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INTRODUCTION

TYPES OF CELL DEATH

The maintenance of cellular homeostasis is fundgehefor tissue
integrity in multicellular organisms.

Balance between cell division and cell death islafost importance for
the development and maintenance of multicellulganrsm. Disorders of
either process have pathologic consequences andeeanto disturb
embryogenesis, neurodegenerative diseases orve®dment of cancer.
Therefore, the equilibrium between life and deathcells is tightly
controlled and faulty elements can effective benglated by a process

called “programmed cell death” (PCD).

Three great categories of dynamic cellular acesitihat lead to cell death
have been described in these years by researah@esrs, apoptosis and
autophagy.

This cell death classification is based on distibebchemical and
morphological characteristics present in the dyeld

Two of these processes, apoptosis and autophagyg, been considered
to be “programmed”, which refers to their strichgéc control (Broker et
al., 2005; Danial and Korsmeyer, 2004).

Programmed cell death results in the disintegratioih cellular
components and their engulfment by surroundingscell

Necrosis is generally considered a passive respmmsassive cellular

insult.
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Fig.1: Scheme of cell death types

Apoptosis

Apoptosis, or programmed cell death type |, isladmdetion process that
physiologically accompany the development and headtmulticellular
organisms. Cells die in response to a variety ohudt and during
apoptosis they do so in a controlled, regulatedhites This makes
apoptosis distinct from another form of cell deathlled necrosis in
which uncontrolled cell death leads to lysis of Igelinflammatory
responses and, potentially, to serious health probl Apoptosis, by
contrast, is a process in which cells play an aatote in their own death
(which justifies why it is often referred to as licguicide”).

The intracellular machinery responsible for apoigtegems to be similar
in all animal cells. This machinery depends on milia of proteases
called caspases that have a cysteine at theireastig¢ and cleave their
target proteins at specific aspartic acids residues

These proteases breakdown or cleave key cellulaapooents that are
required for normal cellular functioning includirsgructural proteins in

the cytoskeleton and nuclear proteins such as D&pair enzymes. The



caspases can also activate other degradative eszguuh as DNases,

which begin to cleave the DNA in the nucleus.

Necrosis

While apoptosis is increasingly well defined at thmlecular level,
necrosis seems to lack a molecular signature amekftire it has been
referred to as a form of uncontrolled and pathaalcell death. Recent
studies suggest that necrosis is a regulated ¢vantnay be involved in
multiple developmental, physiological and pathotadjiscenarios (Majno
and Joris, 1995). The principal features of neesrasclude cellular
energy depletion, damage to membrane lipids angl é¢dsfunction of
homeostatic ion pumps/channels. Unlike apoptosisyhich the Bcl-2
family of proteins and caspases play a key roleroses is induced by
inhibition of cellular energy production, imbalandetracellular calcium
flux, generation of ROS and activation of non aptiptproteases. These
events often potentiate each other and synergizause necrosis. It is a
more chaotic way of dying, which results from cirtances outside the
cell and is characterized by cytoplasmic and oremevith swelling
and disruption of endosomal-lysosomal membranes gasma
membrane, leading to hydrolysis and release effular components.
This release, in turn, results in massive inflamonatesponses in the
proximity of the dying cell (Scaffidi et al., 20D2

Moreover, it has been reported that necrotic celitld increases the
probability of proto-oncogenic mutation. Necrotiellcdeath has been
implicated in various pathological conditions, suah stroke, ischemia
and several neurodegenerative diseases (Jiang, &0al7; Stefani and
Dobson, 2003).

Furthemore, it is often considered to be a causatactor of tumor

promotion because excessive and prolonged inflammnatesponses



create an environment rich of cytokines and hidiolynzymes that
favour tumor growth, angiogenesis and invasiong¥dha et al., 2008)
(Jiang et al., 2007).

As described above, one of the critical featuresi@drosis is the early
rupture of the plasma membrane, which arises frarR Aepletion, since
reduction in the function of the ATP-dependent pprmps on the plasma
membrana due to energy depletion may disturb thieadellular
homeostasis. Several membrane receptors have eplicated in
triggering both necrosis and apoptosis. For exampRAIL induces
necrotic-like cell death at a lower extracellulédt m human HT29 colon
carcinoma and HepG2 hepatocarcinoma cell lines (dteuet al., 2005).
In addition, FADD deficiency sensitizes Jurkat Tllseto TNFa-
dependent necrosis during activation-induced celtld (Bertazza and
Mocellin, 2008) and ligation of DR4 and DR5 causesrosis (Bodmer
et al., 2000).

Moreover, among the secondary messengers, it hars teported that
C&" participates in receptor-mediated necrosis. IrsgéaCa’ influx
induces necrosis through MEC-4(d) channel-activ&ed release from
the endoplasmatic reticulum (ER) in neuron cellsuiBhi et al., 2004).
Another factor that triggers necrosis is the exgesproduction of
reactive oxygen species (ROS).

In some cases, a specific type of ROS appears toelswant for
determination of the mode of cell death. For examngliperoxide induces
apoptosis, whereas hydrogen peroxide induces noptaiic cell death
and JNK-1mediated PARP-1 activation (Zhang e2807).

Currently, though it is not clear why ROS genermat®ads to apoptosis in
some cells and necrosis in other ones, the amauheaype of ROS are
believed to be critical factors involved in detemmg the mode of cell

death; yet other regulatory factors can not beushexd.



Autophagy

Unlike apoptosis and necrosis, autophagy is nobrsymous with cell
death. Autophagy (from the Greek, “auto” oneseffhdgy” to eat) is
evolutionarily conserved and occurs in all eukaryotlls, from yeast to
mammals (Levine and Klionsky, 2004).

Autphagy is activated in response to nutrient stiow, differentiation
and developmental triggers. It is an adaptive meceesponding to
metabolic stresses that results in degradationtcdgellular proteins and
organelles (Lum et al., 2005; Shintani and Klionsk§04).

During autophagy, portions of the cytoplasm areapsuolated in a
double-membrane structure referred to as an augosoae.
Autophagosomes then fuse with lysosomes to form an
autophagolysosomes where in the content is degrhgetysosomal
hydrolases. Under physiological conditions, autgghaccurs at basal
levels in practically all tissues, contributing tiee routine turnover of
cytoplasmic components. It can promote cell adaptaand survival
during stresses such as starvation; still, undestaswed stressful
conditions the cells may die because of excessinaphagy.

In yeast, a cassette of autophagy-related genes leeen identified that
regulate autophagy induction, autophagosome foomaind expansion,
fusion with lysosomes and the recycling of autopsagne contents
(Levine and Klionsky, 2004).

Cross-Talk between Apoptosis and Autophagy

Several lines of evidence indicate that a crods-mtists between
autophagic and apoptotic pathways. In general teitmappears that
similar stimuli can induce either apoptosis andophtgy. Whereas a
mixed phenotype of autophagy and apoptosis can tsomde detected

In response to these common stimuli, in many otigances, autophagy



and apoptosis develop in a mutually exclusive mgrperhaps as a result
of variable triggers threshold for both processms,as a result of a
cellular “decision” between the two responses thaly be linked to a
mutual inhibition of the two phenomena.

Autophagy and apoptosis share many common indu€aestype of the
initiating stimulus might determine which procesdl wlominate. For
example, during nutrient deprivation the defaulthpay would be
autophagy, which creates a metabolic state with (aog increased) ATP
that is anti-apoptotic (Katayama et al., 2007).

Successful removal of the damaged organelles felblwy repair and
adaption would allow for survival, while failure t@store homeostasis
would result in deleyed apoptosis. By contrast,défault pathway that is
triggered by other signals such as DNA damage a@thdeeceptor
activation would be immediate apoptosis, which osdn a rapid, self-
amplifying process, precluding simultaneous autgpheesponses.

Other examples of cross-talk between apoptosis amophagy are
knockout or knockdown of ATG5, that abolishes abtgy and reduces
the incidence of apoptotic events in human canedls dreated with
staurosporin (Yousefi et al., 2006).

BAX and BAK are required for mitochondrial outerrpeabilization. It
has been shown that mouse embryonic fibroblastsF@)IEom double-
knockout Bax Bak’ mice are resistant to a range of apoptosis inducers
When treated with DNA-damaging agents such as stdppBaxX Bak”
MEFs failed to undergo apoptosis and instead msteife massive
autophagy followed by deleyed cell death .

Beclin 1, the mammalian ortholog of yeast Atg6, waginally identified
through its interaction with Bcl-2 (Shimizu et &Q04).

Recent findings have shown that Bcl-2 and Bcl-xLpression can

sensitize cells to autophagic death induced byaside (Shimizu et al.,



2004), and that Bcl-2 inhibits Beclin 1-mediatedoguinagy in response to
starvation (Pattingre et al., 2005). These conttady findings suggest
that the outcome of the autophagic response maydepending on the
type of insult or cellular stress.

When Hela or HCT116 cancer cells are cultured i@ #ibsence of
nutrients, they rapidly induce autophagy in orderrécycle essential
metabolites, such as lipids and aminoacids, follifigethe bioenergetic
machinery. In these circumstances, the inhibitibawdophagy results in
an accelerated cell death that manifests the heibnaf apoptosis,
including chromatin condensation, major outer membr protein
(MOMP) and activation of caspases (Boya et al. 5200/hen autophagy
Is blocked at an early stage by depletion of Bet|iATG5, ATG10,
ATG12 or Vps34, no autophagic vacuoles were founthe cells, which
underwent a typical type | cell death. By contragihen the fusion of
autophagosomes and lysosomes was blocked by tlteoadtdf lysosomal
inhibitors (chloroquine or the vacuolar ATPase loifoir bafilomycin A)
or by depletion of the lysosomal protein LAMP2, gphiagic vacuoles
accumulated and the cells manifested a mixed tytgpd |l morphology
before the cells succumbed to death (Boya et @052Gonzalez-Polo et
al., 2005).
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APOPTOSIS

Alhough the phenomenon was known for almost a cgnii 1972, Kerr,
Wyllie and Currie first coined the term “apoptosisi order to
differentiate naturally occurring cell death froracnotic cell death that
results from acute tissue injury (Kerr et al., 1972

They also noted that apoptosis was responsiblenfamtaining the
equilibrium between cell proliferation and cell teaMorphologic
characteristics of apoptosis include cell membrdrebbing, cell
shrinkage, chromatin condensation and nucleosomadnfentation.
Under normal conditions, cells undergoing apopt@ses reconized by
macrophages or neighboring cells that consume #fis’ dractionated
carcasses. Apoptosis has been considered a majchamsm of
chemotherapy-induced cell death and pathways regglapoptosis are
the focus of many preclinical drug discovery inyggstion.

The critical signature that define the apoptotit death is the activation
of caspases. These are synthesized in the cefllagtve precursors, or
pro-caspases, which are usually activated by ctgaah aspartic acids by
other caspases. Once activated, caspases cleavthemaby activate the

pro-caspases, thus amplifying the proteolytic cads¢&arnshaw, 1999).

In mammals, a wide array of external signals meygérs one or more of
the three major apoptotic cell death:

-theintrinsic or mitochondria-mediated pathway

-theextrinsicor extracellular activated pathway (death recepahway)

-theendosomal-lysosomal pathway

The intrinsic pathway is usually activated in response to intracellular
stress signal, which include DNA damage and higkelte of reactive

oxygen species (ROS), as well as viral infectiord activation of
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oncogenes. Thextrinsic pathway is triggered by the binding of an

extracellular ligand to a receptor on the plasmambrana. The
endosomic pathway that involes the lysosomal caihep A third

pathway leads to thegansient permeabilization of endosomal-lysosomal

organelleswith consequent release of cathepsins that méyrmtrigger

the permeabilization of mitochondria. This pathwagn be troggered
directly by lysosomotropic agents or may follow terinsic pathway.
These pathways end up with the activation of migtee enzymes called
caspase, that mediate the rapid dismantling ollegllorganelles and

architecture.

The intrinsic pathway

The most important turning point in the coursehs intrinsic apoptotic
process occurs in the mitochondria. A pivotal evarthe mitochondrial
pathway is MOMP, that is mainly mediated and cdlgdo by Bcl-2
family members.

Bcl-2 family members act by regulating the efflux apoptogenic
proteins from mitochondria. They have four BH domdihe number and
the combination of the BH domains dictate if thetpins are pro- or anti-
apoptotic.

Antiapoptotic Bcl-2 members contain all four BH dam and include
Bcl-2, Bcl-xL, Mcl-1, Bcl-w and Bf1-1/A1.

Instead proapoptotic members lack the BH4 domathae divided into
two groups, the BH3-only members and the multidom&H1-3
proapoptotic members Bax and Bak. In mouse ceadlgtion of these two
protein is sufficient to prevent MOMP induced bystrpam apoptotic
events (Lindsten et al., 2000; Wei et al., 2001).

Bax and Bak normally exist as inactive monomersx Bssides in the

cytosol or loosely attached to intracellular memiesa (Suzuki et al.,
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2000), and Bak is found by Mcl-1, Bcl-xL or voltagependent anion
channel protein 2 (VDAC-2) in the mitochondrial @mi membrane
(Scorrano and Korsmeyer, 2003; Scorrano et al.320Willis et al.,
2005).

The generalized scheme of intrinsic pathway acdbwatis the
oligomerization of Bax and Bak in the mitochondralter membrane
cousing its permeabilization and the release op&ggenic factors such
as cytochrome ¢, second mitochondria-derived activa of
caspases/direct IAP-binding (Smac-DIABLO) and Omness-regulated
endoprotease/high temperature requirement prot2i(Omi/HtrA2).

Once released, cytochrome c binds apoptotic pretaesvating factor 1
(Apaf-1), which recruits pro-caspase 9, promotitg self-activation.
Activated caspase-9 then cleaves the downstreaeutefs caspase-3 and
caspase-7, which rapidly cleave intracellular sabss. Protein of the
inhibitor of apoptosis proteins (IAP family), inding X-linked IAP
(XIAP), c-IAP1 and c-IAP2 can bind and inhibit tletive sites of
caspase-3 and caspase-7 and caspase-9. When deldemm
mitochondria, Smac/DIABLO and Omi/HtrA2 can bincese IAPs and
prevent their inhibition of the activated caspa$as et al., 2000) (Suzuki
et al., 2001) (Verhagen et al., 2000).

Antiapoptotic Bcl-2 proteins block oligomerizatianf bax and bak |,
thuspreventing the mitochondrial membrane permeahibn. However,
it has been shown that Bax oligomerization on nhitcowrial and
lysosomal membranes is cathepsin D-dependent @ieeral. 2005,
Castino et al., 2008).

Members of the BH3-only family include Bid, Bad,nB8i Puma, Noxa,
Bmf and several others. Their activity appears ¢okbpt in check by
either transcriptional events. For example, cellu&resses, such as

ionizing radiation (IR) or chemotherapy activatBl[dA damage response
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that stabilizes the p53 tumor suppressor protéif. gcts to either arrest
the cell division cycle by transcriptionally actiiray the cyclin-dependent
kinase inhibitor p21, giving the cell time to reptie demage or else it
helps to mediate apoptotic cell death. p53 alsovatels proapoptotic

genes, including those encoding Bax and the BH$-@nbtein Puma,

Noxa and Bid (El-Deiry, 2003).

The extrinsic pathway

This pathway activated by apoptotic stimuli comipgsextrinsic signals
such as the binding of death inducing ligands tbsteface receptors.

It is activated by members of two protein familiéise tumor necrosis
factor (TNF) and the receptors for these ligand$KR) are involved in
the activation of this pathway (Locksley et al.02D

Most TNF family members bind receptors that acévsignals involved
in proinflammatory responses and do not signal detth. The TNF
ligands that can induce apoptosis are T@&yH-asL (also known as
CD95L) and TNF receptor apoptosis-inducing ligantRAIL, also
known as Apo2L) (LeBlanc and Ashkenazi, 2003; Patedt Krammer,
2003).

After extraxellular ligand binding, the cytoplasmend of the TNFR
recruits initiating caspases. TRAIL binding to i@eath-inducing
receptors acts in a manner similar to FasL, whildFimediated
signalling is more complex. The ligand-bound FasT&AIL death
receptors (DR4 and DR5) recruit the adapter proteas-associating
death domain-containing protein (FADD) (Chinnaiysral., 1995).
Bound FADD recruits initiator caspase-8 and casyfseand this
assembly of protein (receptor, FADD, and caspase®rmed the death-
inducing signalling complex (DISC) (Kischkel et,d995).
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Recruitment of caspase-8/10 to the DISC leads &ar @utoproteolytic
cleavage (Boatright and Salvesen, 2003; Donepuali,e2003).
Caspase-8/10 activity can be blocked by a proteih which they share
high homology, FLIP (FADD-like interleukinfll -converting enzyme
inhibitory protein). FLIP can oligomerize with case-8/10 but lacks
critical residues in its caspase domain, includivgcatalytic cysteine, so
acting as a dominant-negative inhibitor.

The BH3-only protein Bid connects the extrinsic hyedy to
mitochondria. Infact, Bid is cleaved by caspaser&sulting in its
myristyolization of a newly-exposed glycine residadorm tBid. tBid is
then targeted to mitochondrial membranes wheraamptes Bax and
Bak oligomerization (Li H et al. 1998, Luo X et 4b98).

The extrinsic pathway is involved in maintainingnimne homeostasis
and preventing the emergence of lymphomas or thesldgment of
autoimmunity (Bidere N et al. 2006). Cell derivedrh the hematopoietic
progenitor (CD8 T cells, natural killer cells and dendritic cellsjve the
capacity to mediate cell death through the extingathway. For
example, antigen stimulation of T cells causes itftiction of FasL,
TNF and TRAIL (Brunner T et al. 1995, Zheng L etE)95, Janssen EM
et al. 2005).

15



Extrinsic
{receptor-mediated) {CDBEL} Intrinsic

|— Death ligand | TRAIL (mitochondria-mediated)
TNF -
FADD _
[Tnnnn]gd ptor gg— eath receptor i

HHH DISC

casl:rllgljs_e 8 TRADD <\ S
: | (Bt ' Bel-2
tBid gt 2
Caspase-a BUHHC Bcl-xL

Bid
7 ochrame ©
Caspase-9 = Eﬂ

EaspaSE—B U
1—[. ,-—rU 30 0 Smac/DIABLO

Apar-1

Cell death

Fig 2: Scheme for the extrinsic and intrinsic padlig/of apoptosis

The endosomal-lysosomal pathway

Although caspases are known to play a central mlapoptotic cell
death, an emerging body of evidence has also iatpkic non-caspase
proteases, including cathepsin proteases. The gsth@roteases reside
primarily in endosomes and lysosomes (Kirshke ldle1987, Chapman
HA et al. 1997). Cathepsins can be divided inted¢htategories based on
their catalytic amino acid:

the aspartate proteadesithepsins D and E)

the cysteine proteasésathepsins B, C, F, H, K, L, O, S, T,V, W, and X)
the serine proteasésathepsins A and G)

It has long been thought that the primary functedncathepsins is the
terminal degradation of proteins in the lysosonmethpartment.
Recent studies have determined that cathepsingiBawrlocalize to the

cytoplasm in response to certain apoptotic stimang participate in the
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execution of apoptosis (Guicciardi ME et al. 200dhnson DE 2000,
Demoz et al. 2002).

Early studies showed that inhibition of cathepsirwih CA-074-Me
abrogated bile salt-induced apoptosis in hepatsc{f@mberts LR et al.
1997). Subsequently, cathepsin B was shown to Eased into the
cytosol following treatment of WEHI-S fibrosarconsalls with tumor
necrosis factor-a (TNFa) (Foghsgaard L et al. 2@0yeatment of non—
small cell lung cancer cells with microtubule sliaimg agents (Broker
LE et al. 2004). Inhibition of cathepsin B with pheacologic inhibitors
or antisense directed against cathepsin B mRNAwxadted microtubule
stabilizing agent- and TNFa-mediated apoptosis.

Moreover, Guicciardi et al. have shown that hepatscfrom cathepsin
B—deficient mice are markedly resistant to TNFa.

Cathepsin D is the major intracellular aspartatdgarse and is expressed
in all human tissues. The cathepsin D enzyme ithegized as a 52 kDa
precursor, which undergoes processing to activglesinhain (48 kDa)
and double chain (31 and 14 kDa subunits) formssi{ltaand Neufeld,
1980; Faust PL et al. 1985).

Mice that are deficient in cathepsin D die on pasthday 26 due to
atrophy of the intestinal mucosa and consequemnteai@(Saftig P et al.
1995). Cathepsin D has been shown to be relocatizétie cytoplasm
following treatment of cells with hydrogen peroxi(én L et al. 2005,
Castino R et al. 2007), oxidized low-density lipoiin (Yuan XM et al.
2000) and the protein kinase C inhibitor staurosigo(Johansson AC et
al. 2003; Bidere et al, 2005) and here it can iedtlee alteration of
lysosomal and mitochondrial membrane integrity.

Reports demonstrating participation of cathepsin ilD apoptosis

execution have relied heavily on the pharmacolotititor pepstatin A.
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Unfortunately, pepstatin is not entirely specifand is also known to
inhibit cathepsin E, pepsin, and renin.

Moreover it has been shown that there is an invobs@ of Cathepsin D
in the TNFea —apoptosis induction (Demoz M et al. 2002).

However, antisense-mediated inhibition of cathefd3irhas served to
verify a role for this enzyme in IFN-g- and Fas-nageld apoptosis (Deiss
LP et al. 1996). Furthermore, Bidere et al. havewsh that down-
regulation of cathepsin D expression using smaterfering RNA
(siRNA) inhibits early apoptotic events associatéth staurosporine-
induced apoptosis in

human T lymphocytes.

Although previous reports have indicated the imgnace of cathepsin D
during apoptosis caused by the agents and stiragtiribed above, less is
known about the involvement of this enzyme in chégmam@py-induced
apoptosis.

Intriguing findings were provided by Wu and collabirs , who showed
that fibroblasts derived from cathepsin D knockonice are more
resistant to Adriamycin and etoposide (VP- 16).\Wacently it has been
show na model in which on treatment with a cytatakiug the activation
of a cathepsin D-bax loop leads to the generalzeaneabilization of
lysosomes and eventually of mitochondria, thus higac the point-of-
non-return, and culminates with the activation lo¢ tcaspase cascade
(Castino et al. 2008).
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AUTOPHAGIC CELL DEATH

The Autophagy pathway

This form of cell death follows the hyperactivatioh the autophagy
degradative process. Autophagy is generally defineda lysosome-
dependent mechanism of intracellular degradatiat th used for the
turnover of aged cellular components.

Three pathways of lysosome-mediated degradatioa hagn identified:
-chaperone-mediated autophagy

-microautophagy

-macroautophagy

These pathways differ with respect to their physgatal functions and

the mode of cargo delivery to the lysosome.

The _chaperone-mediated autophadMA) consists in selective
delivering of soluble cytosolic proteins that conta chaperone-mediated
autophagy targeting motif for incorporation intsdgomes (the amino
acid sequence KFERQ) (Kaushik and Cuervo, 2006)thla case a

chaperone-cochaperone complex (hsc70) transpa@tspibcific substrate
to the lysosomal membrane for translocation in@lylsosome following

binding to lysosomal-associated membrane protga BA (Lamp2A).

The microautophagywhereby cytoplasmic constituents are engulfed by

invagination of the lysosomal membrane and subselyuelegraded
(Klionsky, 2007). The function of this process iglrer eukaryotes is not
known, whereas microautophagy-like processes igifare involved in
selective organelle degradation.

In the case of macroautophadiye cargoes are sequestered within a

unique double-membrane cytosolic vesicle named phatgosome.
Sequestration can be either non-specific, involvihg engulfment of

bulk cytoplasm, or selective, targeting specifigoes such as organelles
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or invasive microbes. The engulfment of peroxisormed mitochondria
by autophagosomes for transport to lysosomal detjcadis referred to

as pexophagy and mitophagy, respectively.

The molecular machinary of macroautophagy

We will focus our attention on macroautophagy (hereferred to as
autophagy), the major regulated catabolic mechartisat eukaryotic

cells use to degrade long-lived proteins and origse

This form of autophagy involves the delivery of apgfasmic cargo

sequestered inside double-membrane vesicles tgsbsome.

Autophagy begins with signal (or stimuli), which can originate from an
extracellular stress, for example a shortage ofrégd nutrients, growth
factors, ATP or oxygen, or an intracellular stressch as an unfolded
protein response (UPR) in the endoplasmic reticllER), or an increase
in unfolded cytoplasmic proteins. The signal to main basal autophagy
might be a quality control sensor monitoring pnoteind organelle
function. How these diverse signals are generatetggrated and

propagated to downstream targets, including the(Atgophagy-related)

proteins is not completely known, although some kegulators have
been identified, including TOR (target of rapamycira negative

regulator of autophagy. Downstream of mammalian T@ROR) are

Ulk (Unc51-like kinase) 1 and 2, which are the oltigues of yeast
Atgl. Ulk1/2 are serine/threonine kinases requifed autophagy that
propagate the initiating signal via phosphorylatioh sofar unknown

substrates, and possibly non-catalytic effectotsa(Cet al. 2009).

The cellular events that accomany the formationhef autophagosome
follow distinct stages:

-vesicle nucleation (formation of the isolation nmane/phagophore)

21



could be considered as the defining event thattesean active
phagophore (or isolation membrane), which precedesfoundation of
the autophagosome. At the phagophore, Ulk1/2 fanctogether with
Atg9, a six-spanning membrane protein, and with tBk&ss Il
phosphatidylinositol 3-kinase (PI3K) Vps34 complevhich comprises

the Atg6 orthologue Beclinl and its interactors]uding Ambral.

-vesicle elongation of an isolation membrane, whish called a
phagophore. The edges of the phagophore then yese&le completion)
to form autophagosome, a double-membraned vesiatesequesters the
cytoplasmic material and lysis of the autophagosanmer membrane

and breakdown of its contents inside it.

-vesicle completion (growth and closure)
The expansiorof the phagophore into an autophagosome requires tw
highly conserved ubiquitin (Ub)-like systems, white essential for the
posttranslational modification of Atg8. In mammalieells, the most well
studied homologue of Atg8 is MAP-LC3 (the microtidwassociated
protein light chain 3) or LC3. There are three feraf LC3, the newly

synthesized full length protein, the Cterminallyeated protein called
LC3-1, and the PE-conjugated form of LC3-I, referte as LC3-II which

is generated by the ubiquitin-like system. The fation and recruitment
of LC3-1l during the expansion and sequestrasitap is dependent

upon the Atg5-12-16 complex as well as the nudeatproteins.

Sequestration of ubiquitinated cargo is facilitabgdo62/SQSTM-1.

22



'! Regulation of induction |

B
@D S~ TOR |_— Rapamycin
.:'p:'?.-' '
& ® |
i @ Chloroquine
-methyladenine " | RNAT Args, bafilomycin Al
RMAL Becril, V) 53- : C Atgl0, Atgl2 RMNAL: Lamp?
J_ & _@rgﬁ@ . . "
6 Vesicle breakdown
2 Isolation mambrann 3 Aut ophagoshrre 5 Doclﬂng and fusmn and degradation

1 2 Vesicle nucleation 4 Retrieval 3 Vesicle elongation

LA ) ]
PI3K complex Il A :  (amgo)E2
p. ) Atsg"]__' 4 |'--A[g:.‘x-:> - <----..t_ ¥
UVRAG | Atgl) B
- by = *ﬁﬂtﬁ‘_‘ /-’ 5
[ Beclin-1 oo 3 (:At ]-{
| Vs34 )@ ‘aclmcl AL (Atg? |E gl
: l Vps‘IS' e %
fﬂwm%% Alg& l P-? \ =
i Ma?] D — Gl aly—— <_’L£;;§
(Atg3 |2

Fig 4: The three fases for the autophagy induction

Formation of the autophagosome followed by itsdnswith a lysosome
to form an autophagolysosome, where the capture@riak together
with the inner membrane, is degraded. The autoplpagyess occurs at
low basal levels in virtually all cells to perfornromeostatic functions
such as protein and organelle turnover. It is fdgpupregulated when
cells need to generate intracellular nutrients andrgy, for example
during starvation, growth factor withdrawal or highioenergetic
demands.

Autophagy is also upregulated when cells are prmegato undergo
structural remodelling such as during developmetnéadsitions or to rid
themselves of damaging cytoplasmic components,ek@ample during

oxidative stress, infection or protein aggregatuawilation.
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The identification of signals that regulate autaphand genes that
execute autophagy has facilitated detection andipukation of the
autophagy pathway.

Phosphatidylethanolamine (PE) conjugation of y@&ag8 or mammalian
LC3 during autophagy results in a non-soluble fofmtg8 (Atg8-PE) or
LC3 (LC3-Il) that stably associates with the autagisomal membrane.
Consequently, autophagy can be detected biochdyn{bsgl assessing the
generation of Atg8-PE or LC3-Il) or microscopicallyy observing the
localization pattern of fluorescently tagged Atgd.€3) (Mizushima and
Klionsky, 2007).

Autophagy can be pharmacologically induced by iitim@p negative
regulators such as TOR with rapamycin (Rubinsze&timl., 2007); the
antiapoptotic proteins Bcl-2 and Bcl-Xhat bind to the mammalian
ortholog of yeast Atg6, Beclinl, with ABT-737 (Maitet al., 2007b) ;
IP;R with xestospongin B, an JR antagonist; or lithium, a molecule that
lowers IRR levels (Criollo et al., 2007).

Autophagy can be pharmacologically inhibited bygé&ting the class Ili
PI3K involved in autophagosome formation with 3-hyédenine or by
targeting the fusion of autophagosomes with lys@smsing inhibitors
of the lysosomal proton pump such as bafilomycinoilysosomotropic
alkalines such as chloroquine and 3-hydroxychlorgRubinsztein et
al., 2007). It should be noted that all of thesarptacological agents lack
specificity for the autophagy pathway. Therefolthaigh some of these
agents such as rapamycin, lithium and chloroquiaecknically available
and may be helpful for treating diseases associatgld autphagy
deregulation, genetic approaches to inhibiting pldgy, for example
knockout of ATG genes by homologous recombinatiokrmckdown by
small-interfering RNA have yelded more conclusiméormation about

the biologic roles of autophagy in health and disea
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PHYSIOLOGICAL FUNCTION OF AUTOPHAGY

Autophagy defends against metabolic stress

Autophagy is activated as an adaptive catabolicgs® in response to
different forms of metabolic stress, including ment deprivation, growth
factor depletion and hypoxia. This form of bulk dmgation generates
free amino and fatty acids that can be recyclea ioell-autonomous
fashion or delivered systematically to distantswathin the organism.
Presumably, the amino acids generated are usé€dhi®movd synthesis
of protein that are essential for stress adapfldv® molecular basis for
the recycling function of autophagy has only relsebégun to be defined
with the identification of yeast Atg22 as a vacuglarmease required for
the efflux into the cytosol of amino acids resudtifrom autophagic
degradation (Mizushima and Klionsky, 2007). The reoracids liberated
from autophagic degradation can be further prockasel together with
the fatty acids, used by the tricarboxylic acidley€TCA) to maintain
cellular ATP production. The importance of autophag fueling the
TCA cycle is supported by studies showing thataierphenotypes of
autophagy-deficient cells can be reversed by supplhem with a TCA
substrate such as pyruvate (or its membrane-petenedérivative
methylpyruvate).

This role of autophagy in maintaining macromolecshnthesis and ATP
production is likely a critical mechanism underlyints evolutionarily
conserved prosurvival function. Gene knock-out &ndc-down studies
provide strong evidence that autophagy plays aengiss function in

organismal during nutrient stress (Maiuri et abQ?2a) .
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Autophagy works as a cellular housekeeper

Autophagy can eliminate defective proteins and wefas, prevent the
accumulation of abnormal protein aggregates andverthe intracellular
pathogens. Such functions are likely critical fartagphagy-mediated
protection against aging, cancer, neurodegenerdisaase and infection.
Although some of these functions overlap with tho$ehe ubiquitin-
proteosome system, the other major cellular prgteolsystem, the
autophagy pathway is capable of degrading entigarmlles such as
mitochondria, peroxisomes and ER as well as intattacellular
microorganisms. Unlike proteosomal degradation, thetophagic
breakdown of substrates is not limited by stericsiderations and
therefore autophagy can sequester and degrade erganelles.
Tissue-specific disruption of ATG genes has rewkaecritical role for
basal autophagy in protein quality control in maripost-mitotic cells.
Atg7 deletion in hepatocytes (REF), atg5 and atglétibn in neurons
(REF), and atg5 deletion in cardiomyocytes(REF)ultesn the
accumulation of ubiquitin-positive protein aggreggatin inclusion bodies

that are associates with cellular degeneration.

Autophagy may be a guardian of the genome

Recent studies in ATG gene-deficient immortalizepitrelial cells
indicate that the autophagy machinery can limit DNdAmage and
chromosomal instability (Mathew et al., 2007).

Because theses studies used cells with simultandefexts in DNA
checkpoints and apoptosis pathways, it is not yevwk whether
autophagy plays a primary function in preventingagaic instability in
normal cells. However, in view of known function$ autophagy in
energy homeostasis and in protein and organellditguzontrol, this

seems likely. Failure to control the damage of kpemt or repair
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proteins, deregulated turnover of centrosomes,fiiognt energy for
proper DNA replication, repair and excessive geamamaof reactive
oxygen species due to inefficient removal of dardaggtochondria are
possible alterations that may contribute to genonmstability in
autophagy-defective cells (Jin and White, 2007;Hdat et al., 2007).

Autophagy in life and death decisions of the cell

Under most circumstances, autophagy constituts rassstadaption
pathway that promotes cell survival. An apparentagax is that
autophagy is also considered a form of nonapoptmtogrammed cell
death calle d “type II” or autophagic cell deatiheTknockdown of ATG
genes has shed some lights on the involvement wiphagy in the
execution of cell death in different settings (Maet al., 2007a). It is not
yet understood what factors determine if autophiaggytoprotective or
cytotoxic and if cytoxicity occurs as the result s@lf-cannibalism, the
specific degradation of cytoprotective factors tinen as yet undefined
mechanisms.

However, cells subjected to prolonged growth facti@privation or
shortage of glucose and oxygen can loose the majiritheir mass via
autophagy and fully recover when placed in optimature conditions
(Degenhardt et al., 2006) (Lum et al., 2005), sstgge that cell death via
autophagy may not be simply a matter of crossiggamtitative threshold

of selfdigestion.
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AUTOPHAGY IN DISEASES

Autophagy and Neurodegenerative diseases

Early reports demonstrating that autophagosomesinadate in the
brains of patients with diverse neurodegeneratiseades, including
Alzheimer’'s disease, transmissible spongiform ehakypathies,
Parkinson’s disease and Huntington’s disease (Ratem et al., 2007)
(Williams et al.,, 2006), led to the initial hypo#he that autophagy
contributed to the pathogenesis of these disortlersice with cerebellar
degeneration due to mutations in glutamate receptdophagy was also
postulated to be a mechanism of nonapoptotic cedittd (Yue et al.,
2002).

In contrast, more recent studies provide compekiviglence that at least
in model organism autophagy protects against diveesirodegenerative
diseases and that the accumulation of autophagesoemesents the
activation of autophagy as a beneficial physiolagi@sponse or, in the
case of Alzheimer's disease, the consequence of etectd in
autophagosomal maturation (Martinez-Vicente and r@ye 2007)
(Rubinsztein et al., 2007) (Williams et al., 2006).

Beyond its role in the clearance of misfolded praetespontaneously
generated during routine protein turnover, autoghagys an important
role in the clearance of aggregate-prone mutartepr® associated with
several different neurodegenerative diseases. Tihekgle proteins with
polyglutamine (polyQ) expansion tracts such as d@haseen in
Huntington’s disease and spinocerebellar ataxidanta-synucleins that
cause familial Parkinson’s disease and differentnfoof tau including

mutations causing frontotemporal dementia (Williaghal., 2006).
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Pharmacological activation of autophagy reducesleéiels of soluble
and aggregated forms of mutant huntingtin protpmotein mutated in
spinocerebellar ataxia, mutant formsoegynucleins and mutant tau.

The role of autophagy in protection against neugederative diseases is
estabilished in animal models but not yet in pasieRreclinical animal
data provide a strong rationale for proceeding weiihical trials with
autophagy-stimulatory agents; this is especiallye tas agents shown to
be beneficial in reducing neurotoxicity of mutanggeegate-prone
proteins are already in clinical use to treat otseases. Rapamycin
analogs, which are approved for the use of prengndirgan transplant
rejection and postangioplasty coronary artery rextis and are in phase
Il oncology trials, protect against neurodegeneraseen irDrosophila
and mouse polyQ disease models (Rubinsztein et2@Q7). Another
group of new agents, small molecule enhancersmangcin (SMERS),
enhance the clerance of mutant huntingtin arslynuclein and protect
against neurodegeneration inDaosophila Huntington’s disease model
(Sarkar et al., 2007). Since lithium and SMERs kaathindependently of
TOR, it is possible that they may be used theragaliyt in combination
with rapamycin analogs.

Recently it has been shown the protective effetclishoum, infact for the
first time this drug can stimulate the biogenedisnitochondria in the
central nervous system and, uniquely in the spioaid, induces

neuronogenesis and neuronal differentiation (Faehal. 2008).

Autophagy and Liver disease

Tissue-specific knockout studies in mice indicateimportant role for
basal hepatocyte autophagy in intracellular proteid organelle quality
control. The protein quality-control function maye bmportant in the

pathogenesis of the most common genetic cause afamuliver
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diseaseql-antitrypsin deficiency, which is associated witlhranic
inflammation and carcinogenesis (Perlmutter, 2006).

Perhaps, similar to neurodegenerative disordersechiy aggregate-
prone proteins, pharmacological activation of abtgy my be helpful in

this setting.

Autophagy and Muscle disease

Similar to neurodegenerative diseases, the patlesgen of
myodegenerative disorders may involve either thdalura of
autophagosomes to fuse with lysosomes or the agtpegof misfolded
proteins that exceed the autophagic clearance itapzfcthe myocite.
Danon disease, a genetic disease characterizedafojoimyopathy ,
myopathy and variable mental retardation, resutisifa mutation in the
lysosomal protein LAMP-2 and is associated with easive
accumulation of autophagosomes in the muscles dfiRA&-deficient
mice and patients. There are several other histatyg related diseases,
such as X-linked myopathy with excessive autophagyantile
autophagic vacuolar myopathy, adult-onset vacualgtopathy with
multiorgan involvement and X-linked congenital qutagic vacuolar
myopathy that have unclear molecular defects (Nsh2006); however,
the prediction is that these disorders may be dudégast in part, to an
impairment in autophagosome-lysosome fusion.

Muscle diseases in which autophagy may promote clearance of
inclusion bodies, limb girdle muscular dystrophpeay2B and Miyoshi
myopathy. In sporadic inclusion body myositis, theost common
acquired muscle disease in patients above 50 péaige, overexpression
of amyloid precursor protein (APP) and accumulatdnts proteolytic
fragment B-amyloid in vacuolated cells is thought to be a tdn

pathogenetic mechanism (Askanas and Engel, 2006).
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Both APP ang3-amyloid colocalize with LC3 in cultured human miasc
cells and in degenerating muscle fibers in humasug biopsies,
suggesting that these proteins are cleared by bagyp(Lunemann et al.,
2007).

Autophagy and Cardiac disease

Defective autophagy may play a role in relativedyerforms of inherited
diseases of the heart (Dannon disease, Pompe elise@s greater
medical significance is the possibility that autagy constitute an
important physiological or pathophysiological respe to cardiac
stresses such as ischemia or pressure overloadh vene frequently
encountered in patients with coronary artery disehgpertension, aortic
valvular disease and congestive heart failure. Bloeumulation of
autophagosomes has been noted in cardiac tissapsids of patients
with these disorders, rodent models of these camdiseases and isolated
stressed cardiomyocytes (Terman and Brunk, 2008grrfatively the
cytoprotective effects of autophagy (either via Api®duction, protein
and organelle quality control or other mechanismay predominate and

the disease rather reflects an insufficience ofi snechanisms.
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CANCER

Cancer cells are defined by two heritable propgrtilney and their
progeny reproduce in defiance of the normal resisaon cell division
and invade and colonize territories normally reedrfor other cells. It is
the combination of these actions that makes cartargerous. Infact, if
the proliferation is out of control, it will giveise to a tumour, or
neoplasm.

As long as the neoplastic cells remain clustergétteer in a single mass,
the tumour is said to deenign At this stage, a complete cure can usually
be achieved by removing the mass surgically. A twms considered a
cancer only if it ismalignantwhen its cells have acquired the ability to
invade surrounding tissue. Invasiveness usuallyli@mpan ability to
break loose, enter the bloodstream or lymphatiseleswithmetastases

and form secondary tumours at other sites of body.

Cancers are classified according to the tissuecaticdtype from which
they arise. Cancers arising from epithelial cefls #®rmedcarcinomas
those arising from connective tissue or musclescak termedarcomas
Cancers that do not fit in either of these two droategories include the
various leukemias derived from hamopietic cells and cancers derived
from cells of the nervous system.

There are good reasons to think that the vast ihajof cancers are
initiated by genetic changes. First, cells of aiatsrof cancers can be
shown to a have a shared abnormality in their DNejuence that
distinguishd them from the normal cells surroundimg tumour. Second,
many of the agents known to give rise to canceo alsuse genetic

changes. Thus carcinogenesis (the generation afecaappears to be

33



linked with mutagenesis (the production of a changethe DNA
seqguence). This correlation is clear for threesda®f agents:

-chemical carcinogenesiswhich tipically cause simple local changes in
the nucleotide sequence.

-ionizing radiations, such as X-rays, which cause chromosome break
and translocations.

-viruses, which introduce foreign DNA into te cell.

It’" is important to know that not all substanceattfavor the development
of cancer are mutagens. Some of the clearest esadenmes from
studies done long time ago on the effects of cacaesing chemicals on
mouse skin, where it is easy to observe the staigeesnour progression.
In fact a single application of the carcinogen,allsudoes not by itself
give rise to a tumour or any other obvious lastalmpormality. It can
cause only latent genetic damage. This type ofirmagen is said to act as
a tumour initiator. Only repeated exposure over a long period tcacert
substances known asumour promoters which are not themselves
mutagenic, can cause cancer selectively in skimiquiely exposed to a

tumour initiator.

The cancer-critical genes

They are grouped into two broad classes, accotdinghether the cancer
risk arises from too much activity of the gene pretd The two classes
are:

-proto-oncogenes and their mutant over-active forms are called
oncogenes

-tumor suppressor genes.

Mutation of a single copy of a proto-oncogene cawneha dominant,

growth-promoting effect on a cell. Thus the oncagean be detected by
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its effect when it is added- by DNA transfectioor, Example, or through
infection with a viral vector- to the genome of @table type of tester
cells. In the case of the tumor suppressor gene,ctncer-causing
mutations are generally recessive: both copieeefhbrmal gene must be
removed or inactivated in the doploid somatic dmdfore an effect is

seen.

Colorectal cancer

Colon carcinoma is the second largest cause okecaetated mortality in
the United States and both prevention and treatrokthis disease are
the focus of intensive research efforts. Diet hasnbrecognized as an
important modifiable risk factor for colon cancer decades (Ellington
and Bull, 2005). Specifically, a consistent inveessociation between
diets rich in plant foods and colon cancer incideha been identified
through epidemiologic studies.

Colorectal cancer arise from the epithelium linthg colon and rectum .
It is common, currently cusing over 60000 deathgear in the United
States, or about 11% of total deaths from canceutiRe examination of
normal adults with a colonscope often reveals allsoesmign tumor, or
adenoma, of the gut epithelium in the form of atpuding mass of tissue
called a polyp. The progression of the diseaseuslly very slow; there
is typically a period of 10-35 years in which thevdy growing tumor is
detectable but has not yet turned malignant.

Gut epithelium is constantly regenerated from pnage cells located
near the bottom of intestinal and colonic cryptsiockhproduce transit
amplifying cells that in turn give rise to the cletleages required for gut
function (Cheng and Leblond, 1974).
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The most abundant differentiated cells are absamnterocytes, which
have a highly organized cytoskeletal arrangemett an apical actin-
rich brush border and cortical, lateral actin-rigimctions and highly
ordered parallel arrays of microtubules (Cheng H lagblond CP 1974).
Maintenance of the gut epithelium depends on a awaibn of cell
proliferation balanced by cell death, coupled witifferentiation and
active cell migration, while adhering to neighbowgricells and the
basement membrane. It is therefore likely that gkanthat cause an
imbalance between these processes can contributieetanitiation of
tumors in this tissue.

Many genes have been to be involved in colorecamicer: K-Ras, a
member of the Ras gene family, p53 and APC. Othiiical genes
remain to be identified.

Some mutations inactivating the APC (adenomatolygppsis coli) gene
appears to be the first or at least a very eaély Bt most cases. They can
be detected already in small benign polyps at #meeshigh frequency as
in large malignant tumors. Loss of APC seems toeiase the rate of cell
proliferation in the colonic epithelium relative tbe rate of cell loss,
without affecting the way the cells differentiate the details of the
histological pattern they form. Mutations activgtithe K-Ras oncogene
appear to take place a little later than those AfR€y are rare in small
polyps but common in larger ones that show distuctba of cell
differentiations and histological pattern. When igw@nt colorectal
carcinoma cells containing such Ras mutations eoe/iyin culture, they
show typical features of transformed cells, such tlas ability to
proliferate without anchorage to a substratum. Losxancer-critical
genes on chromosome 18 and mutations in p53 mag stithlater. They
are rare in polyps but common in carcinomas, suggeshat they may

often occur late in the sequence. Loss of p53 fangs thought to allow
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the abnormal cells not only to avoid apoptosis endivide, but also to
accumulate additional mutations at a rapid rateptmgressing through

the cell cycle thus favouring the formation of abmal chromosomes.

Normal Colon Adenomas

Fig 6: Histochemistry of tissues from normal cotorCarcinomas
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APOPTOTIC CELL DEATH AND CARCINOGENESIS

Apoptosis can be induced by various stimuli, ardlatgon or chemicals
in particular have been used in cancer therapyn&lohe et al., 2002)
(Fesik, 2005). Two major signalling pathways thedd to apoptosis in
mammalian cells are known: the intrinsic pathwayd dhe extrinsic
pathway. The intrinsic pathway is controlled byiapoptotic Bcl2 family
proteins at the mitochondria and has a substarialin chemotherapy
and radiationin duced cell death. By contrast,ekiginsic death pathway
Is initiated through apoptotic signal transductcascades mediated by
members of the tumour necrosis factor (TNF) reaeguperfamily.

In cancer cells, apoptosis induced by the extripsithhway complements
that induced by the intrinsic pathway, so targetdepth receptors is

considered a useful new therapeutic approach.

TNF-related proteins

The pathway involving TNF-related apoptosis indgcligand (TRAIL,
also known as APO2L and TNFSF10) and TRAIL recep(@RAILRS)
IS most promising, as preclinical models suggest &ipoptosis of tumour
cells is achievablen vivo without lethal toxicities (Ashkenazi, 2002). In
addition to triggering a pro-apoptotic signal thgbu activation of
caspases, TRAIL can activate diverse intracellsignalling pathways
involving NFB (Russo et al., 2004), phosphoinositoide 3-kinase
(Aggarwal and Shishodia, 2006) and mitogen acti/at®tein kinase (Li
et al., 2007) family proteins that can stimulatel cgurvival and
proliferation.

TRAIL is an important immune effector molecule nietsurveillance and

elimination of developing tumours. Moreover, geadétsions in various
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components of the TRAIL pathway have been fount¢human tumour
samples, suggesting that inactivation of the TRAdathway and/or
escape from TRAIL-mediated immunosurveillance migidve an
important role in tumour onset and progression.

In preclinical trials, recombinant forms of TRAILn@& agonistic anti-
TRAIL receptor antibodies can have single-agentviggtagainst TRAIL-
sensitive tumour cellg vitro andin vivo. These agents can synergize
with chemotherapeutic drugs and novel molecularageutic agents to
more effectively kill TRAIL-sensitive tumour cellend TRAIL-resistant
tumours.

Early-phase clinical trials using recombinant TRAdhd agonistic anti-
TRAIL receptor antibodies indicate that these ageasa@n be delivered
safely and are generally well-tollerated. Althougme objective anti-
tumour responses have been reported with thesésagemonotherapies,
they probably hold greater promise for further iclah development when
used in combination with other cancer treatmentscfBbaum et al.,
2007).

FLIP as an anti-cancer therapeutic target

Antiapoptotic proteins overexpressed in tumor da#lge been recognized
as targeting points for anti-cancer therapeutierugntions, and their
inhibitors at the levels of MRNA and protein haeeib developed, which
are mostly antisense oligonucleotides and smalleoud¢ inhibitors
(Fesik, 2005) (Debatin and Krammer, 2004).

These drug candidate compounds are now mostlyarpticlinical and
early clinical stages.

FLIP is an another important antiapoptotic protewerexpressed in
various types of tumor cells (Kataoka, 2005), dut tagents directly

targeting it have not yet been reportedly developed
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Elevated expression of c-FLIP has been found itouartypes of tumor
cells which are often resistant (Kataoka, 2005) death-receptor-
mediated apoptosis.

Those tumors include colorectal carcinoma (Ullenheigal., 2002)

pancreatic carcinomas (Elnemr et al., 2001), nodgkom’s lymphomas

(Valente et al., 2006), B cell chronic lymphocykstkemias (Olsson et
al., 2001), ovarian carcinoma (Abedini et al., 2004

The expression of c-FLIP has been proven to be anéhe major

determinants of the resistance to death ligands asd~asL and TRAIL,
and numerous reports have shown that down-reguolafi@-FLIP results

in sensitizing a various types of resistant tuneisc Conversely, forced
expression of c-FLIP renders cells resistant to &alor TRAIL. These
observations collectively imply that c-FLIP may lan attractive

therapeutic target against at least the above oreadikinds of tumors of

which malignancy and resistance.

p53-based cancer therapies

The tumor suppressor protein p53 is activated spaase to stressful
stimuli such as DNA damage, hypoxia and oncogemigadion. p53 is
often referred to as the ‘guardian of the genonezabise it plays a key
role in determining a cell’s fate following DNA dage. When DNA is
damaged, p53 can trigger cell cycle arrest, senescgermanent arrest)
or apoptosis to eliminate the damaged cell. Callecgrrest provides time
for repair of the damage thereby allowing the tellecover and survive.
The mechanisms governing whether a cell will arcestie are not well
understood, but these functions are essential dte@ing an organism
from the effects of aberrant cell divisions, anfedts can lead to cancer

development and progression.
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The fact that p53 is defective in >50% of tumorpmuts the assertion
that p53 is an important player in the preventibnuonor development.
The pivotal role of p53 in regulating the decisadra cell to live or to die
makes it an attractive target for cancer therapsutiowever, there are
many conflicting ideas and approaches as to whiohnldvbe the best
therapeutic strategy to pursue. Initial attemptsenzased on the premise
that reintroduction or activation of p53 would im@uapoptosis in the
tumor. Other approaches are based on the observtiai cells with
defective p53 are more sensitive to certain drugisc@mbinations.
Understanding the factors influencing the decisiéra cell to undergo
cell cycle arrest or die in response to DNA damagesssential to
developing cancer therapies that specifically tatgenor cells without
damaging normal cells. There is a huge literatutéressing both cell
cycle arrest and cell death, but in the contexhefapeutic strategies, the
widely accepted model is that p53 is required fdfADdamage-induced
apoptosis.

There are numerous cases where p53-defective wallergo apoptosis,
and many cases in which the loss of p53 even sasitells to DNA
damage.

So pervasive has p53 become that it sometimes epfleere are only
two pathways of apoptosis, either p53-dependep&8rindependent, and
this extends far beyond any role in response to Ddédnage. It has
frequently been implied that p53 is needed if calle to succumb to
anticancer drugs, yet many years of research hasgelted in the
discovery of drugs while using p53-defective tummodels, and the
drugs have been used successfully to treat mangnpatwith p53-
defective tumors. Furthermore, radiation therapy Isutinely
administered to patients independent of their paBus as it does not

predict the outcome.
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Numerous studies have focused on activation of &3 strategy for
cancer therapy. These studies have generally msidered the particular
oncogenic context of each tumour and whether aareapoptosis would
be the likely outcome.

However, re-introduction of p53 into p53-defectiiemor cells has
frequently been shown to increase apoptosis (Witigd Chen, 2002).
The consequence of over-expression of exogenoustEiBhave little
bearing on the pathways activated by DNA damagienpresence of a
relatively low level of endogenous protein.

For example, overexpression of p53 may overwhely selective
activation of growth arrest genes versus proapmptgenes. Difficulties
in this therapeutic strategy lie in controlling tleel of p53 expression
and in delivering the p53 gene effectively to turoelis.

While much of the drug-induced phosphorylation 68ps required to
dissociate p53 from HDM2, the human homologue ofingumdmz2,
other modifications of p53 that may not occur ie @ibsence of DNA
damage may be required for its full activity. Arieahate explanation
provided for this tumor selectivity is that tumor

cells are sensitized to apoptosis because of oneoggdiction (Issaeva et
al., 2004). This is an important concept for whthlere is considerable
support. For example, tumors almost invariably helevated levels of
Myc which is a known repressor of g1 (Seoane et al., 2002).
Accordingly, p53 wild-type tumors (or those in whi@p53 has been
reintroduced or reactivated) may still be defectivéheir ability to arrest
compared to normal cells, and therefore more seadtt DNA damage.
Mice engineered to express reduced levels of MDM®Rjative regulator
of the p53, and as a consequence elevated p53.edhaw increase in
apoptosis of the thymus and small intestine wheadiated, although

there was little toxicity in most tissues (Mendrgtal., 2003).
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There is another important variable to mention Wwhwill impact a
potential therapeutic strategy . Specifically, ashbeen shown that p53
can also induce apoptosis independent of any trigtisnal activity by
directly interacting with Bcl-2 family members ahet mitochondria
(Mihara et al., 2003)(Chipuk et al., 2005)(ChipuidaGreen, 2005)(Leu
et al., 2004).

An alternative therapeutic strategy is based orb#tief that activation of
p53 in normal cells will indeed be toxic to theipat. p53 inhibitors were
developed with the intent to protect normal tissfresn the adverse
effects of chemotherapeutic agents. The p53 irdnilpifithrin-a (PFT-a)
rescued p53 wild-type cells from apoptosis induded the DNA
damaging agent etoposide and reduced lethality ioe nfollowing
y—-radiation (Komarov et al., 1999).

PFT-a displays a number of chemo- and radiation-protectjualities,
including neuroprotection, cardioprotection andatgirotection (Gudkov
and Komarova, 2005). These observations have lgdetgroposal that
p53 inhibitors could be useful protective agentsewhused in

combination with chemotherapy and radiation.

Targeting the IAPs for cancer therapy

The IAPs are the only known endogenous proteing tbgulate the
activity of both initiator and effector caspasesn@olled expression of
the IAPs has been shown to influence cell death wariety of contexts
and is believed to have important consequences eghect to human
cancer. The mechanism by which the IAPs inhibitpapsis was first
interrogated in the laboratory of John Reed (Dawert al., 1998).

In these early studies, XIAP was found to prevaspase-3 processing in
response to caspase-8 activation. Therefore, XlAd3 wuggested to

inhibit the extrinsic apoptotic signaling by bloogi the activity of the
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downstream effector caspases, as opposed to mmerfdirectly with
caspase-8 activation (Deveraux et al.,, 1998). Suimgothis concept,
XIAP was shown to specifically bind to caspase-8 an, but not to
caspase-1, -6, -8 or -1hh vitro assays confirmed that XIAP, as well as
clAP1 and clAP2, could prevent downstream protéolptocessing of
pro-caspase-3, -6 and -7 by blocking cytochraameduced activation of
pro-caspase-9 in the intrinsic pathway.

The role of the IAPs in apoptosis suppression istinaously being
evaluated. The Salvesen's laboratory (Eckelmah,&0®6) suggests that
only XIAP is a direct inhibitor of caspases, andttbther IAPs simply
bind caspases but do not inhibit them. This suggest based on the fact
that XIAP is relatively stable and exhibits the agest potency for
caspase inhibition compared with the other IAPs.

A variety of cancer cell lines and primary tumoofsy samples show
elevated IAP expression levels (Ambrosini et aP92)(Fong et al.,
2000).

The most dramatic example of IAP over-expressioriumors is seen
with survivin. Survivin expression is limited to bnyonic tissues and
many different tumor types, but is absent in madltadifferentiated
tissues (Ambrosini et al., 1997). Furthermore, ghessence of survivin in
patient tumor biopsy samples correlates with paogposis, increased
rates of treatment failure and relapse. The pragneggnificance of IAP
overexpression is less clear for some of the otA®s. For example,
XIAP protein levels correlate with disease sevesityl prognosis in acute
myelogenous leukemia (AML) (Tamm et al.,, 2000) ammhal cell
carcinoma (Ramp et al., 2004), but not in non-smoall lung carcinoma
(Ferreira et al., 2001) or cervical carcinoma (&fwal., 2001).

XIAP levels have also been shown to increase ukdeytes with the

transformation of myelodysplastic syndromes to oL (Yamamoto
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et al., 2004). High expression of XIAP or clAP2 associated with
shorter overall survival, and lower complete regsomates for AML
(Hess et al., 2007). Other cross-validation anavéod selection studies
reveal a three-gene signature, consisting of clAB& and BMF, to
optimally predict overall survival in AML. Furtheone, an
immunocytochemical survey of tumor tissue showst thdAP
immunostaining patterns allow for the ready didtort of malignant
from benign populations in effusion washes (Wulet2005). XIAP is
also identified as part of a progression signatangrostate cancer using
an immunoblot approach to characterize proteomerations in prostate
tumors. XIAP protein is seen to increase in expoesbetween benign
prostatic tissue, and clinically localized prostagncer, or metastatic
prostate cancer (Varambally et al.,, 2005). In aaoidjt XIAP protein
expression is a strong predictor of prostate caremrrrence (Seligson et
al., 2007). Collectively, these results suggest titna expression levels of
the IAPs could be expected to have a significanpaich in the
development and maintenance of cancer due to tleaitral role in the
regulation of apoptosis.

Furthermore, CclAP1 cooperates with the Myc oncogene
transformation, by acting as a ubiquitin ligaseMadl, an antagonist of
Myc. A recent report also suggests that clAP1 dAdP2 promote cancer
cell survival by ubiquitinating RIP1, leading torstitutive RIP1 and NF-
B activity.

Applications of single-stranded antisense oligogeoxleotides (AS
ODNSs) as selective inhibitors of gene expressian laing studied for
efficacy in treating particular genetic disordd#ybridization of the AS
ODNSs to the mRNA prevents the target gene from deéianslated into
protein, thereby blocking the action of the gened aesulting in the
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degradation of the target mRNA (Galderisi et a@99)(Gleave et al.,
2002)(Jansen and Zangemeister-Wittke, 2002).

A multitude of candidate genes, involved in apojstoszgulation,

represents potential targets for antisense-basedpies.

Additional proof-of-principle studies performed tvithewer double-
stranded RNAiI-based technologies show that dowitatigg XIAP gene

expression through siRNA increases apoptosis itu@d MCF-7 breast
cancer cells and subsequently enhances the kdlffegts of etoposide
and doxorubicin (Lima et al., 2004). Another stugsing short-hairpin
RNAs as an RNAI approach directed against XIAP shalat XIAP

MRNA can be reduced by as much as 85% in sometloaasnoma cell

lines. This reduction in XIAP dramatically sens#szthese cell lines to
TRAIL- and to taxane-induced killing (McManus et, &004).

Survivin is expressed in fetal tissues, becomedrictsd during

development, and is absent in most healthy, diftemeed adult tissues
(Adida et al., 1998), with some notable exceptiwgh as stem cells,
thymus, testes, regenerating hepatocytes and ezxi@dttells (Kobayashi
et al., 1999) (Fukuda and Pelus, 2006). Signifigargurvivin is re-

expressed during malignant transformation and imdoin nearly all

tumor types, including neuroblastomas, pancregtigstate, gastric,
colorectal, hepatocellular and breast carcinomaswall as lung and
bladder cancers, melanomas, B-cell lymphomas aonghegeal cancer
(Altieri, 2008). The expression of survivin in cangs a predictor of both
poor prognosis and decreased survival time, andmiglicated in

conferring chemo- and radio-resistance phenotymestutmor cells.

Numerous studies have addressed the diagnostipragdostic potential
of survivin expression, as well as that of its eaclversus cytoplasmic

localization, phosphorylation status and the presesf splice isoforms
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(Baur and Sinclair, 2006)(Dohi et al., 2007)(Parsmost al., 2007)
(Brennan et al., 2008).

MDM2 is a protein that binds to the tumour suppoesp53 and
negatively regulates its activity and stability (iMand et al., 2000) .

The MDM2-mediated loss of p53 impairs a cell’s epito block cell-
cycle progression and induce apoptosis in respemsBNA damage,
which can contribute to the cancerous phenotype.

The observation that MDM2s amplified or overexpressed in several
human tumour types (Momand et al., 2000) providethér support for
the involvement of MDM2 in cancer.

Therefore, strategies aimed at blocking the intevachetween MDM2
and p53 to inhibit the degradation of p53 couldrbportant for cancer
drug discovery (Lane and Lain, 2002). The X-raystay structure of the
p53—-MDM2 complex showed how p53 interacts with MDlsi2d aided
in the design of p53 mimetics hat bind to MDM2 (Kieset al., 1996).

In the first attempt to identify MDM2 inhibitors, eptide-based
compounds were discovered that bind tightly to M2M2 (Bottger et
al., 1997).

However, these compounds lacked the ability tceprate cells and did
not possess drug-like properties. Although sevemadll molecules such
as polycyclic compounds, chlorofusin (Duncan et, aR001),
sulfonamides (Galatin and Abraham, 2004) and beazegdines (Parks
et al., 2005) were also identified that bind to MPMnd displace p53
peptides, these compounds only bind weakly to MDM2.
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PI3K and apoptotic cell death in carcinogenesis

There are many other compounds that induce apgptosi

However, this might not be their primary functiam,the mechanism by
which they induce programmed cell death has nobgen defined. For
example, in addition to its other functions, theo@phatidylinositol 3-
kinase PI3K—AKT pathway regulates both the intgnaind extrinsic
apoptotic pathways (Workman, 2004). Activated AKTecrkases
apoptosis by phosphorylating and inactivating BADatta et al., 1997)
(del Peso et al., 1997) and apoptosis signal-réggl&inase ASK. AKT

also regulates FAS and IAP expression through thesghorylation of
the forkhead (FOXO) transcription factor family (Bet et al., 1999)
(Kops and Burgering, 1999) and nuclear factor dF(Gelfanov et al.,
2001).

The PISK-AKT pathway is deregulated in many cancedicating that
this signalling pathway might contain possible eamticer targets.
Although inhibitors of the PI3K family (such as L¥2002) have been
shown to inhibit the growth of both cancer cefisvitro and tumours in
animal models, these compounds lack selectivitymna mostly served
as pharmacological tools to study the functions tbis pathway
(Mitsiades et al., 2004). AKT inhibitors have sebeaeported to inhibit
tumour growth when used as a monotherapy or in auatibn with

paclitaxel. Unfortunately, compounds within thesies were found
have a narrow therapeutic window and show sigmficenetabolic

toxicities. Another target in the PIBK—AKT pathw&y the mammalian
target of rapamycin mTOR. Rapamycin analogues ithiaibit mTOR

slow the growth of tumours in animal models withadisplaying

significant toxicity. These compounds are curremmtlyclinical trials for

the treatment of breast, colon and lung cancerwiifiaky, 2004).
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The proteasome could also be considered as a témgeinducing
apoptosis, and proteasome inhibitors are being tes&@at cancer. They
have been shown to promote apoptosis in part bycind endoplasmic
reticulum stress and reactive oxygen species id hed neck squamous
cell carcinoma cells (Fribley et al., 2004). Theotpasome degrades
ubiquitylated proteins, including inhibitor ofBoa (NF-«<Bla), which
inhibits NF«B and modulates several pathways. However, the
proteasome is not part of the core apoptotic paghavel degrades many
other proteins besides N&la. Other compounds that indirectly induce
apoptosis include inhibitor ofB kinase (IKK) inhibitors (Burke, 2003),
arsenic trioxide (Chen et al., 1996) and many chieerapeutic agents

that are widely used for cancer therapy.

ROLE OF AUTOPHAGY IN CANCER

Cancer results from the accumulation of mutatidret deregulate cell
growth, checkpoints, cell death and conditions ihe ttumor

microenvironment in a manner that fovors tumor groand progression.
Cell death by apoptosis is an important means tggguabnormal,

emerging cancer cells and thus is a prominent nmesimafor tumor

suppression (Cory et al., 2003)(Danial and Korsme3@04).

Apoptosis is also a common cellular response t&sstand many of the
molecular events that promote tumorigenesis creatamplify cellular

stress. For these and other reasons, defects aptagis commonly
evolve during tumorigenesis, which further promat@sor growth and
treatment resistance. Once apoptosis is inactiydtedor cells clearly
possess a survival advantage; however, it may bestivival of the

damaged cells that promotes tumor progression gfirtlie manifestation
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and preservation of genome damage and chromosatabiiity (Bianchi
et al., 2004; Degenhardt et al., 2002).

An example of the induction of apoptosis in tumiermetabolic stress. It
Is a common feature of solid tumors caused by igaae vascularization
that results in nutrient, growth factor and oxygeeprivation. Once
tumors exceed a diameter of 1-2 mm, angiogenesist maacur to
ameliorate metabolic stress associated with thetralerand most
metabolically deprived hypoxic tumor domain. Metidaostress also
occurs in mature tumors, where interruption in thleod supply is
common due to vascular collapse because abnormalifization.

Solid tumors with defects in apoptosis survive tmistabolic stress and
autophagy localizes to these hypoxic tumor regi@sgenhardt et al.,
2006).

Compromising autophagy in apoptosis-defective tuostis substantially
impairs survival in metabolic stress conditidins vitro” and in tumors
“in vivo” , establishing that autophagy is a survival pathwalzed to
sustain viability during periods of nutrient limitan. Indeed, autophagy
functions to sustain metabolism during periods aobwdh factor
deprivation of hematopoietic cells (Lum et al., 2p@nd upon nutrient

deprivationin normal mouse development (Kuma e2804).

Autopahgy, cell growth and proliferation

Several lines of evidence suggest that the dowihaggn of autophagy
could play a role in the active proliferation of lilgaant cells, which is

one of the major hallmarks of cancer. In prolifergtcells, including

cancer cells, cell size control ralies on the cowtkd regulation of cell
growth and cell division (Jorgensen and Tyers, 2@8@4that on average

each cell division is accompanied by a doublingaeh mass.
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In many cell types, cell cycle progression dependsgrowth-factor
deprivation results in cell cycle arrest. It wasocakhown recently that
mitotic vells shut down their autophagic proteinthpeay while their
chromosomes and organelles are dividing and tleaatihphagic response
reemerges during the late telophasefiase. These observations have
been supported by mechanistic studies showing sbegral regulatory
proteins exerting pivotal functions in autophagye also involved in
regulating cell proliferation.

The first specific link between the autophagy maehy and human
cancer was the implication of Beclinl in tumor pesgion. This gene is
monoallelically deleted in a high percentage of hamancers and tumor
cell lines (Liang et al., 1999).

Stable transfection of Beclinl into MCF-7 humandsttecarcinoma cells
their tumorigenicity in nude mice and slowed thproliferation rate.
Furthemore, Beclinl-haploinsufficient mice displdyean increased
incidence of spontaneous tumors and the cell gralifve capacity was
markedly increased in some of their tissues (Qal.e2003).

Frequent chromosomal aberrations of several otberponents of the
autophagic machinery in human cancers are observed.

Atg5, a component of the ubiquitin-like protein gayation system, has
tumor suppressor effects in a mouse xenograft m@delsefi et al.,
2006), and knock-out of atg4, a cysteine proteagelved in processing
LC3, increases chemically induced fibrosarcomamiite. Other proteins
of the Beclin1/PI3K Il complex required for autggy activity may
also play a role in cell growth control and tumapgression. UVRAG,
originally identified through its ability to compileent UV-radiation
sensitivity in tumor cells, is monoallelically dede at a high frequency in
human colon cancers and suppresses the proliferatid tumorigenicity

of human colon cancer cell (Liang et al., 2006)-Biinteracts with
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Beclin 1 through UVRAG and activates the Becln1KIB complex,
and its deletion in mice results in the developmehtspontaneous
tumors. Another component of this complex that oy regulates
autophagy is Ambral and its deficiency in mousergodleads to severe
neural tube defects associated with autophagy mmeat and
uncontrolled cell proliferation, further supportinige concept that the

beclinl/PI3K 1ll complex regulates cell growth.

In mammalian cells mMTOR integrates signals fronriants and growth
factors to produce coordinated regulation of celwgh and cell-cycle
progression (Fingar and Blenis, 2004). mTOR regglataslation via its
downstream targets: p70S6 kinase (which phosphes/lahe S6
ribosomal protein) and 4E-BP1 (a binding protein fioe translational
initiation factor elF4E) (Gingras et al., 1998).

In addition to these functions, mTOR also acts d®eastat, adjusting the
rate of autophagy in response to the levels of anaioids and ATP
(Meijer and Codogno, 2004).

The class PI3KI/Akt pathway is an upstream nutriamid growth factor-
responsive regulator of mTOR that plays an evohaidy conserved role
in the regulation of autophagy (Rusten et al., 2@btt et al., 2004).
Akt activation phosphorylates mTOR and this in tumnibits autophagy.
PTEN, a phosphatase that counteracts the lipidskirsativity of PI3KI
has been shown to promote autophagy in HT-29 codmcer cells (Arico
et al.,, 2001). Since many cancers display abeyrdngh class PI3KI-
dependent signalling, either via the constitutiggvation of class PI3KI
or Akt or via inactivation of PTEN, the decreasedoghagic activity of
tumor cells observed in these cases may result frotivation of the

MTOR pathway.
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Several other tumor suppressors and oncogenes whet initially
identified as regulators of cell growth and pralton were recently
shown to be capable of modulating autophagy. Oriteeomost intriguing
examples is p53, a tumor suppressor that playsngoriant role in
preserving the integrity of the genome. Genotoxiesses activate p53
which in turn initiaes tumor suppressor processhsage growth arrest
(Feng et al., 2005). Although p53 can affect cedivgh and proliferation
by activating cyclin-dependent kinase p21, recérdeovations indicate
that once activated, p53 also inhibits mMTOR agtivand upregulates
autophagy. These findings indicate that p53 and mp@aihways can
crosstalk, regulate cell growth, proliferation asmgtophagy and suggest
that in cancers in which p53 is mutated, mTOR atitn resulting from
abnormal p53 activity may contribute to the lowatogphagic capacities
of the malignant cells.

A recent study has shownthat c-myc, a proto-oncedkat controls cell
division and cell growth, increases autophagic végti when
overexpressed in rat 3Y1 fibroblast (Tsuneoka.e2803).

Ras is another oncogene involved in regulating petliferation and
oncogenesis that could modulate autophagy. Ragatesi pathways that
produce conflicting effects on autophagy.

The possibility of interplay between autophagy astl proliferation has
been further supported by a recent report showhay P27, which
belongs to the family of cyclin-dependent kinadaibrtors, is a potential
regulator of autophagy. Overexpression of p27, Bcombinant
adenoviral vector, induced autophagic cell deatlihuman glioma cell
lines, whereas the same treatment did not affeztvihbility of non-

malignant cultured astocytes or induce autophagyr(&ta et al., 2003).
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Autophagy and growth factors

It has recently been reported that growth factaes iavolved in the
suppression of autophagy. These results are censistith previous
observations that:

-growth factors enhance cell growth and prolifenati this is closely
linked to the concomitant stimulation of anaboliand the suppression of
catabolism

-growth factors regulate the uptake of nutrientsgchsas glucose and
aminoacids, which are downregulators of autophagginger and
Thompson, 2002)

-growth factors regulate the activity of PI3KI/AKITOR pathway that
coordinates the regulation of both autophagy aoevtjr factor signalling
(Broker et al., 2005).

Inhibition of the autophagy genes atg5 and atg7thagharmacological
blockade of autophagy both accelerate cell dea#im & the presence of
an abundant supply of extracellular nutrients. £eldn be rescued from
death by the bioenergetic substrate, methylpyruvaiggesting that in
the absence of growth factors cells use autophadyeed cell catabolism
to maintain a sufficient level of ATP productiondaensure cell survival.
It is known that autophagy is necessary to remowenmaged
macromolecules and organelles and inhibition in ceancells by
activating the growth factor signalling pathway Wwbuead to an
accumulation of such damage, and thereby contrifoutee development
of cancer.

Another possibility is that autophagy plays a mairect role in negative
growth control, perhaps by degrading specific oeljas or proteins

essential for cell growth regulation.
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It's important to point that the genetic links beem deficiencies in the
autophagy machinery and tumor susceptibility hugtli the likely
importance of autophagy in tumor suppression. Hawnethe molecular
mechanisms by which autophagy functions in tumaqupsession are
poorly defined. Increasing evidence suggests tmattimor suppressor
functions of autophagy may be independent of botitergial and
prosurvival effects (Mathew et al., 2007).

The association between increased cell death amdaised tumorigenic
potential in the setting of ATG gene deficiency gesis that autophagy-
dependent survival, at least in certain experimemtadels, does not
promote tumorigenesis. When tumor cells cannotbgli@poptosis upon
exposure to metabolic stress, autophagy may preleath from necrosis,
a process that might exacerbate local inflammaéind increase tumor
growth rate (Degenhardt et al., 2006). ATG genetd® may promote
genomic instability in metabolically stressed celsading to oncogene
activation and tumor progression. Indeed, immaeal mouse epithelial
cells with ATG gene deficiency display increased ADNlamage,
centrosome abnormalities and gene amplificatiorpe@sally during
ischemic stress that is associated with increasadrigenicity.

Another possibility is that autophagy plays a mairect role in negative
growth control, perhaps by degrading specific ogjjanor proteins
essential for cell growth regulation. In supporttois theory, enforced
Beclinl expression slows the proliferation of tunsefl lines and causes
a decrease in expression of cyclin E and phospii@y|lRb (Koneri et
al., 2007; Liang et al., 1999).

Also, mice with a monoallelic deletion of beclinlisplay
hyperproliferation of both mammary epithelial celBnd splenic

lymphosytes (Qu et al., 2003).
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Although it is presently unclear if cell survivadit death effects are
relevant to the tumor suppressor role of autophsggeh effects are likely
important in cancer therapeutics. A large seriedinfcally approved and
experimental anticancer therapies induce the aclkation of
autophagosomes in tumor cell lines in vitro (Maetral., 2007a).

For many years, it was thought that these therakiesells through
autophagy. However, specific inhibition of autopphagith siRNAs
targeted against ATG genes usually accelerateBerrahan prevents,
indicating that autophagy activation representellilar attempt to cope
with stress induced by cytotoxic agents. The inldhi of autophagy
might be beneficial in cancer treatment. Indeedmice harbouring c-
Myc-induced Ilymphomas, the drug chloroquine, an alatkzing
lysosomotropic drug that impairs autophagic dedgradaenhanced the
ability of p53 or a DNA alkylating agent to induttamor cell death and
tuor regression (Amaravadi and Thompson, 2007)catishg a potential
prosurvival and pro-tumorigenic role for autophagyring cancer
chemotherapy.

In vivo studies are needed with more specific iitbils of autophagy to
determine if the beneficial effects of blocking @ambor cell survival
outweigh the potential detrimental effects of blimgka tumor suppressor

pathway.
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LYSOSOMES IN CELL DEATH CONTROL

Cancer cells characteristically provide their owowgh signals, ignore
growth-inhibitory signals, replicate without limisustain angiogenesis,
invade through basal membranes and capillary walisliferate in
unnatural locations, and avoid cell death. Althougkistance to cell
death is attributed to the inhibition of classiopfwsis and its hallmarks,
particularly caspase activation and mitochondriaiteomembrane
permeabilzation (MOMP) (Green and Kroemer, 2004is possible that
alternative, non-apoptotic cell death pathways algo relevant to
carcinogenesis (Jaattela, 2004). Therefore, changeslysosomal
trafficking and content that support invasion andjia-genesis could
account for disorders in the regulation of apoptatidd non-apoptotic cell
death, in particular through the aberrant celluédease of cathepsins “a
class of proteases” usually sequestered withity$wsomal lumen.

The importance of lysosomes and lysosomal hydrslasehe clean-up
phase of apoptosis (that is, the engulfment andstiign of dying and
dead cells by neighbouring cells or phagocyteg),iarcellular and tissue
autolysis during uncontrolled necrosis is well bbthed (de Duve, 1983;
Savill and Fadok, 2000). However, it has takeorayltime to recognize
the role of lysosomes in the more immediate eveh{grogrammed cell
death (PCD). One of the reasons for this delayh& tnethylketone
peptide inhibitors (for example, zVAD-fluoromethglione (fmk)) that
are commonly used to assess the role of caspase€nalso inhibit
other cysteine proteases, including several lysas@athepsins (Schotte
et al., 1999)(Foghsgaard et al.,, 2001). Additignallysosomal
involvement in PCD has been overlooked because lysesomal
ultrastructure seems intact even when lysosomaldigses have leaked
into the cytosol (Brunk et al., 2001).
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Depending on the cell type and the extent of(::©) LMP, the resulting
release of lysosomal hydrolases (coloured circlesthe figure —
different colours represent different hydrolasesll aeactive oxygen
species (ROS), as well as cytosolic acidificatibien leads to the release
of cytochrome c. This results in classical apotosaspase-independent

apoptosis-like or necrosis-like programmed celtd€RCD).

Lysosomes in invasion and angiogenesis

Tumour invasion and metastasis are associated altiéned lysosomal

trafficking and increased expression of cathep&apecially the cysteine
cathepsins — cathepsin B and cathepsin L — as agllhe aspartate
cathepsin, cathepsin D (Joyce and Hanahan, 200gh{Rt al., 2003).

In cancer cells, particularly those at the invasadges of tumours, the
localization of lysosomes often shifts from a pediear to a peripheral
pattern and the lysosomal contents can be secrgiedhe extracellular

space.

Autophagy and cell death

Autophagy begins when a flat membrane cistern wrapsund
cytoplasmic organelles and/or a portion of the sgtoforming a closed
double-membrane bound vacuole — the autophagosonmmrtaining
cytoplasmic material destined for degradation. AtBlgosomes mature
in a stepwise process that involves fusion everiis @ndosomal and/or
lysosomal vesicles that generate amphysomes olyaasomes.

The final degradation step only takes place witiiolysosomes when
lysosomal hydrolases digest the luminal contenttlid autophagic
vacuols.

It is important to note that the mere presenceutd@hagosomes in cells

Is not proof of increased autophagy because a eeduarnover of
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autophagic vacuoles — for instance, owing to a eksmd fusion of
autophagic vacuoles with lysosomes — suffices ¢ogase the number of
autophagic vacuoles.

The fusion autophagic vacuole with lysosomes cannbéited , for
instance, by addition of lysosomotropic agents (bygchloroquine or
monensin), by inhibition of the vacuolar proton purfV-H-ATPase)
with bafilomycin A1 (Boya et al., 2005) or by knedekwn of the
lysosome-associated membrane protein gene LAMP2Z&ez-Polo et
al., 2005). Under such conditions, nutrient-stareetls manifest high
levels of cytoplasmic vacuolization with accumuwati of autophagic
vacuoles, as determined by electron microscopy yorfdliowing the
autophagic vacuole marker LC3 fused to green flem@et protein (GFP)
(Kabeya et al., 2000). Protein turnover is alsabiéd. So, autophagic
vacuole accumulation will occur when biochemicansi of autophagy
are inhibited. In spite of their textbook appearmmdé autophagic cell
death, these cells can still be rescued by redaddif nutrients and
removal of the inhibitor, provided their nucleugpeaprs normal and their
mitochondria are energized. However, following lpnged nutrient
starvation and autophagolysosome inhibition, veetaol cells manifest
hallmarks of apoptosis, including MOMP and caspasgivation,
indicating that the point-of-no-return has beencheal (Boya et al.,
2005).

Therapeutic opportunities

The study of lysosomal changes in tumour progresamd treatment is
still very young, but the recent advances and asirg interest in the
field promise rapid progress in the near futurem@re defined role for
each of the cathepsins by dissecting their nonfrédnt functions in

tumour progression and cell death is awaited. It@pdriessons might
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also be learned from wound-healing models wheragés in lysosomal
trafficking, similar to those seen in invasive twr® give rise to cell
migration and subsequent wound closure. The thatapexploitation of

the differences between normal cell lysosomes andear cell lysosomes
requires a better knowledge of the molecular changat occur during
tumori-genesis. A thorough mass-spectrometric @malgf the cancer-
associated changes in lysosomal composition cordbwth systematic
functional studies (employing, for example, RNAicheaology) will

probably reveal new and exciting targets for cantterapy. A key
guestion that needs to be answered is whether Hrereancer-specific
subpopulations of lysosomes and whether such pbpotaaccount for

lysosomal secretion and/or leakage in cancer cells.

Targeting endocytosis and/or lysosomal secretion

Lysosomes in advanced tumours are abnormal in tlcemtent,
subcellular localization and function. This offars exciting possibility to
target them for the specific eradication of tumourse emerging data
imply that cysteine cathepsins have a dual rolimour progression as
they increase malignancy by promoting invasion wbatside the cell,
but counteract it through their pro-apoptotic feasuwhen released into
the cytosol. Therefore, inhibiting the secretioncathepsins could give
rise to populations of lysosomes that are more gram membrane
rupture, and thereby inhibit invasion and sensitieks to the lysosomal
cell death pathways. Indeed, genetic disorders thtdrfere with
lysosomal trafficking and secretion — for examp@&hediak Higashi
Syndrome in humans and beige mice, both of whid Gaused by
mutations inLY ST(lysosomal trafficking regulator) — produce cedlgh
enlarged lysosomes that are more susceptible to AAMPONo et al.,
2003). Interestingly, mutations RAB27A(which encodes a Rab GTPase
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involved in lysosomal secretion that causes Gris&Indrome Type
when mutated in humans, and is also the gene shdisiupted in ashen
mice) and iIRABGGTare associated with disorders and cellular changes
that resemble Chediak—Higashi syndrome (Dell'Amngeket al., 2000)
RABGGTencodes RAB geranylgeranyl transferase, also krasv&GT
I — an enzyme that is essential and specific fa¥ prenylation and
activity of Rab GTPases — and is also the gene ighatisrupted in
gunmetal mice. Therefore, pharmaceutical inhibitofsRABGGT or
inhibition of the other components of the secret@gthway might
provide the means to give the tumour cells the tohib proposed above.
The therapeutic potential of RABGGT inhibitors heesen indicated by a
recent study demonstrating an increased expressioRABGGT in
tumours of various origins, and the potent p53oathelent pro-apoptotic

effects of RABGGT inhibition in various cancer citlles.

Targeting HSP70

As described above, immortalization and oncogeneditransformation
initially sensitize cells to lysosomal cell deatlatlpvays, and many
commonly used chemotherapeutic agents trigger LMRancer cells.
However, it remains to be shown whether lysosonresadvanced
tumours are actually more fragile than those immarcells or whether
additional changes during tumorigenesis overcomee thitial
destabilization of lysosomes. The membrane lodatimaof HSP70,
found in 80% of human cancer biopsies, providesotumlysosomes with
increased resistance to LMP23 (Hantschel et alQOROAs this
subcellular localization of HSP70 seems to be aaspecific, targeting
HSP70 might have selective therapeutic effects.ciipaenhibition of
HSP70 can be facilitated by decoy interactors siscpoptosis inducing-
factor (AlF)-derived decoy of HSP70 (ADD70) (Schinat al., 2003), or
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by reducing the cellular concentrations of HSP7thwpecific antisense
constructs (Nylandsted et al., 2000), RNAiI (Rohdeak, 2005) or
U73122 (a pharmaceutical inhibitor of phospholip@stnat increases the
secretion of HSP70 from the cell). The therapepitential of such
approaches has been demonstrated by the abilitanofadenovirus
expressing antisen$¢SPA1A(the gene that encodes HSP70-1) to induce
LMP and to attenuate the growth of xenografted huriamours in
immunodeficient mice (Nylandsted et al., 2004; Mysted et al., 2002).
Similar to many novel experimental cancer thergpleslack of effective
methods for delivering macromolecules to the camcetissue poses the
biggest limitation for the clinical success of DNARNA- and
polypeptide-based anti-HSP70 therapies. Howeves, ddincer-specific
localization of HSP70 to the inner leaflet of thesdsomal membrane
offers a possible opportunity to interfere withpi®-survival function by
introducing HSP70 inhibitors or molecules that iféaee with the

membrane-binding of HSP70 by the endocytic route.

Targeting lysosomal pH

The low pH of the lysosomal compartment of tumoefisc could be
exploited by generating acid-labile pro-drugs tauld be activated in
the lysosomal compartment. This effect can be a&elieby the

incorporation of acid-sensitive spacers betweendtiug and carrier that
are specifically cleaved by lysosomal proteasebrith and Subr, 2004).
This approach could also be used to deliver comg®unith direct

membrane toxicity safely into the lysosomal lumém the other hand,
raising the lysosomal pH by pharmacological inlapitof the vacuolar
proton pump increases the cytoplasmic retention cplatin, 5-

fluorouracil and vinblastine, and ameliorates theclear targeting of

doxorubicin, thereby sensitizing tumour cells tegh treatments (Luciani
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et al.,, 2004). The neutralization of lysosomes amo sensitize cancer
cells to other treatments, possibly by inhibitingtahagy-mediated
cytoprotection (Kanzawa et al., 2003) (Kanzawalgt2®04) (Paglin et
al., 2001) or by exerting direct cytotoxic effethsough the induction of
lysosomal dysfunction, LMP and cathepsin-mediatedp#osis-like cell

death.

RESVERATROL

The polyphenolic compound Resveratrol (3,5,4’-tdioxystilbene) is a
phytoalexin found in a wide variety of dietary soes including grapes,
plums and peanuts.

Numerous studies have reported interesting pragsedt this compound
as a preventive agent against several importahofuggies.

Resveratrol has been shown to have anti-inflammatantioxidant,

antitumor, neuroprotective and immunomodulatoryvaas (Cos et al.,

2003; Inoue et al., 2003; Jang and Pezzuto, 198%). compound has
also been examined in several model system fompatential effect

against cancer (Agarwal et al., 2000; Hsieh and ¥000; Mitchell and

El-Deiry, 1999). Its anticancer effects include itole as a
chemopreventive agent, its ability to inhibit cpholiferation, its direct
effect in cytotoxicity by induction of apoptosis daron its potential

therapeutics effect in preclinical studies (Bhad 8ezzuto, 2002).
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Fig 7: Resveratrol formula

Resveratrol is produced by plants in responseféziion by the pathogen
Botrytis cinerea (Delmas et al., 2006). It is alsduced in response to a
variety of stress conditions, such as vicissitudeslimate, exposure to
ozone, sunlight and heavy metals (Bavaresco, 2008Xists in both cis
and trans isomeric forms. In plants, it mostly exia glycosylated piceid
forms (3-O-B-D-glucosides). Glycosylation is knowto protect
resveratrol from oxidative degradation, and glydated resveratrol is
more stable and more soluble and readily absorimedhé human
gastrointestinal tract (Regev-Shoshani et al., 2008though the
biological positive effects of resveratrol are klygadmitted, little is
known about the transport and the distributionhef tesveratrol through
the body. Due to its low water solubility (Belguend et al., 1997), it
must be bound to proteins and/or conjugated to irena& a high
concentration in serum. Moreover, the efficiency @f therapeutic
substance is related to its capacity (selectivity affinity) to bind protein
transporters (Khan et al., 2008). It is known tlesveratrol is conjugated
in intestine as glucoronide and sulfate derivatesg, aglycone is also

bioavailable.
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Recently it has been shown that resveratrol upiakalves both passive
diffusion and a carrier-mediated process. Moreowvam, increasing
lowering of resveratrol uptake was observed by tamdiof increasing

concentration of BSA to a serum-free medium (Jaenia., 2004).

MECHANISM OF ACTION

Regulation of Bcl-2 family members.

Overexpression of Bcl-2 and Bcl-Xprotein protects a wide variety of
cells from many death-inducing stimul(Hickman et 4B94; Srivastava
et al., 1999).

Resveratrol inhibits the expression of antiapoptptbteins such as Bcl-2
and Bcl-X_ and induces the expression of Bax, Bak, Bad, PUM#&xa
and Bim (Aggarwal and Shishodia, 2006; Fulda anddiia, 2004,
Shankar and Srivastava, 2007) (Bhardwaj et al.,7R200hese data
suggest that the regulation of Bcl-2 family memh@eys a major role in
resveratrol-induced apoptosis.

Further insights into the signaling network andeiattion points
modulated by resveratrol may provide the basiswtorel drug discovery
programs to exploit resveratrol for the preventmal treatment of human

diseases.

Regulation of Cell cycle

Resveratrol has been reported to modulate cellecyrid to induce
apoptosis. Several authors have studied the effeotsveratrol on cell
cycle-control. In colon cancr cells, a down-regolat of the cyclin
D1/Cdk4 complex has been reported (Kotha et alQ6Z0while in

transplantable liver cancer H22 resveratrol dee@agclin B1 and Cdc2
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protein, although no alteration of cyclin D1 wasetved, G arrest was
itself been reported to be linked with the inhilitiof Cdk7 and Cdc2.
Moreover it has been shown that resveratrol is asolved in the

FPWAFL and p27F** levels. However, the observed

modulation of p2
accumulation of cells in G1 could also imply the &tlithe p53 pathway.

In melanoma (Bruder et al., 2007; Ferrer et alQ®0endothelial and
fibroblastic cell line, the treatment with this cpound led to an
activation of p53 activity, which correlated witlhuppression of cell
progression through the S and G2 phases of theydl and apoptosis.
The resveratrol effect on the G2-phase of celleywuld be due to the

action of resveratrol on the cytoskeleton (Brudeale 2001).

Regulation of Mitogen Activated Protein Kinase (MARK)

MAPK pathways in mammalian include p38, c-Jun Nwi@al protein

kinase (JNK) and extra cellular signal-regulatedake (ERK). These
MAP kinase pathways consist of several other kisasdich activate
each other via phopshorylation cascades and thtisatc several
transcription factors (Bruder et al.,, 2001; Shih at, 2002). The
interaction between the MAPK pathways and resvelraiould provide

future beneficial therapies against cancer. It Ih@en shawn that
resveratrol has its effects on upregulating p53tgmo thereby
downregulating the expression of NF-kB and AP-1 wiameously
(Huang et al., 1999).

In the last years it has found to induce apoptimsmouse fibroblast cells
with wild-type p53, but could not work out in absenof p53-protein in
mouse fibroblast cells (Huang et al., 1999).

Resveratrol-induced apoptosis though of p53 expess(via

phopshorylation) mediated through ERK and p38 pattsShe et al.,
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2001; Shih et al., 2002). Similarly it downregutatbe expression of AP-

1 which is thought to be the key in inducing melaaan humans.

Generation of Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) include free oxygas,ifree radicals
and both inorganic as well as organic peroxidesSR@ formed during
natural matabolism as a byproduct and have imponales in cell
signalling (Kannan and Jain, 2000).

During of environmental stress ROS levels can dtealdy increase and
couse significant damage to cell structures duexidation of nascent

molecules. These aggregates into a situation kn@svoxidative stress

Cells are normally able to defend themselves agaR3S damage
through the use of enzymes such as superoxide thsesl (SOD) and
catalases. ROS have been implicated as a key fectbe activation of
p53 by many chemotherapeutic drugs. Apoptosis é¢rigd) by p53 has
been reported to be dependent on an increase $ &0 the release of
apoptotic factors from mitochondrial damages. Tretadies suggest that
ROS are downstream mediators in p53-dependent @gsptin
transcription-dependent or transcription-independpathways. When
cells are exposed to oxidative stress, p53 is egpek at high levels by
posttranslational modifications, including phosphtation, acetylation
and glycosylation (Buccellato et al.,, 2004). Thésdings suggest the
novel functions of ROS as p53 activators or p5S3mkiveam effectors.
Moreover resveratrol has been reported to increaseell as decrease
NO production (Chander and Chopra, 2006; Holiaralet 2002). The
involvement of NOS ha already been reported inucett pulmonary
(Holian et al., 2002), leading to inhibition of NO&tivity reverted

resveratrol action, indicating a direct relatiopshof increased NO
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production and inhibition of cell growth. In additi, resveratrol has been

shown to modify INOS expression (Das et al., 200&dar et al., 2005).

Regulation of PISK/AKT pathway

Recent work has indicated that loss of PTEN (phatgde and tensin
homolog) unction occurs 10-20% of organ-confined awer 50% of
advanced prostate cancer. Knockout mice lackingNPdé&velop multiple
cancers, including prostatic hyperplasia and ptigstantraepithelial
neoplasia. This is supported by recent observaimwing a correlation
between the status of PTEN and activation of thimakhreonine kinase
Akt. PTEN functions as a negative regulator of tPE3-kinase/Akt-
signalling pathway.

In tumors, inactivating mutations in PTEN led tar@ase activity of
Akt/PKB , one of the most well characterized doweasin effectors of
PI3K (Dahia et al., 1999). Akt/PKB exerts antiapjat effects through
phosphorylation of substrates such as Bad (Dait,e1997) or caspase-
9 (Cardone et al., 1997) that directly regulateapeptotic machinery or
substrates such as the human telomerase reversertpdase subunit.
Moreover Akt plays an important role in the stiniida of cell
proliferation, cell survival and it contributes tmmor growth and
progression by promoting cell invasiveness and agenesis (Dudek et
al.,, 1997; Kennedy et al.,, 1997). These data sugied targeting a
specific kinase that promotes survival such as éduild change the
apoptosis-inducing potential of resveratrol.

In the last years it has been shown that resvératrduced the
phopshorylation of Akt/PKB activating AMP-activatgafotein kinase
(AMPK) and preventing cardiac myocyte hypertropha these two
kinase system (Chan et al., 2008). It has been BR@S as an upstream

regulator of AMPK in colon-carcinoma cell line HTZ®lwang et al.,
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2007). Finally it has been demonstrated for th&t fime that resveratrol
inhibits Ang ll-induced hypertrophy of vascular sotto muscle cells
(VSMC) by interfering mainly with the PI3K/Akt arai70>®* (ribosomal

protein) phosphorylation (Haider et al., 2002).

Regulation of Transcription Factors

NFkB family is a group of structurally related arelolutionary
conserved proteins subunits that have been ideatiind cloned in
mammalian cells (Le Beau et al., 1992). The NFkBusits form homo-
or hetero-dimers through their rel hology domaitd(3, which is also
responsible for the DNA binding of NFkB and intdrac of NFKB with
IkB, the family of inhibitory proteins of NFkB (BaWin, 1996). NFkB
usually exists in a latent state in the cytoplasmi iés activation requires
extracellular stimuli leading to the phpsphorylati@nd subsequent
proteasome-mediated degradation of inhibitory IkBtg@ins (Karin and
Ben-Neriah, 2000). In mammalian cells, NFkB alsgutates expression
of more than 150 genes and some of them were lirtked¢ancer
initiation, proliferation, angiogenesis, sirvivainda metastasis (Pahl,
1999). Mitotic cellular division is a crucil featin the growth of normal
as well as cancer cells. The cellular division t@ncharacterized as a
cycling process where cells are proceeding fronrdéiséng stage (€ to
DNA synthesis (S) and mitosis (M) stages of cetlleyThe check-points
are controlled by a group of D cyclins and cyckhand A. These check-
points of the cell cycle are usually deregulatedoimcogenesis and
amplification or overexpression of cyclin D1 haweeh identified in the
development of a subset of human cancers includingt of kinds of
cancer. It has been shown that the constitutiveragmin of NFKB is
probably the major effector responsible for therexpression of cyclin

D1 in tumorigenesis .
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For this reason many studies suggest that reseknasty have a potential
in the treatment and prevention of cancer, beingolued in the
regulation of cell cycle and in the inhibition dfet nuclear transcription
factor NFkB (Cheeke et al., 2006).

Regulation of TRAIL-Death Receptor Pathway

TRAIL, belonging to the TNF cytokine family, is gpe Il membrane
protein that induces apoptosis in a wide varietytrahsformed cells
(Bodmer et al., 2000; Walczak et al., 1999).

Histological analysis of TRAIL-treated tumors relesh an increase in
apoptotic cells and confirmed the ability of TRAtkh induce apoptosis in
animal models without toxicity toward normal tissueTRAIL is
considered to be a tumor-selective, apoptosis-ingucytokine and a
promising new candidate for cancer prevention asatment.

TRAIL binds several receptors with DR4 and DR5, ititeacellular death
domain, essential for the induction of apoptosiflofeing receptor
ligation (Golstein, 1997). The binding of TRAIL 9R4 and DR5 leads
to the activation of caspase-8 or caspase-10 (Btarst al., 1998), that in
turn activates downstream effector caspases sucltagpase-3 and
caspase-7 (Muzio et al., 1998). After the activatiof the caspase
cascades, BID is cleaved and it triggers mitochi@hdepolarization and
subsequent release of mitochondrial proteins (tytwoe c, AIF,
Smac/DIABLO) to the cytosol, and activation of béteffectors caspases
after formation of apoptosome (Green and Amaranéediés, 1998).
Recently some TRAIL resistant cancecr cell linegehbeen discovered
but the molecular mechanisms responsible for th&ILResistance is
still not very clear. It has been recently dematstt that downregulation
of Akt/PKB or NFKB sensitizes breast, prostate andy cancer cells to
TRAIL in vitro (Chen et al., 2003). These studieg@est that combined
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chemotherapy or radiotherapy with TRAIL could be affective
treatment of epithelial cell-derived cancers. Studythe intracellular
mechanisms that control TRAIL sensitivity may enteuthe knowledge
of death receptor-mediated signalling and help ¢vetbp resveratrol

and/or TRAIL-based approaches to cancer preveiteaiment.

CLINICAL SIGNIFICANCE OF RESVERATROL

Several studies indicate the importance of reskarat many diseases:

it is involved in angiogenesis, in cardiovasculisedse, in diabetes;

it has antiviral effects and shows the ability topsthe metastatic process
in cancer .

Angiogenesis is the process of formation of newodblccapillaries
required to support the growth of solid tumoursvémious studies it has
been observed that resveratrol inhibits tumour-teduformation of new
blood capillaries. Its inhibition of vascularizatioin the corneal
micropocket assay in mice has been clearly dematestr(Brakenhielm
et al., 2001)(Brakenhielm E et al. 2001).

Moreover, several studies suggest that resverasolan effective
antioxidant (Chanvitayapongs et al., 1997). Hiloits lipid peroxidation
of low-density lipoprotein (LDL), prevents the ctyaaicity of oxidized
LDL and protects cells against lipid peroxidatidh.is thought that
because it contains highly hydrophilic and lipojghiroperties, it can
provide more effective protection than other watlown antioxidants
such as Vitamin C and E (Chanvitayapongs et a@7)19

The cardioprotective effects of resveratrol may dle due, in part, to its

vasorelaxation properties. This activity has beensgue to its ability to
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stimulate C&-activated K channels and to enhance NO signalling in the
endothelium.

This compound was found to increase the potenoofe antiretroviral
drugs synergistically against HIV and herpes simpl@uses or can
downregulate the expression of NFkB and suppressthivation of this
transcription- and apoptosis-related protein (Aggdrand Shishodia,
2006; Docherty et al., 2006).

In another study, the replication of severe acespiratory syndrome
(SARS) was totally inhibited by resveratrol derivas in vitro (Li et al.,
2006).

The inflammation process is mediated by prostagten(PGs), and their
inhibition may be partially responsible for the oiapreventive and
cardioprotective effects of resveratrol. Resveflatdecreases the
expression of cyclooxygenase-2 (COX-2), an enzyma¢ tatalyzes PG
synthesis by inhibiting its expression via signansduction pathways
(Subbaramaiah et al., 1998). NFkB is also involrethflammation and
tumourigenesis. Inhibition of NFKB activity is a gsble mechanism by
which resveratrol exerts its anti-inflammatory aityi. Inhibition of TNF-
induced NFkB activation by resveratrol has beerepnlel in several cell
lines (Holmes-McNary and Baldwin, 2000).

In other studies, this compound has was shownwerglasma glucose
level in normal and diabetic rats including the naami model of
streptozotocin (STZ)-induced and nicotinamide-Stdticed (NA-STZ)
and insuilin-resistant diabetic rats. It was obedrthat resveratrol
produced a hypoglycaemic effect in a dose-depena@niner in normal
as well as in diabetic rats, and it was also fotlratt in both cases the
insulin level was increased following resveratn@atment. The results
indicated that the mechanisms contributing to tyygolglycemic effect of

resveratrol include insulin-dependent and insuliependent pathway,
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along with PI3K-Akt-signalling pathways to enhamglecose uptake in
skeletal muscle . Resveratrol has been suggestiedatment of diabetic
neuropathy and its protective effect may be medlateugh reduction in
oxidative stress and DNA fragmentation (Sharmd.e2@06).

Finally resveratrol has been shown to have an&lgesperties to protect
against hearing loss and enhance lipopolysacchartilieeed anorexia in
rats although it has no anorexic effect when giakme (Granados-Soto
et al., 2002).
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AIM OF THE STUDY

Resveratrol (3,4’,5-trinydroxyrans-stilbene, RV), a polyphenol enriched
in red wine, grapes, peanuts and other food predutas recently
attracted the interest of researchers owing titgective effects in
carcinogenesis. These properties support the paitetitisation of RV as
a chemotherapy and chemopreventive drug for caresiment.

To fully exploit such a use, it is mandatory to ergland in detail its
mechanism of cytotoxicity and the pathway(s) at¢adawhich might be
useful to design strategies to avoid negative sftéets and/or implement
its antituomor activity.

The aim of the present work was to examine thediptey involvement
of autophagy response and activation of the endaklysosomal death
pathway in the cytotoxic mechanism of RV in humatorectal cancer
cells. Based on our studies, we propose a mod&\otytotoxicity in
which autophagy initially represents an adaptivepomse with pro-
survival function, but on chronic intoxication aplagy is hyper-
stimulated and the (autophago)lysosomal membraoenhes permeable,
thus allowing the cytosolic relocation of pro-apmipt cathepsins
(namely Cathepsin D) which triggers the bax-mediatdrinsic death

pathway.
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SUMMARY

Here we present data on the mechanism of cytotgxéxierted by RV in

cultured human colorectal cancer cells.

In the first work (published in Carcinogenesis 20%7 Trincheri et al.)

we identify the lysosome as a novel target of eestvol activity and

demonstrate a hierarchy of the proteolytic pathwayslved in its

cytotoxic mechanism in which the lysosomal cathe@®iacts upstream
the cytosolic caspase activation. Our data indicafy that metabolic or
pharmacologic or genetic conditions affecting cpsie D expression
and/or activity could reflect on the sensitivityazncer cells to RV.

In the second work (published in Carcinogenesi8a80Trincheri et al.)
we focused our attention on autophagy, a lysosonaliated

degradative pathway, that plays a major role inl @eid tissue

homeostasis. How and to what extent autophagy iboidis to cancer
development and progression/regression is stillagten of investigation.
We show that the pro-apoptotic activity of RV in DL colorectal cancer
cells is mediated by proteins involved in the ragjoh and execution of
autophagy. The present results indicate that geneti epigenetic
inactivation of proteins involved in the regulati@amd/or execution of
autophagy in cancer cells confer resistance to Rdiated killing. These
data emphasize the role of autophagy in the regptmshemotherapy
drugs and the strict relationship between autoplaagl apoptosis in the

execution of the death program.
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FIRST WORK

In human colorectal cancer cells the polyphenoleestrol activated the
caspase-dependent intrinsic pathway of apoptodis é&ffect was not
mediated via estrogen receptors. Pepstatin A, hibitor of lysosomal
cathepsin D, not E-64d, an inhibitor of cathepdthhand L, prevented
resveratrol cytotoxicity. Similar protection wastated by small
interference  RNA-mediated knock-down of cathepsin [otein
expression. Resveratrol promoted the accumulatiomaiure cathepsin
D, induced lysosome leakage and increased cytosnhtunoreactivity
of cathepsin D. Inhibition of cathepsin D or itssptranscriptional down-
regulation precluded Bax oligomerization, permaaailon of
mitochondrial membrane, cytosolic translocation ©ftochrome c,
caspase 3 activation and TUNEL positivity occurrimmgy resveratrol-
treated cells. The present study identifies thedgse as a novel target
of resveratrol activity and demonstrates a hienaroh the proteolytic
pathways involved in its cytotoxic mechanism in g¥hithe lysosomal
cathepsin D acts upstream the cytosolic caspaseatoh. Our data
indicate that metabolic or pharmacologic or genetinditions affecting
cathepsin D expression and/or activity could réflat the sensitivity of

cancer cells to resveratrol.
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RESVERATROL INDUCES CELL DEATH IN COLORECTAL
CANCER CELLS BY A NOVEL PATHWAY INVOLVING
LYSOSOMAL CATHEPSIN D

Nicol F. Trincheri, Giuseppina Nicotra, Carlo FglRoberta Castino and
Ciro Isidord

Laboratorio di Patologia Molecolare, Universita ékeémonte Orientale

“A. Avogadro”, Dipartimento di Scienze Mediche, Noa (Italy)

INTRODUCTION

Resveratrol (3,4’,5-trihydroxyrans-stilbene, RV), a polyphenol enriched
in red wine, grapes, peanuts and other food prsduths recently
attracted the interest of researchers owing toprtsective effects in
carcinogenesis (Bhat and Pezzuto, 2002). RV wasvishio suppress
cancer initiation and promotion (Jang et al., 198Yyeduce ascites tumor
growth (Carbo et al., 1999) to prevent chemicalcicagen-induced
epithelial cell transformation (Li et al., 2002)giBerjee et al., 2002), and
to inhibit neo-angiogenesis (Tseng et al., 20080(€t al., 2004). Iin
vitro models, RV inhibited the growth of tumor cell I;éerived from
various human cancers (Hsieh et al., 1999) (Joal.et2002) (Pozo-
Guisado et al., 2002) (Opipari et al.,, 2004). Tlidect has been
associated with the ability of RV to arrest celcleyprogression (Hsieh
and Wu, 1999) (Wolter et al., 2001), to promotel abfferentiation
(Wolter and Stein, 2002) and to induce programmel death by
caspase-independent or caspase-dependent apofitasiset al., 2001)
(Huang et al., 1999) (Tinhofer et al., 2001) or éytophagocytosis
(Opipari et al., 2004). These properties make RV airactive
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chemotherapy and chemopreventive drug for caneatrtrent (Aggarwal
et al., 2004). In this respect, it is interestbognote that RV exhibits
estrogenic and anti-estrogenic activities (Bowerale 2000) (Bhat and
Pezzuto, 2001), a property that might influence diipamic of estrogen
receptor (ER)-positive cancers, such as breastaid Serrero, 1999)
(Levenson et al., 2003) and colorectal (Schneitdat.e2000) (Qiu et al.,
2002) (Chen and Donovan, 2004) cancers. To fulptaikits potential as
anticarcinogenic drug it is mandatory to eluciddie cytotoxic pathways
activated by and the molecules and organelles tedgay RV in cancer
cells.

Two principal pathways of apoptosis have been dssdr in the
‘intrinsic’ pathway the cytotoxic stress affects inparily the
mitochondrion inducing the release of moleculest theomote the
activation of caspases, while in the ‘extrinsictip@ay the activation of
caspases follows the stimulation of so-called ‘desgceptors’ on the
plasma membrane (Danial and Korsmeyer, 2004). how clear that
programmed cell death pathways independent of esaspalso exist
(Broker et al., 2005). In various circumstances ithigal trigger of the
death machinery was shown to be a protease normegiglent within the
endosomal-lysosomal compartment. Lysosomal cathgisiand D (CB,
CD) have been shown to mediate apoptotic cell deathiced by TNE
(Deiss et al., 1996) (Guicciardi et al., 2000) (Fegpard et al., 2001)
(Demoz et al., 2002) and cytotoxic drugs (Brokealet2004) (Bidere et
al.,, 2003) (Emert-Sedlak et al., 2005). The typdysbsomal protease
recruited in the death pathway seems to vary depgrah the cell model
and the trigger, and likely on the availability sipecific substrates and
other unknown metabolic factors. The aim of thespré work was to
examine the possible involvement of lysosomal qaghes in the

cytotoxic mechanism of RV in human colorectal canoals. Our data
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demonstrate that RV activates a lysosome-deperayeotoxic pathway
ending in caspase-dependent cell death. We prauakences that CD,
not CB or cathepsin L (CL), mediates RV cytotoxicithe present data
indicate the lysosome as a novel and primary taogganelle of the

cytotoxic activity of RV.

MATERIALS AND METHODS
Unless otherwise specified all reagents were fR&igma-Aldrich Corp.,
St. Luis, MO, USA.

Cell cultures, treatments and evaluation of cytoteicity

Human colorectal cancer cell lines (DLD1 and HT@@Yye cultivated in
standard culture conditions (37°C; 95% air: 5% ,C@ Dulbecco’s
modified Minimal Essential Medium supplemented will®% fetal
bovine serum (Invitrogen Corp., Carlsbad, CA, USAMM L-glutamine
and 1% penicillin-streptomycin solution. Cells weseeded and let
adhere on sterile plastic dishes for 24 h priorstart any treatment.
Treatments included 1 to 10 RV, 100uM Pepstatin A (Pst), 1M
E-64d (Bachem AG, Bubendorf, Switzerland) and 3@ ZVAD-fmk
(Alexis Laboratories, San Diego USA). Inhibitors reeeadded to the
culture medium 12 h (Pst) or 1 h (E-64d, ZVAD-fmkgfore the
incubation with RV. In some experiments, the estrogreceptor
antagonist fulvestrant (ICl 182,780 from TocrisjdByl, UK) also was
used at UM concentration. Culture medium was changed andtanbes
were re-added daily. At designated time-points,eagiit and suspended
cells were collected, diluted in a solution contantrypan blue and
counted. Cell death was also assessed by cytofheisy analysis. To

this end, 18cells were washed in PBS and incubated for 15anhimom
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temperature with 2ul annexin V-FITC (fluoroscein isothiocyanate,
Alexis Laboratories, S. Diego, USA), |8 propidium iodide (PI, stock
solution 50ug/ml) and 98ul of buffer (10mM Hepes/NaOH pH 7.4,
140mM NaCl, 2.5mM Cag@). Alternatively, 16 cells were washed twice
with cold PBS and fixed in ice-cold 70% ethanol fidr at 4°C. Cells
were then washed twice with PBS and incubated viRiHase A
(0.4mg/ml) for 30 min at 37°C and with Pl (0.1 m@y/hor 15 min in the
dark, at room temperature. Cells with hypodiploidntent of DNA
(subG1l peak) were assumed as apoptotic. Cellsegst 110,000 per
sample) were analyzed in a FacScan flow cytom&ectbn Dickinson,
Mountain View, Ca, USA) equipped with a 488 nm ardaser. Data

were interpreted with the winMDI software.

SiRNA transfection

Post-transcriptional silencing of CD expression veahieved by the
small interference RNA (siRNA) technology. Duplex#21-nucleotide
siRNA including two 3'-overhanging TT were syntlzesi by MWG
Biotech AG (Washington, DC). The sense strand dN#& was
GAACAUCUUCUCCUUCUAC,corresponding to the positions 724-742
relative to thestart codon of the CD mRNA (28). An inefficient CD9
oligonucleotide corresponding to the AGGUAGUGUAAUCGUUG
sequence was used as a negative control of tralosfeceferredto as
control-duplex). Transfection was performed witlpafiectamine 2000
(Invitrogen Corp.). Afterward, the transfection muire was removed and
cells were incubated for further 24 h in fresh mediprior to any

treatment.
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Protein expression analysis

Cells were homogenized in buffer containing detetgeand protease
inhibitors. 30ug of cell proteins were denatured with Laemmli skmp
buffer, separated by electrophoresis on a 12.5%apojlamide gel and
then electroblotted onto nitrocellulose membraner@dl, Hercules, CA,
USA). The filter was probed in two rounds with sfiecmonoclonal
antibodies against CD (EMD Biosciences, Calbioch8an Diego, CA,
USA) or Actin following standard Western blottingopedure (Faust et
al.,, 1985). Immunocomplexes were revealed by intoba with
peroxidase-conjugated goat-anti-mouse antibody asubsequent
peroxidase-induced chemiluminescence reaction @djointensity of the

bands was estimated by densitometry analysis (@uame software).

Assessment of caspases activity

Caspase-3 activity was assayed with the fluorogsnlastrate DEVD-
AFC following manufacturer’s protocol (MBL, Naka-KuNagoya,
Japan). Total caspases activity was measured metlEaspases Detection
kit (Merck Biosciences Ltd, Nottingham, UK) usindTE-VAD-fmk
(Val-Ala-Asp-fluoromethylketone) as a substrate Idaing the
manufacturer’s protocol. Stained cells (at leasDQ0 per sample) were
analyzed by flow cytometry and data were intergtetéth the winMDI

software.

Immunofluorescence studies

Cells grown and treated on coverslips were fixethwmethanol for 20
min and permeabilized with 0.2% Triton X-100 in PRB® 15 min. The
following primary antibodies were used: a monoclongEMD
Biosciences) or a rabbit polyclonal anti-human @2rhoz et al., 2006)

(36); a rabbit polyclonal anti-Bax (Cell Signalifgechnology, Danver,

81



MA, USA); a mix of mouse monoclonal antibodies aghaalfa- and beta-
tubulin; and a monoclonal anti-cytochrome ¢ (AlgxiSITC- or TRITC
(tetramethylrhodamine isothiocyanate)-conjugatecbiséary antibodies
against mouse or rabbit IgG were used as appreprias negative
control, the primary antibody was omitted or subgtd with pre-

Immune antiserum.

TUNEL and DAPI staining

Apoptotic cells were revealed by situ Terminal deoxinucleotidyl
transferase-mediated dUTP-biotin nick end label{TdNEL) assay
performed with the “In situ Cell Death Detectiomtidrescent Kit (Roche
Diagnostics  Corporation  Indianapolis, IN, USA) &lling
manufacturer’s instructions. Apoptosis-associatatbmatin alterations
were detected by staining the cells with the DNBelang fluorescent dye
4-6-diamidino 2-phenylindol-dihydrochloride (DAPI;100 in PBS/0,1%
Triton X-100/4% fetal bovine serum).

Lysosomes and mitochondria integrity assessment

Lysosomal membrane integrity was assessed by thedide Orange

(AO) retention test. AO is an acidotropic fluorochre that emits red
fluorescence when accumulates in its protonatewh ferthin lysosomes,
while it emits a green fluorescence when localirethe cytosol and in
the nucleus. Cells adherent on coverslips wereeldaaith AO (1:200

from 0,5 mg/ml in distilled water for 10 min at 7 and immediately
observed and photographed under the confocal #gereee microscope.
Lysosome leakage was quantified by cytofluorometealysis of cells
labeled with AO in suspension. The integrity of @oltondrial membrane
was tested by using either the fluorescent dye tkéitker (Invitrogen

Corp.) or Rhodamine-123. Briefly, cells on covepslwere incubated
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with 0.2l of mitotracker solution for 15 min at 37°C, thigxed in 3.7%
paraformaldehyde for 15 min and permeabilized Wi% Triton X-100
for 15 min for further fluorescence staining. Adtatively, cells on
coverslips were incubated with Rhodamine 123 (50 wMculture
medium; 10 min) and immediately observed under finerescence
microscope. Loss of mitochondrial membrane intggsias also assessed
by cytofluorometer analysis of rhodamine-labeleldsce

Fluorescence microscope imaging

Coverslips were mounted in mowiol (1% in PBS). lesgvere captured
with a Zeiss fluorescence microscope equipped withgital camera or
with Leica DMIRE2 confocal fluorescence microscopg.eica
Microsystems AG, Wetzlad, Germany) equipped withcheConfocal
Software v. 2.61. Three coverslips were prepareccémh experimental
condition. Representative images, selected by twalependent

investigators, are shown.

Statistical analysis

All experiments were independently replicated astehree times. Data
are presented as mean$D. The Instat-3 Statistical software (Graphpad
Software Inc, San Diego, CA, USA) was used. Sigaiice was

calculated by the test of Mann-Whitney.

RESULTS

Resveratrol cytotoxicity in colorectal cancer cellss concentration-
and time-dependent, is not mediated via estrogen ceptors and is
prevented by caspase inhibition

The present study was conducted in DLD1 and HT29,devo cell lines
derived from human coloncarcinomas that expres$, Efbt ERy,
isoforms (Qiu et al., 2002) (Fiorelli et al., 199@ampbell-Thompson et
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al., 2001). RV has been shown to bind to beotand p isoforms of ER
(Bowers et al., 2000) (Bhat and Pezzuto, 2001) tanexert estrogenic
activity when used at very low doses (i.e., 1 touM) (Levenson et al.,
2003). We tested the concentration- and time-deg@ndof inhibitory or
stimulating effects of RV on the growth of humarocectal cancer cells.
To assess whether such effects were mediated thraiy cells were
treated with concentrations of RV ranging from 1100 pM in the
absence or the presence of 1 uM fulvestrant (IG&,28)), which has
been shown to inhibits the nuclear translocatiofeBE and to promote
their cytoplasmic degradation at a concentratiod@ nM (Dauvois et
al., 1992). A treatment for 24 to 48 h with 1 uM1ér pM RV did not
affect cell vitality or final cell density in DLD&nd HT29 cultures (Fig.
1A and not shown). At 24 h treatment with 100 pM R¥me 35%
reduction of cell culture growth was observed (slodwn and Fig. 3C),
while cell death, as assessed by cell counting eytdfluorometer
evaluation of annexin V positivity, was apparentyoat 48 h (Fig. 1A
and not shown). Based on the results obtainedlotthdoses of RV and
on the lack of effects of ICl 182,780, we conclutiat RV cytotoxic

effects were not mediated via ER (Fig. 1A). In thkowing experiments
RV was used at 100 uM. With this concentrationaverage, annexin V-
positive apoptotic cells in DLD1 cultures amountedabout 50% and 75
% after 48 h and 96 h of treatment, respectivelg.(EB). In parallel

cultures in which the potent and broad-range ca&spasbitor ZVAD-

fmk was added daily along with RV cell death waacgically absent
(Fig. 1B). HT29 cells showed more sensitive to Ryart DLD1, the
apoptotic cells amounting to 50-70% and 90% at 4&8nd 72 h of
treatment, respectively. Also in the case of HT29Isc ZVAD-fmk

effectively prevented RV-induced cell death staytat 48 h (Fig. 1B). It
Is to note that ZVAD-fmk, while inhibiting occurree of cell death at 48
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h, could not prevent cell growth inhibition indudeg RV in the first 24 h
of treatment both in DLD1 and in HT29 cultures (sbbwn).

Resveratrol cytotoxicity is associated with  mitochodrial
permeabilization and caspases activation

To better assess the significance of ZVAD-fmk pcote effects, we
monitored the time-dependent activation of caspdedaag RV treatment
in DLD1 cells. The cleavage of a fluorogenic pegtidubstrate of
different caspases remained at basal levels infitse 24 h of RV
treatment and increased by a factor of approxime2e2 by 48 h (Fig.
2A). By this time the percentage of cells in whichspase activation
occurred roughly corresponded to that of cells thasifor annexin V, a
biomarker of apoptotic-like programmed cell deathig( 2B). In
apoptotic cells (identified on the basis of chromatlteration)
mitochondrial integrity was lost, indicating thaV¥Rctivated the intrinsic
pathway of cell death (Fig. 2C). The time-depengesicmitochondrial
permeabilization was assessed by cytofluorometrpltd1l and HT29
cells treated with RV for up to 48 h and labeledhwihodamine. No
changes in the cytofluorometry profiles were obedrduring the first 24
h of treatment. Mitochondrial permeabilization, sisown by loss of
rhodamine retention, was observed starting at 8btlreatment (Fig. 2D).
The microscope images of these cells shown in Hgwell reflect the
phenomenon as quantified by cytofluorometry. It ts note that
mitochondrial permeabilization occurred more rapidand more
extensively in HT29 than in DLD1 cells, accordingiyth the highest

sensitivity of these cells toward RV.
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Cathepsin D is an essential mediator of RV cytotogity in colorectal
cancer cells

CB, CD and CL, the most abundant lysosomal progdsave recently
been involved in the activation of the intrinsictipsay of programmed
cell death (Bidere et al., 2003) (Emert-Sedlak|gt2905) (Stoka et al.,
2005) (Guicciardi et al., 2004), and therefore weoasidered possible
mediators of RV cytotoxicity. To determine theirvativement we
employed the inhibitors E64d, which is specific e cysteine-type
proteases CB and CL, and Pst, which is specifictifier aspartic-type
protease CD. In preliminary experiments in whicthegasins activity was
assayed with specific fluorogenic substrates 10564d and 100 uM Pst
were shown to effectively inhibit (by approximatéd$%) the activity of
CB and CL and of CD, respectively, in the cells.[llLcells exposed to
RV for up to 48 h in the absence or the presencBsbvfor E64d were
tested for annexin V positivity and PI labeling.t@uorometer analysis
of these samples indicated that Pst, not E64degied DLD1 cells from
RV cytotoxicity (Fig. 3A). We then checked whetlibe CD-dependent
pathway of RV cytotoxicity was also operative iretlother human
colorectal cancer cell line. HT29 cells were trdater up to 48 h with
RV in the absence or the presence of Pst or E6ddcgtotoxicity was
assessed by cytofluorometer estimation of the hybmid (not shown)
and annexin V-positive cell population (Fig. 3B).the first 24 h of RV
treatment cell death was negligible (not shown},dyu48 h the treatment
was toxic for >60 % of the culture. At this timahibition of CB and CL
by E64d revealed itself toxic and did not protecni RV; by contrast,
Pst protected a large fraction of the cell popatafrom RV cytotoxicity.
In parallel samples cell survival was assessedoomting viable (trypan
blue excluding) adherent cells. Data shown in Bi@. indicate that: i)

RV reduced the rate of cell proliferation in thestf 24 h. This effect
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could not be prevented by Pst or E64d; ii) at 48hinduced a dramatic
cell loss in the monolayer. This effect was largetgvented by Pst, not
by E64d; iii) Pst and E64d were not toxic on itsalDLD1 cells, while
E64d only revealed toxic to HT29 cells after 4&bubation. It is to note
that Pst, while unable to prevent the growth irtoity effect of RV in the
first 24 h, showed very effective in preventing RMuced cell death in
the following 24 h both in DLD1 and HT29 cells. this respect, Pst
behaved much alike ZVAD-fmk. Not only Pst prevenid-induced cell
death, but it also allowed to rescue cell prolifiera Pst inhibits not only
CD, but also cathepsin E, another aspartic protesséent in endosomes
and lysosomes. To definitely prove the active mleCD in the death
pathway activated by RV we specifically down-regedhthe expression
of this protease by transient transfection withRIN#\ 21-mer duplex. As
controls, parallel cultures were not transfectedtransfected with an
inefficient duplex oligonucleotide not targeting CBIRNA (sham
transfected). Proper conditions were assessedhievacoptimal down-
regulation of CD expression, which was monitored dssaying the
proteolytic activity at acid pH on fluorogenic stiase (not shown) and
by immunoblotting determination of CD protein leWélig. 3D, upper
panel). siRNA transfection successfully down-retpdaCD expression in
not treated as well as in RV-treated cells. By dengetry, in SIRNA-
transfected cells CD protein level, normalized aggactin protein level,
was down-regulated by >95% (average of three inuldget
experiments). A parallel set of cultures was usedstimate cell vitality.
Transfection in itself was not harmful, as cellbiidy in control duplex-
transfected cultures was not dissimilar from tlegiarted in untransfected
cultures (Fig. 3D, lower panel). After exposure RY, viable cells
recovered from untransfected or sham-transfectdédires amounted to

approximately 50% and those recovered from CD-siRNW#sfected
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culture amounted to almost 90% of those initiallggent in the control
culture, indicating that no cell loss occurred wHe expression was
down-regulated (Fig. 3C, lower panel). Cytofluordarpeanalysis of
annexin V-labeled cells confirmed the protection@y-siRNA against
RV cytotoxicity (not shown). The fact that Pst asi@NA elicited the
same protective effect rules out the involvemenamy aspartic protease
other than CD and permits to exclude any role of golypeptides other

than the enzymatically-active one in RV cytotoxicit

Cathepsin D mediates Resveratrol-induced caspasea8tivation, Bax
oligomerization on mitochondria and cytosolic releae of cytochrome
c

Data so far obtained demonstrate that both CD-rmdliand caspase-
mediated pathways are involved in the cytotoxic ma@ism of RV.
Whether the two proteolytic death pathways arevatgd independently
or are recruited in series remains to be determi@egpase 3 is a key
effector protease of the apoptotic machinery. Tdresk the link between
the cathepsin-dependent and caspase-dependertlytiotpathways we
determined the level of caspase 3 activity in dblég had been incubated
or not with RV in the presence or the absence ofd?s48 h. As shown
in Fig. 4A inhibition of CD largely precluded thetevation of caspase 3
in RV-treated cells. To definitely prove the inveiaent of CD in caspase
3 activation we further checked for the presencE@WNEL-positive cells
in cultures exposed to RV along with Pst. The TUNEchnique
evidences the presence of nicked DNA in apoptaitscwhich results
from the caspase 3-mediated cleavage of poly(ADBsg) polymerase,
an enzyme involved in DNA repair. As shown in Hd&, Pst prevented
the occurrence of TUNEL-positive cells in cultutesated with RV for
48 h. These data confirm that in RV-treated cetisvation of the CD-
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mediated proteolytic pathway precedes that of Hepase cascade. One
of the main pathways leading to chemotherapy-indwsivation of the
caspase cascade relies on the permeabilization itoclmondria outer
membrane and cytosolic translocation of cytochran®ax, a protein
belonging to the Bcl-2 family, has been involved nmtochondrial
permeabilization and cytosolic relocation of cytarhe ¢ and other pro-
apoptotic proteins (Broker et al.,, 2004). In colmancer cells RV was
shown to up-regulate Bax expression, to promote ekgosure of its
occluded N-terminus and to trigger its translocatioto mitochondria
(Dauvaois et al., 1992) (Stoka et al., 2005). CD Imsn shown capable to
induce conformational changes and oligomerization naitochondrial
membrane of Bax in apoptotic lymphocytes (Bidere aét 2003).
Therefore, it seemed of obvious interest to loolBak localization in
RV-treated colon cancer cells. Both in DLD1 and dT&lls, a 48 h
exposure to RV resulted in increased immunoredgtand changes in
cellular distribution of Bax (Fig. 4C and not shgwho clearly assess the
involvement of CD in Bax-mediated permeabilizatioh mitochondria
induced by RV we performed a fluorescent doublexstg for
mitotracker and Bax in cells pre-treated with Ret & cells in which CD
expression had been silenced by siRNA technolagyadst cells treated
with RV only (Fig. 4C, upper panels) mitotrackeaising is weak and
diffuse, while Bax immunoreactivity is increaseddaappears as spots
that in some cases co-localizes with the mitotracka&n. This pattern is
compatible with oligomerization of Bax on mitochoiadl membrane. By
contrast, in cells pre-treated with Pst (middlegisnand in CD-siRNA
transfected cells (lower panels) mitochondria appeal preserved (as
shown by mitotracker staining) and Bax immunostains diffuse in the
cytoplasm, whether or not treated with RV for 48 \We finally

investigated whether RV-induced mitochondrial pealmkzation was
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followed by cytosolic translocation of cytochrome Tthe fluorescence
staining of cytochrome c appears confined in mitmairia in control
cells, while it is diffused throughout the entirgtaplasm after 48 h
treatment with RV (Fig. 4D). The cytosolic relocatiof cytochrome c is
not observed in cultures treated with RV in thespreee of Pst (Fig. 4D).
RV induces the cellular accumulation and the cytodim release of
mature CD in colorectal cancer cells

How to explain the mitochondrial and cytosolic etgedepending on the
activity of a lysosome resident protease ? We rea$that RV, like other
chemotherapy drugs, could alter the permeabilittysdsomal membrane
without inducing the indiscriminate release of g@anic hydrolases. We
thus tested the lysosome integrity by looking aokomal retention of
acridine orange (AO), an acidophilic fluorochrorhattupon protonation
is retained within lysosomes and becomes intensived fluorescent.
DLD1 and HT29 cells on coverslip were exposed to &\ observed
under the fluorescence microscope at intervals®héafter AO staining.
In control cells (time 0) AO fluorescence appeaasdntense red spots,
indicating that it was confined within acid orgdasl (Fig. 5A). No
changes were observed in cells treated with R\afperiod of time up to
36 h, beside an increase in size and number dlueckscent organelles.
At this time-point of RV treatment, however, sonedlshowed a diffuse
cytosolic staining of AO fluorescence, which appeeayellow-colored
and less intense (Fig. 5A). The proportion of celiswing such staining
features was increased at 48 h of RV treatment §AY. We quantified
this phenomenon by cytofluorometry. Data shownigm BB confirm the
occurrence of lysosome leakage in cells treateth WiV for 36 h or
longer. We then ascertained that CD indeed reocaito the cytosol
under treatment with RV. Immunofluorescence stugieswed that this

was in fact the case in injured DLD1 and HT29 cekposed for 48 h to
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RV (Fig. 5C). Finally, considering the involvemenf CD in RV
cytotoxicity, we wondered if RV could affect its mession and
maturation. DLD1 and HT29 cells were thus exposadup to 72 h to
RV and the expression of CD polypeptides in cellmbgenate was
analyzed at designated time-points by immunoblgitiks shown in Fig.
5D, RV induced a time-dependent accumulation of rtfegure double-
chain (31 + 13 kDa) form of CD in both the coloedatancer cell lines.
Cell-associated mature CD greatly accumulated heiwal and 48 h of
RV treatment: by this time CD increased of abo6tfald in DLD1 and
of about 3.5-fold in HT29 cells. In separate expents we also checked
the expression of CD in DLD1 cells exposed for o8 hto 1 uM and
10 uM RV, doses that have been shown to induces@ithesis in ER-
positive breast cancer cells (Vyas et al., 200@weler, no changes in
CD expression level were observed under these tonsli(not shown). It
IS interesting to note that in our study cell ddayh(100 uM) RV became
evident in cultures after 48 h of treatment and th&29 showed more
sensitive to RV cytotoxicity than DLD1 cells. Thatd suggest a time-
dependent correlation between the induction of C&umulation and the
toxic effect by RV.

DISCUSSION

The naturally occurring polyphenol RV possesses el
chemopreventive and chemotherapy activities in reglal cancer
(Bodmer et al., 2000) (Tessitore et al.,, 2000) (akRoemer et al.,
2002). Its mechanism of cytotoxicity is not fullypderstood, as yet. RV
has been categorized as a phytoestrogen, becaiiseability to act as an
agonist or antagonist of ERs (Bowers et al., 20@at and Pezzuto,
2001). Thus, its effects could be mediated via &Rt has been shown to

occur for genistein, another alimentary phytoestrog(Chen and
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Donovan, 2004). Here we show that in human colatezdncer DLD1
and HT29 cells, which are known to expresspEBbforms, the death
pathway activated by RV is not mediated through ,ERiher it involves
primarily the lysosome. The findings of the presenidy lead to the
proposed mechanism of RV toxicity reported in Fog.Based on the
effects of E64d, any involvement of lysosomal CBda@L in RV
cytotoxic activity was excluded. By contrast infiikon of CD by Pst or
post-transcriptional silencing of CD by specificREIA completely
suppressed RV-induced cell death. In the first 24f Hreatment RV
slowed down the growth of cell cultures, and thifea could not be
reverted by inhibitors of caspases or cathepsinasiStently, during this
period caspases activity and the cellular contér€® did not change.
RV-induced cell death became apparent at 48 heatrirent, and it was
paralleled by induction of caspases activity antllz@ accumulation of
CD. These observations indicated that, while nayiplg an active role in
the growth inhibitory effect, both caspases andwze involved in the
death effect of RV. Since Pst prevented caspaseatioh in RV-treated
cells, we argued that CD was the lethal trigger dherefore we
investigated on its downstream targets. Cytotoxitiy chemotherapy
drugs is associated with the intrinsic apoptotithpay (Wei et al., 2001)
(Castino et al., 2003) (Hu and Kavanagh, 2003)s Taath pathway is
initiated by loss of mitochondrial transmembrandeptal followed by
cytosolic release of pro-apoptotic molecules sueshcgtochrome c,
SMAC/DIABLO  (second  mitochondria-derived  activator of
caspase/direct IAP-binding protein with low PIl) asgbptosis-inducing
factor, which eventually results in activation dketcaspase proteolytic
cascade. CD was shown to play an active role ah suitochondrial
events during cell death induced by staurosporing ehemotherapy
drugs (Bidere et al., 2003) (Emert-Sedlak et #10%). The question still
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unanswered concerns the molecular targets of CEeglysis that link
this lysosomal protease with the mitochondrial asée of pro-apoptotic
mediators and subsequent activation of cytosokpase. Two candidates
have been proposed for such a role: Bax (Bideral.e2003) and Bid
(Heinrich et al., 2004). Several experimental enaes favor Bax as the
likely target of CD in RV cytotoxicity. In an anirhanodel of colon
carcinogenesis RV chemopreventive effect was ast&utiwith Bax
hyper-expression (Tessitore et al., 2000) andoailorectal cancer cell
lines RV-induced activation of the apoptotic insim pathway relied on
Bax conformational activation (Mahyar-Roemer et 2002). Moreover,
Bax gene appears frequently mutated in human adkdreancers, and it
has been suggested that this may affect their nssgmness to
chemotherapy drugs (Zhang et al., 2000). In thegirestudy RV caused
the oligomerization and relocation onto mitochoadnmembranes of
Bax, the permeabilization of mitochondria and tbesequent release of
cytochrome c; all these events were associated thahpermeabilization
of lysosomes and the cytosolic relocation of CD aadld be prevented
by Pst or siRNA-mediated down-regulation of CDcémclusion we have
identified a novel pathway of RV cytotoxic mechanisn which the
lysosomes act as death signal integrators. In eciar cancer cells RV
cytotoxicity was associated with up-regulation dD @xpression and,
conversely, siRNA-mediated down-regulation of CD pr@ssion
abolished the cytotoxic effect of RV, indicatingthhis protease was the
master trigger of RV lethal activity (Fig. 6). Tipeesent findings might
therefore be of relevance when assessing the reseoess or the
resistance of tumors to RV-based therapy. In thspect, we notice that
RV is fast and extremely metabolized in the bodythat predicted serum
concentrations achieved when RV is injected forapeutic purposes (at

100 mg per kg body weight) are much lower (proballytimes) than
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those utilized in the ‘in vitro’ experiments heresdribed (Baur and
Sinclair, 2006).Yet, in intestinal mucosa a 30-fefttichment of RV over
serum concentration has been reported (Sale et2804). These
observations emphasize the need to develop RV giadowith improved
bioavailability, as well as to engineer drug delwsystems that allow the
efficient accumulation of RV within the target dsed tissue.
Acknowledgments: The authors wish to thank Prof. BF Sloane (Detroit)
and Prof. G Pisani (Novara) for helpful discussamd support, and D.
Longhi for artwork. Researches supported by graots Universita del
Piemonte Orientale, Regione Piemonte (ricerca &aaitFinalizzata),
Fondazione Cassa di Risparmio di Torino and LegdgLotta contro i
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FIGURE LEGENDS

Figure 1. RV-induced cell death in colorectal cancer cells isot
mediated by estrogen receptors and is prevented liie pan-caspases
inhibitor ZVAD-fmk.

A) DLD1 cells exposed to increasing concentratiohRV for 48 h in the
absence or the presence of the ER disruptor IC[7882 Substances were
added at time zero and re-added in fresh medium 24t h.
Cytofluorograms of annexin V-labeled cells and dgsams of adherent
viable cell counts are shown (upper and lower mnekpectively). Cell
counting data show that initial cell density (atydd is almost halved
after a 48 h exposure to 100M RV. This effect was not prevented by
ICI 182,780. No effects on cell growth were eliditey 1 and 1M RV.

B) DLD1 and HT29 cells were incubated with 0@ RV in the absence
or the presence of 30M ZVAD-fmk for up to 96 h. Substances were
added at time zero and re-added in fresh mediumye24 h. Typical
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cytofluorograms of cells double-labeled with anmeX+FITC and PI. In
the cytogram apoptotic cells (positive for anneXinare distributed in
the lower and upper right panels (values in peresatgiven). ZVAD-
fmk prevented cell death by RV in both DLD1 and 29Tcell cultures.
Figure 2. Time-dependent permeabilization of mitocbndria and
activation of caspases by RV.

A) Cleavage of fluorogenic peptide substrate ofedént caspases at 0 to
48 h of RV treatment in DLD1 cells. B) Caspasemitscence assay
(upper panels) and annexinV-FITC staining (lowemngds) in DLD1 cells
treated or not with RV for 48 h. Representativeofiybrograms are
shown. C) Control (Co) and 48 h RV-treated DLDlIcdbuble-stained
for chromatin with DAPI (blue fluorescence) and faitochondria with
mitotracker (red fluorescence). D) cytofluorograaisDLD1 and HT29
cells incubated for up to 48 h with 100 uM RV arabdled with
Rhodamine-123. Loss of mitochondrial retention loé tfluorescent dye
was apparent at 36 h of treatment. E) Images dtubeescence confocal
microscope of cells treated for 48 h with RV andelad with
Rhodamine.

Figure 3. CD mediates RV cytotoxicity in colorectalcancer cells.A)
Cells were incubated with RV in the absence orpgresence of Pst or
E64d for 48 h. Medium was changed and substaneadded every 24 h.
At the end of treatments cells were double-lab&l@d annexin V-FITC
and Pl and analyzed by cytofluorometry. Typicalofiyiorograms are
presented. Apoptotic cells (in lower and upper tigianels of the
cytofluorogram) amounted to approximately 40-48 80RV- and RV
plus E64d-treated cultures, and to approximateBo i RV plus Pst-
treated cultures. B) HT29 cells were incubated i@ uM RV in the
absence or the presence of M E64d or 100uM Pst for 48 h, then

adherent and suspended cells were labeled withxannéFITC and
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analyzed by cytofluorometry. Medium was changed anbistances re-
added every 24 h. Representative cytofluorograrh$o(o experiments)
are shown. At 48 h >60 0% of the cell populatiorRi-treated culture
shows apoptotic features. RV-induced apoptosislargely prevented by
Pst, not by E64d. The latter inhibitor revealelit€ytotoxic to HT29
cells. C) Histograms of cell counting in DLD1 and 29 cultures treated
or not for 24 h and 48 h with RV in the absencé¢herpresence of Pst or
E64d. Medium was changed and substances re-adéegl 24 h. Control
un-treated cells roughly doubled every 24 h. R\Wvsld down the rate of
cell proliferation in the first 24 h. Compared teetinitial cell density
(day 0), final cell density (48 h) in RV-treatedtawes was nearly halved.
Cell loss from the monolayer did not occur when R¥atment was
performed in the presence of Pst. Not only, in ftsttreated cultures
cells also recovered from growth arrest despitepitesence of RV. D)
Silencing of CD by siRNA prevents RV cytotoxicit€ells were plated,
un-transfected (UT) or transfected with CD-siRNA with control-
duplex oligonucleotides as indicated and incubatedot with RV for 48
h. In the upper panel a representative (of thresstern blotting of CD is
shown (symbols: P, precursor; |, intermediate; laige chain of mature
form). The filter was stripped and re-probed fotirat¢o prove equal
loading of protein homogenates; in the lower padeka on adherent
viable cells in cultures exposed to RV for 48 h gireen as percentage of
cell number in the control culture prior to theubation (assumed as 100
%).

Figure 4. Cathepsin D triggers caspase 3 activatipn Bax
oligomerization on mitochondria and cytosolic releae of cytochrome
c induced by Resveratrol.

A) Histogram of caspase-3 activity in DLD1 cells exgub$or 48 h to RV
with or without Pst. B) TUNEL staining of DLD1 csllplated on
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coverslips and incubated for 48 h with RV in theexice or the presence
of Pst (representative images are shown). C) ChriRsi-pretreated and
CD-siRNA transfected DLD1 cells plated on covershpere exposed to
RV for 48 h. Cells were then double-stained foratnécker and Bax and
photographed under the fluorescence confocal ntomes Compared to
un-treated cells, RV-treated cells show a weak @diffdse staining of
mitotracker. In these cells Bax immunoreactivitynisreased and appears
as spots that in some cases co-localizes with tk&racker stain. This
pattern, indicative of Bax oligomerization on naib@ndrial membrane,
Is not observed in cells pre-treated with Pst (t@duhnels) and in CD-
SiRNA transfected cells (lower panels). In thedattases mitochondria
appear well preserved and Bax immunostaining iduskf in the
cytoplasm also in the presence of RV. Cells trartste with CD-
unrelated siRNA duplexes behaved as control ursteated cells. D)
DLD1 cells on coverslips incubated for 48 h with RVthe absence or
the presence of Pst and labeled for immunofluoresceadetection of
cytochrome c¢. The experiments demonstrate that Psvents
mitochondrial permeabilization and cytosolic releasf cytochrome c¢
induced by RV. Images in C and D are representativeur independent
experiments.

Figure 5. Resveratrol cytotoxicity in colorectal cacer cells is
preceded by lysosome leakage and up-regulation dfd expression of
and by cytosolic relocation of CD.

A) DLD1 and HT29 cells plated on coverslips wereubated for
increasing time with RV and then stained with th®edetropic AO
fluorochrome and immediately observed under theoréscence
microscope (representative images are shown). datead fluorescent
spots are indicative of intralysosomal retentiorAGl. At 36 and 48 h of

RV treatment a large proportion of cells show a kvgallow-green
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fluorescence indicative of cytosolic diffusion dfet fluorochrome. B)
Cells treated and labeled with AO as above and yaedl by

cytofluorometry. C) DLD1 and HT29 cells plated oaverslips were
incubated for 48 h with RV and double-labeled fmmunofluorescence
detection of CD (red fluorescence) and of tubulireén fluorescence).
D) Western blotting analysis of mature CD (LM, larghain of the
double-chain) in a time-course treatment with RVDifD1 and HT29

cells and relative densitometry (representativettoke experiments).
Filters were stripped and re-probed for actin targify protein loading in
the lanes.

Figure 6. Interpretative scheme of the resultsRV induces the up-
regulation of CD expression and the cytosolic ratmn of mature active
CD from lysosomes. CD was shown essential to indudechondria

permeabilization  (associated with Bax oligomermati onto

mitochondrial membrane), cytochrome c release,as®sf activation and

appearance of annexin V and TUNEL positive celkllea
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In human colorectal DLD1 cancer cells, the dietdrypflavonoid
Resveratrol (RV) rapidly induced autophagy. Thifeafwas reversible
(on removal of the drug), and was associated witheiased expression
and cytosolic redistribution of the proteins Betliand LC3 II.
Supplementing the cells with asparagine abrogatedeclin-dependent
autophagy. When applied acutely (2 h), RV was mxict however
reiterate chronic (48 h) exposure to RV eventulgtyto annexin V- and
TUNEL-positive cell death. This toxic effect wast@phagy-dependent,
as it was prevented either by asparagine, by esimgsa dominant
negative lipid kinase-deficient class Il PI3k oy IRNA-interference
knock-down of Beclinl. Lamp2b silencing abolishduke tfusion of
autophagosomes with lysosomes and preserved edlility despite the
ongoing formation of autophagosomes in cells clualy exposed to
RV. The pan-caspase inhibitor ZVAD-fmk inhibited Rwluced cell
death, but not autophagy. These results uncovewval pathway of RV
cytotoxicity in which autophagy plays a dual rafg:at first, it acts as a
pro-survival stress response and (i) at a laterefiit switches to a
caspase-dependent apoptosis pathway. The predardlda indicate that
genetic or epigenetic inactivation of autophagytgirs in cancer cells

may confer resistance to RV-mediated Killing.
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RESVERATROL-INDUCED APOPTOSIS DEPENDS ON THE
LIPID KINASE ACTIVITY OF Vps34 AND ON THE
FORMATION OF AUTOPHAGOLYSOSOMES

Nicol F. Trincheri, Carlo Follo, Giuseppina Nicgtr@laudia Peracchio,
Roberta Castino and Ciro Isiddro

Laboratorio di Patologia Molecolare, Universita éeémonte Orientale

“A. Avogadro”, Dipartimento di Scienze Mediche, Noa (Italy)

INTRODUCTION

Resveratrol (3,4’,5-trinydroxyransstilbene, RV) is a polyphenolic
antioxidant compound present in grapes, red wiegids, peanuts and
other alimentary products (Baur and Sinclair, 20B&mont, 2000). In
1997, Pezzuto and co-workers provided the first mamdious evidence
that RV possesses chemopreventive activity agdirestthree steps of
carcinogenesis (i.e., initiation, promotion andgrassion) in an animal
model of skin cancer (Jang et al., 1997). The tfa&t about 70 to 90% of
colorectal cancers seems associated to dietarytshatimulates the
interest on dietary factors that can exert canbemopreventive action
on the intestinal mucosa (Schatzkin and Kelloffogp In this respect,
RV is particularly appealing as preliminairy vitro andin vivo studies
have shown no overt toxicity toward normal cellsewradministered at
doses high enough to achieve a pharmacologicattefBoocock et al.,
2007; Gusman et al., 2001). In addition, althoughisi fast and
extensively metabolized in the body, in intestimalicosa a 30-fold
enrichment of RV over serum concentration can laelred (Sale et al.,
2004). Severain vivo studies have shown that RV can actively contrast
the development and/or progression of colorectabess (Schneider et
al., 2001; Tessitore et al., 2000), andvitro studies have confirmed the

ability of RV (at concentration comparable to thatind in some foods)
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to halt cell proliferation and to induce enteroeljke differentiation and

cell death of human coloncarcinoma cells (Lianglet 2003; Mahyar-
Roemer et al., 2001; Schneider et al., 2000; Wdateal., 2001; Wolter
and Stein, 2002) (Kotha et al., 2006; Mahyar-Roestei., 2002; Mohan
et al., 2006; Trincheri et al., 2007).

In ovarian cancer cells, RV was shown to inducth lautophagocytosis
and caspase-independent cell death (Opipari et 28004). Yet, it

remained unexplained whether the induction of chagy by RV

represented an epiphenomenal stress responswas #ctively involved
in the toxic mechanism of RV. Autophagy preservels survival under

unfavourable environmental conditions by ensuridge tlysosomal

degradation of aged or damaged proteins, membramneéscytoplasmic
structures (Yorimitsu and Klionsky, 2005). Wheth#ris pathway

contributes to or counteracts the toxic outcomecltdmotherapy drug
treatments is still a matter of investigation. Apttagy might confer
resistance to chemotherapy drugs in cancer celécbyely removing the
proteins and the organelles that are damaged wand#alastic treatment
(Abedin et al., 2007; Amaravadi and Thompson, 20&iil, the toxic

effects of some anticancer drugs has been assbamte induction of

autophagy (Bursch et al., 1996; Kessel and Rei2&37). In the present
study we report the following findings: i) autoplyags rapidly and

reversibly induced by an acute exposure to RV, thi¢ prolonged

exposure to RV eventually activates a caspase-teediaell death
pathway; iii) genetic inactivation of the autophgmgyteins class Il PI3k,
Beclin 1 and Lamp2b abrogates RV toxicity. Thesta danphasize the
role of autophagy in the response to chemotherapgsdand the strict
relationship between autophagy and apoptosis inettezution of the

death program.
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MATERIALS AND METHODS
Unless otherwise specified all reagents were fR&igma-Aldrich Corp.,
St. Luis, MO, USA.

Cell cultures, treatments and evaluation of cytoticity

Human colorectal cancer DLD1 cells were cultivatedgtandard culture
conditions (37°C; 95% air: 5% GPDin Dulbecco’s modified Minimal
Essential Medium supplemented with 10% fetal bogeeim (Invitrogen
Corp., Carlsbad, CA, USA), 2 mM L-glutamine and I8énicillin-
streptomycin solution. Cells were seeded and leeaxon sterile plastic
dishes for 24 h prior to start any treatment. Treatts included 10QM
RV, 50 mM Asparagine (Asn) and 30 uM ZVAD(OMe)-fniKVAD)
(Alexis Laboratories, San Diego USA). In experingelasting 48 h, the
culture medium was changed and the substancesreradded after the
first 24 h of incubation. At designated time-pojntsiherent viable
(trypan blue-excluding) cells were counted. Ceatth was assessed by
cytofluorometry analysis of cells labeled eitherthwannexin V-FITC
(Alexis Laboratories, S. Diego, USA) or propidiundide (PI); for this
purpose, adherent cells were trypsinized and mixil the suspended

cells recovered from the medium (Trincheri et2007).

SiRNA transfection

Post-transcriptional silencing of Beclinl and Lafnp@xpression was
achieved by the small interference RNA (siRNA) temlogy. Duplexes
of 27-nucleotide siRNA including two 3'-overhangingT were
synthesizethy MWG Biotech AG (Washington, DC). An inefficie@GD9
oligonucleotide corresponding to the AGGUAGUGUAAUCGUUG
sequence was used as a negative control of traiosfeceferredio as

‘sham’). The sense strands of SIRNA targeting Bdcland Lamp2b
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MRNAs were GGAACUCACAGCUCCAUUACUUACCAC and
AAGAGUGUUCGCUGGAUGAUGACACCA, respectively.
Transfection was performed with Lipofectamine 2Q@@itrogen Corp.).
Afterward, the transfection mixture was removed acells were

incubated for further 24 h in fresh medium prioatyy treatment.

PI3K IIl dominant negative adenoviral vector

The recombinant adenoviral vector directing the tilsgsis of the
dominant negative form of Vps34 (the yeast homadbglass IlI P13k),
which is devoid of lipid kinase activity, was kiydprovided by Dr D.
Murphy (University of Bristol). The vector also lveathe coding
sequence for the enhanced Green Fluorescent Pra@fP), thus
allowing to monitor cell transfection. As a contreham infection was

performed with an empty paired adenoviral vector.

Western blotting analysis

Expression of proteins of interest was assessedthydard western
blotting procedurd&Trincheri et al., 2007)The filter was probed with the
following antibodies: a rabbit polyclonal anti-B@l (Santa Cruz
Biotechnology, CA, USA); a polyclonal anti-MAPLC®S4nta Cruz
Biotechnology, CA, USA); a mouse monoclonal antypsgecific forp-
Actin. Immunocomplexes were revealed by incubatiothh peroxidase-
conjugated goat-anti-rabbit or goat-anti-mousebanly, as appropriate,
and subsequent peroxidase-induced chemilumineseeacgon (Biorad,
Hercules, CA, USA). Intensity of the bands was neated by

densitometry analysis (Quantity one software).
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Immunofluorescence studies

Cells grown and treated on coverslips were fixethwmethanol for 20
min and permeabilized with 0.2% Triton X-100 in PRB® 15 min. The
following primary antibodies were used: a polycloaati-Lampl (BD
Biosciences); a polyclonal anti-MAPLC3 (Santa f£Riotechnology,
CA, USA). FITC- or TRITC-conjugated secondary aotltes against
rabbit IgG were used. As negative control, the primantibody was

omitted.

TUNEL staining

Apoptotic cells were revealed by situ Terminal deoxinucleotidyl
transferase-mediated dUTP-biotin nick end label(i@QJNEL) assay
performed with the “In situ Cell Death Detectiomtidrescent Kit (Roche
Diagnostics  Corporation  Indianapolis, IN, USA) &lling

manufacturer’s instructions.

Fluorescence microscope imaging

Coverslips were mounted in mowiol (1% in PBS). lesgvere captured
with a Zeiss fluorescence microscope equipped withgital camera or
with Leica DMIRE2 confocal fluorescence microscopg.eica

Microsystems AG, Wetzlad, Germany) equipped withcheConfocal

Software v. 2.61. Three coverslips were prepareccémh experimental
condition and were independently examined by tweoestigators.

Representative images are shown.

Fluorescence assessment of autophagy

Autophagolysosomes were detected with the fluordscelye
monodansylcadaverine (MDC) (Munafo and Colombo, 120Q.iving
cells were incubated with 0.05 mM MDC in PBS at & for 15 min.
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After incubation, cells were washed twice with PB&d immediately
analyzed by fluorescence microscopy (excitatior0-880, barrier filter
450 nm). Induction of AV formation was directly mtmred in living
cells transiently transfected with a plasmid enogdihe fluorescence
chimeric protein GFP-LC3 or Beclin-GFP. Microtubute vacuole
translocation of LC3 is associated with limited tprdysis and lipidation
of its C-terminus (Kabeya et al., 2000). Therefdhe fusion protein is
made so that GFP (green fluorescent protein) iseplat the N-terminus
of LC3. The DNA encoding human LC3 was cloned byRPi@Gom the
total cDNA of human OVCAR-3 cells (sense primer 5'-
CAACAAGCTTCACCATGCCGTCGGAGAAGACC-3;; antisense
primer 5’- AGATCTCGAGTTACACTGACAATTTCATCCCG-3). Tk
cDNA was subcloned into the expression vector pEGFRClontech
Laboratories, Mountain View, California, USA). Tle®NA of Beclinl
was cloned by PCR from the total cDNA of human OWRCA cells
(sense primer 5-GCCCGAATTCGGGATGGAAGGGTCTAAGA-3’;
antisense primer 5-GCCCGGGATCCTTTTCAGACTGCAGCAAATC
3’) and it was subcloned into the expression vep®GFPN1 (Clontech
Laboratories). LC3 and Beclinl DNAs were checked dytomated

sequencing.

Statistical analysis
All experiments were independently replicated astehree times. Data
are presented as mean$D. The Microsoft Excel XLStats software was

used.
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RESULTS

Autophagy is an early and reversible stress respse to Resveratrol
To monitor the induction of autophagy by RV we eoyeld DLD1
transfected cells that transiently express the eharfluorescent protein
GFP-LC3 or Beclin1-GFP. LC3 is the mammalian egengof yeast atg
8 and is normally associated with the cytoskeleton;induction of
autophagy this protein translocates onto the meneboé the nascent AV
(Kabeya et al., 2000). Images in Figure 1A show tath endogenous
LC3 and transfected GFP-LC3 assume a punctate ladie
localization in RV-treated cells. Cytosol to vaaidtanslocation of LC3
Is associated with proteolytic processing and syioset lipidation of the
C-terminus of the precursor MAP-LC3, a processilgado the 16 kDa
LC3 Il isoform (Kabeya et al., 2000) (Mizushima at, 2001). This
process in fact occurred in RV-treated cells (FregdB). Beclinl, the
homolog of yeast Vps30 (also known as atg 6), aaisr with class Il
P13-kinase (the homolog of yeast Vps34) and UVRAG start the
recruitment of autophagy proteins on the membramethe pre-
autophagosomal structure (Kihara et al., 2001)nd@.iat al., 2006). We
therefore also monitored the localization of Betlin cells transiently
expressing the Beclin-GFP fluorescent chimera. iBgqumsitive
aggregates were soon detectable after 15 minpdsexe to RV (Figure
1C). To see whether the autophagy process triggeredshort exposure
to RV lasted for long time, DLD1 cells were exposedRV for 2 h, then
the cells were washed and further incubated inhfreedium in the
absence or the presence of RV and collected an@4448 h. In parallel,
cells were exposed to RV throughout the 24 or 4&1od of incubation.
In the latter case, the medium was replaced anavRd/re-added at 24 h,
to avoid aspecific induction of autophagy due tdrieat consumption.

The presence of autophagolysosomes was visualizébbling the cells
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with the auto-fluorescent dye monodansylcadaveiiheC) (Kabeya et

al., 2000; Munafo and Colombo, 2001) (Bampton et2005; Kihara et
al., 2001; Liang et al., 2006; Mizushima et al.02D A 2 h incubation
with RV led to the accumulation of autophagolysosenas indicated by
the increased MDC staining (Figure 1D). On rema@aRV, the cell

recovered from the toxic stress and down-regulatedphagy to (basal)
control level within 24 h. By contrast, the chrorcesence of RV
sustained the autophagy process, as demonstratéloebptense MDC
labeling of cells exposed to RV for 24 and 48 hg(fe 1D). Form these
data we conclude that: i) autophagy induced by R&s the

characteristics of a rapid and reversible stresgam®se; ii) RV retains its

stimulatory activity on autophagy for at least 24 h

Asparagine prevents the hyper-regulation of Beclirdependent

autophagy induced by chronic exposure to Resveratto

To confirm the induction of autophagy by RV we atfged to interfere
with the process using the inhibitor 3-methyladen(3MA) (Seglen and
Gordon, 1982) This drug, at appropriate concemnati (5-10 mM),

effectively inhibited the RV-induced formation of e8lin-positive

macrocomplexes (not shown), yet it revealed itseXic in prolonged

incubation (Opipari et al., 2004), thus precludiitg use in further
experiments. Extra supplementation of certain aagis has been
proved to down-regulate autophagy (Hoyvik et a@91;, Seglen et al.,
1980). 50 mM asparagine prevented the formatioBexdin-GFP macro-
complexes (Figure 2A) and the vacuolar localizattdnGFP-LC3 (not

shown) in cells exposed for 2 h to RV. Asparagifs grevented the
accumulation of AVs positive for Beclinl, Rab24,dahC3 in cells

chronically exposed (for 24 and 48 h) to RV (nobwh). Further, the

content of Beclinl greatly increased in cells clically exposed to RV,
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yet this effect was not observed in cells co-tr@atdth asparagine
(Figure 2B). Thus, raising the intracellular corication of asparagine

efficiently impaired the induction of autophagy Ry'.

Asparagine prevents apoptosis induced by Resveratro

We have recently shown that chronic and reiterdtaimistration of 100
MM RV induces caspase-dependent apoptosis of DLdl$ through a
pathway driven by lysosomal cathepsin D and baxn€heri et al.,
2007). While a 24 h incubation with RV provoked| ggbwth arrest and
no apparent cell death, the incubation with RVftother 24 h produced
~50% cell death in the monolayer (Trincheri et aDQ7). We asked
whether the induction of autophagy by RV was firedi to protect the
cells (thus accounting for the ~ 50% of cells thatvived at the end of
the treatment) or was part of the death pathways(dtcounting for the ~
50% of cells that succumbed at the end of the rireat). Hyper-
activation of autophagy is in fagier sedeleterious for the cell, as
excessive self-digestion ends up in autophagidesith (ACD) (Bursch,
2001; Feng et al., 2005). To better assess the aealribution of
apoptosis and autophagy in the cytotoxic mechawisRY, DLD1 cells
were exposed to 100 uM RV for up to 48 h in theeabs or the presence
of the pan-caspase inhibitor ZVAD-fmk and/or of tlaminoacid
asparagine. Cell death was assessed by countingable and necrotic
cells and by cytofluorometry of cells labeled wigdmnexin V-FITC,
which is assumed as an early marker of apoptossst{iMet al., 1995). In
agreement with published data (Trincheri et alQ7)0cell counting data
(not shown) and cytofluorometry quantification ainaxin V-positive
cells confirmed the occurrence of ~50 % cell lossr(pared to dayO cell
density) in the RV-exposed culture; cell death waspletely abrogated

by co-treating with ZVAD-fmk or asparagine or bothe inhibitors
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(Figure 3A). We then looked at the effect of theskibitors on the
regulation of autophagy. Fluorescence localizatbh.C3 in GFP-LC3
expressing cells (data not shown) and MDC stainiraf
autophagolysosomes (Figure 3B) demonstrated thalitgaof ZVAD-
fmk to halt RV-induced autophagy, whereas aspaeagonfirmed its

ability to prevent the early formation of AVs.

Genetic down-regulation of Beclinl abrogates the fmation of
autophagosomes and apoptosis induced by Resverdtro

The findings that asparagine was able to prevenhiiper-regulation of
Beclinl expression, autophagy and cytotoxicity by de suggestive of a
functional link between Beclin-dependent autophagyd caspase-
dependent apoptosis. We tested this hypothesis. eéXpgession of
Beclinl protein was knocked-down through the exgogsof a specific
siRNA (Figure 4A). MDC staining proved that undérstcondition the
formation of autophagolysosomes was impaired inddlés exposed to
RV for 48 h (Figure 4B). Cell counting (not showar)d cytofluorometry
data (Figure 4C) demonstrated that while contreis-transfected) cells
were largely sensitive to a 48 h treatment with HBé&clinl-siRNA-
transfected DLD1 cells were not. To definitely imspte Beclin-
dependent autophagy in RV-induced apoptosis wenexfaiBeclinl-
knocked-down cultures with the TUNEL technique, ethevidences the
presence of nicked DNA that accumulates in dyingsc©n treatment
with RV, TUNEL positive cells were detectable inaghtransfected, but

not in Beclin-siRNA-transfected, cultures (Figui2)4

116



Resveratrol toxicity depends on the lipid kinase dwvity of class Ill
P13 kinase

We further investigated the molecular pathways ugho which RV
induces both the up-regulation of autophagy and delth. The
interaction of Vps34-Class Ill PI3k with Atg6-Beali is a key step for
membrane nucleation and formation of the AV at lenesl of the pre-
autophagosomal structure (Kihara et al., 2001; Kueual., 2001). We
asked about the need of PI3k Il activity for thenhation of beclin-
macrocomplexes under RV treatment. To overcomeautispecific toxic
effects of 3MA, we interfered with the activatioh I3k Il by ectopic
over-expression of its dominant negative. To tms,ewe employed a
recombinant adenoviral vector coding for a mutaps34 protein devoid
of lipid kinase activity (Ad-Vps34dn). Adherent Dlilxells were sham-
or Ad-Vps34dn-infected and then incubated for 48itth or without RV.
On average, > 90% of cells were effectively infd¢ctas estimated by
GFP staining. Despite the chronic exposure to R¥ dctopic expression
of Vps34dn completely prevented the induction oftopbagy, as
demonstrated by MDC staining (Figure 5A), and cowmterary inhibited
the occurrence of cell death, as demonstrated dyaitk of annexin V-
labeling (Figure 5B). Cell counting data confirmtge full protection
attained by Vps34dn expression toward RV cytotdxi@not shown).

Genetic down-regulation of Lamp2b abrogates the fanation of
autophagolysosomes and cell death induced by Resa&pl

An important point is to determine whether autophdgpendent cell
death associated with RV exposure is due to thesskee accumulation
of AVs and/or of autophagolysosomes in the cell.abdlress this issue
we interfered with the last step of autophagy, the formation of the

autophagolysosome. Both Lampl and Lamp2 protem#aplved in the
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process of reciprocal recognition and fusion of A&fsd endosomal-
lysosomal organelles (Eskelinen, 2006). We were &binhibit the AV-

lysosome fusion by siRNA-mediated knock-down of Ip&2im, as
indicated by immunofluorescence co-staining of L&®@ Lampl, which
respectively identifies AVs and endosomal-lysosoarghnelles (Figure
6A). MDC staining further proved that the formatiorof

autohagolysosomes by RV was impaired in DLD1 deflasfected with
an siRNA targeting Lamp2b (Figure 6B). We then assd the toxic
effect of RV under this condition. Cytofluorometyata (and cell
counting data, not shown) demonstrated that silgntamp2b prevents
the induction of annexin V-positive cell death Kdyranic and reiterate

exposure to RV (Figure 6C).

DISCUSSION

Autophagy is a lysosomal-mediated degradative payhthat plays a
major role in cell and tissue homeostasis. How &mdwvhat extent

autophagy contributes to cancer development angrgssion/regression
Is still a matter of investigation (Ogier-Denisda®odogno, 2003).
Defective autophagy favors tumorigenesis, and gemesived in the

regulation of autophagy, such as BECLIN 1 and PT&bl frequently

mutated in carcinomas and are therefore regarded@suppressors (Di
Cristofano and Pandolfi, 2000; Liang et al., 1998;et al., 2003). On the
other hand, functional autophagy helps the canebrt@ survive when

the blood supply is reduced, thus preventing nesrasd inflammation-
associated tumor progression (Degenhardt et a806)20he clarification

of the real contribution of autophagy in the callutesponse to anti-
carcinogenic drugs is of obvious utility when desng chemotherapy
and chemopreventive pharmacological strategiese Mer show that the

pro-apoptotic activity of RV in DLD1 colorectal czar cells is mediated
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by proteins involved in the regulation and exequtaf autophagy. In
DLD1 cells RV promptly induced autophagy, which wasersible and
not harmful when the exposition to the drug wasperally limited. The
reiterate and prolonged incubation with RV led toedl death with the
morphological and biochemical features of apopto@snexin V-
positive, TUNEL-positive, caspase-mediated), yewas dependent on
the lipid kinase activity of class Ill PI3k. Thegaaling pathway linking
RV and activation of class Ill PI3k definitely deses further studies.
Post-transcriptional down-regulation of either B&tl and Lamp2b,
which respectively led to inhibition of AV and apttagolysosome
formation, also protected the cells from RV toxicilt is to note that the
Lamp2b  silencing condition inhibited the formationof
autophagolysosomes and determined the accumulafigkvs in RV-
treated cells, yet it did not precipitate an ACDvass shown to occur in
starved cells (Gonzalez-Polo et al., 2005). Inkohitof autophagy
prevented the occurrence of TUNEL-positive cell tdeawhereas
inhibition of caspases, though saving the celld,rait impair autophagy
in RV-treated cells. Again, in this latter conditicACD did not occur
despite the chronic exposure to RV and ongoing pnsigy. These
observations suggest that the autophagy and apepafhways were not
independent, rather they were strictly linked arerged at the execution
point, the caspases acting as death executionarssti@am autophagy.
We have previously shown that RV induces the cytoselocation of
cathepsin D, which in turn activates the bax-mitoadrial intrinsic
pathway of caspase-dependent cell death (Trinetali, 2007).

Taken together with the present findings, we prepasmodel of RV
cytotoxicity in which initially autophagy represeran adaptive response
with pro-survival function, but on chronic intoxiaan autophagy is

hyper-stimulated and the lysosomal membrane becp@eseable, thus
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allowing the cytosolic relocation of pro-apoptati@thepsins. The present
results indicate that genetic or epigenetic inatibn of proteins involved
in the regulation and/or execution of autophagycamcer cells confer
resistance to RV-mediated Killing.
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LEGENDS TO FIGURES

Figure 1. Resveratrol rapidly induces an autophagyesponse A) Un-
transfected and GFP-LC3 transfected DLD1 cellseplatn coverslips
were exposed to RV for 1 and 2 h. RV provokes #pedrchanges in LC3
distribution from a diffuse cytoplasmic staining @ vacuolar-like
staining. B) Western blotting analysis of MAP-LC®epessing in DLD1
cells. On RV treatment, the vacuolar-associated L@&form is rapidly
generated. C) DLD1 cells were transfected with asmpiid encoding
Beclin-GFP and exposed to RV for the time indicat@dcuolar-like
aggregates of Beclinl could be detected after enibbexposure to RV.
D) DLD1 cells plated on coverslips were expose&Yofor 24 h or 48 h
(refreshing the medium and re-adding RV at 24 hjoor2 h and then
incubated in fresh medium (without RV) and collectg 24 h or 48 h.
Cells were then stained with MDC and immediatehaged under the
fluorescence microscope. Uptake and accumulatioNC reflect the
presence of autophagolysosomes. The experimenalsetleat induction
of autophagy is an early and reversible respongd/to

Figure 2. Asparagine prevents the induction of Beni-dependent
autophagy by Resveratrol. Beclin-GFP-transfected DLD1 cells were
exposed for 2 h to RV in the absence or the presehasparagine (Asn).
Images show that the vacuolar-like localizationBefclin-GFP induced
by RV does not occur in the presence of Asn. B) téfasblotting
analysis (one out of three is shown) of Beclinl regpion in cells
exposed to RV for 24 or 48 h in the absence oiptkeence of Asn. RV
induces the accumulation of Beclinl protein (ath2this effect is higher
than at 48 h). Inhibition of autophagy by Asn pmgethe cellular
accumulation of Beclin 1 induced by RV.

Figure 3. Asparagine prevents the toxic effect indted by chronic

administration of Resveratrol. A) Annexin V-FITC flow cytometry
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profiles of cells exposed to RV for 48 h in the effie (none) or the
presence of ZVAD-fmk or Asn or the two inhibitoregether, as
indicated. Inhibition of caspases or of autophadigited complete
protection against RV toxicity, and no synergigiiotection was attained
by co-treating with both inhibitors. B) MDC staiginof DLD1 cells
incubated for 2 to 48 h with RV and in the absemicthe presence of Asn
or ZVAD-fmk. Images confirm the inability of the pacaspases inhibitor
to prevent the formation and accumulation of auaguilysosomes
induced by RV, while Asn maintains its inhibitorffext on autophagy
induction in cells exposed to RV for as long a$148

Figure 4. Ectopic expression of a P13k Il dominantnegative protects
from Resveratrol cytotoxicity. DLD1 cells (adherent either on
coverslips or Petri dishes) were infected with i@ombinant vector Ad-
Vps34dn (which directs the expression of a lipidase-deficient mutant
of class Ill PI3k) or with an empty adenoviral vac{sham) and then
exposed to RV for 48 h. A) At the end, cells on@slips were stained
with MDC and immediately observed under the fluoeg®e microscope.
The images show that expression of Vps34dn effilsiembolished the
induction of autophagy by RV. B) At the end of tineatment, the cells
were labeled with annexin V-FITC and analyzed loyflcytometry. The
cytofluorometry profiles demonstrate that in Ad-Bgdn-infected
cultures RV did not induce annexin V-positive ahath. In a parallel set
of cultures, adherent viable cells were countede @lata (not shown)
confirmed the protection attained by Vps34dn add®\é cytotoxicity.
Figure 5. siRNA-mediated silencing of Beclin 1 preants Resveratrol-
induced apoptosis.DLD1 cells were transfected with an inefficient
duplex oligoRNA (sham) or with an siRNA specificr fBeclinl. A)
Western blotting analysis demonstrates the efficiemock-down of

Beclinl protein expression attained with the specs#iRNA. B) The
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cells, plated on coverslips, were exposed to Rtbh and stained with
MDC. The images confirm that silencing the expr@ssof Beclinl
prevents the accumulation of autophagolysosom&d/utreated cells. C)
The cells plated in Petri dishes were exposed tofé&t\V48 h and then
trypsinized, conted and labeled with annexin V-FFBCflow cytometry
evaluation of cell death. Data demonstrate thabmptete protection
against RV cytotoxicity was obtained by knockingaahothe expression
of Beclin 1. D) Cells plated on coverslips were @sgd to RV for 48 h
and then stained with the TUNEL technique. The iesaghow that in
sham-infected cultures, but not in Beclinl-silencatlures, RV provokes
the appearance of TUNEL-positive cells.

Figure 6. siRNA-mediated silencing of Lamp2b prevers
autophagolysosome formation and cell death inducedoly Resveratrol.
Sham- and Lamp2b-siRNA-transfected cells were iatedbfor 48 h with
RV and at the end cells were assayed by immunafoance for the
formation of AVs (LC3-positive) and of autophagagemes (LC3-
Lampl positive) and for occurrence of annexin VHpos cell death. A)
Images show that siRNA-mediated knock-down of LaimpBolishes the
formation of vacuoles double-positive for both L&3d Lampl, which
are seen in sham-infected cells. B) The cells waamed with MDC. The
images confirm that silencing the expression of pamis sufficient to
prevent the accumulation of autophagolysosomesvisirated cells. C).
The cells were labeled with annexin V-FITC and lgred by flow
cytometry. Data demonstrate that the complete ptiote against RV

cytotoxicity obtained by knocking-down the expressiamp2b.

123



Beclin-GFP

D none R¥2dh RV48h

MDC staining

RV Zh)24h RV{Zh)4&h

Figure 1

124



none

Asn

c kDa
Lean I,.- ﬂ.‘l el R
Actin 42
RV - . L
Asn - + - 4+
Figure 2

B kDa

Becin 1 [ SR S S S| o1

Actin

time 24h 48h

25 1
2 4
1.5

Densilometry ratio

05

RV - + + + +

time 24h 48

125



Figure 3

=

Asn ZVAD ASNUEVAD

E

e LS.:I% Li..z'.c. | 5% ‘ 68%

4 E:&a% | 114% ! lmx'ﬁ I 9A%
Annaxin V-Fito

MDE staining

Asn itell-]

ZVAD

C Asn ZVAD

fLamp 1{red]

126



A KDa D Annesin V-FITC
Baclin { | - - 51

RV

Aetin | o a2

nmoane
Sham siRNA E ! ;
Beclin 4 1%, 34.4%
B Lamo f{red)
I B8%. | 14,7%,

sham
SIENA Beslind

m

siRNA Beclind
8l

RV Ok 4dh

iC

WDC etaining

sIRMA Baclind

sham

RV oh 48h

siRMA Baclind

RV Oh 4Eh

Figure 4

127



Sham

Vps3ddn

I C Annexin V-FITC
MDC staining =

32% i | 0%

e

sham

i ; -

Vps3d dn

48h

Figure 5

128



A Lamp1 TRITC C Annexin V-FITC

Sham

12% .

siRNA Lamp2b
siRNA I___qmp2b

RV 0h 48h

MDC staining

siRNA Lamp2b

Figure 6

129



OTHER WORKS

-Rita Carini,Nicol Francesca Trincheri Elisa Alchera, Maria Grazia De
Cesaris, Roberta Castino, Roberta Splendore, ErwrAlbano, Ciro
Isidoro. PI3K-dependent Iysosome exocytosis in iqitroxide-
preconditioned hepatocytes. Free Radic Biol Me@62day 15;40;1738-
48.

-C. Follo, R. Castino, G. Nicotray.F. Trincheri, C. Isidoro. Folding,
activity and targetting of mutated human cathed3irthat cannot be
processed into the double -chain form.

Int J Biochem Cell Biol. 2007;39:638-49. Epub 200&v 25.

-R. Castino, N. Bellio, G. Nicotrdy.F. Trincheri, C.Isidoro. Cathepsin
D-Bax death pathway in oxidative stressed neurtdas cells.
Free Radic Biol Med. 2007 May 1;42:1305-16. Epub7220an 8.

-R. Castino, C. Peracchio, A. Salini, G. NicotM,F.Trincheri, M.
Demoz, G.Valente, C. Isidoro. Chemotherapy drugaese in ovarian
cancer cells strictly depends on a cathepsin D-d&aixation loop.

2008 Journal of cellular and Molecular Medicine

-G.Nicotra, F. Manfroi, F. MercalliN.F. Trincheri, R. Castino, S.
Kerim, G. Valente, C. Isidoro. High expression athepsin D predicts
poor prognosis in patients bearing aggressive nmafgkin’s Lyphomas.
2008 In submission.

130



BIBLIOGAPHY

Abedin, M.J., Wang, D., McDonnell, M.A., Lehmann, Bnd Kelekar, A. (2007)
Autophagy delays apoptotic death in breast canedls dollowing DNA
damageCell Death Differ 14, 500-510.

Abedini, M.R., Qiu, Q., Yan, X. and Tsang, B.K. Q&) Possible role of FLICE-like
inhibitory protein (FLIP) in chemoresistant ovarigancer cells in vitro.
Oncogeng23, 6997-7004.

Adida, C., Crotty, P.L., McGrath, J., Berrebi, Diebold, J. and Altieri, D.C. (1998)
Developmentally regulated expression of the noaekcer anti-apoptosis gene
survivin in human and mouse differentiatidim J Pathqgl152 43-49

Agarwal, C., Sharma, Y. and Agarwal, R. (2000) Aatcinogenic effect of a
polyphenolic fraction isolated from grape seed&uman prostate carcinoma
DU145 cells: modulation of mitogenic signaling asedl-cycle regulators and
induction of G1 arrest and apopto$¥ol Carcinog 28, 129-138.

Aggarwal, B.B., Bhardwaj, A., Aggarwal, R.S., SeeraN.P., Shishodia, S. and
Takada, Y. (2004) Role of resveratrol in preventaond therapy of cancer:
preclinical and clinical studiegnticancer Re24, 2783-2840.

Aggarwal, B.B. and Shishodia, S. (2006) Moleculargéts of dietary agents for
prevention and therapy of cancBrochem Pharmacell, 1397-1421.

Allavena, P., Sica, A., Solinas, G., Porta, C. avidntovani, A. (2008) The
inflammatory micro-environment in tumor progressidhe role of tumor-
associated macrophag€xsit Rev Oncol Hematpb6, 1-9.

Altieri, D.C. (2008) Survivin, cancer networks apdthway-directed drug discovery.
Nat Rev Cance, 61-70.

Amaravadi, R.K. and Thompson, C.B. (2007) The roletherapy-induced autophagy
and necrosis in cancer treatmediin Cancer Resl3, 7271-7279.

Ambrosini, G., Adida, C. and Altieri, D.C. (1997) Aovel anti-apoptosis gene,
survivin, expressed in cancer and lymphohiat Med 3, 917-921.

Arico, S., Petiot, A., Bauvy, C., Dubbelhuis, P.Meijer, A.J., Codogno, P. and
Ogier-Denis, E. (2001) The tumor suppressor PTENitpely regulates
macroautophagy by inhibiting the phosphatidylinas&-kinase/protein kinase
B pathway.J Biol Chem?276, 35243-35246.

131



Ashkenazi, A. (2002) Targeting death and decoy prs of the tumour-necrosis
factor superfamilyNat Rev Cancer, 420-430.

Askanas, V. and Engel, W.K. (2006) Inclusion-bodyositis: a myodegenerative
conformational disorder associated with Abeta, girotmisfolding, and
proteasome inhibitioNeurology 66, S39-48.

Baldwin, A.S., Jr. (1996) The NF-kappa B and | kajip proteins: new discoveries
and insightsAnnu Rev Immunpl4, 649-683.

Bampton, E.T., Goemans, C.G., Niranjan, D., Mizomshi N. and Tolkovsky, A.M.
(2005) The dynamics of autophagy visualized in liwells: from
autophagosome formation to fusion with endo/lyscsmrAutophagy 1, 23-
36.

Banerjee, S., Bueso-Ramos, C. and Aggarwal, B.BOZP Suppression of 7,12-
dimethylbenz(a)anthracene-induced mammary carcmexgie in rats by
resveratrol: role of nuclear factor-kappaB, cyckgenase 2, and matrix
metalloprotease Lancer Res62, 4945-4954.

Baur, J.A. and Sinclair, D.A. (2006) Therapeutid¢gobial of resveratrol: the in vivo
evidenceNat Rev Drug Discq\b, 493-506.

Bavaresco, L. (2003) Role of viticultural factons stilbene concentrations of grapes
and wine Drugs Exp Clin Re9, 181-187.

Belguendouz, L., Fremont, L. and Linard, A. (19%®&sveratrol inhibits metal ion-
dependent and independent peroxidation of poramedensity lipoproteins.
Biochem Pharmacpb3, 1347-1355.

Bertazza, L. and Mocellin, S. (2008) Tumor necrdaitor (TNF) biology and cell
death Front Bioscj 13, 2736-2743.

Bhardwaj, A., Sethi, G., Vadhan-Raj, S., Bueso-Raent., Takada, Y., Gaur, U.,
Nair, A.S., Shishodia, S. and Aggarwal, B.B. (200R@sveratrol inhibits
proliferation, induces apoptosis, and overcomesmechesistance through
down-regulation of STAT3 and nuclear factor-kappaBulated antiapoptotic
and cell survival gene products in human multipleeloma cellsBlood 109,
2293-2302.

Bhat, K.P. and Pezzuto, J.M. (2001) Resveratroibgtshcytostatic and antiestrogenic
properties with human endometrial adenocarcinorshihwa) cellsCancer
Res 61, 6137-6144.

Bhat, K.P. and Pezzuto, J.M. (2002) Cancer chemepte/e activity of resveratrol.
Ann N Y Acad Sc957, 210-229.

Bianchi, L., Gerstbrein, B., Frokjaer-Jensen, Qy#&, D.C., Mukherjee, G., Royal,
M.A., Xue, J., Schafer, W.R. and Driscoll, M. (200fhe neurotoxic MEC-
4(d) DEG/ENaC sodium channel conducts calcium: icagibns for necrosis
initiation. Nat Neurosci7, 1337-1344.

132



Bidere, N., Lorenzo, H.K., Carmona, S., Laforge, Marper, F., Dumont, C. and
Senik, A. (2003) Cathepsin D triggers Bax activaticesulting in selective
apoptosis-inducing factor (AIF) relocation in T Iphrocytes entering the early
commitment phase to apoptosiBiol Chem278 31401-31411.

Boatright, K.M. and Salvesen, G.S. (2003) Caspase@adion. Biochem Soc Symp
233-242.

Bodmer, J.L., Holler, N., Reynard, S., Vinciguerfa, Schneider, P., Juo, P., Blenis,
J. and Tschopp, J. (2000) TRAIL receptor-2 sigmaigptosis through FADD
and caspase-8lat Cell Bio| 2, 241-243.

Boocock, D.J., Faust, G.E., Patel, K.R., Schinasf.ABrown, V.A., Ducharme,
M.P., Booth, T.D., Crowell, J.A., Perloff, M., Gdéma, A.J., Steward, W.P.
and Brenner, D.E. (2007) Phase | dose escalatianm@cokinetic study in
healthy volunteers of resveratrol, a potential earchemopreventive agent.
Cancer Epidemiol Biomarkers Prel6, 1246-1252.

Bottger, A., Bottger, V., Garcia-Echeverria, C., e@R, P., Hochkeppel, H.K,,
Sampson, W., Ang, K., Howard, S.F., Picksley, Savd Lane, D.P. (1997)
Molecular characterization of the hdm2-p53 intamact] Mol Biol, 269, 744-
756.

Bowers, J.L., Tyulmenkov, V.V., Jernigan, S.C. &iidhge, C.M. (2000) Resveratrol
acts as a mixed agonist/antagonist for estrogeapters alpha and beta.
Endocrinology 141, 3657-3667.

Boya, P., Gonzalez-Polo, R.A., Casares, N., Pariett.L., Dessen, P., Larochette,
N., Metivier, D., Meley, D., Souquere, S., Yoshimof., Pierron, G.,
Codogno, P. and Kroemer, G. (2005) Inhibition ofcreautophagy triggers
apoptosisMol Cell Biol, 25, 1025-1040.

Brakenhielm, E., Cao, R. and Cao, Y. (2001) Sugioesof angiogenesis, tumor
growth, and wound healing by resveratrol, a nataomhpound in red wine
and graped-aseb J15, 1798-1800.

Brennan, D.J., Rexhepaj, E., O'Brien, S.L., McShefr, O'Connor, D.P., Fagan, A.,
Culhane, A.C., Higgins, D.G., Jirstrom, K., Millika R.C., Landberg, G.,
Duffy, M.J., Hewitt, S.M. and Gallagher, W.M. (2Q08Itered cytoplasmic-
to-nuclear ratio of survivin is a prognostic indmain breast cancelClin
Cancer Resl4, 2681-26809.

Broker, L.E., Huisman, C., Span, S.W., Rodriguea,,Xruyt, F.A. and Giaccone,
G. (2004) Cathepsin B mediates caspase-indepemnadndeath induced by
microtubule stabilizing agents in non-small cetfigucancer cell<Cancer Res
64, 27-30.

Broker, L.E., Kruyt, F.A. and Giaccone, G. (2005gllCdeath independent of
caspases: a revie®lin Cancer Resl1, 3155-3162.

133



Bruder, J.L., Hsieh, T., Lerea, K.M., Olson, S.@dawu, J.M. (2001) Induced
cytoskeletal changes in bovine pulmonary artery odralial cells by
resveratrol and the accompanying modified respotsesterial shear stress.
BMC Cell Biol 2, 1.

Bruder, J.M., Lee, A.P. and Hoffman-Kim, D. (200Biomimetic materials
replicating Schwann cell topography enhance nediradaesion and neurite
alignment in vitroJ Biomater Sci Polym Ed8, 967-982.

Brunet, A., Bonni, A., Zigmond, M.J., Lin, M.Z., duP., Hu, L.S., Anderson, M.J.,
Arden, K.C., Blenis, J. and Greenberg, M.E. (198 promotes cell survival
by phosphorylating and inhibiting a Forkhead traipsion factor. Cell, 96,
857-868.

Brunk, U.T., Neuzil, J. and Eaton, J.W. (2001) Ls@mal involvement in apoptosis.
Redox Reb, 91-97.

Buccellato, L.J., Tso, M., Akinci, O.l., Chandel,S\ and Budinger, G.R. (2004)
Reactive oxygen species are required for hyperoxiaeed Bax activation
and cell death in alveolar epithelial cellsBiol Chem279, 6753-6760.

Buchsbaum, D.J., Forero-Torres, A. and LoBuglioF.A(2007) TRAIL-receptor
antibodies as a potential cancer treatmiéature Onco| 3, 405-409.

Burke, J.R. (2003) Targeting | kappa B kinase har treatment of inflammatory and
other disordersgCurr Opin Drug Discov Deveb, 720-728.

Bursch, W. (2001) The autophagosomal-lysosomal estment in programmed cell
death Cell Death Differ 8, 569-581.

Bursch, W., Ellinger, A., Kienzl, H., Torok, L., Raey, S., Sikorska, M., Walker, R.
and Hermann, R.S. (1996) Active cell death indubgdthe anti-estrogens
tamoxifen and ICI 164 384 in human mammary carcimam®lls (MCF-7) in
culture: the role of autophag@arcinogenesisl7, 1595-1607.

Campbell-Thompson, M., Lynch, 1.J. and Bhardwaj(2001) Expression of estrogen
receptor (ER) subtypes and ERbeta isoforms in codmterCancer Res61,
632-640.

Cao, Z., Fang, J., Xia, C., Shi, X. and Jiang, B.2004) trans-3,4,5-
Trihydroxystibene inhibits hypoxia-inducible factdralpha and vascular
endothelial growth factor expression in human @marcancer cellsClin
Cancer Resl0, 5253-5263.

Carbo, N., Costelli, P., Baccino, F.M., Lopez-SoaaF.J. and Argiles, J.M. (1999)

Resveratrol, a natural product present in wineyrebses tumour growth in a
rat tumour modelBiochem Biophys Res Comm@b4, 739-743.

134



Cardone, M.H., Salvesen, G.S., Widmann, C., JohnSorand Frisch, S.M. (1997)
The regulation of anoikis: MEKK-1 activation reqesr cleavage by caspases.
Cell, 90, 315-323.

Castino, R., Demoz, M. and Isidoro, C. (2003) Dettion 'lysosome' a target
organelle for tumour cell killing2 Mol Recognit16, 337-348.

Castino, R., Peracchio, C., Salini, A., Nicotra, Grincheri, N.F., Demoz, M.,
Valente, G. and Isidoro, C. (2008) ChemotherapygDReésponse in Ovarian
Cancer Cells Strictly Depends on a Cathepsin Dx ABgivation Loop.J Cell
Mol Med

Chan, A.Y., Dolinsky, V.W., Soltys, C.L., ViolleB., Baksh, S., Light, P.E. and
Dyck, J.R. (2008) Resveratrol inhibits cardiac hyypphy via AMP-activated
protein kinase and Akd Biol Chem283 24194-24201.

Chander, V. and Chopra, K. (2006) Possible rolenitbic oxide in the protective
effect of resveratrol in 5/6th nephrectomized ratSurg Resl33 129-135.

Chanvitayapongs, S., Draczynska-Lusiak, B. and ®uvi, (1997) Amelioration of
oxidative stress by antioxidants and resveratr&®?@12 cellsNeuroreport 8,
1499-1502.

Cheeke, P.R., Piacente, S. and Oleszek, W. (200@i)-imflammatory and anti-
arthritic effects of Yucca schidigera: a revielnflamm (Lond)3, 6.

Chen, A.C. and Donovan, S.M. (2004) Genistein abmacentration present in soy
infant formula inhibits Caco-2BBe cell proliferatidoy causing G2/M cell
cycle arrestJ Nutr, 134, 1303-1308.

Chen, G.Q., Zhu, J., Shi, X.G., Ni, J.H., ZhongJ.HSi, G.Y., Jin, X.L., Tang, W.,
Li, X.S., Xong, S.M., Shen, Z.X., Sun, G.L., Ma, dhang, P., Zhang, T.D.,
Gazin, C., Naoe, T., Chen, S.J., Wang, Z.Y. andnC&e (1996) In vitro
studies on cellular and molecular mechanisms araestrioxide (As203) in
the treatment of acute promyelocytic leukemia: A32@duces NB4 cell
apoptosis with downregulation of Bcl-2 expressionl anodulation of PML-
RAR alpha/PML proteinBlood, 88, 1052-1061.

Chen, Q., Ray, S., Hussein, M.A., Srkalovic, G. @ldhasan, A. (2003) Role of
Apo2L/TRAIL and Bcl-2-family proteins in apoptosts multiple myeloma.
Leuk Lymphomat4, 1209-1214.

Cheng, H. and Leblond, C.P. (1974) Origin, diffei@ion and renewal of the four
main epithelial cell types in the mouse small ititess V. Unitarian Theory of
the origin of the four epithelial cell type&m J Anat141, 537-561.

Chinnaiyan, A.M., O'Rourke, K., Tewari, M. and OiX¥.M. (1995) FADD, a novel

death domain-containing protein, interacts with death domain of Fas and
initiates apoptosigCell, 81, 505-512.

135



Chipuk, J.E., Bouchier-Hayes, L., Kuwana, T., Newere D.D. and Green, D.R.
(2005) PUMA couples the nuclear and cytoplasmicapoptotic function of
p53.Science309 1732-1735.

Chipuk, J.E. and Green, D.R. (2005) Do inducersapbptosis trigger caspase-
independent cell deatt\at Rev Mol Cell Bigl6, 268-275.

Cory, S., Huang, D.C. and Adams, J.M. (2003) Thé-2Bémily: roles in cell
survival and oncogenesi®ncogeng22, 8590-8607.

Cos, P., De Bruyne, T., Apers, S., Vanden BerghePi2ters, L. and Vlietinck, A.J.
(2003) Phytoestrogens: recent developmd?iemta Med 69, 589-599.

Criollo, A., Maiuri, M.C., Tasdemir, E., Vitale,, IFiebig, A.A., Andrews, D., Molgo,
J., Diaz, J., Lavandero, S., Harper, F., PierrandGStefano, D., Rizzuto, R.,
Szabadkai, G. and Kroemer, G. (2007) Regulaticautdphagy by the inositol
trisphosphate receptdCell Death Differ 14, 1029-1039.

Dahia, P.L., Aguiar, R.C., Alberta, J., Kum, J.Baron, S., Sill, H., Marsh, D.J., Ritz,
J., Freedman, A., Stiles, C. and Eng, C. (1999)NPTiEinversely correlated
with the cell survival factor Akt/PKB and is inagiited via multiple
mechanismsin haematological malignanciésn Mol Genet8, 185-193.

Danial, N.N. and Korsmeyer, S.J. (2004) Cell deathical control pointsCell, 116,
205-219.

Das, S., Alagappan, V.K., Bagchi, D., Sharma, HV&ulik, N. and Das, D.K. (2005)
Coordinated induction of INOS-VEGF-KDR-eNOS afteresveratrol
consumption: a potential mechanism for resvergbrelconditioning of the
heart.Vascul Pharmacol?2, 281-289.

Datta, S.R., Dudek, H., Tao, X., Masters, S., Fy,&btoh, Y. and Greenberg, M.E.
(1997) Akt phosphorylation of BAD couples survivsignals to the cell-
intrinsic death machinergell, 91, 231-241.

Dauvois, S., Danielian, P.S., White, R. and Park&G. (1992) Antiestrogen ICI
164,384 reduces cellular estrogen receptor cotgricreasing its turnover.
Proc Natl Acad Sci U S,89, 4037-4041.

de Duve, C. (1983) Lysosomes revisitedr J Biochem137, 391-397.

Debatin, K.M. and Krammer, P.H. (2004) Death regeptin chemotherapy and
cancerOncogeng23, 2950-2966.

Degenhardt, K., Chen, G., Lindsten, T. and Whitg(2B02) BAX and BAK mediate
p53-independent suppression of tumorigen€&asicer Cell 2, 193-203.

136



Degenhardt, K., Mathew, R., Beaudoin, B., Bray, Knderson, D., Chen, G.,
Mukherjee, C., Shi, Y., Gelinas, C., Fan, Y., NalsD.A., Jin, S. and White,
E. (2006) Autophagy promotes tumor cell survivad amestricts necrosis,
inflammation, and tumorigenesiSancer Cell 10, 51-64.

Deiss, L.P., Galinka, H., Berissi, H., Cohen, Od &mchi, A. (1996) Cathepsin D
protease mediates programmed cell death inducednigyferon-gamma,
Fas/APO-1 and TNF-alph&embo J 15, 3861-3870.

del Peso, L., Gonzalez-Garcia, M., Page, C., Herr&. and Nunez, G. (1997)
Interleukin-3-induced phosphorylation of BAD thrdughe protein kinase
Akt. Science278 687-689.

Dell’Angelica, E.C., Mullins, C., Caplan, S. andrifacino, J.S. (2000) Lysosome-
related organelles:aseb J14, 1265-1278.

Delmas, D., Lancon, A., Colin, D., Jannin, B. aratruffe, N. (2006) Resveratrol as a
chemopreventive agent: a promising molecule fantfigg cancerCurr Drug
Targets 7, 423-442.

Demoz, M., Castino, R., Cesaro, P., Baccino, FBdnelli, G. and Isidoro, C. (2002)
Endosomal-lysosomal proteolysis mediates deathalligg by TNFalpha, not
by etoposide, in L929 fibrosarcoma cells: evideae an active role of
cathepsin DBiol Chem 383 1237-1248.

Demoz, M., Castino, R., Follo, C., Hasilik, A., 8fee, B.F. and Isidoro, C. (2006)
High yield synthesis and characterization of phosplated recombinant
human procathepsin D expressed in mammalian ¢&itdein Expr Purif 45,
157-167.

Deveraux, Q.L., Roy, N., Stennicke, H.R., Van Atedd ., Zhou, Q., Srinivasula,
S.M., Alnemri, E.S., Salvesen, G.S. and Reed, J1098) IAPs block
apoptotic events induced by caspase-8 and cytowivy direct inhibition
of distinct caspase&mbo J17, 2215-2223.

Di Cristofano, A. and Pandolfi, P.P. (2000) The tipl¢ roles of PTEN in tumor
suppressionCell, 100, 387-390.

Docherty, J.J., Sweet, T.J., Bailey, E., Faith,.SaAd Booth, T. (2006) Resveratrol
inhibition of varicella-zoster virus replication untro. Antiviral Res 72, 171-
177.

Dohi, T., Xia, F. and Altieri, D.C. (2007) Compaentalized phosphorylation of IAP
by protein kinase A regulates cytoprotectibtal Cell, 27, 17-28.

Donepudi, M., Mac Sweeney, A., Briand, C. and GmutM.G. (2003) Insights into
the regulatory mechanism for caspase-8 activahitwi.Cell, 11, 543-549.

137



Du, C., Fang, M, Li, Y., Li, L. and Wang, X. (2008mac, a mitochondrial protein
that promotes cytochrome c-dependent caspase tmtivay eliminating 1AP
inhibition. Cell, 102, 33-42.

Dudek, H., Datta, S.R., Franke, T.F., Birnbaum,.MY&o, R., Cooper, G.M., Segal,
R.A., Kaplan, D.R. and Greenberg, M.E. (1997) Retjoh of neuronal
survival by the serine-threonine protein kinase.Sktience275 661-665.

Duncan, S.J., Gruschow, S., Williams, D.H., McNies C., Purewal, R., Hajek, M.,
Gerlitz, M., Martin, S., Wrigley, S.K. and Moore,.M2001) Isolation and
structure elucidation of Chlorofusin, a novel p5®BM2 antagonist from a
Fusarium spJ Am Chem S0d23 554-560.

Earnshaw, W.C. (1999) Apoptosis. A cellular poisaupboard.Nature 397, 387,
389.

Eckelman, B.P., Salvesen, G.S. and Scott, F.L.ge6luman inhibitor of apoptosis
proteins: why XIAP is the black sheep of the famiEIBO Rep7, 988-994.

Edinger, A.L. and Thompson, C.B. (2002) Akt maingkcell size and survival by
increasing mTOR-dependent nutrient uptdiel Biol Cell, 13, 2276-2288.

El-Deiry, W.S. (2003) The role of p53 in chemoséwity and radiosensitivity.
Oncogeng22, 7486-7495.

Ellington, A.D. and Bull, J.J. (2005) Evolution. &iging the cofactor diet of an
enzyme.Science310, 454-455.

Elnemr, A., Ohta, T., Yachie, A., Kayahara, M., &jawa, H., Fujimura, T.,
Ninomiya, I., Fushida, S., Nishimura, G.l., Shimizu and Miwa, K. (2001)
Human pancreatic cancer cells disable function a$ Feceptors at several
levels in Fas signal transduction pathwiay.J Onco) 18, 311-316.

Emert-Sedlak, L., Shangary, S., Rabinovitz, A., avola, M.B., Delach, S.M. and
Johnson, D.E. (2005) Involvement of cathepsin Cxhemotherapy-induced
cytochrome c release, caspase activation, anaieath.Mol Cancer Ther4,
733-742.

Eskelinen, E.L. (2006) Roles of LAMP-1 and LAMP+2 lysosome biogenesis and
autophagyMol Aspects Med27, 495-502.

Faust, P.L., Kornfeld, S. and Chirgwin, J.M. (1983)ning and sequence analysis of
cDNA for human cathepsin [Proc Natl Acad Sci U S,82, 4910-4914.

Feng, Z., Zhang, H., Levine, A.J. and Jin, S. (300%e coordinate regulation of the
p53 and mTOR pathways in celRroc Natl Acad Sci U S,A02, 8204-8209.

138



Ferreira, C.G., van der Valk, P., Span, S.W., Jognk#1., Postmus, P.E., Kruyt, F.A.
and Giaccone, G. (2001) Assessment of IAP (inhilotfoapoptosis) proteins
as predictors of response to chemotherapy in aé¢danon-small-cell lung
cancer patient#Ann Onco] 12, 799-805.

Ferrer, P., Asensi, M., Segarra, R., Ortega, AnlBeh, M., Obrador, E., Varea,
M.T., Asensio, G., Jorda, L. and Estrela, J.M. @0BAssociation between
pterostilbene and quercetin inhibits metastatidviégt of B16 melanoma.
Neoplasia7, 37-47.

Fesik, S.W. (2005) Promoting apoptosis as a styaimgcancer drug discoveriNat
Rev Cancerb, 876-885.

Fingar, D.C. and Blenis, J. (2004) Target of rapamyTOR): an integrator of
nutrient and growth factor signals and coordinaibrcell growth and cell
cycle progressiorOncogeng23, 3151-3171.

Fiorelli, G., Picariello, L., Martineti, V., Tonell F. and Brandi, M.L. (1999)
Functional estrogen receptor beta in colon caneks.&iochem Biophys Res
Commun261, 521-527.

Foghsgaard, L., Wissing, D., Mauch, D., Lademann, Rastholm, L., Boes, M.,
Elling, F., Leist, M. and Jaattela, M. (2001) Cabie@ B acts as a dominant
execution protease in tumor cell apoptosis indumetumor necrosis factod.
Cell Biol, 153 999-1010.

Fong, W.G., Liston, P., Rajcan-Separovic, E., SinJé., Craig, C. and Korneluk,
R.G. (2000) Expression and genetic analysis of X&Bociated factor 1
(XAF1) in cancer cell linessenomics70, 113-122.

Fremont, L. (2000) Biological effects of resverattofe Scj 66, 663-673.

Fribley, A., Zeng, Q. and Wang, C.Y. (2004) Proteas inhibitor PS-341 induces
apoptosis through induction of endoplasmic retipulsiress-reactive oxygen
species in head and neck squamous cell carcinotisa ®l Cell Biol, 24,
9695-9704.

Fukuda, S. and Pelus, L.M. (2006) Survivin, a cataeget with an emerging role in
normal adult tissueddol Cancer Ther5, 1087-1098.

Fulda, S. and Debatin, K.M. (2004) Targeting apsist@athways in cancer therapy.
Curr Cancer Drug Targetst, 569-576.

Galatin, P.S. and Abraham, D.J. (2004) A nonpeptagilfonamide inhibits the p53-

mdm2 interaction and activates p53-dependent trgnti®n in mdma2-
overexpressing celld. Med Chend7, 4163-4165.

Galderisi, U., Cascino, A. and Giordano, A. (1999jtisense oligonucleotides as
therapeutic agents.Cell Physiol181, 251-257.

139



Gelfanov, V.M., Burgess, G.S., Litz-Jackson, S.n&i A.J., Marshall, M.S.,
Nakshatri, H. and Boswell, H.S. (2001) Transformmtiof interleukin-3-
dependent cells without participation of StatS/icl-cooperation of akt with
raf/erk leads to p65 nuclear factor kappaB-mediata@chpoptosis involving c-
IAP2. Blood 98, 2508-2517.

Gingras, A.C., Kennedy, S.G., O'Leary, M.A., Soremgb N. and Hay, N. (1998) 4E-
BP1, a repressor of mRNA translation, is phospladegl and inactivated by
the Akt(PKB) signaling pathwaysenes Devl12, 502-513.

Gleave, M., Miyake, H., Zangemeister-Wittke, U. alghsen, B. (2002) Antisense
therapy: current status in prostate cancer andr atieignancies.Cancer
Metastasis Re\21, 79-92.

Golstein, P. (1997) Cell death: TRAIL and its reoep. Curr Biol, 7, R750-753.

Gonzalez-Polo, R.A., Boya, P., Pauleau, A.L., JAli| Larochette, N., Souquere, S.,
Eskelinen, E.L., Pierron, G., Saftig, P. and Kroem&. (2005) The
apoptosis/autophagy paradox: autophagic vacuahzatbefore apoptotic
death.J Cell Scj 118 3091-3102.

Granados-Soto, V., Arguelles, C.F. and Ortiz, M(R002) The peripheral
antinociceptive effect of resveratrol is associatdth activation of potassium
channelsNeuropharmacologyt3, 917-923.

Green, D.R. and Amarante-Mendes, G.P. (1998) Thatpof no return:
mitochondria, caspases, and the commitment todeelth.Results Probl Cell
Differ, 24, 45-61.

Green, D.R. and Kroemer, G. (2004) The pathophggiolof mitochondrial cell
death.Science305 626-629.

Gudkov, A.V. and Komarova, E.A. (2005) Prospectilierapeutic applications of
p53 inhibitors Biochem Biophys Res Comm@81, 726-736.

Guicciardi, M.E., Deussing, J., Miyoshi, H., Brorg,F., Svingen, P.A., Peters, C.,
Kaufmann, S.H. and Gores, G.J. (2000) Cathepsino®ributes to TNF-
alpha-mediated hepatocyte apoptosis by promotirtigamondrial release of
cytochrome c¢J Clin Invest106, 1127-1137.

Guicciardi, M.E., Leist, M. and Gores, G.J. (2004ysosomes in cell death.
Oncogeng23, 2881-2890.

Gusman, J., Malonne, H. and Atassi, G. (2001) Appeazisal of the potential

chemopreventive and chemotherapeutic properties rafsveratrol.
Carcinogenesi?2, 1111-1117.

140



Haider, U.G., Sorescu, D., Griendling, K.K., Vollm&.M. and Dirsch, V.M. (2002)
Resveratrol suppresses angiotensin ll-induced Admn kinase B and p70
S6 kinase phosphorylation and subsequent hypestrophat aortic smooth
muscle cellsMol Pharmaco| 62, 772-777.

Hantschel, M., Pfister, K., Jordan, A., Scholz, Rndreesen, R., Schmitz, G,
Schmetzer, H., Hiddemann, W. and Multhoff, G. (20@¢05p70 plasma
membrane expression on primary tumor biopsy matand bone marrow of
leukemic patientCell Stress Chaperongs, 438-442.

Heinrich, M., Neumeyer, J., Jakob, M., Hallas, Tzhikov, V., Winoto-Morbach, S.,
Wickel, M., Schneider-Brachert, W., Trauzold, AgtHke, A. and Schutze, S.
(2004) Cathepsin D links TNF-induced acid sphingelimase to Bid-
mediated caspase-9 and -3 activati®ell Death Differ 11, 550-563.

Hess, C.J., Berkhof, J., Denkers, F., Ossenkopg&l&, Schouten, J.P., Oudejans,
J.J., Waisfisz, Q. and Schuurhuis, G.J. (2007)vatéd intrinsic apoptosis
pathway is a key related prognostic parameter uteamyeloid leukemial
Clin Oncol 25, 1209-1215.

Hickman, J.A., Potten, C.S., Merritt, A.J. and EishT.C. (1994) Apoptosis and
cancer chemotherapihilos Trans R Soc Lond B Biol S845 319-325.

Holian, O., Wahid, S., Atten, M.J. and Attar, B.{2002) Inhibition of gastric cancer
cell proliferation by resveratrol: role of nitricidle. Am J Physiol Gastrointest
Liver Physio] 282, G809-816.

Holmes-McNary, M. and Baldwin, A.S., Jr. (2000) Giapreventive properties of
trans-resveratrol are associated with inhibitionaofivation of the lkappaB
kinase.Cancer Res60, 3477-3483.

Hoyvik, H., Gordon, P.B., Berg, T.O., StromhaugkE.Pand Seglen, P.O. (1991)
Inhibition of autophagic-lysosomal delivery and aultagic lactolysis by
asparaginel Cell Biol 113 1305-1312.

Hsieh, T.C., Burfeind, P., Laud, K., Backer, J.Nlraganos, F., Darzynkiewicz, Z.
and Wu, J.M. (1999) Cell cycle effects and contblgene expression by
resveratrol in human breast carcinoma cell lineth vdifferent metastatic
potentialsint J Onco 15, 245-252.

Hsieh, T.C. and Wu, J.M. (1999) Differential effecn growth, cell cycle arrest, and
induction of apoptosis by resveratrol in human fa@scancer cell line€xp
Cell Res249 109-115.

Hsieh, T.C. and Wu, J.M. (2000) Grape-derived chaenentive agent resveratrol
decreases prostate-specific antigen (PSA) expressidNCaP cells by an
androgen receptor (AR)-independent mechani8mticancer Res20, 225-
228.

141



Hu, W. and Kavanagh, J.J. (2003) Anticancer thertgmgeting the apoptotic
pathway.Lancet Oncql4, 721-729.

Huang, C., Ma, W.Y., Goranson, A. and Dong, Z. @9Resveratrol suppresses cell
transformation and induces apoptosis through a defgndent pathway.
Carcinogenesi20, 237-242.

Hwang, J.T., Ha, J., Park, I.J., Lee, S.K., BaikWH Kim, Y.M. and Park, O.J.
(2007) Apoptotic effect of EGCG in HT-29 colon cancells via AMPK
signal pathwayCancer Lett247, 115-121.

Inoue, H., Jiang, X.F., Katayama, T., Osada, S.etbhno, K. and Namura, S. (2003)
Brain protection by resveratrol and fenofibrate iagia stroke requires
peroxisome proliferator-activated receptor alphamice. Neurosci Lett352,
203-206.

Issaeva, N., Bozko, P., Enge, M., Protopopova, Wethoef, L.G., Masucci, M.,
Pramanik, A. and Selivanova, G. (2004) Small mdee®ITA binds to p53,
blocks p53-HDM-2 interaction and activates p53 fiorcin tumorsNat Med
10, 1321-1328.

Jaattela, M. (2004) Multiple cell death pathwayseagilators of tumour initiation and
progressionOncogeng23, 2746-2756.

Jang, M., Cai, L., Udeani, G.O., Slowing, K.V., Thas, C.F., Beecher, C.W., Fong,
H.H., Farnsworth, N.R., Kinghorn, A.D., Mehta, R.Gvoon, R.C. and
Pezzuto, J.M. (1997) Cancer chemopreventive agtdfiresveratrol, a natural
product derived from grapeScience275 218-220.

Jang, M. and Pezzuto, J.M. (1999) Cancer chemoptiseeactivity of resveratrol.
Drugs Exp Clin Re5, 65-77.

Jannin, B., Menzel, M., Berlot, J.P., Delmas, Danton, A. and Latruffe, N. (2004)
Transport of resveratrol, a cancer chemopreverggent, to cellular targets:
plasmatic protein binding and cell uptak&ochem Pharmacpl68, 1113-
1118.

Jansen, B. and Zangemeister-Wittke, U. (2002) A&n8g therapy for cancer--the time
of truth. Lancet Oncaql3, 672-683.

Jiang, W., Bell, C.W. and Pisetsky, D.S. (2007) Télationship between apoptosis
and high-mobility group protein 1 release from mari macrophages
stimulated with lipopolysaccharide or polyinosipiclycytidylic acid. J
Immuno] 178 6495-6503.

Jin, S. and White, E. (2007) Role of autophagyancer: management of metabolic
stressAutophagy3, 28-31.

142



Joe, A.K,, Liu, H., Suzui, M., Vural, M.E., Xiao,.land Weinstein, .B. (2002)
Resveratrol induces growth inhibition, S-phase sdyr@poptosis, and changes
in biomarker expression in several human canceidinek. Clin Cancer Res
8, 893-903.

Johnstone, R.W., Ruefli, A.A. and Lowe, S.W. (20@}optosis: a link between
cancer genetics and chemotherapgll, 108 153-164.

Jorgensen, P. and Tyers, M. (2004) How cells coatdi growth and divisiorCurr
Biol, 14, R1014-1027.

Joyce, J.A. and Hanahan, D. (2004) Multiple rolmsdysteine cathepsins in cancer.
Cell Cycle 3, 1516-1619.

Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, Kirisako, T., Noda, T.,
Kominami, E., Ohsumi, Y. and Yoshimori, T. (20003, a mammalian
homologue of yeast Apg8p, is localized in autoplsagee membranes after
processingembo J19, 5720-5728.

Kannan, K. and Jain, S.K. (2000) Oxidative stres$ @poptosisPathophysiology?7,
153-163.

Kanzawa, T., Germano, |I.M., Komata, T., Ito, H.,ndo, Y. and Kondo, S. (2004)
Role of autophagy in temozolomide-induced cytotibyxicfor malignant
glioma cellsCell Death Differ 11, 448-457.

Kanzawa, T., Kondo, Y., Ito, H., Kondo, S. and Genwm, |. (2003) Induction of
autophagic cell death in malignant glioma cellsdrgenic trioxide Cancer
Res 63, 2103-2108.

Karin, M. and Ben-Neriah, Y. (2000) Phosphorylatioreets ubiquitination: the
control of NF-[kappa]B activityAnnu Rev Immunpl 8, 621-663.

Kataoka, T. (2005) The caspase-8 modulator c-FCH.Rev Immungl25, 31-58.

Katayama, M., Kawaguchi, T., Berger, M.S. and RigReO. (2007) DNA damaging
agent-induced autophagy produces a cytoprotectilenasine triphosphate
surge in malignant glioma cellSell Death Differ 14, 548-558.

Kaushik, S. and Cuervo, A.M. (2006) Autophagy ascel-repair mechanism:
activation of chaperone-mediated autophagy durirglabive stress.Mol
Aspects MeR7, 444-454.

Kennedy, S.G., Wagner, A.J., Conzen, S.D., JordarBellacosa, A., Tsichlis, P.N.
and Hay, N. (1997) The PI 3-kinase/Akt signalinghpaay delivers an anti-
apoptotic signalGenes Deyl1, 701-713.

Kerr, J.F., Wyllie, A.H. and Currie, A.R. (1972) @ptosis: a basic biological

phenomenon with wide-ranging implications in tissieetics.Br J Cancey
26, 239-257.

143



Kessel, D. and Reiners, J.J., Jr. (2007) Initiabbrapoptosis and autophagy by the
Bcl-2 antagonist HA14-1Cancer Lett249, 294-299.

Khan, N., Afaqg, F. and Mukhtar, H. (2008) Canceerdoprevention through dietary
antioxidants: progress and promisatioxid Redox Signal0, 475-510.

Kihara, A., Kabeya, Y., Ohsumi, Y. and Yoshimori,. T2001) Beclin-
phosphatidylinositol 3-kinase complex functionstla trans-Golgi network.
EMBO Rep2, 330-335.

Kischkel, F.C., Hellbardt, S., Behrmann, I., Gernddr, Pawlita, M., Krammer, P.H.
and Peter, M.E. (1995) Cytotoxicity-dependent AP(@-as/CD95)-associated
proteins form a death-inducing signaling complexS0O) with the receptor.
Embo J 14, 5579-5588.

Klionsky, D.J. (2007) Autophagy: from phenomenoldgymolecular understanding
in less than a decad¥at Rev Mol Cell Biql8, 931-937.

Kobayashi, K., Hatano, M., Otaki, M., Ogasawara, ahd Tokuhisa, T. (1999)
Expression of a murine homologue of the inhibitbérapoptosis protein is
related to cell proliferatiorProc Natl Acad Sci U S,R6, 1457-1462.

Komarov, P.G., Komarova, E.A., Kondratov, R.V., Btov-Tselkov, K., Coon, J.S.,
Chernov, M.V. and Gudkov, A.V. (1999) A chemicabhiipitor of p53 that
protects mice from the side effects of cancer {her&cience 285 1733-
1737.

Komata, T., Kanzawa, T., Takeuchi, H., Germano,.|.Bthreiber, M., Kondo, Y.
and Kondo, S. (2003) Antitumour effect of cyclinpg@dent kinase inhibitors
(p16(INK4A), p18(INK4C), p19(INK4D), p21(WAF1/CIP13and p27(KIP1))
on malignant glioma cell®r J Cancey88, 1277-1280.

Koneri, K., Goi, T., Hirono, Y., Katayama, K. ancdaMaguchi, A. (2007) Beclin 1
gene inhibits tumor growth in colon cancer celleBnAnticancer Res27,
1453-1457.

Kops, G.J. and Burgering, B.M. (1999) Forkhead gcaiption factors: new insights
into protein kinase B (c-akt) signalinggMol Med 77, 656-665.

Kotha, A., Sekharam, M., Cilenti, L., Siddiquee, Khaled, A., Zervos, A.S., Carter,
B., Turkson, J. and Jove, R. (2006) Resveratrolbitth Src and Stat3
signaling and induces the apoptosis of malignaiis @®ntaining activated
Stat3 proteinMol Cancer Ther5, 621-629.

Kuma, A., Hatano, M., Matsui, M., Yamamoto, A., Mgk, H., Yoshimori, T.,

Ohsumi, Y., Tokuhisa, T. and Mizushima, N. (2004eTrole of autophagy
during the early neonatal starvation periNdture 432 1032-1036.

144



Kussie, P.H., Gorina, S., Marechal, V., Elenbaas,MBbreau, J., Levine, A.J. and
Pavletich, N.P. (1996) Structure of the MDM2 onaipin bound to the p53
tumor suppressor transactivation dom&oience274, 948-953.

Lane, D.P. and Lain, S. (2002) Therapeutic expioiaof the p53 pathwaylrends
Mol Med 8, S38-42.

Le Beau, M.M,, lto, C., Cogswell, P., Espinosa, Rd, Fernald, A.A. and Baldwin,
A.S., Jr. (1992) Chromosomal localization of theggencoding the p50/p105
subunits of NF-kappa B (NFKB2) and the | kappa BMA& (NFKBI)
inhibitor of NF-kappa B to 4924 and 14913, respetyi. Genomics14, 529-
531.

LeBlanc, H.N. and Ashkenazi, A. (2003) Apo2L/TRAHNd its death and decoy
receptorsCell Death Differ 10, 66-75.

Leu, J.I., Dumont, P., Hafey, M., Murphy, M.E. ar@eorge, D.L. (2004)
Mitochondrial p53 activates Bak and causes disomptof a Bak-Mcll
complex.Nat Cell Biol 6, 443-450.

Levenson, A.S., Gehm, B.D., Pearce, S.T., Horigu¢hiSimons, L.A., Ward, J.E.,
3rd, Jameson, J.L. and Jordan, V.C. (2003) Reswetratts as an estrogen
receptor (ER) agonist in breast cancer cells stahlysfected with ER alpha.
Int J Cancey104, 587-596.

Levine, B. and Klionsky, D.J. (2004) Development bglf-digestion: molecular
mechanisms and biological functions of autoph&gu Cel| 6, 463-477.

Li, H., Wang, X., Li, N., Qiu, J., Zhang, Y. and @&aX. (2007) hPEBP4 resists
TRAIL-induced apoptosis of human prostate cancdls d®/ activating Akt
and deactivating ERK1/2 pathwaysBiol Chem282, 4943-4950.

Li, Y.Q., Li, Z.L., Zhao, W.J., Wen, R.X., Meng, W. and Zeng, Y. (2006) Synthesis
of stilbene derivatives with inhibition of SARS owmiavirus replicationEur J
Med Chem41, 1084-1089.

Li, Z.G., Hong, T., Shimada, Y., Komoto, |.,, Kawab&., Ding, Y., Kaganoi, J.,
Hashimoto, Y. and Imamura, M. (2002) Suppression -
nitrosomethylbenzylamine (NMBA)-induced esophagéamorigenesis in
F344 rats by resveratradlarcinogenesi23, 1531-1536.

Liang, C., Feng, P., Ku, B., Dotan, I., Canaani, Oh, B.H. and Jung, J.U. (2006)
Autophagic and tumour suppressor activity of a h@®exlin1-binding protein
UVRAG. Nat Cell Biol 8, 688-699.

Liang, X.H., Jackson, S., Seaman, M., Brown, K.mgkes, B., Hibshoosh, H. and

Levine, B. (1999) Induction of autophagy and intidn of tumorigenesis by
beclin 1.Nature 402 672-676.

145



Liang, Y.C., Tsai, S.H., Chen, L., Lin-Shiau, Safd Lin, J.K. (2003) Resveratrol-
induced G2 arrest through the inhibition of CDKH™g84CDC2 kinases in
colon carcinoma HT29 cellBiochem Pharmacpb5, 1053-1060.

Lima, R.T., Martins, L.M., Guimaraes, J.E., Samha@e and Vasconcelos, M.H.
(2004) Specific downregulation of bcl-2 and xXIAP BYNAIi enhances the
effects of chemotherapeutic agents in MCF-7 humesadt cancer cells.
Cancer Gene Thefl 1, 309-316.

Lindsten, T., Ross, A.J., King, A., Zong, W.X., Ratell, J.C., Shiels, H.A., Ulrich,
E., Waymire, K.G., Mahar, P., Frauwirth, K., Chah, Wei, M., Eng, V.M.,
Adelman, D.M., Simon, M.C., Ma, A., Golden, J.Aydh, G., Korsmeyer,
S.J., MacGregor, G.R. and Thompson, C.B. (2000)ctomebined functions of
proapoptotic Bcl-2 family members bak and bax aseestial for normal
development of multiple tissuagol Cell, 6, 1389-1399.

Liu, S.S., Tsang, B.K., Cheung, A.N., Xue, W.C.g@9, D.K., Ng, T.Y., Wong, L.C.
and Ngan, H.Y. (2001) Anti-apoptotic proteins, ajotie and proliferative
parameters and their prognostic significance irvical carcinoma.Eur J
Cancer 37, 1104-1110.

Locksley, R.M., Killeen, N. and Lenardo, M.J. (2000he TNF and TNF receptor
superfamilies: integrating mammalian biolo@ell, 104, 487-501.

Lu, R. and Serrero, G. (1999) Resveratrol, a nhtraduct derived from grape,
exhibits antiestrogenic activity and inhibits thewth of human breast cancer
cells.J Cell Physiol 179 297-304.

Luciani, F., Spada, M., De Milito, A., Molinari, ARivoltini, L., Montinaro, A.,
Marra, M., Lugini, L., Logozzi, M., Lozupone, F.eéerici, C., lessi, E.,
Parmiani, G., Arancia, G., Belardelli, F. and F&s,(2004) Effect of proton
pump inhibitor pretreatment on resistance of salidors to cytotoxic drugs.
Natl Cancer Inst96, 1702-1713.

Lum, J.J., Bauer, D.E., Kong, M., Harris, M.H., ,, Lindsten, T. and Thompson,
C.B. (2005) Growth factor regulation of autophagyd acell survival in the
absence of apoptosiSell, 120, 237-248.

Lum, J.J., Schnepple, D.J., Nie, Z., Sanchez-DardgrMbisa, G.L., Mihowich, J.,
Hawley, N., Narayan, S., Kim, J.E., Lynch, D.H. aBddley, A.D. (2004)
Differential effects of interleukin-7 and interlankl5 on NK cell anti-human
immunodeficiency virus activityd Virol, 78, 6033-6042.

Lunemann, J.D., Schmidt, J., Schmid, D., Barthe],Wrede, A., Dalakas, M.C. and
Munz, C. (2007) Beta-amyloid is a substrate of phémy in sporadic
inclusion body myositisAnn Neuro) 61, 476-483.

Madar, Z., Kalet-Litman, S. and Stark, A.H. (2008)ucible nitric oxide synthase

activity and expression in liver and hepatocytes difabetic rats.
Pharmacology73, 106-112.

146



Mahyar-Roemer, M., Katsen, A., Mestres, P. and Rwoerd. (2001) Resveratrol
induces colon tumor cell apoptosis independentlyp58 and precede by
epithelial differentiation, mitochondrial prolifdaran and membrane potential
collapselnt J Cancey 94, 615-622.

Mahyar-Roemer, M., Kohler, H. and Roemer, K. (20B®Je of Bax in resveratrol-
induced apoptosis of colorectal carcinoma c&8MdC Cancer2, 27.

Maiuri, M.C., Le Toumelin, G., Criollo, A., Rain,Q., Gautier, F., Juin, P., Tasdemir,
E., Pierron, G., Troulinaki, K., Tavernarakis, Mickman, J.A., Geneste, O.
and Kroemer, G. (2007a) Functional and physicaratdtion between Bcl-
X(L) and a BH3-like domain in Beclin-Embo J 26, 2527-2539.

Maiuri, M.C., Zalckvar, E., Kimchi, A. and Kroemds, (2007b) Self-eating and self-
killing: crosstalk between autophagy and apoptdss.Rev Mol Cell Bigl8,
741-752.

Majno, G. and Joris, I. (1995) Apoptosis, oncoars] necrosis. An overview of cell
death. Am J Pathql146, 3-15.

Marsters, S.A., Sheridan, J.P., Pitti, R.M., Brush,Goddard, A. and Ashkenazi, A.
(1998) Identification of a ligand for the death-dmmcontaining receptor
Apo3. Curr Biol, 8, 525-528.

Martin, S.J., Reutelingsperger, C.P., McGahon,,ARader, J.A., van Schie, R.C.,
LaFace, D.M. and Green, D.R. (1995) Early redistidn of plasma
membrane phosphatidylserine is a general featupoptosis regardless of
the initiating stimulus: inhibition by overexpressiof Bcl-2 and AblJ Exp
Med 182 1545-1556.

Martinez-Vicente, M. and Cuervo, A.M. (2007) Aut@gly and neurodegeneration:
when the cleaning crew goes on strikancet Neurql6, 352-361.

Mathew, R., Karantza-Wadsworth, V. and White, D0@ Role of autophagy in
cancerNat Rev Cancel7, 961-967.

McManus, D.C., Lefebvre, C.A., Cherton-Horvat, 6t;Jean, M., Kandimalla, E.R.,
Agrawal, S., Morris, S.J., Durkin, J.P. and Laca&s€. (2004) Loss of XIAP
protein expression by RNAIi and antisense approashasitizes cancer cells
to functionally diverse chemotherapeuti®ncogeng23, 8105-8117.

Meijer, A.J. and Codogno, P. (2004) Regulation amd of autophagy in mammalian
cells.Int J Biochem Cell Bigl36, 2445-2462.

Mendrysa, S.M., McElwee, M.K., Michalowski, J., @dry, K.A., Young, K.M. and
Perry, M.E. (2003) mdm2 Is critical for inhibitiorof p53 during
lymphopoiesis and the response to ionizing irréatiatMol Cell Biol, 23, 462-
472.

147



Meurette, O., Lefeuvre-Orfila, L., Rebillard, A.,agadic-Gossmann, D. and
Dimanche-Boitrel, M.T. (2005) Role of intracellulaylutathione in cell
sensitivity to the apoptosis induced by tumor nsisrdactor {alpha}-related
apoptosis-inducing ligand/anticancer drug comboretiClin Cancer Resl1,
3075-3083.

Mihara, M., Erster, S., Zaika, A., Petrenko, O.jt@nden, T., Pancoska, P. and Moll,
U.M. (2003) p53 has a direct apoptogenic role atrtfitochondriaMol Cell,
11, 577-590.

Mitchell, K.O. and El-Deiry, W.S. (1999) Overexpsem of c-Myc inhibits
p21WAF1/CIP1 expression and induces S-phase enmmy 1R2-O-
tetradecanoylphorbol-13-acetate (TPA)-sensitive d&untancer cellsCell
Growth Differ, 10, 223-230.

Mitsiades, C.S., Mitsiades, N. and Koutsilieris, N2004) The Akt pathway:
molecular targets for anti-cancer drug developméirr Cancer Drug
Targets 4, 235-256.

Mizushima, N. and Klionsky, D.J. (2007) Protein niover via autophagy:
implications for metabolismAnnu Rev Nutr27, 19-40.

Mizushima, N., Yamamoto, A., Hatano, M., Kobayashi, Kabeya, Y., Suzuki, K.,
Tokuhisa, T., Ohsumi, Y. and Yoshimori, T. (2001)isg&ction of
autophagosome formation using Apg5-deficient marsbryonic stem cells.
J Cell Biol 152 657-668.

Mohan, J., Gandhi, A.A., Bhavya, B.C., Rashmi, lRarunagaran, D., Indu, R. and
Santhoshkumar, T.R. (2006) Caspase-2 triggers Bekxel@pendent and -
independent cell death in colon cancer cells tceatgh resveratrolJ Biol
Chem 281, 17599-17611.

Momand, J., Wu, H.H. and Dasgupta, G. (2000) MDMtster regulator of the p53
tumor suppressor protei@ene 242, 15-29.

Munafo, D.B. and Colombo, M.l. (2001) A novel assay study autophagy:
regulation of autophagosome vacuole size by amaid @eprivation.J Cell
Sci 114, 3619-3629.

Muzio, M., Stockwell, B.R., Stennicke, H.R., SalersG.S. and Dixit, V.M. (1998)
An induced proximity model for caspase-8 activatidnBiol Chem 273
2926-2930.

Nishino, I. (2006) Autophagic vacuolar myopatBgmin Pediatr Neurpl3, 90-95.
Nylandsted, J., Gyrd-Hansen, M., Danielewicz, Aehfenbacher, N., Lademann, U.,
Hoyer-Hansen, M., Weber, E., Multhoff, G., Rohde, &hd Jaattela, M.

(2004) Heat shock protein 70 promotes cell survbaalinhibiting lysosomal
membrane permeabilizatioh Exp Med200, 425-435.

148



Nylandsted, J., Rohde, M., Brand, K., Bastholm glling, F. and Jaattela, M. (2000)
Selective depletion of heat shock protein 70 (H3paftivates a tumor-
specific death program that is independent of cepand bypasses Bcl-2.
Proc Natl Acad Sci U S,R7, 7871-7876.

Nylandsted, J., Wick, W., Hirt, U.A., Brand, K., Rie, M., Leist, M., Weller, M. and
Jaattela, M. (2002) Eradication of glioblastoma,d abreast and colon
carcinoma xenografts by Hsp70 depletiGancer Res62, 7139-7142.

Ogier-Denis, E. and Codogno, P. (2003) Autophadyaraier or an adaptive response
to cancerBiochim Biophys Actd 603 113-128.

Olsson, A., Diaz, T., Aguilar-Santelises, M., Obtwg, A., Celsing, F., Jondal, M.
and Osorio, L.M. (2001) Sensitization to TRAIL-irmkd apoptosis and
modulation of FLICE-inhibitory protein in B chronigmphocytic leukemia
by actinomycin DLeukemial5, 1868-1877.

Ono, K., Kim, S.O. and Han, J. (2003) Susceptipitf lysosomes to rupture is a
determinant for plasma membrane disruption in tumemrosis factor alpha-
induced cell deathviol Cell Biol, 23, 665-676.

Opipari, A.W., Jr., Tan, L., Boitano, A.E., Sorens®.R., Aurora, A. and Liu, J.R.
(2004) Resveratrol-induced autophagocytosis iniadacancer cellsCancer
Res 64, 696-703.

Paglin, S., Hollister, T., Delohery, T., Hackett,, McMahill, M., Sphicas, E.,
Domingo, D. and Yahalom, J. (2001) A novel respooke&ancer cells to
radiation involves autophagy and formation of aciksiclesCancer Res61,
439-444.

Pahl, H.L. (1999) Activators and target genes diNgekappaB transcription factors.
Oncogengl8, 6853-6866.

Pannone, G., Bufo, P., Serpico, R., Rubini, C., gamase, R., Corsi, F., Pedicillo,
M.C., Pannone, G., Staibano, S., De Rosa, G. andvuaio, L. (2007)
Survivin  phosphorylation and M-phase promoting dactin oral
carcinogenesiddistol Histopatho] 22, 1241-1249.

Park, J.W., Choi, Y.J., Suh, S.I., Baek, W.K., SMhiH., Jin, I.N., Min, D.S., Woo,
J.H., Chang, J.S., Passaniti, A., Lee, Y.H. and Kwd.K. (2001) Bcl-2
overexpression attenuates resveratrol-induced apigpin U937 cells by
inhibition of caspase-3 activitfarcinogenesi22, 1633-1639.

Parks, D.J., Lafrance, L.V., Calvo, R.R., Milkie®jK.L., Gupta, V., Lattanze, J.,
Ramachandren, K., Carver, T.E., Petrella, E.C., @ings, M.D., Maguire,
D., Grasberger, B.L. and Lu, T. (2005) 1,4-Benzpelane-2,5-diones as
small molecule antagonists of the HDM2-p53 intaaactdiscovery and SAR.
Bioorg Med Chem Leti5, 765-770.

149



Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liak¥., Mizushima, N., Packer, M.,
Schneider, M.D. and Levine, B. (2005) Bcl-2 antipjmbic proteins inhibit
Beclin 1-dependent autophagyell, 122 927-939.

Perlmutter, D.H. (2006) The role of autophagy iphal-1-antitrypsin deficiency: a
specific cellular response in genetic diseasescadsd with aggregation-
prone proteinsAutophagy2, 258-263.

Peter, M.E. and Krammer, P.H. (2003) The CD95(AREa4) DISC and beyond.
Cell Death Differ 10, 26-35.

Pozo-Guisado, E., Alvarez-Barrientos, A., Mulerovlliao, S., Santiago-Josefat, B.
and Fernandez-Salguero, P.M. (2002) The antipralifee activity of
resveratrol results in apoptosis in MCF-7 but notMDA-MB-231 human
breast cancer cells: cell-specific alteration ok tkell cycle. Biochem
Pharmaco) 64, 1375-1386.

Qiu, Y., Waters, C.E., Lewis, A.E., Langman, M.hdaEggo, M.C. (2002)
Oestrogen-induced apoptosis in colonocytes exprgssestrogen receptor
beta.J Endocrino) 174, 369-377.

Qu, X., Yu, J., Bhagat, G., Furuya, N., Hibshoosh, Troxel, A., Rosen, J.,
Eskelinen, E.L., Mizushima, N., Ohsumi, Y., CattoreG. and Levine, B.
(2003) Promotion of tumorigenesis by heterozygassugtion of the beclin 1
autophagy gend. Clin Invest112 1809-1820.

Ramp, U., Krieg, T., Caliskan, E., Mahotka, C., Ep€&., Willers, R., Gabbert, H.E.
and Gerharz, C.D. (2004) XIAP expression is an pedelent prognostic
marker in clear-cell renal carcinoma&tum Patho] 35, 1022-1028.

Regev-Shoshani, G., Shoseyov, O., Bilkis, |. andeg Z. (2003) Glycosylation of
resveratrol protects it from enzymic oxidati@ochem J374, 157-163.

Rohde, M., Daugaard, M., Jensen, M.H., Helin, Kyladdsted, J. and Jaattela, M.
(2005) Members of the heat-shock protein 70 fampilpmote cancer cell
growth by distinct mechanism&enes Dev19, 570-582.

Roshy, S., Sloane, B.F. and Moin, K. (2003) Pelutel cathepsin B and malignant
progressionCancer Metastasis Re®2, 271-286.

Rowinsky, E.K. (2004) Targeting the molecular targerapamycin (mTOR)Curr
Opin Onco] 16, 564-575.

Rubinsztein, D.C., Gestwicki, J.E., Murphy, L.Odaflionsky, D.J. (2007) Potential
therapeutic applications of autophafjyat Rev Drug Discqwb, 304-312.

Russo, V.C., Kobayashi, K., Najdovska, S., Baket,.Mind Werther, G.A. (2004)
Neuronal protection from glucose deprivation via dwation of glucose
transport and inhibition of apoptosis: a role foe insulin-like growth factor
systemBrain Res1009 40-53.

150



Rusten, T.E., Lindmo, K., Juhasz, G., Sass, M., leé®egP.O., Brech, A. and
Stenmark, H. (2004) Programmed autophagy in thes@pbila fat body is
induced by ecdysone through regulation of the Pgathway.Dev Cel| 7,
179-192.

Sale, S., Verschoyle, R.D., Boocock, D., Jones,, Milsher, N., Ruparelia, K.C.,
Potter, G.A., Farmer, P.B., Steward, W.P. and GasciA.J. (2004)
Pharmacokinetics in mice and growth-inhibitory pedjes of the putative
cancer chemopreventive agent resveratrol and théhetyc analogue trans
3,4,5,4'-tetramethoxystilbenBr J Cancey 90, 736-744.

Sarkar, S., Perlstein, E.O., Imarisio, S., Pin€&ay,Cordenier, A., Maglathlin, R.L.,
Webster, J.A., Lewis, T.A., O'Kane, C.J., Schreilfel. and Rubinsztein,
D.C. (2007) Small molecules enhance autophagy aullice toxicity in
Huntington's disease modelat Chem Biql3, 331-338.

Savill, J. and Fadok, V. (2000) Corpse clearandmele the meaning of cell death.
Nature 407, 784-788.

Scaffidi, P., Misteli, T. and Bianchi, M.E. (200Belease of chromatin protein
HMGB1 by necrotic cells triggers inflammatiddature 418 191-195.

Schatzkin, A. and Kelloff, G. (1995) Chemo- andtalig¢ prevention of colorectal
cancerEur J Cancey31A, 1198-1204.

Schmitt, E., Parcellier, A., Gurbuxani, S., Can@e, Hammann, A., Morales, M.C.,
Hunt, C.R., Dix, D.J., Kroemer, R.T., Giordanefto, Jaattela, M., Penninger,
J.M., Pance, A., Kroemer, G. and Garrido, C. (200B¢mosensitization by a
non-apoptogenic heat shock protein 70-binding agmgtinducing factor
mutant.Cancer Res63, 8233-8240.

Schneider, Y., Duranton, B., Gosse, F., Schleiffer,Seiler, N. and Raul, F. (2001)
Resveratrol inhibits intestinal tumorigenesis anddolates host-defense-
related gene expression in an animal model of hufaarlial adenomatous
polyposis.Nutr Cancer 39, 102-107.

Schneider, Y., Vincent, F., Duranton, B., Badolq,&osse, F., Bergmann, C., Seiler,
N. and Raul, F. (2000) Anti-proliferative effect oésveratrol, a natural
component of grapes and wine, on human coloniceracells.Cancer Lett
158 85-91.

Schotte, P., Declercq, W., Van Huffel, S., Vandeed, P. and Beyaert, R. (1999)
Non-specific effects of methyl ketone peptide intuks of caspases:EBS
Lett, 442 117-121.

Scorrano, L. and Korsmeyer, S.J. (2003) Mechanismeytochrome c release by

proapoptotic BCL-2 family member&iochem Biophys Res Commid4,
437-444.

151



Scorrano, L., Oakes, S.A., Opferman, J.T., Chenlg,,Eorcinelli, M.D., Pozzan, T.
and Korsmeyer, S.J. (2003) BAX and BAK regulatioh endoplasmic
reticulum Ca2+: a control point for apoptosteience300 135-139.

Scott, R.C., Schuldiner, O. and Neufeld, T.P. (30®ble and regulation of
starvation-induced autophagy in the Drosophilabady. Dev Cell 7, 167-
178.

Seglen, P.O. and Gordon, P.B. (1982) 3-Methyladenispecific inhibitor of
autophagic/lysosomal protein degradation in isolatat hepatocytesProc
Natl Acad Sci U S A9, 1889-1892.

Seglen, P.O., Gordon, P.B. and Poli, A. (1980) Aomiacid inhibition of the
autophagic/lysosomal pathway of protein degradation isolated rat
hepatocytesBiochim Biophys Act&30, 103-118.

Seligson, D.B., Hongo, F., Huerta-Yepez, S., Miaytd ., Miki, T., Yu, H., Horvath,
S., Chia, D., Goodglick, L. and Bonavida, B. (20&Xpression of X-linked
inhibitor of apoptosis protein is a strong prediobd human prostate cancer
recurrenceClin Cancer Resl3, 6056-6063.

Seoane, J., Le, H.V. and Massague, J. (2002) Mpprsssion of the p21(Cipl) Cdk
inhibitor influences the outcome of the p53 respaitsDNA damageNature
419 729-734.

Shankar, S. and Srivastava, R.K. (2007) Bax and Bekes are essential for
maximum apoptotic response by curcumin, a polyphermmpound and
cancer chemopreventive agent derived from turme@orcuma longa.
Carcinogenesi28, 1277-1286.

Sharma, S., Kulkarni, S.K. and Chopra, K. (2006)s\Reatrol, a polyphenolic
phytoalexin attenuates thermal hyperalgesia and @lodynia in STZ-
induced diabetic raténdian J Exp Bial44, 566-569.

She, Q.B., Bode, A.M., Ma, W.Y., Chen, N.Y. and QpZ. (2001) Resveratrol-
induced activation of p53 and apoptosis is medidgdextracellular-signal-
regulated protein kinases and p38 kin&smcer Res61, 1604-1610.

Shih, A., Davis, F.B., Lin, H.Y. and Davis, P.JO(2) Resveratrol induces apoptosis
in thyroid cancer cell lines via a MAPK- and p53:dadent mechanisnd.
Clin Endocrinol Metab87, 1223-1232.

Shimizu, S., Kanaseki, T., Mizushima, N., Mizuta, RArakawa-Kobayashi, S.,
Thompson, C.B. and Tsujimoto, Y. (2004) Role of-Bdlamily proteins in a
non-apoptotic programmed cell death dependent tophagy genes\at Cell
Biol, 6, 1221-1228.

Shintani, T. and Klionsky, D.J. (2004) Autophagyhealth and disease: a double-
edged swordScience306, 990-995.

152



Srivastava, R.K., Mi, Q.S., Hardwick, J.M. and Lond.L. (1999) Deletion of the
loop region of Bcl-2 completely blocks paclitaxaiuced apoptosis?roc
Natl Acad Sci U S A6, 3775-3780.

Stefani, M. and Dobson, C.M. (2003) Protein aggtiegaand aggregate toxicity: new
insights into protein folding, misfolding diseasasd biological evolutionJ
Mol Med 81, 678-699.

Stoka, V., Turk, B. and Turk, V. (2005) Lysosomaksieine proteases: structural
features and their role in apoptosisBMB Life, 57, 347-353.

Subbaramaiah, K., Chung, W.J., Michaluart, P., AglaN., Tanabe, T., Inoue, H.,
Jang, M., Pezzuto, J.M. and Dannenberg, A.J. (1¥8&veratrol inhibits
cyclooxygenase-2 transcription and activity in gdodrester-treated human
mammary epithelial celld. Biol Chem273 21875-21882.

Suzuki, K., Kirisako, T., Kamada, Y., Mizushima,,NNoda, T. and Ohsumi, Y.
(2001) The pre-autophagosomal structure organigecbhcerted functions of
APG genes is essential for autophagosome formdfimbo J 20, 5971-5981.

Suzuki, M., Youle, R.J. and Tjandra, N. (2000) 8twwe of Bax: coregulation of
dimer formation and intracellular localizatid@ell, 103, 645-654.

Tamm, I., Kornblau, S.M., Segall, H., Krajewski, Blelsh, K., Kitada, S., Scudiero,
D.A., Tudor, G., Qui, Y.H., Monks, A., Andreeff, Mind Reed, J.C. (2000)
Expression and prognostic significance of IAP-fangienes in human cancers
and myeloid leukemia€lin Cancer Res5, 1796-1803.

Terman, A. and Brunk, U.T. (2005) Autophagy in ¢acdmyocyte homeostasis,
aging, and pathology¥ardiovasc Re$8, 355-365.

Tessitore, L., Davit, A., Sarotto, |I. and Cadefai,(2000) Resveratrol depresses the
growth of colorectal aberrant crypt foci by affecti bax and p21(CIP)
expressionCarcinogenesi?1, 1619-1622.

Tinhofer, 1., Bernhard, D., Senfter, M., Anether,, Goeffler, M., Kroemer, G.,
Kofler, R., Csordas, A. and Greil, R. (2001) Reatl, a tumor-suppressive
compound from grapes, induces apoptosis via a nouechondrial pathway
controlled by Bcl-2Faseb J15, 1613-1615.

Trincheri, N.F., Nicotra, G., Follo, C., Castino, &d Isidoro, C. (2007) Resveratrol
induces cell death in colorectal cancer cells byosel pathway involving
lysosomal cathepsin [arcinogenesi28, 922-931.

Tseng, S.H., Lin, S.M., Chen, J.C., Su, Y.H., Hydag ., Chen, C.K,, Lin, P.Y. and

Chen, Y. (2004) Resveratrol suppresses the anggsgeand tumor growth of
gliomas in ratsClin Cancer Resl0, 2190-2202.

153



Tsuneoka, M., Umata, T., Kimura, H., Koda, Y., Naka, M., Kosali, K., Takahashi,
T., Takahashi, Y. and Yamamoto, A. (2003) c-mycuires autophagy in rat
3Y1 fibroblast cellsCell Struct Funct28, 195-204.

Ulbrich, K. and Subr, V. (2004) Polymeric anticanaiugs with pH-controlled
activation.Adv Drug Deliv Rey56, 1023-1050.

Ullenhag, G.J., Frodin, J.E., Strigard, K., MeltiteH. and Magnusson, C.G. (2002)
Induction of IgG subclass responses in colorectaiciopoma patients
vaccinated with recombinant carcinoembryonic amtig€ancer Res 62,
1364-1369.

Valente, G., Manfroi, F., Peracchio, C., Nicotra, Gastino, R., Nicosia, G., Kerim,
S. and Isidoro, C. (2006) cFLIP expression coreslatith tumour progression
and patient outcome in non-Hodgkin lymphomas of tpade of malignancy.
Br J Haematql132 560-570.

Varambally, S., Yu, J., Laxman, B., Rhodes, D.Rehk&, R., Tomlins, S.A., Shah,
R.B., Chandran, U., Monzon, F.A., Becich, M.J., W&iT., Pienta, K.J.,
Ghosh, D., Rubin, M.A. and Chinnaiyan, A.M. (200Bjegrative genomic
and proteomic analysis of prostate cancer reveglsatires of metastatic
progressionCancer Cell 8, 393-406.

Verhagen, A.M., Ekert, P.G., Pakusch, M., Silke,Gonnolly, L.M., Reid, G.E.,
Moritz, R.L., Simpson, R.J. and Vaux, D.L. (2000¢htification of DIABLO,
a mammalian protein that promotes apoptosis byifgntb and antagonizing
IAP proteinsCell, 102 43-53.

Vyas, S., Asmerom, Y. and De Leon, D.D. (2006) limslike growth factor Il
mediates resveratrol stimulatory effect on cathefsiin breast cancer cells.
Growth Factors24, 79-87.

Walczak, H., Miller, R.E., Ariail, K., Gliniak, BGriffith, T.S., Kubin, M., Chin, W.,
Jones, J., Woodward, A., Le, T., Smith, C., Smolgk, Goodwin, R.G.,
Rauch, C.T., Schuh, J.C. and Lynch, D.H. (1999) dueidal activity of
tumor necrosis factor-related apoptosis-inducigard in vivo.Nat Med 5,
157-163.

Wei, M.C., Zong, W.X., Cheng, E.H., Lindsten, Tan@utsakopoulou, V., Ross, A.J.,
Roth, K.A., MacGregor, G.R., Thompson, C.B. and steeyer, S.J. (2001)
Proapoptotic BAX and BAK: a requisite gateway to tauhondrial
dysfunction and deatlscience292, 727-730.

Williams, A., Jahreiss, L., Sarkar, S., Saiki, Benzies, F.M., Ravikumar, B. and
Rubinsztein, D.C. (2006) Aggregate-prone proteins eeared from the
cytosol by autophagy: therapeutic implicatio@urr Top Dev Bigl 76, 89-
101.

Willis, A.C. and Chen, X. (2002) The promise andstable of p53 as a cancer
therapeutic agenCurr Mol Med 2, 329-345.

154



Willis, S.N., Chen, L., Dewson, G., Wei, A., Nak,, Fletcher, J.I., Adams, J.M. and
Huang, D.C. (2005) Proapoptotic Bak is sequesteyedcl-1 and Bcl-xL, but
not Bcl-2, until displaced by BH3-only proteirtSenes Deyv19, 1294-1305.

Wolter, F., Akoglu, B., Clausnitzer, A. and Steih,(2001) Downregulation of the
cyclin D1/Cdk4 complex occurs during resveratraltined cell cycle arrest in
colon cancer cell lines. Nutr, 131, 2197-2203.

Wolter, F. and Stein, J. (2002) Resveratrol enhsrthe differentiation induced by
butyrate in caco-2 colon cancer cellfNutr, 132, 2082-2086.

Workman, P. (2004) Inhibiting the phosphoinositiglkinase pathway for cancer
treatmentBiochem Soc Tran82, 393-396.

Wu, M., Yuan, S., Szporn, A.H., Gan, L., Shtilbaks,and Burstein, D.E. (2005)
Immunocytochemical detection of XIAP in body cawffusions and washes.
Mod Patho) 18, 1618-1622.

Yamamoto, K., Abe, S., Nakagawa, Y., Suzuki, K.sétgawa, M., Inoue, M., Kurata,
M., Hirokawa, K. and Kitagawa, M. (2004) ExpressaiAP family proteins
in myelodysplastic syndromes transforming to oveukemia.Leuk Res28,
1203-1211.

Yorimitsu, T. and Klionsky, D.J. (2005) Autophagywolecular machinery for self-
eating.Cell Death Differ 12 Suppl 2 1542-1552.

Yousefi, S., Perozzo, R., Schmid, I., Ziemiecki, Schaffner, T., Scapozza, L.,
Brunner, T. and Simon, H.U. (2006) Calpain-mediatdelivage of Atg5
switches autophagy to apoptosigat Cell Biol 8, 1124-1132.

Yue, Z., Horton, A., Bravin, M., DeJager, P.L., i88] F. and Heintz, N. (2002) A
novel protein complex linking the delta 2 glutamegeeptor and autophagy:
implications for neurodegeneration in lurcher mideuron 35, 921-933.

Zhang, L., Yu, J., Park, B.H., Kinzler, K.W. and §#&istein, B. (2000) Role of BAX
in the apoptotic response to anticancer ag&uignce290, 989-992.

Zhang, S., Lin, Y., Kim, Y.S., Hande, M.P., Liu,&Z.and Shen, H.M. (2007) c-Jun
N-terminal kinase mediates hydrogen peroxide-induazll death via
sustained poly(ADP-ribose) polymerase-1 activatioell Death Differ 14,
1001-1010.

155



Ringraziamenti

Un grazie particolare:
- al Prof.Isidoro, che ha sempre saputo sosteneranedere in me e nel
mio impegno

- ai colleghi ma soprattutto amidel Laboratorio di Patologia Molecolare

che hanno condiviso con me sia i momenti belli guelli brutti, ma che
hanno sicuramente segnato una parte di vita

- alla Dr.Sharon Tooze e tutto il suo laborator@w pvermi sostenuto nel
mio “soggiorno” londinese

- a tutte le persone che invece fanno parte da reedgila mia vita, ma
che ancora una volta si sono dimostrate indispénges me, per tutto
guello che riescono a darmi ed insegnarmi giorngodgiorno eai miei

due amori, sempre.

156



