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Abstract

Not surprisingly, the death of a cell is a complex and well controlled process. For several decades,
apoptosis, the first genetically programmed death process to be identified has taken centre stage as
the principal mechanism of programmed cell death (type I cell death) in mammalian tissues.
Apoptosis has been extensively studied and its contribution to the pathogenesis of disease well
documented. However, apoptosis does not function alone in determining the fate of a cell. More
recently, autophagy, a process in which de novo formed membrane enclosed vesicles engulf and
consume cellular components, has been shown to engage in complex interplay with apoptosis. As
a result, cell death has been subdivided into the categories apoptosis (Type I), autophagic cell
death (Type 1), and necrosis (Type I11). The boundary between Type I and 1 cell death is not
completely clear and as we will discuss in this review and perhaps a discrete difference does not
exist, due to intrinsic factors among different cell types and crosstalk among organelles within
each cell type. Apoptosis may begin with autophagy and autophagy can often end with apoptosis,
inhibition or a blockade of caspase activity may lead a cell to default into Type 11 cell death from
Type I.
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1. Introduction

Autophagy is often observed in dying cells. In some aspects this may be an attempt by the
cell to mitigate a given stress before resorting to apoptosis. Alternatively, activation of
autophagy might reflect a crosstalk between the processes of autophagy and apoptosis.
Autophagy is induced in response to many stresses that ultimately lead to apoptosis, such as,
organelle dysfunction, metabolic stress, atrophy [1] and chemotherapeutic intervention [2],
pathogen infection and starvation. If the pertinent stress is resolved, cells will typically
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restore homeostasis and return to their initial state. However, if the stress persists and
autophagy is no longer able to support cell survival, cells can respond by activating the
processes of apoptosis in order to ensure their controlled and efficient elimination, without
triggering local inflammation. Therefore, regulatory ties between autophagy and apoptosis
(and vice versa) may represent an evolutionary advantage to cells, since it allows for a more
controlled response to a given stress signal. Thus, although autophagy and apoptosis clearly
represent distinct cellular processes with fundamentally different biochemical and
morphological features, the protein networks that control their regulation and execution can
be highly inter connected. The cross talk between apoptosis and autophagy is complex and
may often appear contradictory, but critical to the overall fate of the cell. Determining which
interactions are important in the regulation of cell death by autophagy is of vital importance
as we try to either protect the cells we do not want to die (as in heurodegenerative diseases),
or cause diseased cells to die (as in cancer treatment).

Clearly, cell death cannot be neatly and discretely categorised and the different types of cell
death overlap [3]. Multiple direct and indirect interactions between apoptosis and autophagy
have been described, indicating a mechanistic overlap and interaction between the apoptosis
machinery and autophagy proteins [4-6]. The majority of these interactions have currently
been shown to be apoptotic evens altering autophagy; less is known at the mechanistic level
about how autophagic events control apoptosis. Several laboratories have reported that
molecules previously defined as intermediaries in the activation of apoptosis also function as
intermediaries in the activation of autophagy, further calling into question the specific roles
of both apoptosis and autophagic cell death, in addition to our ability to distinguish these
processes. The anti cancer drug sorafenib, a potent multiple tyrosine kinase inhibitor
currently approved for the treatment of refractory renal cell and hepatocellular carcinoma.,
serves to highlight this issue. Sorafenib is recognised as the standard systemic treatment for
patients with advanced hepatocellular carcinoma. However, the direct functional mechanism
of tumour lethality mediated by sorafenib remain to be fully characterised and the precise
mechanisms of drug resistance are largely unknown. Studies have suggested that sorafenib
can induce both autophagy and apoptosis [7]. We have shown in our laboratory that
sorafenib can enhance the cytotoxicity of the anti folate pemetrexed through an autophagy
dependent mechanism, the treatment increased autophagy and cell death in vitro and
suppressed tumour growth in vivo. [8]. Similarly, other work has indicated that sorafenib
induced autophagy in hepatocellular carcinoma mediated through Beclin 1 [9]. Conversely,
recent data has suggested that the anti cancer effects of sorafenib are mediated by the
induction of apoptotic cell death and that the simultaneous activation of autophagy via IRE1,
led to an inhibition of apoptosis and thus limited the efficacy of the drug [10]. In agreement
with this work, inhibition of autophagy has been demonstrated to potentiate the anti tumour
effect of sorafenib in hepatocellular carcinoma [11]. We will show throughout this review,
where pertinent, that sorafenib is intimately involved in both autophagic and/or apoptotic
mediated cell death.

2. Regulation of apoptosis by autophagy proteins

The regulation of apoptosis by autophagy can currently be divided into a number of different
mechanisms. We will first discuss the potential regulation of apoptosis by specific
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autophagy proteins. In this process specific autophagy proteins can regulate apoptosis via
mechanisms which may not be related to their canonical role in autophagy signalling. The
apoptotic function of these proteins does not need activation of the entire autophagic
process. Specific autophagy related proteins may have evolved to regulate the apoptotic
pathway through direct interaction with components of the apoptotic machinery. Inhibition
or genetic alteration of these specific autophagy genes may affect apoptosis, since usually
neither autophagosome formation, or autolysosomal function are required for their apoptotic
function. Autophagosome formation requires the covalent conjugation of the autophagy
proteins ATG12 and ATGS5 in a ubiquitylation like process that involves ATG7 and ATG10.
ATG5 and ATG12 are, therefore, integral parts of the autophagic machinery and are
required for the induction of autophagy. ATG5 and ATG12 have been found to have key
roles in the initiation of apoptosis in response to diverse stress signals (12). Non conjugated
forms of ATG12 and ATG5 contribute to induction of apoptosis, implying that their role in
apoptosis may be independent of their role in autophagy. In apoptotic cells, ATG5 is cleaved
by calpains resulting the translocation of the N terminal fragment of ATGS5 to the
mitochondrion, where it mediates the release of cytochrome ¢ by interacting with the pro
survival BCL2 family member B cell lymphoma extra large (BCLXL) [12]. Similarly,
sorafenib can affect a change in the pro survival activity of BCLXL, leading to the induction
of apoptosis. Sorafenib mediated BIM activation has been shown to interfere with BCL2,
BCLXL, and MCL1 activation. BIM was shown to bind to BCL2 and BCLX, possibly in
response to sorafenib mediated release of BIM from MCL1 after down regulation of the
latter [13]. ATG12 has been shown to be necessary for caspase activation in response to a
range of apoptotic stress inducers. Knockdown of several other essential autophagic genes
did not show a significant effect upon apoptosis, supporting a specific role for ATG12 in
apoptosis, that does not require autophagosome formation [14]. Further, a BH3 like domain
within ATG12 is able to bind to and inhibit BCL2 and MCL1, two anti apoptotic members
of the BCL2 family [14]. Recently, a conjugate comprised form of ATG12 and ATG3 has
been shown to be involved in regulation of mitochondrial homeostasis and cell death via
apoptosis mediated by mitochondrial pathways, but has no effect on death receptor mediated
apoptosis [15]. In addition, disrupting ATG12 conjugation to ATG3 renders cells resistant to
mitochondrial cell death [16].

The regulation of apoptosis by other proteins essential for recruitment of autophagy proteins
to sites of autophagosome formation include the class I11 phosphatidylinositol 3 kinase
(PIK3C3)-Beclin 1 complex, which serves as a central regulator of autophagy downstream
of mammalian target of rapamycin (mTOR), Fig. 1. Beclin 1, the mammalian orthologue of
yeast Atg6, has a pivotal role in autophagy, a process of programmed cell survival, which is
increased during periods of cell stress and extinguished during the cell cycle. Beclin 1 was
identified as a new member of the BH3 only family of proteins [17]. Binding of BCL2 to the
BH3 domain of Beclin 1 has been shown to inhibit autophagy [18]. The interaction between
BCL2 and Beclin 1 may function as a rheostat that maintains autophagy at levels that are
compatible with cell survival rather than cell death [2]. Mutations of either the BH3 only
domain within Beclin 1, or the BH3 receptor domain within BCL2 or BCLXL, disrupted the
Beclin 1-BCL2 complex, resulting in the stimulation of autophagy. Sorafenib may not play
arole in altering Beclinl BCL2 binding, since over expression of BIM does not affect the
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interaction between BCL2 and Beclin 1. However, sorafenib mediated BIM activation does
interfere with BCL2, BCLXL, and MCL1 activation. BIM has been shown to functions as an
inhibitor of autophagy, [19], but has been shown to lead to induction of apoptosis in a
number of studies [13,20], possibly mediated via release of BIM from MCL1 after down
regulation of the latter [13].

It would be expected that binding of Beclin 1 to BCL2 would induce apoptosis through
neutralising the anti apoptotic function of BCL2. However, apoptosis was not shown to be
induced [1]. Further, BCL2 retained full anti apoptotic activity. [21]. The interaction
between Beclin 1 and BCL2 is unidirectional, with inhibition of autophagy without a
reciprocal effect on apoptotic events. In contrast, Beclin 1 can have an anti apoptotic role in
several settings including TRAIL, chemotherapy, irradiation, immunotherapy, nutrient
deprivation, angiogenesis inhibitors and hypoxia. With respect to TRAIL, the anti apoptotic
effects of Beclin 1 can be overcome using sorafenib. Suppression of STAT3 by sorafenib
has recently been shown to down regulate MCL1 and BCLXL and to sensitise cells to
TRAIL mediated apoptosis [22]. In addition, Sorafenib has been shown to induce apoptosis
of both endometrial cancer cell lines and human primary cultures and sensitises these cells
to TRAIL induced apoptosis [23]. BID knockdown protects cancer cells against apoptosis
and leads to induction of autophagy, by increased expression of Beclin 1. The precise
mechanism of Beclin 1 mediated inhibition of apoptosis is not yet clear, but may be related
to unregulated autophagy as an adaptive or anti injury mechanism, leading to the clearing of
apoptotic cells [24]. In addition, ER localised BCL2, but not mitochondria localised BCL2
was shown to inhibit autophagy [25], consistent with the initial ideas that ER associated
class 11 PI3K activity was crucial in the nucleation of autophagosome formation. Beclin 1
can co localise with BCLXL within mitochondria via its BH3 domain [26] suggesting a
differential role of BCLXL in Beclin 1 complex when compared with BCL2.

A number of groups have observed caspase induced site specific cleavage of Beclin 1
following induction of apoptosis [27,28]. These results led to a hypothesis that Beclin
1cleavage may inhibit protective autophagy in cells committed to cell death. However an in
vitro assay suggested that the C terminal fragment of Beclin 1 was shown to translocate to
mitochondria and sensitise cells to induce release of cytochrome c in response to apoptotic
signals, possibly indicating its pro apoptotic function in vivo.

[29,24]. This process may represent an amplifying loop for inducing massive apoptotic cell
death. So, with respect to Beclin 1 and ATG5, activation of apoptosis can induce site
specific cleavage of these autophagic proteins, which may serve to suppress protective
autophagy and at the same time, generate mitochondria targeted cleavage products which
may function as positive feedback loops leading to an enhanced apoptotic response, Fig. 2.

3. Regulation of autophagy by apoptotic proteins

Similar to apoptotic regulation by autophagic proteins, components of the apoptotic
machinery can regulate autophagy via molecular interactions with autophagy proteins. The
most extensively studied example for this type of regulation is the role played by BCL2 and
the potential to inhibit both pathways. As previously mentioned, in resting cells, BCL2 is
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constitutively bound to Beclin 1, this allows for a low levels of autophagy. Under
autophagic inducing cell stress, BCL2 can dissociate from Beclin 1, resulting in an increase
in autophagy. Indeed, a combination of BCL2 dependent regulation and feedback loops
between Beclinl and caspases robustly enforces a sequential activation of cellular responses
depending upon the intensity and duration of stress levels [30]. Mutations of either the BH3
only domain within Beclin 1, or the BH3 receptor domain within BCI2 or BCLXL, disrupted
the Beclin 1-BCL2 complex, resulting in the stimulation of autophagy. A number of
mechanisms that control the dissociation of BCL2 from Beclin 1 in cells under autophagic
stress have been identified. Regulation of the BCL2-Beclin 1 has been demonstrated
through competitive displacement of the Beclin 1 BH3 domain by other BCL2 family
proteins, including BAD (1), tBID, BAD and BNIP3, but not by BAX and BAK [31].
Moreover, the pro apoptotic BH3 only proteins such as BNIP3, BAD, NOXA, PUMA,
BIMEL and BIK are all able to induce autophagy. However, over expression of BIM does
not affect the interaction between BCL2 and Beclin 1. BIM has been shown to functions as
an inhibitor of autophagy, by anchoring Beclin 1 to microtubules [19]. Several studies have
shown BIM to play an important functional role in sorafenib mediated apoptosis [13,20].
Sorafenib mediated BIM activation has been shown to interfere with BCL2, BCLXL, and
MCL1 activation. BIM was shown to bind to BCL2 and BCLX, presumably in response to
sorafenib mediated release of BIM from MCL1 after down regulation of the latter [13]. In a
number of hepatic carcinoma cell lines, the sensitivity to sorafenib induced cytotoxicity was
determined by BAD expression. Stable cell lines derived from Huh7 cells over expressing
BAD were found to exhibit a striking five fold increase in their sensitivity to sorafenib
induced cell death [32]. Recent work has shown that PUMA can be activated by sorafenib.
Sorafenib treatment was shown to induce PUMA in a variety of cancer cells irrespective of
their p53 status. In these studies, deficiency in PUMA abrogated sorafenib induced
apoptosis and caspase activation and rendered sorafenib resistance in colony formation and
xenograft tumour assays [33]. Conversely, another pro apoptotic protein, NOXA, has been
shown to sharply down regulated by sorafenib [34].

Phosphorylation of Beclin 1 and BCL2 constitutes another mechanism controlling
dissociation of BCL2 from Beclin 1. Phosphorylation of BCL2 at multiple sites by ¢ Jun N
terminal protein kinase 1 (JNK1) and extracellular signal related kinase (Erk) have been
shown to reduce binding of BCL2 to Beclin 1, leading to the activation of autophagy [35-
37] and Fig. 3. Further, phosphorylation of Beclin 1 within its BH3 domain by death
associated protein kinase (DAPK) has been shown to induce autophagy by promoting its
dissociation from BCLXL [38]. Sorafenib has been shown to activate autophagy in a dose
and time dependent manner in a range of hepatic cell via release of beclinl from MCLL1.
Sorafenib was shown to down regulated phospho STAT3 (P STAT3) and subsequently
reduced the expression of MCL1, resulting in disruption of the beclin 1 MCL1 complex [9].

Ceramide is associated with cell growth arrest and the induction of cell death, it is not only a
potent inducer of apoptosis, as it can also trigger autophagic cell death in malignant glioma
cells via activation of the pro apoptotic member of the BCL2 family, BNIP3 [39]. Further
apoptotic regulation of autophagy can be seen in human leukaemic cells, down regulation of
BCL2 has been shown to induce autophagy, leading to cell death [40]. In neural precursor
cells, deprivation of growth factors leads to an autophagic cell death, which can be blocked
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by the anti apoptotic BCL2 [41], an involvement that has also been recognised in autophagic
cell death induced by HSPin1, a molecule first identified as interacting with BCL/BCLXL
[42].

Spatial separation of proteins to cellular compartments may represent an additional way to
achieve the independent regulation of autophagy and apoptosis. Two cellular sources of
BCL2 exist, one at the endoplasmic reticulum (ER) and the other at the mitochondria, both
appear to regulate autophagy and apoptosis, respectively [20]. A group of ER proteins
ensures the partitioning of BCL2 to the autophagy pathway. The regulation of autophagy by
binding of BCL2 to Beclin 1 at the ER is facilitated by the ER protein, nutrient deprivation
autophagy factor 1 (NAF1), see Fig. 4 and inhibited by the ER localised BH3 only protein
(B cell interacting Killer) BIK [43].

Moreover, INK1 specifically phosphorylates the ER pool of BCL2 during starvation to
induce autophagy [35]. Conversely, interactions between BCL2 and BAX or BAK at the
mitochondrion can control the activation of apoptosis [44,45]. Therefore,
compartmentalisation of BCL2 together with organelle specific sets of associated interacting
proteins, may allow for dynamic and independent regulation of autophagy and apoptosis.

The anti apoptotic protein MCL1 has also been shown to regulate autophagy. MCL1
degradation is an early event not only following induction of apoptosis, but also under
nutrient deprivation conditions where MCL1 levels regulate activation of autophagy.
Furthermore, deletion of MCL1 in cortical neurons of transgenic mice activates a strong
autophagic response. This response has been demonstrated to be converted to apoptosis by
either reducing the levels of the autophagy regulator Beclin 1, or by a concomitant activation
of BAX [46], Fig. 4.

As indicated previously, the pivotal role played by MCL1 in induction of autophagy can be
exploited in the relatively rapid (within three hours), sorafenib mediated dephosphorylated
and/or down regulated in expression of MCL1, which has been shown to lead to caspase
independent cell death [47]. In agreement with these results, sorafenib has been shown to
induce apoptotic cell death in chronic lymphocytic leukemia. Sorafenib induces cell death
was preceded by a rapid down regulation of MCL1 through the inhibition of protein
translation. Subsequently, the cell intrinsic apoptotic pathway was activated, indicated by
destabilisation of the mitochondrial membrane potential and activation of caspase 3 and 9
[48].

FLICE like inhibitor protein (FLIP) is an anti apoptotic protein that is implicated in
suppression of death receptor mediated apoptosis [49]. FLIP has been shown recently, to
inhibit autophagy by interfering with the function of ATG3 in the LC3 conjugation system,
by competing with LC3 for binding of ATG3, attenuating LC3 lipidation [50]. In addition to
sorafenib mediated alterations in MCL1 expression, FLIP is also rapidly dephosphorylated
and/or down regulated in response cell exposure to sorafenib, resulting in caspase
independent cell death. [46]. When autophagy is induced, the interaction between FLIP and
ATG3 is substantially decreased. Notably, separate regions within the FLIP protein have
been shown to control its anti autophagic and anti apoptotic activities, [50]. Similar to

Cell Sgnal. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Booth et al.

Page 7

BCL2, FLIP can inhibit both autophagy and apoptosis. Since inhibition of apoptosis by FLIP
takes place at the plasma membrane, and inhibition of autophagy probably occurs at sites of
autophagosome formation, compartmentalisation of FLIP to these two sub cellular
localisations could provide a way to achieve independent regulation of FLIP mediated
autophagy and apoptosis.

p53, is a potent inducer of apoptosis, but multiple p53 target genes can also stimulate
autophagy. This effect is often seen following inhibition of the signalling axis converging on
the negative regulator of autophagy the mammalian target of rapamycin (nTOR). AMP
activated protein kinase (AMPK), promotes autophagy by phosphorylating the tuberous
sclerosis (TSC) complex proteins TSC1 and TSC2 which in turn down regulate mTOR
activity [51]. Other studies have shown autophagy to be induced through increased
expression of a direct p53 target gene called damage regulated autophagy modulator
(DRAM), a lysosomal protein that functions at the crossroad between p53 induced
autophagy and cell death [52]. Indeed, in HCT116 human colorectal cancer cells exposed to
a prolonged nutrient deprivation, endogenous wt p53 was show, post transcriptionally, to
down regulate LC3, a pivotal component of the autophagic machinery. This effect was
shown to lead to a reduced, yet sustainable autophagic flux. Loss of p53 impaired this
autophagic flux and causes excessive LC3 accumulation upon cellular starvation,
culminating in apoptosis. [53]. However, LC3 accumulation may not always result in cell
death. Sorafenib has been shown to inhibit the mammalian mTOR and induce accumulation
of LC3 Il, indicating enhanced autophagic activity, which conferred a survival advantage to
the hepatoma cells used in this study. Concomitant pharmacological inhibition of the
autophagic flux was shown to increase apoptotic cell death and decreased cell viability [11].

Contrasting with the fact that nuclear p53 functions as a pro autophagic transcription factor,
the cytoplasmic pool of p53 has been shown to suppress autophagy in a number of
experimental settings [55]. In human, mouse as well as nematode cells, knockdown of p53
by gene knockout, RNA interference or chemical agents was seen to induce autophagy that
relied upon the canonical activation pathway converging on mTOR inhibition [54]. Human
p53-/- colon cancer cells are characterized by increased baseline levels of autophagy that
can be reduced by re introduction of wild type p53. Interestingly, these studies demonstrated
that p53 inhibition caused autophagy mostly in the Go/G4 phase, to a lesser extent in the S
phase, and practically spares Go/M phase of the cell cycle [55]. The suppression of
autophagy by p53 correlates with its nuclear to cytosolic redistribution [56]. Inhibition of
autophagy by p53 is maximal when the p53 nuclear localisation sequence is deleted, while it
is entirely abolished by the deletion of the nuclear export signal [56,57] These observations
prove firstly that the cytoplasmic pool of p53 inhibits autophagy, and that autophagy
inhibition by p53 can be uncoupled from the pro apoptotic role of cytoplasmic p53.
Sorafenib has been shown to be involved in p53 mediated cellular events. Glycogen
synthase kinase 3p (GSK 3p) phosphorylates p53 on Ser33 [58], sorafenib increased the GSK
3B induced phosphorylation of p53 at Ser33. Inhibition of GSK 3B suggested that the GSK 3B
activation induced by sorafenib did not contribute to the apoptosis, but exerted a protective
effect when used alone [59].
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4. Autophagosomes can play a role in apoptosis

Caspases can be activated via recruitment to the autophagosomes. At the moment, this
mechanism of activation has been described for caspase 8. This caspase can be activated by
a death inducing signalling complex (DISC) like complex, which has been shown to
assemble on autophagosomal membranes [60]. A mechanism of sorafenib induced cyto
toxicity may involve DISC formation. Sorafenib has been shown to cause CD95 tyrosine
phosphorylation; DISC formation and the induction of cell death and autophagy, events
which are abolished via knock down/knock out of Src family kinases [61]. Autophagy
mediated activation of caspase 8, seen following treatment with proteasome inhibitors did
not require death ligands, suggesting that autophagy links caspase 8 to apoptosis that is
induced by intrinsic stress signals [62]. Two different routes for caspase 8 recruitment to the
autophagosomes have currently been described. Ubiquitinated caspase 8 can bind to p62
through the ubiquitin binding domain of p62, and is subsequently recruited to the
autophagosome through a direct interaction between p62 and LC3. Additionally, p62 is also
required for activation of caspase 8, by facilitating self oligomerisation [60,63]. The second
route of caspase 8 recruitment to the autophagosomes has been shown to take place through
an interaction between FADD and ATG5 [64] Our lab has shown that sorafenib and
vorinostat interacted in vitro in a synergistic fashion to kill hepatic, renal, and pancreatic
adenocarcinoma cells and that cell killing was suppressed by inhibition of caspase 8. Indeed,
sorafenib and vorinostat treatment increased surface levels of CD95 and CD95 association
with caspase8. Knockdown of CD95 or FADD expression significantly was shown to reduce
sorafenib/vorinostat mediated lethality [65].

The relative contribution of each route to caspase activation has not currently been
determined, nor whether other caspases are activated in the same way. However, results to
date have suggested that autophagosome mediated caspase activation requires the formation
of autophagosomes (or at least autophagosomal membranes), but not autolysosomal activity.
As a result, it was found that depletion of autophagy genes can lead to inhibition of caspase
8 activation, the pharmacological inhibition of lysosomal fusion was shown to enhance
caspase 8 activation, this is probably due to the decreased turnover of autophagosomes [21].
Further, upon the inhibition of protein degradation pathways, cells upregulate the autophagic
response to facilitate autophagolysosomal protein turnover, which is mediated by the
lipidation and membrane localisation of LC3 This leads to the enrichment of LC3 on
intracellular membranes that can serve as a molecular hub to recruit the ubiquitin binding
protein SQSTM1/p62 and one of its binding partners, caspase 8. The induced
oligomerisation and activation of caspase 8 subsequently initiate the downstream apoptosis
cascade, protein turnover, which is mediated by the lipidation and membrane localisation of
LC3 [66]. In agreement with these results, more recent studies have shown that over
expression of wild type p62/SQSTML1 in U87MG human glioma cells was able to activate
caspase 8 and then promote HAMLET (a complex of oleic acids and decalcified a
lactalbumin that was discovered to selectively kill tumour cells both in vitro and in vivo),
induced apoptosis, whereas knockdown of p62/SQSTM1 manifested the opposite effect
[67]. This is another cellular system whereby sorafenib may potentiate cyto protective
mechanisms is certain cells. Sorafenib has been shown to induce LC3 accumulation in
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autophagosomes, increase LC3 lipidation and p62 degradation. Further, the chemical
inhibition of early and late autophagy with 3 methyladenine or chloroquine did not reduce,
but rather potentiated sorafenib induced cell death, suggesting that, the cells used in this
study, PC3 (a metastatic prostate cancer cell line), activate a cyto protective autophagic
response following treatment with sorafenib. Conversely, sorafenib has been shown to
induce caspase 8 cleavage and apoptosis in multiple myeloma cells in a time dependent
manner, determined by flow cytometry [68].

5. Caspase regulation of autophagy

A number of autophagic proteins have been identified as targets of caspase mediated
cleavage, which will ultimately lead to an inactivation of their autophagic function as shown
in Fig. 5. Proteins include p62, Beclin 1, VPS34, ATG3, ATG4D and AMBRAL. Studies
have shown that caspase 6 and 8 cleavage of p62 can inhibit autophagy, subtle effects of
caspase inhibition on GFP LC3 lipidation were seen in these studies, but more marked
effects on the formation of GFP LC3 puncta (a marker of autophagosome formation) and
p62 degradation were evident, indicating that caspase cleavage of autophagy related proteins
can affect the autophagic process, specifically p62 [69]. Other studies, as previously
indicated, have shown that apoptosis blocks Beclin 1 dependent autophagosome synthesis.
After cleavage, both N and C terminal Beclin 1 fragments change their localisations, these
fragments do not interact normally with VPS34, which is required for autophagy. As a
result, the cleavage of Beclin 1 has been shown to be a critical event whereby caspases
inhibit autophagy [60,70].

A non cleavable Beclin 1 mutant was shown to restore autophagy [17]. ATG3 cleavage has
been shown to be accompanied by both tumour necrosis factor a and tumour necrosis factor
related apoptosis inducing ligand induced cell death, this event was inhibited by zZVAD or a
caspase 8 specific inhibitor zZIETD. Indeed, caspase 8 over expression led to Atg3
degradation and this event depended upon caspase 8 enzymatic activity. Mutation of the
caspase 8 cleavage site on Atg3 abolished its cleavage both in vitro and in vivo,
demonstrating that Atg3 was a direct target of caspase 8. In these experiments, autophagy
was seen to be inactive during apoptosis and blockage of caspases or over expression of a
non cleavable Atg3 protein re established autophagic activity [71]. Atg4D over expression
induces apoptosis, which is preceded by the caspase independent recruitment of Atg4D to
mitochondria and is facilitated by a putative C terminal Bcl2 homology 3 (BH3) domain.
Atg4D also acquires affinity for damaged mitochondria in cells treated with hydrogen
peroxide. These data suggest that Atg4D is an autophagy regulator that links mitochondrial
dysfunction with apoptosis [72].

Recently, Pagliarini et al [73], have demonstrated that apoptotic stimuli induce a rapid
decrease in the level of the autophagic factor. Activating Molecule in Beclinl Regulated
Autophagy (AMBRAL) degradation was shown to be prevented by concomitant inhibition
of caspases and calpains. Further, caspases were demonstrated to be responsible for Ambral
cleavage at the D482 site, whereas calpains are involved in complete Ambral degradation.
Finally, these workers showed that Ambral levels are critical for the rate of apoptosis
induction. RNA interference mediated Ambral down regulation further sensitises cells to
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apoptotic stimuli, while Ambral over expression and more efficiently, a caspase non
cleavable mutant counteract cell death by prolonging autophagy induction. This work
suggests that Ambral is an important target of apoptotic proteases resulting in the
dismantling of the autophagic machinery and the accomplishment of the cell death
programme. This phenomenon may be explained in that inhibition of autophagy, which can
often precedes apoptosis, serves to prevent the simultaneous activation of contradicting pro
survival and pro death processes in the cell, enabling a transition in the direction of cell
death. In agreement with this, expression of a mutant form of the autophagic protein
AMBRAL1 that cannot be cleaved by caspases, has been shown to confer partial protection
from apoptotic cell death and a corresponding increase in autophagy [73]. As mentioned
above, in some examples of caspase cleavage of autophagic proteins, a twist exists, in that
the cleaved product of Beclin 1 acquires a pro apoptotic function, conferring an additional
benefit for cells that are destined for demise [29]. Surprisingly, starvation induced
autophagy in Drosophila nurse cells was shown to require the caspase Dcpl and was
inhibited by Bruce [74,75]. However, it is not known whether the autophagic function of
Dcpl requires proteolytic activity and if so, what the downstream autophagic substrates are.

6. Conclusion

The multiple layers of interaction between the processes of autophagy and apoptosis present
themselves as a seamless balance between life and death in response to a given cellular
stress. Any perturbation of this balance might be associated with a number of pathologies,
such as cancer and neuro degeneration. Recently, emphasis has been placed upon
identification and interpretation of the effects of direct protein—protein interactions between
autophagic and apoptotic proteins. Such interactions will usually show a clear functional
outcome for given interacting proteins. In this respect, future research appears warranted to
assess a potential advantage to the cell in using an autophagy protein to regulate apoptosis
(and vice versa). The autophagy proteins p62 and Beclinl are likely to prove vital in the
regulation of a number of pro and anti apoptotic molecules. Understanding of the balance
between cell survival and death will prove crucial in determining the role of autophagy and
apoptosis in the present and future treatment of cancer and other diseases.
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Fig. 1.
BCL2 and BCLXL can inhibit apoptosis by blocking activation of BAX and BAK by

preventing subsequent release of cytochrome ¢ and other apoptogenic proteins from the
mitochondria.
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Fig. 2.
The autophagy regulator ATG5 induces caspase activation following cleavage of Atg 5 by

calpain and translocation of the truncated N terminal Atg 5 protein fragment to the
outermitichondrial membrane, leading to the induction mitochondrial cytochrome c release
and caspase activation. Similarly, translocation of C terminal BECN1 fragment to the outer
mitochondrial membrane can induce cytochrome-c release and apoptosis.
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Fig. 3.
Phosphorylation of BCL2 at multiple sites by ¢ Jun N terminal protein kinase 1 (JNK1) and

extracellular signal related kinase (ERK) have been shown to reduce binding of BCL2 to
Beclin 1, leading to the activation of autophagy However, once released from BCL2, as
shown in figure 2, translocation of C terminal fragment of BECNL1 to the outer
mitochondrial membrane can induce cytochrome-c release and apoptosis.
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Fig. 4.
Beclinl/BCL2/NAF1 interaction and autophagy regulation at the endo[plasmic reticulum.

IPsR—inositol triphosphate receptor.
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Fig. 5.
Apoptotic proteins can dismantle the autophagic machinery by degrading Ambral, Beclinl,

ATG4D and ATGS, through the actions of caspases and calpains. Of note is the fact that the
proteolytic products of Beclinl ATG5 and ATG4D may then translocate to the outer
mitochondrial membrane and exhibit a pro-apoptotic activity.
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