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Abstract
Programmed cell death (PCD), referring to apopto-
sis, autophagy and programmed necrosis, is pro-
posed to be death of a cell in any pathological
format, when mediated by an intracellular program.
These three forms of PCD may jointly decide the
fate of cells of malignant neoplasms; apoptosis and
programmed necrosis invariably contribute to cell
death, whereas autophagy can play either pro-sur-
vival or pro-death roles. Recent bulk of accumulat-
ing evidence has contributed to a wealth of
knowledge facilitating better understanding of can-
cer initiation and progression with the three distinc-
tive types of cell death. To be able to decipher
PCD signalling pathways may aid development of
new targeted anti-cancer therapeutic strategies.
Thus in this review, we present a brief outline of
apoptosis, autophagy and programmed necrosis
pathways and apoptosis-related microRNA regula-
tion, in cancer. Taken together, understanding PCD
and the complex interplay between apoptosis, auto-
phagy and programmed necrosis may ultimately
allow scientists and clinicians to harness the three
types of PCD for discovery of further novel drug
targets, in the future cancer treatment.

Introduction: a brief overview of programmed
cell death

Programmed cell death (PCD) may balance cell death
with survival of normal cells; the equilibrium becomes
disturbed and PCD plays key roles in ultimate decisions
of cancer cell fate (1,2). Of note, apoptosis, autophagy
and programmed necrosis are the three main forms of
PCD, easily distinguished by their morphological differ-
ences (3,4). Apoptosis, or type I PCD, was first
described by Kerr et al. (5), and is characterized by spe-
cific morphological and biochemical changes of dying
cells, including cell shrinkage, nuclear condensation and
fragmentation, dynamic membrane blebbing and loss of
adhesion to neighbours or to extracellular matrix (6).
Biochemical changes include chromosomal DNA cleav-
age into internucleosomal fragments, phosphatidylserine
externalization and a number of intracellular substrate
cleavages by specific proteolysis (7,8).

Autophagy, or type II PCD, is an evolutionarily con-
served catabolic process beginning with formation of
autophagosomes, double membrane-bound structures
surrounding cytoplasmic macromolecules and organelles,
destined for recycling (9–12). In general, autophagy
plays a crucial pro-survival role in cell homeostasis,
required during periods of starvation or stress due to
growth factor deprivation (13). However, there is accu-
mulating evidence that autophagic cells may commit sui-
cide by undergoing cell death and coping with excessive
stress, which differs from apoptosis and programmed
necrosis (4,14). As ‘the Janus role’, autophagy controls
a myriad of physiological processes including starvation,
cell differentiation, cell survival and death (15). Besides
apoptosis and autophagy, there exists a type III PCD
termed programmed necrosis, which involves cell swell-
ing, organelle dysfunction and cell lysis (16–18). Thus,
PCD may play an important role during preservation of
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tissue homoeostasis and elimination of damaged cells, –
this has profound effects on malignant tissues (4).

Programmed cell death and cancer

Molecular mechanisms of programmed cell death

Cancer, a complex genetic disease resulting from muta-
tion of oncogenes or tumour suppressor genes, can be
developed due to alteration of signalling pathways; it
has been well known to have numerous links to PCD
(19). Apoptosis (type I PCD) is the major type of cell
death that occurs when DNA damage is irreparable.
Two core pathways exist to induce apoptosis, the extrin-
sic – death receptor pathway and intrinsic – mitochon-
drial pathway (20). The extrinsic pathway is triggered
by binding of Fas (and other similar receptors such as
tumour necrosis receptor 1 and its relatives) plasma-
membrane death receptor with its extracellular ligand,
Fas-L. When death stimuli occur, Fas-L combines with
Fas to form a death complex. The Fas/Fas-L composite
recruits death domain-containing protein (FADD) and
pro-caspase-8, aggregating to become the death-inducing
signalling complex (DISC). Consequently, the protein
complex activates its pro-caspase-8, which proceeds to
trigger pro-caspase-3, the penultimate enzyme for execu-
tion of the apoptotic process (5). The intrinsic pathway
also leads to apoptosis but under the control of mito-
chondrial pro-enzymes. In both cases if a cell becomes
initiated by either extracellular stimuli or intracellular
signals, outer mitochondrial membranes become perme-
able to interneal cytochrome c, which is then released
into the cytosol. Cytochrome c recruits Apaf–1 and
pro-caspase-9 to compose the apoptosome, which down-
stream triggers a caspase 9/3 signalling cascade, culmi-
nating (as concludes the extrinsic pathway) in apoptosis
(21). Accumulating evidence has shown that abnormal
expression of some key regulatory factors may lead to
cancer, indicating the intricate relationships between
apoptosis and cancer.

Autophagy is a major, regulated, catabolic mecha-
nism with many links to processes that occur in
malignant cells, and highly regulated by some auto-
phagy-related genes (ATGs). It is a crucial mechanism
that responds to either extra- or intracellular stress, and
can result in cell survival under certain circumstances;
however, over-activation of autophagy may result in
autophagic cell death (22). When analysing relationships
between autophagy and cancer, a common challenge is
to determine whether autophagy protects cell survival or
contributes to cell death. Autophagy is well known to
be crucial for cell survival under extreme conditions,
and degradation of intracellular macromolecules

provides energy required for minimal cell functioning
when nutrients are scarce (23). Consequently, autopha-
gic activation can play a protective role in early stages
of cancer progression (24). On the other hand, however,
autophagy can perform as a tumour suppressor by acti-
vating pro-autophagic genes and blocking anti-autopha-
gic genes in oncogenesis. However, reminiscent of the
Roman god Janus, autophagy can also play the reverse
part – a pro-tumour role in carcinogenesis – by regulat-
ing a number of pathways involving Beclin-1, Bcl-2,
Class III and I PI3K, mTORC1/C2 and p53 (24).

Necrosis has always been considered to be almost
‘accidental’ cell death, a random, uncontrolled process.
With the discovery of key mediators of necrotic death
such as RIP kinases and PARP, the concept of pro-
grammed necrosis has recently been gaining ground.
Receptor interacting protein (RIP) kinases, poly(ADP-
ribose) polymerase-1(PARP1), NADPH oxidases and
calpains have been identified as potential signalling
components of programmed necrosis (25,26). When
cells undergo cell death in this way, integrity of the cell
membrane is disrupted so that intracellular materials are
released into the extracellular milieu, leading to inflam-
matory responses by immune cells. Ensuing local
inflammation induced by programmed necrosis may pro-
mote tumour growth. Yet, necrotic cell death may be
exploited to eliminate cancer cells (27,28).

Cross-talk amongst apoptosis, autophagy
and programmed necrosis

Apoptosis, autophagy and programmed necrosis bear
distinct morphological characteristics and physiological
processes; however, there still exist intricate interrela-
tionships between them. Under some circumstances,
apoptosis and autophagy can exert synergetic effects,
whereas in other situations autophagy can be triggered
only when apoptosis is suppressed (19,29). A number of
studies have reconciled the notion that autophagy may
act either as a guardian or as an executioner, relying on
stage of carcinogenesis, the surrounding cellular envi-
ronment or therapeutic interventions attempted (25). Pro-
grammed necrosis is caspase-independent cell death,
always triggered as a backup mechanism for apoptosis
when caspases are inactivated (30). However, shikonin-
induced necroptosis can revert to apoptosis in the pres-
ence of necrostatin-1 (Nec-1), a specific necroptosis
inhibitor. This death mode switch is partially due to
conversion from mitochondrial inner membrane perme-
ability to mitochondrial outer membrane permeability
(MOMP) (31). Under certain conditions, apoptosis and
programmed necrosis are induced simultaneously and
deficiency of both apoptosis and necrosis can be found
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in some cancer cells (32). Moreover, programmed necro-
sis is accompanied by autophagy, but the specific rela-
tionship between them remains an enigma (30).

Apoptotic pathways in cancer

Tumour necrosis factor receptors: Fas and TRAIL

The death receptor (DR) family which includes tumour
necrosis factor receptor TNF-R1, Fas, DR3, TRAIL-R1/2
(DR4/5) and DR6 can initiate the extrinsic pathway lead-
ing to apoptosis (33). Similarity between this family’s
members mainly relies on the receptors’ cytoplasmic
regions, namely the death domains (DD), which when
bound to their appropriate ligands recruit Fas-associated
death domain (FADD). When pro-caspase-8 becomes
hydrolysed into active caspase-8 (death effector domain-
containing protein), the recruited adaptor protein contain-
ing death-effector domain (DED), can interact with DED
of pro-caspases-8-10, thus aggregating as a DISC (34).
When stimuli occur as Fas combines with Fas-L, death
complex recruiting FADD and pro-caspase-8, formation

of the DISC is initiated to activates caspase-8 (35,36)
(Fig. 1a).

Bcl-2 family

The Bcl-2 family includes key regulators of apoptosis
and the molecule is over-expressed in many types of
cancer cell (37). While reduced Bcl-2 expression may
promote apoptotic responses to anticancer drugs,
increased expression of Bcl-2 leads to resistance to che-
motherapeutic drugs and radiation therapy. The whole
Bcl-2 family is comprised of a number of pro-apoptotic
members such as Bax, Bak, Bad, Bcl-XS, Bid, Bik, Bim
and Hrk, plus further anti-apoptotic members such as
Bcl-2, Bcl-XL, Bcl-W, Bfl-1 and Mcl-1 (38). Following
a death signal, pro-apoptotic proteins are able to
undergo post-translational modifications that include
dephosphorylation and cleavage leading to their activa-
tion and translocation to mitochondria, from which
apoptosis can be initiated (39). All BH3-only molecules
require multi-domain BH3 proteins (Bax and Bak) to
apply their intrinsic pro-apoptotic activities. These lead

Figure 1. Apoptotic signalling pathways and their relevance to microRNA regulation in cancer.
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to release of cytochrome c and secondly mitochondria-
derived activator of caspases; the outer mitochondrial
membrane becomes permeable in response to apoptotic
stimuli, while cytochrome c can interact with Apaf-1
once released into the cytosol, leading to activation of
caspase-9 (40). Activated caspase-9 activates caspase-3,
subsequently activating the downstream caspase cascade
finally generating apoptosis (Fig. 1b).

Apaf-1 and cytochrome c

Caspase-9 is one of the most representative initiators of
mitochondrial apoptosis. Facing apoptotic stimuli, for
example agents that induce DNA damage or inhibit
DNA repair, pro-apoptotic BH3-only proteins Bim, Bid
and Bad can be activated, and promoting oligomeriza-
tion of p53 effector Bax/Bak, permeabilization of the
mitochondrial outer membrane, then release of factors
from the intermembrane space (41,42). However, pro-
survival Bcl-2 family members Bcl-2, Bcl-XL, and Mcl-
1 may be able to counteract this effect (43).

It has been observed and recorded that caspase-2,
containing a caspase recruitment (CARD) domain and
multi-protein complex, may act upstream of mitochon-
drial permeabilization by cleaving and activating Bid,
playing an important role when DNA damage has
induced apoptosis (44). However, it may be that further
functions of caspase-2 in apoptosis remain to be dis-
covered. In the cytoplasm, cytochrome c binding to
apoptotic peptidase activating factor-1 (Apaf-1) in the
presence of dATP or ATP, promotes self-oligomeriza-
tion of Apaf-1 (45). It is important to observe that
both Apaf-1 and caspase-9 contain the protein interac-
tion motif CARD, while Apaf-1 strongly binds cas-
pase-9 through CARD–CARD interactions, leading to
formation of a cytoplasmic feature called the apopto-
some, then dimerization-induced activation of caspase-9
(46,47).

WDR domains of Apaf-1 recruit downstream execu-
tioners caspases-3 and caspase-7 as soon as the core
complex is formed and caspase-9 is activated (48).
Downstream executioners cleave the targeted key regula-
tory molecule, as well as structural proteins, for proteol-
ysis to bring about apoptotic cell death (49); it is then
that caspase-9 can process these effector caspases and
initiate their release from the complex. Recently, it has
been demonstrated that active site cysteine in caspase-9
as well as cleavage site aspartate in caspase-3, are both
required for efficient recruitment and activation of cas-
pase-3, while XIAP can bind to Apaf-1, simultaneously,
bind and retain active caspase-3 within the apoptosome,
in an Apaf-1-XIAP-caspase-3 complex (50–52)
(Fig. 1b).

NF-jB

NF-jB is a class of protein with various transcriptional
regulatory functions involved in stress responses, cell
proliferation, differentiation, apoptosis and tumourigene-
sis, and significance of IKK/NF-jB in apoptosis has
been fully described (21). NF-jB activation is initiated
by signal-induced degradation of IjB protein, which
bind NF-jB acting as its inhibitor, resulting in its inacti-
vation. After degradation of IjB, NF-jB can acquires
the opportunity to enter the cell nucleus where it can
perform its transcriptional regulation function and turn
on expression of certain appropriate genes to avoid
apoptosis (53–55).

IKK is deemed to be the main regulator of activation
of the NF-jB signalling pathway; thus, IjB phosphoryla-
tion is suppressed by activation of IKK, bringing about
inactivation of NF-jB pathways and indirectly promoting
apoptosis (56,57). Activation of the IKK/NF-jB signal-
ling pathway leads to induction of target genes that can
interfere with the apoptotic process (58,59) (Fig. 1a).

p53

The nuclear transcription factor p53 can govern main
apoptotic signals that mitochondria receive in the intrinsic
pathway of apoptosis (60). p53 is an important pro-
apoptotic factor and tumour inhibitor, thus numerous
anti-tumour drugs can exert their functions by targeting
p53-related signalling pathways. p53 mainly promotes
apoptotic cell death by activating a number of positive
regulators of apoptosis such as DR-5 and Bax (61,62)
(Fig. 1b).

MicroRNAs in apoptosis

MicroRNAs (miRNAs) belong to a class of conserved
short single-stranded non-protein-coding endogenous
RNAs, which play pivotal roles in regulation of around
30% of gene expressions. Some tumour suppressors,
such as the miR-15a-miR-16-1, miR-29 and let-7 family,
can modulate core apoptotic pathways (63). It has been
reported that miR15-a and miR-16-1 target Bcl-2 to
induce apoptosis, while Bcl-2 inhibits mitochondrial-
mediated apoptosis, by influencing oligomerization of
Bax and Bak at the post-transcriptional level. Addition-
ally, over-expression of miR-15a-miR-16-1 in vitro can
decrease Bcl-2 operation, then promote apoptosis (64).
The miR-29 family contains three isoforms arranged in
two clusters: miR-29b-1/miR-29a in chromosome 7q32
and miR-29b-2/miR-29c in chromosome 1q23. Due to
its over-expression in malignant cells, miR-15a-16-1 tar-
geting Bcl-2 could regulate intrinsic apoptotic induction
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(64). The let-7 family is a highly conserved group con-
sisting of 12 related members, of which let-7a has been
thoroughly investigated as initiating expression of pro-
apoptotic protein Bim a caspase cascade and finally
resulting in apoptosis when the let-7 family is over-
expressed in lung and breast cancers. Remarkably, let-7a
has been reported to target caspase-3 and eight nucleo-
tides from the 5′ end of let-7a miRNA. The MiR-34
family is a further tumour suppressor, which activates
the p53 subnetwork, also promoting apoptosis (65).

Some miRNAs play their regulatory role as oncoge-
nes, including miRNA-21, the miRNA-17-92 cluster,
miRNA-221,-222 and miRNA-272,-273, that negatively
regulate apoptotic activity to increase the rate of cancer
cell proliferation (66). Anti-apoptotic factor miRNA-21
has been found to be the most consistently upregulated
miRNA in many types of cancer. It is suggested that it
regulates apoptosis by targeting the PCD 4 gene
(PDCD4), phosphatase and tensin homologue (PTEN)
and tropomyosin 1 (TPM1) (67).

Regulation of PDCD4 by miR-21 is correlated with
PDCD4 3′-UTR (58). Similar to PDCD4, regulation of
PTEN by miR-21 is directed at the 3′-UTR (57). Regu-
lation of PTEN by miR-21 has been observed to
increase expression of two proteins, MMP-9 and MMP-
2, involved in invasion of normal hepatocytes. In addi-
tion, PTEN has been known to be a therapeutic target of
many miRNAs, including the miR-17-92 cluster
(below), miR-214 (63). MiRNA-21 can also target
TPM1, a member of the TPM protein family, which
functions as a serpin peptidase inhibitor. In breast can-
cer, inhibition of miR-21 causes increase in TPM1 pro-
tein expression, involved in the 3′-UTR of TPM1.
Recently, it has been intimated that the let-7 family pos-
sibly co-operates with miR-21, functioning in cancer
progression (67).

MiR-17-92 cluster-induced malignancy is closely
associated with the gene c-Myc, which encodes a basic
helix-loop-helix transcription factor, promotes cell prolif-
eration, inhibits apoptosis, induces tumour angiogenesis
and co-operates with MYC for accelerating development
of lymphomas (68). The two clusters miR-106b-25
including miR-25 and miR-17-92 including miR-92a-1,
are involved in the TGF-b tumour suppressor pathway
as key modulators, by which activation of TGF-b is
reduced in cancer development (69,70) (Fig. 1).

Autophagic pathways in cancer

ULK1/2 and Atg13

In mammals, two homologues of Atg1 (namely ULK1
and ULK2), Atg13 and scaffold protein FIP200 (an

orthologue of yeast Atg17), together are able to form a
complex, while FIP200 can localize ULK to pre-auto-
phagosomal structures for recruitment of other Atg pro-
teins (71,72). Under some nutrient-rich conditions,
Atg13 is hyper-phosphorylated by mTORC1, losing its
ability to bind to ULK, and thus inhibiting autophagy
(73) (Fig. 2a).

PI3KCI-Akt-mTORC1

Recently, the PI3KCI-AKT-mTORC1 signalling path-
way has been regarded to be the key regulator of a ser-
ies of cell processes as it can be deregulated by various
genetic and epigenetic mechanisms, in a wide range of
cancer cells. Thus, when facing regulation of autophagy,
cancer cells are often found to contain multiple genetic
and epigenetic abnormalities which can be dependent on
certain genes that hijack crucial signalling trunk routes,
such as the PI3KCI-Akt-mTOR pathway (74–76). The
PI3K family contains at least eight proteins with com-
monly shared sequence homology in their kinase
domains; also they may have different substrate specific-
ities and models of regulation (77). The best known
members of this group are the four Class I PI3K iso-
forms a, b, d and g, which convert PIP2 into PIP3, and
are associated with carcinogenesis (78).

Akt is a protein serine/threonine kinase known to
cause leukaemia in mice (79). There are three numbers of
the Akt family, with up to 80% amino acid sequence
homology, and all are implicated in development of can-
cers (80). Although two types of mTOR exist in mam-
mals, here we only focus on mTORC1 which contains a
raptor [due to its sensitivity to rapamycin (81). Three
major mTORC1-inducing pathways have been described,
amongst which two are of the PI3K-Akt pathway. Signal-
ling pathways that promote mTORC1 activity are induced
by oncoproteins and/or loss of tumour suppressors, and
thus mTORC1-inhibited autophagy is often observed in
malignant cells. PI3KCI antagonizes autophagy by activa-
tion of the Akt pathway and therefore the former can be
activated to generate PI3, 4-diphosphate and PI3, 4, 5-tri-
phosphate. mTORC1 signalling is positively regulated by
growth factors via the PI3KCI–Akt pathway (82).
mTORC1 is believed to be activated in part by Akt
through tuberous sclerosis complex proteins, TSC1 and
TSC2, as the TSC1/TSC2 complex is a critical negative
regulator of mTORC1 (83) (Fig. 2a).

Ras-Raf-MAPKs

Ras-Raf-MAPKs are constitutively activated in most
melanomas due to mutation in the BRAF gene; Raf kin-
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ases are regarded as being important in the Ras-Raf-
MAPK signalling pathway (81,84). BRAF mutations
may play a crucial role in initiation of human melano-
mas and sustained Ras-Raf-MAPK signalling may be
required for tumour cell survival. In addition, multifunc-
tional protein pX, can activate the Ras-Raf-MAPK path-
way as well, while pX-mediated activation of the
Ras-Raf-MAPK pathway has been linked to accelerated
entry of cells into S phase of the cell cycle (85,86).
Activation of the pathway begins when a signal binds to
a protein tyrosine kinase receptor. Multiple upstream
receptors, including receptor tyrosine kinases, integrins,
serpentine receptors, heterotrimeric G-proteins and cyto-
kine receptors, are able to activate K-Ras (87). Then,
Raf, a Ras effector as well as a member of the serine/
threonine kinase family, is recruited to the cell mem-
brane by binding to switch I domain of Ras and also by
lipid binding (88). Raf activation stimulates a signalling
cascade with the aid of phosphorylation of MAPK,

which successively phosphorylates and activates down-
stream proteins ERK1 and ERK2. After Raf activation,
serine/threonine kinase MAPK is activated in response
to multiple signals such as growth factors in addition to
certain cytokines, to promote cell survival and apoptosis
through specific mediators, for example JNK, SAPK,
14-3-3 and NF-jB (89) (Fig. 2a).

p53: the Janus role in autophagy

p53 can be divided into two forms, cytoplasm p53 and
nuclear p53, in mammalian cells. In the nucleus, p53
abets autophagy mainly by interacting with its targets,
damage-regulated autophagy modulator (DRAM) and
sestrin 1/2. DRAM. This is a p53 target gene encoding a
lysosomal protein that induces macroautophagy and is
found to be an effector of p53-mediated cell death, illus-
trating the direct link between p53 and autophagy
(15,90). DRAM is also a phylogenetically ancient lyso-

Figure 2. Autophagic signalling pathways in cancer.
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somal protein that functions at the crossroad between
p53-induced autophagy and cell death (91). In response
to DNA damage agents, DRAM can trigger autophagy
under the control of p53. Through direct hypermethyla-
tion within itself, expression of DRAM is down-regu-
lated in cells of a subset of epithelial cancers; thus,
DRAM can be considered to be tumour suppressor.
Sestrin 1 and sestrin 2 are other targets of DRAM, while
their expressions are usually induced upon DNA damage
and oxidative stress. Genotoxic stress-induced p53-
dependent up-regulation has also been observed for
AMPK activators sestrins1 and 2 (92). The two are both
negative regulators of mTORC1 and carry out their
functions by activation of AMPK and a TSC complex
(93). In addition, disruption of sestrin2 in mice attenu-
ated its ability to inhibit mTOR signalling (94). Thus,
this further molecular mechanism involving serine1/2,
demonstrates a connection between p53 and autophagy,
and can be regarded as p53-mediated tumour expression
through the mTORC1 signalling pathway. Cytoplasmic
p53 has been discovered to inhibit autophagy without
assistance of its role as a transcriptional factor (95)
(Fig. 2b).

p62, FoxO and NF-jB in autophagy

p62 has a PB1 domain, a protein–protein interaction
module present in other signalling molecules, such as
aPKCs and polarity protein Par-6. aPKCs and p62 bind
each other through their PB1 domains, and it is the
binding that is implicated in activation of transcription
factor NF-jB, downstream of cell stimulation by inter-
leukin 1 (IL-1), RANK ligand (RANKL), or nerve
growth factor (NGF) (92,96).

FoxO1 transcription factors have been implicated in
regulating diverse cellular functions such as differentia-
tion, proliferation, metabolism and survival (97). The
FoxO subfamily of transcription factors consists of
FoxO1, FoxO3 and FoxO4, which are subject inhibition
by growth factors, including insulin and IGF-1. As,
when under conditions of glucose deprivation, FoxO1
and FoxO3 are dephosphorylated and localized to the
cell nucleus, there they activate autophagy pathway gene
expression; FoxO1 and FoxO3 promote autophagy path-
way gene expression in cardiomyocytes as FoxO1 and
FoxO3 directly bind to promoter regions of Gabarapl1
and Atg12, this binding is increased upon cell starva-
tion. Thus, increased FoxO1 and FoxO3 activation can
lead to induction of autophagy.

NF-jB pathways can be divided into the canonical
and the noncanonical. A number of stimuli can activate
both pathways, and then lead to rapid and transient acti-
vation of IKK (98,99). The major mechanism for auto-

phagy-mediated inflammation restriction and subsequent
tumour suppression might be actually through targeting
NF-jB (100). Autophagy can selectively degrade IKK,
which results in restriction of inducible activation of
NF-jB. More importantly, autophagic inhibition leads to
IKK-NF-jB in malignant cells and significantly damp-
ens cytotoxicity of GA. Thus, NF-jB establishes a link
between autophagy and its function in suppressing both
inflammation and tumour progression (98). Moreover,
NF-jB activation prevents autophagy activation induced
by inflammatory cytokines (101,102) (Fig. 2b).

Beclin-1 interactome

Beclin-1 the mammalian orthologue of Atg6, and myris-
tylated serine kinase Vps15/p150, can work together to
form a Beclin-1 interactome, regulating activity of Class
III phosphatidylinositol 3-kinase (PI3KCIII), an ortho-
logue of Vps34 (103,104). Beclin-1 has been demon-
strated to combine with PI3KIII/Vps34 in an
evolutionarily conserved domain (ECD), but lack of the
latter leads to loss of tumour suppressor function of
Beclin-1 (105). Two positive mediators of Beclin-1 in-
teractome exist, namely ultraviolet irradiation resistance-
associated gene UVRAG and Bif-1. UVRAG interacts
with Beclin-1, and Bif-1 interacts with Beclin-1 through
UVRAG. Their interactions can markedly enhance
PI3KC3 lipid kinase activity, thereby facilitating
autophagy (106,107). There also exist several Beclin-1
negative regulators. Interestingly, some anti-apoptotic
Bcl-2 family members, such as Bcl-2 and Bcl-XL, con-
taining four Bcl-2 homology domains (BH), can inhibit
autophagy by interacting with Beclin-1. The BH3
domain of Beclin-1 contributes to their association
(108). It is suspected that Bcl-2 blocks Beclin-1 interac-
tion with PI3KCIII, reduces PI3KCIII activity and
downregulates autophagy, through either disassociating
with the Beclin-1/PI3KCIII or inhibition of its activity
(109) (Fig. 2c).

The programmed necrosis pathways in cancer

Ligation of death ligands such as TNFa, TNF-related
apoptosis-inducing ligand (TRAIL) and Fas ligand
(FasL) to their cognate receptors results in assembly of
a supramolecular platform composed of caspase-8, the
adaptor protein FADD and receptor-interacting serine-
threnoine kinase 1 (RIP1). Under normal conditions,
active caspase-8 cleaves RIP1 and inactivates it. How-
ever, caspases may be inactivated, for instance, after
exposure to pancaspase inhibitor Z-VAK-fmk, or upon
infection by viral strains that encode serpins. In such
cases, death receptor ligation results in assembly of a
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Figure 3. Programmed necrosis signalling pathways in cancer.

Figure 4. Cross-talk between apoptosis, autophagy and programmed necrosis.
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complex involving caspase-8, FADD, RIP1 and RIP3.
Subsequently, pro-necrotic complex RIP1-RIP3 interacts
with metabolic enzymes, such as glycogen phosphory-
lase (PYGL), glutamate-ammonia ligase (GLUL) and
glutamate dehydrogenase 1 (GLUD1) to enhance metab-
olism, accompanied by increased reactive oxygen spe-
cies’ (ROS) production (110). Thus, excessive ROS can
lead to mitochondrial membrane permeabilization
(MMP) and subsequent programmed necrosis. There are
a number of other modulators involved in the pro-
grammed necrosis modulating network including
PARP1, PAR polymers, NADPH osidases and calpains.
Necrotic cell death stresses can activate PARP1, which
potentially induces necrosis either through activation of
RIP kinases, activation of calpains (111), or by produc-
tion of PAR polymers (112,113). In addition, activation
of death receptors or cell stress can induce interaction
and activation of kinases RIP1 and RIP3, which influ-
ence mitochondria either directly or indirectly through
NADPH oxidase, to induce ROS increase, thereby lead-
ing to necrosis (114–116) (Fig. 3).

Conclusions and perspectives

Programmed cell death (PCD) involves not just the tra-
ditional death module apoptosis, but multiple death pro-
grams including programmed necrosis and autophagic
cell death (4). The huge increase in publications related
to PCD, specially those focusing on apoptosis and auto-
phagic pathways, has contributed to a wealth of knowl-
edge in facilitating a better understanding of cancer
pathogenesis and therapeutics (Fig. 4). Many death reg-
ulatory genes are common to more than one module;
therefore, PCD should be regarded as a network of
interconnected pathways comprising of the three main
functional modules.

However, traditional ways of searching for drug tar-
gets and signalling pathways related to anti-cancer ther-
apy are out of date; the emerging challenge over the
next decade is to systematically assemble these compo-
nents into functional molecular and cellular networks,
then to use them to answer fundamental questions con-
cerning cell processes and how malignancy reflects
them. Integration of various interactome and functional
relationship networks has been widely applied to reveal
genomic functions in cancer cells. Cancer biologists try
to realize how apoptosis, autophagy and programmed
necrosis pathways could be mapped and integrated with
each other, what global properties are beginning to
emerge from interactome network models, and how
these properties may relate to cancer and its treatment.

Even though such networks have not been mapped
completely due to their high levels of complexity, data

and models accumulated recently point to clear direc-
tions for the future. Recent studies have demonstrated
that the best hope for targeting apoptosis and autophagy
in potential therapeutic applications may lie in discovery
of numbers of useful agents that are able to target physi-
ological effects of altered key signalling pathways and
even the global PCD network rather than their individ-
ual gene or protein components. Thus, the human PCD
network could provide more novel insights into how
these hub proteins and their PCD pathways may play
crucial roles as potential drug targets in cancer treat-
ment, at the systems level, which refer to PCD network-
based identification of new targets for drug discovery.
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