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Abstract of the Dissertation

Study of Phosphatidylinositol 3-Kinase in the Regulation of Autophagy
by
Zhixun Dou
Doctor of Philosophy
in
Molecular and Cellular Biology
Stony Brook University

2012

Autophagy is an evolutionarily conserved membrane traffickinggsothat maintains cell and
tissue homeostasis. Autophagy plays essential roles in respostaeviiion and stress, and is
involved in organelle homeostasis. Dysregulation of autophagy iscatgad in diseases such as
neurodegeneration and cancer. The induction of autophagy depends on physpisatiod 3-
phosphate (PI(3)P), the product of the Class Il Phosphatidylin@sKatase (PI3K), Vps34. In
metazoans, autophagy is thought to be inhibited by Class | PI3Ks, atacactivated by cell
surface trophic factor receptors and produce PI(3,4, )& activates the Akt-TOR kinase
cascade and negatively regulates autophagy. Class IA PdBKsheterodimeric proteins
consisting of an 85-kD regulatory subunit and a 110-kD catalytic subDaiting the course of
my dissertation research, | discovered a previously unknown role Gldks IA p110 catalytic
subunit as a positive regulator of autophagy. Upon trophic factor iomigal1@ dissociates
from trophic factor receptor complexes, and increases its ititerawith the small GTPase
Rab5. This pl1®Rab5 association sequesters Rab5 from its GTPase activabieinp and
enhances the Rab5-Vps34 interaction, which in turn activates Vps3gramdtes autophagy.
Genetic deletion of p1B0results in impaired autophagy in mouse embryonic fibroblasts, liver,
and heart. This plBemediated autophagy is independent of the Akt-TOR pathway. These
results unveiled a previously unknown function for g14a8 a positive regulator of autophagy,
and suggested a new mechanism of autophagy induction in response to trophic faat@rimit
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|. Introduction



1) Introduction to phosphatidylinositol 3-kinases (PI3Ks)

Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that phodpteorthe 3'-
hydroxyl group of phosphatidylinositol and phosphoinositides (Cantley, 2002; Rratnal.,
1998). The generated phospholipids are critical signaling moledhdédind to a variety of
proteins containing lipid binding domains (Engelman et al., 2006; Fruman, 4948). The
interaction with phospholipids generally recruits proteins to specéllular membranes, e.g.,
plasma membrane, endosome, endoplasmic reticulum (ER). In additiophplyisls may
serve as structure components of cellular membranes thatcrdaireal for membrane
morphologies and functions. As such, the phospholipids produced by PI3Kstgegudage
array of cellular functions as diverse as vesicle traffickimgtoskeletal organization,
metabolism, survival, proliferation and differentiation.

Based on substrate specificity and sequence homology, PI3Kgaeed into three
classes: Class I, Class I, and Class Ill (Domin and Wekeérf1997; Engelman et al., 2006),
which utilizes different lipid substrates and possess diverselarelictivities. The following
three sections will describe each class of PI3K with réspedheir substrate preference,
structure, and function.

(1) Class | PI3Ks

The in vivo preferred substrate of Class | PI3Ks is thoughet®Ip4,5)B, and Class |
PI3K phosphorylate it into PI(3,4,5RCarpenter et al., 1990). In some in vitro assays, Class |
PI3Ks are able to phosphorylate Pl and PI(4)P. However, the inrelegance of these
activities is not clear. Class | PI3Ks are further divided tmto groups, Class IA and Class IB.
Class IA PI3Ks respond to both receptor tyrosine kinases (RaKd G-protein-coupled-
receptor (GPCRs), and are composed of a p85 regulatory subunit and eafdl§ic subunit
(p11Qy, B, 6). Class IB PI3Ks respond only to GPCRs and consist of a p10htegusubunit
and pl11@ catalytic subunit (Engelman et al., 2006). Among these p110 tratalybunits,
pl1Qx and p11@ isoforms are ubiquitously expressed, whereas thedpddd p11§ expressions
are restricted and mainly function in hematopoietic cells (Engelmdn 20@6; Vanhaesebroeck
et al.,, 2012). The pl110 catalytic subunit possesses an N-terminal p8agbduhain, a Ras
binding domain, a C2 domain, a helical domain, and a C-terminalyttatdbmain. The p85
regulatory subunit is composed of an N-terminal SH3 domain, a BH dpmad the pl110
binding domain flanked by two SH2 domains. The interaction of p110s with gi8b8izes
pl10s, and inactivates their catalytic activity (Yu et al., 1998).viva, p110s are obligated
heterodimers with p85s (Geering et al., 2007). Upon trophic factor oecagtivation, e.g.,
through RTKs, the SH2 domain of p85 associates with activated oe@eqt recruits p110s to
the localized plasma membrane. The p110-p85 interaction with receloes pl110s from the
inhibition posed by p85, which produce PI(3,45H)iA the localized plasma membrane
microdomains (Vadas et al., 2011). The mechanisms of recruiamdrdctivation of p110-p85
by GPCRs are relatively less well understood. This interactiay be mediated through direct
heterodimeric G proteins binding to p110.

Once PI(3,4,5)Pis present, it serves as a second messenger to recruit a noimber
downstream effector proteins to the plasma membrane, such as &idKAkt (Franke et al.,
1997). Plasma membrane-bound Akt is phosphorylated by PDK1, and actvatanber of
targets, including glucose transporters that mediates glucoseeupt@akO family transcription
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factors that regulates cell cycle and metabolism, and tuberter®sss complex (TSC) that
regulates activation of mammalian target of rapamycin (mTQBantley, 2002). mTOR
complex activation leads to phosphorylation of S6 and 4-EBP which wynatomote protein
synthesis (Sarbassov et al., 2005).

Class | PI3Ks/Akt/mTOR pathways are frequently alteredcamcers. PTEN, a
phosphatase that converts PI(3,4;30°PI1(4,5)B and thus antagonizes Class | PI3K signalings,
is a tumor suppressor that is commonly lost or down-regulatedamga panel of cancers (Li et
al., 1997). Mutation or amplification of the pXil€atalytic subunit is common in human cancers
such as in colon and breast (Isakoff et al., 2005; Sartore-Bianahj 2009). Gain of function
mutation of p85 has recently been found in endometrial cancers that have alterEaNRERIBK
pathways (Urick et al., 2011). Akt mutation is frequently observed imsband ovary cancers
(Altomare et al., 2004; Bose et al., 2006). Loss of function of TE@&l/associated with
tuberous sclerosis (Green et al., 1994). In addition, many other oncaigmaling pathways,
such as those mediated by Ras, EGFR, are intimately connedthd tive Class |
PI3Ks/Akt/mTOR cascades (Engelman et al., 2006; Kodaki et al., Batgre-Bianchi et al.,
2009). Pharmacological inhibition of Class | PI3Ks is therefore mimtlensive investigation in
clinic.

As a central mediator of cell activation, Class | PI3Ksragellated at multiple layers. In
addition to the activation by trophic factor receptors, p110s are knota tegulated by small
GTPase, such as Ras and Rab (Christoforidis et al., 1999b; Koddki ¥294). Ras has been
shown to directly associate with pkl@nd pl1@ through the Ras-binding domain, and
potentiates the kinase activities of p110 (Castellano and Downward). 20h#& association of
pll(x and Ras appeared to be critical for certain scenarios ofyjenesis (Gupta et al., 2007).
Point mutations of p110in the Ras-binding domain that abrogated the Ras associatiomacthpa
Akt activation and tumor initiation in the lung driven by Ras (Guptal.e2007). In addition,
pll1@ is regulated by Rab5 (Christoforidis et al., 1999b), as desarblater sections. Class |
PI3Ks are also down-regulated by several mechanisms. Tivatan of mMTOR complex 1
(mTORC1) negatively regulates growth factor receptors and CREK activation, providing a
necessary negative feedback for cellular activation (Jaestldte 2002; Werner et al., 2004;
Zhang et al., 2003). In response to stress, such as amino acids aeprid¢ phosphorylates
p85 and inhibits the receptor association of p85, leading to diminished paly@icactivities
(Comb et al., 2012). Persistent PKC and PKD activation also phosaigop85 and inhibit
PI3K signalings (Lee et al., 2011). Moreover, calpain, a calciurartkgmt protease, is recently
shown to cleave pli0and suppress the activation of Akt (Beltran et al., 2011).

While the importance of PI3Ks has been demonstrated by PI3K misibisuch as
wortmannin, the specific roles of Class | PI3Ks are not eskedaliantil the genetic modification
of individual p110 and p85 isoforms. Mice homozygous for pldiOp11@ gene deletion are
embryonic lethal (Bi et al., 2002; Graupera et al., 2008), whereasq@ee&dtion of p116 or
p110y mainly showed defects in leukocyte functions (Ali et al., 2004; Ckaag), 2007). Mice
with both alleles of pll®kinase-dead knockin are embryonic lethal, which is attributed to the
deficiency in embryonic angiogenesis (Graupera et al., 2008te Mith one allele of p110
kinase-dead knockin showed growth retardation and metabolic disorddrsasuglucose
intolerance (Foukas et al., 2006). Tissue-specific knockout ofopiii@he heart results in
smaller heart and reduced contractility (Lu et al., 2009). eleif p11@& in the liver leads to
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insulin resistance (Chattopadhyay et al., 2011; Sopasakis et al., 20i€8e fEsults suggest a
specific and pivotal role of pl&0in growth factor mediated activation of Akt under
physiological conditions. In contrary to phl@inase-dead knockin mice, pJil@inase-dead
knockin mice are viable, but showed growth retardation (Ciraolo.,eR@D8). As the plJ0
knockout mice are lethal, this observation strongly supports a kingspendent function of
pl1@. The mechanism of the kinase-independent activity is not unddratad will be one of
the questions to address in this dissertation. Liver-specifietiole of pl1l@ leads to
hyperglycemia and insulin resistance (Chattopadhyay et al., 2@ldt dl., 2008). Deletion of
pl1@ blocks prostate cancer driven by PTEN loss (Jia et al., 2008¢se physiological and
pathological roles of plP0may be exerted through both its kinase activity and kinase-
independent activity.

Genetic deletion of p110 isoforms in mice also revealed divergéd of pl11a@ and
pl1@ catalytic subunits. Besides the phenotypes described above;gdfifient cells showed
impaired activation of Akt by RTKs, while the activation by GRBCRemained intact
(Guillermet-Guibert et al., 2008; Jia et al., 2008; Zhao et al., 2@¥xontrast, pll®seems to
play a major role under GPCR-mediated activation, and that thalatiom of Akt by RTK is
largely intact (Guillermet-Guibert et al., 2008; Jia et al., 20aBhough the plIDkinase-dead
knockin cells showed minor deficiency in sustained insulin-mediatecaétktation (Ciraolo et
al., 2008). The crystal structure of pB3B5 complex revealed a stronger inhibition of p85 on
pl1@ catalytic activities under conditions stimulated by RTK, e.gptospho-peptides, which
may attribute to the less sensitivity of pgltd RTK stimulations (Zhang et al., 2011). In
addition to the different responses to trophic factors, the scaffoldtyof p11®3 is also noted.
The kinase-dead p1f0s able to rescue some defects of the pideficient cells in cell growth,
endocytosis, and mTOR activation (Ciraolo et al.,, 2008; Jia et al., .200B)reover, it is
noteworthy that activation mutations of pil@re frequently observed in human cancer
(Engelman et al., 2006), while such mutations of pli&e not been reported.

(2) Class Il PI3Ks

Class Il PI3Ks are composed of three members, Plk3@82andy. The expression of
C20 and 3 are ubiquitous, whereas that of \CB high in liver and prostate (Falasca and
Maffucci, 2012). They are large monomeric enzymes that shaeenceequence homology with
Class | PI3K pl110 catalytic subunits, but are characterizeahbgxtra C-terminal PX and C2
domain and the lack of regulatory subunit binding domains. In vitro, theghzsphorylate PlI,
P1(4)P, and PI(5)P, but not PI(4,%)PIn vivo, the preferred substrate is suggested to be PI
(Falasca and Maffucci, 2012). Downregulation of Class Il PI3Ksammalian cells blocked
growth factor stimulation-induced plasma membrane translocati@d~&+FYVE, a probe for
PI(3)P (Maffucci et al., 2005). Genetic deletion of Clas®IBK in Drosophila resulted in
decrease cellular PI(3)P (Velichkova et al., 2010). Class Il #I13Kd to clathrin coated pits,
and play a role in endocytosis and membrane trafficking (Domal.,e2000; Gaidarov et al.,
2001). Class Il PI3Ks are also reported to be activated by meenbeaeptors (Arcaro et al.,
2000; Gaidarov et al., 2001; Wheeler and Domin, 2001). Although studies imeglievealed
multiple functions of Class Il PI3Ks, in vivo evidence supporting theses rare not fully
established.

Mice lacking C2 and C3 have recently been described. Unlike Class IA PISK p110
and pl11@ knockouts, the PIK3GR2 deficient mice do not show defects in embryonic
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development, but show postnatal lethality (Harris et al., 2011). Tled€fitient mice are
smaller in size and showed progressive renal failure, due to gltomephropathy and podocyte
injury (Harris et al., 2011). Although possessing an altered hemailqgicfile, the mice
showed essentially normal immune response, suggesting that C&spensable for leukocyte
activation (Harris et al., 2011). The mechanisms underlying the renakfaidrpodocyte injury
are not fully understood, but are suggested to be through alterethramemtrafficking and
endocytosis. The @2deficient mice were viable and fertile and did not display omaj
noticeable defects (Harada et al., 2005). Despite a rolepfnGZpidermal cells as indicated in
cell lines, the CR-deficient mice displayed normal epidermal growth, differemtgtiand
functions, such as would healing, indicating thatpCi® not essential for epidermal
differentiation (Harada et al., 2005). The exact roles ¢f @2/ivo remained to be identified.
To my knowledge, no GZnockout mice have been reported to date.

(3) Class Il PI3K

Class Ill PI3K consists of only one member, Vps34. Its only subsg &I, both in vitro
and in vivo. Vps34 phosphorylates Pl into PI(3)P. Vps34 is the only RI3&r seported to be
evolutionary conserved from yeast to mammals. It is composedNftarminal C2 domain, a
helical domain, and the kinase domain (Backer, 2008). Unlike ClasSlass Il PI3Ks, Vps34
does not possess a Ras-binding domain. Instead, it associates watfulatory subunit Vps15,
which regulates its catalytic activity and directs it to ddeecellular membranes (Backer, 2008;
Yan et al., 2009). Vps34 was first identified in a yeast mutettis defective in vacuole protein
sorting (Herman and Emr, 1990). Since then Vps34 was found to play imtpaies in higher
eukaryotes in membrane trafficking events, such as endocytosis,osralosaturation, and
autophagy (Backer, 2008; Kihara et al., 2001b; Vieira et al., 2001).

Vps34 exerts its diverse function via its association with varioodiry partners. The
Vps34-Vpsl5 association with Beclin 1 and Atgl4L diverts it to theupsec autophagosome
membrane where it produces localized PI(3)P, which recru{®HPbinding proteins to this
specific membrane for autophagosome biogenesis (Itakura et al.,MaG&inaga et al., 2009;
Sun et al., 2008; Zhong et al., 2009). This will be further describedeategrdetails in the
introduction to autophagy section. The Vps34-Vpsl15 interaction with UVRA®ubicon
diverts it to the late endosome/lysosome where it regulatdecgtosis and autophagosome
maturation (Itakura et al., 2008; Liang et al., 2008; Matsunaga €08B, Zhong et al., 2009).
The interaction with Rab5 recruits the Vps34-Vpsl5 complex to tHg eadosome where
localized PI(3)P is produced and recruits effector such as EEAdcitdate endosome sorting
and maturation (Christoforidis et al., 1999b; Murray et al., 2002).

In addition to its distinct localizations, Vps34 kinase activityegulated by multiple
mechanisms. The association with its regulatory subunit Vps15 ptésritips34 activity (Yan
et al., 2009). Unlike Class | PI3K, in which the association with p8%andatory for p110
stability, Vps15 acts mainly to stimulate Vps34 catalyticvatgti Overexpressed Vps34 by itself
possesses little activity, while co-expression of Vps15 signifiganhances its kinase activity
(Yan et al.,, 2009). For the Vps34-Beclin 1 interaction, it is fourat tvhile all Beclin 1
associates with Vps34, only 50% of Vps34 associates with Beclitharget al., 2001a). This
evidence strongly suggests an autophagy-independent function of Vps34intdiaetion of
Beclin 1, Atg14L, and UVRAG with Vps34 has been shown to potentiate Vpaadeactivity
(Liang et al., 2006; Matsunaga et al., 2009; Zhong et al., 2009), wheresdettaetion with
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Rubicon inhibits it (Zhong et al., 2009). In addition, small GTPase, suRalas and Rab7, has
also been suggested to stimulate Vps34 in the endosomal environmaatt, isvhequired for
downstream effector docking to the membrane (Christoforidis.,e12®9b; Shin et al., 2005).
Furthermore, Vps34 is regulated by phosphorylation, such as Cdk5, that respatiffierent
growth factor and cell cycle clues (Furuya et al., 2010). Mare Vps34 activity is suggested
to be regulated by calcium and amino acids, which may be atg@tiadn amino acids stimulation
of MTOR (Gulati et al., 2008). However, the mechanism by which 4/ps& on mTOR is not
fully understood.

While Vps34 clearly plays an essential role in membrane dkaffy in yeast, its role in
the mammalian system is not well understood. Due to the lack of specifieitypinmonly used
pharmacological inhibitors of Vps34, such as wortmannin or 3-methylaliMA), do not
accurately indicate a specific role of Vps34. The recenergéions of Vps34 knockout mice
have greatly facilitated our understanding in Vps34 function insiplogical settings.
Homozygous deletion of Vps34 is embryonic lethal, and that the mT@Ryam the embryos
are largely deficient (Zhou et al., 2011). Tissue specific deleif Vps34 in sensory neuron
leads to impaired PI(3)P production, as indicated by FYVE-GFP puarotbneurodegeneration
and lethality (Zhou et al.,, 2010). It was suggested that while the @ndbgrafficking is
severely impaired, the autophagosome formation is not (Zhou et al., ZDdl@fion of Vps34 in
MEFs, liver and heart, however, indicates that Vps34 is essentibbfiorendocytic trafficking
and autophagosome formation (Jaber et al., 2012). Electron microschymsarevealed that
Vps34 deficient MEFs, liver and heart are unable to form double-meethrautophagosome
(Jaber et al., 2012). Deletion of Vps34 in the liver leads to lieatasis and hepatomegaly;
deletion of Vps34 in the heart causes cardiomegaly and reduced clitytdeber et al., 2012).
While the underlying detailed mechanisms are still under invéistigathese results strongly
support an essential role of Vps34 in regulating membrane trafficking ementsnmals.

2) Introduction to macroautophagy

Macroautophagy (hereafter referred to as autophagy) is amtiewary conserved
process in eukaryotes. It is a catabolic membrane traffjokuent that delivers molecules and
organelles to lysosome for degradation (Levine and Kroemer, 2008). Agtoptaats with the
formation of the double-membrane structure, termed autophagosome,ntih@des cellular
constituents (range from protein, lipid to mitochondrion and peroxisome) dtemflise with
acidified late endosomes or lysosomes, where the enclosed cortegtasled by the hydrolyses
(Levine and Kroemer, 2008). In the next several paragraphs, | wdflybriescribe its
physiological and pathological roles and its regulation at the molecuédr lev

(1) Physiological and pathological roles of autophagy

Autophagy is upregulated in starving cells and tissues, which dgm&tsontent so as to
provide nutrients in response to starvation. In neonates, autophaggnsiadsr maintaining
energy homeostasis during neonatal starvation period when nutrient supptidenly disrupted
at birth (Kuma et al., 2004). In adults, autophagy is detected &etmeals and plays a role in
maintaining blood amino acid levels (Mizushima et al., 2008). In additiarutrient supply,
autophagy is also involved in resolving intracellular insult, such astieRs and DNA damage,
and is essential for organelle and cellular homeostasis (LevihEr@emer, 2008; Mizushima et
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al., 2008). Disruption of autophagy can cause multiple cellular anomahekiding
accumulation of deformed mitochondria and elevated reactive oxygen sSBCES) level,
aberrant organization of ER and ribosomes, and buildup of peroxisomes antinbggriegates
in cell lines and in tissues (Komatsu et al., 2005). Moreover, autogtagipeen shown as a
host defense mechanism against microbial infection (Levine et al., 2011).

The importance of autophagy in physiological settings has beaomd¢rated in mice
with genetic inactivation of genes essential for autophagy. @eweickout of Atg5 or Atg7
(autophagy-related genes necessary for autophagosome formataescaibed in later section)
leads to postnatal lethality. Forced milk feeding can largedgue the early death (Kuma et al.,
2004). Tissue specific deletion of Atgb or Atg7 reveals essentes of autophagy in various
tissues. In liver, deficiency in autophagy causes hepatomeiyaly steatosis, liver injury, and
hepatoma (Komatsu et al., 2005). Ultra-structural analysisdayreh microscope unveiled that
the KO livers displayed impaired mitochondria clearance, accumulaf lipid droplets, and
abnormal ER tubule (Komatsu et al., 2005). Disruption of autophagy in the |éads to
cardiomyopathy and a deficient response to pressure overload @iakai2007). Disruption of
autophagy in the muscle leads to muscle degeneration and reducdéoaddte et al., 2012;
Masiero et al., 2009). Genetic inactivation of autophagy in pancifeatdls leads to insulin
secretion deficiency (Jung et al., 2008). In adipose tissue, drupti autophagy causes
defective white adipose tissue development (Singh et al., 2009). Suppression of autofiteagy in
nervous system leads to neurodegeneration (Wong and Cuervo, 2010). Matebeiency in
Beclin 1, a component of the Class Il PI3K Vps34 complex, leadsaiataneous tumorigenesis
(Liang et al., 1999).

While the use of genetic knockout strategy provides important infammai the roles of
autophagy, the results from those knockout mice should be interpreted awtibnc It is
noteworthy that the phenotypes from knocking out different autophaggdetgnes do not
perfectly resemble each other. For example, while Atg5 7 Anockout mice showed
postnatal lethality (Kuma et al., 2004), the Beclin 1 knockout arieeembryonic lethal (Yue et
al., 2003). Downregulation of Beclin 1 leads to tumor formation in plaltissues (Yue et al.,
2003), whereas mosaic deletion of Atg5 only causes liver hepatorkanfliea et al., 2011).
One possible explanation is that the autophagy-related genebawayautophagy-independent
functions. Indeed, Beclin 1 has been shown to play a role in endocytmsisndosomal
maturation (Liang et al., 2008; Ruck et al., 2011). Recent reporésihdicated that Beclin 1
positively regulates p53 protein stability (Liu et al., 2011), and thgf Aegulates p53 activity
that controls cell cycle and stress response (Lee et al., 2042 with double deficiency of
Atg7 and Chk2, a p53 effector, are able to survive through the neonatatistaperiod (Lee et
al., 2012).

Autophagy has been implicated in human diseases. Dysfunctional awtdpsageen
implicated in cancer, neurodegeneration and myopathies (Mizushiaha 2008). Alzheimer’s
disease and Parkinson’s disease patients showed reduced Beclin i lenatkiand impaired
autophagy in the brain (Cheung and Ip, 2009; Moreira et al., 2010; Pickfdrd 200G8). It is
acknowledged that autophagy plays an essential role in the deégmadapathogenic mutant
proteins/aggregates. It is therefore of great interest to enhamghagy for treating
neurodegenerative diseases (Cheung and Ip, 2009; Santos et al., 201djitidn, autophagy
has been viewed as a tumor suppressive mechanism (Mathew et al.,. 20D&&ctive



autophagy leads to cellular stress, impaired mitochondria turnovemoklome instability, and
DNA damage, which ultimately promotes tumorigenesis (Inamalet2011; Mathew et al.,
2007b; Takamura et al., 2011). At molecular level, impaired autophaggscacsumulation of
its substrate SQSTM1/p62 that stimulateskBIFand other oncogenic and inflammatory
pathways that facilitate tumor initiation (Mathew et al., 200®).contrary to tumor formation,
chemotherapy and radiotherapy often induce autophagy, which servpsoésctive mechanism
for cancer cells that leads to tumor resistance and receri@maravadi and Thompson, 2007,
Amaravadi et al., 2007; Livesey et al., 2009). It is therefore raagmmo suppress cancer cell
autophagy for tumor therapeutics. For example, a number of repoesihawn that combining
traditional chemotherapeutic reagents with autophagy inhibitor carideadre efficient tumor
killing, both in vitro and in vivo (Amaravadi and Thompson, 2007; Amaravadi.e@07;
Livesey et al., 2009).

Designing autophagy inhibitors and activators are of great st¢eri@ clinic. As
mentioned above, activators of autophagy is likely to benefit patiatitsm@urodegenerative
diseases. In addition, boosting autophagy is also potentially behéfioaesity and diabetes
and may lead to longevity. So far, reagents reported to stimuitiphagy largely go through
inhibition of Class | PI3SK/Akt/mTOR pathways, such as rapamy@erger et al., 2006;
Ravikumar et al., 2002), or the stimulation of AMP-activated proteindanAMPK), such as
metformin and resveratrol (Buzzai et al., 2007; Morselli e28I10; Opipari et al., 2004). Drugs
that directly target autophagy machinery, to my knowledge, have not beerhamltterized and
widely accepted. Trehalose, a natural component formed byelnl-glucoside bond between
two a-glucose units, has been shown to stimulate autophagy through an mdi€@fendent
mechanism (Sarkar et al., 2007). However, the exact mechagisrhith trehalose stimulates
autophagy and the pharmacokinetics are not fully understood. In contrasttaphagy
activators, autophagy inhibitors are of strong potentials in tgeatiiseases like cancer.
Chloroquine, a widely used drug for the treatment of malariawsllatolerated drug that also
inhibits autophagy flux through inhibition of lysosome function (Fedorko, 196Zusfiima et
al., 2010). Co-administration of chemotherapeutic reagents and chloroqunashban
promising results in curing cancers in animal models (Amaraeadi Thompson, 2007;
Amaravadi et al., 2007; Livesey et al., 2009). Other autophagy inhibiteesniod been reported
to be safe in humans. It should be noted that systematic inhibitiomtagheagy may lead to
severe side effects, including diabetes and cardiomyopathymemdgated in animal models of
autophagy deficiencies.

(2) Autophagy regulation at molecular level

a. ULK1 complex integrates growth factor signals and nutrient avadbility to modulate
autophagy

Autophagy is regulated at multiple steps. Some mechanisms are evolutiooasigrved
from yeasts to mammals. One major mechanism is through gh&tien of TOR pathways.
TOR is regulated by nutrients, such as amino acids, and growthn faghalings (Zoncu et al.,
2011). Once TOR is activated, for example, in the nutrient randidon, autophagy is
suppressed by TOR, through direct interaction and phosphorylation of tiéURKL and
inhibits its kinase activity (Kamada et al., 2000; Kamada e2@10). Atgl/ULK1 is one of the
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first autophagy-related genes identified through a yeast gaweden (Kamada et al., 2000). It
is a serine-threonine kinase that is thought to be one of the mastampsactors for autophagy
initiation (ltakura and Mizushima, 2010). Unlike yeast, whose autophadyyT®R is mainly
regulated by nutrient availability, mammalian cells arerofiathed in a nutrient rich condition,
and their nutrient uptake is regulated by the growth factor smgpagspecially the Class |
PI3K/Akt cascade, which activates mTOR (Lum et al., 2005). Therefwowth factor signaling
acts to suppress autophagy. In response to nutrient starvation or taotethdeprivation, the
TOR pathway is inactivated, and the ULK1 complex activity iseved, which promotes
downstream events for autophagy (Kamada et al., 2000; Kamada et al., 28bh@ther
important mechanism involves the sensing of cellular ATP levélen\ AMP/ATP ratio is high,
AMPK is activated, which in turn suppressed mTOR and directly edesc@nd phosphorylates
ULK1. The phosphorylation by AMPK is stimulatory to ULK1 activ{fygan et al., 2011; Kim
et al., 2011). This mechanism plays a major role in response twsglsbortage. In addition to
phosphorylation by mTOR and AMPK, ULK1 is also regulated by aattyl, by the GSK@-
TIP60 pathways that respond to growth factor signalings (Lin et al., 2012).

It is necessary to point out that, through a hierarchy anahaisutilized various genetic
knockout cells, ULK1 complex is placed at the most upstream of tloplagy pathways
(Itakura and Mizushima, 2010). Study of ULK1 modifications and lodadiza will greatly
facilitate our understanding of several fundamental questions fopteagy, including the source
of autophagosome membrane.

b. Ubiquitin-like conjugation system for autophagosome formation

The immediate downstream or substrate of ULK1 complex is poorlyrstode. Via a
largely unknown mechanism, ULK1 complex signals to two events thatedsired for
autophagosome formation: the Class Il Vps34 complex that produc&s® Ri( the nascent
precursor membrane, and the ubiquitin-like conjugation systemigiigstes Atg8/ microtubule-
associated protein 1 light chain 3 (LC3) and is required for vesidegation and closure
(Mizushima et al., 2011). LC3 is a ubiquitin-like protein that undergossries of processing,
first of which is the cleavage at the C-terminus by thedeays protease Atg4. Through a
ubiquitin-like conjugation system, the processed LC3 is activatdteb¥1-like enzyme Atg7,
transferred to the E2-like enzyme Atg3, and finally covalentlinkedd the
phosphatidylethanolamine (PE) group through the E3-like enzyme A8 complex
(Hemelaar et al., 2003; Kabeya et al., 2000; Mizushima et al., 1998 thlenal., 2003). The
site of LC3 lipidation is determined by Atgl6L that assosiatgh the Atg5-Atgl2 complex and
directs its localization (Fujita et al., 2008). The key conceptbe ubiquitin-like conjugation
system were verified through the use of genetic knockout cells amélani For example, Atg7
knockouts showed lack of conjugation of Atg5-Atg12, and abrogated LC3 lipidationgisu et
al., 2005). Similarly, Atg5 or Atgl2 knockout showed no LC3 lipidation and lgreapaired
autophagosome formation (Kuma et al., 2004).

LC3 is widely used as a molecular marker for autophagy. Thipidated LC3 form is
termed LC3-l, which is cytoplasmic, and the lipidated LC3 foemnamed LC3-Il, which
associates with the autophagosome membrane, and migrates faS&SaRPAGE gel, thus
allowing an indirect measurement of autophagy using LC3 immunoblatageya et al.,
2000). Experimentally, GFP-tagged LC3 is commonly used as a moletalker for
autophagy. In the fed condition, GFP-LC3 appeared as a diffusenpettéhe cell. Upon
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autophagic induction, GFP-LC3 associates with the autophagosome mendomdnérms

punctate pattern, allowing a visualization of autophagosome form@aireya et al., 2000). It
should be noted that upon fusion with lysosomes, the autophagosomal cocteding LC3, is

degraded, thus complicating the results of LC3 immunoblotting and thd.GBRnalysis. It is

therefore necessary to include a lysosomal inhibitor, such as chloramuadilomycin Al, to

prevent LC3 degradation and to allow accurate interpretation (Kijoetsal., 2008; Mizushima
et al., 2010).

c. Role of Class Ill PI3K complex in initiating precursor autophagosomal mebrane

Class Il PI3K, Vps34 complex, plays an essential role for autophagosomeatifom, at a
very early step. The involvement of PI3K and Vps34 in autophagy wesvdigd by using
PI3K inhibitors and yeast genetic studies. Wortmannin or 3-raetbgine (3-MA) strongly
inhibits autophagy (Petiot et al., 2000). In vitro delivery of Vps34 proBU@&)P stimulates
autophagy (Petiot et al., 2000). In yeast, Vps34 mutant showed defedtpbagy, and Vps34
was found to be in a complex with Vps15, Vps30, and Atgl4 that regalatigshagy (Kihara et
al., 2001b). A subsequent study showed that Beclin 1, a mammalian hoafiolqes30,
associates with Vps34 (Kihara et al., 2001a). These pioneer ssudigssted a critical role of
Vps34 in autophagy, provoked the identification of new partners in the conaplé provided a
convenient tool for pharmacological inhibition of autophagy.

A number of proteins have been identified in the Vps34-Vpsl5 complexdabalates
autophagy, including Beclin 1(Kihara et al., 2001a) , UVRAG (Liahgle 2006), Ambra
(Fimia et al., 2007), Atgl4L (Matsunaga et al., 2009; Sun et al., 2068hg et al., 2009),
Rubicon (Matsunaga et al., 2009; Zhong et al., 2009), and Rab5 (Ravikurha2608). The
interaction of Vps34 with its associated proteins alters Vps3lytat activity and/or directs
Vps34 to distinct subcellular compartments. The interaction of Atgiverts Vps34 to the pre-
autophagosomal membrane (Fan et al., 2011; Matsunaga et al., 2010), Wieene@saction of
UVRAG and Rubicon diverts it to the late endosome where it regulatitophagosome
maturation (Liang et al., 2008; Matsunaga et al., 2009; Zhonb, &089). Vps34 interaction
with Atg14L and UVRAG/Rubicon appeared to be mutually excludiwatgunaga et al., 2009).
The mechanism of Vps34 targeting to the pre-autophagosomal membranet i&illy
understood, but may involve the activity of Atgl4L (Matsunaga e2@l0). Atgl4L possesses
an ER-localization motif that is shown to be required for theerdsprecursor autophagosome
membrane formation (Matsunaga et al., 2010). Another report iddntiifeg Atgl4L binds to
membrane through a distinct motif, which may be dependent on Fi{Bifhg (Fan et al.,
2011). Despite distinct mechanisms of Atgl4L membrane recruitrhérgrchy analysis
revealed that Atgl4L puncta formation is independent of PI3K agtistitggesting that Atgl4L
acts upstream of Vps34 (Itakura and Mizushima, 2010).

Vps34 complex produces PI(3)P at the localized precursor autophagasemarane,
and recruits PI(3)P binding proteins to the nascent membrane strutticte further facilitate
autophagosome biogenesis. How PI(3)P regulates autophagosome diormsatnot well
understood, and the PI(3)P effectors required for the precursor nav@enbave not been fully
identified. Vps34 and PI(3)P are suggested to be required for Atd®Amgncta formation that
directs LC3 lipidation, although through a largely unknown mechantsikufa and Mizushima,
2010; Mizushima et al., 2011). WIPI family proteins are PI(3)P bingimotgins that localize to
the precursor membrane. Disruption of WIPI2 inhibits Atg5-AtgiActa, LC3 lipidation and
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autophagosome formation, suggesting that WIPI2 is downstream of VpsB#IE)P, but
upstream of Atg5-Atg12 complex that lipidates LC3 (Itakura and Mizushima, 20@yrPet al.,
2010). However, the detailed machinery how WIPI family proteinscditiee Atg5-Atgl2
complex is not well established. Identification of other PI(3)flibg proteins that target to the
nascent precursor membranes will help the understanding of this issue.

Despite the largely unknown mechanisms of Vps34 complex action on agisphaze
formation, studies using genetic knockout systems have determinedemtiasrole of Vps34
complex in initiating autophagy. Inactivation of Vps34 in MEFs, lived Aeart abrogated the
autophagosome formation (Jaber et al., 2012). In line with this, DipORcta, a marker for
PI1(3)P enriched in precursor autophagosomal membrane, and the Atgl2 guenckwverely
impaired in the Vps34-deficient MEFs (Jaber et al.,, 2012). SimilAtigl4L deficient cells
showed reduced Atgl6L puncta, LC3 lipidation, and autophagosome formisdicurg et al.,
2008; Matsunaga et al., 2009).

d. Role of Rab5 in autophagosome formation

Another component of the Vps34 complex is Rab5. Rab5 is a small Gilidse
switches between an inactive GDP state and an active GER(Btaici et al., 1992). The GDP
to GTP transition of Rab5 is driven by its guanine nucleotide egehtactors (GEFs), while the
hydrolysis of Rab5-GTP to GDP state is stimulated by Gd&Ragivating proteins (GAPS)
(zerial and McBride, 2001). Rab5 in its GTP form binds to antvates its effectors that
regulate a variety of membrane trafficking processes, su@n@ascytosis and vesicle fusion
(Barbieri et al., 1994; Stenmark et al., 1994; Zerial and McBride,)20Qhe group of Rab5
effectors is PI3Ks (Christoforidis et al., 1999b). p3,1but not pl116, has been shown to
directly bind to Rab5-GTP (Christoforidis et al., 1999b). Vps34 alsocedes with Rabb,
through Vps15 (Christoforidis et al., 1999b). The association of Ql&38Ks with Rabb is not
reported. The interaction of Rab5 enhances the catalytic aciivi$1® and Vps34, and it is
suggested that plfOproduces 30% of PI(3)P, through a phosphatase complex that converts
P1(3,4,5)R, and that Vps34 contributes to 70% of PI(3)P in the early endosowiabement
(Shin et al., 2005). It should be noted that this observation is madeblsoking antibodies to
pl1l@ and Vps34, but not through genetic inactivation of these two proteins, anthéhat
contribution of endosomal PI(3)P from the two proteins is cell line dependent.

In addition to a role in endosomes, Rab5 has recently been reported ta by in
autophagy (Ravikumar et al., 2008). A constitute active mutant of Redlates, whereas a
dominant negative mutant inhibits, autophagosome formation. Rab5 is shown to be in a complex
with Beclin 1, through Vps34, which is required for Atg5-Atgl2 conjugatnd the puncta
formation. The role of Rab5 in autophagy is independent of its activtieendocytosis or
MTOR, but is involved in the early step of precursor membranmation, likely through
positive regulation of Vps34 (Ravikumar et al., 2008). In line with thigonpgel filtration
analysis showed that Rab5 appeared in the same fractions withAfgh8 (Takahashi et al.,
2011). As Rab5 is a small protein that involved in growth factor sigmalnembrane
trafficking, endocytosis, and autophagy, its versatile functions pamssibly regulated by
association with different regulators and effectors. How Rab8esedifferent cell stimuli and
responds to distinct environmental clues are not well understood, baseafs an important
area for investigation.
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(3) General aims of this dissertation

As mentioned above, PI3Ks and autophagy are both important topics ialgankrgy
and in medicine. At the molecular level, the involvement of PI3Kautophagy regulation has
long been recognized. The general understanding is that GM3iKd play an inhibitory role in
autophagy by producing PI(3,4,%)fhat activates the Akt/TOR kinase pathway, whereas Class
[l PI3K plays a stimulatory role by producing PI(3)P thatessential for autophagosome
formation. However, a direct function of the Class IA PI3Ks on autpph@mains
undetermined. In the course of my dissertation study, | used coadigene knockout mice
deficient in the Class IA PI3K pl&Qor p11@ catalytic subunit (Lu et al., 2009) to study their
involvements and mechanisms in the regulation of autophagy.
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[l. Results
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1) Generation and characterization of pll@ and pl1@ knockout mouse embryonic
fibroblasts.

To facilitate mechanistic studies, mouse embryonic fibroblAdE-§) were generated
from p110a"/1°* andp1108™™°* mice , in which theexon 3 and 4 deletion @fL108 creates a
frame shift mutation and loss of tipd105 fragment(Lu et al., 2009). The MEFs were then
immortalized using SV40 large T antigen. Expression of the Greombinase
in p1100™™°* or p1104""°* MEFs by adenovirus infection resulted in virtually complete loss
of p11G or p1l1@ protein, respectively (Fig. 1A), while the steady-state le¥gd85 was not
affected ino or B~ MEFs (Fig. 1A). | hereafter refer to the flox/flox MEFsthout Cre
recombination as™* or p** MEFs, and the knockout cells @&~ or 7~ MEFs.

To test the functional consequence of p110 loss in these MEFs, phosphoofl#tidnn
response to various trophic factor stimulations was examinedthough both producing
P1(3,4,5)R, p11@ and p11P isoforms have been shown to play divergent roles in response to
different trophic factor receptors. pkilflays a major role in receptor tyrosine kinase (RTK)-
mediated signaling, while plgQOis preferentially activated by G protein coupled receptors
(GPCR). Consistent with previous reports (Guillermet-Guildeat.e2008; Jia et al., 2008; Zhao
et al., 2006)0 "~ MEFs showed a significant decrease in Akt phosphorylation in response t
RTK signaling such as that triggered by EGF, PDGF, and insutin 1B), wherea@"‘ MEFs
were defective in GPCR signaling triggered by lysophosphatidic acid (EBAL, C and D).

2) Autophagy is impaired inp™ but not ¢~ MEFs.

To determine the effect @@110a andpl10p deletion on autophagy, | first observed the
MEFs by transmission electron microscopy (TEM), which is onehef best characterized
standards for autophag}ﬁ”+ MEFs upon serum deprivation displayed an increase in double-
layered membrane structures enclosing electron-dense mateciadracteristic  of
autophagosomes (Fig. 2A). In contrgst, MEFs showed deficient autophagosome formation
upon serum deprivation. In addition, deformed mitochondria and accumulatidmosbéme
aggregates were observediti MEFs (Fig. 2A), consistent with previous observations made in
autophagy-deficient cells (Komatsu et al., 2005; Kraft et al., 2008; Kemhdl, 2008). Besides
the ultra-structural analysis, | also examined the function of auggplhamely the degradation
of long-lived proteins that are considered as autophagy substrates.reVéaled a significant
defect in autophagic degradationfi” MEFs in both basal and starvation conditions (Fig. 2B).
In addition, | examined the lysosomal activity that is assatiatéh autophagy using the pH-
dependent lysosomal dye LysoTracker rédf MEFs showed a higher basal level of lysosomal
activity thanp™ MEFs (Fig. 2C). Serum deprivation further enhanced the lysosaxtiaity in
B MEFs, but the enhancement was markedly impairgd iMEFs (Fig. 2C).

To further determine the effect pt105 gene deletion on autophagy, | exposed the MEFs,
in the absence or presence of lysosomal peptidase inhibitors E64DpetatipeA (Klionsky et
al., 2008; Mizushima et al., 2010), to a number of known autophagy-inducing conditions
including glucose deprivation, serum deprivation, and the DNA-damagimg eipposide. The
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conversion of microtubule-associated protein 1 light chain 3 (LC3) frooyibsolic form (LC3-

) to a membrane-bound form (LC3-1l) was examined as a molem#eter for autophagosomal
formation. The intensity of LC3-II against that [ptubulin was used to determine autophagy
induction. All autophagy-inducing conditions resulted in accumulationG8-IL in p** cells,
whereas the accumulation of LC3-1l was markedly lowd¥ fnMEFs (Fig. 2D). Reconstitution
of B~ MEFs with p11 restored LC3 conversion (Fig. 2E). In addition to the LC3 immunoblot
analysis, the ability of GFP-tagged LC3 to form autophagic punctdéas used to monitor
autophagy (Kabeya et al., 2000p."" and p11p-reconstitutedd”’"MEFs expressing GFP-LC3
showed a change from a diffuse pattern to a punctate pattern upohagitogtimuli, whereas
both the size and number of GFP-LC3 puncta were markedly redu@et MEFs (Fig. 2F).
Taken together, these data indicate that autophagy is deficigtit MEFs.

To reassure a positive role of pBlih autophagy, pl¥was disrupted by shRNA in
other cell lines. Knockdown of p1fGn HEK293 cells results in accumulation of the autophagy
substrate p62/SQSTM1 (Fig. 3A) and deficient formation of LCEid. 3B). Knockdown of
pl1® in MDA-MB-231 cells caused impaired level of LC3-Il under botld fand starvation
conditions (Fig. 3C). Similar effects were also seen in MCF10A, HEK293T, anddddka

Autophagy ino”~ MEFs was also investigated. As revealed by TEM, MEFs
displayed similar induction of autophagosomes as compared to theypaldcontrol (Fig 4A).
The LysoTracker red staining and LC3 immunoblotting showed similaslightly elevated
autophagic activities i~ MEFs (Fig 4 B and C, respectively). GFP-LC3 puncta analysis
indicates similar level of autophagic puncta formation. Thesa slaggest that disruption of
pl1@, but not p11A, leads to impaired autophagy.

3) Ectopic expression of pllf®stimulates autophagy.

To examine the opposite effect uifl0p gene deletion, Flag-tagged pPBl@vas
ectopically expressed in HEK293 cells. With serum deprivationp1i&-overexpressing cells
maintained higher Akt phosphorylation than control cells (Fig. 5A). Deedpe elevated Akt
phosphorylation, the amount of LC3-II was significantly higher inscedpressing Flag-p1f0
whereas the steady-state levels of the key autophagy regukdolin 1 and Vps34 remained
unchanged (Fig. 5A). In another HEK293 line where GFP-LC3 wadslysexpressed,
overexpression of p1B0but not p11A, enhanced the generation of GFP-LC3-1l (Fig. 5B). In
addition, an increased amount of the cleaved free-GFP was obsefviad)4pl1(B-expressing
cells, suggesting an enhanced autophagy flux (Fig. 5B). Simikxpression of Flag-p1f0
markedly increased the number and size of GFP-LC3 puncta both atstiestzde and upon
nutrient starvation in HelLa cells (Fig. 5C). These results suppstitnulatory role of p1J0in
autophagy, and suggest that the autophagy-promoting role of3 p&l8ominant over the
inhibitory effect imposed by elevated Akt activity.

4) p11@ does not act through the Akt-TOR pathway to promote autophagy.
| next went on to dissect the possible mechanisms by whictpstibulates autophagy.

| first asked whether p1BgQpromotes autophagy through modulation of the Akt-TOR pathway.
The canonical PI3K-Akt-TOR pathway plays an inhibitory role in autgph@d.evine and
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Kroemer, 2008; Lindmo and Stenmark, 2006). However, the observation aboestedgtpat
pl1@ positively regulates both Akt and autophagy (Fig. 5A). One exptan&dr this apparent
paradox is that p1B0has two distinct functions: one is to promote Akt activation, and the othe
to promote autophagy. | went on to examine whether inhibition of Akt arfdl d& induce
autophagy in the absence of pgl0p** and p"MEFs were treated with pharmacological
inhibitors of Akt (Akti) or TOR (rapamycin). I8"" MEFs growing in complete medium, both
inhibitors stimulated autophagy as indicated by LC3 conversion (Figab& GFP-LC3 puncta
formation (Fig. 6, B and C), and the induction of autophagy was furtiteaneed when cells
were deprived of glucose or serum (Fig. 6A). In sharp conaatiphagy induced by Akt and
TOR inhibitors was dramatically reducedfii”- MEFs under all of these conditions (Fig. 6, A-
C). The failure of p11® kinase-specific inhibitor TGX-221 to inhibit autophagy (Fig. 6A)
suggests that p1fpkinase activity may not be required for regulating autophagy, a puiit
discuss later. Together with my finding that overexpression of ptddld stimulate Akt
phosphorylation and autophagy simultaneously (Fig. 5A), these data éendlat pl11p-
mediated autophagy is independent of Akt-TOR signaling.

5) p11@ modulates the level of cellular PI(3)P and Vps34 catalytic activity.

| then determined other possible molecular mechanisms through phi€h regulates
autophagy. | tested whether ppléffects the expression level of key autophagy proteins, and
found that the steady-state levels of the key autophagy reguigpsB84, Beclin 1, Atgl4L, and
Rubicon appeared unaltereddii” MEFs (Fig. 7A), and the expression levels of Beclin 1, Vps34,
and Rubicon remained unalteredpii” livers (Fig. 7B). The decreased lysosomal acidification
in B~ MEFs (Fig. 2C), however, indicated a possible deficiency in endosamdalysosomal
maturation in these cells. In fact, expression of a GFP-coegghYVE domain that
specifically binds to PI(3)P on endosomes and indicates endo-lysosotivities revealed
decreased GFP punctafii MEFs compared wit*"* MEFs (Fig. 8A). This finding suggests
thatp™ MEFs have decreased level of PI(3)P, a lipid that is requirealifophagy. To test this,
| used a protein-lipid overlay assay to measure the intragelaval of PI(3)P. The specificity
of the assay was confirmed using a number of different Pl spasi@egative controls, and by
treating cells with 3-methyladenine (3-MA), a pharmacolalgichibitor of Vps34 that resulted
in a decreased level of intracellular PI(3)P (Fig. 8B). Aremse 0of~30% in the steady-state
level of PI(3)P was detected "~ MEFs as compared witsi”* cells (Fig. 8B). Reconstitution
of p11® in B~ MEFs restored PI(3)P levels (Fig. 11E). The decreased amdw@i{3)P in
B"‘ MEFs was also detected by flow cytometry using a PI(3)EHspantibody, similar to the
decreased level of PI(3,4,5)R thef™~ MEFs (Fig. 8C).

Vps34 is the predominant kinase that produces intracellular PI(3)P amdotes
autophagy, as part of a complex with Vps15 and Beclin 1 (Simonsencazé, 2009). | thus
examined if p11P affects PI(3)P levels by modulating Vps34 activity. The bigisc Myc-
Vps34-V5-Vpsl5 expression construct (Yan et al., 2009) and the BecliFPleGnstruct were
co-transfected into HEK293T cells with or without Flag-pl.10/ps34 kinase activity was then
assayed in anti-Myc or anti-GFP immunoprecipitates using Rl sisbstrate. In both assays,
Vps34 kinase activity was enhanced in the presence ofSpEl§. 8, D and E). The increased
conversion of Pl to PI(3)P in the assay was not due to phosphorylatidrbpfp21@ because
pl1@ exhibits little kinase activity in the assay conditions usechéasure Vps34 activity (Fig.
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8F). Taken together, these results indicate thatfpfpddnotes Vps34 kinase activity and PI(3)P
production, a process prerequisite for autophagosome formation.

6) p11@ is required for the early stage of autophagosome formation.

PI(3)P is known to regulate both endocytic and autophagic pathways gBuamd
Ktistakis, 2010). As | observed that the PI(3)P level and autophadgveer inB"‘ cells, I went
on to determine whether the autophagic pool of PI(3)P is affegtged b. DFCP1 (double
FYVE domain-containing protein 1) has been shown to relocalize tft@mER/Golgi to
omegasome, the precursor membrane structure of autophagosomé3iadBpendent manner
upon autophagy induction (Axe et al.,, 2008). To test if the formation obmmegasome
structure is affected in th" MEFs, | expressed GFP-DFCP1ff" andp™™ MEFs. Under fed
state, B*"* MEFs displayed a diffuse pattern of GFP-DFCP1, which turned imponatuate
pattern upon serum starvation or Hank’s buffer treatment (Fig. @Ngsistent with previous
reports (Axe et al., 2008; Polson et al.,, 2010). In contrast, underofedition, B"‘ MEFs
showed an accumulation of GFP-DFCP1 puncta, which appeared to form &egréus
differed from the starvation-induced punctaBﬁ"u+ MEFs (Fig. 9A). The accumulation of the
abnormal GFP-DFCP1 puncta i~ cells is reminiscent of that observed in cells deficient in
WIPI2, which is localized to omegasomes and promotes LC3 lipidatiosdiP@t al., 2010).
Importantly, upon starvation, the amount of GFP-DFCP1 pundtd iIMEFs was significantly
lower than that in[i*’+ MEFs (Fig. 9A), indicating a deficient autophagy pool of PI(8)P
B~ MEFs. Consistent with this, another PI(3)P-dependent event duringaesolghagosome
formation, Atg5-Atgl2 conjugation (Ravikumar et al., 2008), was also aomged in
B~ MEFs (Fig. 9B).

To further confirm the early stage of autophagy influx is aiefit in 7~ MEFs, |
expressed the mCherry-GFP-LC3 construct in the MEFs. Owirtget more stable nature of
mCherry than GFP in the acidified compartment, the relative anmfuttie yellow puncta
(represent autophagosomes as a result of the merged greesdasignials) and the red puncta
(represent autolysosomes) can be used to indicate whether tiieoedate steps of the
autophagic flux are affected (Mizushima et al., 201B).” MEFs displayed significantly less
yellow and red puncta thgfi”" MEFs, in both basal state and under serum deprivation (Fig. 9C).
These data indicate that the lower PI(3)P Ieveﬂi“(ﬁ MEFs has a major impact on the early
stage of autophagosome formation.

7) p11@ is a component of the autophagy-promoting Rab5-Vps34-Vps15-Becl-Atgl4L
complex.

| subsequently studied the mechanisms by which p$fithulates PI(3)P production. In
mammalian cells, the autophagy-essential PI(3)P is known to be produced\ps8¥ complex.
It has been reported that Rab5 can also participate in the autophagmsoration through its
interaction with the Vps34-Beclin 1 complex (Ravikumar et al., 2008). p1d@ not p114,
has been reported to directly associate with Rab5 (Christofotidik, €999b). These studies
suggested to me that pBlLhay participate in autophagy induction as part of the Rab5-Vps34-
Beclinl complex. Indeed, in the Vps34 assays, pildés observed to coprecipitate with Vps34
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(Fig. 8D) and Beclin 1 (Fig. 8E). | confirmed that Rab5 immunopretipn was able to bring
down overexpressed Vpsl15 and Vps34, as well as FlagdpEl®. 10A). Furthermore, Rab5
pulled down endogenous pJaGut not p11a (Fig. 10B). | then went on to test whether pi10
associates with the Vps34-Vps15-Beclin 1 complex. | found that VpsBwmoprecipitation
pulled down Vpsl15 and plfO(Fig. 10C), and likewise, plBOimmunoprecipitation pulled
down Vps15 and Vps34 (Fig. 10D). Vpsl15 immunoprecipitation pulled down Vps34 angl p110
but not pll0 (Fig. 10E). The presence of pBlih the Vps34-Vpsl5 complex appeared
unchanged or slightly enhanced upon serum deprivation (Fig. 10, C andl &30 detected
interaction between endogenous pladd Beclin 1 by immunoprecipitation (Fig. 10, F and G).

The Vps34-Vpsl5-Beclin 1 complex has been shown to interact witheshtf@artners
and act at distinct stages of the autophagy pathway. The compleXAtgl4L is known to
promote autophagosome initiation, whereas the complex with UVRAG anatdRumainly
regulates autophagosome maturation (Matsunaga et al., 2009; Sun et al.ZI2008;et al.,
2009). | thus asked whether pBlihteracts with the Atgl4L, or UVRAG and Rubicon-
containing complexes. | used the human piE@onstituted P~ MEFs to perform
immunoprecipitation because our Atgl4L and Rubicon antibodies prefdsenmgabgnize
mouse antigens, whereas our plHnhtibody preferentially recognizes human @10 found
that p11@ immunoprecipitation pulled down Atgl4L, but not UVRAG or Rubicon (Fig. 10H).
Likewise, Atgl4L, but not Rubicon immunoprecipitation was able to bring dolliip (Fig.
101). Immunofluorescence analysis confirmed that pld6localized at least partially with
Atgl4L, both at fed and starved conditions (Fig. 10J). Taken togétiese data demonstrate
that p11@ associates and colocalizes with the autophagy-promoting Rab5-Vjps34-Beclin
1-Atgl4L complex that generates PI(3)P and is required for autophagosomeimitiat

8) p11(@ promotes autophagy and PI(3)P production independently of its kinase actiyit

| next determined whether the kinase activity of gLi® required for the PI(3)P
production, since it has been reported that pE<%ociates with a protein complex containing Pl
4- and 5-phosphatases that dephosphorylate Pl(3;48)erated by p1Bdto produce PI(3)P in
the endosomal compartment (Shin et al.,, 2005). This mechanism would provaleraate
route for PI(3)P production within the Vps34-Vps15-Beclin 1 complexwioald require p11®
kinase activity. To test if p1BOkinase activity is required for autophagy,’+ MEFs were
treated with TGX-221, a selective pBlL&inase inhibitor. TGX-221 did not inhibit LC3
conversion in basal state or under glucose or serum deprivation con(iign6A), suggesting
that p11@ promotes autophagy independently of its kinase activity. To fudtidress the
kinase dependency issue, | reconstiti€d MEFs with either wild-type p110or the kinase-
dead pl1PK805R mutant. The plB&K805R mutant showed similar capabilities in restoring
GFP-LC3 puncta formation as that of pf¥0T (Fig. 11, A and B). In addition, both pI3M'T
and p11PKB805R restored LC3 conversion to a similar extent (Fig. 11C). An@ihase-dead
mutant, p11PN924K (Ballou et al., 2007) (Fig. 11D), also restored LC3 conversion in
B”"MEFs (Fig. 11D). Expression of plfKBO5R also enhanced PI(3)P production, as
indicated by the lipid-protein overlay assay (Fig. 11E), GFP-FY\Micta formation (Fig. 11F),
and increased Vps34 kinase activity (Fig. 11, G and H). Similariltbtype pl1l1@, both
pl1PBK8O5R and p11BN924K were able to interact with Vps34 and Beclin 1 (Fig. 11, | and J).
Taken together, these results strongly suggest thatppfli@tions as a scaffold, within the
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Vps34-Vpsl5-Beclin 1 complex, to positively regulate Vps34 activity3)Pl{production, and
autophagy.

9) Active Rab5 rescues the autophagy deficiency in p10 cells.

The above results indicate that pglakssociates with the Vps34-Vps15-Beclin 1-Atgl4L
complex and stimulates Vps34 kinase activity to promote PI(3)P produeia a scaffold
activity. To further study the role of p1AWithin the Vps34 complex, | performed pull-down or
immunoprecipitations using purified or in vitro-translated proteins,randaled a lack of direct
interaction of p11P with Vps34, Vpsl15, or Beclin 1, raising the possibility that @li@eracts
with other proteins to modulate Vps34 catalytic activity. One dateliis the small GTPase
Rab5. If p11@ promotes autophagy by activating Rab5, | predict that a constiyuicéve
form of Rab5 will restore autophagy in pBt@eficient cells. To test this hypothesis, |
expressed wild-type Rab5 (Rab5-WT), the Rab5-Q79L constitutiatiyeamutant (Rab5-CA),
Vps34-Vps15, or Atgl4L i3** and B MEFs (Fig. 12A) and measured autophagy. As
expected, expression of Vps34-Vps15 or Atgl4L induced autophd{/ rells, as indicated by
an increase in autophagic GFP-LC3 puncta (Fig. 12, B and C). Howe\gF cells, Vps34-
Vps15 or Atgl4L failed to induce autophagy under basal conditions (Fig.dr&j B) or in cells
treated with the mTOR inhibitor rapamycin (Fig. 12E). This tasutonsistent with the above
conclusion that p1JDinduces autophagy via the regulation of Vps34-Vps15-Beclin 1-Atgl4L
complex activity. Interestingly, while both Rab5-WT and Rab5émoted the formation of
GFP-LC3 puncta irB** cells as previously reported (Ravikumar et al., 2008), only Rab5-CA
induced autophagy if” cells (Fig. 12, B and C). Moreover, Rab5-CA but not Rab5-WT
enhanced the accumulation of LC3-1l in cells treated with teesiymal inhibitor bafilomycin
Al (Fig. 12D). Taken together, these data suggest that Rab5+Cidypass the requirement for
pl1@ in autophagy induction, and that Rab5-WT can be activated in @E@ndent manner.

10) p11@ is required for Rab5 activity.

The differential effects of Rab5-WT and Rab5-CABih MEFs suggest that p1Gnay
act upstream of Rab5 to increase its autophagy-promoting acthiitg other G proteins, Rab5
cycles between an inactive GDP-bound state and an active GTP-bmumdhfat binds and
activates its effectors (Christoforidis et al., 1999a; Zenma W cBride, 2001). To determine
whether pl1p can promote Rab5 activation, | performed pull-down assays usinGg$ie
tagged Rab5-binding domain of Rabaptin5 (residues 739-862, R5BD), whficgly binds
to Rab5-GTP (Liu et al., 2007). The specificity of GST-R5BD bindmgctive Rab5 was
verified by its more efficient binding to Rab5-CA compared toIRWT and lack of binding to
Rab5-DN (Fig. 13A). Importantly, GST-R5BD pulled down less activiesReom ™ cells than
from B*'* cells, while no difference was detected betwe&handa’ MEFs (Fig. 13B). Stable
(Fig. 13C) or transient (Fig. 13D) expression of either B or the kinase-dead mutant
p11@ K8O5R inp™ cells increased the amount of Rab5-GTP. Consistent with the doa@unt
of activated Rab5 iB” versusp”* MEFs, coimmunoprecipitation of Rab5 with two of its
effectors related to autophagy and endocytosis, Vps34 and EEAtedvaed in” cells (Fig.
13E). Re-expression of plAOrestored Rab5 binding to Vps34 and EEAl (Fig. 13E).
Consistent with the effect seen in MEFs, shRNA silencing of pIdiGHEK293T cells resulted
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in a large decrease in Rab5-GTP (Fig. 13F). Taken togethse, diaga suggest that pBlplays
a critical rol