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ABSTRACT

REGULATION OF NUTRIENT SIGNALING TO MAMMALIAN TARGET OF

RAPAMYCIN BY PHOSPHOLIPASE D

by

Limei Xu

Adviser: Professor David A. Foster

The mammalian target of rapamycin (MTOR) is a key componentamplicated signaling
network which transduces nutrient signals and many other stimuatiotlulate a wide range of
cellular functions, such as cell growth, cell proliferation anbstevival. Phospholipase D (PLD)
is an enzyme which catalyzes the hydrolysis of phosphalidijhe (PC) to form phosphatidic
acid (PA). PA has been shown to be a very important lipid secasdenger that mediates
mitogenic signals upstream of mTOR and both PLD and mTOR havdrbpkcated as cancer
cell survival signals. Therefore it is of interest as to whether PLB @agle in mTOR mediated
nutrient signaling. We have found that elevated PLD activity in lnucaacer cells is dependent
on the availability of both amino acids and glucose and that PLQusreel for amino acid- and
glucose-induced mTOR Complex 1 (mTORCL1) activity. Moreovermwestigated the possible
regulators which are involved in mediating the nutrients signdisdimg amino acids and glucose
to PLD and mTORC1. We found that small GTPases RalA and ARF@& idrim a complex with
PLD to activate its activity are required for both PLD and iR0Q activation induced by amino
acids and glucose. The class lll phosphatidylinositol-3-kinase hVpaddged as an important

modulator for amino acid sensing. In this study, we showed that thletida of hVps34 or
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binding partner hVpsl5 with siRNA dramatically suppressed the Btivity and further
disrupted nutrient sensing to mTORCL1, possibly by failing taureBLD to endomembrane and
stimulate mTORC1 activity in response to nutrients. Taken togetiese findings demonstrate
that phosphatidic acid generated by PLD is a critical mediattr links nutrient signals to
MTORC1, thus implicating the important role of PLD and PA in cace# proliferation and

survival.
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CHAPTER |

INTRODUCTION



1.1 PHOSPHOLIPASE D

Our lab is interested in investigating signaling events nteacells, and discovered that
Phospholipase D (PLD) activity is elevated in several typgsunfan cancer including breast,
kidney, colon, gastric, and others (Foster and Xu, 2003). Elevated PLD aativitnan cancer
cell lines suppresses apoptosis, promotes cell migration, analats angiogenic signals — all
important for progression to a malignant tumor (Hui et al., 2004; Zbeag, 2006; Shi et al.,
2007). My thesis has followed up on these studies and provides new insights into thétdde of
in nutrient signaling pathway.

1.1.1 PLD structure and localization

Phospholipase D (PLD) catalyzes the hydrolysis of the membranephuipsd
phosphatidylcholine (PC) to generate choline and phosphatidic acidkRAN.1.1). There are
two classic isoforms of PLD (PLD1 and PLD2) in mammals whiduoeas splice variants and
they share about 50% identity of amino acid sequence. The rdeulyfied mitochondrial PLD
(mitoPLD) which localizes to the outer surface of mitochondr@omly understood (Choi et al.,
2006). Both PLD1 and PLD2 contain two highly conserved catalytic HKDadtsnwhich are
necessary for enzymatic activity. These HKD domains contlaéh amino acid sequence
HxKxxxxD, where the amino acids are Histidine (H), any amino &) Lysine (K) and
aspartic acid (D) (Exton, 2002). Deletion mutations in either one dfiki2 domains in PLD1
or PLD2 exhibited no catalytic activity (Xie et al., 1998). Anothetifnthe plekstrin homology
(PH) domain, plays a significant role in enzyme activity and protein lotializsince deletion or
point mutations in this domain inhibited enzyme activity and disruptethalolocalization
(Sciorra et al., 2002; Sugars et al., 2002). In addition, there is onendomboth PLD isoforms

which is responsible for phosphatidylinositol-4, 5-bisphosphate (PIP2) bi\8oigrra et al.,
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Figure 1.1.1 The reaction catalyzed by Phospholipase Phospholipase D (PLD) i
responsible for catalyzing the hydrolysis of the membrane phosphphpsphatidylcholing
(PC) to generate choline and phosphatidic acid (PA) (Gomez-Cambronero, 2010).

U)

1999). Another important motif is the phox homology (PX) domain which soresble for
protein-protein interactions and the association with phosphatidgbhdgpids which is
proposed to be important for subcellular localization (Freyber),e2001; Du et al., 2003). In
addition, PLD1 contains a unique region known as the “loop” region which had bee
demonstrated to mediate the inhibition of PLD1 activity, this loop donsaabsent in PLD2
(Sung et al., 1999) (Fig. 1.1.2).

It has been a controversial topic for many years as tontnacellular localization of
different PLD isoforms since several groups characterizedr tdestribution through
overexpression of tagged proteins due to their low abundance. Itepaded that PLD1 is
tightly bound to endomembranes, whereas PLD2 is associated witpladm®ma membrane
(Hammond et al., 1997; Colley et al., 1997). GFP or HA tagged PLD1 wasvelisn several
organelles, such as lysosome and secretory granules, but littledetasted in the Golgi

apparatus (Brown et al.,, 1998; Toda et al., 1999). Hughes and Parkeedeffat PLD1
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Figure 1.1.2 Basic structure of mammalian PLD1 and PLD2HKD domains are required
for catalytic activity. The PX and PH domains are lipid-bindillegnains which are important
for PLD localization and activities. The loop region, which is abgeRRLD2, negatively
regulates PLD1 activity. The sites where PLD1 interactth ws regulators are alsp
highlighted (Su et al., 2009).

localizes in endosomal compartments which is defined by the QntesniHughes and Parker,
2001). Freyberg and colleagues showed that endogenous PLD1 wascesigctigcantly in the
Golgi apparatus and surprisely was also present in cell nuckeyb@rg et al., 2005). Since
PLD1 and PLD2 are downstream effectors for many diverse aeBignaling events, it is very
possible that they display dynamic subcellular localizatiorcvhbiters dramatically in response
to different stimuli and in different cells.
1.1.2 PLD regulation

There are two PLD isoforms (PLD1 and PLD2) in mammals which differ ial lbagvity
and regulatory interactions. Most attention has focused on PLD4 isihas a low basal activity
that increases significantly in response to various stimulith@rother hand, PLD2 has a high
basal activity and its role in signalling is still elusivelfleal.1.1). PLD activity is regulated by
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many factors, including growth factors, small GTPases — ARFRira subfamily GTPases,
protein kinase C (PKC), phosphatidylinositol-4, 5-bisphosphate (PIP2) and stimee
post-translational modifications. Many of these factors regiht2 activity in either synergistic
or antagonistic ways which make this regulatory network even more complicated.

Table 1.1.1 Properties of PLD1 and PLD2 (Foster and Xu, 2003).

PLD1 PLD2
Molecular Weight ~120 kDa ~100 kDa
Substrate specificity PC PC
PIP,-dependent yes yes
RalA- associated yes no
Basal activity low high
Subcellular localization intracellular membrangs plasma membrang
Activators Rho, ARF, PKC ARF

Mammalian PLD proteins have been numerously reported to respond tth Jemtors.
Many reports showed strong evidence that PLD activity canifelated by epidermal growth
factor (EGF), platelet derived growth factor (PDGF), fibrob@eiwth factor (FGF), vascular
endothelial growth factor (VEGF) and insulin in different model systems (Soalg é094; Yeo
and Exton, 1995; Banno et al., 2003). Members of the Rho and ARF subfamibyipitzal roles
in PLD activation. Rho family members (RhoA, Racl, CDC42) intettaectly with PLD and
also regulate its activity (Brown et al., 1993; Cockcroft etl®194; Bae et al., 1998). All of the
ARF family GTPases (ARF1-6) have been reported to activat® Rctivity in vitro
((Massenburg et al., 1994; Hammond et al., 1995; Exton 2002). RalA GTPaséshdsen

proposed to regulate PLD activity independent of its GTP loading biacollaborating with
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ARF (Jiang et al., 1995). Protein kinase C (PKC) is anotherstedied activator of PLD in
response to mitogenic signaling (Yeo and Exton, 1995; Hornia et al., FA99)and PKC also
physically interact, resulting in strong activation of PLD1iwit in vitro although the kinase
activity is not required for this activation (Pai et al., 1991aElet al., 1993; Hu et al., 2003).
Inhibition of PKC leads to the decrease of receptor-induced PLBRitgctand PLD1 mutants
unresponsive to PKC also respond poorly to activation of GPCR (Zhaig £999). PIP2 has
been shown to act as critical cofactor for PLD, and profoundlyenties the activity, membrane
localization and receptor activation of both PLD1 and PLD2 (Browth é983; Hodgkin et al.
2000). Taken together, through complicated regulation network mediatée bynall GTPases,
PKC, PIP2 and others, PLD functions as a all-round player in aeliig@aling events to
contribute to cell growth, cell survival, vesicle transport, cytosteledynamics and cell
adhesion.
1.1.3 PLD function

The main functions of PLD in the cell are in two aspects, phosphtlimdver and signal
transduction events through PA and its metabolites. As mentioned befolke, i a
phospholipid-metabolizing enzyme that can convert phosphatidylcholine t@P@h)osphatidic
acid (PA) and choline. PA is a well-defined lipid second messesmy# can be converted to
other biomolecules, such as, LPA and DAG (Jenkins et al., 2005). Collgcttdd has been
implicated in a broad variety of physiological cellular functiosisch as intracellular vesicle
trafficking, cytoskeletal dynamics, receptor endocytosis, yrses, cell proliferation, cell
migration and survival signals (Exton, 2002; Foster and Xu, 2003; Foster, 2007) (Fig. 1.1.3).
Cdll proliferation

PLD responds to many diverse mitogenic signals - epidermal lyréactor (EGF),
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Figure 1.1.3 Functions of phosphatidic acid generated by PLD.Phospholipase D (PLD
catalyzes the hydrolysis of phosphatidylcholine (PC) to phosphamd (PA) which is
believed to be important lipid second messenger. PA is actimeblvied in many diverse
cellular activities (Foster, 2009).

platelet-derived growth factor (PDGF), vascular endothelial drofattor (VEGF), insulin,
lysophosphatidic acid (LPA), and spingosine 1-phosphate, all of whicHigzctly interact with
either G-protein coupled receptors (GPCR) or receptor-tyrosinedgn@TK). PLD activation
stimulated by these mitogenic signals is actively involvethenregulation of cell proliferation,
cell survival and the inhibition of apoptosis (Foster et al., 2003; Lak, &009; Su et al., 2009).
PA, the metabolite of PLD activity, was also found to bind to mT@&®B-Bomain and regulates
its cell growth signaling activity (Fang et al., 2001). PA a&teract with SOS and translocate it
to the plasma membrane to mediate EGF signaling (Zhao 20@r). Recent study showed that
PLD1 acts in concert with the W/fttatenin/TCF—dependent pathway to promote
anchorage-independent growth. In NIH3T3 cells, it was found that imdeas

anchorage-independent colony growth is significantly suppressed byiriiiitor and PLD



depletion with siRNA (Kang et al., 2010).
Vesicle trafficking

Many labs had reported that PLD is actively involved in vesiaim&tion and trafficking,
such as endocytosis and exocytosis. Some reports have suggesteddbaeR#ed by PLD can
contribute to exocytosis including mast cell degranulation, insuleasel and EGF secretion
(Hitomi et al., 2004; Hughes et al., 2004). Moreover, PLD has also been shown to be required f
exocytotic processes in several different cell lines, suchdgsocytes, neuroendocrine cells,
mast and pancreatic B-cells. PA can recruit phosphatidylinasipblosphate 5-kinase (PIP5K)
which regulates vesicle fusion and the inner membrane curvatmengdend Frohman, 2005).
Furthermore, endocytic processes including receptor mediated ¢évgle@nd phagocytosis are
also dependent on PA generated by PLD (Hughes et al., 2004; Lyer et al., B@fksku et al.,
2010). It was suggested that PLD protein, not PA can enhance thed&a&ity of dynamin
which plays an important role for EGFR endocytosis (Lee et al., 2006).
Cytoskel eton rearrangement

PA has been demonstrated to be a key regulator of cytoskeletoangsments to
promote cell adhesion, spreading, and migration. PLD is regulatkthdges (PKC and PIP5K)
and small GTPases (Rho, Rac, cdc42, ARF, and RalA) that arelpativolved in and actually
required for cytoskeleton rearrangement (Rudge et al.,, 2009). Moye®\& product
phosphatidic acid (PA) directly binds with Racl and acts as aona@& anchor for Racl. Racl
mutated in the region which is responsible for interaction with PA is incapatsnefocating to
the plasma membrane and inducing integrin-mediated cell spreé@imge et al., 2008).
Recently, PLD-generated PA was demonstrated to contribute tontiheased local actin

polymerization by recruiting the guanine nucleotide exchange fatt®acl, DOCK2, to the



leading edge of polarizing cells (Nishikimi et al., 2009).
Cell differentiation

PLD appears to contribute to the differentiation processes in etyai cell types. The
differentiation of keratinocytes is correlated with sustaiRéd generation by PLD activation
(Jung et al., 1999), and the expression level of PLD1 and PLD2 chdngeg granulocytic
differentiation (Di Fulvio et al., 2005). PLD was also reported teeha significant role for
neuronal cell differentiation (Kanaho et al., 2009). Moreover, Yoon etpbrted that during
induction of differentiation in mouse C2C12 satellite cells, the aspya of both PLD1 and
PLD2 is elevated. C2C12 differentiation is remarkably inhibitedmytanol, an inhibitor of the
PLD-catalyzed transphosphatidyla tion reaction, and also by the kneckofoPLD1 (Yoon et
al., 2008).
1.1.4 PLD in cancer

Elevated PLD activity and expression have also been reported auydypes of human
cancer, including breast, colon, gastric and kidney (Huang and Frohman,R230&;, 2009).
For example, our lab showed that the expression and activity of RteDdpregulated in several
breast cancer cell lines. Expression level of PLD2 is caectldirectly with tumor size and
survival of patients in colorectal carcinoma (Saito et al., 2007).eThesglies provide strong
evidence that elevated PLD activity in cancer is functioreBociated with tumor initiation and
progression.
PLD in cell growth and survival

PLD activity was reported to suppress stress-induced apoptosis @ridepa survival
signal in breast cancer cell lines. Our lab reported that tmigbiPLD activity in

MDA-MB-231 cells, a breast cancer cell line with highly eledaPLD activity, resulted in



apoptosis (Zheng et al., 2006). Moreover, inhibition of PLD activity enTtB4 and Calu-1 cells
resulted in apoptotic cell death in the absence of serum, therafadeating that the elevated
PLD activity plays a key role for cell survival in these teancer cell lines (Shi et al., 2007).
PLD1, but not PLD2, was shown to be required for Rheb activation of the mTOR pathvweay w
is a key regulator for cell growth and proliferation (Sun gt2008). Taken together, all these
studies indicate that PLD contributes to both cell proliferation and survival.
PLD and cell cycle regulation

Venable and colleagues proposed that the activation of PLD is criticalttayamesis. The
inhibition of PLD by elevated ceramide is closely linked with cellular segrece (Venable et al.,
1999). Joseph and colleagues reported that PLD signaling provides walswwignal by
overcoming cell cycle arrest induced by high intensity Rafadigg (Joseph et al., 2002). In
addition, PLD also stimulates cell cycle progression by supimgsthe expression of
cyclin-dependent kinase inhibitor p21 (Kwun et al., 2003). TGF-beta sigmat block cell cycle
progression in G1 are suppressed in MDA-MB-231 cells at leastlpaiy elevated PLD
activity (Gadir et al., 2007). This finding indicates that thevisaf signal generated by PLD is
also involved in the regulation of cell cycle progression mediated by mTOR.
PLD and metastasis

Having the ability to metastasize to other sites is the wnitstal step in progression to
malignancy and is believed to be the main cause of mortalitgnioer patients. Our lab showed
that in breast cancer cell lines the ability of migration andsiovais directly related with the
level of PLD activity. MDA-MB-231 human breast cancer cellshwiitgh levels of PLD activity
can migrate and invade the Matrigel in culture, whereas MCF-7 tboaaer cells with

relatively low PLD activity can not (Zheng et al., 2006). In Bysiphoma cells, active PLD2
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stimulates FAK phosphorylation, akt activation and cell invasion, wheagabytically inactive
PLD2 appears to have inhibitory effects on adhesion, migration amlgiamv(Knoepp et al.,
2008). Park et al. demonstrated that the increased expression igitg @icPLD in the glioma
stimulate the secretion and expression of matrix metalloproge{(MigP)-2, thus contributing to
the invasiveness of glioma cells (Park et al.,, 2009). The caoanebetween PLD and
cytoskeleton organization, protease secretion, cell migration andanv&tsongly suggests that
PLD plays an important role in metastasis of cancer cells.

1.2 MAMMALIAN TARGET OF RAPAMYCIN (MTOR)

As mentioned before, PLD is actively involved in a broad varietgetiular activities
including cell growth and proliferation, survival, angiogenesis and rotdrers. These important
cellular functions modulated by PLD are mediated, at least in IpaMTOR (the mammalian
target of rapamycin), which is well known as central regulfmocell growth and proliferation
and deregulated in many human cancers (Fang et al., 2001; .FosterF@8&@r, 2009). Since
MTOR has been widely implicated as key driver for cell grawtfmuman cancer cells (Sawyers,
2003; Guertin and Sabatini, 2007), the ability of PA generated by tBLibsitively regulate
MTOR implicates that mTOR is very likely an important compormér?LD signaling in cell
metabolism.

1.2.1 mTOR structure and complexes

TOR (target of rapamycin) was first discovered as the bindingtein of the
immosuppressant rapamycin that is produced by a soil bacterium foudalster Island. TOR is
a serine/threonine kinase highly conserved from yeast to mamhkhatsan, mouse and rat
MTOR (mammalian target of rapamycin) proteins share abovei@®§4ity at the amino acid

level (Abraham, 2002; Jacinto and Hall, 2003). mTOR is consideretetong to the
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PI3K-related protein kinase family since its C-terminus ghlyi homologous to the catalytic
domain of PI3K (Gingras and Sonenberg, 2001; Manning et al., 2002). The Horasé is
located at the C-terminus and is responsible for the cataygtivity of mTOR. The HEAT
repeats located at the N-terminus which mediate protein—protezmadctions (Perry and
Kleckner, 2003); and the FAT domain in the middle is involved in mediatifi@R interaction
with other proteins and modulating the catalytic kinase activim®OR. The FRB domain is
where the FKBP12 and rapamycin complex binds and inhibits the mT@Ryacnd FATC

domain also sits at C-terminus (Loewith et al., 2002; Yang and Guan, 2007) (Fig. 1.2.1).

i Kinase ~—d—1
— AT O: domain —

N terminus FRB FATC Cterminus
HEAT HEAT
repeats repeats

Figure 1.2.1 Schematic structure of mMTORMTOR contains a C-terminal kinase doma
which is similar to the kinase domain of PI3K family. N-temaliHEAT repeats are believgd
to mediate protein-protein interaction. FAT and FATC domains asponsible for
modulating kinase activities. FRB domain is where FKBP12-rapaniynds (Russell et al.|
2011).

n

MTOR is the catalytic subunit of two biochemically and functigndistinct complexes
called mTORC1 and mTORC2 (Corradetti and Guan, 2006; Wullschitgak, 2006) (Fig.
1.2.2). Two unique components, regulatory-associated protein of mTOR @RPand
rapamycin-insensitive companion of mTOR (RICTOR), define mTOR@Gd anTORC2,
respectively (Hara et al., 2002; Kim et al., 2002; Sarbassov.,e2Qf4). Raptor and Rictor
function as scaffolding proteins for the complexes assemblyaaritd recruitment of substrates
and regulators. The common components which mTORC1 and mTORC2 shianleSarg/G3L
and DEPTOR, which function as positive and negative regulators $Hard Lawrence, 2003;

Peterson et al., 2009). In addition, mMTORC1 associates with PRASaMh¢-rich Akt/protein
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Figure 1.2.2 mTORC1 and mTORC2.These two complexes have distinct rapamycin
sensitivitity, complex components, substrates which define theirettfeellular functions
(Foster and Fingar, 2010).

kinase B (PKB) substrate 40 kDa), FK506-binding protein 38 (FKBP38) agdsRRases (Bai
et al., 2007; Sancak et al., 2007; Wang et al., 2007; Ma et al., 2008; Sancak et al., 2068§ whe
MTORC2 contains PROTOR and mSIN1 which are likely to help congdegmbly and target
MTORC2 to membranes (Jacinto et al., 2006; Yang et al., 2006; Pearce et al., 2007).
1.2.2 mTOR regulation

MTORCL1 acts as a signal mediator for several major regylatputs, such as growth
factors, nutrients, energy and stress (Sarbassov et al., 2008p&eagal., 2010; Zoncu et al.,
2011). These inputs work collaboratively or antagonistically to fine4wR®RC1 activity (Fig.
1.2.3). Surprisingly the mechanism by which mTORC2 is regulatedinsnelusive. Due to its

role in regulating AKT, SGK and PKC (Guertin et al., 2006; Garcia-Martineé2A&essi D, 2008;
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Figure 1.2.3 mTORCL1 activation in response to nutrients and growttiactors. Growth
factors activate mTORC1 through PI3K/TSC/Rheb pathway. TSC2 andl T&@ a
complex that functions as a GAP for the Rheb GTPase. Akt andkitiases phosphorylat
several residues in the TSC2 tumor suppressor, leading to itwatixti Therefore elevatef
GTP-bound active Rheb will interact with mTORC1, thereby stitmgaits kinase activity.
Meanwhile, new studies identified the Rag GTPases as critiegliators of amino acid
signaling to the mTORC1 complex. Upon amino acid stimulatiorRéxg-bound mTORC]
complex translocated to Rab7-positive perinuclear vesicular wtesctwhere Rheb alsp
resides. The recruitment of mMTORC1 driven by Rag GTPases dRbels to bind mTORC1
and stimulate its kinase activity. Vps34, sole member of clasBI3K, was reported tq
function as another important signal mediator which links amino &ziolrORC1 activation
(Shaw, 2008)

D

Ikenoue et al., 2008), it is generally believed that growth faatwodulate mTORC2 activity,
directly or indirectly.

In response to increased availability of nutrients, especiallgiie, mTOR signaling is
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activated indicated by the elevated level of phosphorylated S6 k{&&#€ and eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1), two #albss of mMTORC1 (Kim et
al., 2002). In the absence of nutrients (amino acids or glucose), mr@&iity is dramatically
inhibited, indicated by quick dephosphorylation of S6K and 4E-BP1 witldépevation of
nutrients. Although the amino acid sensor is still unknown, candidateatoesdiacting
downstream of amino acids have been suggested, including Rag fansiyatif GTPases,
mitogen-activated protein kinase kinase kinase kinase 3 (MAPR&A, and Class Ill PI3K
catalytic subunit (also known as Vps34). Maehama and colleagues deatezhthat RalA and
its activator RalGDS participate in nutrient sensing and ayanesl for activation of mMTORC1
in response to extracellular nutrients. The depletion of eithed RalRalGDS with siRNA
abolished amino acid- and glucose-induced mTORCL1 activation, as aulibgt decreased
phosphorylation level of S6K and 4E-BP1 (Maehama et al., 2008). Thelidl&d8 kinase,
Vps34, was implicated in mediating the signals from amino doidsTORC1, howevein vivo
study in flies with Vps34 mutants did not support this role (Nobukual.eR005; Gulati et al.,
2008; Juhasz et al., 2008). The STE20 kinase family member MAP4K3sedasghlighted as a
regulator of S6K and 4E-BP1 activity in response to amino acids, bub mpowth factors or
insulin (Bryk et al., 2010; Yan et al.,, 2010; Esnik-Docampo and Des,C2011). The
localization of mMTOR was shown to be critical for its functiohe Sabatini group demonstrated
that Rag GTPases mediate relocating mTOR to Rab7-pogitieuclear vesicular structures
where Rheb resides upon readdition of amino acids to starved belisfore implicating the
important role of Rag GTPases for mediating amino acid signgtiim et al., 2008; Sancak et
al., 2008; Shaw, 2008; Kim and Guan, 2009).

Growth factors stimulate the mTORC1 activation mainly througas-BRK and
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PI3K-AKT pathways. Akt activates mTORC1 by phosphorylating ancetoer inhibiting TSC2
(Tuberous Sclerosis Complex) activity, which binds with TSC1 tm fre tuberous sclerosis
complex (TSC). TSC negatively regulates mTORC1 activity fopctioning as GAP
(GTPase-activating protein) protein to inhibit a small GTPeakked Rheb which directly
associates and activates mTORC1 (Long et al.,, 2005). In additiomowethgfactors, TSC
mediates signals from oxygen- and energy-sensing pathwawselhgo modulate mTORC1
activity.

The mTORC1 pathway also senses energy level by a mechdrasms mediated by the
AMP-activated protein kinase (AMPK). Both AMP and ATP alestéric regulators of AMPK,
when the AMP levels rise and ATP levels drop, activated AMPK phoglaltes TSC2 at
Thr1227 and Serl345, which enhances its GTPase activity toward fReed)y inactivating
Rheb GTPase and inhibiting mTORC1 signaling pathway (Corradedti,e2004; Inoki et al.,
2006). Moreover, AMPK has been shown to directly phosphorylate mTOR bindihgempar
raptor at both Ser722 and Ser792, facilitating the binding betwgeor rand 14-3-3 proteins,
which finally leads to the inhibition of mMTORC1 signaling (Gwinnakt 2008). The link
between AMPK and mTORCL1 activity allows the cell to coordireatergy consuming processes
with energy level — When energy level is low, AMPK is adtdato suppress the mTORC1
activity to further limit energy-consuming processes such ageipr synthesis controlled by
MTORCL.

1.2.3 mTOR function

MTOR functions by forming two complexes mTORC1 and mTORCH wlifferent

subunit composition which determine their substrate specificity @elldilar function. The

MTORC1 substrates S6K1 and 4E-BP1 are involved in mRNA traorslatitiation and
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progression, therefore regulating the rate of protein synthesis. Whesphorylated by
MTORC1, S6K1 promotes mRNA translation by phosphorylating or bindingpheuproteins,
such as the ribosomal S6 protein and elF-4B, which work together ttateegranslation
initiation and elongation process (Sabatini, 2006). Unphosphorylated 4E-@fdresses
cap-dependent mRNA translation by binding to the eukaryotic ttaorslaitiation factor 4E
(elF4E) protein and preventing it from interacting with the tatieeh initiation factor; however,
when phosphorylated by mTORC1, it releases elF4E which parg@sipatrecruiting elF4F
complex assembly and promoting cap-dependent protein synthesis (Ma and Blenis, 2009)

TORC2 was first identified in S. cerevisiae to mediate amtioskeleton organization and
cell polarization. This role has been further confirmed in D. disaodand mammalian cells
(Jacinto et al., 2004; Sarbassov et al., 2004). Recent findings have discawveel roles for
MTORC?2 in the phosphorylation and activation of AGC kinase family membeluding Akt,
serum- and glucocorticoid-regulated kinase (SGK), and protein kibd8KC) (Guertin et al.,
2006; Ikenoue et al., 2008; Garcia-Martinez and Alessi, 2008). Through dbesestream
substrates mTORC2 regulates cell growth, cell survival, cell cyolgr@ssion and metabolism.
1.2.4 mTOR in cancer

The signaling components that regulate mTOR activity aguéntly mutated in human
cancers. For example, PTEN loss in human cancers occurs witfrégglency only next to that
of the well-known tumor suppressor p53 (Yuan and Cantley, 2008). In additionattigtic
subunit of PI3Kp11Qx is mutated in a variety of human cancers (Vivanco and Sawyers,. 2002)
Ras, which binds and activates the catalytic subunit of PI3&yasactivated in abo0-30%
human tumors (Downward, 2003). Moreover, tumor suppressor TSC2 and its hadingr

TSC1 are mutated in an autosomal dominant disorder known as tuberausisaemplex
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(TSC). TSC patients are predisposed to widespread benign tumomed thamartomas in
kidney, lung, brain and skin (Jones et al. 1999). These findings provide liogpeidence that
the deregulation of mMTOR pathway plays a critical role in tumorigenesis.

The mechanisms by which mTOR contributes to cancer developménoigh its effect
on cell proliferation, cell cycle progression in combination withtastasis (Guba et al., 2002;
Sabatini, 2006; Efeyan and Sabatini, 2010). There is strong evidenceT@dR is required for
cell cycle progression, and inhibition of mMTOR activity byamaycin leads to cell cycle arrest in
the G1 phase of the cell cycle (Fingar and Blenis, 2004). Expreski@ammapamycin-resistant
mutant of mMTOR relieves the effect of rapamycin on cellepcbgression, moreover Blenis and
colleagues reported that the effect of rapamycin on celeqyagression is exerted through the
inhibition of the downstream effectors of mMTOR, S6K and 4E-BP1 @Ffieg al. 2004). The
MTORCL1 pathway is also important for regulating cyclin D1 tapson, translation and
stability in many types of cancer cell lines (Gao et al., 20@4y et al., 2006). Guba et al.
reported the inhibitor of mTOR -rapamycin suppressed metastatiort growth and
angiogenesis imn vivo mouse models. It was reported that mTORC1 regulates theatransl
and activity of HIFZ which further facilitates expression of vascular endothet@vth factor
(VEGF), indicating that the antiangiogenic properties of rapamgould result from its ability
to interrupt VEGF expression (Bernardi et al., 2006). Since the £#38§s that rapamycin was
found with anti-tumor properties, it has taken many years forgmad understanding the
complicated relationship between mTOR and cancer. Thesengxfirtdings allow us to have a
better view of the role that mTOR plays in cancer and opethiegdoor to new therapeutic
strategies.

1.2.5 mTOR and PLD
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For the last ten years a significant finding for PLD wasdiscovery of PA requirement
for mTOR (Fang et al., 2001). Later on the accumulation of data $everal laboratories has
made it obvious that PA is an important regulator of mTOR (Chah,&003; Hornberger et al.,
2006; Toschi et al., 2009).

Fang et al. first reported that PA can physically assexiawith the
FKBP12-rapamycin-binding (FRB) domain of mTOR. This lipid-pnoteiteraction is highly
specific for PA, and could be abolished by the FKBP12-rapamycin canfplethermore it was
showed by mutation analysis that Arg2109 in FRB is criticaltfies interaction between FRB
domain of mTOR and PA. This group further demonstrated the relationstween PLD and
MTOR by showing that the elimination of endogeneous PLD1 by Aifdd to dramatic
inhibition of serum-stimulated S6K1 and 4E-BP1 phosphorylation in both HEK298 @&d7
cells. This result is also confirmed by a catalyticallycthee dominant-negative PLD1 plasmid
(Fang et al., 2003). Consistent with data from the Chen group, our laedlioat elevated PLD
activity in human breast cancer cells conferred rapamycin resestarich also indicates that PA
and rapamycin compete for binding with FRB domain of mTOR (Cheh,e2093). Another
convincing evidence from the solution structure of PA-FRB complgpats the mutually
exclusive model of FRB binding for PA and FKBP12-rapamycin, and theiat role of
Arg2109 for this binding (Veverka et al., 2008).

The Rheb GTPase and TSC act as positive and negative regufatof©8C1 signaling
respectively. Chen’s lab recently uncovered a direct interabtnween Rheb and PLD. They
showed convincing data that Rheb binds and activates RLBto in a GTP-dependent manner.
PLD activation by mitogen stimulation is attentuated by Rheb knookdow TSC2

overexpression, suggesting that TSC-Rheb is an indispensable upstgedator of PLD (Sun
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et al., 2008). All together, the data linking PLD with mTOR activatepresents a novel and
potentially very important mechanism for activating this aitisignal integrator by which
multiple inputs including cellular energy levels, growth fagt@and hypoxia converge to fine
tune many cellular activities.

1.3 Ras superfamily

PLD activity is tightly regulated by a wide range of cellufactors and many of them
belong to Ras superfamily small GTPases (Feig, 2003; FosterwgrizD&3). For example, Rho
and ARF subfamily play key roles in PLD activation. Ral GTRasgributes to the activation of
PLD by recruiting PLD close to its well defined activatorR(Luo et al., 2007). Rheb directly
interacts with PLD, resulting in strong activation of PLD1iaigt in vitro (Sun et al., 2008).
Overall, the small GTPases are closely related with PhdDagpear crucial for the localization
and activity of PLD. Moreover, several members of Ras sup#yfdmave been implicated in
regulating mTOR activity. Rheb is a well-defined upstreagulator of mMTOR. Rag GTPases is
required for the translocation of mMTOR to endomembranes to beeffuathtivated upon the
stimulation of amino acids (Sancak et al., 2008). Recently Saci and colleagodsd that Racl,
a member of the Rho family of GTPases, is a key regulatbothf mMTORC1 and mTORC2 in
response to growth-factor stimulation (Saci et al., 2011). Itskagved that TORC1 activity is
regulated by members of the Rab and ARF family GTPasBsasophila. In mamalian cells,
overactivation of Rab5 and ARF1 can significantly inhibit amino aoduc¢ed mTORC1
activation. All these finding demonstrate the important role of fgerfamily in modulating
MTOR activity. Therefore it will be of particular interest to whether they also participte in
nutrient signaling mediated by PLD.

The Ras superfamily of small GTPases are divided into fiveamili¢s-Ras, Rho, ARF

(ADP ribosylation factor), Ran and Rab GTPases based on theiersmy and functional
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similarities (Colicelli, 2004) (Fig. 1.3.1).
These GTPases function as key regulators
signaling pathways that contribute to acti

cytoskeleton organization, cell polarity ang

movement, vesicular transport, cell cyclg
regulation and cell survival (Kinbara et al.
2003; Ridley et al., 2003; Colicelli 2004;

Mitin et al., 2005).

1.3.1 Regulation of small GTPase Figure 1.3.1 Diagram of Ras superfamily

GTPases. The Ras superfamily of small
GTPases constitutes by more than 150
proteins which are divided into five major
GDP-bound 'off' state. The GTP-GDP cycll pranches, including Ras, Rho, Rab, Ran and

Arf GTPases (Vigil et al., 2010).

Small GTPases are molecular switchg

that exist in a GTP-bound 'on' state or

is executed by regulators of small GTPase

such as GEFs (guanine nucleotide exchange factors) and GAPaggagtivating proteins)
(Fig. 1.3.2). It was proposed that GEFs interact with the switnidIll regions of the GTPase
and stabilize a conformation that disfavors GDP binding (Worthydalat., 2000). However, the
function of GEFs is not just to activate GTPases, it can alsofgpee downstream effectors of
the activated GTPase by forming a scaffolding platform for tijdfiget et al., 2004). Small
GTPases have their intrinsic activity to hydrolyse GTP. Howetlas activity is low and
requires reinforcement by GAPs. GAPs stabilize the transstiate of the GTPase reaction by
inserting an ‘arginine finger’ into the GTPase, thereby sicamittly speeding up the process of
GTP hydrolysis. Specifically for the Rho and Rab subfamilies, h@notevel of regulation
functions through GDIs (guanine nucleotide dissociation inhibitors) whiceraicit with

GDP-bound GTPases (DerMardirossian and Bokoch, 2005). These abundant and mostly
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Figure 1.3.2 The GTP-GDP cycle of small GTPasedhe Ras superfamily of small
GTPases cycle between an active GTP-bound and an inactive GDP-biated GEFg
activate these small GTPases, which further interact witlcifgpesffectors to mediatq
downstream pathways. GAPs enhance the intrinsic GTPaseaofitliese small GTPase
accelerating the inactivation of their regulatory activity (Nielstal., 2008).

)

cytosolic proteins prevent the dissociation of GDP by stabilidigase and interfering their
interaction with regulatory molecules and effector proteins (Bekzo et al., 2002;
DerMardirossian et al., 2004).

1.3.2 Function of small GTPases

Among these five subfamilies, Rho GTPases was reported to ggisicipate in signal
transduction, cytoskeleton organization, cell shape and polarity, ctllaeél cell-matrix
interactions. Both Rab GTPases and ARF GTPases play a sighifate in vesicular trafficking,
regulating endocytosis and exocytosis pathways. The Ran GTPasgipgias in
nuclear—cytoplasm transport and mitotic spindle organization. Raasg$Rre well known for

their important role in cancer (Feig, 2003; Colicelli 2004). Two impbrsabfamily- Ras and
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ARF GTPases directly related with my project are discussed here ih detai

Ral GTPases
The Ral guanosine nucleotide-binding proteins, RalA and RalB, wsceveéred more

than 20 years ago when Dr. Chardin isolated their cognate genesi¢pylegenerate probes that
contained highly conserved Ras sequences (Chardin and Tavitian, 1986anRaRalB which

share the 80% identity to each other at the amino acid lgmedsent the pivotal branch of the
Ras superfamily (Colicelli, 2004). Following their initial discovenumerous studies have
subsequently explored their functions in cell regulatory networksauBec Ral guanosine
nucleotide exchange factors (Ral-GEFs) are direct eflecdbRas, the Ral signaling pathway
has been traditionally considered a Ras-effector pathway (Bodeand White, 2008). The Ral
GTPases are actively involved in oncogenic transformation, celfgyadlon, endocytosis and
vesicle transport (Feig, 2003; Camonis and White, 2005; van Dam and Robinson, 2006).

ARF GTPases
ADP ribosylation factor (ARF) GTPases are another importaahdbr of the Ras

superfamily of small GTPases. The ARF proteins can be divitledthree classes: Class | —
ARF 1-3; Class Il — ARF 4, 5; Class lll — ARF6. Class | anARF GTPases are more likely
associated with trans-Golgi network (TGN), whereas thesQlagrotein ARF6 localizes at the
plasma membrane and participates in vesicle formation at tlenalanembrane, vesicle
recycling and remodeling of the actin cytoskeleton (Cavenagdl.etl996; Donaldson and
Honda, 2005; Honda et al., 2005). All ARF GTPases are modified bystowletion at the
N-terminus and this modification is required for both membrane agwtiand biological
activities (Donaldson and Jackson, 2011).

Among all the ARF GTPases, ARF1 is the most abundant and besttehaex. For

example, ARF1 participates in vesicle formation and budding byitey its effectors,
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including coatomer and clathrin adaptor complex (AP), to the GoRRFE6Alocalizes mainly at
the plasma membrane and regulates the remodeling actin cytoek@leospholipid metabolism
and receptor mediated endocytosis (Donaldson, 2003). For example, at tha plasbrane
ARF6 activates PIP5K and PLD, resulting in the generation B2 Rihd PA which are critical
for sorting proteins within the membrane and the formation of ralatdoated pits during
endocytosis (D'Souza-Schorey and Chavrier, 2006). Bach and colleaguestiatmaRF6
regulates myoblast fusion through PLD activation and PIP2 produ(@ach et al., 2010).
ARF6 was also reported to associate with endosomal membraneseddefrom
clathrin-independent endocytosis and mediates recycling of thmsbmane back to the plasma
membrane (Grant and Donaldson, 2009).

1.3.3 Small GTPases in cancer

Since all these small GTPases play a fundamental role in hatevalopment and
physiology, they will lead to life-threatening diseases, sischancer, once deregulated (Vigil et
al., 2010). In addition, the critical regulators of small GTPased) as GEFs and GAPs, have
been found to contain mutations that are associated with tumoridmtigirogression and
metastasis ( Jaffe and Hall, 2002; Malliri and Cllard, 2003).

Ral proteins were shown to play a significant role in tumorigen@sm et al., 2005;
Zipfel et al., 2010; Martin et al., 2011). Several studies had atirimeeattention to identify Ral
activation contribute to Ras induced oncogenic transformation in calreWard et al., 2001;
Rangarajan et al., 2004). Chronic activation of RalA and RalB odcuitsmour-derived cell
lines and tumour samples (Lim et al., 2005; Chien et al., 2006). DeplHtiBalA severely
impedes the anchorage-independent proliferation of cancer cells,ashe@eB seems to be
required for the survival of a wide range of tumour-derivedlceds (Falsetti et al., 2007). For

example,RalA was reported to be constantly overactivated in all MPN&IE compared to
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nontransformed Schwann cells. Both silencing Ral with siRNA and ssgpreits activation
with a dominant-negative mutant Ral S28N caused a significant imbiti proliferation,
invasiveness of MPNST cells (Bodempudi et al., 2009).

ARF1 and ARF6, the most studied isoforms of the ARF GTPase suyfana regulators
of many important cancer cell properties, such as cell prafiés, invasion, and resistance to
apoptosis, especially in breast cancer cell lines (Boulal,,e2008; Muralidharan-Chari et al.,
2009). Dr. Clanig’s group reported that ARF1 has a pivatol role inabngy cell proliferation.
When they inhibited ARF1 activity by using dominate-negative niuthey found that breast
cancer cells showed sustained cell-growth arrest. In additioy, deenonstrated that the
GDP-bound form of ARF1 directly interacted with pRB. The depletioARF1 or expression of
ARF1T(31)N resulted in the stable association between pRB and E®#féby suppressing
the expression of E2F target genes, such as cyclin D1, Mcm6 and B2Rklave important
regulators for cell-cycle progression (Boulay et al., 2011). Goleeevidence indicates that
ARF6 contributes to cancer progression through activation of cetilityp and invasion.
Overexpression of ARF6 was reported in highly invasive breasecaed lines (Hashimoto et
al., 2004). GEP100, a GEF for ARF6, has also been implicated in lwaaser invasion
(Morishige et al., 2008). RNAi knockdown of GEP100 to inhibit ARF6 activatesults in
reduced breast cancer cell invasionityitro Matrigel assay and reduced metastasis in a breast
cancer mouse modelhe same group also reported that ARF1 regulates breast aaicer
growth and invasion during cancer progression by the activationeoptiosphatidylinositol
3-kinase pathway (Boulay et al., 2008). Taken together, convincing evitepkeates there is
a strong correlation between cancer development and dereguasomall GTPases, therefore

shedding light on targeting small GTPases as new cancer therapgisgat
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1.3.4 Small GTPases and PLD

Our lab first demonstrated that RalA is involved in V-src inducgtvaion of PLD by
directly binding with PLD1 through its N terminus, and that PLD thoanstream target of a
Ras/Ral GTPase signaling pathway (Jiang et al., 1995). MoreovExl Rias reported to be
recruited by RalA GTPase and further activated by ARF6 G&Pand this activation is
dependent on the GTP-loading status of ARF6 (Fig. 1.3.3) (Luo et al., 199t BLUp1998; Xu
et al.,, 2003). PLD is involved in receptor-mediated endocytosis in whithGRRase also
participate (Shen et al., 2001). The interaction between Ral andsPdlBoi implicated in neurite
branching (Lalli and Hall, 2005). Deletion of the PLD binding sitesRalA or RalB
demonstrates their different role: RalA in branching involves both &idDexocyst interactions,
while RalB-induced branching involves only PLD. In addition, the eféédRalA and RalB for
branching is blocked by PLD inhibitors, indicating the cruciat flthe Ral-PLD interaction in
mediating neurite branching. Recent study from the Grant group eevéead participation of
RalA and PLD in the regulation of FcgR-mediated phagocytosis ¢teret al., 2010). They
reported that PLD activity is activated when phagocytosis happens,adfdifat not RalB can
block this activation. Moreover, RalA colocalized with PLD1 and PLD#a phagocytic cup
during phagosome formation and there is enhanced interaction of RaAatit PLD isoforms
during phagocytic stimulation. In summary, many studies showed #iat \Works with PLD
synergistically to regulate important cellular functions, such as erasyvehicle transport and
membrane trafficking.

It was reported that all ARF GTPases can activate PLivitgc Additionally, ARF
GTPases always work together with RalA to activate Rkvity (Luo et al., 1998; Xu et al.,

2003). Accumulating evidence showed that ARF6 directly binds to amehtaest PLD, thus
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A. Oncogenic signaling B. Growth factor signaling

Active complex

Active complex
Figure 1.3.3 Activation of PLD1 through the synergistic action of RIA and ARF6. PLD
is activated in response to oncogenic (A) or growth factoystiBiwlation. In both signaling
pathways, the last step is that activated RalA recruitsaetd ARF6 into the RalA-PLD1
complex, thereby activating PLD1 activity (Foster and Xu, 2003).

regulating exocytosis, membrane ruffling, membrane recyeimd other activities related with
PLD (Dana et al., 2000; Powner et al., 2002; O'Luanaigh et al., 2002).aklieopnd Exton
reported that dominant positive ARF6 selectively activated Pt dominant negative ARF6
selectively inhibited PLD2, indicating that PLD2 is selectivedgulated by ARF6 invivo
(Hiroyama and Exton, 2005). Ma and colleagues investigated theofrddD and ARF6 in
insulin secretion stimulated by high glucose in the pancreatia-&# line MINGNS.
Furtherfore they discovered that high glucose will induce the ias®ocbetween ARF6 and
PLD, thus activating mTOR signaling pathway (Ma et al., 2010).

1.4 Class lll phosphoinositol-3-kinase (PI3K)

PI3Ks are a family of related intracellular signal tducer enzymes which phosphorylate

27



the 3-hydroxyl group of the inositol ring on a wide variety of membrassociated
phosphatidylinositols (Ptdins). PI3Ks signaling contributes to nrapgrtant cellular activities,
such as cell growth and survival, cell migration and intracellulaicular transport, cell cycle
progression (Engelman et al., 2006; Shaywitz et al., 2008). The P13k fardivided into three
different classes: Class I, Class Il, and Class Ill.hnEzass of PI3-kinase responds to different
signaling, has unique preferences for phosphoinositide substrates and prepkwés lipid
second messengers (Fig. 1.4.1) (Vanhaesebroeck et al., 2010). In adddionlass P13-kinase
functions by specific regulatory and catalytic subunits that &gsomto the heterodimers. Of
particular interest is the class Il phosphatidylinositol-3-kinb%ps34 which was recently
reported as an important modulator for amino acid sensing mediated ®R (Byfield et al.,
2005; Nobukuni et al., 2005; Backer, 2008).
1.4.1 Regulation of Vps34

The class lll PI3K has only one catalytic member, vacuolar protein g@4irf\Vps34; also
known as hVps34 or PIK3C3 in human), which binds regulatory subunit Vpsl(elam as
hVps15 or PIK3R4 in human) and uses Ptdins to generate Ptdins¥H. (P334 can directly
bind to the heat and protein kinase domains of Vps15. In addition Vps34 was propbsed
substrate of Vpsl5, since Vps34 activity is abrogated in yeastssupg kinase-dead VPS15
mutant (Stack et al., 1993). Vps15 is myristoylated which wilchtthe Vps34-Vps15 complex
to intracellular membranes (Herman et al., 1991). The recnuitared activity of the hVps34 on
early and late endosomes are dependent on the upstream activdhiersofall GTPases Rab5
and Rab7, respectively (Murray et al., 2002; Stein et al., 2003).

It remians obscure whether Vps34 activity is regulated byaesflular stimuli, even

though there is evidence that Vps34 activity could be modulated by nutrients sndh@aseds
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Figure 1.4.1 Characteristics of the PI3K family.The PI3K family is divided into threg
different classes: Class I, Class Il, and Class lll. Edess of PI3-kinase responds (to
different stimuli, has unique preferences for lipid substrates andrages specific lipid
second messengers (Vanhaesebroeck et al., 2010).
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and glucose and by GPCRs (Byfield et al., 2005; Nobukuni et al., 20@sagiga et al., 2006).
For example, Windmiller and Backer reported that in mammals Vps3ikttivated by @
coupled receptor which signals downstream of the M1 muscariniptoec@Vindmiller and
Backer, 2003). It was also proposed that Vps34 in yeast mediatgshéhemone response
through GPCR (Slessareva et al., 2006). Byfield and colleagues shimatdd/ps34 activity is
affected by the availbility of amino acids and glucose, but notimssuggesting that hVps34 is
a nutrient-regulated lipid kinase (Byfield et al., 2005). Moreover Vpsa4 be negatively
regulated by CDK (cyclin-dependent kinase) during cell cyclgnession and development.
Furuya and colleagues showed that the phosphorylation of Thr159 by GIAKQDKS is a key
regulatory event and possibly contributes to human diseases includirafdegemeration and
cancers (Furuya et al., 2010).

1.4.2 Signaling of Vps34

Vps34 is a lipid kinase that specifically produces the lipid PI1Bithwis predominantly
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enriched at early and late endosomes (Fig. 1.4.2) (Schu et al., 1998a\élal., 1995). Vps34
coordinate the localization and function of many effector proteins, whieth PI3P by two
specific lipid-binding domains: the PX domain and the FYVE domaien{Bark et al., 2002,

Lemmon, 2003).
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Figure 1.4.2 Subcellular localization of phosphoinositideftdins(4,5)Ris mostly enriched
at the plasma membrane. Ptdins(4)P is more likely found at the Golgi coheslepresent at
the plasma membrane. Ptdins(3)P is predominantly concentratedlyneedosomes and
small amount found at late compartments of the endosomal pathwaya@o and De
Camilli, 2006).

FYVE zinc finger domain is named after the first four protéosd to contain this motif

(Fabl, YotB, Vaclp, and EEA1) .The FYVE domain is about 70 amino acidb Wwimds to the

PI3P with high specificity and affinity and targets many FEY®omain-containing proteins to

PI3P-enriched endocytic membranes (Gaullier et al., 1998; Laak, &000; Corvera, 2000).

Therefore FYVE containing proteins actively participate ior@ad variety of cellular functions

including endocytosis, exocytosis, membrane trafficking and phosphoinositelabolism
(Chen et al., 2007; Hayakawa et al., 2007).

PX domain is named for the Phox homology domain of th&"B4ahd p48™ subunits of
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the phagocyte NADPH oxidase in which it is first discovered. Pixe domain is also a
phospholipid-binding domain consisting of about 120 amino acids which interadtsngnantly
with PI3P and other lipids (Ago et al., 2001; Hiroaki et al., 2001; Wisttaal., 2001) (Fig.
1.4.3). The PX domains are found in more than 250 proteins, including tA&*mt@l p4?"°
components of the NADPH oxidase complex, sorting nexins, PLD and C{8tet al., 2001;
Stahelin et al., 2004; Lee et al., 2006; Koharudin et al., 2009). PX domeaihgyhly conserved
in structure although there is relatively little sequence antyl Many proteins with PX domain
have been reported to localize to PI3P-rich endosomal and vacuotdusgs and implicated in
a wide range of cellular functions such as signal transductiorguiaastrafficking, protein
sorting and lipid modification (Ellson et al., 2002; Seet and Hong, 20&ahaesebroeck et al.,

2010).

PX domain

!l

Pidins  Pidins(3)P Ptdins(3,4)P; Ptdins(4,5)P;

Figure 1.4.3 Schematic diagram of three types of Pls that bindotPX domains. PX
domains predominantly bind with PI3P with high affinity, although theeereports which
show the interaction between PX domains and Ptdins(4,5)P2 or Ptdins(838@2et al.,
2001).
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1.4.3 Function of Vps34

Vps34-Vpsl5 heterodimer is involved in different multiprotein complewdsch specify
its elaborate biological roles. The biological functions of Vps3diaelthe regulation of vesicle
trafficking including autophagy, endocytosis, phagocytosis and mTOR nutrith@mgepathway

(Fig. 1.4.4) (Backer, 2008; Vanhaesebroeck et al., 2010).

Plasma membrane

b Enclosarmal frafficking Vesicle nucleation ?;r;;l:gﬁomm@ Au‘fnphagosnmN‘Sid@ fusion
Grsagr O @ , o
— ﬁ*-!’ — vaa@
- . fusion
Multivesicular body Late endosome Degradation

asicle fusion

o
G

Figure 1.4.4 Functions of Vps34 in mammalian cell&/ps34 is actively involved in diversg
vesicular trafficking events, such as autophagy (a), endosomalckiragf (b) and
phagocytosis(t (Vanhaesebroe: et al., 201C.

Autophagy is a special protein degradation process by which agtof components are
transported to the lysosome for digestion (Levine and Klionsky, 280dnsky, 2007).
Convincing evidence has shown that the autophagic process is telatelll cycle regulation,
starvation adaptation, ageing, and cancer development (Mathew 2004;, Mizushima et al.,
2008). For autophagy, Vps34 was found in a multiprotein complex which alsm@sclV/ps15,
Beclin1/Atg6, UVRAG, and Bif-1 in mammals and Vpsl15, Atg6, and Atgl4eesy (Mari and
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Reggiori, 2007). In yeast, this Vps34 complex plays a crucial rakcmiting autophagy-related
(Atg) proteins to the preautophagosomal structure where autophagosseewhie specifically
(Suzuki et al., 2007). However, the role of Vps34 for autophagy in mammaist well
understood.

Vps34 was reported to be regulated by nutrients such as amino adidtueose and by
GPCRs (Byfield et al., 2005; Nobukuni et al., 2005; Slessareva et al., Z¥&ral groups
provide evidence that Vps34 can contribute to activation of mTOR@dsponse to amino acid
stimulation. Disruption of Vps34 activity with blocking antibodies &NA was found to block
the activation of mMTOR by amino acids and glucose, but not insuline(Byét al., 2005;
Nobukuni et al., 2005). These findings indicate there is a link batW@s34 and mMTORC1
which is a pivotal mediator of upstream metabolic signals to aegutell growth and
proliferation. However, Neufeld and colleagues got differenulteby showing that in
Drosophila melanogaster Vps34 is not required for TOR activity. Mutation of Vps34 did not
affect TOR-dependent phenotypes nor to interrupt TOR-dependent sggnahis finding
indicated that possibly there is a fundamental difference in signaiechanisms in different
model systems (Juhasz et al., 2008). In addition, these findings amesistent with the
well-known role of Vps34 in promoting autophagy under nutrients-deficient toamsli
suggesting that Vps34 is very likely to participate in marffedint regulation mechanisms.
Together, there are still many open questions regarding thefrddes34 in mTOR-mediated

nutrient pathway. The involvement of Vps34 in mTOR signaling remains to be intedtiga
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CHAPTER I

MATERIALS AND METHODS
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2.1 Materials
2.1.1 Solutions and reagents

Reagents were obtained from the following sources: Insulin, 1-butardtQH), and
t-BtOH were from Sigma; wortmannin was from Calbiochem. DMEM196), and DMEM
lacking Arg, Leu, and Lys (D9463), were obtained from Sigma. 50X MEha acid solution
without L-GIn (Sigma M5550) was used for stimulation by amino adids stimulation, the
amino acid solution was added to a 2X concentration. Glucose-free DM#SMrom Invitrogen
(11966-025). PLD inhibitors for PLD1 (Compoundl4, VUO0379595)[(1R,2R)-N-([S]-1-{4-
[5-bromo-2-ox0-2,3-dihydro-1Hbenzo(d)-imidazol-1-yl]piperidin-1-yl}propan-E2Aphenylcy
clopropane-carboxamide]; and PLD2 (Compound 22a, VU0364739) [N-(2-(1-(3eluenyl)
-4-0x0-1,3,8-Triazaspiro [4.5] decan-8-yl)ethyl)-2-naphthamide] weosided by Dr. H. Alex
Brown (Vanderbilt University).
2.1.2 Cells lines

MDA-MB-231, Calu-1 and T24 cell lines were obtained from Americgperl Culture
Collection (ATCC).
2.1.3 siRNA

siRNAs targeting RalA NI-009235-00-0005 Rheb M-009692-02-0005) ARF1
(M-011580-01-0005 ARF6 (M-004008-010005), hVps34 NI-005250-00-0005 and hVps15
(M-00502502-0005 were obtained from Dharmacon. Lipofectamine RNAIMAX for siRN
transfection was purchased from Invitrogen.
2.1.4 Antibodies

Antibodies against ARF1ARF6, Rheb, and hVpsl5 were obtained from Santa Cruz

Biotechnology; antibodies against S6 kinase, phosphorylated S6 kina88q)[thVps34, RalA
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and actin were obtained from Cell Signaling.
2.2 Methods
2.2.1 Cell culture conditions

All cell lines were maintained in Dulbecco’s Modified Eagld4edium (DMEM)
supplemented with 10% bovimalf serum. The cells were incubated in a humidified chamber at
37°C and 5% C®
2.2.2 siRNA transfection

Cells were plated on 6-well plates at 20% confluence in mediunaioorg 10% serum.
After overnight, cells were transfected with sSiRNA at 80 riviaentration using Lipofectamine
RNAIMAX (Invitrogen) according to manufacturer’'s instructions. After 24tle media was
changed to fresh media containing 10% serum and two days |bseweee lysed and analyzed
by western blot.
2.2.3 Western blot analysis

Proteins were extracted from cultured cells with 1% moditdBA buffer (65 mM
Tris-HCI (pH7.4), 154 mM NaCl, 1% IGEPAL, 0.25% Na-deoxycholate, 1 mM ADLmM
activated sodium orthovanadate, 1 mM NaF, 1X Protease Inhibitor dpd&aPhosphatase
Inhibitor Cocktail). 20pg whole cell lysate was then separate8m$-PAGE and transferred
onto nitrocellulose membranes. Western blot analysis of extrpobéeins was performed using
the ECL system (Thermo Scientific) as described in the maatwk’s instruction. Relative
levels of p70S6K phosphorylation were determined by measuringttresity of the appropriate
band in the autoradiograph with Image-J software.
2.2.4 PLD assay

PLD activity was determined by the transphosphatidylation wradti the presence of
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0.8% 1-BtOH as described previously. Cells in 60-mm culture dishee \abeled with
[3H]-myristic acid (3.0uCi) for 4-6 hrs and 1-BtOH (0.8%) was added 20 minutes befodsli
were collected. Lipids were extracted and characterizedhbnlayer chromatography as
described previously. Relative levels of PLD activity were theerdened by measuring the
intensity of the corresponding phosphatidyl-butanol band in the autoradiogréphmage-J
software or by scraping the thin layer chromatography platelsscintillation counting of the
phosphatidyl-butanol band.
2.2.5 Immunoprecipitation

Cells were grown in 10 cm diameter plates. Immediately dysing, culture plates were
rinsed twice with cold PBS and lysed on ice for 20 min in H06f ice-cold CHAPS IP buffer
(40 mM HEPES [pH 7.5], 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, M m
glycerophosphate, 50 mM NaF, 0.5 mM orthovanadate, and EDTA-free protdalsgors
[Roche]) containing 0.3% CHAPS. 0.5-1 mg protein was then incubatedapgfopriate
antibodies and the immunoprecipitates were recovered 4-6 hrs Jatgsirig protein A or G
sepharose beads. The immunoprecipitates were then subjected éor\VWést analysis along

with 20 ug of total cell lysate.
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CHAPTER IlI

PLD IS REQUIRED FOR THE ACTIVATION OF MTORC1 PATHWAY BY

NUTRIENTS
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3.1 Introduction

The mammalian target of rapamycin (mTOR) is a pivotal regulat cell growth, cell
proliferation and cell survival. mMTOR is activated in responsédih growth factors and
nutrients — most notably amino acids. While much is known about thvatemii of mMTOR in
response to growth factors, there is little known about the nutritional input into mTOR.

For the last decade, our lab and others were actively involvedeaiphering the
relationship between PLD and mTOR. Fortunately, we had been geneardéngsting and
convincing data to prove that PLD and PA are critical upstregulators for mTOR signaling.
Fang et al. first reported that PA can physically asgesiwith the FKBP12-rapamycin-binding
(FRB) domain of mTOR. Consistent with data from Dr. Chen’s group,lab showed that
elevated PLD activity in human breast cancer cells confegpanmycin resistance which also
indicates that PA and mTOR compete for binding with FRB domaimDDR (Chen et al.,
2003). Recently, our lab reported that PA, the metabolite of FLi2guired for the stability and
activity of both mTORC1 and mTORC2 complexes (Toschi et al., 2009)efbhne, it will be
very interesting to investigate the role of PLD in nutrition signalingveay.

Although the amino acid sensor is still unknown, candidate mediatang aciwnstream
of amino acids have been reported, including RalA GTPase, Ra@s83PARF GTPase,
MAP4K3 and Class Ill PI3K catalytic subunit (also known as VpsBé#p(kuri et al., 2005;
Gulati et al., 2008; Yan et al., 2010). Interestingly, RalA has beeorted to be required for
amino acid induction of mMTORC1 (Maehama et al., 2008). Our group also demtechshat
RalA is constitutively associated with PLD1 and recruits ARMify GTPases to activate PLD1
activity (Jiang et al., 1995; Luo et al., 1997; Luo et al., 1998). Another impottalytfsom Dr.

Chen’s group demonstrated that Rheb which is required for mTORC1 @ctibatds with PLD
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and activates PLD1 activity (Sun et al., 2008). Moreover, thergiderece suggesting that
maybe the link between amino acids and mTOR is the clast3KI ¥ps34 (Byfiel et al., 2005;
Nobukuni et al., 2005 2007; Gulati et al., 2008), which is an endosomal kirssspecifically
produces the lipid PI3P (Backer, 2008). It is not known how Vps34 contribotéket
activation of mTORC1, but PI3P serves to recruit proteins with PXad@r{Backer, 2008). In
this regard it is of interest that both PLD1 and PLD2 have PX dorfidimisis, 2007) that could
be influenced by Vps34 activity. Based on these studies, we hypetthdébat some of these
mediators act through PLD to further regulate the mTORCIlvigctupon amino acids
stimulation.

In this part, we report that amino acids do indeed stimulate Ritilitg and that PLD
activity is required for the activation of mMTORCL1 in response tin@amacids. We further
demonstrated that PLD-mTOR nutrition signaling pathway is deperateiRalA, ARF6 and
Vps34. All these data reveal the critical role of PLD in mF@&diated nutrient signaling

pathway.
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3.2 Results
3.2.1 PLD activity is dependent on the availability of amino acids and glucose

PLD activity in several human cancer cell lines is elevatguk®@ally those harboring Ras
mutations including MDA-MB-231 breast, T24 bladder, and Calu-1 lungecatatls (Zheng et
al.,, 2007; Shi et al.,, 2007; Garcia et al., 2008). PA generated byi®lkBquired for the
activation of mMTORCL1 (Fang et al., 2001; Toschi et al., 2009). MoreavEDRCL1 activity is
regulated by nutritional sufficiency- including amino acids andagadKim et al., 2002; Fingar
and Blenis, 2004). We therefore examined whether the elevai@@dé&tlvity observed in human
cancer cell lines was also affected by the availabdityamino acids and glucose. The PLD
activity in the MDA-MB-231, T24, and Calu-1 cells was evaluatechéngresence and absence
of essential amino acids (Fig. 3.2.1A) and glucose (Fig. 3.2.1B)hésrs the level of PLD
activity in all three
cell lines was substantially reduced when the media lacked emmeo acids or glucose. This
result demonstrates that PLD activity in these cancer cell linegusated by nutrients.

3.2.2 mTORC1 activation induced by either amino acids or glucose dependent on PLD
activity.

As we already knew that mTORC1 activity is regulated byatrelability of amino acids
and glucose. Several laboratories demonstrated the specificlatorreshowed by the
phosphorylation of mMTOR substrates S6K1 and 4EBP1 due to amino acichibmutspecially
the branched chain amino acid leucine. Moreover, PA generatetlbysPndispensable for
MTOR activation. We therefore examined whether amino acitikited p70S6K
phosphorylation in MDA-MB-231, T24 and Calu-1 cells was dependent on PtiNityacCells

were shifted to media without serum overnight and then the cells placed in medium lacking
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Figure 3.2.1 PLD activity is regulated by the availability of aminoacids and glucose,
MDA-MB-231, T24 and Calu-1 cells were plated at 40-50% confluender & hours, they
were shifted to media containing 0.5% serum with either completeNdr DMEM lacking
either essential amino acids (A) or glucose (B) for 4 angwith 3H-myristic acid to labe]
the lipids. 1-BtOH was added for 20 min before the cells weedlgnd the level of PLD
activity indicated by the transphosphatidylation product PtBtde&srmined as described |n
Materials and Methods. Relative PLD activity without eithermanmacids or glucose (black

N—r

was normalized to the levels of PLD in complete medium (DMEMtrols (grey). Datd
from at least two independent experiments are plotted as bar gmaghthe error bar
represent stanrd deviation

U7

both serum and essential amino acids. Four hours later amino aceladded in the presence
of either 1-BtOH or t-BtOH and phosphorylated p70S6K at Thr389 wasieed 30 min later.
As we knew, 1-BtOH can suppress the production of PA by PLD via@ahsphosphatidylation
reaction, t-BtOH can not participate in this reaction and is asetlnegative control. As we can

see, 1-BtOH, but not t-BtOH, inhibited the increase in phosphorylated p70S6K induaathby a
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acid stimulation in all three cell lines (Fig. 3.2.2A). Thelsga confirm that the induction of
MTORCL1 by amino acids is dependent on PLD activity. At theesame, we also examined the
PLD dependence for the activation of mMTORC1 by glucose. MDAZ2EB- T24, and Calu-1
cells were placed in medium lacking serum overnight and theteghd media lacking both
serum and glucose. Four hours later glucose was added along witHLet@H or t-BtOH and

the phosphorylation of p70S6K was also evaluated 30 min later. As shoviq. iB.ZE2B, the
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Figure 3.2.2 mTORCL1 activation induced by either amino acids or glwose is dependent
on PLD activity. MDA-MB-231, T24 and Calu-1 cells were first cultured in DMBAth
10% FBS. The cells were then starved in DMEM without serum overrigiter the cells
were shifted to medium lacking either essential amino acido Ajlucose (B). 4 hr later,
amino acids or glucose were added back in the presence of eiBt@Hlor t-BtOH as
indicated. Cells were harvested 30 min later and the level of phosaieory78°¢ at Thr389
(P-p7G°®) was examined by Western blot. The levels of P-p70S6K relatithet level of
p70°° were determined by ImageJ and normalized to the level oloseérviae absence of
amino acids (A) or glucose (B) and are provided above each blot. Theskiavn are
representative experiments repeated at least twice.
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induction p70S6K phosphorylation was suppressed by 1-BtOH, but not by t-BtOH.

Since there is always controversy about the specificity of@Bto inhibit PLD activity,
we further examined the effect of the PLD inhibitors on thénamcid- and glucose-induced
increases in p70S6K phosphorylation. We tested the efficiency of RINOIPLD2 specific
inhibitors, Compounds 14 and 22a, to inhibit the PLD activity in all thedldices. As we can

see from Fig. 3.2.3, both inhibitors can significantly suppress Plilatganore than 50%. We

WT24 HCalul OMDA-MB-231

0.8 A

0.6 T T

0.4 - T

Relative PLD Activity

0.2

Control PLD1(14) PLD2(22a) PLD1+2(14+22a)
Inhibitor

Figure 3.2.3 Amino acids and glucose dependent PLD activity ishibited by PLD

inhibitors. T24, Calu-1 and MDA-MB-231 cells were cultured in 6-well plat€ke cells
were shifted to medium lacking serum for 4 hr. The PLD1 inhibitan@mund 14 and thg
PLD2 inhibitor Compound 22A were added at the concentrations indicated fdroaneat
the same time the cells were labeled with 3H-myristatelandelative PLD activity was the
determined as before by PLD assay. Data for T24 (blackyi-Cédrey) and MDA-MB-231
(white) cells from at least two independent experiments areeglas bar graph, and the ertor
bars represent standard deviation.

\1%4

=)

further checked the effect for these inhibitor on mTORC1 actiadyced by amino acids and
glucose. As shown in Fig. 3.2.4, the combination of Compounds 14 and 22a suppressed the
induction of p70S6K phosphorylation by both amino acids and glucose in the T Negther

of the inhibitors alone had a significantly stronger impact of p708&tSphorylation (data not

shown) — making it likely that both PLD1 and PLD2 are involved. Theseeiuprove that PLD
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Figure 3.2.4 Amino acid- and glucose-induced increases in mT@R activity are
suppressed by PLD inhibitors.T24 cells were cultured in 6-well plates. After overnight
serum starvation and later 4 hr amino acids or glucose starvatiom aods or glucose wer
added back in the presence of the indicated concentration of thenRidiiars 14 and 22A
P-p7G°  was evaluated 30 min later by western blot (A). Bar graphar@based on at least
two independent experiments, and the error bars represent standard deviation.

D

activity is required for the induction of mMTORC1 with either glucosamino acids, indicating
that PLD possibly plays a significant role in nutrient signaling pathway.
3.2.3 PLD activity and mTORCL1 activity induced by either amino aas or glucose in
human cancer cells are dependent on Rheb

Recently Sun et al. reported that Rheb can bind to and stimulatetithey @f PLD1 in a
GTP-dependent manner by in vitro assay. Rheb is therefore propaséieraimportant
upstream regulator of PLD (Sun et al., 2008). We therefore exdmumether the amino
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acid-dependent PLD activity in human cancer cells was dependeRheb. As shown in Fig.
3.2.5A, suppression of Rheb expression with siRNA suppressed the amimteperdient PLD
activity in MDA-MB-231, T24, and Calu-1 cells. Consistent witlke\pous reports (Nobukuni et
al., 2005), knockdown of Rheb also suppressed the amino acid-induced phosphorylation of
p70S6K phosphorylation at the mTORC1 Thr389 site (Fig. 3.2.5B). We aoired the
impact of suppressing Rheb expression on the stimulation of mMTORClwitbse in the T24
cells. As shown in Fig. 3.2.5C, the glucose-induced increase in p70S6K phisphorwas
also dependent on Rheb. These data demonstrate that nutrient-dependeactilty is
dependent on Rheb and that the nutrient induction of mMTORCL1 is also dependent on Rheb.
3.2.4 Amino acid signaling is independent of AKT-TSC regulation

Since it was demonstrated that amino acid induction of mMTORCIpendent on Rheb,
therefore it is very possible that mTORC1 activation induced bgpaacids is also dependent
on the suppression of TSC1/2, which functions as GAP for Rheb GTPasepgndsses Rheb
by stimulating the hydrolysis of GTP to GDP (Inoki et al., 2008 therefore investigated the
impact of amino acids on the phosphorylation state of TSC2, which is dotitrated and
suppressed by phosphorylation at different sites (Inoki et al., 2002; Mpeanhal., 2002; Ma et
al., 2005). Akt phosphorylates TSC2 at Thr1462, which leads to the dsruplti TSC1/2
complexes and the suppression of the GTPase activity of Rheb (Matrahg2002). As shown
in Fig. 3.2.6A, amino acids had no effect on the phosphorylation stateG# aSThr1462 in
either the MDAMB-231 or T24 cells. Suppression of PA generation iy with 1-BtOH also
had no effect on the phosphorylation of TSC2 at this site (Fig. 3.2.6&pnlmast, insulin was
able to increase phosphorylation at this site (Fig. 3.2.6B). TS@®sphorylated by Akt, which

is activated by PI3K. Importantly, suppression PI3K with inhibitor tmannin was able to
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Figure 3.2.5 PLD activity and mTORC1 activity induced by either anmo acids or
glucose in human cancer cells are dependent on Rhe®) MDA-MB-231, T24 and
Calu-1 cells were transfected with Rheb siRNA or a scraimf@eram) control siRNA. 48 hf
later the cells were shifted to medium with 0.5% serum overnigie. cells were then
harvested and the PLD activity was determined by PLD assag fb@n at least twdg
independent experiments are plotted as bar graph, and error basen¢standard deviation.
(B) Cells were first transfected with Rheb or scrambled siRNA as Aft&r overnight serum
starvation, the cells were placed in medium without essentialoaatids for 4 hr. Then
amino acids were added back for 30 min and PX{409as determined by Western blot. (C)
T24 cells were treated as in (B) with Rheb or scrambled siRN& then put in medium
without glucose for 4 hr. Glucose was then added as indicated ateléie of P-p78°™
p70°®¢ Rheb and actin were determined 30 min later by Western blogsamarhe datd
shown are representative experiments repeated at least twice.
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Figure 3.2.6 Amino acid signaling is independent of AKT-TSC mulation. (A)
MDA-MB-231 and T24 cells were plated in 6-well plate and thefteshto medium without
serum overnight. The cells were then shifted to medium without edsamino acids for 4
hr. As indicated, amino acids were added back in the presence ofleBt®H or t-BtOH
for 30 min and TSC2 phosphorylation was then determined by Western bigt ars
antibody specific for TSC2 phosphorylated at Thr1462. (B) MDAMB-231T&%dcells were
prepared and treated as in (A). Where indicated, amino acidsadeee back in the presence
of either insulin or wortmannin for 30 min and TSC2 phosphorylation was then determiped.

suppress TSC2 phosphorylation at Thr1462 and this led to reduced phodjhooflp70S6K
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at Thr389. Taken together, the data in Fig 3.2.5 and Fig 3.2.6 indiatevhile signaling
through TSC and Rheb are required for the amino acid-induction ofdDMTORC1, this
signaling pathway is not impacted by amino acids. These finding consistent with previous
reports indicating that nutrient signaling to mTOR does not upregtiia TSC-Rheb pathway
(Nobukuni et al., 2005; Smith et al., 2005).
3.2.5 RalA is required for PLD activity and nutrient induced mTORC1 actvation

The findings that amino acids signaling to mMTORCL1 is independerK®f ’SC pathway
suggest that the amino acid-stimulated increase may bg #atough other upstream regulators
of PLD to further modulate mTORCL1 activity. It was reported thatGTPase RalA is required
for the amino acid-induced activation of mTORC1 (Maehama et al., 2008). RalA
dependence for the amino acid dependent activation of mMTORC1 wufaalyi intriguing in that
RalA is constitutively associated with PLD1 and is requiredHerdctivation of PLD1. To test
the role of Ral-PLD pathway for nutrition signaling, we knocked down RalA wRNAiand the
impact on amino acid dependent PLD activity was evaluated in the MDA-MB-231 ane&ll24 c
As shown in Fig. 3.2.7A, the amino acid-dependent PLD activity in both licel was
substantially suppressed with the depletion of RalA which confirmeningpertance of RalA for
PLD activity. We next examined the effect of RalA knockdown onitigeiction of p70S6K
phosphorylation by amino acids. As shown in Fig. 3.2.8B, RalA knockdown suppitbesed
amino acid induction of p70S6K phosphorylation at the mTORC1 site at Thm38$pressed
by RalA knockdown in the T24 cells. In contrast, the serum induction of p70S6K
phosphorylation was not impacted by RalA knockdown in these cells3Ri&C). These data
are consistent with RalA being a key target of nutrients Her dctivation of mTORC1 and

further implicate PLD1, which interacts directly with RalAasonduit to mMTORC1 activation
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Figure 3.2.7 PLD activity is dependent on RalA(A) MDA-MB-231 and T24 cells were
transfected with RalA siRNA or scrambled (Scram) contrBINg\ when they reach 309
confluence. The cells were then harvested 72 hours later and thecB\ify avas determined
by PLD assay. (B) Data from at least two independent expetsnage plotted as bar graph,
and the error bars represent standard deviation. The relativeaéthity with RalA siRNA
(grey) is plotted as percent of basal PLD activity withasdrled siRNA (black) which is
given the value of 100%.
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T24 cells. The induction of p70S6K phosphorylation by glucose was similarly.
3.2.6 Amino acid and glucose-induced mTORC1 activity and PLD aefity are dependent
on ARF6

Our lab previously reported that RalA stimulates the actimatf PLD1 by recruitment of
ARF family GTPases into a RalA-PLD1 complex (Liu et al., 1994; et al., 1998). We also
demonstrated that HRas-induced PLD activity was dependent on ARF6 (Xu et al., 2003). ARF

has also been implicated in the glucose stimulation of insulinetsmecr (Ma et al.,

50



T24 Serum Amino Acids Glucose

P-p70S6k
p?OSGK
RalA

actin

B Scrambled E Scrambled O RalA
sSiRNA (-) SIRNA(+) SiRNA(+)

%‘6
5
P
g 3 T
Ez
O]
2 o

] ]

Serum Amino Acids Glucose

Figure 3.2.8 mMTORC1 activation induced by amino acids is dependeon RalA. T24
cells were transfected with RalA or scrambled siRNA. 4 horeetollecting the cell lysate,
cells were put in medium without serum (all lanes) and eitiiém@acids or glucose. Serurj
amino acids and glucose were then added as indicated and the fepgtg@®*, p70°®"
RalA and actin were determined 30 min later by Western bloysisallB) The levels of
P-p70° relative to p78° from at least two independent experiments were determined and
plotted as bar graph, and the error bars represent standard deviation.

=

2010)—indicating that ARF6 is activated in response to nutrients. Tleusviblvement of RalA,
in the amino acid- and glucose-dependent PLD activity shown irBRAg/ suggests the possible
involvement of ARF GTPases, which are direct activators of PIEXto(, 2002). As reported
previously for the MDA-MB-231 cells (Garcia et al., 2008), knockdown itifee ARF1 or
ARF6 with siRNA suppressed the nutrient-dependent PLD activity in the T24 agliIS(Z9A).
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Figure 3.2.9 ARF®6 is required for PLD activity and mTORC1 activationinduced by
nutrients. (A) T24 cells were transfected with either ARF6 or ARF1 siRNAsarambled
(Scram) siRNA as indicated and then put in media lacking serumigkierPLD activity was
evaluated as described before. Values were normalized to the csermoibled SiRNAs
which were considered a value of 100%. (B) T24 cells were treatad @) with either
ARF6 or scrambled (Scram) siRNA controls and then put in medigkina serum (all
lanes) and either amino acids or glucose as indicated for 4 mSamino acids and
glucose were then added as indicated and the levels of Pppl@Cc°®, ARF6, and actin
were determined 30 min later by Western blot analysis. @held of P-p7eX relative to
p70°° from at least two independent experiments were determined anetiphstibar graph,
and the error bars represent standard deviation.

As shown in Fig. 3.2.8A, ARF6 knockdown suppressed the induction of p70S6K
phosphorylation by both amino acids and by glucose in the T24 cellsitA&R®alA, the serum

induction of p70S6K phosphorylation was not impacted by ARF6 knockdown. In conitiast
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ARF6, knockdown of ARF1 did not affect the stimulation of p70S6K phosphorylayi@mino
acids, glucose, or serum (Fig. 3.2.10). These data are consigteAR#6 being a key target of
nutrients for the activation of mMTORC1 and further implicate PLWKich interacts directly

with RalA as a conduit to mTORC1 activation.
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Figure 3.2.10 mTORC1 activation induced by either amino acids or glese is
independent of ARF1.T24 cells were transfected with either ARF6 or scrambleda(®c
SiRNA as indicated. After 48 hr, the cells were serum stasvedhight, then put in medium
lacking serum (all lanes) and either amino acids or glucosadasated for 4 hr. Serum
amino acids and glucose were then added back as indicated and tkeofefep78®
p70°%¢ ARF6, and actin were determined 30 min later by Western blotsasalyhe levels of
P-p7G° relative to p78° were determined by ImageJ.

3.2.7 Class Il PI3K is required for amino acid-dependent PLD activity

Several reports proposed that type Il Pl 3-kinase functiomssagnaling intermediate in
amino acid-stimulated activation of mMTORC1 (Nobukuni et al., 2005; Byk¢ al., 2005).
hVps34 is the sole member of class Il PI3K kinase and works togeifitie hVps15, the
regulatory subunit, to generate PI3P. As mentioned before, PI3Ppealfically interact with
proteins with PX domains -and interesting, both PLD1 and PLD2 ha®¥ domain that is

critical for its activity (Frohman et al., 1999; Stahelin et 2004), therefore it will be very
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Figure 3.2.11 PLD activity and nutrients-stimulated mTORCL1 activiy are regulated by
Vpsl5. (A) MDA-MB-231 and T24 cells were transfected with hVps34, hVpsl5
scrambled control siRNA as indicated. 72 hr later, the cells haneested and the relatiy
PLD activity was determined as described in Materials andiddist Values were normalize
to the control scrambled siRNAs, which were given a value of 100%7T2B)cells were
treated with either hVps15 or scrambled siRNA and then put iiariacking serum (al
lanes) and either amino acids or glucose as indicated for 4 hr. Semino acids and glucos
were then added where indicated and the levels of p7070°% hVps15, and actin wer
determined 30 min later by Western blot analysis. The levelspdOP" relative to p78°¢
from at least two independent experiments were determined anedpdattoar graph, and th
error bars represent standard deviation.
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interesting to investigate if PLD activity is regulatediMps34. We therefore examined whether

hVps34 was required for the amino acid dependent PLD activity in &l &nockdown of
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hVps34 with siRNA significantly inhibited the amino acid-dependerid Rttivity in T24 cells.
At the same time, we also examined the effect of suppressinglB\(formerly known as P150)
on PLD activity in the T24 cells. hVps15 is required for catalgtitvity of hVps34 and has also
been implicated in nutrient sensing (Nobukuni et al., 2005; Yan et ab).288 shown in Fig.
3.2.11A, PLD activity dramatically decreased with the depletion of hVps15 NAsIR

These data are consistent with our previous finding that the PI3KitothiY294002
strongly inhibited PLD activity in the T24 and Calu-1 cells (&al., 2007). We next examined
whether the knockdown of hVps34 suppressed the induction of p70S6K phosphorylation by
serum, amino acids and glucose. We were unable to detect signigffects upon the
phosphorylation of p70S6K in the T24 cells (data not shown). However, sint®/tis84 has
been shown previously to be required for amino acid-induced increas@OR@1 activity, we
examined the effect of suppressing the hVpsl5. As shown in Fig. 3.2sbipBression of
hVpsl5 expression suppressed both the amino acid and glucose induction of p70S6K
phosphorylation in T24 cells. It is still unknown at this point why tapletion of hVps15 was
more effective than depletion of hVps34, but the effect of hVps15 ¥pd34 siRNAs on the
amino acid- and glucose-dependent PLD activity suggest that thessigenerated by hVps34
that lead to mTORCZ1 go through PLD. This finding further suppoe<tiical role of PLD in

MTOR mediated nutrient signaling.
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3.3 Discussion

It has been well known that mTORC1 regulates cell growthpaoliferation in response
to nutrient availability, growth factors, energy status. Wheggasvth factors stimulation of
MTORCI1 is largely regulated through the PI3K/Akt/TSC/Rheb pathtisés signaling pathway
is not impacted by nutrients (Nobukuni et al., 2005; Gulati and Thomas, 2001chAet al.,
2009). Growth factors modulate mMTORCL1 activity by modulating theitgcof the tuberous
sclerosis complex, the Rheb GTPase activating protein, to contrbl &he-GDP status (Zhang
et al., 2003; Kwiatkowski and Manning, 2005). In contrast, the mechanism by which amdigo a
stimulate the mTORCL1 activity remains to be fully defined. &fuge, our findings reveal a
novel PLD dependent mechanism for activating mTORCL1 in response to nutrients

The results from this study provide several lines of evidemsepport the hypothesis that
nutrients stimuli activate mTOR signaling through a PLD-depanaeanner. Even though
nutrients do not impact on Rheb GTP loading (Nobukuni et al., 2005; Long et al), R6@b is
clearly required for the nutrient-dependent increase in mTORCthid study, we proved that
Rheb was required for the nutrient dependent PLD activity, whidwonsistent with the data
from Chen’s group that revealed the role of Rheb as an importdntuPstream regulator by
directly interacting with PLD1 to regulate its activitgun et al., 2008). Moreover, our study
showed that the activation of nutrient-dependent mTORC1 activityalgasdependent on the
GTPases RalA and ARF6. Both of these GTPases have been ieglicdtoth responding to
nutrients and the stimulation of PLD activity. RalA is constituyivessociated with PLD1, but
does not activate PLD1 by itself. RalA contributes to the aabivaif PLD1 by recruiting ARF6,
which does activate PLD1 activity, into RalA/ARF6/PLD1 comp(exo et al., 1998). While it

is still unknown from this study how the presence of nutrients aet\RalA and ARF6, the data
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provided here indicate that a key target of RalA and ARF6 fortthmilstion of mMTORC1 is
PLD1. Therefore these findings contribute significantly to oettds understanding of how
signals from nutrient status were transmitted to mTOR to futherdinate cell growth and
proliferation.

Even though the involvement of RalA and ARF6 in the nutrient-dependenasecren
PLD and mTORCL1 activity implicates the significance of PLi& role of PLD2 for mTORC1
activation should not be neglected. PLD2 has been implicated bykgraups in the regulation
of MTORCL1. Exogenously expressed PLD2 was shown to increase p70S6K pylasioimoin
different cell lines (Lehman et al., 2007; Frondorf et al., 201Qyak also reported that PLD2
directly interacts with mTOR and Raptor and this associatias indispensable for mitogen
stimulated mTORCL1 activation (Ha et al., 2006). More recedtiyninant negative mutants of
both PLD1 and PLD2 were able to suppress the activation of mTORCgh(Tetsal., 2009).
Data from this study also reveal that the nutrient-stimulat€®@RC1 activity and PLD activity
were sensitive to PLD inhibitors specific for both PLD1 and PLD&ken together, it is very
possible that both PLD1 and PLD2 participate in mTORC1 mediated nutrient sggpathway.

MTOR has been reported to localize in many intracellul@s,sincluding the Golgi
apparatus, endoplasmic reticulum (ER), mitochondria, nucleus and the sgidpleet al., 2006;
Aronova et al., 2007). It is very possible that diverse mTOR functions could involve teengrg
of mMTOR complexes to different subcellular compartments, thergbracting with different
sets of substrates to regulate a variety of cellular aesviRecently sabatini and colleagues
found in cells stimulated with amino acids, mTOR is more likelyotalize in the perinuclear
region which overlapped with Rab7, implying that possibly mTOR traatddcto the late

endosomal and lysosomal compartments after nutrient stimulatisrofiparticular interest that
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Rab7 also interacts with hVps34/hVps15 heterodimer, thereforetdtind) the recruitment of
proteins with PX domains. It has been well known that both PLD1 an@ eaBtain this PX
domain which is also essential for their localization and datafctivity. In this regard, the
mechanism by which hVps34/hVps1l5 complex activates mTOR activigsponse to nutrient
stimuli is that PLD is recruited to endosome or lysosome byaictiag with PI3P generated by
hVps34 and further activates mTORC1. Meanwhile, Rag GTPasesateswith the mTORC1
protein kinase complex and translocate them to similar compartwéet® Rheb also resides
(Sancak et al., 2008; Sancak and Sabatini, 2009). ARF6, but not ARF1 wag@sted to
localize in endosome where it will directly bind to and activRt® activity (Hiroyama and
Exton, 2005; Jovanovic et al., 2006). By recruiting all these regulatergetific endomembrane
system of the cell, mMTOR now can be activated upon amino acid atiomul Interestingly,
Neufeld and colleagues reported thatDnosophila, Vps34 is not required for amino acid
stimulated mMTORC1 activation even though it can still regualtephagy and endocytosis
(Juhasz et al., 2008). Based on our data, it is very possible thatsRidd iequired for mTOR
activation in this model system. Indeed Chen and colleagues regwaté&adsophila TOR lacks
the Arg at 2109 that is critical for PA binding to mTOR, so thast likely mTOR can not be
regulated by PLD and PA iBrosophila (Sun and Chen, 2008). Taken together, it appears that
hVps34 plays a critical role in recruiting PLD to activate mTOR1 in nutstmiulated cells.
Compared to amino acid signaling, much less is known how the leggliadse link to
MTORCL1 activity. Ma et al. recently reported that in panadgita cells high glucose induced
insulin secretion through a ARF/PLD1 dependent pathway. In thily,stve demonstrated that
PLD also mediates the response of mMTORC1 to glucose. It hagehdteen demonstrated

whether glucose, like amino acids would stimulate the Rag-neediednslocation to lysosomal
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Figure 3.2.12 Model for mTOR mediated nutrient signalingmTOR mediates two majoy
inputs- one is from growth factors, another is from nutrients. The growthddaetep Rheb i
a GTP-bound state through suppression of the tuberous sclerosis compBs. -Amino
acids stimulate the recruitment of mMTORC1 via Rag GTPasgsdsomal membranes wheye
nutrients stimulate the activity of mMTORCL1 via the activatioRloD1 and possibly PLD2 by
the activation of RalA, ARF6, and class Il PI3K. Interestingly, Risealso required for PLD
activity — revealing crosstalk between the two inputs into mTORC1. aotivati
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membranes. It is possible that glucose might target mTOR@1specific compartment where
glucose metabolism is more related. Collectively, our stallgs into account previous studies
linking the nutrient response of MTORCL1 to RalA, ARF6, and hVps34. stitegly, all these
factors are closely associated with PLD which further suppduis & a central mediator for
nutrient signaling. The findings presented in this study support thel thadenTOR responds to
growth factors and nutrients through distinct pathways. While groadiors activate mTORC1

through controlling Rheb GTP charging status mediated by PI3K signand nutrients
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stimulate mMTORCL1 activity by regulating PLD activity ame tgeneration of PA. A model for
the activation of mMTORC1 by growth factors and nutrients is shownign ¥2.12. More
importantly, the data presented in this study was obtained in humaarazells with elevated
PLD activity. PLD is considered oncogene since it provides avalirsignal in a variety of
cancer cell lines. The newly established role of PLD in nutsemtaling further highlight the
significance of PLD in cancer, where cells need to deal leithoxygen, nutrient and growth
factor environments for proliferation and survival. Therefore, therfdeported here that the
PLD functions as an important mediator of nutrient signaling provategher support for
targeting the survival signals generated by PLD in cancer cells.
Summary

It is well known that mTOR is a critical regulator for cgtowth, cell proliferation and
cell survival. mTOR responds to the signals from both growth fae@ds nutrients — most
notably amino acids. Although much is known about the activation of mTORspomse to
growth factors, there is much less known about the nutritional inpum®@R. Although Rheb
is believed to be indispensable for mMTORCL1 activation in response stirthdation of growth
factors and nutrients, it is still controversial weather amiaid availability influences the
nucleotide binding status of Rheb. TSC1/2 is a well-defined mediatorFQRC1 activation by
mitogenic stimuli, however it is believed to be dispensablerfon@ acid-stimulated mTORC1
activation.

In this study we revealed a novel PLD dependent mechanism feataxd mTORCL1 in
response to nutrients. mTOR plays critical roles in the regulation ajrogth, cell proliferation
and cell survival. mTOR has also been implicated in the regulatiantophagy, which occurs

in response to nutritional stress. MTOR is activated in most &lhoancer cells (Foster, 2009)
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and suppression of mTOR has been correlated with extended lifesppah(ket al., 2010).
Dietary restriction, which has also been correlated with exteridespan (Bordone and
Guarente, 2005), leads to the suppression MTORC1 (Katewa and Kapahi, B@1€) this
study has the potential to have a broad impact of a varietgctdrs related to both aging and

cancer.
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