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Abstract: Autophagy is a process of self-degradation that maintains cellular viability
during periods of metabolic stress. Although autophagy is considered a survival
mechanism when faced with cellular stress, extensive autophagy can also lead to cell death.
Aberrations in autophagy are associated with several diseases, including cancer.
Therapeutic exploitation of this process requires a clear understanding of its regulation.
Although the core molecular components involved in the execution of autophagy are well
studied there is limited information on how cellular signaling pathways, particularly
kinases, regulate this complex process. Protein kinases are integral to the autophagy
process. Atgl, the first autophagy-related protein identified, is a serine/threonine kinase
and it is regulated by another serine/threonine kinase mTOR. Emerging studies suggest the
participation of many different kinases in regulating various components/steps of this
catabolic process. This review focuses on the regulation of autophagy by several kinases
with particular emphasis on serine/threonine protein kinases such as mTOR, AMP-activated
protein kinase, Akt, mitogen-activated protein kinase (ERK, p38 and JNK) and protein
kinase C that are often deregulated in cancer and are important therapeutic targets.
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1. Introduction

Cell death is vital to the proper functioning, development and homeostasis in an organism. The
ability of cells to evade cell death can lead to cancer. Programmed cell death is a complex series of
well-orchestrated events that result in the controlled demise of the cell. Apoptosis or type |
programmed cell death is characterized by the activation of proteases that results in the destruction of
cellular components and cell shrinkage facilitating its phagocytosis. Regulated necrosis or type il
programmed cell death is a series of ordered events that lead to a more explosive form of death [1].

Autophagy, a process of “self-eating”, is often activated in response to starvation and stress [2].
Several forms of autophagy including macroautophagy, mitophagy, reticulophagy and pexophagy have
been reported [3]. Macroautophagy (often referred to as autophagy) is characterized by the engulfment
of cell’s own cytoplasm and organelles in double membrane vesicles resulting in lysosomal
degradation of the contents [2]. The autophagic degradation products serve as raw materials for cellular
metabolism to generate energy in order to survive cellular stress and nutrient deprivation [4]. Under
normal conditions, basal autophagy functions to remove aged and damaged organelles and proteins [5].
Excessive autophagy may, however, lead to death referred to as type Il programmed cell death [1].

Autophagy has been regarded as a survival mechanism since it provides nutrient deprived cells with
a means of survival. However, autophagy has been regularly observed in dying cells [6]. This raises
the gquestion as to whether autophagy is indeed a mode of cell death or if it is simply a failed attempt to
rescue stressed cells from death [6]. Also, there is extensive cross-talk between autophagy and other
forms of cell death, such as apoptosis and necrosis. Autophagy can precede, inhibit or enhance
apoptotic cell death and both autophagic and necrotic morphologies are observed in the same cell [6].
Conversely, autophagy inhibition can sensitize cells to necrosis [7]. Hence, the outcome of autophagy
on cell death may also depend on its cross-talk with apoptotic and necrotic pathways.

The process of autophagy involves a series of steps, including induction, cargo recognition and
selection, vesicle formation, autophagosome-lysosome fusion, digestion of cargo and finally release of
digestion products into the cytosol [8]. Autophagy is well established in yeast and involves several
proteins known as autophagy-related or Atg proteins. The first known autophagy protein in yeast is
Atgl, a serine/threonine kinase [9]. Atgl forms a complex with Atgl3 and Atgl7 and initiates the
formation of autophagosomes [10]. The mammalian homologs of Atgl are ULK1 and -2 (Unc-51-like
kinase 1 and -2) and that of Atgl7 is FIP200 (the focal adhesion kinase family-interacting protein of
200 kD) [11]. ULKs and FIP200 form a complex with mammalian Atgl3 which translocates to
phagophore upon starvation and mediates autophagy induction [12]. During nutrient-rich conditions,
Atgl is inhibited by another serine/threonine kinase TOR (target of rapamycin) [13]. The recognition
of a particular cargo protein, preApel in yeast, is mediated by a receptor protein Atgl9, which
subsequently interacts with Atg8 to mediate packaging of preApel into transport vesicles [14-16]. In
the mammalian system, p62/SQSTML1 (sequestosome 1) is involved in the recognition of ubiquitinated
cargo proteins. It binds to LC3 (microtubule-associated protein 1 light chain 3), which is the
mammalian ortholog of Atg8 and recruits polyubiquitinated protein aggregates to the autophagosome
for degradation [17,18]. The phagophore membrane initiation is mediated by class Il
phosphatidylinositol-3 kinase (PI3K) or Vps34 (vacuolar proteins sorting 34) which forms complex
with Vpsl5 (p150), Atgl4d (Barkor) and Atg6 (beclin 1)/Vps30 [19-21]. In unstressed conditions,
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beclin 1 remains inhibited by the interaction with the antiapoptotic protein Bcl-2 [22]. Dissociation of
beclin 1 from Bcl-2 is required for the induction of autophagy [23]. The PI3K complex recruits other
Atg proteins, such as Atg 18, 20, 21 and 24 to the pre-autophagosomal membrane which subsequently
aid in the recruitment of two ubiquitin-like conjugating systems, namely Atgl2-Atg5-Atgl6 and
Atg8-phosphatidylethanolamine to mediate the expansion of autophagosome [24-27].

Several studies point to the tumor suppressive functions of autophagy. Beclin 1 is a
haploinsufficient tumor suppressor [28,29]. It has been reported that Beclinl, and Atg7 are deleted in
several cancers [30]. Moreover, well-studied tumor suppressor proteins such as PTEN induce autophagy
whereas oncogenes inhibit it [31]. Also, the accumulation of p62 as a result of defective autophagy has
been shown to contribute to tumorigenesis [32]. However, the role of autophagy in nutrient recycling
has led to the belief that it provides tumor cells with the ability to survive stress. Consistent with this
notion are several reports that suggest a role for autophagy in tumorigenesis and tumor progression.
For example, autophagy has been shown to cause resistance to chemotherapeutic drugs [33], mediate
anti-estrogen resistance [34] and resistance against detachment-induced cell death in breast cancer [35].
It is believed that chronic suppression of autophagy may stimulate oncogenesis but once tumor initiation
has occurred it may play a protective role against cancer therapy by enabling tumor cells to overcome
stress [31]. Thus, autophagy has been considered a double-edged sword in cancer [36].

Given the ambiguous role of autophagy in cancer, there is a growing interest in the pathways and
molecules that regulate it. Kinases play an integral role in the inception and execution of autophagy.
While some kinases such as mTOR, PI3K and AMPK directly regulate components of autophagic
machinery, the precise role of other kinases such as mitogen-activated protein kinase (MAPK) and
protein kinase C in autophagy is less well characterized and they regulate autophagy indirectly by the
modulation of the levels/function of autophagy related proteins. The purpose of this review article is to
discuss current literature on the role of several kinases in autophagy regulation that has important
implication in cancer and other diseases.

2. mTOR

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that belongs to the
phosphatidylinositol kinase-related kinase (PIKK) family [37]. It was first described as the
physiological target of the immunosuppressant drug rapamycin [38]. Subsequent studies established its
role in protein translation and cell growth [39]. Owing to its energy sensing functions, mTOR is
considered the master regulator of autophagy [40]. mTOR forms two complexes, mMTORC1 (mTOR,
raptor, mLST8 and PRAS40) and mTORC2 (mTOR, rictor, mLST8 and Sinl) which differ in
composition as well as functions [41,42]. mTORC2 is involved in the regulation of several AGC
kinases such as Akt and protein kinase C (PKC) [43-45] whereas mTORCL1 acts via its downstream
targets 40S ribosomal protein S6 kinase (p70S6 kinase) and 4E-binding protein 1 (4E-BP1) [41,46].
While it is well established that mMTORCL1 directly suppresses autophagy, mTORC2 may also regulate
autophagy via Akt or PKC.

MTORCL activity depends on the nutrient status of the cells. A direct role for mTORC1 in
autophagy came from the studies that showed that mTORC1 phosphorylates and regulates proteins
involved in autophagosome formation. In yeasts, TOR inhibits the association between ATG1 (ULKL1 in
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humans) and ATG13 by hyperphosphorylating ATG13, thereby decreasing its affinity for ATG1 [47,48].
Recent studies suggest that when nutrient is abundant, active mTORC1 inhibits autophagosome
formation by associating with the ULK1-ATG13-FIP200 complex and phosphorylating ULK1 and
Atgl13 [12,49-52]. Inhibition of mMTORC1 by rapamycin or starvation results in dephosphorylation of
ULKT1 and initiation of autophagy. mTORCL1 has also been shown to play a role in the termination of
autophagy and lysosomal homeostasis [53]. Degradation of autolysosomal products during prolonged
starvation results in reactivation of mTOR [53]. Active mTOR inhibits autophagy and allows
formation of mature functional lysosomes through an unknown mechanism [53].Since p70S6 kinase or
S6K is a downstream target of mTORCL1, it is considered a negative regulator of autophagy [54].
Consistent with this hypothesis, S6K activity correlates with autophagy suppression [54]. Several
studies, however, suggest that S6K promotes rather than inhibits autophagy. Scott et al demonstrated
that in the Drosophila fat body, starvation induces autophagy that peaks within hours following
nutrient withdrawal and then reaches low levels over extended periods of starvation so as to promote
only survival and avoid autophagic cell death [55]. The study also revealed that TOR inhibited
autophagy independent of dS6K and that dS6K was in fact required for starvation-induced autophagy.
The inhibition of S6K by resveratrol was also shown to impair the autophagic response [56] and S6K
positively regulated 6-thioguanine-induced autophagy in colorectal cancer cells [57].

The mechanism by which S6K promotes autophagy may involve synthesis of proteins that
participate in autophagosome formation and maturation [58,59] or modulation of pathways that
directly regulate autophagy. For example, activation of S6K inhibits insulin/IGF signaling via a
negative feedback loop that involves phosphorylation of insulin receptor substrate [60-62]. While
autophagy is a beneficial process that recycles cellular contents for survival, excessive self-eating can
cause cell death. Thus, placing a positive regulator of autophagy under the control of mTOR ensures
that extended starvation leading to mTOR inhibition prevents unrestrained autophagy, which causes
cell death [13]. The negative role of MTOR and the positive role of S6K in autophagy may provide a
balance in the levels of autophagy over extended periods of nutrient deprivation.

Another downstream target of mTOR involved in regulating excessive autophagy is
death-associated protein 1 (DAP1) [63]. DAPL is a cytosolic protein implicated in cell death in
response to interferon-gamma [64]. It is functionally silenced in growing cells by mTOR-dependent
phosphorylation [63]. Under amino acid deprivation, decrease in mTOR-mediated DAP1
phosphorylation restores the anti-autophagic function of DAP1. Thus, DAP1 reactivation in the
absence of mTOR function prevents excessive autophagy during nutrient-deprived condition. mTORC1
can also regulate autophagy by unknown mechanisms that are rapamycin-insensitive [65]. Finally,
mTORC2 can negatively regulate autophagy indirectly through Akt. Activation of Akt results in
phosphorylation and inactivation of FoxO3 [66,67], which regulates the expression of autophagy-related
genes, such as LC3 and Bnip3 [66,67]. Phosphorylation of FoxO3 by Akt results in its nuclear export and
cytoplasmic sequestration by 14-3-3 proteins, thereby preventing the expression of its target genes [67-69].

3. AMPK

As part of the energy-sensing cascade, mMTORC1 is also regulated by the AMP-dependent protein
kinase (AMPK). AMPK is activated in response to stress and low cellular ATP levels and
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phosphorylates TSC2 (tuberous sclerosis complex-2) and raptor, resulting in inhibition of mTORC1
activity [70,71]. Thus, AMPK functions to shut down mTORC1-mediated anabolic processes under
low energy conditions and induces autophagy to generate products for ATP synthesis. Until recently,
the sole mechanism by which AMPK activates autophagy was thought to be through the inhibition of
mTORC1 and hence indirectly promoting autophagosome formation. Recent reports, however, suggest
a more direct role for AMPK in autophagy regulation. Similar to mMTORC1, AMPK was shown to
interact with ULK1 [72]. Two independent groups demonstrated that AMPK directly phosphorylates
ULK1 although there are controversies regarding the sites of phosphorylation [49,73]. Also, the
interaction between ULK1 and AMPK was not affected by glucose starvation. However,
mTORC1-mediated phosphorylation of ULK1 at Ser757 disrupted the ULK1-AMPK interaction [49].
Thus, AMPK ensures the induction of autophagy under low energy conditions by dual regulation of
mTORC1 and ULK1. Activation of AMPK also leads to the nuclear accumulation of FoxO3a and
upregulation of autophagy genes [74].

4. PI3K and Akt

The phosphoinositide 3-kinases are enzymes that catalyze the phosphorylation of the 3’ position
hydroxyl group of the inositol ring in phosphatidylinositol (PtdIns). Based on structure, function and
substrate specificity, the PI3Ks have been classified into three classes [75]. Class | PI3Ks are often
activated in response to growth factors and catalyze the production of phosphatidylinositol-3-
phosphate PtdIns(3)P, PtdIns(3,4)P2 and PtdIns(3,4,5)P3. These second messengers enhance
membrane recruitment of pleckstrin-homology (PH) domain-containing proteins such as
phosphoinositide-dependent kinase-1 (PDK1) as well as its substrate Akt/protein kinase B, facilitating
Akt activation [76]. Little is known about the function of class Il PI3K. It is believed to play a role in
processes such as cell migration and vascular smooth muscle contraction [77,78]. The sole member of
class 11l PI3K is Vps34 (vacuolar protein sorting 34). It was originally identified as a mediator of
vesicular trafficking of proteins that have PtdIns(3)P binding domain to recruit them to intracellular
membranes such as endosomal and lysosomal membranes [79].

The class 11l PI3K, Vps34 plays an important role in mediating autophagosome formation. It
directly interacts with beclin 1 [80] and promotes the formation of the autophagosome vesicle [20]. It
facilitates the recruitment of proteins with phospholipid-binding domain such as the WD40-repeat
proteins hWIPI-1alpha [81] and hWIPI2 [82], the human orthologs of the yeast autophagy gene Atgl8,
to the early autophagosome structure. Following amino acid deprivation, hWIPI-1alpha was shown to
colocalize with the autophagosome marker MAP1LC3 (LC3) [81]. Studies in yeast showed that the
phospholipid-binding domain in Atgl8 binds PtdIns(3)P and is involved in the generation of the
pre-autophagosome structures [83]. The presence of WD40-repeats in hWIPI may facilitate the
formation of multi-protein structures and play a scaffolding role in building the autophagosome [81,84].
Recently, hWIPI2 was reported to play a role in LC3 lipidation [82].

While class 11 PI3K directly participates in autophagy, class | PI3K can regulate autophagy
indirectly via Akt and mTORCI1. It mediates growth factor and insulin signaling and leads to the
activation of Akt via PDK1. Once activated, Akt phosphorylates and inhibits TSC2, which acts as a
GTPase-activating protein (GAP) for ras homolog enriched in brain (Rheb), a GTP binding protein.
GTP-bound Rheb leads to the activation of and signaling through the mTORC1 complex resulting in
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protein synthesis, cell growth and inhibition of autophagy [85]. Thus, the growth signals from
PI3K/Akt and autophagy regulation are integrated by mTOR.

hVps34 has also been shown to positively regulate the activity of mTORCL1 in response to amino
acids [86]. Amino acid stimulation leads to the increased activity of hVps34. Although mTORC1 was
insensitive to growth factors in the absence of TSC1/TSC2, it remained responsive to the levels of
amino acids [87,88]. This observation suggests that amino acids activate mTOR through a pathway
distinct from the PI3K/Akt/TSC pathway. However, wortmannin, a class | PI3K inhibitor prevented
the amino acid-mediated S6K1 activation [87]. This led to the identification of a novel target of
wortmannin, hVps34, which caused amino acid-dependent activation of S6K1 [87,89]. While the role
of hVps34 in mTOR activation in response to amino acids is being addressed, the precise mechanism
by which this occurs is poorly understood.

The observation that hVps34 positively regulates autophagosome formation as well as mTORC1, a
negative regulator of autophagy, is counterintuitive. An explanation for this paradoxical role is that its
binding partners such as beclin 1 and its localization determine specific functions in response to
starvation or amino acids. For example, Kihara et al. [20] demonstrated that two distinct Vps34
containing complexes participate in autophagy versus carboxypeptidase Y sorting.

5. Mitogen-Activated Protein Kinase (MAPK)

Mitogen activated protein kinases (MAPKS) are serine/threonine kinases that mediate responses to
various extracellular stimuli. Extracellular signals such as growth factors lead to a sequential
phosphorylation cascade that ultimately results in MAPK activation. Once activated, MAPKs lead to
phosphorylation-dependent activation of other kinases and transcription factors. The four categories of
MAPKS are extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK), p38,
c-Jun N-terminal kinase (JNK)/stress-activated protein kinase (SAPK) and big MAP kinase (BMK) [90].
The best-studied MAP kinases are ERK, p38 and JNK. While ERK is activated in response to
proliferative signals, p38 and JNK are activated in response to various stresses.

5.1. ERK

ERK1 (p44) and ERK2 (p42) are two isoforms of ERK that are activated downstream of Ras in
response to extracellular cues. Ras binds to and activates Raf and initiates activation of MAPK
signaling cascade. Raf activates MEK which in turn phosphorylates and activates ERK1/2 [91]. ERK
controls cell proliferation, migration, differentiation and cell death [92]. ERK not only plays an
important role in regulating cell death by apoptosis but has also been implicated in autophagy [93].

One of the earliest studies used pharmacological inhibitors of ERK to demonstrate that it mediates
starvation-induced autophagy by phosphorylation and consequent activation of GAIP (Ga interacting
protein) in human colon cancer cells [94]. ERK has been shown to induce autophagy in response to a
number of anti-tumor/cytotoxic agents, such as soyasaponins in colon cancer cells [95], capsaicin in
breast cancer cells [96] and cadmium in mesangial cells [97,98]. Inhibition of ERK was associated
with a decrease in autophagy and increased cellular sensitivity to tumor necrosis factor-a (TNF) in
breast cancer MCF-7 cells [99]. ERK was shown to promote TNF-induced autophagy in mouse
fibroblast L929 cells by activating p53 [100]. Activation of ERK by the transformation of human
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mesenchymal stem cells by H-ras [101], overexpression of TrkA (tropomyosin-related kinase A) in
glioblastoma cells [102] and overexpression of mutant LRRK2 (leucine rich repeat kinase 2) in
neuronal cells [103] was associated with increase in autophagy.

Recent studies suggest that ERK regulates the maturation of autophagic vacuoles. Activation of
ERK has been associated with the formation of large cytoplasmic vacuoles [104-106]. Lindane, a
carcinogen, caused formation of large vacuoles that displayed arrested autolysosomes, incapable of
degrading the autophagic contents in Sertoli cells [107]. This vacuolation was independent of
mTORC1 activity but was dependent on sustained activation of ERK [107]. The authors speculated
that ERK facilitates malignant growth by inhibiting tumor suppressive function of autophagy [107]. In
contrast, capsaicin-induced autophagy in breast cancer cells required ERK activity at the maturation
step since inhibition of ERK resulted in increased LC3-11 indicative of degradation blockade [96].
Non-canonical activation of MEK/ERK can also promote autophagy by modulating beclin 1 expression.
It has been reported that activation of MEK/ERK downstream of AMPK leads to disassembly of
MTORC1 and mTORC2, and an increase in beclin 1 expression [108]. While acute activation of
MEK/ERK leads to inhibition of either mTORC1 or mTORC2 and moderate increase in beclin 1
expression resulting in cytoprotective autophagy, sustained activation of MEK/ERK causes inhibition of
both mMTORC1 and mTORC2, marked increase in beclin 1 and cytodestructive autophagy [108].

Important insights into the role of ERK in autophagy/mitophagy came from studies in
neurodegenerative disorders [109-112]. ERK appears to play an important role in bulk as well as
mitochondrial autophagy. Overexpression of ERK2 was sufficient to induce autophagy as well as
mitophagy in glioblastoma cells although mitophagy correlated more closely with ERK2 activity as
compared to general autophagy [109]. Interestingly, mitochondrial ERK is also known to protect
cancer cells from apoptosis [113]. It is conceivable that mitochondrial ERK causes chemoresistance in
cancer cells via induction of mitophagy.

5.2. p38

p38 MAPK family comprises of four isoforms p38a, -B, -y and -6 [114]. p38a is the best studied
isoform in the family. Most studies suggest a tumor suppressive role for p38, such as inhibition of cell
cycle progression, induction of apoptosis and terminal differentiation [115]. However, p38 has also
been implicated in tumor progression by promoting invasion, angiogenesis and inflammation [115].
Recent studies suggest that p38 also regulates autophagy although there are controversies if it
promotes or inhibits autophagy [116].

In yeast, the p38 homolog Hogl was shown to positively regulate autophagy in response to osmotic
stress [117,118] and ER stress [119]. Chronic ER stress caused phosphorylation of Hogl, which
enhanced the stability of Atg8, thereby promoting autophagy [119]. Activation of p38 was associated
with induction of autophagy by polygonatum cyrtonema lectin (PCL) in human melanoma cells [120],
MCP-1 (monocyte chemotactic protein-1) in cardiomyoblast [121], silibinin in fibrosarcoma cells [122],
bromelain in breast cancer cells [123], oridonin in HeLa cells [124] and resveratrol in hepatocellular
carcinoma cells [125]. The induction of autophagy by p38 was often accompanied by an increase in
Atg proteins, such as beclin 1 and Atg5 [124-127]. In several studies, the tumor suppressor protein p53
was shown to be involved in the autophagy induction by p38 [120-122]. Phosphorylation of p53 at
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Ser392 by p38 enhanced its transcriptional activity causing increased expression of beclin 1 [120]. ER
stress-induced beclin 1 expression and induction of autophagy also correlated with increased p38
phosphorylation/activation [126].

p38 was also shown to negatively regulate autophagy. Inhibition of p38 in colon cancer cells [128]
and myelogenous leukemic K562 cells [129] was associated with increase in beclin 1 and induction of
autophagy. Many of the inhibitors used in these studies have multiple targets and therefore it is
difficult to discern the contribution of p38 in autophagy in these studies. A recent report, however,
demonstrated that p38 inhibits autophagy by competing with transmembrane protein mAtg9 for
binding to p38 interacting protein (p38IP) [130]. The cycling of mAtg9 between trans-Golgi network
(TGN), endosomes and growing autophagosome is required for autophagy and is achieved by its
binding with p38IP [116].

5.3. INK

JNK family is comprised of three members JNK1, -2 and -3 [90,115]. While JNK1 and -2 are
expressed ubiquitously, JNK3 is primarily expressed in the brain [90,115]. JNK is activated
downstream of various stress stimuli, such as heat shock, osmotic shock, ultraviolet irradiation and
cytokines [131-134] and mediates its diverse function by acting on downstream targets that include
transcription factors, such as AP1, ElIk1, ATF2 and p53 as well as antiapoptotic protein Bcl-2 [115].

JNK has been implicated in the induction of autophagy by various stimuli, including starvation [135],
cytokine stimulation [136], T-cell receptor activation [135], neuronal excitotoxic stimuli [137] and ER
stress [138]. One mechanism by which JNK contributes to autophagy involves phosphorylation of the
antiapoptotic protein Bcl-2 [139-142]. In nutrient-rich conditions, binding of Bcl-2 to beclin 1 inhibits
autophagy [143]. Phosphorylation of Bcl-2 by JNK causes its dissociation from beclin 1, resulting in
induction of autophagy [144]. Phosphorylation of Bcl-2 by JNK has also been implicated in the
induction of apoptosis [145]. Bcl-2 not only inhibits autophagy by interacting with beclin 1 but it can
also inhibit apoptosis by sequestering the proapoptotic protein Bax [146,147]. It has been reported that
acute nutrient starvation although sufficient to dissociate beclin 1 from Bcl-2-beclin 1 complex, cannot
disrupt Bcl-2-Bax complex [145]. Sustained nutrient starvation that results in high levels of Bcl-2
phosphorylation is required to dissociate Bax from Bcl-2. It was speculated that rapid Bcl-2
phosphorylation initially promotes cell survival by inducing autophagy by releasing beclin 1 which has
low affinity for Bcl-2 but when autophagy fails to keep cells alive, Bcl-2 phosphorylation triggers
apoptosis by dissociating Bax from the complex [145]. Thus, the levels of INK1-mediated Bcl-2 multisite
phosphorylation would determine cell fate by differential regulation of autophagy vs. apoptosis [144].

Besides its role in posttranslational modification of proteins that regulate autophagy, JNK can also
regulate the expression of beclin 1 transcript via phosphorylation of c-Jun [123,148,149]. However,
increased intracellular levels of hydrogen peroxide induced non-canonical autophagy which was beclin
1 independent but required JNK-mediated activation of Atg7 [150]. JNK has been shown to induce
upregulation of p62, Atg5 and Atg7 in response to resveratrol, oxidative stress and oncogenic
transformations [150-152].

JNK can also promote autophagy via p53 in several cell types, including human colon carcinoma
and fibrosarcoma [100,122,153,154]. p53 is phosphorylated by various kinases including p38 and
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JNK [155] and phosphorylation of p53 results in its stabilization and activation. p53 can promote
autophagy by upregulation of several pro-autophagy genes, such as AMPK, Bnip3 (Bcl-2 interacting
protein 3) and DAPK-1 (death associated protein kinase-1) [156].

In contrast to the above mentioned pro-autophagic role of JNK, a recent study demonstrated that
targeted deletion of JNK1, JNK2 and JNK3 in neurons increased autophagy [157]. The increase in
autophagy in neurons from triple knockout mice was independent of mMTORC1 but was associated with
an increase in FoxOL1 transcription factor and its transcriptional target Bnip3, a BH3-only member of
the Bcl-2 family. In neurons, beclin 1 complexed with Bcl-xI and not Bcl-2. Bnip3 competes with
beclin 1 for binding to Bcl-xL via BH3 domain, thereby causing release of beclin 1 and induction of
autophagy. Since JNK3 is predominantly expressed in brain, it remains to be seen if ablation of JNK3
alone is sufficient to increase autophagy to provide neuroprotection. Moreover, future studies should
determine if different isoforms of JNK have distinct role in cancer versus neurodegenerative disorders.

6. Protein Kinase C

Protein kinase C (PKC) is a family of phospholipid-dependent serine/threonine kinases that regulate
diverse cellular functions. Based on the structural features and cofactor requirements, PKC members
are classified as conventional (PKCa, -Bl, -l and -y), novel (PKCS, -¢, -n and -6) and atypical (PKCg
and -1) PKCs [158]. While conventional PKCs require both Ca?* and diacylglycerol (DAG) for their
activity, novel PKCs are Ca®*-independent but DAG-dependent whereas atypical PKCs are
independent of both Ca**and DAG. Conventional and novel PKCs are the receptors for tumor-promoting
phorbol esters, which are potent activators of PKCs and can substitute for the physiological activator
DAG [159]. PKCs have been linked with both tumor promotion and tumor suppression [160,161]. The
involvement of PKCs in apoptosis is also well established. PKC& was first identified as a substrate for
caspase-3 and proteolytic activation of PKCS was directly linked with apoptosis [162,163].
Subsequently, several members of the PKC family, including PKC-¢, -6 and - were identified as
substrates for caspases [164-166]. In contrast to PKC3 and -0, PKCe and -C are believed to function as
antiapoptotic proteins [162,164-169]. The involvement of PKCs in autophagy has just begun to emerge.

As with apoptosis, PKCS is the first PKC isozyme shown to play an important role in autophagy.
PKCS3 suppressed autophagy in pancreatic ductal carcinoma cells by increasing the expression of tissue
transglutaminase 2 (TG2) [170] which negatively regulates autophagy [171]. In contrast, PKCS
promoted autophagy in rat parotid epithelial cells during acute hypoxic stress by activating JNK [139],
which phosphorylates Bcl-2 and dissociates it from beclin 1 [172,173]. Chronic hypoxic stress,
however, attenuated beclin 1-dependent autophagy [174]. The authors speculated that PKCS protects
cells from acute stress by inducing autophagy but cleavage of PKC3 by caspase-3 during chronic stress
relieves the protection against cell death by autophagy and irreversibly commits cells to apoptosis [139].
The involvement of PKC8/JNK pathway in autophagy was recently corroborated by Shahnazari et al. [175]
who reported that PKCS as well as its downstream targets JNK and NADPH oxidase are indispensible
for antibacterial autophagy [175]. Safingol-induced autophagic cell death was associated with
downregulation of PKCS and -g [176]. Thus, whether or not PKCS will promote or protect against
autophagy depends on the duration of the stress as well as cellular context.
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PKC®6, another member of the novel PKC family, was shown to influence endoplasmic reticulum
(ER) stress-induced autophagy but had no effect on amino acid starvation-induced autophagy [177].
ER stress inducers caused calcium-dependent phosphorylation of PKC6 and translocation of PKCO to
LC3-1l containing vesicles in the cytoplasm. siRNA mediated knockdown of PKCO or
phosphorylation-defective mutant of PKCO inhibited ER stress-induced autophagy [177]. It is not clear
how PKCO regulates autophagy. Since activation of novel PKCs is independent of Ca®* and
phosphorylation of PKCs primes them for activation, it is conceivable that an alteration in PKCO
localization is responsible for ER stress-induced autophagy. Recently, it has been reported that PKC
can inhibit autophagy induced by starvation or rapamycin in a PI3K-independent manner [178].
Several recombinant PKCs, including PKCO, were shown to directly phosphorylate LC3 at Thr6 and
Thr29 sites although conventional PKCs (with the exception of PKCBI) were most effective. However,
mutation of these Thr residues to non-phosphorylatable Ala had little effect on starvation-induced
autophagy. It remains to be seen if phosphorylation of LC3 or some other proteins in the
autophagosome by PKC6 influences ER stress-induced autophagy.

Conventional PKCa has also been implicated in autophagy. Dephosphorylation of PtdIns(4,5)P,
(phosphatidyl inositol-4,5-bis phosphate) by phosphatases or masking the lipid with PH domain led to
mitochondrial fission and mitophagy in different cell lines [179]. Additionally, loss of mitochondrial
PtdIns(4,5)P, was associated with an increase in starvation-induced autophagy. However,
co-expression of mitochondrially targeted PKCa could rescue cells from mitophagy and cell death
caused by PtdIns(4,5)P, unavailability [179]. Previously it has been shown that mitochondrial PKCa
inhibits apoptosis by phosphorylating Bcl-2 [180]. Thus, PKCa appears to play a major role in
maintaining the mitochondrial integrity. A recent study, however, demonstrated that mammalian PKCa
facilitates the insertion of active form of Bax into the outer mitochondrial membrane of yeast and this
was accompanied by an increase in apoptosis as well as autophagy [181]. PKCa kinase activity was not
required for the translocation and insertion of active Bax into the mitochondria. PKCa. has been shown to
function both as anti- and pro-apoptotic protein depending on the cell type. It remains to be seen if
kinase-independent function of PKCa. is necessary for its proautophagic function in higher organisms.

In addition to the involvement of specific PKCs in autophagy, several studies have employed
pharmacological activators or inhibitors of PKCs to establish their role in autophagy. PKC was shown
to positively regulate oridonin-induced autophagy in HelLa cells via Rafl/JNKpathway [182] and
acadesine (AICAR, 5-Aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside)-induced autophagic
cell death in chronic myelogenic leukemia cells [183]. Caution should be exercised when
pharmacological PKC modulators are used unless substantiated by molecular approaches. For
example, the PKCS inhibitor rottlerin was shown to induce autophagy in colon cancer cells via
PKCs-independent mechanisms [184].

7. Kinases Involved in Autophagy Regulation During ER Stress

Autophagy is activated in response to multiple stresses such as pathogen infection, nutrient
deprivation, hypoxia and endoplasmic reticulum (ER) stress [4]. Several kinases have been reported to
mediate autophagy in response to these stress signals, especially ER stress. For example, the
accumulation of unfolded and misfolded proteins in the endoplasmic reticulum (ER) lumen leads to a
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cellular stress response called the unfolded protein response (UPR). ER stress is a potent inducer of
macroautophagy, possibly to facilitate the removal of unfolded or misfolded proteins [185]. Several
ER stress-activated kinases such as IRE1, Ca?*/calmodulin-dependent kinase kinase- beta (CaMKK}),
death associated protein kinase (DAPK) and PERK have been associated with ER stress-induced
autophagy. Once activated, these kinases can ultimately lead to the upregulation of autophagy-related
genes and inhibition of autophagy suppressors.

One of the first proteins activated in response to UPR is the inositol-requiring enzyme 1 (IRE1) [186].
In yeast, activated IRE1 leads to the maturation of the Hacl (homologous to activating transcription
factor (ATF)/CREB1) mRNA [187] and subsequent transcriptional upregulation of genes involved in
protein folding and autophagy genes such as ATG5, 7, 8 and 19 [188]. In mammalian cells, IRE1 was
required for the accumulation of LC3-11 positive vesicles in response to ER stress inducers such as
tunicamycin and thapsigargin [138].

As a part of UPR, PERK directly phosphorylates eukaryotic initiation factor 2a (eIF2a) to block
translation initiation. Recently, it has been shown that PERK-mediated phosphorylation of elF2a is
also required for LC3 conversion during ER stress-induced autophagy [189,190]. It can also increase
the expression of Atg5 to promote autophagy [191]. ER stress also leads to the release of Ca** stored in
the ER to the cytoplasm, causing activation of various Ca®*-dependent kinases. Studies that employed
RNA interference and pharmacological inhibitors showed that Ca®*-induced autophagy was dependent
on the Ca’*/calmodulin-dependent kinase kinase-beta (CaMKK@), which is an upstream activator of
AMPK resulting in mTORC1 inhibition and autophagy induction [192,193].

Death-associated protein kinase 1 (DAPK1) is another Ca?*/calmodulin-regulated kinase that plays
an important role in ER stress-induced autophagy. Recently, Zalckvar et al. showed that DAPK1
mediates induction of autophagy by phosphorylating beclin 1 [194]. Phosphorylated beclin 1
dissociates from Bcl-X, and mediates autophagosome formation [194]. DAPK1 also associates with
microtubule associated protein 1B (MAP1B) and this complex is supposed to be required for
autophagosome formation [195,196].

8. Conclusions

The phenomenon of autophagy was described nearly half a century ago. However, research into the
molecular mechanisms and regulation of autophagy has taken serious form only during the past
decade. There is a growing interest in modulating autophagy for cancer therapy. While excessive
autophagy is recognized as a type of cell death, its role in protecting cancer cells from stress leads to
the debate as to whether autophagy should be inhibited or activated for cancer therapy. Addressing this
question would require a thorough understanding of the regulation of autophagy so that appropriate
proteins are chosen as targets.

Posttranslational modifications of a protein often determine its function. It is now evident that
autophagy can be regulated by kinases at multiple steps such as autophagosome inception, vesicle
maturation, termination and autophagy-related gene expression as depicted in Figure 1. This suggests
that the process can be modulated at multiple steps for therapy. While the PISBK/mTOR pathway
primarily inhibits autophagy, the role of the MAPK pathway and PKCs in autophagy may depend on
the cellular context and inducers used. Also, there is extensive cross-talk among these pathways. For
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example, while both the PI3K and MAPK pathways are activated by receptor tyrosine kinases, the two
pathways may either be antagonistic to each other or converge at the level of mTOR signaling. These
pathways are activated in several cancers and play important roles in tumorigenesis and cancer
progression. Differential regulation of autophagy by these two pathways could provide a tighter
regulation to maintain it at levels sufficient to promote cell survival and prevent excessive self-eating
and cell death. While one pathway initiates autophagy, the other pathway might be instrumental in its
completion or can provide inhibitory signals at a later time to prevent excessive catabolism. Hence, the
ultimate outcome will depend upon factors such as which autophagy regulatory pathways prevail, the
extent of autophagy occurring and the presence of feedback control mechanisms. Our current
knowledge and future work in the area of autophagy regulation should aid in designing better
therapeutic approaches for cancer.

Figure 1. The regulation of autophagy by several cellular kinases. PI3K: phosphoinositide
3-kinases; PDK1: phosphoinositide-dependent kinase-1; mTOR: mammalian target of
rapamycin; TSC: tuberous sclerosis complex; AMPK: AMP-dependent protein Kkinase;
ERK: extracellular signal-regulated kinase; PKC: protein kinase C.

LAt e bt ddadhoded
R




Cancers 2011, 3 2642

Acknowledgements

This work was supported by the grant CA071727 (AB) from the NIH/NCI. Kirti Jain is supported
by the Predoctoral Traineeship Award W81 XWH-08-1-0259 from DOD-BCRP.

Conflict of Interest
The authors declare no conflict of interest.
References

1. Galluzzi, L.; Aaronson, S.A.; Abrams, J.; Alnemri, E.S.; Andrews, D.W.; Baehrecke, E.H.; Bazan,
N.G.; Blagosklonny, M.V.; Blomgren, K.; Borner, C.; et al. Guidelines for the use and
interpretation of assays for monitoring cell death in higher eukaryotes. Cell Death Differ. 2009,
16, 1093-1107.

2. Levine, B.; Klionsky, D.J. Development by self-digestion: Molecular mechanisms and biological
functions of autophagy. Dev. Cell 2004, 6, 463-477.

3. van der Vaart, A.; Mari, M.; Reggiori, F. A picky eater: Exploring the mechanisms of selective
autophagy in human pathologies. Traffic 2008, 9, 281-289.

4. Kroemer, G.; Marino, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell
2010, 40, 280-293.

5. Rubinsztein, D.C. The roles of intracellular protein-degradation pathways in neurodegeneration.
Nature 2006, 443, 780-786.

6. Levine, B.; Yuan, J. Autophagy in cell death: An innocent convict? J. Clin. Invest. 2005, 115,
2679-2688.

7. White, E. Autophagic cell death unraveled: Pharmacological inhibition of apoptosis and
autophagy enables necrosis. Autophagy 2008, 4, 399-401.

8. He, C.; Klionsky, D.J. Regulation mechanisms and signaling pathways of autophagy. Annu. Rev.
Genet. 2009, 43, 67-93.

9. Chan, E.Y.; Tooze, S.A. Evolution of Atgl function and regulation. Autophagy 2009, 5, 758-765.

10. Kawamata, T.; Kamada, Y.; Kabeya, Y.; Sekito, T.; Ohsumi, Y. Organization of the
pre-autophagosomal structure responsible for autophagosome formation. Mol. Biol. Cell 2008, 19,
2039-2050.

11. Mizushima, N. The role of the Atgl/ULK1 complex in autophagy regulation. Curr. Opin. Cell
Biol. 2010, 22, 132-1309.

12. Jung, C.H.; Jun, C.B.; Ro, S.H.; Kim, Y.M.; Otto, N.M.; Cao, J.; Kundu, M.; Kim, D.H.
ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery. Mol. Biol.
Cell 2009, 20, 1992-2003.

13. Chang, Y.Y.; Juhasz, G.; Goraksha-Hicks, P.; Arsham, A.M.; Mallin, D.R.; Muller, LK
Neufeld, T.P. Nutrient-dependent regulation of autophagy through the target of rapamycin
pathway. Biochem. Soc. Trans. 2009, 37, 232-236.



Cancers 2011, 3 2643

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Watanabe, Y.; Noda, N.N.; Kumeta, H.; Suzuki, K.; Ohsumi, Y.; Inagaki, F. Selective transport of
alpha-mannosidase by autophagic pathways: Structural basis for cargo recognition by Atg19 and
Atg34. J. Biol. Chem. 2010, 285, 30026-30033.

Chang, C.Y.; Huang, W.P. Atgl9 mediates a dual interaction cargo sorting mechanism in
selective autophagy. Mol. Biol. Cell 2007, 18, 919-929.

Scott, S.V.; Guan, J.; Hutchins, M.U.; Kim, J.; Klionsky, D.J. Cvtl9 is a receptor for the
cytoplasm-to-vacuole targeting pathway. Mol. Cell 2001, 7, 1131-1141.

Bjorkoy, G.; Lamark, T.; Brech, A.; Outzen, H.; Perander, M.; Overvatn, A.; Stenmark, H.;
Johansen, T. p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective
effect on huntingtin-induced cell death. J. Cell. Biol. 2005, 171, 603-614.

Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Overvatn, A.; Bjorkoy, G.;
Johansen, T. p62/SQSTML1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated
protein aggregates by autophagy. J. Biol. Chem. 2007, 282, 24131-24145.

Sun, Q.; Fan, W.; Chen, K.; Ding, X.; Chen, S.; Zhong, Q. ldentification of Barkor as a
mammalian autophagy-specific factor for Beclin 1 and class Il phosphatidylinositol 3-kinase.
Proc. Natl. Acad. Sci. USA 2008, 105, 19211-19216.

Kihara, A.; Noda, T.; Ishihara, N.; Ohsumi, Y. Two distinct Vps34 phosphatidylinositol 3-kinase
complexes function in autophagy and carboxypeptidase Y sorting in Saccharomyces cerevisiae.
J. Cell Biol. 2001, 152, 519-530.

Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B.
Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672-676.
Sinha, S.; Levine, B. The autophagy effector Beclin 1: A novel BH3-only protein. Oncogene
2008, 27 (Suppl. 1), S137-S148.

Nice, D.C.; Sato, T.K.; Stromhaug, P.E.; Emr, S.D.; Klionsky, D.J. Cooperative binding of the
cytoplasm to vacuole targeting pathway proteins, Cvtl3 and Cvt20, to phosphatidylinositol
3-phosphate at the pre-autophagosomal structure is required for selective autophagy. J. Biol.
Chem. 2002, 277, 30198-30207.

Obara, K.; Sekito, T.; Niimi, K.; Ohsumi, Y. The Atgl18-Atg2 complex is recruited to autophagic
membranes via phosphatidylinositol 3-phosphate and exerts an essential function. J. Biol. Chem.
2008, 283, 23972-23980.

Suzuki, K.; Kubota, Y.; Sekito, T.; Ohsumi, Y. Hierarchy of Atg proteins in pre-autophagosomal
structure organization. Genes Cells 2007, 12, 209-218.

Stromhaug, P.E.; Reggiori, F.; Guan, J.; Wang, C.W.; Klionsky, D.J. Atg21 is a phosphoinositide
binding protein required for efficient lipidation and localization of Atg8 during uptake of
aminopeptidase | by selective autophagy. Mol. Biol. Cell 2004, 15, 3553-3566.

Suzuki, K.; Kirisako, T.; Kamada, Y.; Mizushima, N.; Noda, T.; Ohsumi, Y. The
pre-autophagosomal structure organized by concerted functions of APG genes is essential for
autophagosome formation. EMBO J. 2001, 20, 5971-5981.

Negri, T.; Tarantino, E.; Orsenigo, M.; Reid, J.F.; Gariboldi, M.; Zambetti, M.; Pierotti, M.A;
Pilotti, S. Chromosome band 17921 in breast cancer: Significant association between beclin 1 loss
and HER2/NEU amplification. Gene. Chromosome. Canc. 2010, 49, 901-909.



Cancers 2011, 3 2644

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Yue, Z.; Jin, S.; Yang, C.; Levine, A.J.; Heintz, N. Beclin 1, an autophagy gene essential for early
embryonic development, is a haploinsufficient tumor suppressor. Proc. Natl. Acad. Sci. USA
2003, 100, 15077-15082.

Jin, S. Autophagy, mitochondrial quality control, and oncogenesis. Autophagy 2006, 2, 80-84.
Maiuri, M.C.; Tasdemir, E.; Criollo, A.; Morselli, E.; Vicencio, J.M.; Carnuccio, R.; Kroemer, G.
Control of autophagy by oncogenes and tumor suppressor genes. Cell Death Differ. 2009, 16, 87-93.
Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.Y.; Bray, K.; Reddy, A;
Bhanot, G.; Gelinas, C.; Dipaola, R.S.; Karantza-Wadsworth, V.; White, E. Autophagy suppresses
tumorigenesis through elimination of p62. Cell 2009, 137, 1062-1075.

Morselli, E.; Galluzzi, L.; Kepp, O.; Vicencio, J.M.; Criollo, A.; Maiuri, M.C.; Kroemer, G.
Anti- and pro-tumor functions of autophagy. Biochim. Biophys. Acta 2009, 1793, 1524-1532.
Schoenlein, P.V.; Periyasamy-Thandavan, S.; Samaddar, J.S.; Jackson, W.H.; Barrett, J.T.
Autophagy facilitates the progression of ERalpha-positive breast cancer cells to antiestrogen
resistance. Autophagy 2009, 5, 400-403.

Fung, C.; Lock, R.; Gao, S.; Salas, E.; Debnath, J. Induction of autophagy during extracellular
matrix detachment promotes cell survival. Mol. Biol. Cell 2008, 19, 797-806.

White, E.; DiPaola, R.S. The double-edged sword of autophagy modulation in cancer.
Clin. Cancer Res. 2009, 15, 5308-5316.

Mita, M.M.; Mita, A.; Rowinsky, E.K. The molecular target of rapamycin (mMTOR) as a
therapeutic target against cancer. Cancer Biol. Ther. 2003, 2 (Suppl. 1), S169-S177.

Sabers, C.J.; Martin, M.M.; Brunn, G.J.; Williams, J.M.; Dumont, F.J.; Wiederrecht, G.;
Abraham, R.T. Isolation of a protein target of the FKBP12-rapamycin complex in mammalian
cells. J. Biol. Chem. 1995, 270, 815-822.

Guertin, D.A.; Sabatini, D.M. Defining the role of mTOR in cancer. Cancer Cell 2007, 12, 9-22.
Menendez-Benito, V.; Neefjes, J. Autophagy in MHC class Il presentation: Sampling from within.
Immunity 2007, 26, 1-3.

Kim, D.H.; Sarbassov, D.D.; Ali, S.M.; King, J.E.; Latek, R.R.; Erdjument-Bromage, H.; Tempst,
P.; Sabatini, D.M. mTOR interacts with raptor to form a nutrient-sensitive complex that signals to
the cell growth machinery. Cell 2002, 110, 163-175.

Sarbassov, D.D.; Ali, S.M.; Kim, D.H.; Guertin, D.A.; Latek, R.R.; Erdjument-Bromage, H.;
Tempst, P.; Sabatini, D.M. Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive
and raptor-independent pathway that regulates the cytoskeleton. Curr. Biol. 2004, 14, 1296-1302.
Ikenoue, T.; Inoki, K.; Yang, Q.; Zhou, X.; Guan, K.L. Essential function of TORC2 in PKC and
Akt turn motif phosphorylation, maturation and signalling. EMBO J. 2008, 27, 1919-1931.
Facchinetti, V.; Ouyang, W.; Wei, H.; Soto, N.; Lazorchak, A.; Gould, C.; Lowry, C.; Newton,
A.C.; Mao, Y.; Miao, R.Q.; et al. The mammalian target of rapamycin complex 2 controls folding
and stability of Akt and protein kinase C. EMBO J. 2008, 27, 1932-1943.

Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of
Akt/PKB by the rictor-mTOR complex. Science 2005, 307, 1098-1101.

Burnett, P.E.; Barrow, R.K.; Cohen, N.A.; Snyder, S.H.; Sabatini, D.M. RAFT1 phosphorylation
of the translational regulators p70 S6 kinase and 4E-BP1. Proc. Natl. Acad. Sci. USA 1998, 95,
1432-1437.



Cancers 2011, 3 2645

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kamada, Y.; Yoshino, K.; Kondo, C.; Kawamata, T.; Oshiro, N.; Yonezawa, K.; Ohsumi, Y. Tor
directly controls the Atgl kinase complex to regulate autophagy. Mol. Cell. Biol. 2010, 30,
1049-1058.

Kamada, Y.; Funakoshi, T.; Shintani, T.; Nagano, K.; Ohsumi, M.; Ohsumi, Y. Tor-mediated
induction of autophagy via an Apgl protein kinase complex. J. Cell Biol. 2000, 150, 1507-1513.
Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132-141.

Hosokawa, N.; Hara, T.; Kaizuka, T.; Kishi, C.; Takamura, A.; Miura, Y.; lemura, S.; Natsume, T.;
Takehana, K.; Yamada, N.; et al. Nutrient-dependent mTORC1 association with the
ULK1-Atg13-FIP200 complex required for autophagy. Mol. Biol. Cell 2009, 20, 1981-1991.
Ganley, I.G.; Lam du, H.; Wang, J.; Ding, X.; Chen, S.; Jiang, X. ULK1.ATG13.FIP200 complex
mediates mTOR signaling and is essential for autophagy. J. Biol. Chem. 2009, 284, 12297-12305.
Chan, E.Y. mTORC1 phosphorylates the ULK1-mAtg13-FIP200 autophagy regulatory complex.
Sci. Signal. 2009, 2, pe51.

Yu, L.; McPhee, C.K.; Zheng, L.; Mardones, G.A.; Rong, Y.; Peng, J.; Mi, N.; Zhao, Y.; Liu, Z.;
Wan, F.; et al. Termination of autophagy and reformation of lysosomes regulated by mTOR.
Nature 2010, 465, 942-946.

Blommaart, E.F.; Luiken, JJ.; Blommaart, P.J.; van Woerkom, G.M.; Meijer, A.J.
Phosphorylation of ribosomal protein S6 is inhibitory for autophagy in isolated rat hepatocytes.
J. Biol. Chem. 1995, 270, 2320-2326.

Scott, R.C.; Schuldiner, O.; Neufeld, T.P. Role and regulation of starvation-induced autophagy in
the Drosophila fat body. Dev. Cell 2004, 7, 167-178.

Armour, S.M.; Baur, J.A.; Hsieh, S.N.; Land-Bracha, A.; Thomas, S.M.; Sinclair, D.A. Inhibition of
mammalian S6 kinase by resveratrol suppresses autophagy. Aging (Albany NY) 2009, 1, 515-528.
Zeng, X.; Kinsella, T.J. Mammalian target of rapamycin and S6 kinase 1 positively regulate
6-thioguanine-induced autophagy. Cancer Res. 2008, 68, 2384-2390.

Abeliovich, H.; Dunn, W.A., Jr.; Kim, J.; Klionsky, D.J. Dissection of autophagosome biogenesis
into distinct nucleation and expansion steps. J. Cell Biol. 2000, 151, 1025-1034.

Lawrence, B.P.; Brown, W.J. Inhibition of protein synthesis separates autophagic sequestration
from the delivery of lysosomal enzymes. J. Cell Sci. 1993, 105, 473-480.

Zhang, J.; Gao, Z.; Yin, J.; Quon, M.J.; Ye, J. S6K directly phosphorylates IRS-1 on Ser-270 to
promote insulin resistance in response to TNF-(alpha) signaling through IKK2. J. Biol. Chem.
2008, 283, 35375-35382.

O'Reilly, K.E.; Rojo, F.; She, Q.B.; Solit, D.; Mills, G.B.; Smith, D.; Lane, H.; Hofmann, F.;
Hicklin, D.J.; Ludwig, D.L.; et al. mTOR inhibition induces upstream receptor tyrosine kinase
signaling and activates Akt. Cancer Res. 2006, 66, 1500-1508.

Ueno, M.; Carvalheira, J.B.; Tambascia, R.C.; Bezerra, R.M.; Amaral, M.E.; Carneiro, E.M,;
Folli, F.; Franchini, K.G.; Saad, M.J. Regulation of insulin signalling by hyperinsulinaemia: Role of
IRS-1/2 serine phosphorylation and the mTOR/p70 S6K pathway. Diabetologia 2005, 48, 506-518.
Koren, I.; Reem, E.; Kimchi, A. DAP1, a novel substrate of mTOR, negatively regulates
autophagy. Curr. Biol. 2010, 20, 1093-1098.



Cancers 2011, 3 2646

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

Deiss, L.P.; Feinstein, E.; Berissi, H.; Cohen, O.; Kimchi, A. ldentification of a novel
serine/threonine kinase and a novel 15-kD protein as potential mediators of the gamma
interferon-induced cell death. Genes Dev. 1995, 9, 15-30.

Thoreen, C.C.; Kang, S.A.; Chang, J.W.; Liu, Q.; Zhang, J.; Gao, Y.; Reichling, L.J.; Sim, T.;
Sabatini, D.M.; Gray, N.S. An ATP-competitive mammalian target of rapamycin inhibitor reveals
rapamycin-resistant functions of mTORCL1. J. Biol. Chem. 2009, 284, 8023-8032.

Mammucari, C.; Milan, G.; Romanello, V.; Masiero, E.; Rudolf, R.; Del Piccolo, P.; Burden, S.J.;
Di Lisi, R.; Sandri, C.; Zhao, J.; et al. FoxO3 controls autophagy in skeletal muscle in vivo.
Cell Metab. 2007, 6, 458-471.

Brunet, A.; Bonni, A.; Zigmond, M.J.; Lin, M.Z.; Juo, P.; Hu, L.S.; Anderson, M.J.; Arden, K.C.;
Blenis, J.; Greenberg, M.E. Akt promotes cell survival by phosphorylating and inhibiting a
Forkhead transcription factor. Cell 1999, 96, 857-868.

Brunet, A.; Kanai, F.; Stehn, J.; Xu, J.; Sarbassova, D.; Frangioni, J.V.; Dalal, S.N.; DeCaprio,
J.A.; Greenberg, M.E.; Yaffe, M.B. 14-3-3 transits to the nucleus and participates in dynamic
nucleocytoplasmic transport. J. Cell Biol. 2002, 156, 817-828.

Singh, A.; Ye, M.; Bucur, O.; Zhu, S.; Tanya Santos, M.; Rabinovitz, I.; Wei, W.; Gao, D.; Hahn,
W.C.; Khosravi-Far, R. Protein phosphatase 2A reactivates FOXO3a through a dynamic interplay
with 14-3-3 and AKT. Mol. Biol. Cell 2010, 21, 1140-1152.

Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.;
Turk, B.E.; Shaw, R.J. AMPK phosphorylation of raptor mediates a metabolic checkpoint.
Mol. Cell 2008, 30, 214-226.

Inoki, K.; Zhu, T.; Guan, K.L. TSC2 mediates cellular energy response to control cell growth and
survival. Cell 2003, 115, 577-590.

Lee, JW.; Park, S.; Takahashi, Y.; Wang, H.G. The association of AMPK with ULK1 regulates
autophagy. PLoS ONE 2010, 5, e15394.

Egan, D.F.; Shackelford, D.B.; Mihaylova, M.M.; Gelino, S.; Kohnz, R.A.; Mair, W.; Vasquez, D.S.;
Joshi, A.; Gwinn, D.M.; Taylor, R.; et al. Phosphorylation of ULK1 (hATG1) by AMP-activated
protein kinase connects energy sensing to mitophagy. Science 2011, 331, 456-461.

Chiacchiera, F.; Simone, C. Inhibition of p38alpha unveils an AMPK-FoxO3A axis linking
autophagy to cancer-specific metabolism. Autophagy 2009, 5, 1030-1033.

Cantley, L.C. The phosphoinositide 3-kinase pathway. Science 2002, 296, 1655-1657.

Lawlor, M.A.; Alessi, D.R. PKB/Akt: A key mediator of cell proliferation, survival and insulin
responses? J. Cell Sci. 2001, 114, 2903-2910.

Wang, Y.; Yoshioka, K.; Azam, M.A.; Takuwa, N.; Sakurada, S.; Kayaba, Y.; Sugimoto, N.;
Inoki, I.; Kimura, T.; Kuwaki, T.; et al. Class Il phosphoinositide 3-kinase alpha-isoform
regulates Rho, myosin phosphatase and contraction in vascular smooth muscle. Biochem. J. 2006,
394, 581-592.

Domin, J.; Harper, L.; Aubyn, D.; Wheeler, M.; Florey, O.; Haskard, D.; Yuan, M.; Zicha, D.
The class Il phosphoinositide 3-kinase PI3K-C2beta regulates cell migration by a PtdIns3P
dependent mechanism. J. Cell. Physiol. 2005, 205, 452-462.

Backer, J.M. The regulation and function of Class 11 PI3Ks: Novel roles for Vps34. Biochem. J.
2008, 410, 1-17.



Cancers 2011, 3 2647

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kihara, A.; Kabeya, Y.; Ohsumi, Y.; Yoshimori, T. Beclin-phosphatidylinositol 3-kinase complex
functions at the trans-Golgi network. EMBO Rep. 2001, 2, 330-335.

Proikas-Cezanne, T.; Waddell, S.; Gaugel, A.; Frickey, T.; Lupas, A.; Nordheim, A. WIPI-l1alpha
(WIP149), a member of the novel 7-bladed WIPI protein family, is aberrantly expressed in human
cancer and is linked to starvation-induced autophagy. Oncogene 2004, 23, 9314-9325.

Polson, H.E.; de Lartigue, J.; Rigden, D.J.; Reedijk, M.; Urbe, S.; Clague, M.J.; Tooze, S.A.
Mammalian Atgl8 (WIPI2) localizes to omegasome-anchored phagophores and positively
regulates LC3 lipidation. Autophagy 2010, 6, 506-522.

Krick, R.; Tolstrup, J.; Appelles, A.; Henke, S.; Thumm, M. The relevance of the
phosphatidylinositolphosphat-binding motif FRRGT of Atg18 and Atg21 for the Cvt pathway and
autophagy. FEBS Lett. 2006, 580, 4632-4638.

Ghosh, P.; Wu, M.; Zhang, H.; Sun, H. mTORC1 signaling requires proteasomal function and the
involvement of CUL4-DDB1 ubiquitin E3 ligase. Cell Cycle 2008, 7, 373-381.

Huang, J.; Manning, B.D. A complex interplay between Akt, TSC2 and the two mTOR complexes.
Biochem. Soc. Trans. 2009, 37, 217-222.

Gulati, P.; Thomas, G. Nutrient sensing in the mTOR/S6K1 signalling pathway. Biochem. Soc.
Trans. 2007, 35, 236-238.

Nobukuni, T.; Joaquin, M.; Roccio, M.; Dann, S.G.; Kim, S.Y.; Gulati, P.; Byfield, M.P.; Backer,
J.M.; Natt, F.; Bos, J.L.; et al. Amino acids mediate mTOR/raptor signaling through activation of
class 3 phosphatidylinositol 30H-kinase. Proc. Natl. Acad. Sci. USA 2005, 102, 14238-14243.
Smith, E.M.; Finn, S.G.; Tee, A.R.; Browne, G.J.; Proud, C.G. The tuberous sclerosis protein
TSC2 is not required for the regulation of the mammalian target of rapamycin by amino acids and
certain cellular stresses. J. Biol. Chem. 2005, 280, 18717-18727.

Byfield, M.P.; Murray, J.T.; Backer, J.M. hVps34 is a nutrient-regulated lipid kinase required for
activation of p70 S6 kinase. J. Biol. Chem. 2005, 280, 33076-33082.

Hazzalin, C.A.; Mahadevan, L.C. MAPK-regulated transcription: A continuously variable gene
switch? Nat. Rev. Mol. Cell Biol. 2002, 3, 30-40.

McKay, M.M.; Morrison, D.K. Integrating signals from RTKs to ERK/MAPK. Oncogene 2007,
26, 3113-3121.

Murphy, L.O.; Blenis, J. MAPK signal specificity: The right place at the right time. Trends
Biochem. Sci. 2006, 31, 268-275.

Cagnol, S.; Chambard, J.C. ERK and cell death: Mechanisms of ERK-induced cell death—
Apoptosis, autophagy and senescence. FEBS J. 2010, 277, 2-21.

Ogier-Denis, E.; Pattingre, S.; El Benna, J.; Codogno, P. Erkl/2-dependent phosphorylation of
Galpha-interacting protein stimulates its GTPase accelerating activity and autophagy in human
colon cancer cells. J. Biol. Chem. 2000, 275, 39090-39095.

Ellington, A.A.; Berhow, M.A.; Singletary, K.W. Inhibition of Akt signaling and enhanced
ERK1/2 activity are involved in induction of macroautophagy by triterpenoid B-group
soyasaponins in colon cancer cells. Carcinogenesis 2006, 27, 298-306.



Cancers 2011, 3 2648

96. Choi, C.H.; Jung, Y.K.; Oh, S.H. Autophagy induction by capsaicin in malignant human breast
cells is modulated by p38 and extracellular signal-regulated mitogen-activated protein kinases and
retards cell death by suppressing endoplasmic reticulum stress-mediated apoptosis. Mol. Pharmacol.
2010, 78, 114-125.

97. Wang, S.H.; Shih, Y.L.; Lee, C.C.; Chen, W.L.; Lin, CJ.; Lin, Y.S.; Wu, K.H.; Shih, C.M.
The role of endoplasmic reticulum in cadmium-induced mesangial cell apoptosis. Chem. Biol.
Interact. 2009, 181, 45-51.

98. Yang, L.Y.; Wu, K.H.; Chiu, W.T.; Wang, S.H.; Shih, C.M. The cadmium-induced death of
mesangial cells results in nephrotoxicity. Autophagy 2009, 5, 571-572.

99. Sivaprasad, U.; Basu, A. Inhibition of ERK attenuates autophagy and potentiates tumour necrosis
factor-alpha-induced cell death in MCF-7 cells. J. Cell. Mol. Med. 2008, 12, 1265-1271.

100. Cheng, Y.; Qiu, F.; Tashiro, S.; Onodera, S.; lIkejima, T. ERK and JNK mediate TNFalpha-induced
p53 activation in apoptotic and autophagic L929 cell death. Biochem. Biophys. Res. Commun.
2008, 376, 483-488.

101. Shima, Y.; Okamoto, T.; Aoyama, T.; Yasura, K.; Ishibe, T.; Nishijo, K.; Shibata, K.R.; Kohno,
Y.; Fukiage, K.; Otsuka, S.; et al. In vitro transformation of mesenchymal stem cells by oncogenic
H-rasVVal12. Biochem. Biophys. Res. Commun. 2007, 353, 60-66.

102.Hansen, K.; Wagner, B.; Hamel, W.; Schweizer, M.; Haag, F.; Westphal, M.; Lamszus, K.
Autophagic cell death induced by TrkA receptor activation in human glioblastoma cells.
J. Neurochem. 2007, 103, 259-275.

103.Plowey, E.D.; Cherra, S.J., 3rd; Liu, Y.J.; Chu, C.T. Role of autophagy in G2019S-LRRK2-
associated neurite shortening in differentiated SH-SY5Y cells. J. Neurochem. 2008, 105, 1048-1056.

104. Martin, P.; Poggi, M.C.; Chambard, J.C.; Boulukos, K.E.; Pognonec, P. Low dose cadmium
poisoning results in sustained ERK phosphorylation and caspase activation. Biochem. Biophys.
Res. Commun. 2006, 350, 803-807.

105. Cagnol, S.; Van Obberghen-Schilling, E.; Chambard, J.C. Prolonged activation of ERK1,2
induces FADD-independent caspase 8 activation and cell death. Apoptosis 2006, 11, 337-346.
106. El-Ashry, D.; Miller, D.L.; Kharbanda, S.; Lippman, M.E.; Kern, F.G. Constitutive Raf-1 kinase
activity in breast cancer cells induces both estrogen-independent growth and apoptosis. Oncogene

1997, 15, 423-435.

107. Corcelle, E.; Nebout, M.; Bekri, S.; Gauthier, N.; Hofman, P.; Poujeol, P.; Fenichel, P.; Mograbi, B.
Disruption of autophagy at the maturation step by the carcinogen lindane is associated with the
sustained mitogen-activated protein kinase/extracellular signal-regulated kinase activity. Cancer Res.
2006, 66, 6861-6870.

108.Wang, J.; Whiteman, M.W.; Lian, H.; Wang, G.; Singh, A.; Huang, D.; Denmark, T. A
non-canonical MEK/ERK signaling pathway regulates autophagy via regulating Beclin 1. J. Biol.
Chem. 2009, 284, 21412-21424.

109.Dagda, R.K.; Zhu, J.; Kulich, S.M.; Chu, C.T. Mitochondrially localized ERK2 regulates
mitophagy and autophagic cell stress: Implications for Parkinson’s disease. Autophagy 2008, 4,
770-782.

110.Kulich, S.M.; Horbinski, C.; Patel, M.; Chu, C.T. 6-Hydroxydopamine induces mitochondrial
ERK activation. Free Radic. Biol. Med. 2007, 43, 372-383.



Cancers 2011, 3 2649

111.Zhu, J.H.; Guo, F.; Shelburne, J.; Watkins, S.; Chu, C.T. Localization of phosphorylated
ERK/MAP kinases to mitochondria and autophagosomes in Lewy body diseases. Brain Pathol.
2003, 13, 473-481.

112.Zhu, J.H.; Horbinski, C.; Guo, F.; Watkins, S.; Uchiyama, Y.; Chu, C.T. Regulation of autophagy
by extracellular signal-regulated protein kinases during 1-methyl-4-phenylpyridinium-induced cell
death. Am. J. Pathol. 2007, 170, 75-86.

113.Rasola, A.; Sciacovelli, M.; Chiara, F.; Pantic, B.; Brusilow, W.S.; Bernardi, P. Activation of
mitochondrial ERK protects cancer cells from death through inhibition of the permeability
transition. Proc. Natl. Acad. Sci. USA 2010, 107, 726-731.

114.0no, K.; Han, J. The p38 signal transduction pathway: Activation and function. Cell Signal. 2000,
12, 1-13.

115. Wagner, E.F.; Nebreda, A.R. Signal integration by JNK and p38 MAPK pathways in cancer
development. Nat. Rev. Cancer 2009, 9, 537-549.

116. Webber, J.L.; Tooze, S.A. New insights into the function of Atg9. FEBS Lett. 2010, 584, 1319-1326.

117.Prick, T.; Thumm, M.; Haussinger, D.; Vom Dahl, S. Deletion of HOG1 leads to Osmosensitivity
in starvation-induced, but not rapamycin-dependent Atg8 degradation and proteolysis: Further
evidence for different regulatory mechanisms in yeast autophagy. Autophagy 2006, 2, 241-243.

118.Prick, T.; Thumm, M.; Kohrer, K.; Haussinger, D.; Vom Dahl, S. In yeast, loss of Hogl leads to
osmosensitivity of autophagy. Biochem. J. 2006, 394, 153-161.

119.Bicknell, A.A.; Tourtellotte, J.; Niwa, M. Late phase of the endoplasmic reticulum stress response
pathway is regulated by Hogl MAP kinase. J. Biol. Chem. 2010, 285, 17545-17555.

120.Liu, B.; Cheng, Y.; Zhang, B.; Bian, H.J.; Bao, J.K. Polygonatum cyrtonema lectin induces
apoptosis and autophagy in human melanoma A375 cells through a mitochondria-mediated
ROS-p38-p53 pathway. Cancer Lett. 2009, 275, 54-60.

121.Younce, C.W.; Kolattukudy, P.E. MCP-1 causes cardiomyoblast death via autophagy resulting
from ER stress caused by oxidative stress generated by inducing a novel zinc-finger protein,
MCPIP. Biochem. J. 2010, 426, 43-53.

122.Duan, W.J,; Li, Q.S.; Xia, M.Y.; Tashiro, S.; Onodera, S.; Ikejima, T. Silibinin activated p53 and
induced autophagic death in human fibrosarcoma HT1080 cells via reactive oxygen species-p38
and c-Jun N-terminal kinase pathways. Biol. Pharm. Bull. 2011, 34, 47-53.

123.Bhui, K.; Tyagi, S.; Prakash, B.; Shukla, Y. Pineapple bromelain induces autophagy, facilitating
apoptotic response in mammary carcinoma cells. Biofactors 2010, 36, 474-482.

124.Cui, Q.; Tashiro, S.; Onodera, S.; Minami, M.; Ikejima, T. Oridonin induced autophagy in human
cervical carcinoma HeLa cells through Ras, JNK, and P38 regulation. J. Pharmacol. Sci. 2007,
105, 317-325.

125. Liao, P.C.; Ng, L.T.; Lin, L.T.; Richardson, C.D.; Wang, G.H.; Lin, C.C. Resveratrol arrests cell
cycle and induces apoptosis in human hepatocellular carcinoma huh-7 cells. J. Med. Food 2010,
13, 1415-1423.

126.Kim, D.S.; Kim, J.H.; Lee, G.H.; Kim, H.T.; Lim, J.M.; Chae, S.W.; Chae, H.J.; Kim, H.R. p38
Mitogen-activated protein kinase is involved in endoplasmic reticulum stress-induced cell death
and autophagy in human gingival fibroblasts. Biol. Pharm. Bull. 2010, 33, 545-549.



Cancers 2011, 3 2650

127.Lim, S.C.; Hahm, K.S.; Lee, S.H.; Oh, S.H. Autophagy involvement in cadmium resistance
through induction of multidrug resistance-associated protein and counterbalance of endoplasmic
reticulum stress W138 lung epithelial fibroblast cells. Toxicology 2010, 276, 18-26.

128.Thyagarajan, A.; Jedinak, A.; Nguyen, H.; Terry, C.; Baldridge, L.A.; Jiang, J.; Sliva, D.
Triterpenes from Ganoderma Lucidum induce autophagy in colon cancer through the inhibition of
p38 mitogen-activated kinase (p38 MAPK). Nutr. Cancer 2010, 62, 630-640.

129. Colosetti, P.; Puissant, A.; Robert, G.; Luciano, F.; Jacquel, A.; Gounon, P.; Cassuto, J.P.;
Auberger, P. Autophagy is an important event for megakaryocytic differentiation of the chronic
myelogenous leukemia K562 cell line. Autophagy 2009, 5, 1092-1098.

130. Webber, J.L.; Tooze, S.A. Coordinated regulation of autophagy by p38alpha MAPK through
mAtg9 and p38IP. EMBO J. 2010, 29, 27-40.

131. Kayali, A.G.; Austin, D.A.; Webster, N.J. Stimulation of MAPK cascades by insulin and osmotic
shock: Lack of an involvement of p38 mitogen-activated protein kinase in glucose transport in
3T3-L1 adipocytes. Diabetes 2000, 49, 1783-1793.

132.Puls, A.; Eliopoulos, A.G.; Nobes, C.D.; Bridges, T.; Young, L.S.; Hall, A. Activation of the
small GTPase Cdc42 by the inflammatory cytokines TNF(alpha) and IL-1, and by the Epstein-
Barr virus transforming protein LMP1. J. Cell Sci. 1999, 112, 2983-2992.

133.Fritz, G.; Kaina, B. Activation of c-Jun N-terminal kinase 1 by UV irradiation is inhibited by
wortmannin without affecting c-iun expression. Mol. Cell. Biol. 1999, 19, 1768-1774.

134. Adler, V.; Schaffer, A.; Kim, J.; Dolan, L.; Ronai, Z. UV irradiation and heat shock mediate JNK
activation via alternate pathways. J. Biol. Chem. 1995, 270, 26071-26077.

135.Li, C.; Capan, E.; Zhao, Y.; Zhao, J.; Stolz, D.; Watkins, S.C.; Jin, S.; Lu, B. Autophagy is
induced in CD4+ T cells and important for the growth factor-withdrawal cell death. J. Immunol.
2006, 177, 5163-5168.

136.Jia, G.; Cheng, G.; Gangahar, D.M.; Agrawal, D.K. Insulin-like growth factor-1 and TNF-alpha
regulate autophagy through c-jun N-terminal kinase and Akt pathways in human atherosclerotic
vascular smooth cells. Immunol. Cell Biol. 2006, 84, 448-454.

137.Borsello, T.; Croquelois, K.; Hornung, J.P.; Clarke, P.G. N-methyl-d-aspartate-triggered neuronal
death in organotypic hippocampal cultures is endocytic, autophagic and mediated by the c-Jun
N-terminal kinase pathway. Eur. J. Neurosci. 2003, 18, 473-485.

138. Ogata, M.; Hino, S.; Saito, A.; Morikawa, K.; Kondo, S.; Kanemoto, S.; Murakami, T.; Taniguchi,
M.; Tanii, I.; Yoshinaga, K.; et al. Autophagy is activated for cell survival after endoplasmic
reticulum stress. Mol. Cell. Biol. 2006, 26, 9220-9231.

139.Chen, J.L.; Lin, H.H.; Kim, K.J.; Lin, A.; Forman, H.J.; Ann, D.K. Novel roles for protein kinase
Cdelta-dependent signaling pathways in acute hypoxic stress-induced autophagy. J. Biol. Chem.
2008, 283, 34432-34444.

140. Geeraert, C.; Ratier, A.; Pfisterer, S.G.; Perdiz, D.; Cantaloube, I.; Rouault, A.; Pattingre, S.;
Proikas-Cezanne, T.; Codogno, P.; Pous, C. Starvation-induced hyperacetylation of tubulin is
required for the stimulation of autophagy by nutrient deprivation. J. Biol. Chem. 2010, 285,
24184-24194.

141. Nopparat, C.; Porter, J.E.; Ebadi, M.; Govitrapong, P. The mechanism for the neuroprotective
effect of melatonin against methamphetamine-induced autophagy. J. Pineal Res. 2010, 49, 382-389.



Cancers 2011, 3 2651

142. Walker, T.; Mitchell, C.; Park, M.A.; Yacoub, A.; Graf, M.; Rahmani, M.; Houghton, P.J,;
Voelkel-Johnson, C.; Grant, S.; Dent, P. Sorafenib and vorinostat kill colon cancer cells by
CD95-dependent and -independent mechanisms. Mol. Pharmacol. 2009, 76, 342-355.

143. Pattingre, S.; Tassa, A.; Qu, X.; Garuti, R.; Liang, X.H.; Mizushima, N.; Packer, M.; Schneider,
M.D.; Levine, B. Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 2005,
122, 927-939.

144. Wei, Y.; Pattingre, S.; Sinha, S.; Bassik, M.; Levine, B. INK1-mediated phosphorylation of Bcl-2
regulates starvation-induced autophagy. Mol. Cell 2008, 30, 678-688.

145.Wei, Y.; Sinha, S.; Levine, B. Dual role of INK1-mediated phosphorylation of Bcl-2 in autophagy
and apoptosis regulation. Autophagy 2008, 4, 949-951.

146. Bassik, M.C.; Scorrano, L.; Oakes, S.A.; Pozzan, T.; Korsmeyer, S.J. Phosphorylation of BCL-2
regulates ER Ca2+ homeostasis and apoptosis. EMBO J. 2004, 23, 1207-1216.

147.Poommipanit, P.B.; Chen, B.; Oltvai, Z.N. Interleukin-3 induces the phosphorylation of a distinct
fraction of bcl-2. J. Biol. Chem. 1999, 274, 1033-10309.

148.Ren, H.; Fu, K.; Mu, C.; Li, B.; Wang, D.; Wang, G. DJ-1, a cancer and Parkinson’s disease
associated protein, regulates autophagy through JNK pathway in cancer cells. Cancer Lett. 2010,
297, 101-108.

149.Wu, W.K.; Sakamoto, K.M.; Milani, M.; Aldana-Masankgay, G.; Fan, D.; Wu, K.; Lee, CW,;
Cho, C.H.; Yu, J.; Sung, J.J. Macroautophagy modulates cellular response to proteasome
inhibitors in cancer therapy. Drug Resist. Updat. 2010, 13, 87-92.

150.Wong, C.H.; Iskandar, K.B.; Yadav, S.K.; Hirpara, J.L.; Loh, T.; Pervaiz, S. Simultaneous
induction of non-canonical autophagy and apoptosis in cancer cells by ROS-dependent ERK and
JNK activation. PLoS ONE 2010, 5, €9996.

151.Kim, M.J.; Woo, S.J.; Yoon, C.H.; Lee, J.S.; An, S.; Choi, Y.H.; Hwang, S.G.; Yoon, G.; Lee, S.J.
Involvement of autophagy in oncogenic K-Ras-induced malignant cell transformation. J. Biol.
Chem. 2011, 286, 13924-12932.

152.Byun, J.Y.; Yoon, C.H.; An, S.; Park, I1.C.; Kang, C.M.; Kim, M.J.; Lee, S.J. The
Racl/MKK7/JNK pathway signals upregulation of Atg5 and subsequent autophagic cell death in
response to oncogenic Ras. Carcinogenesis 2009, 30, 1880-1888.

153. Lorin, S.; Pierron, G.; Ryan, K.M.; Codogno, P.; Djavaheri-Mergny, M. Evidence for the
interplay between JNK and p53-DRAM signalling pathways in the regulation of autophagy.
Autophagy 2010, 6, 153-154.

154. Park, K.J.; Lee, S.H.; Lee, C.H.; Jang, J.Y.; Chung, J.; Kwon, M.H.; Kim, Y.S. Upregulation of
Beclin-1 expression and phosphorylation of Bcl-2 and p53 are involved in the JNK-mediated
autophagic cell death. Biochem. Biophys. Res. Commun. 2009, 382, 726-729.

155.Wu, G.S. The functional interactions between the p53 and MAPK signaling pathways. Cancer
Biol. Ther. 2004, 3, 156-161.

156. Maiuri, M.C.; Galluzzi, L.; Morselli, E.; Kepp, O.; Malik, S.A.; Kroemer, G. Autophagy
regulation by p53. Curr. Opin. Cell Biol. 2010, 22, 181-185.

157. Xu, P.; Das, M.; Reilly, J.; Davis, R.J. JNK regulates FoxO-dependent autophagy in neurons.
Genes Dev. 2011, 25, 310-322.



Cancers 2011, 3 2652

158. Basu, A. The potential of protein kinase C as a target for anticancer treatment. Pharmacol. Ther.
1993, 59, 257-280.

159. Steinberg, S.F. Structural basis of protein kinase C isoform function. Physiol. Rev. 2008, 88,
1341-1378.

160. Koivunen, J.; Aaltonen, V.; Peltonen, J. Protein kinase C (PKC) family in cancer progression.
Cancer Lett. 2006, 235, 1-10.

161.Basu, A.; Pal, D. Two faces of protein kinase Cdelta: The contrasting roles of PKCdelta in cell
survival and cell death. TheScientificWorldJO 2010, 10, 2272-2284.

162.Basu, A.; Woolard, M.D.; Johnson, C.L. Involvement of protein kinase C-delta in DNA
damage-induced apoptosis. Cell Death Differ. 2001, 8, 899-908.

163. Ghayur, T.; Hugunin, M.; Talanian, R.V.; Ratnofsky, S.; Quinlan, C.; Emoto, Y.; Pandey, P.;
Datta, R.; Huang, Y.; Kharbanda, S.; et al. Proteolytic activation of protein kinase C delta by an
ICE/CED 3-like protease induces characteristics of apoptosis. J. Exp. Med. 1996, 184, 2399-2404.

164.Smith, L.; Wang, Z.; Smith, J.B. Caspase processing activates atypical protein kinase C zeta by
relieving autoinhibition and destabilizes the protein. Biochem. J. 2003, 375, 663-671.

165.Basu, A.; Lu, D.; Sun, B.; Moor, A.N.; Akkaraju, G.R.; Huang, J. Proteolytic activation of protein
kinase C-epsilon by caspase-mediated processing and transduction of antiapoptotic signals.
J. Biol. Chem. 2002, 277, 41850-41856.

166. Datta, R.; Kojima, H.; Yoshida, K.; Kufe, D. Caspase-3-mediated cleavage of protein kinase C
theta in induction of apoptosis. J. Biol. Chem. 1997, 272, 20317-20320.

167.Basu, A.; Sivaprasad, U. Protein kinase Cepsilon makes the life and death decision. Cell Signal.
2007, 19, 1633-1642.

168. Leray, I.; de Thonel, A.; Laurent, G.; Quillet-Mary, A. Protein kinase C zeta associates with death
inducing signaling complex and regulates Fas ligand-induced apoptosis. Cell Signal. 2005, 17,
1149-1157.

169. Villalba, M.; Bushway, P.; Altman, A. Protein kinase C-theta mediates a selective T cell survival
signal via phosphorylation of BAD. J. Immunol. 2001, 166, 5955-5963.

170.Ozpolat, B.; Akar, U.; Mehta, K.; Lopez-Berestein, G. PKC delta and tissue transglutaminase are
novel inhibitors of autophagy in pancreatic cancer cells. Autophagy 2007, 3, 480-483.

171.Lorand, L.; Graham, R.M. Transglutaminases: Crosslinking enzymes with pleiotropic functions.
Nat. Rev. Mol. Cell Biol. 2003, 4, 140-156.

172. Pattingre, S.; Bauvy, C.; Carpentier, S.; Levade, T.; Levine, B.; Codogno, P. Role of INK1-dependent
Bcl-2 phosphorylation in ceramide-induced macroautophagy. J. Biol. Chem. 2009, 284, 2719-2728.

173.Pattingre, S.; Espert, L.; Biard-Piechaczyk, M.; Codogno, P. Regulation of macroautophagy by
mTOR and Beclin 1 complexes. Biochimie 2008, 90, 313-323.

174.Chen, J.L.; Lin, H.H.; Kim, K.J.; Lin, A.; Ou, J.H.; Ann, D.K. PKC delta signaling: A dual role in
regulating hypoxic stress-induced autophagy and apoptosis. Autophagy 2009, 5, 244-246.

175. Shahnazari, S.; Yen, W.L.; Birmingham, C.L.; Shiu, J.; Namolovan, A.; Zheng, Y.T.; Nakayama,
K.; Klionsky, D.J.; Brumell, J.H. A diacylglycerol-dependent signaling pathway contributes to
regulation of antibacterial autophagy. Cell Host Microbe 2010, 8, 137-146.



Cancers 2011, 3 2653

176.Coward, J.; Ambrosini, G.; Musi, E.; Truman, J.P.; Haimovitz-Friedman, A.; Allegood, J.C;
Wang, E.; Merrill, A.H., Jr.; Schwartz, G.K. Safingol (L-threo-sphinganine) induces autophagy in
solid tumor cells through inhibition of PKC and the PI3-kinase pathway. Autophagy 2009, 5, 184-193.

177. Sakaki, K.; Wu, J.; Kaufman, R.J. Protein kinase Ctheta is required for autophagy in response to
stress in the endoplasmic reticulum. J. Biol. Chem. 2008, 283, 15370-15380.

178.Jiang, H.; Cheng, D.; Liu, W.; Peng, J.; Feng, J. Protein kinase C inhibits autophagy and
phosphorylates LC3. Biochem. Biophys. Res. Commun. 2010, 395, 471-476.

179.Rosivatz, E.; Woscholski, R. Removal or masking of phosphatidylinositol(4,5)bisphosphate from
the outer mitochondrial membrane causes mitochondrial fragmentation. Cell Signal. 2011, 23,
478-486.

180. Ruvolo, P.P.; Deng, X.; Carr, B.K.; May, W.S. A functional role for mitochondrial protein kinase
Calpha in Bcl2 phosphorylation and suppression of apoptosis. J. Biol. Chem. 1998, 273,
25436-25442.

181.Silva, R.D.; Manon, S.; Goncalves, J.; Saraiva, L.; Corte-Real, M. Modulation of Bax
mitochondrial insertion and induced cell death in yeast by mammalian protein kinase Calpha.
Exp. Cell Res. 2011, 317, 781-790.

182.Zhang, Y.; Wu, Y.; Tashiro, S.; Onodera, S.; Ikejima, T. Involvement of PKC signal pathways in
oridonin-induced autophagy in HelLa cells: A protective mechanism against apoptosis. Biochem.
Biophys. Res. Commun. 2009, 378, 273-278.

183.Robert, G.; Ben Sahra, I.; Puissant, A.; Colosetti, P.; Belhacene, N.; Gounon, P.; Hofman, P.;
Bost, F.; Cassuto, J.P.; Auberger, P. Acadesine kills chronic myelogenous leukemia (CML) cells
through PKC-dependent induction of autophagic cell death. PLoS ONE 2009, 4, e7889.

184.Song, K.S.; Kim, J.S.; Yun, EJ.; Kim, Y.R.; Seo, K.S.; Park, J.H.; Jung, Y.J.; Park, J.I.; Kweon,
G.R.; Yoon, W.H.; et al. Rottlerin induces autophagy and apoptotic cell death through a
PKC-delta-independent pathway in HT1080 human fibrosarcoma cells: The protective role of
autophagy in apoptosis. Autophagy 2008, 4, 650-658.

185. Hoyer-Hansen, M.; Jaattela, M. Connecting endoplasmic reticulum stress to autophagy by
unfolded protein response and calcium. Cell Death Differ. 2007, 14, 1576-1582.

186.Bernales, S.; Papa, F.R.; Walter, P. Intracellular signaling by the unfolded protein response.
Annu. Rev. Cell Dev. Biol. 2006, 22, 487-508.

187.Cox, J.S.; Walter, P. A novel mechanism for regulating activity of a transcription factor that
controls the unfolded protein response. Cell 1996, 87, 391-404.

188.Bernales, S.; McDonald, K.L.; Walter, P. Autophagy counterbalances endoplasmic reticulum
expansion during the unfolded protein response. PL0S Biol. 2006, 4, e423.

189. Kim, K.W.; Moretti, L.; Mitchell, L.R.; Jung, D.K.; Lu, B. Endoplasmic reticulum stress mediates
radiation-induced autophagy by perk-elF2alpha in caspase-3/7-deficient cells. Oncogene 2010,
29, 3241-3251.

190. Kouroku, Y.; Fujita, E.; Tanida, I.; Ueno, T.; Isoai, A.; Kumagai, H.; Ogawa, S.; Kaufman, R.J.;
Kominami, E.; Momoi, T. ER stress (PERK/elF2alpha phosphorylation) mediates the
polyglutamine-induced LC3 conversion, an essential step for autophagy formation. Cell Death
Differ. 2007, 14, 230-239.



Cancers 2011, 3 2654

191.Park, M.A.; Curiel, D.T.; Koumenis, C.; Graf, M.; Chen, C.S.; Fisher, P.B.; Grant, S.; Dent, P.
PERK-dependent regulation of HSP70 expression and the regulation of autophagy. Autophagy
2008, 4, 364-367.

192.Hoyer-Hansen, M.; Jaattela, M. AMP-activated protein kinase: A universal regulator of
autophagy? Autophagy 2007, 3, 381-383.

193. Hoyer-Hansen, M.; Bastholm, L.; Szyniarowski, P.; Campanella, M.; Szabadkai, G.; Farkas, T.;
Bianchi, K.; Fehrenbacher, N.; Elling, F.; Rizzuto, R.; et al. Control of macroautophagy by
calcium, calmodulin-dependent kinase kinase-beta, and Bcl-2. Mol. Cell 2007, 25, 193-205.

194. Zalckvar, E.; Berissi, H.; Mizrachy, L.; ldelchuk, Y.; Koren, I.; Eisenstein, M.; Sabanay, H.;
Pinkas-Kramarski, R.; Kimchi, A. DAP-kinase-mediated phosphorylation on the BH3 domain of
beclin 1 promotes dissociation of beclin 1 from Bcl-XL and induction of autophagy. EMBO Rep.
2009, 10, 285-292.

195. Harrison, B.; Kraus, M.; Burch, L.; Stevens, C.; Craig, A.; Gordon-Weeks, P.; Hupp, T.R.
DAPK-1 binding to a linear peptide motif in MAP1B stimulates autophagy and membrane
blebbing. J. Biol. Chem. 2008, 283, 9999-10014.

196. Kang, C.; Avery, L. Death-associated protein kinase (DAPK) and signal transduction: Fine-tuning
of autophagy in Caenorhabditis elegans homeostasis. FEBS J. 2010, 277, 66-73.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



