNAi, and emerged as an important cancer target and drug discovery platform[83,84]. In addition, intravital imaging has gained the cellular details by tagging single cells, tissues and subcellular compartments with fluorescent proteins, through direct labelling of cells before exogenous inoculations in vivo or by using the specific promoters to drive the expression of genes of interest. These methods have been applied to monitor cancer drug response in vivo and determine the effect of cancer drugs on particular targets in animal models. Whole-body imaging techniques such as in vivo bioluminescence system have been used to monitor tumor progression and regression rates from multiple tissue sites during drug treatment[82,85]. 

Other fluorescence-based assays are also the impor​tant platforms for cancer drug screening. Examples of these dynamic technologies include the fluorescence resonance energy transfer which can be used to measure protein-protein interactions and is suitable for lead compound identification. This approach can provide a precise measurement of drug activity and insights of drug mechanism by determining the biomolecular interactions or activations[86,87]. Surface plasmon resonance imaging (SPRi) is an optical tech​nology which allows the label-free and real-time detection of biomolecule interaction. It offers the possibility of monitoring hundreds of biological interactions simul​taneously and from the binding profiles, allows the estimation of the kinetic parameters of the interactions between immobilized probes and the ligands in solution. SPRi has been applied in a variety of affinity systems, including protein/protein, protein/DNA, antibody/antigen, ligand/receptor, DNA/DNA, carbohydrate/protein, and cell/cell interactions. SPRi imaging as an affinity-based biosensor technology has been adopted for cancer drug screening, food and environment evaluation, and clinical diagnostics[88-91]. Enzymatic activation of caspases, which are a class of cysteine protease, was determined by using the peptide arrays based on the SPR imaging. This strategy used streptavidin to amplify the SPR signals of the surface-immobilized substrate peptides labeled with biotin at the C-terminus and the cleavage of the substrate peptides by caspases was detected by the increased SPRi signal. This method allowed the examination of the activities of purified caspases and caspase in cell lysate and therefore can be applicable to cell-based drug screening[92].

CONCLUSION

Enhancing or restoring apoptotic pathways in cancers are important strategies for developing cancer drugs. Some of the aberrant components in the apoptotic pathways in cancers have been identified as suitable targets for cancer therapy. These targets can be the cell surface death receptors, Bcl-2 family members, and some other intracellular molecules like p53, MDM2, IAP, and Smac. Although some of the chemical compounds or small molecule inhibitors have been discovered to modu​late the activity of these targets and achieve varying degrees of success in killing cancers, drug resis​tance, limited patient responses and the toxic side effects still remained problematic and limited their clinic application. Further investigation of the mechanisms of apoptosis evasion in cancers and designing the rational drug combinations are still the challenges for cancer researchers in the world. 

A number of high-throughput approaches including the genomic, proteomic and multiplexed imaging technologies have been applied to identify new targets in the signaling networks that are involved in cancer pathogenesis and led to discovery of new generations of target-directed chemical compounds and small molecule drugs. The natural products from plants, Chinese herbal medicine and marine bioproducts are invaluable sources for cancer drug development and many studies need to be done to discover more druggable natural products, study the mechanism of action and cure cancer patients more efficiently and less costly.
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Figure 1  Signaling pathways mediating programmed cell death and cell survival. Apoptosis can be induced by extra- and intra-cellular stimuli. Activation of the cell surface receptors such as tumor necrosis factor receptor (TNFR) upon binding to their ligands leads to activation of the receptor-mediated extrinsic apoptotic pathway. Activation of death receptors triggers the cleavage of pro-caspases 8 and 10 to their active forms by recruiting adaptor protein, Fas associated via death domain (FADD) to form a death inducing signaling complex (DISC). The activated caspases 8 and 10 then activate the downstream effector caspase 9 and result in apoptosis. DISC formation is negatively regulated by cellular Fas-associated death domain-like interleulin-1 converting enzyme inhibitory protein (c-FLIP) which inhibits apoptosis. Intracellular stresses such as DNA damage, oncogene activation and virus infection activate the intrinsic apoptotic pathway which usually requires p53 function. p53 triggers the intrinsic apoptotic pathway by upregulating its downstream proapoptotic target genes including the p53 up-regulated modulator of apoptosis (PUMA), phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), Bcl-2 associated X protein (Bax) and Bcl-2 antagonist killer1 (Bak), which in turn lead to the release of cytochrome c from the mitochondrion. In the cytosol, the released cytochrome c binds to apoptotic protease activating factor 1 (APAF-1) and caspase 9 to form the apoptosomes. Activated caspase 9 then cleaves and activates the effector caspases 3, 6, and 7 to execute apoptosis. The mitochondrial protein Smac augments apoptosis by interacting and inhibiting inhibitor of apoptosis proteins (IAPs) which block the activation of caspase 9. Akt, an important downstream target in response to the activation of receptor tyrosine kinases, inhibits apoptosis by phosphorylating and inhibiting the proapoptotic Bcl-2 associated antagonist of cell death (BAD) which prevents the activation of Bax and Bak. Bid crosslinks the extrinsic and intrinsic pathways in response to extrinsic stimuli. Activation of caspases 8 and 10 causes the cleavage of BH3 interacting domain death agonist (BID) and the truncated BID is then translocated to the mitochondrion to engage the activation of the intrinsic pathway by interacting with Bax and Bak. EGF: Epidermal growth factor; VEGF: Vascular endothelial growth factor; RTK: Receptor tyrosine kinase.
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Figure 2  Examples of targeting apoptosis for cancer therapy. The prominent examples for tumor targeted therapy include the approaches by targeting the tumor necrosis factor receptor family death receptor-mediated apoptotic pathway and the mitochondrial B cell lymphoma 2 (Bcl-2) family member-mediated pathway. Activation of death receptors after binding to their ligand tumor necrosis factor related apoptosis inducing ligand (TRAIL) triggers activation of the extrinsic apoptotic pathway leading to cell death. Activation of Bax and Bak causes cytochrome c release from the mitochondrion and induces apoptosis. Bcl-2 and Bcl-XL prevent the activation of Bax and Bak and inhibit apoptosis. The mAbs targeting the TRAIL receptors have been developed and exerted significant clinical activities for some cancers such as non-small cell lung cancer (NSCLC), colon cancer, breast cancer, leukemia and prostate cancer. Small molecule BH3 mimetics activate the mitochondrial apoptotic pathway by interrupting the interaction of Bcl-2 with the proapoptotic Bax and Bak and induce apoptosis. FADD: Fas associated death domain; IAP: Inhibitor of apoptosis protein; APAF-1: Apoptotic protease activating factor-1.
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Table 1 Small molecules targeting apoptosis for cancer therapy


  Drug name


�
Mechanism of action


�
Drug targets


�
�
  CP-31398


�
Restoration of wild type p53 function


�
Mutant p53


�
�
  PRIMA-1


�
Restoration of  wild type p53 function


�
Mutant p53


�
�
  Nutlins


�
Prevent p53 degradation


�
p53/MDM2


�
�
  RITA


�
Prevent p53 degradation


�
p53/MDM2


�
�
  Oblimersen sodium


�
Antisense  inhibitors


�
Bcl-2


�
�
  ABT-737


�
BH3 mimetics


�
Bcl-2, Bcl-XL,Bcl-w


�
�
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