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Abstract 
Apoptosis and autophagy are important molecular processes that maintain organismal and cellular 

homeostasis, respectively. While apoptosis fulfills its role through dismantling damaged or unwanted cells, 
autophagy maintains cellular homeostasis through recycling selective intracellular organelles and 
molecules. Yet in some conditions, autophagy can lead to cell death. Apoptosis and autophagy can be 
stimulated by the same stresses. Emerging evidence indicates an interplay between the core proteins in 
both pathways, which underlies the molecular mechanism of the crosstalk between apoptosis and 
autophagy. This review summarizes recent literature on molecules that regulate both the apoptotic and 
autophagic processes. 
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Review 

In the view of the cancer researchers in the cell 
death field, the only good cancer cells are dead cells. 
Most front­line cancer therapeutics induce cytotoxic 
stress on cancer cells that ultimately trigger programmed 
cell death. Programmed cell death was originally 
described as a cell self­destruction process that plays a 
crucial role during the development of metazoans. The 
term  was invented to describe a type of 
programmed cell death that exhibits specific microscopic 
features such as chromatin condensation, nuclear 
fragmentation, and plasma membrane blebbing [1] . For a 
long time, the terms  and 

were used synonymously, until 
and  were brought to 

attention of the research community. 
Like apoptosis, autophagic cell death was initially 

characterized by the microscopic features of dying/dead 
cells. Autophagic cells often lack the typical features of 
apoptotic cells and almost always contain multi­layer or 
double­layer intracellular membrane structures enclosing 
a bulk of cytoplasmic materials or subcellular organelles. 
These structures,  termed autophagosomes, are also 
observed in yeast cells upon nutrient starvation. Auto鄄  
phagosomes fuse with lysosomes to form autolyso鄄  
somes, and the contents enclosed in autolysosomes are 

digested by lysosomal proteases. This process, which 
allows recycling of intracellular organelles and proteins, 
benefits cells by (1) removing damaged or unwanted 
organelles and macromolecules and (2) providing an 
energy source and building blocks for cellular functions 
and  biosynthesis. These functions clearly have 
a positive effect on cell survival. Yeast strains harboring 
mutations in autophagy genes  die rapidly during 
starvation, suggesting that autophagy serves as a 
survival mechanism [2,3] . The survival­promoting function 
of autophagy in yeast is contradictory to the theory that 
autophagy is a death mechanism. This raises the 
question of whether autophagy can really serve as an 
active form of cell death or if it is a cell­responsive event 
whose features are observed when cells die of 
irreparable damage [4] . Indeed, the role of autophagy in 
multicellular organisms is much more complicated than 
that in yeast, which lacks well­defined apoptosis 
machinery as seen in metazoans. It is becoming 
increasingly apparent that apoptosis and autophagy may 
not be mutually exclusive but rather closely linked, with 
complementary pathways involved in the activation and 
inhibition of both processes. Morphological features 
characteristic of both autophagy and apoptosis have 
been observed to occur simultaneously in the same 
tissue. Furthermore, the ability of autophagy to elicit a 
cell­survival or cell­death response seems to be 
significantly impacted by whether or not apoptotic 
machinery is functional. The interplay between 
autophagy and apoptosis is a seemingly complex 
process whose outcome depends on cell type  and 
environmental conditions. Situations have been 
described in which autophagy acts to antagonize 
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apoptosis, whereas in other cases, autophagy acts as an 
agonist of apoptosis. Still yet, there are cases where 
autophagy seemingly induces cell death irrespective of 
apoptosis. A number of molecules can affect both 
autophagy and apoptosis, suggesting that they may act 
as molecular switches of these two cellular processes in 
response to cell damage signaling. 

Core Proteins of Autophagy 

Autophagy­related genes (ATGs) are involved in 
various stages of autophagy, including initiation, 
nucleation, maturation of autophagic vesicles, and fusion 
of autophagic vesicles with lysosomes. These proteins 
can be viewed as the core players of autophagy. 
Notably, several of these autophagy core players have 
been implicated in apoptosis. 

Atg3 is a noncanonical ubiquitination E2 enzyme that 
mediates the conjugation of the ubiquitin­like protein 
Atg8 (also termed microtubule­associated protein light 
chain 3, LC3) to phosphatidylethanolamine (PE) during 
autophagy. In addition to its effects on Atg8, recent 
studies have shown that Atg3, like Atg5, can be 
covalently conjugated to Atg12 [5] . Atg3­Atg12 complex is 
localized to the mitochondrial outer membrane and may 
regulate mitochondrial homeostasis by mediating mito鄄  
chondrial fusion. Disturbing the formation of this 
complex does not affect nonselective autophagy, 
whereas selective mitochondrial autophagy (mitophagy) 
is severely reduced. Atg12 conjugation to Atg3 
sensitizes cells to mitochondria­mediated apoptosis but 
has no effect on death receptor­mediated apoptosis. 
However, the mechanism of this sensitization remains 
unclear. 

Atg4 is a unique cysteine protease responsible for 
the cleavage of the C­terminus of LC3, a step that 
primes newly synthesized Atg8 for covalent attachment 
to PE. Atg4 can also delipidate Atg8 at the lysosomal 
fusion step [6] . One study found that a human Atg4 
member Atg4D is cleaved at DEVD(63)K by caspase­3 
during apoptosis, generating two fragments [6] . The 
N­terminal fragment gains protease activity and can 
prime/delipidate GABA (A) receptor­associated protein 
like 1 (GABARAP­L1), an Atg8 family member. The 
C­terminal fragment contains a putative BH3 domain and 
can be transiently recruited to the mitochondrial matrix, 
resulting in enhanced cell death by regulating ROS 
generation [7] . 

Atg5 participates in autophagy initiation through a 
ubiqiutin­like conjugation system [8] . Reports indicate that 
a truncated Atg5, generated through calpain­mediated 
proteolysis, interacts with Bcl­x L , translocates to mito鄄  
chondria, and hence, activates apoptosis [9] . 

Atg6/Beclin1 has a key role in the initiation of 

autophagy. Several reports have provided evidence that 
Beclin1 is a substrate of caspase­3 [10­12] . When caspase­3 
is activated, it cleaves Beclin1 at two potential sites: 
TDVD (133) and DQLD(149). Cleaved Beclin1 loses its 
ability to promote autophagy, and more importantly, the 
C­terminal fragment can localize to mitochondria and 
sensitize cells to apoptosis. Interestingly, this Beclin1­C 
fragment does not include the putative BH3 domain in 
full­length Beclin1. The mechanism of how the 
Beclin1­C fragment mediates mitochondrial damage 
requires further research. 

LC3 is a ubiquitin­like protein with only one known 
target: PE. LC3­conjugated PE is recruited to the 
phagophore and is  involved in the elongation and 
enclosure of the autophagosome. LC3 can directly 
interact with the ubiquitin­binding protein SQSTM1/p62 
and facilitate the clearance of polyubiquitinated protein 
aggregates. Two recent studies suggest that LC3 can 
serve as the platform to facilitate apoptosis by mediating 
caspase­8 activation [13,14] . Inhibition of autophagic protein 
degradation leads to the accumulation of LC3 and 
SQSTM1/p62. Because p62 interacts with caspase­8, 
the accumulation of LC3 and p62 leads to caspase­8 
aggregation and autoactivation, resulting in apoptosis. 
Besides functioning as the docking site for caspase­8, 
LC3 can also regulate extrinsic apoptosis in  cigarette­ 
smoke­induced emphysema [15]  and hyperoxia­induced 
epithelial cell death [16] . LC3 has been found to interact 
with the death­associated ligand Fas in lipid rafts via 
caveolin­1 (Cav­1). However, the outcome of the 
LC3/Fas interaction in cell death regulation is different in 
these two systems. In cigarette­smoke­induced cell 
death, siRNA­mediated silencing of LC3 inhibits 
apoptosis by increasing Cav­1­dependent Fas seques 鄄  
tration  [15] . In hyperoxia­induced cell death, silencing LC3 
promotes cell death while overexpressing LC3 confers 
cytoprotection [16] . How the interaction among LC3, Cav­1, 
and Fas generates different outcomes is not clear. The 
distinct binding sites and/or different binding affinity 
between LC3 and Cav­1 may contribute to this 
divergence. 

Atg12 is a ubiquitin­like protein that can covalently 
conjugate with Atg3 and Atg5 and regulate apoptosis and 
autophagy, respectively. A recent study revealed that 
the free form of Atg12 can function as a potent 
apoptogenic factor in response to various cell death 
stimuli [17] . A putative BH3­like motif has been identified in 
Atg12. Atg12 can interact with anti­apoptotic Bcl­2  family 
members through its BH3­like motif, thereby  regulating 
Bax activation and mitochondrial outer membrane 
permeabilization (MOMP). Atg12 deficiency blocks 
intrinsic but not extrinsic apoptosis, consistent with its 
role as a BH3­only protein that regulates mitochondrial 
cell death. It is worth noting that the BH3 domain of 
Atg12 does not structurally resemble a classic BH3 
domain. 
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UV radiation resistance鄄  associated gene protein 
(UVRAG), a regulator of autophagy that interacts with 
the Vps34/Beclin1 complex [18] , has been reported to be 
able to inhibit apoptosis by direct association with Bax. 
This association blocks Bax activation and its 
translocation to mitochondria  [19] . Another autophagy­ 
related protein that has a role in apoptosis is AMBRA1 
(activating molecule in Beclin1­regulated autophagy), 
which is a Beclin1 binding partner and stimulates 
autophagy [20,21] . Like Beclin­1, AMBRA1 can be cleaved 
by caspases and calpains, which facilitates apoptosis by 
inhibiting the pro­survival function of autophagy [22] . 

Bcl鄄  2 Family of Proteins 
The Bcl­2 family of proteins is critical in controlling 

mitochondrial membrane permeabilization and apoptosis. 
These proteins are distinguished by the presence of up 
to four Bcl­2 homology domains (BH1­4 domains) and 
are usually grouped into three distinct subfamilies based 
on their function and the BH domains: (1) anti­apoptotic 
proteins, including Bcl­2, Bcl­xL, Mcl­1, Bcl­W and 
A1/Bfl­1; (2) 野multidomain冶 pro­apoptotic proteins, 
including Bax, Bak, and Bok; and (3) 野BH3­only冶 
proteins, such as Bad, Bim, Noxa, Puma, Bmf, and 
Bnip3. The multidomain pro­apoptotic proteins Bax and 
Bak are the key molecules necessary for inducing 
apoptosis. In response to apoptotic stimuli, these 
proteins undergo conformational changes leading to their 
oligomerization on the mitochondrial outer membrane, 
followed by cytochrome  release and activation of the 
caspase cascade. Anti­apoptotic Bcl­2 proteins block 
this process by interacting with Bax and Bak. BH3­only 
proteins respond to different cell death stimuli. All 
BH3­only proteins identified so far are pro­apoptotic and 
function by either activating Bax and Bak or inhibiting the 
anti­apoptotic Bcl­2 proteins [23] . 

Anti鄄  apoptotic Bcl鄄  2 proteins 

The anti­apoptotic Bcl­2 family proteins Bcl­2 and 
Bcl­x L  can inhibit autophagy via interaction with the 
autophagy essential factor Beclin1. In fact, Beclin1 was 
discovered in a yeast two­hybrid screen for Bcl­2­ 
interacting proteins [24] . A similar interaction was found in 

between Beclin1 and the Bcl­2 homolog 
ced­9  [25] . Other anti­apoptotic Bcl­2 family members, 
including Bcl­xL, Mcl­1, and the herpesvirus­encoded 
Bcl­2 homolog v­Bcl­2, were also found to interact with 
Beclin1 [26,27] . These anti­apoptotic Bcl­2 proteins suppress 
starvation­induced autophagy by inhibiting the formation 
of the complex between Beclin1 and the class III 
phosphatidylinositol 3­kinase (PI3K) Vps34  [28] . The 
subcellular localization of Bcl­2 appears to affect its 

function as an autophagy regulator. While the majority 
of cellular Bcl­2 is localized to the mitochondria, a 
portion of Bcl­2 is localized to the ER membrane [29] . 
ER­targeted Bcl­2, but not mitochondrial Bcl­2, inhibits 
autophagy [28] . A possible explanation for this is that Bcl­2 
may require factors such as inositol triphosphate (IP3) 
receptors on the ER membrane to function as an 
autophagy modulator. 

Another potential mechanism for the inhibitory effect 
of Bcl­2 on autophagy is modulation of intracellular Ca 2+ 

homeostasis. An increase in free cytosolic Ca 2+  can 
induce autophagy. This may result from inhibition of the 
target of  rapamycin (TOR) signaling pathway by 
calmodulin­dependent kinase kinase­茁 (CaMKK茁  ) and 5' 
adenosine monophosphate­activated protein kinase 
(AMPK) [30] . Bcl­2 can reduce the steady­state level of 
ER Ca 2+ , preventing the stress­induced increase of 
cytosolic Ca 2+[31,32]  and thereby suppressing the induction 
of autophagy [30] . 

Contrary to the above conditions, where Bcl­2 
functions to inhibit autophagy, Bcl­2 and Bcl­x L  have also 
been found to enhance autophagy under certain 
conditions, such as in response to treatment with 
etoposide and staurosporine [33] . The underlying 
mechanism whereby  Bcl­2 and Bcl­x L  can promote 
autophagy is currently unclear. It is possible that distinct 
stress signals要for example, starvation or genotoxins要 
may cause Bcl­2 family proteins to localize to different 
subcellular compartments or to interact with different sets 
of molecules, thus imposing distinctive effects on 
autophagy induction. 

Bax and Bak 

Bax and Bak are key molecules in mediating the 
intrinsic apoptosis pathway. Cells deficient in both Bax 
and Bak are resistant to a wide range of apoptotic 
stimuli [34­36] . Nevertheless, these cells can still undergo 
non­apoptotic cell death, namely autophagic and necrotic 
cell death [33,37] . Long­term treatment of  cells 
with the genotoxin etoposide led to a decrease in cell 
viability, which could be blocked by the inhibition of 
autophagy, suggesting that autophagy is critical in this 
Bax/Bak­independent cell death [33] . Similar results were 
found in irradiated  cells [38,39] . Because Bax and 
Bak directly interact with the anti­apoptotic Bcl­2 
proteins, it is reasonable to consider that Bax and Bak 
may displace Bcl­2 or Bcl­x L  from Beclin1, thereby 
affecting autophagy. Another hypothesis is that Bax and 
Bak play a role in keeping phosphatase and tensin 
homolog (PTEN) activity low, which can result in 
constitutively active Akt­mTOR signaling and autophagy 
inhibition [40] . However, there is no direct evidence to 
support these theories. Indeed, in certain settings, Bax 
and Bak proteins do not seem to affect the induction of 
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autophagy [41] . It is more likely that the deficiency in 
apoptosis due to the absence of Bax and Bak enables 
autophagy to progress to an extent that the cells die of 
damage resulting from excessive autophagy. 

BH3鄄  only proteins 

The pro­apoptotic BH3­only proteins are categorized 
into two types. One includes Bim and Bid, which contain 
an 琢  ­helical BH3 domain that can directly induce 
oligomerization of Bax and Bak on the mitochondrial 
outer membrane, leading to cytochrome c release. The 
other includes Bad and Bik, whose BH3 domain binds 
and antagonizes anti­apoptotic Bcl­2 proteins and 
sensitizes cells to apoptosis. In both cases, the BH3 
peptides interact with a hydrophobic groove formed by 
the BH1, BH2, and BH3 domains and upon doing so, 
induce apoptosis either by activating Bax and Bak or by 
neutralizing Bcl­2 and Bcl­x L [42] . A small molecule 
compound that mimics the BH3 peptide has been shown 
to be able to induce apoptosis in cancer cells and can be 
explored as a potential anticancer drug [43] . 

In addition to their pro­apoptotic function, BH3­only 
proteins may also regulate autophagy. Bcl­2/adenovirus 
E1B 19kDa interacting protein 3 (Bnip3), a hypoxia­ 
inducible, BH3 domain containing protein, leads to 
accumulation of autophagosomes and non­apoptotic cell 
death when overexpressed [44] . Arsenic trioxide (As 2 O 3 ), 
which can kill hematological tumor cells via apoptosis, 
induces autophagic cell death in solid tumor cells by 
up­regulating the expression of Bnip3 [45] . 

Bad, egl­1 (the  BH3­only homolog), and 
the chemical BH3 peptide mimetic ABT737 have been 
found to enhance basal level and starvation­induced 
autophagy. This autophagy enhancement occurs 
through the competitive interaction of BH3 peptides with 
Bcl­2/Bcl­xL, which displaces Bcl­2/Bcl­xL  from Beclin1 [26] . 
Thus, BH3­only proteins may have dual functions, 
serving as inducers for both apoptosis and autophagy. It 
remains to be determined whether the Bid/Bim­like and 
Bad/Bik­like BH3­only proteins have the same or 
different effects in regulating autophagy. Nevertheless, 
in the above settings, autophagy acts as a survival 
mechanism, as the inhibition of autophagy enhanced 
apoptosis induced by BH3 mimetics and BH3­only 
proteins [26] . Moreover, while the Beclin1/Bcl­2 interaction 
requires the BH1 and BH2 domains in Bcl­2 [28] , a putative 
BH3 domain has been found in Beclin1 [46] , suggesting a 
retrospective role for Beclin1 in regulating apoptosis. 

Calpains 

Calpains are a family of Ca 2+ ­dependent cysteine 
proteases. There are at least 14 members, and each 

can be categorized into one of two subfamilies: 
滋  ­calpains or m­calpains. The names of these 
subfamilies reflect their requirements for Ca 2+ . 滋  ­calpains 
are activated by micromolar concentrations of Ca 2+ , 
whereas m­calpains are activated by millimolar [47,48] . The 
two subfamilies share a common 30­kDa regulatory 
subunit and contain a distinct  ~80­kDa catalytic 
subunit [49] . Calpains reside in the cytosol in an inactive 
form. In response to increased levels of cy tosolic Ca 2+ , 
calpains translocate to the intracellular membrane and 
are activated by autocatalytic hydrolysis [48] . Calpains are 
involved in both apoptotic and necrotic cell death. 
Apoptosis is promoted by calpain­mediated cleavage of 
anti­apoptotic proteins such as Bcl­2 or by the cleavage 
of certain pro­caspases into their active form [50­52] . 
Calpain­mediated cleavage of the Na + /Ca 2+  exchanger in 
the plasma membrane results in sustained secondary 
intracellular Ca 2+  overload and subsequent necrotic cell 
death [53] . Calpains also causes lysosomal membrane 
permeability (LMP), which leads to the release of 
lysosomal enzymes such as cathepsins and cell death [54] . 

Calpains have been reported to play a role in 
autophagy. These proteins are activated by several 
stimuli that  trigger apoptosis and autophagy. One recent 
report showed that calpains are required for autophagy 
induced by these conditions [55] . Genetic deletion or 
RNAi­mediated knockdown of the calpain small 1 
regulatory subunit (CAPNS1), which is required for the 
activation of both 滋  ­calpain and m­calpain, results in a 
block of autophagy induced by rapamycin, starvation, 
aceramide, and etoposide [55] . Inhibition of autophagy due 
to calpain deprivation makes cells more sensitive to 
apoptosis, suggesting that calpain­mediated autophagy 
plays a protective role against apoptosis. Another report, 
however, showed that in response to similar insults, Atg5 
is cleaved by calpain at its C­terminus, generating a 
24­kDa fragment from its 33­kDa proform. This 24­kDa 
fragment translocates to mitochondria, where it 
antagonizes Bcl­x L  and thereby induces apoptosis [9] . 
Thus, in this setting, calpain activation switches cells 
from autophagy to apoptosis by cleaving Atg5. These 
reports indicate that calpains are an important regulator 
of apoptosis and autophagy, although the discrepancy 
between these reports needs to be further investigated. 

p53 

p53 is a major cellular stress­sensing molecule, 
which,  upon activation, triggers cell cycle arrest or 
apoptosis [56,57] . In addition, p53 also regulates autophagy. 
Treatment with genotoxins including etoposide, doxo鄄  
rubicin, and actinomycin D resulted in  p53­dependent 
induction of autophagy [4,58] . One  mechanism  for p53­ 
mediated autophagy is through the  activation of  AMPK, 
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subsequently leading to activation of  the tuberous 
sclerosis protein kinases (TSC1 and TSC2) and 
inhibition of mTOR) [4] . In addition to this rapidly induced 
inhibition of mTOR, p53 activation also leads to the 
up­regulation of PTEN and TSC2 at the transcriptional 
level, which may contribute to long­term suppression of 
mTOR [4] . Another mechanism for p53­induced autophagy 
is through transcriptional activation of damage­regulated 
autophagy  modulator (DRAM), a p53 transcriptional 
target [58] . While  DRAM is required for p53­mediated 
autophagy, it is not required for autophagy induced by 
amino acid starvation. This DRAM­dependent autophagy 
appears to facilitate p53­dependent apoptosis. While 
DRAM is a known lysosomal protein, how it activates 
autophagy remains unclear. 

p53 is well recognized as a DNA­damage­responsive 
factor; yet its ability to activate AMPK and inhibit mTOR 
signifies that it is also capable of signaling to the nutrient 
sensing pathway. Additional support for this role of p53 
is illustrated by its activation in response to nutrient 
starvation. Indeed, glucose starvation leads to AMPK­ 
mediated phosphorylation of serine 15 on human p53 
(serine 18 in mouse)  [59] , indicating p53 activation. In 
normal cells, phosphorylation of Ser15 is quickly 
reversed by a phosphatase composed of the 琢  4 
regulatory subunit and the protein phosphatase 2 (PP2A) 
catalytic subunit, which is in turn activated via 
phosphorylation by TOR kinase [60] . Thus, TOR forms a 
negative feedback loop in the phosphorylation of Ser15 
of p53, while AMPK positively acts on Ser15 and 
activates p53. 

However, as a multifaceted protein, p53 has also 
been reported to have inhibitory effects on autophagy. 
Genetic deletion, depletion, or pharmacological inhibition 
of p53 leads to induction of autophagy. Expression of 
wild type p53 or mutant p53 predominantly localized in 
the cytosol in p53­deficient cells inhibits basal level 
autophagy. When a classic autophagy inducer 
stimulates autophagy, the process is associated with p53 
degradation. Blocking the degradation of p53 prevents 
autophagy induction in response to various autophagic 
stimuli [61,62] . While the mechanism of how cytosolic p53 
inhibits autophagy has yet to be determined, studies 
have found that the autophagy suppression activity of 
p53 is strictly cell cycle鄄  dependent (i.e., p53 inhibition 
triggers autophagy mostly in G1  phase and less so in S 
but never in G 2 /M phases) [62] . 

p27 Kip1 

p27 Kip1 , a member of the Cip/Kip family of 
cyclin­dependent kinase (Cdk) inhibitors, binds to Cdk2 
(and other Cdks) and potently inhibits Cdk2 kinase 
activity [63] . p27 Kip1  overexpression in human cells leads to 

cell cycle arrest in G 1  phase. p27 Kip1  has been reported 
to mediate the decision to enter autophagy or apoptosis 
when cells are under metabolic stress [27] . The stability 
and function of p27 Kip1  is regulated by different kinases 
through phosphorylation. Activation of the liver kinase 
B1 (LKB1)­AMPK pathway results in the phosphorylation 
of Thr198 of p27 Kip1 , which promotes p27 Kip1  stability. 
Overexpression of a stable p27 Kip1  phosphomimetic 
mutant (Thr198Asp) induced autophagy even in the 
presence of serum. In serum­starved cells, both Thr198 
phosphorylation and p27 Kip1 stability increased, concurrent 
with autophagy induction, suggesting that p27 Kip1  plays a 
role in serum deprivation­induced autophagy. While 
serum deprivation, inhibition of PI3K by LY294002, or 
inhibition of mTOR by rapamycin induced autophagy in 
cells with normal p27 Kip1  levels, these treatments induced 
apoptosis in cells in which p27 Kip1  had been silenced 
through RNAi [27] . Thus, p27 Kip1  can function as a 
determinant of whether quiescent cells enter the 
autophagy cell survival pathway or undergo apoptosis. 
Since tumor cells often encounter metabolic stress 
imposed by their microenvironment and certain 
chemotherapeutic treatments, p27 Kip1  may function to 
promote tumor cell survival through the maintenance of 
autophagy. 

smArf 
Mouse p19 Arf  (p14 ARF  in humans) is a tumor 

suppressor protein that activates p53 by antagonizing the 
p53 inhibitor Mdm2 (HDM2 in humans)  [64] , thereby 
initiating p53­dependent cell cycle arrest and enhancing 
apoptosis. However, in mice lacking functional Mdm2 
and p53, deficiency in p19 Arf  makes these animals more 
tumor prone, suggesting an Mdm2­ and p53­independent 
tumor suppressive function of p19 Arf [65] . While several 
explanations have been proposed for the p53­ 
independent effects of p19 Arf[66] , a recent study showed 
that smArf, a short form of Arf, can induce autophagic 
cell death in a p53­independent manner. This may also 
contribute to its p53­independent tumor suppressor 
function [67] . 

Translation of the smArf protein is initiated from the 
single internal methionine codon in both the mouse and 
human Arf mRNA (Met45 in mouse p19 Arf  and Met48 in 
human p14 Arf ). Mutation of the canonical p19 Arf  initiation 
codon (Met1) or deletion of sequences encoding  the 40 
N­terminal amino acids of Arf leads to increased 
production of smArf. Unlike full­length Arf, smArf is 
localized to mitochondria, where it causes morphological 
changes, loss of mitochondrial membrane potential, and 
eventually cell death. These effects were observed in 
mouse embryo fibroblasts (MEFs) lacking functional p53 
or the pro­apoptotic proteins Bax and Bak, and they 
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could not be circumvented by the anti­apoptotic factors 
Bcl­2 and Bcl­x L . Moreover, smArf does not trigger 
cytochrome c release or caspase activation, all pointing 
to a non­apoptotic form of cell death. Indeed, smArf was 
found to stimulate the accumulation of autophagic 
vesicles. RNAi­mediated knockdown of Atg5 and 
Beclin1 attenuated smArf­induced cell death. Thus it 
appears that smARF can induce autophagy as a 
mechanism to promote cell death [67] . Therefore, there 
may be different tumor suppressing mechanisms 
mediated by the two Arf isoforms. More specifically, 
full­length p19 Arf  triggers a  rapid, p53­dependent nuclear 
response, whereas the  short form, smArf, activates a 
slowly evolving, mitochondria­based autophagy program 
that gains primacy when p53 is dysfunctional. 

Death鄄  Associated Protein Kinase (DAPK) 

DAPK is a calcium/calmodulin­regulated serine/ 
threonine kinase, initially isolated as a mediator of 
apoptosis induced by interferon­酌  [68] . Further studies 
revealed DAPK as the first member of a protein kinase 
family that includes two other proteins, Zipper­interacting 
protein kinase (ZIPK) and dynamin­related protein­1 
(DRP­1). These proteins share a high degree of 
homology in their kinase catalytic domains and function 
to promote cell death triggered by various death stimuli, 
including interferon­酌  , cell death receptors, TGF­茁  , 
oncogene expression, and anoikis (loss of adherence to 
extracellular matrix) [69,70] . Interestingly, the cell death type 
induced by ectopic expression of the DAPK family 
members depends on cellular and experimental 
conditions. In primary fibroblasts, overexpression of 
DAPKs leads to apoptosis, whereas in tumor cell lines, 
such as HeLa, MCF­7, or 293T cells, overexpression of 
DAPKs leads to cell death with autophagic features [71] . 
Dominant­negative DRP­1 reduced the level of starvation 
and tamoxifen­induced autophagy in MCF­7 breast 
carcinoma cells, whereas reduction of DAPK expression 
by antisense RNA attenuated interferon­酌  ­induced 
autophagy in HeLa cells [71] . This suggests that these 
kinases may be necessary for autophagy. Interestingly, 
DRP­1 is localized to the lumen of autophagic vesicles, 
which raises the possibility that DRP­1 may have a direct 
role in autophagic vesicle formation, possibly by 
phosphorylating factors involved in this process  [71] . 
Indeed, DAPK can phosphorylate Thr119 in the BH3 
domain of Beclin1, promoting its dissociation from 
Bcl­2/Bcl­xL  [72] . DAPK has also been reported as a 
mediator of ER stress­induced caspase activation and 
autophagic cell death in primary fibroblasts [73] . Deletion 
of DAPK attenuated the accumulation of the active form 
of caspase­3, as well as the accumulation of LC3­II. 
Consequently, cell death was partially blocked. 

Depletion of DAPK did not affect ER stress intensity or 
the unfolded protein response (UPR) signaling pathway, 
which includes CCAAT/enhancer­binding protein (C/EBP) 
homologous protein (CHOP) induction, caspase­12 
activation, and c­Jun N­terminal kinase (JNK) phospho鄄  
rylation. These findings suggest that DAPK works 
downstream of the ER stress response to mediate 
apoptosis and autophagy [73] . 

DNA鄄  PK 
DNA­protein kinase (PK) is a nuclear serine/threonine 

kinase and a member of the PI3K­like family. It consists 
of a catalytic subunit (DNA­PKcs) and a DNA binding 
component (Ku70/Ku80) [74] . DNA­PK activity is stimulated 
by double­stranded DNA ends. DNA­PK plays a central 
role in the non­homologous end joining (NHEJ) pathway 
for double strand break repair and in V (D)J recom鄄  
bination. The phosphorylation targets of DNA­PKcs 
include DNA­PKcs [75] , both Ku subunits  [76] , XRCC4 [77] , 
p53 [78] , Mdm2 [79] , and c­ABL [80] . Phosphorylation of DNA­ 
PKcs, Ku subunits, and XRCC4 is associated with DNA 
repair, whereas that of p53, MDM2, and c­ABL induces 
apoptosis. The distinct functions of these targets are, 
therefore, consistent with the notion that DNA­PK has 
dual roles in responding to DNA damage: one is to 
sense DNA damage and  facilitate the repair processes, 
whereas the other is to induce apoptosis [81] . DNA 
damage does not induce apoptosis in DNA­PKcs ­/­ 
thymocytes [78,82] . Further studies found that when treated 
with酌  ­irradiation, DNA­PKcs­deficient M059J glioblastoma 
cells die with autophagic features. Inhibition of DNA­ 
PKcs induced autophagy and sensitized malignant 
glioma cells to 酌  ­irradiation [83] . Thus, DNA­PKcs may 
also multitask by inducing apoptosis while inhibiting 
autophagy. 

c鄄  Jun N鄄  terminal Kinases (JNK) 
The molecular mechanism of JNK regulating apoptosis 

and autophagy was first described in nutrient­starvation­ 
induced autophagy and apoptosis [84] . Upon nutrient 
starvation, JNK is activated and phosphorylates Bcl­2 at 
multiple sites, which decreases the ability of Bcl­2 to 
bind BH3 domain­containing proteins, such as Bax and 
Beclin1. Due to the weak binding of the Beclin1 to Bcl­2, 
the Bcl­2/Beclin1 complex disassembles and the freed 
Beclin1 can induce autophagy. Upon prolonged 
starvation, JNK activity is sustained at a high level, 
resulting in increased Bcl­2 phosphorylation and 
dissociation from Bax, which leads to Bax­mediated 
apoptosis [84] . JNK has also been reported to up­regulate 
Beclin1 expression at the transcription level through its 
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bona fide substrate c­Jun. However, in most instances, 
JNK activation and Beclin1 expression is associated with 
autophagic cell death induced by triggers  such as 
ceramide or stimulation of the human death  receptor 5 
(DR5) in cancer cell lines [85,86] . 

Closing Remarks 
Autophagy, as a cellular response to nutrient 

deprivation, is evolutionarily a more ancient event than 
apoptosis. As unicellular organisms like yeast developed 
a complex molecular pathway to regulate autophagy, 
apoptosis appeared later in metazoans to ensure tissue 
and  organismal homeostasis. Both processes play 
critical roles in controlling cell death and survival and, 
thus, need to be delicately regulated. It is therefore not 
surprising that certain canonical apoptotic molecules can 
regulate autophagy, and vice versa. Multitasking by 
certain molecules offers advantages to regulate these 

important biological events more rapidly, efficiently, and 
precisely. Autophagy clearly has both pro­survival and 
pro­death functions, and this is largely dependent on the 
cell爷s ability to die by apoptosis. In response to stress 
or damage, autophagy is induced to shut down the 
anabolic processes to keep cells viable and metabolically 
inert, allowing cellular repair and escape from further 
damage. When cellular damage is too severe, apoptosis 
kicks in to eliminate irreparable cells to maintain tissue 
homeostasis. In cells with defective apoptosis, 
autophagy may serve as a backup strategy for cellular 
demise or as a mechanism to promote other forms of 
cell death, such as necrosis. This is of significant 
interest in cancer cells because the apoptosis machinery 
is often mutated during tumorigenesis. Thus, targeting 
autophagy should be an important consideration in 
developing novel strategies for cancer therapy. 
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