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The artist, the scientist, the traveller...: all em

brace uncertainty as their muse. What is going to 

happen next is more enticing that what is happe

ning now. The thrill of anticipation, the mystery of 

the unknown, the open road, mistakes as portals of 

discovery, the inevitability of change, purpose from  

chaos, questions leading to answers, failure as the 

threshold of knowledge... Nothing moves forward 

except by the craving to seek certainty from uncer

tainty.

B.H.
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ATF6, activating transcription factor 6
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BDS, botanical drug substance

Beclin 1, moesin-like Bcl2-interacting protein

Bif-1, also known as Endophilin B1
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CaZ% calcium

CaMKK, calcium/calmodulin-dependent protein kinase kinase 
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CBy cannabinoid receptor type 2 
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CHOP, C/EBP-homologous protein (also called DDIT3 and GADD153)

CRE, ATF/cAMP response element 

DKG, double knock-out

elF2a, eukaryotic translation initiation factor 2 alpha



ER, endoplasmic reticulum

ERAD, endoplasmic reticulum-associated protein degradation 

ERK, extracellular signal-regulated kinase
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F0X01/F0X03; Forkhead box 0 1 /3

GAP, GTPase activating protein
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GPR55, G protein-coupled receptor 55

GSK3P, glycogen synthase kinase 3

HCC, hepatocellular carcinoma

HRI, heme-regulated inhibitor

IGF-1, insulin-like growth factor 1

IREl, inositol-requiring enzyme 1

JNK, c-Jun N-terminal kinase

KO, Knock-out

LAMP-2, lysosomal membrane protein

LC3, microtubule-associated proteins lA /lB  light chain 3, Atg8. LC3-I (soluble form) and LC3-II (lipidated 

form)

LKBl, also called STK ll, serine/threonine kinase 11

MEF, mouse embryonic fibroblast

mLST8, mammalian lethal with Secl3 protein 8

MMP2, matrix metalloproteinase-2

mTOR, mammalian target of rapamycin

mTORCl, mTOR complex 1

mT0RC2, mTOR complex 2

NDGRl, N-myc downstream-regulated gene

p38, p38 mitogen-activated protein kinase

p8, candidate of metastasis 1, Com-1

PA, pepstatin A

PAS, preautophagosome structure



PDI; protein disulphide isomerase

PDKl, 3-phosphoinositide-dependent protein kinase 1

PE, phosphatidylethanolamine

PERK, PKR-like ER kinase

PI3K, phosphatidylinositol 3-kinase

PIKK, phosphatidylinositol kinase-related kinase

PKC, protein kinase C

PKR, double-stranded RNA-activated protein kinase 

PRAS40, proline-rich substrate of Akt of 40 kDa 

Protor, protein associated with Rictor 

Ptdlns3P, phosphatidylinositol 3-phosphate 

PTEN, phosphatase and tensin homolog 

Raptor, regulatory associated protein of mTOR 

REDDl, regulated in development and DNA damage 1 

Rheb, small GTPase, Ras homolog enriched in brain 

Rictor, rapamycin insensitive companion of mTOR 

56, ribosomal protein 56 

56K, p70 ribosomal 56 kinase 

shRNA, short-hairping RNA

5in l, also named MAPKAPl (mitogen-activated protein kinase associated protein 1)

5REBP, sterol response element-binding protein

THC, A^-tetrahydrocannabinol

TMA, tissue microarray

TMZ, temozolomide

TRB3, tribbles homologue 3 (also called TRIB3)

T5C1/2, tuberous sclerosis 1 and 2

TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling

UbI, ubiquitin-like

ULKl, Unc-51-like kinase 1

DPR, unfolded protein response



UVRAG, UV radiation resistance-associated gene 

VEGF, vascular endothelial growth factor 
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bstract 

• • • <
The molecular bases of the dual role of autophagy (survival or death) in cancer remain unclear. In this 

work we demonstrate that A^-tetrahydrocannabinol (THC), the main active component of marijuana, induces 

cancer cell death through stimulation of autophagy. Our data unravel the mechanism underlying this ac

tion by showing that THC, via ceramide accumulation and eukaryotic translation initiation factor 2a  (elF2a) 

phosphorylation, activates an endoplasmic reticulum stress response that promotes autophagy via tribbles 

homologue 3 (TRB3)-dependent inhibition of the Akt/mammalian target of rapamycin complex 1 (mTORCl) 

axis. We also show that THC-evoked TRB3 up-regulation blocks Akt activity by disrupting the interaction of 

this kinase with mTOR complex 2, responsible for the phosphorylation of Akt on serine 473 (hydrophobic mo

tif). Of importance, our results demonstrate that autophagy is upstream of apoptosis in cannabinoid-induced 

cancer cell death and that activation of this pathway is necessary for the anti-tumoral action of cannabinoids 

in vivo. These findings define a new route for promoting the autophagic death of tumor cells that may have 

important therapeutic implications.

In addition, in this Thesis we investigated the role of TRB3 on the control of tumor generation and pro

gression. Our data support that loss of TRB3 enhances proliferation, migration and clonogenicity of cancer 

cells and accelerates the onset of tumor xenografts in nude mice. These effects seem to rely on an enhanced 

activation of Akt and the increased phosphorylation of at least two of its downstream targets, F0X01/3a and 

BAD. Our findings suggest that, at least under certain genetic and cellular conditions, TRB3 plays a tumor 

suppressor function, by regulating Akt and some of its substrates.
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Introduction

1. CANNABINOIDS

1.1. Cannabinoids and their receptors

Extracts from the hemp plant C sativa have been 

ised for recreational and medical purposes for many 

centuries. However, it was not until the second half 

(f the XX'*' century when the scientific community 

started to become interested in cannabis research. 

Ferhaps the first important observation that brought 

tie  attention of researchers on the cannabinoid field 

vas the elucidation by Gaoni and Mechoulam of the 

chemical structure of AMetrahydrocannabinol (THC 

]) - one of the approximately 70 cannabinoids pre

sent in C. sativa - and the subsequent demonstration 

tia t the L stereoisomer of this compound was the 

nain psychoactive ingredient of marijuana (Mechou- 

hm and Gaoni, 1967).

This discovery stimulated the generation of a 

whole range of synthetic analogs in the 1970s that 

included not only compounds structurally similar to 

7HC and other phytocannabinoids (i.e. cannabinoids 

fom  the plant C. Sativa) but also analogs with diffe

rent chemical structures, including classic and non- 

oassic cannabinoids and aminoalkylindoles (Hewlett 

etal., 2002) (Figure 1 of Introduction and Box 1).

Initially, it was believed that, due to its highly li

pophilic nature, THC elicited its effects by perturbing 

t ie  structure of biological membranes (Lawren

ce and Gill, 1975). However, the existence of high- 

affinity, saturable, stereospecific binding sites for 

the synthetic cannabinoid agonist pH] CP-55,940 in 

mouse brain plasma membranes was demonstrated 

Sion. Moreover, pharmacologically relevant concen

trations of this agent produced inhibition of adenylyl 

c/clase in vitro and analgesia in animal models of 

pain (Devane et a!., 1988). The availability of radio- 

Icbelled [^H] CP-55,940 also allowed the mapping by 

ajtoradiography of cannabinoid binding sites in the 

b'ain (Herkenham et a!., 1991). Finally, the study of 

the overlapping regional distribution of the mRNA 

for an orphan G protein-coupled receptor (GPCR)

and PH] CP-55,940 binding sites allowed the identifi

cation of CB̂  as the brain receptor for cannabinoids 

(Matsuda et a!., 1990). A few years later, a second 

GPCR for cannabinoids (named CBJ was identified in 

the immune system (Munro e ta l., 1993).

Currently, we know that CB̂  receptors are the 

most abundant cannabinoid receptors in the mam

malian brain, and that they are also present at much 

lower concentrations in a variety of peripheral tissues 

such as spleen, eye, testis and uterus amongst many 

others (Matsuda et al., 1990; Munro et al., 1993).

CB̂  receptors are expressed primarily in cells of 

the immune and hematopoietic systems, but re

cently they have been found in the brain (Gong et 

al., 2006; Van Sickle et al., 2005), in nonparenchymal 

cells of the cirrhotic liver (Julien et al., 2005), in the 

endocrine pancreas (Juan-Pico et al., 2006) and in 

bone (Idris et al., 2005; Karsak et al., 2005; Ofek et 

al., 2006).

The existence of specific receptors in mammalian 

cells that recognize a plant-derived substance rekin

dled the question raised two decades earlier, with 

the description of brain receptors for morphine, 

and suggested that there should exist endogenous 

ligands for cannabinoid receptors. In line with this 

hypothesis. Devane et al. found that a lipid isolated 

from porcine brain bound with high affinity to the 

CBj receptors and mimicked the behavioral actions 

of THC when injected into rodents. This lipid, arachi- 

donoylethanolamide, was named anandamide and 

identified as an endogenous ligand for CB̂  receptors 

(Devane et al., 1992) that also binds CB̂  receptors, 

although with lower affinity and sometimes acting 

as a partial agonist (Gonsiorek et al., 2000). Anan

damide, as other lipidic mediators, is synthesized 

on demand rather than stored in vesicles. The best 

known precursor of anandamide is N-arachidonoyl 

phosphatidylethanolamide (NAPE), which is gene

rated by the enzymatic transfer of arachidonic acid 

from the sn-1 position of phosphatidylcholine into
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BOX 1: Phytocannabinoids and synthetic 

cannabinoids

Synthetic cannabinoids can be classified accor

ding to their chemical structure:

- Classical cannabinoids (structurally similar to 

phytocannabinoids). For example, a highly potent 

agonist of CB̂  and CB̂ , HU-210 (Mechoulam et 

al., 1988) and two selective CB̂  agonists, JWH-133 

(Huffman et a!., 1999) and HU-308 (Hanus et a!.,

1999).

- Non-classical cannabinoids (synthesized origi

nally by Pfizer in an attempt to simplify the struc

ture of classical cannabinoids). For example, CP- 

55,940 (Martin et a!., 1991), whose tritiated form 

was important to identify the CB̂  receptor.

- Aminoalkylindols (developed by Sterling- 

Winthrop as potential anti-inflammatory drugs). 

Their chemical structure is very different from the 

rest of cannabinoids. For example, the CB̂  and CB̂  

agonist W IN55212-2 (Richter and Loscher, 1994) 

and the selective CB̂  antagonist A M 630 (Pertwee 

eta l., 1995).

- Diacylpirazols (developed by Sanofl-Aventis). 

For example, the CB̂  antagonist SR141716 (SRI 

or rimonabant, commercially named Acomplia®) 

(Rinaldi-Carmona et al., 1994), AM251 and AM281, 

two structural analogues of this compound with 

similar characteristics [reviewed in (Pertwee,

Cannabidiol

a ’ - t h c

Anandamide |

JWH-133

WIN 55,212-2

SR144S28

SR141716

Figure 1 of Introduction. Structure o f some represen

tative cannabinoids. As described in the text, A^-THC 

and cannabidiol are phytocannabinoids from the plant 

C. Sativa; anandamide is an endocannabinoid; JWH-133 

is a synthetic CB2-selective agonist; WIN 55,212-2 is a 

synthetic CB/CB^ mixed agonist; SR141716 (SRI or Ri

monabant) and SR144528 (SR2) are synthetic CB̂ - and 

CB-selective antagonists, respectively. Extracted from  

(Alexander et al., 2009).

2005b)] and the CB̂  antagonist SR144528 (SR2) 

(Rinaldi-Carmona etal., 1998).

the amide group of PE (Cadas et a!., 1997; Di Marzo 

et al., 2005). The in vivo biosynthesis of anandamide 

is completed by the enzymatic hydrolysis of NAPE ca

talyzed by a phospholipase D (Schmid PC, 1983).

Three years later, a second endocannabinoid, 

2-arachidonoylglycerol (2-AG), was discovered inde

pendently by two different groups (Mechoulam et 

al., 1995; Sugiura et al., 1995). Basal levels of 2-AG

in the brain are approximately 2 orders of magnitude 

higher than the levels of anandamide. 2-AG is gene

rated from diacylglycerol (DAG) by a sn-1 position- 

selective DAG lipase. Two DAG lipase isozymes, a  

and p, have been cloned (Bisogno et al., 2003). In 

the adult brain they are localized in the postsynaptic 

plasma membrane, in line with their putative role in 

generating 2-AG involved in retrograde transmission.
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BOX 2: Physiological functions of endocannabinoids and potentiai therapeutic applications.

The endocannabinoid system regulates numerous physiological processes and therefore manipulation 

of this system may have therapeutic applications in several pathologies.

Physiological processes regulated bv cannabinoids
Central Nervous system

-anxiety and aggressiveness
(Martin et al , 2002)

-motor control 
(Piomelti, 2003; Romero et a!..

2002)

-nociception 
(Manning at ai.. 2003. Keily and 

Ctiapman, 2001. Lim at a i , 2003;
Malan et al . 2001; Ivtacktey et al.,

2003. Nackley et a l . 2004,
Rictiardson et a i . 1998)

-prolifération, differentiation, 
migration and 

synaptogenesis of neural 
progenitors 

(Aguado et ai., 2005; Aguado e t ai.,
2006. Fem andez-R uz et ai . 2000;

Gaive-Roperti et ai., 2006. Rueda 
et a l . 2002)

-em esis
(Paikei and Mectiuularn. 2003,

Parker et a l . 2003)

-appetite
(Di M an o  et al., 2001. Porcelet et 

al , 2003; Verty et a l , 2004a, b)

-temperature 
(Pertwee. 20 0 % )

Reproductive system

-fertility control
(Maccarrone and W enger, 2005;

Schuei e l ai . 2002)

bone
-bone remodeling

(Idris e t a l . 2005, O fek e ta l..
2006)

In m u n e  system  

-inflammation and 
Immune response 

(Felder e t a l . 2006)

V ascu la r system  

-blood pressure
(Hogestatt and 

Zygmunt. 2002)

Potential therapeutic applications of cannabinoids

ANXIOLYTIC
(antlanxiety or antipanic)

ANTICONVULSANT
(or antiepileptic)

ANALGESIC

NEUROPROTECTIVE

ANTIEMETIC

OREXIGENIC

HYPOTHERMIC

HYPOTENSORS
(reducers of blood pressure)

Several cannabinoid-based medicines have been developed, such as Cesamet® (nabilone), Marinol® 

(dronabinol, THC) and Sativex® (CBD, THC). The medical use of these drugs will be discussed throughout 

this Thesis.

These endocannabinoids are arachidonic acid 

derivatives and act in the central nervous system 

as neuromodulators (Wilson and Nicoll, 2002). A 

number of related endogenous lipids with endocan- 

nabinoid-like activity have been reported, although 

studies about biosynthesis, cellular transport, me

tabolism, and biological function have focused on 

anandamide and 2-AG, with much less information 

available about the other compounds with endocan-

nabinoid-like properties [the biochemical aspects of 

endocannabinoids have been widely reviewed in (Bi

sogno et al., 2005)].

Extensive molecular and pharmacological studies 

have demonstrated that cannabinoids inhibit aden

ylyl cyclase through CB̂  and CB̂  receptors. The CB̂  

receptor also modulates ion channels, inducing, 

for example, inhibition of N- and P/Q-type voltage- 

sensitive Câ + channels and activation of G-protein-
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activated inwardly rectifying channels (Howlett et 

al., 2002). Besides these well-established cannabi

noid receptor-coupled signaling events, cannabinoid 

receptors also modulate several pathways that are 

more directly involved in the control of cell prolife

ration and survival, including the extracellular sig

nal-regulated kinase (ERK) (Bouaboula et a!., 1995), 

c-Jun N-terminal kinase and p38 mitogen-activated 

protein kinase (Tramer et al., 2001), phosphatidyli- 

nositol 3-kinase (PI3K)/Akt (Gomez del Pulgar et al.,

2000), focal adhesion kinase (Derkinderen et al., 

2001; Rueda et al., 2000) and the sphingomyelin cy

cle (Sanchez eta l., 2001b ) (Figure 2 of Introduction).

In addition to the above described cannabinoid 

receptors, ample evidence suggests that other non- 

CByCBj receptors may contribute to the behavioral, 

vascular, and immunological actions of A®-THC and 

endogenous cannabinoids. Of interest, GPR55, an 

orphan G protein-coupled receptor, has been re

cently proposed to bind certain cannabinoids (Ross, 

2009). However, GPR55 pharmacology is still quite 

controversial and it is not clear whether this receptor 

can be considered a constituent of the endocannabi

noid system.

Stimulation of CB receptors by endocannabinoids 

and activation in a cell- and tissue-specific manner 

of the above described signal transduction pathways 

participates in the regulation of numerous physiolo

gical processes (see Box 2). Likewise, the pharmaco

logical manipulation of the endocannabinoid system 

(for example by using agonists for CB̂  or CB̂  recep

tors) may have many potential therapeutic applica

tions (Box 2).

Of note, in addition to THC, other constituents of 

the plant C. Sativa that do not have high affinity for 

CB receptors have also been reported to produce 

biological effects of potential therapeutic interest. 

Perhaps the most representative of these non-psy- 

choactive cannabinoids is cannabidiol (CBD), that 

has been shown to exert anti psychotic, anti-inflam

matory, anti convulsant and anti-cancer actions in 

animal models (Grotenhermen, 2004; Mechoulam 

and Hanus, 2002; Vaccani et al., 2005). Cannabidiol 

does not bind with significant affinity to CB̂  or CB̂  

receptors. CBD effects have been attributed to inhi

bition of anandamide degradation, to its antioxidant 

properties or to other functions (Mechoulam and 

Hanus, 2002; Mechoulam e ta l., 2002b), although its 

precise mechanism of action remains to be unrave

lled.

1.2. Anti-tumoral activity of cannabinoids

Among the numerous therapeutic aplications 

attributed to cannabinoids (Box 2), they have been 

known for several decades to exert palliative effects 

in cancer patients, and nowadays, capsules of THC 

(Marinol®) and its synthetic analogue nabilone (Ce

samet®) are approved to treat nausea and emesis 

associated with cancer chemotherapy (Tramer et al.,

2001). In addition, several clinical trials are testing 

other potential palliative properties of cannabinoids 

in oncology such as appetite stimulation and anal

gesia (Fowler et al., 2010; Guzman, 2003). Besides 

these palliative actions, cannabinoids have been pro

posed as potential anti-tumoral agents on the basis 

of experiments performed in both cultured cells and 

animal models of cancer. These antiproliferative pro

perties of cannabis compounds were first reported 

almost 40 years ago when it was shown that THC 

inhibits lung adenocarcinoma cell growth in vitro 

and after oral administration in mice (Munson et al., 

1975). Although these observations were promising, 

further studies in this area were not performed until 

the late 1990s, mostly by Di Marzo, Bifulco and co

lleagues [reviewed in (Bifulco and Di Marzo, 2002)] 

and Guzman's group [reviewed in (Guzman, 2003)].

A number of plant-derived (for example, THC, and 

cannabidiol), synthetic (for example, WIN-55,212- 

2 and HU-210) and endogenous cannabinoids (for 

example, anandamide and 2-arachidonoylglycerol)
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#

ER stress related genes

Figure 2 of introduction. Signaling pathways regulated by cannabinoids.

Cannabinoid receptors are primarily coupled to inhibitory Gi /  o proteins. Thus, activation of CB̂  and CB̂  receptors 

promotes the dissociation o f a i and By subunits. The a i subunit inhibits adenylyl cyclase, decreasing the production of 

adenosine S' monophosphate (cAMP), and thus the activity of the cAMP-dependent protein kinase (PKA), involved in 

many biological processes and gene expression control (Howlett, 1984). On the other hand, 6y dimers can participate in 

the activation of the extracellular signal-regulated kinase (ERK) (Bouaboula et al., 1995), the mitogen-activated protein 

kinase (MAPK) p38 (Liu et al., 2000; Rueda et al., 2000) and the c-Jun N-terminal protein kinase (INK) (Derkinderen et 

al., 2001; Rueda et al., 2000). Cannabinoids also regulate other pathways involved in the control of cell proliferation 

and survival, including the phosphatidylinositol 3-kinase (PI3K)-Akt pathway (Gomez del Pulgar et al., 2000) and ce- 

ramide production (Guzman et al., 2001). CB̂  receptors can also couple to Gq proteins to activate phospholipase C 

(PLC), which leads to generation of inositol trisphosphate (IP3) and diacylglycerol (DAG), and the subsequent release of 

calcium from intracellular compartments and activation of PKCs (Netzeband et al., 1999). Stimulation o f cannabinoid 

receptors produces other effects in a G protein-independent manner, such as the hydrolysis of sphingomyelin through 

the adaptor protein FAN (Sanchez et al., 2001b) or the regulation o f certain ion channels (Pertwee, 2005a). Thus, acti

vation ofCB^ receptors in certain neuron populations inhibits several voltage-dependent Ca *̂ channels (Gebremedhin et 

al., 1999) and activates type A K* channels (Demuth and Molleman, 2006), which leads to membrane hyperpolarization.

are now known to exert antiproliferative actions on 

a wide spectrum of tumor cells in culture (Guzman,

2003). More importantly, cannabinoid administra

tion to nude mice curbs the growth of various types 

of tumor xenografts, including lung carcinoma (M un

son et al., 1975), glioma (Galve-Roperh et al., 2000), 

thyroid epithelioma (Bifulco eta l., 2001), lymphoma 

(McKallip et ol., 2002), skin carcinoma (Casanova et 

a!., 2003), pancreatic carcinoma (Carracedo et al., 

2006a), melanoma (Blazquez et a!., 2006), rhabdom

yosarcoma (Oesch et al., 2009), hepatocellular carci

noma (Vara et al., 2011) and tumors generated in a 

genetic model of breast cancer (Caffarel et a!., 2010).

The requirement of cannabinoid receptors for this 

anti-tumoral activity has been revealed by various 

biochemical and pharmacological approaches, in 

particular by determining cannabinoid receptor ex

pression in the tumors and by using selective canna

binoid receptor agonists and antagonists.
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1.2.1. Mechanisms of cannabinoid anti-tu

moral activity

Most of the initial research on cannabinoid anti- 

tumoral action focused on gliomas, and therefore a 

significant part of the information that we have on 

the mechanisms of action of these agents has been 

obtained in this tumor type, although different stu

dies have confirmed that these mechanisms also ope

rate in other types of tumor cells. Initial experiments 

in cultured glioma cells showed that incubation with 

cannabinoids induces cell death by an apoptotic me

chanism (Sanchez et al., 1998). Further studies with 

animal models showed that local administration of 

THC or WIN-55,212-2 reduced the size of tumors ge

nerated by intracranial inoculation of C6 glioma cells 

in rats, leading to complete eradication of gliomas 

and increased survival in one third of the treated rats 

(Galve-Roperh et al., 2000). Additional studies used 

tumor xenografts generated by subcutaneous injec

tion of glioma cells in the flank of immune-deficient 

mice. Local administration of THC, WIN-55,212-2, or 

the selective CB̂  cannabinoid receptor agonist JWH- 

133 decreased the growth of tumors derived not 

only from the rat glioma C6 cell line but also from 

glioblastoma multiforme (GBM) cells obtained from 

tumor biopsies of a patient (Sanchez et a!., 2001a).

These and other studies also showed that ac

tivation of cannabinoid receptors on glioma cells 

modulates key signalling pathways involved in cell 

proliferation and survival (Carracedo et al., 2006a; 

Carracedo et al., 2006b) and there is substantial 

evidence for the involvement of at least two mecha

nisms by which cannabinoids exert their anti-tumo

ral action: inhibition of tumor angiogenesis and inva

siveness and induction of apoptosis of tumor cells.

Inhibition of tumor aneioeenesis and invasiveness

To grow beyond minimal size, tumors must gene

rate a new vascular network (angiogenesis) to wa

rranty nutrients supply, gas exchange and waste dis

posal, and therefore blocking the angiogenic process

constitutes one of the most promising anti-tumoral 

approaches currently available. Immunohistochemi- 

cal analyses in mouse models of glioma (Blazquez et 

a!., 2003), skin carcinoma (Casanova et ol., 2003) and 

melanoma (Blazquez et al., 2006) have shown that 

cannabinoid administration turns the vascular hy

perplasia characteristic of actively growing tumors 

to a pattern of blood vessels characterized by small, 

differentiated, and impermeable capillaries. This is 

associated with a reduced expression of vascular en

dothelial growth factor (VEGF) and other proangio- 

genic cytokines such as angiopoietin-2 and placental 

growth factor (Blazquez et al., 2003; Casanova et al., 

2003; Portella et al., 2003), as well as of type 1 (Por- 

tella et al., 2003) and type 2 (Blazquez et al., 2004) 

VEGF receptors, in cannabinoid-treated tumors (Fi

gure 3 of Introduction). Pharmacological inhibition 

of ceramide synthesis de novo abrogates the anti-tu

moral and anti-angiogenic effect of cannabinoids in 

vivo and decreases VEGF production by glioma cells 

in vitro and by gliomas in vivo (Blazquez et al., 2004), 

indicating that ceramide plays a general role in can

nabinoid anti-tumoral action.

Other reported effects of cannabinoids might be 

related to the inhibition of tumor angiogenesis and 

invasiveness by these compounds. Thus, activation of 

cannabinoid receptors on vascular endothelial cells 

in culture inhibits cell migration and survival (Blaz

quez eta l., 2003). Endothelial cell apoptosis was also 

potently triggered by cannabinoid quinonoid deriva

tives, although this action seems to be cannabinoid 

receptor-independent (Kogan et al., 2006). In addi

tion, cannabinoid administration to glioma-bearing 

mice decreases the activity and expression of matrix 

metalloproteinase-2 (M MP2), a proteolytic enzyme 

that allows tissue breakdown and remodeling during 

angiogenesis and metastasis (Blazquez et al., 2003). 

In line with this notion, cannabinoid intra-peritoneal 

injection reduces the number of metastatic nodes 

derived from melanoma (Blazquez et al., 2006), lung 

(Portella et al., 2003), and breast (Grimaldi et al..
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BOX 3: Some other described mechanisms by which cannabinoids control cell cycle and apoptosis

Cannabinoid-mediated Inhibition of cell proliferation is due to their capacity to modulate several sur

vival pathways involved in control of cell growth and apoptosis.

Thus, cannabinoid-induced inhibition of Akt leads to activation of the pro-apoptotic protein Bad in 

râ models of glioma, colorectal cancer and leukemia (Ellert-Miklaszewska et a!., 2005; Greenhough at 

a., 2007; Jia et a!., 2006) and induce cell cycle arrest in G l /  S [associated with hypo-phosphorylation 

0 retinoblastoma protein (Blazquez et a!., 2006)], and in G2 /  M  [associated with activation of the CDK 

irtiibitor p27 (Portella et al., 2003)].

Recently, it has been shown in breast cancer cells that cannabinoids induce apoptosis and cell cycle 

arest in G2 /  M transition, by a mechanism involving a decrease in Cdc2 (also named CDKl) levels and 

aitivity (Caffarel et al., 2006). In addition, blockade of Cdc2 leads to a decrease in the phosphorylation 

aid stability of the anti-apoptotic protein survivin, a mechanism that triggers apoptosis (Caffarel et al., 

2*08).

Moreover, in glioma and prostate carcinoma cell lines, cannabinoid-mediated decrease in cyclins and 

OK levels as well as GO/Gl cycle arrest have been recently described (Galanti et al., 2008; Sarfaraz et 

01,2006).

It has also been reported that these compounds are capable of inducing apoptosis and cell cycle 

arest in certain types of tumors by regulating the cascades of stress-activated kinases p38 MARK and 

jrK  (Galve-Roperh e ta l., 2000; Herrera eta l., 2005; Rueda eta l., 2000; Sarker and Maruyama, 2003) as 

veil as the kinase ERK (Ellert-Miklaszewska et al., 2005; Greenhough et al., 2007; Jia et al., 2006).

In several cell lines, cannabinoids promote superoxide radical generation, which leads to the activa

tion of caspases (Sarker et al., 2000). Notably, it has been reported that oxidative stress can also activate 

ar ER stress response (M ao et al., 2006; Xue et al., 2005).

In addition, cannabinoids have been described to inhibit various growth factor receptors (eg, prolac- 

tii receptor, neurotrophin receptor TrkA, androgen receptors, EG F receptors, VEGF receptors) in several 

tumor cell types, such as pheochromocytoma cells (Rueda et al., 2002) and breast (De Petrocellis et al., 

1598; Meick et al., 2000), prostate (Meick et al., 2000; Mim eault et al., 2003) and skin carcinomas (Ca

sanova et al., 2003). This effect has been correlated to both tumor growth inhibition and apoptosis (De 

Petrocellis et al., 1998; Sarfaraz et al., 2005).

200f) cancer cells injected into the paws of mice. 1998). Different studies have shown that this effect

The anti-metastatic effect of cannabinoids has also relies on the activation of cannabinoid receptors

beer recently demonstrated in a genetic model of and the accumulation of the pro-apoptotic sphin-

breait cancer (Caffarel et al., 2010). golipid ceramide (Galve-Roperh et al., 2000; Gomez

del Pulgar et al., 2002b; Huwiler and Pfeilschifter, 

2009; Ogretmen and Hannun, 2004; Velasco et al., 

Cannabinoids induce apoptosis of cultured glio- 2005).However, the molecular mechanisms con-

Induction of aoootosis 

: induce apoptosis of c

ma cells (Galve-Roperh et al., 2000; Sanchez et al., necting ceramide accumulation and the apoptotic
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signalling in response to cannabinoids have started 

to be unraveled only very recently. By using a DNA 

array approach, we identified a series of genes that 

are selectively up-regulated in cannabinoid-sensitive 

but not cannabinoid-resistant glioma cells upon THC 

treatment (Carracedo et al., 2006b). One of these 

genes is the ER (endoplasmic reticulum) stress-re-

tribbles homologue 3 (TRB3, also called TRIB3), a 

pseudo-kinase that has been implicated in the induc

tion of apoptosis of tumor cells and neurons (Ohoka 

et al., 2005). In line with this observation, selective 

knock-down of ATF4 and TRB3 prevented cannabi

noid-induced apoptosis, indicating that this signaling 

route also operates in glioma cells after treatm ent

INVASIVENESS

ANGIOGENESIS 
MIGRATION

APOPTOSIS

Figure 3 of introduction. Effect of cannabinoids in different steps o f tumor progression.

gulated protein p8 (also designated as candidate of 

metastasis 1, Com-1) that belongs to the family of 

HMG-I/Y transcription factors and was originally des

cribed as a gene induced in acute pancreatitis (Mallo  

et al., 1997). Different experimental approaches con

firmed that p8 up-regulation is essential for the pro- 

apoptotic and anti-tumoral action of cannabinoids 

in gliomas and pancreatic tumors (Carracedo et ol., 

2006a; Carracedo et al., 2006b).

The acute increase of p8 levels after cannabinoid 

treatment triggers a cascade of events that involves 

the up-regulation of a number of ER-stress related 

genes, such as the activating transcription factor 4 

(ATF4) and the C/EBP-homologous protein (CHOP, 

also called DDIT3 and GADD153). These two trans

cription factors cooperate in the induction of the

with cannabinoids (Carracedo et al., 2006b) (Figure 

4 of Introduction).

Of note, unlike this pro-apoptotic action of canna

binoids on transformed cells, treatm ent of primary 

cultured astrocytes with these compounds does not 

trigger ceramide accumulation (Carracedo et al.,

2004) or induction of the aforementioned genes (Ca

rracedo et al., 2006b). Furthermore, cannabinoids 

promote the survival of astrocytes (Gomez Del Pul

gar et o/., 2002a), oligodendrocytes (Molina-Holgado 

et al., 2002) and neurons (Mechoulam et al., 2002a) 

in different models of injury. This suggests that the 

antiproliferative ER stress-mediated effect of can

nabinoids is selective of tumor cells, the viability of 

normal cells being unaffected or even favored by 

cannabinoid challenge.

10



Introduction

ER stress

ER stress-related targets

Aditional targets /

APOPTOSIS

Figure 4 of introduction. Schematic of the proposed general mechanism o f THC-induced cell death prior to the pre

sent Thesis.

In summary, treatment with cannabinoids sti

mulates an ER stress-related signaling route that 

leads to cancer cell death. Although this mechanism 

was originally investigated in glioma cells, it seems 

to operate also in other types of cancer cells, such 

as pancreatic carcinoma [(Carracedo et al., 2006a) 

and the present Thesis], melanoma (Blazquez et al.,

2006), leukemia (Herrera et al., 2006), prostate can

cer (Olea-Herrero et al., 2009), rhabdomyosarcoma 

(Oesch eta l., 2009), hepatocellular carcinoma [(Vara

et al., 2011) and the present Thesis] and breast can

cer (data not shown). Thus, the activation of this 

ceramide pathway could be considered as the main 

mechanism of cannabinoid-induced cell death. The

re may be, of course, exceptions to this rule as each 

cancer cell has differences in terms of mutations, 

signals involved in the maintenance of its ability to 

continue proliferating, etc. Some of those alternative 

mechanisms by which cannabinoids control apopto

sis and cell cycle in tumor cells are summarized in 

Box 3.

11
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2. ER STRESS

2.1. Signal transduction in ER stress

The endoplasmic reticulum (ER) is an organelle 

with crucial biosynthetic and signaling functions in 

eukaryotic cells. The ER is not only the major intrace

llular calcium (Ca^ )̂ storage organelle critically invol

ved in Câ "̂  homeostasis and Câ  ̂ mediated signaling 

pathways, but it also provides the site for the synthe

sis, folding, assembly and modification of proteins 

destined to be secreted or embedded in the plasma 

membrane [reviewed in (Berridge, 2002; Gorlach et 

al., 2006)]. Moreover, the ER is the major site for lipid 

biosynthesis.

Various physiological and pathological conditions, 

including hypoxia, ER-Ca^* depletion, oxidative injury, 

high-fat diet, hypoglycemia, and viral infections may 

cause an imbalance between ER protein folding load 

and capacity, leading to the accumulation of unfol

ded proteins in the ER lumen, a condition referred 

to as "ER stress". ER stress sets in motion an evolu

tionary conserved and integrated signal transduction 

pathway known as the unfolded protein response 

(UPR). The DPR primarily aims at ameliorating the 

protein load on the ER by coordinating the temporal 

shutdown in protein translation along with a complex 

program of gene transcription aimed to increase ER 

folding capacity. If this transcriptional program fails 

to reestablish proper ER homeostasis, persistence 

in ER stress may induce cell death. Severe ER stress 

can cause cell death usually by activating intrinsic 

apoptosis (Szegezdi et al., 2006). Moreover, in order 

to clear the ER from the accumulation of terminally 

misfolded protein aggregates that cannot be degra

ded by the proteasome, the UPR may upregulate the 

autophagy machinery (described below in detail).

UPR signaling oathwavs

The UPR in mammalian cells is governed by three 

transmembrane ER stress sensors, namely PERK 

(PKR-like ER kinase), IREl (inositol requiring enzy

me 1), and ATF6 (activating transcription factor 6),

which are kept in an inactive state by binding to the 

ER chaperone BiP, preventing their oligomerization- 

induced activation (Figure 5 of Introduction). When 

ER homeostasis is perturbed, accumulating misfol

ded proteins become progressively bound to BiP, 

titrating away BiP from interaction with these trans

membrane signaling proteins. Upon deinhibition and 

homodimerization, these ER sensors activate a com

plex ER-to-nucleus signaling pathway that transmits 

information across the ER membrane to an extensive 

gene-expression program mediated by the activation 

of downstream transcription factors. The genetic 

program activated by the UPR results in up-regula

tion of the folding machinery along with an expan

sion of the ER lumen and enhanced degradation of 

terminally misfolded proteins through endoplasmic 

reticulum-associated protein degradation (ERAD).

PERK. PERK is a type I transmembrane protein 

with a luminal sensing domain and a cytosolic kinase 

domain which becomes activated following dimeri- 

zation. The resulting transautophosphorylation in

duces a conformational change that enhances the 

affinity of PERK for elF2a (eukaryotic initiation factor 

2 alpha) (Marciniak et al., 2006). Phosphorylation of 

elF2a on SerSl by PERK results in the rapid shutdown 

of general translation, relieving the protein burden 

on the stressed ER (Figure 5 of Introduction).

It is important to bear in mind that PERK is not the 

only protein kinase regulating elF2a phosphoryla

tion, as double-stranded RNA-activated protein kina

se (PKR; activated in viral responses), general control 

nonderepressible 2 (GCN2; activated upon amino 

acid starvation), and heme-regulated inhibitor (HRI; 

activated in heme depletion) also phosphorylate el- 

F2a (Schroder and Kaufman, 2005).

In addition, a recent study has shown that e lF 2 a -  

phosphorylation also regulates translation via inhibi

tion of rRNA synthesis, coordinately regulating trans

lation and ribosome biogenesis during cellular stress 

(DuRose etal., 2009). Paradoxically, this translational

12



slutdown leads to the selective translation of the 

tanscription factor ATF4, a member of the bZIP fa- 

nily of transcription factors (Harding et al., 2002). 

Tne PERK-elF2a-ATF4 axis regulates the expression 

of genes involved in amino acid biosynthesis and 

tansport functions, antioxidant stress responses, 

aid apoptosis.

Introduction

IREl. IREl is a type I transmembrane protein with 

an N-terminal luminal sensor domain and a [-te rm i

nal cytosolic effector region that contains both kina

se and endoribonuclease (RNase) domains (Aragon 

et al., 2009). In cells undergoing ER stress, oligome

rization of IREl results in transautophosphorylation 

and activation of the RNase domains that excise a 

26 nt sequence from XBPlu (unspliced XBPl), pro-

XBP1 mRNA Spliced 
r  XBP1 mRNA Golgi site

^ proteases
mRNA

translation
mRNAATF4

j-»Gadd34

r r ,
Antioxidant

enzymes

Antioxidant
enzymes

ERAD
ER chaperones

homeostasis

seoooceojf

ERAD,UPR 
Lipid 

biosynthesis

Figure 5 of introduction. The unfolded protein response in adaptive, apoptotic and redox responses.

Upon accumulation of misfolded proteins in the ER, the release o f BiP allows IREl and PERK to oligomerize. Oligome- 

rhed IREl disposes of an intrinsic endoribonuclease activity that mediates the unconventional splicing o f XBPlmRNA 

vihich is subsequently translated into XBPls, a potent transcription factor regulating the expression of genes involved in 

ERAD (endoplasmic reticulum-associated protein degradation) and ER quality control. IREl signaling is positively regu- 

Icted by binding of the multidomain pro-apoptotics Bax and Bak, while its activity is suppressed by the transmembrane 

pfotein BI-1. The interaction of BAX/BAK with IREl is required fo r the recruitment o f TRAF2 and ASKl leading to the 

activation of the MAPKs INK and p38 MAPK, through specific MKKs. Oligomerized PERK phosphorylates the translation 

initiating factor elF2a, resulting in suppression of general protein translation while favoring the translation o f ATF4, 

which induces the expression of genes involved in restoring ER homeostasis. Phosphorylation o f Nrf2 by PERK disrupts 

its association with Keapl, resulting in its nuclear accumulation and up-regulation of genes associated with various 

antioxidant responses. In contrast to PERK and IREl, release of BiP from ATF6 induces its translocation to the Golgi 

where its processing generates an active transcription factor. Cleaved ATF6 controls mainly genes involved in ERAD 

and ER homeostasis. Upon severe ER stress, ATF4, XBPls, and ATF6 can up-regulate the expression o f the pro-apoptotic 

transcription factor CHOP, which mediates apoptosis by the up-regulation of pro-apoptotic BH3-only protein Bim and 

by suppressing Bcl-2 expression. CHOP activity is enhanced through phosphorylation by p38MAPK. Phosphorylation by 

JKK in turn activates Bim while inhibiting Bcl-2 functions. Adapted from  Verfaillie et al., 2010.
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ducing mature XBPls mRNA (spliced XBPl) (Calfon 

et al., 2002). XBPls encodes an active leucine zipper 

(bZIP) transcription factor XBPls that regulates the 

transcription of several genes involved in ER quality 

control mechanisms, ER/Golgi biogenesis, as well as 

ERAD components (Lee et al., 2003; Yoshida, 2003) 

and as recently revealed, also genes involved in redox 

homeostasis and oxidative stress responses (Acosta- 

Alvear et al., 2007) (Figure 5 of Introduction).

ATF6. Both isoforms of ATF6, ATF6a and ATF6|3, 

are present in cells as type II transmembrane ER pro

teins. Release of BiP does not cause ATF6 oligome

rization, but instead reveals a Golgi localization se

quence (Shen et a!., 2002). Once translocated to the 

Golgi, ATF6 is cleaved at a juxtamembrane site by the 

site 1 and site 2 proteases (SIP and S2P) (Haze et a!., 

1999), which are also involved in the cleavage of the 

ER membrane transcription factor SREBP (sterol res

ponse element-binding protein) (Hua et ol., 1996). 

Processed ATF6 moves to the nucleus where it forms 

active homodimers or dimerizes with other bZIP 

transcription factors like NF-Y (CAAT binding factor) 

as well as XBPls (Yamamoto et al., 2007), to regula

te transcription from ATF/cAMP response elements 

(CREs) and ERSEs (Hu et al., 2007). One of the ATF6 

transcriptional targets is the IREl substrate XBPl (Fi

gure 5 of Introduction).

As indicated above, under certain cellular settings 

or when the intensity of the stimulus is too high, 

stimulation of ER stress can lead to apoptotic cell 

death. There are several mechanisms by which ER 

stress signaling routes activate apoptosis.

In this Thesis we will deal in detail with some of 

the molecular processes by which ER stress can pro

mote apoptotic cell death via autophagy stimulation.

3. AUTOPHAGY

Correct cell functioning requires a precisely re

gulated control of the synthesis and degradation of 

cellular components. In eukaryotic cells, the lysoso- 

me (or the corresponding yeast and plant digestive 

vacuole) is the primary organelle for degradation. 

To this aim, the lysosome contains a wide array of 

resident acid hydrolases. Under certain physiological 

situations, such as nutrient deprivation, autophagy 

acts as a highly regulated process by which different 

cellular components are targeted to the lysosomes 

for degradation. Double-membrane vesicles, ter

med autophagosomes, engulf long-lived proteins, 

damaged organelles and even invasive pathogens, 

and transport these cargos to the lysosomes. Once 

in contact with these organelles, the outer-membra- 

ne of the autophagosome fuses with the lysosomal 

membrane, and the inner vesicle, together with its 

cargo, is degraded by lysosomal hydrolases (a sche

matic of the process is shown in Figure 6 of Intro

duction).

This process of bulk degradation of cytoplasmic 

components is termed macroautophagy (hereafter 

referred to as autophagy). However, autophagy is 

sometimes directed to the selective elimination of 

particular cytosolic components, such as ubiquitina- 

ted protein aggregates, and damaged or superfluous 

organelles that are selectively targeted for degrada

tion by autophagy. Different terms have been used 

to describe the selectivity of each process according 

to the cargo, such as autophagic degradation of 

mitochondria (mitophagy) (Kim et al., 2007), ribo

somes (ribophagy) (Kraft et al., 2008), peroxisomes 

(pexophagy) (Dunn et al., 2005), and ER (reticulopha- 

gy) (Bernales et a!., 2006; Yorimitsu and Klionsky, 

2007). In addition, selective degradation of proteins 

in the lysosomes can also be achieved by a process 

named chaperone-mediated autophagy (CMA) (Be- 

jarano and Cuervo, 2010).

Efficient sequestration and clearance of unneeded
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Figu e 6 of introduction. Schematic o f the autophagy dynamic flux.

or dimaged cellular components is a crucial physio

logical process. Accordingly, malfunction of autopha

gy contributes to a variety of diseases, including can

cer, neurodegeneration, cardiovascular disorders, 

and microbe infection (Ventruti and Cuervo, 2007; 

Worg and Cuervo, 2010).

31. Molecular machinery of autophagy and 

Its regulation

Ajtophagosomes have been observed by electron 

microscopy in mammalian cells since as early as the 

1950s (Klionsky et al., 2007). However, the molecu

lar e a of autophagy began little more than a decade 

ago, when 31 autophagy-related (ATG) genes were 

idenofied in a series of genetic screens carried out 

in the budding yeast Sacchoromyces cerevisiae and 

the methylotrophic yeasts Pichia pastoris and Hon- 

senula polymorpho (Klionsky et al., 2007). Many ATG 

homologues have subsequently been identified and 

characterized in higher eukaryotes, suggesting that 

autoohagy is a highly conserved pathway through 

evolution. The Atg proteins function at several con

tinuous steps that constitute the autophagy process: 

induction, cargo recognition and selection, vesicle 

formation, vesicle elongation, autophagosome-va- 

cuole fusion, and breakdown of the cargo followed

by release of the degradation products back into the 

cytosol (Figure 6 and 8 of Introduction).

3.1.1. Induction of autophagy

The initial step of autophagy stimulation un

der many cellular settings relies on the inhibition 

of the mammalian target of rapamycin complex 1 

(mTORCl). This protein complex -  that plays an im

portant role in the regulation of numerous physio

logical processes (see Box 4) - controls autophagy 

via phosphorylation of an evolutionarily-conserved 

serine/threonine protein kinase, named A tgl (Chang 

and Neufeld, 2009; Kamada et al., 2000; Matsuura 

et al., 1997; Noda and Ohsumi, 1998; Scott et al., 

2007; Straub et al., 1997). Initial studies on the role 

of mTOR complex and A tgl on autophagy initiation 

were performed in yeast. In this model, inhibition 

of TOR stimulates Atgl activity and enhances the in

teraction of this protein with A tgl3 and A tgl7. The 

Atgl-Atg3-Atgl7 complex promotes the recruitment 

of multiple Atg proteins to the pre-autophagosomal 

structures (PAS) thus leading to autophagy initiation 

(Cheong et ol., 2008; Cheong et al., 2005; Kabeya et 

ol., 2005; Kawamata et al., 2008) (Figure 7 of Intro

duction).

There are two mammalian homologues of Atgl, 

the Unc-51-like kinase 1 (ULKl) and -2 (ULK2), and
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Figure 7 of introduction. Two-state hypothesis for ULKl conformation and activity.

ULKl interacts with Atgl3, FIP200 andAtglO l through its C-terminai region. Under high nutrient conditions, mTORCl 

interacts with the ULKl complex and phosphorylates ULKl and Atgl3. Inhibition of mTORCl in response to an autopha

gic stimulus promotes its dissociation from  the ULKl complex, an event that leads to decreased phosphorylation of 

ULKl. The unphosphorylated form of this kinase would then acquire a closed (active) conformation, which triggers 

autophagy initiation via A tg l3  and FIP200 phosphorylation. Adapted from Jung et al., 2010.

one homolog of the yeast Atg 17, the focal adhesion 

kinase family-interacting protein of 200 kDa (FIP200).

Upon starvation or other autophagic stimuli, 

FIP200 forms a complex with ULK and mammalian 

Atgl3 and localizes to the phagophore (Hara et al., 

2008; Jung et al., 2009) (Figure 7 of Introduction). 

Phosphorylation of Atgl3 and FIP200 by ULK seems 

to contribute also to the stabilization of the complex 

and the triggering of autophagy. mTOR complex 1 

(mTORCl) interacts with, phosphorylates, and inacti

vates ULKs and Atg 13 under nutrient-rich conditions. 

Upon mTOR inhibition by starvation or rapamycin, 

ULKl and ULK2 are activated and phosphorylate 

Atgl3 and FIP200, which are essential for autophagy 

activity (Hosokawa et al., 2009; Jung et al., 2009) (Fi

gure 7 of Introduction).

Of note, recent studies have shown that Ade

nosine monophosphate-activated protein kinase

(AMPK) - a conserved sensor of intracellular energy 

activated in response to low nutrient availability and 

environmental stress and that has been shown to 

regulate also mTORCl activation (see Box 4) - phos

phorylates and activates ULKl (Egan et al., 2011a,b). 

These and other observations point to AMPK as a 

possible mTOR-independent regulator of ULKl and 

of autophagy initiation.

3.1.2. Autophagosome formation

The membrane dynamics of autophagy differs 

substantially from other vesicle trafficking pathways. 

Regular vesicles (with an average diameter of 100 

nm) have single lipidic bilayer and bud from pre

existing organelles such as ER, Golgi and endosomes. 

By contrast, autophagosomes have a double lipidic 

bilayer (with an average diameter between 300 and 

900 nm) and are synthesized in the cytoplasm in res

ponse to an autophagic stimulus (Takeshige et al..
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1.991). While the precise mechanism of autophago- 

S'onre formation remains unknown, recent studies 

hiavt shed light on the potential autophagosomal 

rmenbrane sources and the role of several Atg genes 

om tie morphological changes that occur during the 

fornation of the early autophagosome structure. Re

cent studies have proposed that the mitochondria, 

the  Solgi complex, and the ER (in particular, a struc

ture derived from this organelle, termed omegaso- 

me) can give origin to the autophagosomal mem- 

brare (Juhasz and Neufeld, 2006; Nassif and Hetz, 

2011; Reggiori and Klionsky, 2005). Formation of the 

sequestering vesicles is a very complex process that

Nutrient deprivation
Grarth factor Nutrient abundance (other stresses)

Introduction

requires the recruitment, in a highly coordinated 

manner, of multiple Atg proteins.

Nucléation

The nucléation and assembly of the initial pha

gophore membrane requires the class III phospha

tidylinositol 3-kinase (Ptdlns3K) complex, which is 

composed of the Ptdlns3K Vps34 (vacuolar protein 

sorting 34), Vpsl5, a myristoylated serine/threonine 

kinase (p l5 0  in mammalian cells), Atg 14 (Barkor or 

mAtg 14 in mammalian cells), Atg6/Vps30 (Beclin 1 

in mammalian cells) and Am brai (Fimia et al., 2007; 

Itakura et al., 2008; Kihara et al., 2001a; Kihara et al..

C ta u  III PI3K  ca m p le*

Vesicle elonncion

Autophegosome •lysosome 
______ fusion_________
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Figure 8 of introduction. Cellular events in macroautophagy (right) in parallel to the corresponding molecular events 

(left). Adapted from Levine B., 2008.
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2001b; Liang et al., 1999; Sun et al., 2008) (Figure 8 

of Introduction).

The function of Beclin 1 in autophagy is regula

ted by Bcl-2 (B-cell lymphoma/leukemia-2), an anti- 

apoptotic protein that inhibits autophagy by binding 

and sequestering Beclin 1 under nutrient-rich condi

tions; dissociation of Beclin 1 from Bcl-2 is required 

for autophagy induction.

The PtdlnsSK complex produces phosphatidylino

sitol 3-phosphate (Ptdlns3P) and is involved in PAS 

targeting of a number of yeast Atg proteins that bind 

Ptdlns3P, such as AtglB, Atg20, Atg21, Atg24 and Atg9 

(Nice et al., 2002; Obara et al., 2008; Stromhaug et 

al., 2004) (Figure 8 of Introduction). The recruitment 

of Atgl8 or Atg21 to the PAS is an essential step in 

the formation of the phagophore. W IP Il and WIPI2 

are the mammalian orthologues of Atg 18. WIPI2 is a 

mammalian effector of Ptdlns3P that is recruited to 

early autophagosomal structures along with Atgl6L  

and ULKl and is required for the formation of LC3- 

positive autophagosomes (Poison et al., 2010). The 

mammalian homologs of Atg20 and Atg24 are either 

not identified (Atg20) or not well characterized in au

tophagy (Atg24).

The connection between ULKl, main responsible 

for the early triggering of the autophagic signal, and 

the Ptdlns3K complex, which governs the autophago

some nucléation, is not clear. It has been described 

that the Beclin 1-VPS34 complex is tethered to the 

cytoskeleton through the interaction of A m brai with 

dynein light chains. When autophagosome forma

tion is induced, ULKl would phosphorylate Am brai, 

thus releasing the autophagy core complex from dy

nein and promoting its subsequent relocalization to 

the ER to enable autophagosome nucléation (Di Bar

tolomeo et al., 2010).

Elongation

The above-described PtdlnsSK complex partici

pates, together with several others Atg proteins, in 

the recruitment to the phagophore of two interrela

ted ubiquitin-like (UbI) conjugation systems, A tg l2 -  

Atg5-Atgl6 and Atg8-phosphatidylethanolamine 

(also named LC3-PE) (Matsushita et al., 2007; Suzuki 

et al., 2002; Yamaguti et al., 2007). This event plays 

an essential role in regulating the elongation and ex

pansion of the growing autophagosome membrane 

(Figure 8 of Introduction).

The two UbI proteins, A tg l2 and Atg8, are cova

lently bound to its target molecules through a me

chanism that is similar to the one involved in protein 

ubiquitination. Thus, Atg 12 is activated by Atg7 (E l 

activating enzyme), transferred to AtglO (E2 conju

gating enzyme) and attached covalently to an inter

nal lysine of the substrate protein AtgS (Figure 8 of 

Introduction).

Unlike ubiquitination, Atg 1 2 -AtgS conjugation is 

irreversible, and does not require a substrate-speci

fic E3 ligase (Geng and Klionsky, 2008). The mature 

A tgl2-A tg5 conjugate interacts with the coiled-coil 

protein Atg 16, to form an A tgl2-A tg5-A tgl6 com

plex which in turn self-oligomerizates in a tetrameric 

structure that localizes to the phagophore (Mizushi- 

ma et al., 2003a; Mizushima eta l., 1999; Mizushima 

et al., 2003b) (Figure 8 of Introduction).

In the AtgS (also named LC3) conjugation system, 

this protein is first processed by the cysteine protea

se Atg4. This event leads to the exposure of a glycine 

residue on the C-terminal end of the protein. Atg7, 

the same E l enzyme that participates in Atg 12 conju

gation, activates Atg8 and transfers it to the E2 enzy

me Atg3. AtgS is finally conjugated to the target lipid 

PE via an amide bond, a process that is facilitated by 

the E3-like A tgl2-Atg5 complex (Fujita et al., 2008; 

Hanada et al., 2007; Yamada et al., 2007) (Figure 8 of 

Introduction).

It has been proposed that Atg8 controls the size 

of the autophagosome (Xie et al., 2008a, b). Of note, 

the lipidation of AtgS and its mammalian homolog 

LC3 are widely used to monitor autophagy induction 

(see Experimental Procedures section of this Thesis).

18



Introduction

B3X 4: mTOR as a master regulator of autophagy

rrTOR is a 300 kDa serine/threonine protein ki

nase that belongs to the phosphatidylinositol ki

nase-related kinase (PIKK) family. mTOR forms the 

cataytic core of at least two functionally distinct 

conplexes, mTOR complex 1 (mTORCl) and mTOR 

conrplex 2 (mT0RC2) (Alessi et a!., 2009; Cybulski et 

al., 2009; Dunlop and Tee, 2009; Facchinetti et al., 

2008; Laplante and Sabatini, 2009; Xie et al., 2007). 

These complexes contain shared and distinct partner 

prot2ins and control a myriad of celluiar processes in 

response to diverse environmental cues (Figure 9 of 

Introduction).

The best-characterized mTOR substrates include a 

subgroup of related AGC family kinases comprising 

isoforms of Akt, p70 ribosomal S6 kinase (S6K), and 

protein kinase C (PKC). mTOR complexes directly 

phosphorylate these enzymes at a conserved non- 

catalytic residue within the C-terminal hydrophobic 

motif which is evoiutionarily conserved from yeast 

to mammais. Activation of AGC kinases also requi

res phosphorylation of an additional site within the 

T-loop motif in the kinase catalytic domain, which is 

often mediated by the 3-phosphoinositide-depen- 

dent protein kinase 1 (PDKl) (Murray eta l., 2004).

mTORCl phosphorylates the hydrophobic motif

mTORCl mT0RC2
•  Ammo

$ V  Adds Growth
factorsGrowth

factors

Cell growth and prolifetratton
Actin cytoeskeleton organization 

Ceii prolifération and survival

Figure 9 of introduction. 
mTORCl versus mT0RC2.

Distinct rapamycin sensiti
vities, partner proteins, subs
trates and cellular functions 
distinguish the two known 
mTOR signalling complexes.

The mTOR complex 1 (mTORCl) consists of mTOR, 

Raptor (regulatory associated protein of mTOR), 

mLST8 (mammalian iethal with Secl3 protein 8), 

and the Akt-reguiated protein PRAS40 (proline-rich 

substrate of Akt of 40 kDa) (Hay and Sonenberg, 

2004; Sancak et al., 2007). The second mTOR com

plex (mT0RC2) consists of mTOR, Rictor (rapamycin 

insensitive companion of mTOR), Sinl, mLST8, and 

Protor (protein associated with Rictor) (Frias et al., 

2006; Guertin et al., 2006; Jacinto et al., 2004; Pearce 

et al., 2007; Polak and Hali, 2006; Sarbassov et al., 

2004; Yang eta l., 2006a) (Figure 9 of Introduction).

of S6K (Hara et al., 2002; Kim et al., 2002) whereas 

mT0RC2 phosphorylates the hydrophobic motifs of 

specific isoforms of Akt (Sarbassov et al., 2005) and 

of PKC (Parekh et al., 1999) (Figure 10 of Introduc

tion). In the case of S6K and PKC, hydrophobic motif 

phosphorylation promotes activation of these en

zymes by creating a high-affinity interaction site for 

PDKl, which then phosphorylates and activates the

se enzymes (Biondi, 2004; Hara eta l., 2002).

The mTOR complex 1 (mTORCl) is mainly regu

lated by Tuberous Sclerosis Complex 2 (TSC2). This

19



Introduction

Hipoxia
Energy

Deprivalion
Growth
Factors

Growth
Factors

Figure 10 of in
troduction. inter
connection bet
ween mTORCl and 
mT0RC2-derived  
pathways.

\ (Left) in addition
j  to mTOR, mTORCl

/  * contains RAPTOR,
^   ̂ mlSTS, and PRA540.

mTORCl drives cellu
lar growth by contro
lling numerous pro
cesses that regulate 
protein synthesis and 
degradation. Diverse 
positive and nega
tive growth signals 
influence the activity

of mTORCl, many of which converge upon the TSCl/2 complex. (Right) mTORCl also contains mlSTS, but instead of 
RAPTOR and PRAS40, mTORCl contains the RICTOR, mSINl, and PROTOR proteins. Currently, the only characterized 
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Figure 11 of introduction. Model of mTORCl co-regulation by RHEB and PRAS40.

(Left) When AKT is inactive, TSCl/1 inhibits RHEB while PRAS40 inhibits mTORCl. (Middle) Upon activation, AKT 
stimulates mTORCl activity by phosphorylating both TSCl/1 and PRAS40. The former event results in the Inhibition of 
the TSCl GAP activity and in GTP-loading of RHEB, which directly activates mTORCl. Moreover, Akt-mediated phos
phorylation of PRAS40 blocks the inhibitory action of this protein on mTORCl. (Right) In TSCl null cells, RHEB strongly 
activates mTORCl. This in turn inhibits AKT by way of a negative feedback loop. Even though PRAS40 is dephosphoryla- 
ted In this state, its ability to repress mTORCl is overrun by the greatly elevated Rheb activity. Adapted from Guertin 

and Sabatini, 1007.
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protein, in a complex with TSCl, acts as a GTPase 

activating protein (GAP) for the small GTPase Rheb, 
direct responsible for the activation of mTORCl (Ino- 
ki et a!., 2002; Tee et al., 2002) (Figure 11 of Intro
duction). In addition, availability of cellular amino 

acids, especially branched-chain amino acids such as 

leucine, regulates mTORCl activity. This regulation 

seems to rely on the RagA family of small GTPases 

in mammalian ceils and Drosophila (Kim and Guan, 
2009; Sancak et al., 2008) (Figure 10 of Introduction).

mTOR as a sensor of growth factor signais and 

celiular stress

One of the situations that promotes autophagy via 

mTOR inhibition is reduced growth factor signaling. 
Growth factors regulate mTORCl mainly through the 

class IPI3K (phosphoinositide 3-kinase) -Akt pathway. 
Akt regulates mTORCl activity via two mechanisms: 
i) phosphorylation of TSC2, which leads to the inhibi
tion of the GTPase activating protein (GAP) activity of 
this protein and to the subsequent activation of Rheb 

(Huang and Manning, 2009) and ii) phosphorylation 

of PRAS40, one of the components of mTORCl (Ko- 
vacina etal., 2003) (Figure 11 of Introduction).

Other cellular stresses can also regulate autopha
gy via mTORCl inhibition, but independently of the 

PI3K/Akt axis. For example, hypoxia, a situation that 
has also been shown to stimulate autophagy, regu

lates mTORCl via REDDl (regulated in development 
and DNA damage 1) and its related protein REDD2 in 

mammals and in Drosophiia (Sofer et a!., 2005). In 

that situation, REDDl negatively regulates mTORCl 
via TSC2 through a still not very well-known me
chanism that might involve 14-3-3, cytosolic anchor 

proteins (Sofer et al., 2005) (Figure 10 of Introduc
tion). In addition, REDDl has also been involved in

autophagy stimulation in response to inflammatory 

signaling and the unfolded protein response (Whit
ney et al., 2009).

mTOR as a sensor of celiuiar nutritionai status

Another very important situation that regulates 

mTOR activity is the nutritional status (Hara et al., 

1998; InokI et ai., 2003). For example, glucose star
vation reduces the ATP/AMP ratio in eukaryotic cel is 
thereby activating LKBl and AMPK (Corradetti et al., 

2004; Shaw et al., 2004). As a consequence, activa
ted AMPK inhibits mTORCl through phosphoryla
tion and activation of TSC2, a negative regulator of 
mTORCl (Inoki etal., 2003). Consistent with the ne
gative function of AMPK in mTORCl signaiing, AMPK 

positively regulates autophagy in mammaiian celis 

(Meiey et al., 2006) (Figure 10 of Introduction). A re
cent study revealed that AMPK can inhibit mTORCl 
independently of TSC2 by phosphorylating raptor at 
Ser863 (Gwinn eta l., 2008). Thus, there are at least 
two separate pathways that transmit AMPK signa

lling to mTORCl.

The class III PI3K Vps34 - which participates in the 

nucléation step of autophagosome formation - has 

also been involved in mTORCl regulation in respon
se to amino acids. Thus, deficiency of mammalian 

hVps34 suppressed ieucine-responsive activation of 
mTORCl, suggesting that hVps34 acts upstream of 
mTORCl signaling (Byfield et al., 2005; NobukunI et 

al., 2005).

Of importance, it has been shown that fasting in
duces autophagy and atrophy in skeletal muscle cells 

via mT0RC2 inhibition and subsequent activation of 
F0X03, which in turns enhances the transcription of 
several autophagy genes (Mammucari et al., 2007; 

Zhao et al., 2007) (Figure 10 of Introduction).
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3.1.3. Vesicle fusion and autophagosome 

breakdown

Once autophagosome formation has been com

pleted, AtgS is cleaved from PE by Atg4 and released 

back to the cytosol (Kirisako et al., 2000). However, 

the retrieval and uncoating mechanisms of other Atg 

proteins remain to be ellucidated. Autophagosome- 

lysosome fusion is mediated by the same machinery 

that is involved in homotypic vacuole membrane fu

sion. In mammalian celis, the fusion of autophagoso

mes and lysosomes requires the participation of the 

lysosomal membrane protein LAMP-2 and the small 

GTPase Rab7 (Jager et al., 2004; Tanaka et al., 2000), 

although the precise mechanism by which this event 

occurs is poorly characterized (Figure 8 of Introduc

tion).

After fusion, degradation of the inner vesicle 

is dependent on a series of lysosomal/vacuolar 

acid hydrolases, including proteinases A and B and 

cathepsin B, D (an homolog of proteinase A) and L 

in mammalian cells (Tanida et al., 2005). The pro

ducts of autolysosome degradation, particularly 

amino acids, are transported back to the cytoplasm 

for protein synthesis and maintenance of cellular 

functions under starvation conditions. The identifi

cation of Atg22, together with other vacuolar per

meases (such as Avt3 and Avt4) as vacuolar amino 

acid effluxers during yeast autophagy (Yang et al., 

2006b), has helped to understand the mechanisms 

of nutrient recycling. These permeases represent the 

last step in the process of degradation and recycling 

of cellular components in the autophagolysosomes.

3.2. Autophagy and cancer

One of the hallmarks of cancer is the ability of 

tumor cells to evade apoptotic cell death (Hanahan 

and Weinberg, 2000). Increasing evidence supports 

that autophagy plays an important role in the regu

lation of cancer cell survival. Thus, autophagy has 

been proposed to have both tumor-suppressive and 

tumor-promoting functions (Hoyer-Hansen and Jaat- 

tela, 2008; Maiuri et al., 2009) (Figure 12 of Intro

duction).

3.2.1. Autophagy in tumor suppression

Autophagy is frequently down-regulated in tumor 

cells (Kisen et al., 1993), which is associated with 

tumor progression (Liang et al., 1999). This is often 

correlated with up-regulation of the class I PI3-kinase 

pathway, which results in activation of mTORCl. Con

sistent with this, oncoproteins in the class I PI3-kina- 

se pathway, including PI3-klnase Itself and activated 

AKT, are potent inhibitors of autophagy (Degenhardt 

et a!., 2006; Rusten et al., 2004). Likewise, PTEN and 

LKBl, two tumor supressors that regulate the sig

nals that control mTORCl activity, are activators of 

autophagy (Liang et a!., 2007; Rusten et al., 2004). 

Later studies have shown that several other regula

tors of autophagy are bona fide tumor suppressors, 

thereby confirming the concept that autophagy is a 

tumor suppressor pathway under normal physiologi

cal circumstances.

Interestingly, deficiency in autophagy caused by 

monoallelic loss of Beclinl or down-regulation of 

Atg5 leads to accelerated DNA damage which tri

ggers accumulation of oncogenic events in the cells, 

indicative of a mutator phenotype (Abedin et al., 

2007; Katayama et al., 2007). Autophagy-defective 

cells exhibit chromosomal anormalities, suggesting 

that the tumor suppresive function of autophagy 

relies on the control of chromosomal instability (De

genhardt et a!., 2006). Mitochondria and peroxiso

mes produce reactive oxygen species as part of their 

functions in oxidative metabolism. Therefore, these
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oiganelles represent a potential source of DNA da

maging agents. Thus, the elimination of damaged mi

tochondria and peroxisomes by autophagy is likely to 

play an important detoxifying role. Down-regulation 

of autophagy may therefore constitute a selective 

acvantage for cancer cells by favoring genomic insta- 

biity (Figure 12 of Introduction).

The identification of the tumor suppressors Beclin 

1, UVRAG (UV radiation resistance-associated gene, 

rdated to the Beclin-l/class III PI3K complex) and Bif- 

1 also known as endophilin B l, interactor of UVRAG)

as specific regulators of autophagy supports the con

cept that autophagy has a tumor suppressor function 

(Liang et al., 2006; Liang et al., 1999; Takahashi et al.,

2007). Moreover, ATG4C, one of the proteases invol

ved in the processing of LC3/ATG8 (Scherz-Shouval 

et al., 2007), has been recently proposed to play a 

tumor suppressor role (Marino et al., 2007). Of in

terest, ATG4C / mice not only show reduced starva

tion-induced autophagy but also display increased 

susceptibility to develop fibrosarcomas induced by 

chemical carcinogens (Marino e ta l., 2007).
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Tumour promoting; 
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Figure 12 of introduction. Autophagy in tumor suppression and promotion.

Autophagy involves sequestration o f cytoplasmic content by a double membrane, the phagophore, resulting in for

mation of an autophagosome. The sequestered material becomes degraded by lysosomal enzymes when the autopha

gosome fuses with a lysosome to yield an autolysosome. The lower part o f the figure illustrates the tumor suppressive 

function o f autophagy: I f  not eliminated by autophagy, damaged peroxisomes and mitochondria will cause cytoplasmic 

accumulation of reactive oxygen species (ROS), which may enter the nucleus and cause mutagenesis and genomic ins

tability. As illustrated in the upper part of the figure, autophagy can alternatively be usurped by tumor cells to sustain 

survival under conditions o f low nutrient supply or cytotoxic therapy. Adapted from Brech et al., 2009.
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3.2.2. Autophagy in tumor promotion

Although autophagy is frequently down-regulated 

in tumors, (Kisen et al., 1993), stimulation of this ce

llular process has been proposed to provide a selec

tive advantage to cancer cells, manifested as increa

sed aggressiveness and resistance to therapy (Kondo 

et ol., 2005). Surprisingly, accumulation of autopha

gosomes is frequently observed in cancer cells after 

exposure to various chemotherapeutics agents such 

as the DNA alkylating agent temozolomide (Kanzawa 

et al., 2004), the estrogen receptor antagonist ta

moxifen (Bursch et a!., 1996), resveratrol (Opipari et 

al., 2004), vitamin D3 (Wang et al., 2008) and antho- 

cyanins (Longo etal., 2008). Likewise, hipoxia, hyper

thermia and radiotherapy also cause up-regulation 

of autophagy (Komata et al., 2004; Papandreou et 

al., 2008). Indeed, autophagy has been proposed to 

account for the ability of apoptosis-defective tumor 

cells to survive under conditions of metabolic stress

induced by chemo- or radiotherapy (Kondo et al.,

2005) (Figure 13 of Introduction). It is conceivable 

that autophagy stimulation could help tumor cell to 

survive under nutrient deprivation conditions, due 

to its ability to supply nutrients from breakdown of 

cellular components.

Autophagy is up-regulated in response to cellular 

detachment from the extracellular matrix (Lock and 

Debnath, 2008), supporting that this cellular process 

represents a survival mechanism for metastasising 

cells. On the other hand, the ability of autophagy 

to restrict necrosis and inflammation may limit the 

invasion and dissemination of tumor cells from a pri

mary site, thereby restricting metastasis.

In summary, autophagy is poised to serve both 

pro- and anti-tumoral roles depending on contextual 

demands. Identification of the molecular mecha

nisms that determine the role of this cellular process 

in cancer is therefore an issue of great interest.

Figure 13 o f introduction. Diverse 

roles fo r autophagy in cancer pro

gression and therapy.

(First) The suppression o f au

tophagy induces protein aggregates 

and the accumulation of damaged 

organelles, resulting in a cascade of 

increased oxidative stress, genome 

instability and, ultimately, malig

nant transformation. (Second) Tu

mor cells with combined defects in 

apoptosis and autophagy are prone 

to necrosis in response to metabolic 

stress. Necrosis promotes inflam

matory responses (notably the re

cruitment of macrophages), that fa 

vors primary tumor growth. (Third) 

Autophagy promotes oncogene-induced senescence, a barrier to malignant transformation. (Forth) Autophagy induc

tion promotes tumor cell survival In response to diverse stresses, including chemotherapy, metabolic stress and anoikis, 

which may facilitate drug resistance and metastasis. Adapted from Chen and Debnath, 2009.
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^  Aims of this Thesis

Different studies performed by our laboratory and others during the last decade have shown that canna- 
binoids are able to curbe the growth of different models of tumor xenografts. Those anti-tumoral actions of 
cannabinoids are based on the ability of these agents to induce apoptosis of tumor cells, as well as to reduce 

tumor angiogenesis and invasiveness. Previous work in our group have elucidated part of the mechanism by 

which cannabinoids induce apoptosis of cancer cells. Thus, these agents trigger an endoplasmic reticulum 

stress response, that leads to the up-regulation of the transcription factor p8 and its target the pseudo-kinase 

TRB3. However, the subsequent link to apoptosis remained to be clarified.
The global aim of the present Thesis is therefore to characterize in further detail the molecular and cellular 

mechanisms by which cannabinoids promote cancer cell death via the p8/TRB3 pathway.

This aim can be divided in three specific objectives:

1. To investigate the molecular and cellular mechanisms connecting cannabinoid-induced ER stress and 

apoptosis in cancer cells.

2. To characterize the mechanism by which the pseudo-kinase TRB3 promotes autophagy and apoptosis 

via the Akt/mTORCl axis.

3. To investigate the role of TRB3 in cancer, focusing on the function of this pseudo-kinase in the control of 
the Akt pathway.
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ÿ t  Objet!vos de esta Tests

En los ûltimos ahos, varios estudios han demostrado que los cannabinoides tienen efecto antitumoral. A dia 

de hoy sabemos que su acciôn antineoplasica se debe fundamentalmente a su capacidad para inducir apop
tosis en las células tumorales, asi como para disminuir la angiogenesis y la invasividad. Trabajos anteriores de 

nuestro grupo sirvieron para identificar parte del mecanismo por el que los cannabinoides inducen apoptosis 

en células tumorales. Asi, estos agentes promueven una respuesta a estrés de retfculo endoplésmico, que 

conduce a la expresiôn del factor de transcripciôn p8 y su diana, la pseudo-quinasa TRB3. Sin embargo, no se 

encontrô conexion molecular entre estas protemas y la induccion de apoptosis. Por lo tanto, el objetivo global 
de esta Tesis es caracterizar en mayor profundidad los procesos celulares y moleculares responsables de la 

acciôn antitumoral de los cannabinoides via p8/TRB3.

Se proponen très objetivos concretos:

1. Investigar los mecanismos moleculares y celulares que conectan el estrés de retfculo endoplésmico y la 

apoptosis inducidos por cannabinoides en células tumorales.

2. Caracterizar el mecanismo por el cual la pseudo-quinasa TRB3 induce autofagia y apoptosis a través del 
eje Akt/mTORCl.

3. Investigar el papel de TRB3 en cancer, prestando particular atenciôn a cômo TRB3 contrôla la actividad 

de Akt en ese contexto.
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Experimental Procedures

Reagents

THC was from THC Pharm GmbH (Frankfurt, Ger

many). The herbal extracts from specific chemovars 

of Cannabis Sativa containing more than 50% of 

THC or CBD (THC-BDS and CBD-BDS, respectively) 

as well as pure THC and pure CBD (used in some 

experiments) were supplied by GW Pharmaceuti

cals (Salisbury, UK). The synthetic cannabinoid WIN 

was purchased from Sigma (St. Louis, MO). Canna

binoids were stored at -20°C in ethanol. For in vitro 

incubations, cannabinoids were solved in a DMSO 

concentration of 0 .10 .2%  (v/v). Unless otherwise 

indicated, the THC concentration used was 6 pM. For 

in vivo administration to mice, cannabinoids were 

prepared at 1% (v/v) DMSO in 100 pi PBS supple

mented with 5 mg/ml bovine serum albumin. The 

cannabinoid receptor antagonists SR141716 (SRI) 

and SR144528 (SR2) were purchased from Sanofi- 

Aventis (Montpellier, France). Temozolomide (TMZ) 

was supplied by Schering-Plough (Kenilworth, NJ).

QVD-OPH and Z-VAD-FMK (caspase inhibitors), 

pepstatin A and E64d (cathepsin inhibitors), 3-methyl 

adenine (3-MA; PI3K-III inhibitor), and the Akt inhibi

tor X were from Sigma (St. Louis, MO). C2-ceramide 

(N-Acetylsphingosine, D-erythro) was from Santa 

Cruz. Myriocin (ISP-1), an inhibitor of the serine pal

mitoyltransferase (SPT) that catalyzes the first step 

of sphingolipid biosynthesis, was from Biomol (Ply

mouth Meeting, PA). Dolquine (hydroxychloroquine, 

HQ), which inhibits the fusion between autophago

somes and lysosomes, was from Rubio Laboratorios 

(Barcelona, Spain). Rapamycin, a selective-mTORCl 

inhibitor and to rin l, an inhibitor of mTOR kinase ac

tivity, were kindly provided by Dr. Dario Alessi (Uni

versity of Dundee, Dundee, UK) and Dr. David Saba- 

tini (Whitehead Institute for Biomedical Research, 

Cambridge, Massachusetts, US), respectively.

Cell culture

Cortical astrocytes

Cortical astrocytes were prepared from 24-h-old 

mice as described in (Carracedo et al., 2006b).

Primary culture of brain tumor cells

Primary cultures of brain tumor cells were obtai

ned from biopsies donated by the Tumor Bank Net

work coordinated by the Spanish Cancer Research 

Centre. The human glioblastoma 14 (HG14) was 

diagnosed by the Pathology Department of Hospital 

Clinico San Carlos (Madrid, Spain). Tumor samples 

were homogenized, digested with type la collagena- 

se (Sigma) for 1 h, and incubated on ice for 10 min. 

The supernatant was collected and, after centrifu

gation to discard the remaining death-floating cells, 

resuspended in DMEM containing 15% FBS. Finally, 

cells were seeded at a density of 400 000 cells/cm^ 

and kept in culture for 2 weeks in DMEM containing 

15% FBS and 1% glutamine.

Tumor cell lines

U87MG, T98G, U373MG (human glioma cell li

nes), MCF7 (human breast cancer cells) and HEPG2 

cells (human hepatocellular carcinoma cell line) were 

obtained from the American Culture Collection (Roc

kville, MD). MiaPaca2 (human pancreas adenocarci

noma cells) were kindly provided by Dr. Juan L. lovan- 

na (INSERM U624, Marseille, France).

Transformed MEFs (mouse embryonic fibroblasts)

p 8 a n d  pS^ RasV12/ElA MEFs (kindly provided 

by Dr. Juan L. lovanna), AtgS^/'^and Atg5  ̂ T-large anti

gen MEFs (kindly donated by Dr. Noboru Mizushima; 

Tokyo Medical and Dental University, Tokio, Japan), 

Bax/Bak w t and Bax/Bak DKO T-large antigen MEFs 

(generously provided by Dr. Luca Scorrano; Dulbec- 

co-Telethon Institute as well as Dr. Patrizia Agostinis; 

Catholic University of Leuven, Brussels, Belgium), el- 

F2a S51S (wt) and elF2a S51A T-large antigen MEFs 

(kindly provided by Dr. Richard Kaufman; Universi

ty of Michigan as well as Dr. Cesar de Haro and Dr.
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Juan J. Berlanga; CBMSO, Madrid, Spain), TSC2 /̂  ̂and 

TSC2/ p53^ MEFs (kindly donated by Dr. PP Pandolfi; 

Harvard Medical School, Boston, Massachusetts, US), 

LKBr/+ and LKBl^ immortalized MEFs (kindly provi

ded by Dr. Dario Alessi), TRB3'/' and TRB3  ̂ RasV12 

/E lA  MEFs (kindly donated by Dr. Endre Kiss Toth; 

University of Sheffield, Sheffield, UK), PERK /̂' and 

PERK/ , PKR'/' and PKR^, GCN2^+ and GCN2/'T-large 

antigen MEFs (kindly donated by Dr. Patrizia Agosti

nis), empty vector (pBABE) and pBABE-myr-Akt MEFs 

(kindly donated by Dr. Arkaitz Carracedo; BioGune, 

Bilbao, Spain) and AtgS"/* and AtgS'/' RasV12/T large 

antigen MEFs (transformed in our laboratory) were 

used throughout this work. All these cell lines were 

cultured in DMEM containing 10% FBS and penicillin/ 

streptomycin (5pg/ml) at a density of 5000-10000 

cells/cm^ and transferred to medium containing 0.5% 

FBS (except RasV12/ElA-transformed MEFs, that 

were transferred to media containing 2% FBS) 18 h 

before performing the different treatments. p8"/" and 

p8'/' RasV12/ElA MEFs, TRB3'/' and TRB3'/' RasV12 /  

ElA MEFs as well as AtgS /̂  ̂and AtgS / RasV12/T lar

ge antigen MEFs correspond to a polyclonal mix of at 

least 20 different selected clones. EBSS medium for 

experiments of nutrient deprivation was from Lonza 

(Switzerland).

Generation of oncogene-transformed MEFs

p8^+ and p8'/' RasV12/ElA MEFs, TRB3*/* and 

TRB3'/ RasV12 /E lA  MEFs as well as AtgS /̂  ̂and AtgS 

/■ RasV12/T large antigen MEFs were transformed 

using a retroviral-expressing vector encoding RasV12 

or RasV12/ElA and a hygromycin resistance gene. 

The procedure is explained in detail below.

Isolation of mouse embrvonic fibroblasts

Mice (heterozygous for the gene of interest) were 

crossed and pregnant females were sacrificed on 

gestational day 13.5 to 14.5. Uterus (containing the 

embryos) was extracted and placed in a sterile 10

cm diameter dish; the amniotic sac (the membrane 

around the embryos) was removed, and the embr

yos were dissected discarding the head, limbs, and 

liver (a red spot located in the abdominal zone of 

the embryo). The remaining tissue was minced with 

scissors for 30 seconds, incubated with trypsin at 

37°C for 5 min, pipetted up and down to eliminate all 

clumps and incubated for 5 additional min at 37°C. 

Cell suspensions were transferred to 15 cm diame

ter plates with 25 ml of DMEM supplemented with 

10% FBS and antibiotics. Medium was replaced 8-16 

h after plating.

Transformation of primary MEFs

MEFs were transduced with supernatants enri

ched in retroviral particles, obtained from Phoenix 

Ecotropic cells. These cells (packaging cells) were 

plated in 10 cm diameter dishes with fresh medium 

(DMEM with 10% FBS). Cells reached 90% confluen

ce on day of transfection. The day after, the Phoenix 

Ecotropic cells were transfected with a plasmid en

coding a retroviral vector that includes the gene(s) 

of interest using Lipofectamine 2000 (according to 

manufacturer's instructions; Invitrogen). After trans

fection, cells were incubated at 37°C /  5% CO  ̂ for

4-6 h and the medium was removed and replaced 

by fresh complete medium. In parallel, the day after 

transfection, MEFs (from wild-type and KO MEFs lit- 

termates) were plated in 10 cm diameter dishes with 

fresh complete medium (DMEM with 10% FBS), rea

ching 80 to 85% confluence on the day of infection. 

Forty eight hours after transfection, the medium 

from Phoenix Ecotropic cells was collected, centri

fuged to eliminate cell debris (110 g for 5 min) and 

filtered (45 pm). Polybrene was added (5 pg/m l) to 

enhance the efficacy of retroviral infection (see Box 

5). Finally, the medium was removed from MEFs, the 

retroviral-enriched supernatant added and cells in

cubated at 37“C /  5% CO .̂

The selection of transformed cells was performed 

with hygromycin 3 or 4 days after transducing the
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BOX 5. Polybrene is a polycation that neutra

lizes charge interactions to Increase binding bet
ween the pseudo-viral particles capsides and the 

cellular membrane. The optimal concentration of 
polybrene varies with cell type and may need to 

be empirically determined (usually in the range of 
2-10 pg/ml).

cells with the retroviral particles. The concentration 

of antibiotics was increased gradually during the first 

few days until reaching 1 mg/ml. individual clones of 

hygromycin-resistant cells were evident after several 

weeks of incubation in the selection medium. Indi

vidual clones were collected and amplified and the 

expected genotype was verfied.

Cell viability assays

Cell viability was determined by the MTT 

[(3-(4,5-Dim ethylthiazol-2-yl)-2,5-diphenyltetrazo- 

lium bromide, a yellow tetrazole] test (Sigma). MTT 

is reduced to formazan in living cells. A solubilization 

solution (usually acidified isopropanol) is added to 

dissolve the insoluble purple formazan product into 

a soluble purple solution. Its absorbance at 570 nm, 

which is proportional to the amount of viable cells 

in the culture, is then quantified by a spectrophoto

meter.

Genetic knock-down by small interfering 

RNA

The different cell lines used throughout this work 

were transfected with siRNA duplexes using Dharma- 

FECT 1 Transfection reagent (Dharmacon, Lafayette, 

CO, US). Twenty four hours after transfection, cells 

were trypsinized and seeded at a density of 5000 

cells/cm^ Transfection efficiency was higher than 

70% as monitored with a control fluorescent (red) 

siRNA (siGLO RISC-Free si RNA, Dharmacon). In im

munofluorescence experiments, control and selecti

ve siRNAs were used in a 1/5 ratio and cells with red 

spots were scored as transfected.

Human siRNAs to knock down AMPK, A tgl (ULKl), 

Atg5, Beclinl, CaMKK(3, GCN2, Ire la , PERK and PKR 

were purchased from Dharmacon as a SMARTpool. 

These reagents combine four SMARTselection- 

designed siRNAs into a single pool, which guaran

tees a efficiency of silencing of at least 75%. The 

double stranded siRNA in all cases were designed 

and synthesized by Dharmacon. siRNAs for human 

TRB3 (5'-UCAUCUAAGAGAACCUAGGC-3'), human 

p8 (5'-GGAGGACCCAGGACAGGAU-3'), human Am

bra i ( 5 -GGCCUAUGGUACUAACAAA-3 ) (Fimia et al., 

2007) and the nontargeted control (5'-UUCUCCGA- 

ACGUGUCACGU-3'), (Carracedo et a!., 2006b) were 

synthesized by Eurogentec (Liege, Belgium).

Transfections of expression vectors

Transfections of expression vectors were per

formed with Lipofectamine 2000 according to the 

manufacturer's instructions (Invitrogen). The plas

mids used in this work (pCDNA, pCDNA-GST-ULKl, 

PCDNA-HA-TRB3 and PCDNA5/FRT/T0-TAP-HA- 

TRB3) were kindly provided by Dr. Dario Alessi and 

Dr. Maria Deak (University of Dundee, Dundee, UK).

Infections with adenoviral vectors

Adenoviral vectors are frequently used to tran

siently over-express proteins in mammalian cells and 

therefore the use of these vectors results particularly 

interesting in cells that are difficult to transfect. The 

disadvantage of this methodology is that the purifi

cation and titration of adenoviral vectors is tedious 

and time consuming. In addition, adenoviruses are 

quite labile and their title rapidly decreases even 

under the appropriate storage conditions. These 

drawbacks can be circumvented by using fresh viral 

particle-enriched crude supernatants.
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HEK293A (packaging cells) were plated in 60 cm  ̂

dishes at approximately 90% confluence. The cells 

were infected the day after with purified adenoviral 

particles including adenoviral vectors carrying EGFP 

(kindly provided by Dr. Javier G. Castro; Pediatric 

Hospital Nino Jesus, Madrid, Spain), rat HA-tagged- 

TRB3 (generously donated by Dr. Patrick lynedjian; 

University of Geneva, Switzerland) or human EGFP- 

LC3 (kindly provided by Dr. Aviva To I ko vs ky and 

Christoph Goemans; University of Cambridge, UK) or 

with a supernatant obtained from a previous infec

tion. Two days after the infection, numerous cells ap

peared rounded indicating that had been efficiently 

infected and were producing adenoviral particles. 

The viral particle-enriched medium was collected, 

filtered using a 45 pm diameter filter and added di

rectly to the cells to be transduced (or stored at -80°C 

until used).

The cells to be transduced were plated at 80% con

fluence. The day after, the medium was replaced by 

the viral supernatant obtained from one 60 cm  ̂dish 

of confluent HEK293A cells. Cells were incubated at 

37°C /  5% CO  ̂for 4-6 h and then the medium was re

placed by complete medium. Infection efficiency was 

>80% as determined by control EGFP fluorescence.

Infection with TRB3 shRNA human lentiviral 

particles

A pool of concentrated transduction-ready viral 

particles containing 3 shRNAs target-specific cons

tructs (19-25 nt plus hairpin) (Santa Cruz Biotechno

logy; Heidelberg, Germany) was used to knock-down 

the expression of TRB3 in several tumor cell lines. 

Briefly, cells were plated in 12-well dishes 24 h prior 

to viral infection. The day after, when the cells rea

ched 50% confluence, medium was removed and re

placed by complete medium with polibrene at a final 

concentration of 5pg/ml (see Box 5). Cells were sub

sequently infected with control- or TRB3-selective 

shRNA lentiviral particles. The day after, the medium

was removed and replaced by complete medium 

without polybrene. Finally, to select the clones stably 

expressing the shRNAs, the cells were incubated with 

puromycin 2 to 10 pg/ml.

Following this procedure, we generated and tes

ted the following cell lines; U87MG shC and shTRB3 

cells, HEPG2 shC and shTRB3 cells, MCF7 shC and sh- 

TRB3 cells and MiaPaca2 shC and shTRB3 cells.

Western blot and immunoprécipitation

Cells were lysed on a buffer containing 50 mM Tris 

HCI, pH 7 .5 ,1  mM phenylmethylsulfonyl fluoride, 50 

mM NaF, 5 mM sodium pyrophosphate, 1 mM so

dium orthovanadate, 0.1% Triton X -100 ,1 pg/ml leu- 

peptin, Im M  EDTA, 1 mM EGTA and 10 mM sodium 

P-glicerophosphate.

For immunoprécipitation experiments, cells were 

lysed on a buffer containing 40 mM Hepes pH 7.5, 

120 mM NaCI, Im M  EDTA, 10 mM sodium pyro

phosphate, 10 mM sodium glycerophosphate, 50 

mM sodium fluoride, 0.5 mM sodium orthovana

date and 0.3% CHAPS. Briefly, lysate (1 -4  mg) was 

pre-cleared by incubating with 5 -20  pi of Protein 

G-Sepharose coupled to pre-immune IgG. The lysate 

extracts were then incubated with 5 -20  pi of Protein 

G-Sepharose conjugated to 5 -20  pg of the antibo

dy or pre-immune IgG (the antibody was previously 

covalently coupled to Protein G-Sepharose using di

methyl pimelimidate. See Box 6 for a detailed proto

col). Immunoprécipitations were carried out for 1 h 

at 4 °C on a rotating wheel. The immunoprecipitates 

were washed 4 times with lysis buffer, followed by 2 

washes with Hepes buffer (25 mM Hepes pH 7.5 and 

50mM KCI). Then the immunoprecipitates were res

uspended in 30 pi of sample buffer (not containing 

2-mercaptoethanol), filtered through a 0.22-pm- 

pore-size Spin-X filter and 2-mercaptoethanol was 

finally added to a concentration of 1% (v/v).

Samples were subjected to electrophoresis and
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BOX 6: Covalent coupling of the antibody to 
protein G-sepharose

An aliquot of protein G-sepharose (Amersham) 
was equilibrated by washing the beads 5 times 

with PBS. The antibody and protein G-sepharose 

were mixed at a ratio of Ipg antibody: Ipl sepha- 
rose and shaked on a rotating wheel for 30 min at 
4”C . Conjugates were washed subsequently with 

PBS (3 times) and then with O.IM Na Borate pH 

9.3. The beads were resuspended In 10 volumes 

of 0.1 M Na Borate pH 9.3 with freshly added di
methyl pimelimidate dihydrochloride (DMP, Sig
ma) to a concentration of 20 mM and gentle mi
xed for 30 min at room temperature on a rotating 

wheel. Conjugates were then pulled down and 

another 10 volumes of 0.1 M Na Borate pH 9.3/ 
DMP 20mM were added. After 30 min at room 

temperature, beads were washed 4 times with 

Glycine 50 mM pH 2.5 to eliminate non-covalently 

coupled antibody, washed twice with 0.2 M Tris- 
HCI pH 8.0 (for neutralisation), resuspended in 10 

volumes of 0.2 M Tris- HCI pH 8.0 and mixed gently 

for 2 h at room temperature. Finally, beads were 

pulled down, resuspended in PBS and stored at

4’C.

immunoblot analysis. Western blot analysis was per

formed following standard procedures. A list of the 

primary antibodies used is shown in Supplemental 

table 1. Densitometric analysis was performed with 

Quantity One software (Bio-Rad; California, US).

pg of Sinl, Rictor or pre-immune IgGs. Immuno

précipitations were carried out as described below. 

GST-Aktl was isolated from serum-deprived HEK- 

293 cells incubated with PI-103 (1 pM for 1 h). mTOR 

reactions were initiated by adding 0.1 mM ATP and 

10 mM MgClj in the presence of GST-Aktl (0.5 pg). 

Reactions were carried out for 30 min at 30°C on a 

vibrating platform and stopped by addition of SDS 

sample buffer. Reaction mixtures were then filtered 

through a 0.22-pm-pore-size Spin-X filter and sam

ples were subjected to electrophoresis and immuno

blot analysis.

Confocal microscopy

Cell cultures grown on 12 mm-coverslips were 

washed in PBS, fixed with 4% paraformaldehyde (20 

min at room temperature), permeabilized with 0.5%  

Triton X-100 (5 min at room temperature), incubated 

with the corresponding primary antibodies (for a 

detailed list of the antibodies used in immunofluo

rescence experiments, see Supplemental table 2), 

washed and incubated with Alexa-488 or Alexa- 

594-conjugated secondary antibodies (Invitrogen; 

Carlsbad, California, US) in the dark at room tem pe

rature for 1 h. Cell nuclei were stained with Hoechst 

33342 (Invitrogen). Finally, covers lips were mounted 

in Prolong Gold antifade reagent (Invitrogen) and 

visualized in a Leica TCS SP2 confocal microscope. 

To quantify the percentage of cells with LC3 or PDI 

dots, at least 200 cells per condition were counted in 

randomly selected fields. In all cases, only those cells 

with four or more prominent dots of either LC3 or 

PDI were scored positively.

In vitro mT0RC2 kinase assays

Hela cells were lysed in fresh Hepes lysis buffer. 

Lysates (1 -4  mg) were pre-cleared by incubating 

with 5 -2 0  pi of Protein G-Sepharose conjugated to 

pre-immune IgG and subsequently incubated with

5 -2 0  pi of Protein G-Sepharose conjugated to 5 -20

In vivo treatments

Tumors derived from U87MG cells, p8̂ /"̂  and p8 

/■ MEFs were induced and treated as previously des

cribed in (Carracedo et al., 2006b). Tumors derived 

from AtgS^/^or Atg5 / RasV12/T-large antigen MEFs,
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TRB3+/+ or TRB3/- RasV12/ElA MEFs, shControl or sh- 

TRB3 U87MG and HEPG2 cells were induced in nude 

mice by subcutaneous injection of 8-10 x 10® cells (4 

X 10® cells in the case of shC and shTRBB U87M G/ 

HEPG2 cells) in PBS supplemented with 0.1% gluco

se. Tumors were allowed to grow until an average 

volume of 200-250 mm^ and animals were assigned 

randomly to the different groups. When treated, ve

hicle or THC (15 mg/Kg/day) in 100 pi of PBS supple

mented with 5 mg/ml BSA was daily administered in 

a single peri-tumoral injection. Tumors were measu

red with external caliper, and volume was calculated 

as (47t/ 3 )  X (w idth/2)2 x (length/2). All procedures in

volving animals were performed with the approval of 

the Complutense University Animal Experimentation 

Committee according to Spanish official regulations.

Human tumor samples

Tumor biopsies were obtained from two recurrent 

glioblastoma multiforme patients who had been 

intra-cranially treated with THC. The characteris

tics of the patients and the clinical study have been 

described in detail elsewhere (Guzman et al., 2006). 

Briefly, THC dissolved in 30 ml of physiological saline 

solution plus 0.5% (w/v) human serum albumin was 

administered intra-tumorally to the patients. Patient 

1 received a total of 1.46 mg of THC for 30 days, whi

le Patient 2 received a total of 1.29 mg of THC for 26 

days [it was estimated that doses of 6-10 pM THC 

were reached at the site of administration (Guzman 

et al., 2006)]. Samples were fixed in formalin, em

bedded in paraffin and used for immunomicroscopy.

Immunofluorescence of tumor samples

Samples from tumor xenografts were dissected, 

Tissue-Tek (Sakura; South Carolina, US) embedded 

and, before the staining procedures were performed, 

fixed in acetone for 10 min at room temperature and 

frozen. Samples from human tumors were fixed in

10% buffered formalin and then paraffin-embedded. 

After deparaffinization (only for human tumor sam

ples) and fixation (only for samples from tumor xe

nografts), sections (5 pm) were permeabilized and 

blocked to avoid non-specific binding with 10% goat 

antiserum and 0,25% Triton X-100 in PBS for 45 min 

and subsequently incubated with the primary anti

bodies shown in Supplemental table 2. Then, sam

ples were washed, incubated with the corresponding 

Alexa-488 or Alexa-594-conjugated secondary anti

bodies (Invitrogen; 90 min, room temperature) and 

mounted with Mowiol mounting medium (Merck, 

Darmstadt, Germany) containing TOTO-3 iodide (M o

lecular Probes; U87MG tumor xenografts and human 

samples). Nuclei from MEF-derived tumor xenogra

fts were stained with Hoechst 33342 (Invitrogen; 

10 min, room temperature) before montage with 

Mowiol was performed. Fluorescence images were 

acquired using Metamorph-Offline 6.2 software 

(Universal Imaging) and Zeiss Axioplan 2 Microscope.

Immunohistochemistry of human tumor 

samples

Samples from human tumors were fixed, paraffin- 

embedded and processed as described above. Sec

tions were incubated with monoclonal anti-LC3 an

tibody (1:100; Nanotools Antikorpertechnik GmbH 

& Co, Edmonton, Canada) or with anti-cleaved cas- 

pase-3 Aspl75 (1:100; Cell Signaling Technology, 

Danvers, Massachusetts, US), followed by incubation 

with a secondary anti-IgG biotinylated antibody (Vec

tor laboratories, Burlingame, CA, US). Detection was 

performed with DAB Peroxidase Substrate kit (Vec

tor laboratories) and the slides were counterstained 

with hematoxylin (Fisher Scientific, Pittsburgh, PA, 

US) and mounted in xylene-based mounting media.

TUNEL assay

Tumor samples were fixed, blocked and permeabi-
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lized, and TUNEL was performed as described in (Ca

rracedo et al., 2006b). Briefly, cells were fixed for 20 

min at room temperature in PBS containing 4% pa

raformaldehyde and 5% sucrose, permeabilized with 

0.05% Triton X-100 in PBS for 5 min, and blocked with 

0.5% bovine serum albumin (BSA) in PBS for 30 min. 

Samples from tumor xenografts were dissected, fro

zen and later incubated with 0.5% bovine serum al

bumin (BSA) to block non-specific binding. DNA ends 

were subsequently labelled for 2 h at 37 in the 

following reaction mixture: Tris-buffered saline, pH

7.2, 2 mM CoCly 0.1 U/pl terminal deoxynucleotidyl 

transferase (Life Technologies; Carlsbad, California, 

US) and 2.5 pmol/pl biotin-16-dUTP (Roche). Finally, 

cells were incubated for 2 additional hours with 3.5 

pg/ml streptavidin Alexa Fluor 488 (Molecular Pro

bes) in PBS with 0.1% BSA.

Reverse transcription-PCR

RNA was isolated by using Trizol Reagent (Invi

trogen, following manufacturer's instructions) and 

including a DNase digestion step with the RNase- 

free DNase kit (Qiagen; Maryland, US). cDNA was 

subsequently obtained using the first strand cDNA 

synthesis kit (Roche) or with the Transcriptor Reverse 

transcriptase (Roche). Supplemental table 3 shows 

the sense and antisense primers for each gene, the 

annealing temperature, the optimized number of cy

cles for each pair of primers and the amplicon length. 

PCR reactions were performed using the following 

parameters: 95°C for 5 min, 94°C for 30 s, Tm for 30 s, 

and 72°C for 1 min, followed by a final extension step 

at 72°C for 5 min. The number of cycles was adjusted 

to allow detection in the linear range.

Electron microscopy

Ultrastructural analysis of vehicle- and THC-trea- 

ted cells was assessed by conventional embedding in 

the epoxyresin EML-812 (Taab Laboratories; NY, US). 

Cell monolayers were fixed with a mixture of 2% glu- 

taraldehyde and 1% tannic acid in 0.4 M HEPES bu

ffer (pH 7.4) for 1 h at room temperature. Fixed cells 

were removed from the culture dishes in the fixative, 

washed with HEPES buffer, and treated with a mix

ture of 1% osmium tetroxide and 0.8% potassium 

ferricyanide in distilled water (1 h at 4°C), followed 

by an incubation with 2% uranyl acetate. Finally, cells 

were dehydrated in increasing concentrations of ace

tone (50, 70, 90, and 100%) for 15 min each at 4°C 

and embedded by conventional procedures in the 

epoxyresin EML-812. Ultrathin (20- to 30-nm-thick) 

sections of the samples were obtained using a Leica- 

Reichert-Jung ultramicrotome and then stained with 

saturated uranyl acetate-lead citrate by standard 

procedures. Ultrathin sections were analyzed in a 

JEOL 1200-EX II transmission electron microscope 

operating at 100 kV.

Real-time quantitative PCR

cDNA was obtained with Transcriptor (Roche). 

Real-time quantitative PCR assays were performed 

using the FastStart Master Mix with Rox (Roche) and 

probes were obtained from the Universal Probe Li

brary Set (Roche). Primer sequences and Roche's 

probes corresponding to each pair of primers can be 

found in supplemental table 4. Amplifications were 

run in a 7900 HT-Fast Real-Time PCR System (Applied 

Biosystems; California, US). Each value was adjusted 

by using 18S RNA levels as reference.

Flow cytometry

Briefly, cells (approximately 5 x 10® cells per assay) 

were trypsinized, divided in two tubes, washed and 

collected by centrifugation at l,500g for 5 min. One 

aliquot was incubated for 10 min at 37°C with annexin 

V-FITC (BD Biosciences). Propidium iodide (1 pg/ml) 

was added just before cytofluorometric analysis. The 

other aliquot was simultaneously labeled with 3, 

3'-dihexyloxacarbocyanine iodide [DiOC6(3), 40 nM; 

Invitrogen] and hydryoethidium (HE, 5 pM; Invitro-
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gen) for 10 min at 37°C followed by cytofluorometric 

analysis. Ten thousand cells were recorded in each 

analysis. Fluorescence intensity was analyzed in an 

EPICS XL flow cytometer (Beckman Coulter).

hyde (10 min at room temperature) and stained with 

Hoechst 33342 (Invitrogen; 10 min, room tempera

ture) before montage with Mowiol was performed. 

Fluorescence images were acquired using a Zeiss 

Axioplan 2 Microscope.

Ceramide levels

Ceramide levels were determined as previously 

described in (Gomez del Pulgar et al., 2002b). Brie

fly, after cell incubation in the different conditions, 

lipids were extracted, saponified, and incubated with 

E. coli diacylglycerol kinase in the presence of [y-32P] 

ATP (1.4 pCi per tube). Finally, labelled ceramide (ce- 

ramide-l-32P) was resolved by thin-layer chromato

graphy (TLC) using Clorophorm/Acetone/ Methanol/ 

Acetic acid/H^O (50: 20:15:10:5 by vol.).

Cell invasion assay

Cell invasion was monitored by using cell cultu

re matrigel invasion chambers (BD Biosciences, Be

dford, MA). Briefly, cells were trypsinized, washed, 

resuspended in DMEM 0.1% FBS and loaded into the 

insert (50 000 cells/chamber). DMEM supplemented 

with 10% FBS was placed in the plate well as a cell- 

migration stimulus. Cells were allowed to migrate 

for 24 h at 37°C through an 8-pm polyethilene te- 

rephthalate tracketched membrane included in the 

matrigel invasion chambers (BD Biosciences). Then, 

cells from the upper side of the membrane were re

moved. The remaining cells on the bottom side of 

the membrane were fixed with 4% paraformalde

Soft agar colony formation assay

This is an anchorage independent growth assay in 

soft agar. Briefly, sterilized 0.5% agar and 0.35% agar 

in DMEM supplemented with 10% FBS were melted 

in a microwave and cooled to 37°C in a water-bath. 

1.5 ml of 0,5% agar complete medium was added to 

each well in a 6-well plate and set aside for several 

minutes to allow agar solidification. Cells were then 

trypsinized, washed and resuspended in complete 

medium at a final concentration of 200 000 cells/ml. 

One hundred pi of this preparation were mixed with 

6 ml of 0.35% agar complete medium and 1.5 ml (5 

000 cells) of these mixtures was carefully added to 

each well (over the base layer) and incubated at 37"C 

5% CO  ̂for 7-28 days. Finally, the number of formed 

colonies and their morphology were analyzed after 

crystal violet staining.

Statistics

Statistical analysis was performed by AN OVA with 

a post-hoc analysis by the Student-Neuman-Keuls 

test (paired or unpaired). Differences were conside

red significant when the P value was less than 0.05.
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Results and Discussion

1. ROLE OF AUTOPHAGY IN CANNABINOID ANTI-TUMORAL ACTION

1.1. THC induces ER stress and autophagy in 

glioma cells

As explained in the Introduction, previous obser

vations of our laboratory had shown that cannabi

noid-induced cancer cell death relies on the up-regu

lation of several ER stress-related genes. That event 

led us to speculate whether the ER could be impor

tant in THC anti-tumoral action. As a first approach to 

gain insight into the morphological changes induced 

in cancer cells by cannabinoid administration, we 

performed electron microscopy analysis of U87MG  

human astrocytoma cells. Of interest, analysis of 

cannabinoid-treated cells revealed the presence of 

numerous cells with dilated endoplasmic reticulum 

(ER) (Figure lA ). In line with this observation, immu- 

nostaining of the ER luminal marker protein disulphi-

of the ER stress response (Schroder and Kaufman, 

2005) (Figure 1C). Moreover, THC-induced ER dila

tion and elF2a phosphorylation were prevented by 

pharmacological blockade of the CB̂  receptor (Figu

re IB  and 1C).

Interestingly, in addition to ER dilation, we obser

ved in THC-treated U87MG cells double membrane 

vacuolar structures with the morphological features 

of autophagosomes (Figure 2A-C). After this surpri

sing observation we decided to analyze whether au

tophagy was activated upon THC treatment. As ex

plained in the Introduction section, the conversion of 

the soluble form of LC3 (named LC3-I) to the lipida- 

ted form (named LC3-II) is considered one of the hall

marks of autophagy (Rubinsztein et ol., 2007). Thus, 

upon autophagy induction, LC3 becomes conjugated

Figure 1. THC induces ER-stress In 

U87MG cells in a CB̂  receptor-depen

dent manner.

(A) Effect of a 6h treatment with 

THC on cell morphology. Note the pre

sence of dilated ER in THC- but not ve

hicle (veh)-treated cells (arrows point 

to ER; bars: 500 nm). (8) Effect of SRI 

(1 iiM ) and THC (8 h) on PDI immu- 

nostaining (red). The percentage of 

cells with PDI dots relative to total cell 

number is shown in the corner of each 

representative picture (mean ± s.d.; 

* * p <  0.01 from THC-treated cells; n = 

3; bar: 20 [im). (C) Effect ofSR141716 

(SRI; 1 ]iM) on THC-induced elF2a 

phosphorylation. Data represent the optical density values relative to vehicle-treated cells (3 h; mean ± s.d.; n = 3; **P  

< 0.01 from vehicle-treated cells).

SR1+THC

P-elf2a

elf2o
1 1.8±0.2‘ ‘ 0.9±0.1 0.9±0.3

de isomerase (PDI) showed a striking dilation of the 

ER in THC-treated U87MG cells (Figure IB ), an event 

that was associated to an increased phosphorylation 

of the alpha subunit of the eukaryotic protein trans

lation initiation factor 2 (elF2a), one of the hallmarks

to phosphatidylethanolamine (PE), which targets 

this protein to the membrane of the autophagoso

me. The lipidated autophagosome-associated form 

of LC3 (LC3-II) can be monitored by immunofluores

cence (autophagic cells exhibit a characteristic pat-
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Figure 2. THC induces autophagy in 

U87MG ceiis in a CB̂  receptor-depen

dent manner.

(A-C) Effect o f THC on cell morpho

logy. Representative electron micros

copy photomicrographs after a 6h 

THC treatment are shown (n= 3; bars: 

500 nm). Note the presence o f early 

(A, open arrows; B) and late (A, close 

arrows; C) autophagosomes in THC- 

but not vehicle (veh)-treated cells. (D- 

E) Effect o f SRI (1 ^M ) and THC on LC3 

immunostaining (green) (D) and LC3 

lipidation (E). Cells were pre-treated 

with vehicle or SRI fo r 30 min and 

then treated fo r 18 h with THC. The 

percentage of cells with LC3 dots re

lative to total cell number is shown in 

the corner o f each representative pic

ture (mean ± s.d.; n = 3; bar: 20  |im; 

**P  < 0.01 from THC-treated cells) (F)

Effect ofE64d (10 \iM ) and pepstatin A (PA; 10 \xg/ml) on THC-induced LC3 iipidation cells after a 18 h treatment (n = 3).

tern of LC3 puncta) or Western blot (LC3-II has higher 

electrophoretic mobility than nonlipidated LC3). We 

observed the occurrence of LC3-positive dots (Figure 

2D) as well as the appearance of LC3-II (Figure 2E) 

in cannabinoid-challenged cells. In addition, co-incu

bation with the lysosomal protease inhibitors E64d 

and pepstatin A (PA) -  which block the last steps of 

autophagic degradation (Klionsky et al., 2008) - en

hanced THC-induced accumulation of LC3-II (Figure 

2F), confirming that cannabinoids induce dynamic 

autophagy in U87MG cells. Furthermore, incubation 

with the CB̂  receptor antagonist SR141716 preven

ted THC-induced LC3 lipidation (Figure 2E) and for

mation of LC3 dots (Figure 2D), indicating that in

duction of autophagy by cannabinoids relies on CB̂  

receptor activation.

1.2. THC-induced autophagy leads to cell 

death

Since autophagy has been implicated in both 

promotion and inhibition of cell survival, we next in

vestigated its participation in the cancer cell death- 

inducing action of THC. Pharmacological inhibition 

of autophagy at different levels, by using the class 

III phosphatidylinositol 3-kinase inhibitor 3-methyl 

adenine (3-MA) (Figure 3A), hydroxychloroquine [a 

lysosomotropic amine that leads to lysosome mem

brane permeabilization and inhibits the fusion of 

autophagosomes with lysosomes (Figure 3B)] and 

the combination of E64d and PA [which inhibits 

lysosome proteases, thus blocking the final step of 

autolysosome degradation (Figure 3C)] prevented 

THC-induced autophagy and glioma cell death. M o

reover, genetic inhibition of autophagy by selective 

knock-down of A tgl [an essential protein in the ini

tiation of autophagy (Rubinsztein et al., 2007) (Figure 

4A and 4B)],selective knock-down of AtgS [an essen-
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Figure 3. Pharmacological 

inhibition of autophagy pre

vents THC-induced cancer cell 

death.

(A-C): Effect o f THC (24 h) 

on the viability of U87MG cells 

pre-incubated with vehicle or 

3-MA (5 mM; A), hydroxicloro- 

quine (HCQ; 15 pg/m l; B) and
E64d + PA (10 p M  +10 pg/m l; C) (mean ± s.d.; n = 10; **P  < 0.01 from THC-treated cells).
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Figure 4. Genetic inhibition of autophagy prevents THC-induced cancer cell death (I).

(A-B) Effect of THC and transfection with control (siC) or A tg l (siAtgl) -selective siRNAs on U87MG cell viability (A; 

mean ± s.d.; n = 3), LC3 immunostaining (B; left panel; mean ± s.d.; n = 3; bar: 20 pm) and LC3 lipidation (B; right panel; 

n = 3) in U87MG cells. (C-D) Effect of THC on cell viability (C; mean ± s.d.; n = 3), LC3 immunostaining (D; left panel; mean 

± s. d.; n = 3; bar: 20 pm) and LC3 lipidation (D; right panel; n = 3) in Atg5*^* and AtgS^ RasV12/T-large antigen-MEFs. *P  

< 0.05 and * * p <  0.01 from siC-transfected THC-treated cells (A-B) and from THC-treated Atg5^^* (C-D) cells.
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Figure 5. Genetic inhibition of autophagy prevents TFiC-induced cancer cell death (II).

(A) Effect of THC (24 h) on the viability ofU87M G  cells transfected with siC, siAmbral orsiAtgS (mean ± s.d.; n = 5; *P 

< 0.05 from  THC-treated siC-transfected cells). Values o f gene expression as determined by real-time quantitative PCR 

(expressed as mean fold change ± s.d. relative to siC-transfected cells; n = 5; * *P <  0.01 from siC-transfected ceils) were 

0.3 ± 0 .1 * *  and 0.4± 0 .1 **  fo r siAmbral- and siAtg5-transfected cells, respectively. (B) Effect o f THC (18 h) on LC3 im

munostaining (green) in U87MG cells transfected with siC, siAmbral or siAtg5. Values represent the percentage o f cells 

with LC3 dots relative to the total number o f transfected cells (as determined by co-transfection with a red fluorescent 

control siRNA) (mean ± s.d.; n = 4; **P  < 0.01 from siC-transfected THC-treated cells; bar: 20 pm). (C) Effect of THC (18 

h) on LC3 lipidation cells transfected with siC, siAmbral orsiAtg5 (n = 5).

tial protein in the formation and elongation of the 

autophagosome (Rubinsztein et al., 2007) (Figure 5)] 

or selective knock-down of Am brai [a beclinl-inte- 

racting protein that regulates autophagy (Fimia et 

al., 2007) (Figure 5)] strongly reduced cannabinoid- 

induced autophagy and cell death. Moreover, trans

formed AtgS-deficient MEFs - which are defective in 

autophagy (Kuma et al., 2004) - were more resistant 

than their wild-type counterparts to THC-induced 

cell death (Figure 4C) and did not undergo autophagy 

upon cannabinoid treatment (Figure 4D). Taken to

gether, these findings demonstrate that autophagy 

plays a prominent role in the THC-induced cancer cell

death.

Of interest, cannabinoid administration produ

ced a similar activation of ER stress and autophagy, 

as well as cell death, in other human astrocytoma 

cell lines (Figure 6A-F), a primary culture of human 

glioma cells (Figure 6G-I) as well as in several hu

man cancer cell lines of different origin, including 

pancreatic cancer (Figure 6J-L), breast cancer and 

hepatocellular carcinoma (data not shown and Vara 

et al., 2011). However, neither ER dilation nor elF2a 

phosphorylation or autophagy was evident in nor

mal non-transformed primary astrocytes (Figure 7A 

and 7B) or in non-transformed embryonic fibroblasts
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Figure 6. THC induces ER-stress, autophagy and ceil death in human tumor ceiis.

(A, D, G, J) Effect o f THC on the viability o f T98G (A, astrocytoma), U373MG (D, astrocytoma), HG14 (G, a primary 

culture derived from a human glioblastoma biopsy), and MiaPaCaZ (J, pancreatic cancer) cells (mean ± s.d.; n = 10; *P < 

0.05 or **P  < 0.01 from vehicle-treated ceils). (B, E, H, K) Effect o f THC on elF2a phosphorylation of T98G (B), U373MG  

(E), HG14 (H) and MiaPaCa2 (K) cells (3 h; n = 3). (C, F, I, L). Effect of THC (18 h) on LC3 immunostaining of T98G (C), 

U373MG (F), HG14 (I), and MiaPaCa2 (L) ceiis. Values represent the percentage of cells with LC3 dots relative to the total 

number of ceiis (mean ± s.d.; n = 3 ; * * P <  0.01 from vehicle-treated cells; bar: 20 pm).
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veh THC

B  veh THC 5nM THC7WM

P- elF2a

a-tubulin

Figure 7. Primary mouse astrocytes are resistant to 

THC-induced ER-stress and autophagy.

(A) Effect of THC on PDI (8 h) and LC3 (24 h) immunos- 

taining of primary astrocytes (n = 3). Values represent the 

percentage of cells with PDI (upper photomicrographs) or 

LC3 (lower photomicrographs) dots relative to the total 

number o f cells (mean ± s.d.; n = 3; bar: 20 pm). (B) Effect 

of THC on elF2a phosphorylation o f primary astrocytes (3 

h; n = 3).

(MEF) (Supplemental Figure 1), which are resistant 

to cannabinoid-triggered cell death (Carracedo et al., 

2006b). Taken together, these observations support 

that both ER stress and autophagy are important in 

THC-induced anti-tumoral effect.

B
Oh 1h 2h 4h 6h 8h 18h 18h

P-elF2a

LC3-I -► 
LC3-II -►

a-tubulin

:?100

8h 18h

Figure 8. ER-stress precedes autophagy in cannabinoid action.

(A) Effect o f THC on PDI (red) and LC3 (green) immunostaining in U87MG cells. The percentage o f cells with PDI or LC3 

dots relative to total cell number at each time-point is shown (mean ± s.d.; * * p <  Q.Ql from vehicle-treated cells; n = 3; 

bar: 20 pm). (B) Effect o f THC on elF2a phosphorylation and LC3 lipidation in U87MG cells (n = 3).

50



Results and Discussion

1.3. THC induces autophagy via ER stress- 
dependent up-regulation of p8 and TRB3

We next investigated whether activation of ER 

st'ess is involved in the induction of autophagy in 

response to cannabinoid treatment of cancer cells. 

In line with this idea, time-course analysis of PDI and 

LC3 immunostaining, elF2a phosphorylation and LC3 

lipidation of cannabinoid-treated cells revealed that 

EF stress occurs earlier than autophagy (Figure 8A 

ard 8B).

Fiannun, 2004)] prevented ceramide accumulation 

(Figure 9A), TFIC-induced ER dilation (Figure 9B), el- 

F2a phosphorylation (Figure 9C), p8, ATF4, CHOP and 

TRB3 up-regulation (Figure 9D) and autophagy (Figu

re 9E), supporting that ceramide accumulation is a 

primary event in cannabinoid-triggered ER stress and 

autophagy. Furthermore, treatment with exogenous 

C2-ceramide induced autophagy in U87MG cells (Fi

gure lOA) but failed to activate autophagy and pro

mote cell death in transformed AtgS-deficient MEFs

Figure 9. THC induces au

tophagy via ceramide-evoked ER 

stress response.

(A) Effect of THC (8 h) on cera

mide levels of U87MG cells pre

incubated with vehicle or ISP-1 

(1 pM ) (mean ± s.d.; n = 3; **P  < 

0.01 from vehicle-treated cells).

(B) Effect o f THC on PDI immunos

taining (red) o f U87MG ceils pre

incubated with ISP-1 (1 pM ) (6 h). 

Values represent the percentage 

o f cells with PDI dots relative to 

the total number of cells (mean 

± s.d.; n = 3; **P  < 0.01 from  

THC-treated cells; bar: 20 pm).

(C) Effect of ISP-1 ( Ip M ) on THC- 

induced elF2a phosphorylation in U87MG cells (3 h; n = 3; the lanes were run on the same gel but were noncontiguous). 

(D) Effect o f THC (8 h) on p8, ATF4, CHOP and TRB3 mRNA levels o f U87MG pre-treated with vehicle or ISP-1 (1 pM ). 

Data are expressed as the mean fold-increase ± s.d. relative to vehicle-treated cells, (n = 6; * *p <  o.Ol from THC-treated 

cells). (E) Effect of ISP-1 (1 pM) on THC-induced LC3 immunostaining in U87MG cells (18 h; mean ± s.d.; n = 3; bar: 20 

pm; **P <  0.01 from THC-treated cells).

THC 

THC THC + ISP
P- elF2a

a-tubu in

ISP+THC

ATF4 CHOP TRB3

We have previously shown that THC-induced ac

cumulation of de novo-synthesized ceramide, an 

event that occurs in the ER (Ogretmen and Hannun, 

2004), leads to up-regulation of the stress-regulated 

protein p8 and its ER stress-related downstream 

targets ATF4, CHOP and TRB3, to induce cancer cell 

death (Carracedo et al., 2006b). Of importance, in

cubation with ISP-1 [a selective inhibitor of serine 

palmitoyltransferase, the enzyme that catalyzes the 

first step of sphingolipid biosynthesis (Ogretmen and

(Figure lOB and IOC).

To note, we also verified by means of RNA in

terference that CaCMKKp/AMPK -  which had been 

previously implicated in activating autophagy in 

response to ER stress-associated calcium release 

(Hoyer-Hansen et al., 2007) - are not involved in 

THC-induced autophagy and death of U87MG cells 

(Supplemental Figure 2).

As phosphorylation of elF2a on Ser 51 attenua-
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Figure 10. C2-ceramide in

duces autophagy-mediated cell 

death.

(A) Effect o f C2-ceramide (18 

h) on LC3 immunostaining (upper 

panel) and LC3 lipidation (lower 

panel) in U87MG cells (n = 3; bar: 

20 pm). (B) Effect of C2-ceramide 

15 pM (18 h) on LC3 lipidation 

and PARP cleavage in AtgS*̂ "̂  and 

AtgS' RasV12/T-large antigen- 

MEFs (n = 3). (C) Effect of C2-ce- 

ramide (24 h) on cell viability in 

AtgS '̂  ̂and AtgS' RasV12/T-iarge 

antigen-MEFs (mean ± s.d.; n = 3;

* *p <  0.01 from ceramide-treated AtgS*'* ceils).
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Figure 11. elF2a S51A 

knock-in prevents the induc

tion of ER-stress related ge

nes and autophagy but not 

ceramide accumulation.

(A) Effect of THC (8 h) on 

ceramide levels in elF2a wt 

and SSIA MEFs (mean ± s.d.; 

n = 3; *P < 0.05 from vehicle- 

treated cells). (B) Effect of 

THC on p8, ATF4, CHOP and 

TRB3 mRNA levels of elF2a 

wt and elF2a S51A MEFs 

as determined by real-time 

quantitative PCR (8 h; mean 

fold-increase ± s.d. relative 

to vehicle-treated elF2a wt 

MEFs; n = 3; *P < 0.05 and

**P  < 0.01 from THC-treated elF2a wild-type cells). (C) Upper panel: Effect o f THC (18 h) on LC3 immunostaining of 

elF2a w t and S51A MEFs. Values represent the percentage of cells with LC3 dots relative to the total number o f cells 

(mean ± s.d.; n = 3; **P  < 0.01 from THC-treated elF2a wt MEFs; bar: 20 pm). Lower panel: Effect o f THC (18 h) on LC3 

lipidation ofelF2a wt and S51A MEFs (n = 3).
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Figure 12. Knock-down o f the ER stress-related genes p8 and TRB3 prevents THC-mediated autophagy but not ER 

dilation.

(A) Effect of THC on LC3 immunostaining (green) of U87MG cells transfected with siC, sip8 or siTRB3 (percentage 

of cells with LC3 dots relative to cells co-transfected with a red fluorescent control siRNA is shown; 18 h; mean ± s.d.; 

n = 4; bar: 20 pm). Upper panel: Analysis o f p8 and TRB3 mRNA levels. A representative RT-PCR experiment is shown. 

Below, values o f gene expression as determined by real-time quantitative PCR (mean fold change ± s.d. relative to siC- 

transfected cells; n = 5). (B) Effect of THC on LC3 lipidation in U87MG cells transfected with siC, sip8 or siTRB3 (18 h; n 

= 6). (C) Effect of THC (8 h) on PDI immunostaining (green) of U87MG cells transfected with siC, sip8 or siTRB3. Values 

represent the percentage o f cells with PDI dots relative to the total number of transfected cells (as determined by co

transfection with a red fluorescent control siRNA) (mean ± s.d.; n = 4; bar: 20 pm; **P  < 0.01 from siC-transfected THC- 

treated U87MG cells).
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Figure 13. Knock-out o f p8 prevents THC-mediated autophagy.

(A) Effect of THC (6 h) on p8*'* and p8^' MEFs. Representative electron microscopy photomicrographs are shown. 

Note the presence of late autophagosomes in THC but not vehicie (veh)-treated p8*'* cells (arrows). Bars: 500 nm. (B-C) 

Effect o f THC (18 h) on LC3 immunostaining (B; mean ± s.d.; n = 4; bar: 40 pm; **P  < 0.01 from THC- treated p8*'* cells) 

and LC3 lipidation (C; n = 5) in p8*'* or p8^' MEFs.

tes general protein synthesis while enhancing the 

expression of several ER stress response genes 

(Schroder and Kaufman, 2005), we used cells derived 

from elF2a 55lA  knock-in mice to test whether el- 

F2a phosphorylation regulates the expression of p8 

and its downstream targets. In agreement with this 

hypothesis, THC treatment (which promoted cerami

de accumulation in both wild-type and elF2a S51A 

immortalized MEFs; Figure l lA )  triggered p8, ATF4, 

CHOP and TRB3 up-regulation (Figure I IB )  as well as 

autophagy (Figure I IC )  in wild-type cells but not in 

their elF2a 551A counterparts.

We subsequently asked whether p8 and its downs

tream targets regulate autophagy. Knock-down of p8 

or TRB3 prevented THC-induced autophagy (Figu

re 12A and 12B) but not ER dilation (Figure 12C) in 

U87MG cells. Furthermore, THC induced autophagy 

as determined by electron microscopy (Figure 13A), 

LC3 immunostaining (Figure 13B) and LC3 lipidation 

(Figure 13C) in p8+/+ but not p8-deficient transformed 

MEFs.

Altogether, these findings unravel that THC indu

ces autophagy of cancer cells via activation of an ER 

stress-triggered signaling route that involves stimu

lation of ceramide synthesis de novo, elF2a phos

phorylation, and p8 and TRB3 up-regulation.
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Figure 14. Autophagy is upstream o f 

apoptosis in cannabinoid-induced can

cer cell death (I).

(A) Effect o f THC and Z-VAD (10 pM) 

on the viability o f AtgS*'* and AtgS'’ 

MEFs (36 h; mean ± s.d.; n = 3 ;* *P <  0.01 

from vehicle-treated AtgS*'* cells). (B) 

Effect of THC on the viability of U87MG  

cells pre-incubated with vehicle, E64d + 

pepstatine A (PA) (10 p M  +10  pg/m l) or 

ZVAD (10 pM ) (mean ± s.d.; n = 3; **P  < 

0.01 from THC-treated cells). Data are expressed as the percentage of viable cells relative to 12 h vehicle-treated cells.

veh ZVAD THC THC 
+ZVAD

(A
140
120

O

Ü
100

n
.5 80
> 60
o 40
a? 20

0
12h 24h 36h

B
veh THC

% :
1±1 ' 10±4 1

b

‘1
$

m :

o i± i 1±i
x : „
Q -

i t  ^

g
-1 !

r Ü É ' M r

Bax/Bak wt Bax/Bak DKO 

veh THC veh THC
P-elf2a r 

elf2ab

LC3-I +  
LC3-II ♦  

a-tubulin

Annexin V-FITC

Figure IS. Autophagy is 

upstream of apoptosis in can

nabinoid-induced cancer cell 

death (II).

(A) Effect o f THC on apop

tosis of Bax/Bak wt and Bax/ 

Bak DKO MEFs as determined 

by cytofluorometric analysis 

of annexin-V/propidium iodi

de (PI) [24 h; percentage of

annexin-V positive/PI negative (lower right corner) and annexin-Vpositive/PI positive (upper right corner) cells; mean 

± s.d.; n = 3; **P  < 0.01 from THC-treated Bax/Bak w t cells)]. (B) Effect o f THC on elF2a phosphorylation (3 h; n = 3) and 

LC3 lipidation (18 h; n = 4) o f Bax/Bak wt and DKO MEFs.

1.4. THC-induced autophagy promotes the 

apoptotic death of cancer cells

While analyzing the mechanism of cannabinoid 

cell-killing action, we observed that incubation with 

the pan-caspase inhibitor Z-VAD-fmk prevented cell 

death at the same extent than genetic (Figure 14A) or 

pharmacological (Figure 14B) inhibition of autopha

gy. Furthermore, Bax/Bak double knock-out (DKO) 

immortalized MEFs-which are protected against mi

tochondrial apoptosis (Scorrano et a!., 2003) - were 

resistant to TFIC-induced cell death and apoptosis 

(Fig. ISA) but underwent elF2a phosphorylation 

and autophagy (Fig. 15B) upon TFIC treatment. We 

therefore investigated whether cannabinoid-induced

autophagy promoted the apoptotic death of cancer 

cells. Time-course analysis of LC3 and active caspa- 

se-3 immunostaining in U87MG cells revealed that 

autophagy preceded the appearance of apoptotic 

features in TFIC-treated cells (Fig. 16A). In addition, 

selective knock-down of A tg l (Fig. 16A) as well as of 

Am brai or AtgS (Figure 16B) prevented THC-induced 

caspase-3 activation. Moreover, unlike their wild-ty

pe counterparts, AtgS-deficient immortalized MEFs 

did not undergo phosphatidylserine translocation 

to the outer leaflet of the plasma membrane (Figu

re 17A), loss of mitochondrial membrane potential 

(Figure 17B) or increased production of reactive 

oxygen species (Figure 17C) in response to cannabi

noid treatment. These findings unravel that activa
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Figure 16. Autophagy is upstream o f apoptosis in cannabinoid-induced cancer cell death (III).

(A) Effect of THC on autophagy and apoptosis of U87MG cells transfected with siC or siAtgi [left panel; percentage 

o f cells with LC3 dots (green bars), active caspase-3-positive cells (red bars) or cells with LC3 dots and active caspase-3 

staining (striped bars), relative to the total number of cells at each time-point; mean ± s.d.; n = 3; * *P <  0.01 from THC- 

treated siC-transfected ceils]. Representative photomicrographs are shown (right panel; 36 h; bar: 20 \im). (B) Effect of 

THC (24 h) on active caspase-3 immunostaining ofU87M G  cells transfected with siC, siAmbrai orsiAtgS. Data represent 

the percentage of active caspase-3 positive cells relative to the total number o f transfected cells (as determined by co

transfection with a red fluorescent control siRNA) (mean ± s.d.; n = 3; **P <  0.01 from THC-treated siC-transfected cells).

tion of the autophagy-mediated cell death pathway 

is upstream of apoptosis in cannabinoid anti-tumoral 

action.

1.5. Activation of autophagy is necessary for 

cannabinoid anti-tumoral action in vivo

To determine the in vivo relevance of our findings, 

we first investigated whether THC promotes the ac

tivation of the above-described autophagy-mediated

cell death pathway in U87MG cell-derived tumor xe

nografts, in which cannabinoid treatment reduced 

tumor growth by approximately 50% (Figure 18A) 

and induced apoptosis [as determined by TUNEL 

(Figure 18B) and active-caspase 3 immunostaining 

(Figure 18C)]. The analysis of these tumors revealed 

that THC-treated but not vehicle-treated tumors ex

hibited signs of autophagy (as measured by LC3 im

munostaining and Western blot; Figure 18C).

Moreover, we investigated whether systemic can-
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Figure 17. Autophagy is upstream of apopto

sis in cannabinoid-induced cancer celi death (IV).

(A-C) Effect of THC on apoptosis (A; a represen

tative dot plot experiment is shown. 24 h; mean 

± s.d.; n = 3), ioss of mitochondrial membrane 

potential as determined by DIOC6(3) staining (B; 

data represent the percentage o f celis with low  

DIOC6(3) staining; 24 h; mean ± s.d.; n = 4) and 

ROS production as determined by HE cytofluoro

metric analysis (C; data represent the percentage 

of ceils with high HE staining; 24 h; mean ± s.d; n 

= 4) of AtgS^ *̂ and AtgS^ MEFs (**P  < 0.01, from  

THC-treated AtgS*^* MEFs).

AtgS AtgS

Figure 18. THC activates autopha

gy and cell death in vivo.

(A-B) Peri-tumoral administration 

of THC reduces the growth of U87MG  

celi-derived tumor xenografts by in

ducing apoptosis (Carracedo et al., 

2006b). (C) LC3 immunostaining (left 

upper panels; arrows point cells with 

LC3 dots; bar: 20 \im), active caspa- 

se-3 immunostaining (ieft lower pa

nels; percentage of active caspase- 

3-positive cells relative to the total 

number of nuclei in each section ± 

s.d.; 10 sections fo r each of 3 dissec

ted tumors fo r each condition; bar: 

20 \im) and LC3 lipidation (right pa

nels; representative samples from  

one vehicle and one THC-treated 

tumor are shown; LC3-I and LC3-II 

band optical density values relative 

to vehicle-treated tumors; mean ± 

s.d.; n = 3; the lanes were run on the 

same gel but were noncontiguous) 

of U87MG celi-derived tumors (*P  

< 0.05 and **P  < 0.01 from vehicle- 

treated tumors).
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Figure 19. Intra-peritoneal administration o f THC reduces the growth ofU87M G  cell-derived tumor xenografts and 

activates the autophagic cell death pathway in vivo.

(A-B) Effect o f intra-peritoneal administration of THC (A) or WIN 55,212-2 (B) (15 mg/kg for 2 days, 22.5 mg/Kg for 

2 additional days and 30 mg/Kg for 10 additional days) on the growth o f U87MG tumor xenografts (n = 8 per each 

condition; *P < 0.05 and * *p <  0.01 from vehicle-treated tumors). (C) Effect of intra-peritoneal THC or WIN administra

tion on LC3 immunostaining (upper panel; representative images of vehicle and THC-treated tumors are shown; bar: 

20 pm. Arrows point celis with LC3 dots) and on LC3 lipidation [lower panel; representative samples from one vehicle 

and one THC-treated tumor are shown. Values represent LC3-I (upper) and LC3-II (lower) optical density values relative 

to vehicle-treated tumors] of U87MG cell-derived tumors (mean ± s.d.; n = 3; *P < 0.05 from vehicle-treated tumors).

(D) Effect of intra-peritoneal THC or WIN administration on active caspase-3 immunostaining in U87MG cell-derived 

tumor xenografts. Values correspond to the percentage of active caspase-3-positive cells relative to the totai number of 

nuclei in each section ± s.d (10 sections for each of 3 dissected tumors for each condition were counted; **P  < 0.01 from  

vehicle-treated tumors; bar: 20 pm).
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Figure 20. RasVlZ/ElA  - tumor xenografts are resistant to THC anti-tumoral action.

(A-B) Peri-tumoral administration of THC reduces the growth o f RasV12/ElA- p8*^* cell-derived tumor xenografts by 

inducing apoptosis but fails to reduce the growth of RasV12/ElA- pS^ cell-derived tumors (Carracedo et a!., 2006b) (*P  

< 0.05 and * * p <  0.01 from vehicle-treated tumors).
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Figure 21. THC promotes autophagy and cell death in RasV12/ElA - p8^ *̂ but not in RasV12/ElA - tumor xeno

grafts (I).

(A) Upper panel: Effect o f THC administration on LC3 immunostaining of RasV12/ElA-pS"^* and p8̂ '̂ tumor xenogra

fts. Representative images of vehicle and THC-treated tumors are shown. Arrows point to cells with LC3 dots. Values co

rrespond to the percentage of cells with LC3 dots relative to the total number o f nuclei in each section ± s.d (10 sections 

for each o f 3 dissected tumors fo r each condition were counted; **p  < o.Ol from vehicle-treated tumors; bar: 20 pm). 

Lower panel: Effect o f THC administration on LC3 lipidation of RasV12/ElA-p8*^* and p8r  ̂ tumor xenografts. Representa

tive samples from one vehicle and one THC-treated p8*^* and p8̂ '̂ tumors are shown. (B) Effect o f THC administration on 

active caspase-3 (red) and LC3 (green) immunostaining in RasV12/ElA-p8*^* andp8^^ MEF-tumor xenografts. Represen

tative images from one vehicle and one THC-treated pB̂ *̂ and p8̂  ̂ tumors are shown. Values correspond to 10 sections 

of 3 dissected tumors fo r each condition and are expressed as the percentage o f active caspase-3-positive cells relative 

to the total number of nuclei in each section (**P  < 0.01 from p8*^* vehicle-treated tumors; bars: 20 pm).
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nabinoid administration also activated autophagy 

and apoptosis in these tumors. In agreement with 

this possibility, daily intra-peritoneal injection of 

THC (Figure 19A) or the synthetic cannabinoid WIN 

55,212-2 (a mixed CB/CB^ agonist) (Figure 19B) effi

ciently curbed the growth of U87MG cell-derived 

tumor xenografts and enhanced autophagy (Figure

totic cell death as measured by TUNEL assay (Figure 

20B) but had no significant effect on p8-/- tumors (Fi

gure 20A and B)]. As observed before, THC treatment 

increased autophagy (Figure 21A and 22) as well as 

active caspase-3 immunostaining (Figure 21B) and 

TUNEL immunnostaining (Figure 22) in p8̂ ^̂  but not 

p8'/' tumors. To note, THC treatm ent enhanced the
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Figure 22. THC promotes autophagy and cell death in RasV12/ElA - p8̂ ^̂  but not in RasV12/ElA - tumor xeno

grafts (II).

Effect of THC administration on LC3 immunostaining (green) and TUNEL (red) in RasV12/ElA-p8*^^^ and tumor 

xenografts. The percentage of TUNEL-positive nuclei (red bars) or cells with TUNEL positive nuclei and LC3 dots (striped 

bars) relative to the total number o f nuclei in each section is shown [mean ± s.d.; 18 sections of 3 dissected tumors for  

each condition; white arrows point to cells with LC3 dots and TUNEL-positive nuclei; bars: 50 \im; inset: magnification 

of one selected cell (arrows point to LC3 dots; bar: 10 \xm); **P  < 0.01 from vehicle-treated tumors].

19C) and apoptosis (Figure 19D) in those tumors.

To further investigate whether activation of the p8 

pathway mediates cannabinoid anti-tumoral action, 

we also analyzed tumors derived from p8 /̂  ̂and pB  ̂

RasV12/ElA-transformed MEFs [in this case, THC ad

ministration for 8 days decreased by 45% the growth 

of p8^/* tumors (Figure 20A) by inducing tumor apop-

number of cells with LC3 dots coinciding with active 

caspase-3 positive or TUNEL-positive nuclei in p8 /̂+ 

but not p8'/' tumors (Figure 21B and 22).

In order to verify the importance of autophagy 

for cannabinoid anti-tumoral action, we next gene

rated tumors with Atg5 /̂+ and Atg5'^' RasV12/T-large 

antigen transformed MEFs. THC administration redu-
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Figure 23. Autophagy is essential fo r cannabinoid anti-tumoral action (I).

(A) Effect of peri-tumoral THC administration on the growth of AtgS*''* (upper panel) and AtgS'^ (lower panel) 

RasV12/T-large antigen-MEFs-tumor xenografts generated in nude mice (mean ± s.d.; n = 7 fo r each condition). (B) 

Effect o f THC administration on LC3 immunostaining (green) and apoptosis as determined by TUNEL (red) in AtgS*^* and 

AtgS ̂ ' MEFs-tumor xenografts [representative images from one vehicle and one THC-treated AtgS*^* and AtgS ̂  tumors 

are shown; percentage o f TUNEL-positive nuclei (red bars) or cells with TUNEL positive nuclei and LC3 dots (striped bars) 

relative to the total number of nuclei in each section; mean ± s.d.; 18 sections of 3 dissected tumors fo r each condition; 

bars: SO \im; **p  < Q.Ql from vehicle-treated tumors.

ced by more than 80% the growth of tumors deri

ved from wild-type cells but had no significant effect 

on those tumors generated by autophagy-deficient 

cells (Figure 23A). Furthermore, cannabinoid admi

nistration increased autophagy, TUNEL (Figure 23B) 

and active caspase-3 immunostaining (Figure 24) in 

AtgS /̂  ̂ but not AtgS'/ tumors. Likewise, cannabinoid 

administration increased the number of cells with 

LC3 dots coinciding with TUNEL-positive and active 

caspase-3 positive nuclei in AtgS /̂  ̂ but not AtgS'/'

tumors (Figure 23B and 24). Taken together, these 

findings demonstrate that activation of the autopha

gy-mediated cell death pathway is indispensable for 

cannabinoid anti-tumoral action.

Finally, we analyzed the tumors of two patients 

enrolled in a clinical trial aimed at investigating the 

effect of THC on recurrent glioblastoma multifor

me. The patients were subjected to intracranial THC 

administration and biopsies were taken before and 

after the treatment (Guzman et al., 2006). Interes-
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Figure 24. Autophagy is essen

tial fo r cannabinoid anti-tumorai 

action (II).

Effect o f THC administration 

on active caspase-3 (red) and LC3 

(green) immunostaining in T-large 

antigen/RasV12-Atg5*^* and AtgS 

/  MEF-tumor xenografts. Repre

sentative images from one vehicle 

and one THC-treated AtgS*^* and 

AtgS^' tumors are shown. A high 

magnification photomicrograph 

o f a THC-treated AtgS*''* tumor is 

included (right panel). Values co

rrespond to 10 sections of 3 dis

sected tumors for each condition 

and are expressed as the percen

tage of active caspase-3-positive 

cells relative to the total number 

o f nuclei (**P  < 0.01 from vehicle- 

treated tumors; bars: 20 pm).
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Figure 2S. THC administration promotes the autophagic cell death pathway in glioblastomas of two patients.

Analysis of different parameters in two patients with glioblastoma multiforme before and after intracranial THC 

treatment (it was estimated that doses of 6-10 pM  were reached at the site of administration) (Guzman et al., 2006).

(A) LC3 DAB-immunostaining (representative photomicrographs are shown; percentage of cells with LC3 dots ± s.d. 

relative to the totai number o f nuclei in each section; 10 sections for each biopsy fo r each condition; arrows point 

to cells with LC3 dots; bar: 20 pm). (B) Active caspase-3 DAB-immunostaining (representative photomicrographs are 

shown; percentage of celis with active caspase-3 staining ± s.d. relative to the total number o f nuclei in each section; 

10 sections for each biopsy for each condition were counted; arrows point to celis with active caspase-3 staining; bar: 

20 pm. *P < 0.05 or **P <  0.01 from pre-treated tumors).

62



Results and Discussion

tingly, in the two patients the number of cells with ducted in specimens from two patients, they are in

autophagic phenotype (Figure 25A) as well as with line with the preclinical evidence shown above and

active caspase-3 immunostaining (Figure 25B) was suggest that cannabinoid administration might also

increased in the tum or samples obtained after TFIC trigger autophagy-mediated cell death in human tu-

treatment. Although these studies could only be con- mors.
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2. ROLE OF TRB3 AND THE AKT/mTORCl AXIS IN THE CONTROL OF CANNABINOID-IN
DUCED AUTOPHAGY

As described in the previous section, cannabi- 

noids induce apoptosis in tumor cells through the 

stimulation of autophagy. We have shown that the 

cannabinoid-mediated mechanism of action includes 

an early accumulation of de novo-synthesized cera

mide and a subsequent ER stress response, in which 

p8 and TRB3 seem to be crucial for the subsequent 

activation of the autophagic pathway. Therefore, the 

second aim of this work was to further analyze the 

molecular mechanisms governing the connection 

between cannabinoid-triggered ER stress and au

tophagy and, in particular, to investigate the precise 

role of TRB3 in this connection.

2.1. THC-evoked TRB3 up-regulation inhibits 

Akt and mTORCl to induce autophagy

Inhibition of mTORCl is considered a key step in 

the early triggering of autophagy (Maiuri eta l., 2007). 

We therefore tested whether cannabinoid-induced 

up-regulation of the p8 pathway leads to autopha

gy via inhibition of this complex. THC treatm ent of 

U87MG cells reduced the phosphorylation of p70S6 

kinase (a well-established mTORCl substrate) and 

the ribosomal protein 56 (a well-established p70S6 

kinase substrate) (Figure 26A and 26B), indicating 

that mTORCl is inhibited in cannabinoid-challenged 

cells. In addition, the cannabinoid-induced decrease 

in p70S6 kinase and 56 phosphorylation (Figure 27A), 

autophagy (Figure 27B) and cell death (Figure 27C) 

was not evident in T5C2'/' cells, in which mTORCl is 

constitutively active (Guertin and 5abatini, 2007), 

further supporting a major role for mTORCl inhibi

tion in the induction of autophagic cell death by can- 

nabinoids.

The protein kinase Akt positively regulates the 

activity of the mTORCl complex by phosphorylating 

and inhibiting T5C2 and PRA540 (a well established
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Figure 26. THC inhibits the Akt/mTORCl pathway.

(A) Time course of the effect o f THC treatment on 

p70S6K and 56 phosphorylation in U87MG cells (n = 6).

(B) Effect o f THC on Akt, TSC2, PRAS40, p70S6K and 56 

phosphorylation of U87MG cells. Data represent the opti

cal density values relative to vehicle-treated cells (18 h; n 

= 7; *P < 0.05 and * *p <  0.01 from vehicle-treated U87MG  

cells).

Akt substrate within the mTORCl complex). Thus, 

Akt inhibition decreases mTORCl activity and pro

motes autophagy (Guertin and 5abatini, 2007). In 

line with this idea, THC decreased the phosphoryla

tion of Akt, T5C2 and PRA540 as well as p7056 kina

se and 56 (Figure 26B). This inhibition of the Akt/ 

mTORCl pathway was abrogated by incubation with 

a CB̂  receptor antagonist (Figure 28A) or a ceramide 

synthesis inhibitor (Figure 28B). Likewise, cells over

expressing a myristoylated (constitutively active) 

form of Akt were resistant to THC-induced mTORCl 

inhibition (Figure 29A), autophagy (Figure 29B) and
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cell death (Figure 29C), further supporting that THC 

induces autophagy via Akt inhibition.

Since TRB3 has been shown to directly interact 

with and inhibit Akt (Du et al., 2003; Matsushima et 

al., 2006), we investigated whether up-regulation of 

TRB3 was responsible for THC-induced Akt/mTORCl 

inhibition. Several observations support that this is 

indeed the case: (i) THC increased the amount of Akt 

co-immunoprecipitated with TRB3 from U87MG ex

tracts (Figure 30A); (ii) knock-down of TRB3 preven

ted the effect of THC on Akt, TSC2, PRAS40, p70S6 

kinase and 56 phosphorylation (Figure 30B); and (iii) 

TRB3 over-expression decreased Akt, T5C2, PRA540, 

p7056 kinase and 56 phosphorylation, enhanced 

the inhibitory effect of THC on the phosphorylation 

of these proteins and promoted autophagy (Figure 

30C). In line with these observations, THC failed to 

inhibit Akt, p7056 kinase and 56 phosphorylation 

of elF2a 55lA  knock-in (Figure 31A) or p8-deficient 

MEFs (Figure 31B), in which TRB3 does not become 

up-regulated upon cannabinoid treatm ent.

Altogether, these data demonstrate that up-re

gulation of p8 and TRB3 induce autophagy of tumor 

cells via inhibition of the Akt/mTORCl axis.

Figure 27. TSCl^' cells are resis

tant to THC-induced mTORCl inhi

bition, autophagy and cell death.

(A) Effect o f THC (18 h) on p70S6K 

and S6 phosphorylation o f TSC2* *̂ 

and TSC2r/ MEFs (n = 3). (B) Effect 

o f THC (18 h) on LC3 immunostai

ning of TSCr^* and TSCZ^ MEFs 

(values represent the percentage 

of ceils with LC3 dots relative to the 

totai number of cells) (mean ± s.d.; 

n = 3; *P < 0.05 from THC-treated 

TSC2* *̂ MEFs; bar: 20 pm) and on 

LC3 lipidation (lower panel; 18 h; n 

= 4). (C) Effect of THC on cell viabili

ty in TSC2*'* and TSCl^ MEFs (24 h; 

mean ± s.d.; n = 6; **P  < 0.01 from  

THC-treated TSC2* *̂ MEFs).
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Figure 2 8 .5R1-or ISP-l-treated U87MG cells are resis

tant to THC-induced mTORCl inhibition.

(A) Effect o f THC (18 h) on Akt, p70S6K and 56 phos

phorylation o f U87MG cells pre-incubated with vehicle or 

SRI (1 pM ; n = 3). (B) Effect o f THC (18 h) on Akt, p70S6K 

and 56 phosphorylation o f U87MG cells pre-incubated 

with vehicle or I5P-1 (1 pM ; n = 3).
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Figure 29. myr-Akt cells 

are resistant to THC-lndu- 

ced mTORCl Inhibition, 

autophagy and cell death.

(A) Effect o f THC (18 

h) on Akt, p70S6K and 56 

phosphorylation of pBA- 

BE and myr-Akt MEFs (n =

4). (B) Effect of THC (18 h) 

on LC3 Immunostaining of 

pBABE and myr-Akt MEFs 

(values represent the per

centage o f cells with LC3 

dots relative to the total 

number o f cells) (mean ± 

s.d.; n = 3; **P  < 0.01 from  

THC-treated pBABE MEFs; 

bar: 20 pm) and on LC3 II-

pldatlon (lower panel; 18 h; n = 4). (C) Effect o f THC on cell viability In pBABE and myr-Akt MEFs (24 h; mean ± s.d.; n 

4; * * p <  0.01 from THC-treated pBABE MEFs).
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Figure 30. THC Inhi

bits the Akt/mTORCl 

pathway via TRB3.

(A) Effect of THC on 

Akt co-lmmunoprecl- 

pltatlon with TRB3 In 

U87MG cell extracts (8 

h; mean ± s.d.; n = 9; In

put: TRB3). (B-C) Effect 

of THC on Akt, T5C2, 

PRA540, p7056K and 

56 phosphorylation and 

(only C) LC3 lipidation 

of sic or slTRB3-trans- 

fected (B; 18 h; mean 

± s.d.; n = 7; upper pa

nel, analysis of TRB3 

mRNA levels) and EGFP 

(AdEGFP) or rat TRB3 

(A d T R B 3)-ad en ov lra l 

vector-infected (C; 18 h; 

**P  < 0.01 from vehlcle-
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Figure 31. elF2a S51A and MEFs are resistant to THC-induced mTORCl Inhibition.

(A) Effect o f THC on elF2a (3 h), Akt, p70S6K and S6 (18 h) phosphorylation of e!F2a w t and S51A MEFs (n = 5). (B) 

Effect o f THC on Akt, p70S6K, and 56 phosphorylation o f p8*^* and MEFs (n = 7). Data represent the optical density 

values relative to vehicle-treated p8*^* MEFs (mean ± s.d.; n = 7; *P < 0.05 o r * *P <  0.01 from vehicle-treatedp8^^^ MEFs).

2.2. THC-triggered TRB3 up-regulation in

hibits Akt by disrupting its interaction with 

mT0RC2

As described above, the TRB3/Akt tandem seems 

to be the central player responsible for the THC- 

mediated inhibition of mTORCl and subsequent au

tophagic cell death.

We therefore asked whether the pharmacological 

inhibition of Akt may enhance the effect of THC-indu

ced TRB3 up-regulation on autophagy. We observed 

that the combined administration of sub-maximal 

concentrations of THC (2 pM ) and the Akt inhibitor 

X (0.5 pM ) synergistically increased autophagy and, 

more interestingly, decreased Akt phosphorylation 

(Figure 32A and B). A similar effect was observed 

when inhibitor X was combined with C2-ceramide 

(Figure 32C). These observations suggested that 

TRB3 might regulate the accessibility of Akt to its

inhibitor and prompted us to investigate in deeper 

detail the mechanism by which TRB3 regulates Akt 

activity in response to THC treatm ent.

As explained in the Introduction, phosphorylation 

in the serine 473 residue - located within the hydro- 

phobic motif of Akt - is a crucial event for the acti

vation of this kinase. The protein kinase responsible 

for the phosphorylation of this residue is mT0RC2, a 

complex that consists of mTOR, Rictor, Sinl, mLSTS 

and Protor (Figure 33). Thus, we investigated whether 

the THC-evoked inhibitory effect of TRB3 on Akt 

phosphorylation relies on the modulation of mT0RC2 

activity. To carry out these experiments we used Hela 

cells, in which we previously verified that THC activa

tes the same signaling mechanism than in other can

cer cell lines (Supplemental Figure 3). Likewise, we 

verified that Akt interacts with the mT0RC2 complex 

in this system (Figure 33). As shown in Figure 34A,
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Figure 32. THC or C2-ceramide and Akt inhibitor X  cooperate in the inhibition o f Akt and activation o f autophagy.

(A) Effect of THC (2 [iM ) and Akt inhibitor X  (0.5 [iM ) on Akt phoshorylation and LC3 lipidation in U87MG cells (18 h; 

n = 3). (B-C) Effect o f inhibitor X on THC- or C2-ceramide- induced LC3 lipidation (18 h; n = 4).

treatment with THC did not modify significantly the 

activity of the m I0RC2 complex (as determined by 

an in vitro kinase assay using GST-Akt as a substrate). 

By contrast, co-immunoprecipitation experiments 

in Hela cells showed that Sinl (one of the compo

nents of the m I0RC2 complex) not only associates 

with Akt but also with TRB3 and, interestingly, these 

contacts were disrupted upon THC treatment (Figure 

34B), suggesting that THC modulates the interaction 

of mT0RC2 with Akt in a TRB3-dependent fashion.

To further investigate the precise role of TRB3 in 

THC-induced Akt inhibition, we used RasV12/ElA- 

transformed MEFs derived from TRB3 KO and wt 

mice (see Experimental Procedures for a detailed 

description). As expected from our previous observa

tions, we found that THC treatment led to increased 

TRB3 expression, interaction with Akt and reduced 

Akt phosphorylation in wt but not in TRB3 KO cells 

(Figure 35A). Moreover, Akt phosphorylation was 

enhanced in these latter cells when compared with 

their wild-type counterparts, further supporting that 

TRB3 plays an important role in Akt regulation (Figure 

35A). In agreement with the results obtained in Hela

m T0RC 2 components  

i p : !gG mTOR RICTOR SIN-1 AKT

m m r n m i m m m

RICTOR

SIN-1

m m

Figure 33. mT0RC2 components.

Co-immunoprecipitation analysis of mT0RC2 com

ponents (mTOR, Rictor, Sinl) and Akt from Hela cell ex

tracts (n = 2).

cells, mT0RC2 kinase activity (as determined by an 

in vitro kinase assay) was similar in TRB3 wt and KO 

cells and was not modified by THC treatment (Figure 

35B). In addition, co-immunoprecipitation analysis 

of Akt, TRB3 and Sinl showed that THC disrupts the 

Akt-Sinl interaction only in wt but not in TRB3 KO 

cells (Figure 35C). Taken together, these findings sup-
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Figure 34. THC disrupts the Akt-Sinl interaction but does not modify mTORCl kinase activity.

(A) Left panel: In vitro mTORCZ kinase assay in THC-treated Hela cells (6 h) using GST-Akt as a substrate (see Experi

mental Procedures for details). mTORCZ was immunoprecipitated using Sinl or Rictor antibodies. MAPKAPK2 is shown 

as a positive control o f GST-Akt phosphorylation (n = 2). Right panel: Effect of THC on immunoprecipitated TRB3 protein 

levels in the cell extracts used for the kinase assay as a side control. (B) Effect of THC on Akt-Sinl, TRB3-Sinl and Akt- 

TRB3 interactions by co-immunoprecipitation analysis in Hela cells (6 h; n = S). An IgG immunoprécipitation control is 

included.

port that the effect of THC on Akt inhibition relies on 

the ability of TRB3 to modulate the interaction bet

ween Akt and mT0RC2.

2.3. TRB3 is necessary for cannabinoid anti- 

tumoral action in vivo

To determine the in vivo relevance of our findings, 

we first investigated whether THC promotes the up- 

regulation of TRB3 and the inhibition of mTORCl in 

tumor xenografts.

In line with the observations obtained in vitro, we 

found that THC treatment increased TRB3 expression 

and decreased S6 phosphorylation in U87MG cell- 

derived tumors (Figure 36) as well as in tumor xe

nografts derived from RasV12/ElA-transformed 

MEFs (Figure 37). By contrast, tumors derived from

p8'/' cells (that do not undergo TRB3 up-regulation 

in response to THC treatment) were resistant to the 

cannabinoid-induced inhibition of mTORCl activity, 

as determined by 56 phophorylation (Figure 37), fur

ther supporting that cannabinoids inhibit mTORCl 

via p8 and TRB3.

We next generated subcutaneous tumor xeno

grafts in nude mice by injecting RasV12/ElA-trans- 

formed MEFs derived from TRB3 KO or wt mice. As 

shown in Figure 38, THC administration reduced by 

50% the growth of tumors derived from wild-type 

cells but had no significant effect on the tumors ge

nerated from TRB3-deficient cells. Furthermore, can

nabinoid administration decreased Akt and 56 phos

phorylation, increased autophagy and apoptosis (as 

measured by LC3 and active caspase-3 immunos

taining, respectively) and inhibited proliferation as
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Figure 35. TRB3 KO MEFs are resistant to THC-induced Akt-mT0RC2 disruption.

(A) Effect of THC (6 h) on immunoprecipitated Akt-TRB3 interaction and Akt phosphorylation in TRB3 wt and TRB3 

KG RasV12/ElA-transfarmed MEF cells (n = 3). (B) Upper panel: In vitro mT0RC2 kinase assay in TRB3 w t and KG THC- 

treated MEF cells (6 h) using GST-Akt as a substrate. mTGRC2 was immunoprecipitated using Sinl antibody. An IgG 

immunoprécipitation control is included. MAPKAPK2 is shown as a positive control o f GST-Akt phosphorylation (n = 2). 

Lower panel: Effect o f THC on immunoprecipitated TRB3 protein levels in the cell extracts used for the kinase assay as a 

side control. (C) Effect o f THC on Akt-Sinl, TRB3-Sinl and Akt-TRB3 interactions by co-immunoprecipitation analysis in 

TRB3 w t and TRB3 KG RasV12/ElA-transformed MEF cells (6 h; n = 4). An IgG immunoprécipitation control is included. 

(*)  refers to a TRB3 non-functional truncated protein expressed in TRB3 KG MEFs.

determined by K167 immunostaining in TRB3 wt but 

not in TRB3 KO tumors (Figure 39 and Supplemental 

Figure 4). Of interest, only the THC-evoked effect on 

angiogenesis (CD31 immunostaining) was apparently 

unaffected by TRB3, which definitely might be the 

subject of further research (Figure 39 and Supple

mental Figure 4).

Of interest, in the two above-mentioned patients 

enrolled in the clinical trial for the treatm ent of GBM

with THC, administration of this agent was associa

ted with increased TRB3 immunostaining and de

creased S6 phosphorylation, suggesting that THC can 

inhibit mTORCl via TRB3 also in patients (Figure 40). 

Altogether, these data strongly support that the pro- 

autophagic, pro-apoptotic and anti-tumoral action of 

THC relies on the inhibition of the Akt/mTORCl axis 

by TRB3.
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Figure 36. TRB3 and mTORCl 
inhibition are involved in THC anti- 
tumoral action in vivo.

(A-B) Peri-tumoral administra
tion of THC reduces the growth of 
U87MG cell-derived tumor xeno
grafts by inducing apoptosis (Ca
rracedo et al., 2006b). (C) Effect of 
peri-tumoral THC administration on 
TRB3 and phospho-S6 immunostai
ning (TRB3 or phospho-S6-stained 
area normalized to the total num
ber of nuclei in each section; mean 
fold change ± s.d.; 18 sections for 
each of 3 dissected tumors for each 
condition; bar: 50 jam; **p < 0.01 
from vehicle-treated tumors).

Figure 37. TRB3 and mTORCl inhi
bition are involved in THC anti-tumoral 
action in RasV12/ElA- p8"̂ * but not in 
RasV12/ElA- pŜ  tumor xenografts.

(A) Peri-tumorai administration of 
THC reduces the growth of RasV12/ElA- 
p8̂ *̂ cell-derived tumor xenografts by 
inducing apoptosis but fails to reduce 
the growth of RasV12/ElA- pS  ̂ cell-de
rived tumors (Carracedo et al., 2006b). 
(B) Effect of THC administration on TRB3 
and phospho-S6 immunostaining of 
RasV12/ElA-p8"̂ '̂  and p8̂  ̂ tumor xeno
grafts. Representative images of TRB3 
and phospho-S6 immunostaining are 
shown. Values correspond to TRB3 or 
phospho-S6-stained area normalized to 
the total number of nuclei in each sec
tion and are expressed as the mean fold 
change ± s.d relative to vehicle-treated 
p8*̂ * tumors (18 sections for each of 
3 dissected tumors for each condition 
were counted; **p < Q.Ql from vehicle- 
treated tumors; bar: 50 pm).
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Figure 38. Ras\/12/E1A -TRB3 KO tumor xenografts are resistant to THC anti-tumoral action.

Effect of peri-tumoral THC administration on the growth o f TRB3 w t and TRB3 KG RasV12/ElA MEF-derived tumor 

xenografts generated in nude mice (mean ± s.d.; n = 8 for each condition). Representative images from one vehicle 

and one THC-treated TRB3 w t and TRB3 KG tumors are shown (*P  < 0.05 or **P  < 0.01 from vehicle-treated tumors).
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Figure 39. THC treatment pro

motes the autophagic cell death 

pathway in RasV12/ElA TRB3 wt 

cell- but not TRB3 KG cell-derived 

tumors.

Effect o f THC administration on 

Akt and 56 phosphorylation, LC3, 

active caspase-3, Ki67 and CD31 im

munostaining in RasV12/ElA TRB3 

wt and TRB3 KG cells -derived tumor 

xenografts. Values correspond to 10 

sections of 3 dissected tumors for 

each condition and are expressed as 

the mean fold change ± s.d relative 

to vehicle-treated TRB3 wt tumors 

(**p  < 0.01 from vehicle-treated 

TRB3 w t tumors and 0.01 from  

vehicle-treated TRB3 KG tumors).

WT KO WT KO WT KO
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Patient 1 Patient 2

Pre- treatment Post-treatment Pre- treatment Post-treatment

2.9+0.61.0+0.41.7+0.3^1.0+0.2

0 2+0.1 r1.010.30.110.1 ^1. 010.2

Figure 40. THC administration promotes TRB3 expression and mTORCl inhibition in glioblastomas o f two patients.

Analysis of different parameters in two patients with glioblastoma multiforme before and after intracranial THC 

treatment (it was estimated that doses of 6-10 \iM  were reached a t the site o f administration) (Guzman et al., 2006). 

TRB3 and phospho-S6 immunostaining (representative photomicrographs are shown; TRB3 or phospho S6-stained area 

normalized to the total number of nuclei in each section; mean-fold change ± s.d. relative to the corresponding pre

treated sample; 15 sections by tumor fo r each condition; bar: 50 \xm; **P  < 0.01 from pre-treated tumors).
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3. POTENTIAL ROLE OF TRB3 IN THE REGULATION OF TUMORIGENESIS

In the previous part we have demonstrated that 

THC induces autophagy via TRB3-mediated inhibi

tion of Akt and mTORCl. Moreover, we also show 

that this event is necessary for cannabinoid anti-tu- 

moral action. Data presented in that section support 

that TRB3 prevents Akt phosphorylation at serine 

473 at least in part by disrupting the interaction of 

this kinase with mT0RC2. This TRB3-mediated Akt 

blockade leads to the inhibition of mTORCl and the 

subsequent activation of autophagy. Moreover, di-
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of the present Thesis suggested that - in addition to 

participate in the induction of autophagy in respon

se to THC treatment - the pseudo-kinase TRB3 may 

also play a more general role in the control of the 

Akt pathway during tumor generation and progres

sion. Thus, the analysis of RasV12/ElA-transformed 

TRB3-deficient MEFs revealed that Akt phosphoryla

tion was enhanced in those cells already in basal con

ditions with respect to their wild-type counterparts 

(Figure 35A). Even more, TRB3 KO cells exhibited an
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Figure 41. TRB3 KO MEFs exhibit higher proliferative rates than their wild-type counterparts and are resistant to THC 

action or serum-starvation.

(A,B,D) Time course analysis o f cell viability (A), KI67 expression (B) and cell viability upon 0.1% FBS low-nutrient 

conditions (D) in TRB3 w t and TRB3 KG RasV12/ElA-transformed MEFs. (C) Effect o f THC on cell viability in TRB3 wt and 

TRB3 KG RasV12/ElA-transformed MEF cells. (A-D: mean ± s.d.; n = 3; **P  < 0.01 from TRB3 w t cells).

fferent experiments with tumor xenografts strongly 

support that TRB3 plays also a crucial role in the pro- 

autophagic, pro-apoptotic and anti-tumoral actions 

of THC.

Apart from those findings, several observations 

obtained during the development of the second aim

increased proliferation rate (Figure 41A and B) and 

were more resistant than TRB3 wild-type cells to THC 

treatment (Figure 41C) or serum starvation-induced 

cell death (Figure 41D).

Moreover, tumors derived from TRB3 KO cells i) 

grew much earlier than those obtained from TRB3
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Figure 42. RasV12/ 

E1A-TRB3 KO tumor xe

nografts grow earlier 

than their wild-type 

counterparts.

Growth of TRB3 wt 

and TRB3 KO RasV12/ 

ElA MEF-derived tumor 

xenografts generated 

in nude mice (mean ± 

s.d.; n = 8 for each con

dition). Representative 

images from one tumor 

o f each condition are 

shown. Note that TRB3 

KO cell-derived tumor 

onset occurred 5±1 days 

after cell injection, whi

le TRB3 wt tumors arose 17 ±2 days following cell injection.

Figure 43. RasV12/ElA 

TRB3 KO tumors are more 

aggressive than their 

wild-type counterparts.

Analysis of Akt phos

phorylation, KI67 (A), 

CD31, M MP2 (B) and S6 

and FOXO phosphoryla

tion (C) immunostaining 

in RasV12/ElA TRB3 wt 

and TRB3 KO cell-derived 

tumor xenografts. Values 

correspond to 10 sections 

of 3 dissected tumors for 

each condition and are ex

pressed as the mean fold  

change ± s.d relative to 

vehicle-treated TRB3 wt 

tumors (**P  < 0.01 from  

vehicle-treated TRB3 wt 

tumors).
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o Figure 44. TRB3 KO
M FF  TRRS K n  RaQ .F1 A

MEFs show higher do- 

nogenidty than their 

wild-type counter

parts.

(A-B) Soft agar 

assay fo r colony for

mation in TRB3 wt 

(A) and TRB3 KG (B) 

RasV1 2 /E l A -transfar

med MEFs. Upper pa

nels: Representative

colonies from wt and 

KG MEFs are shown. 

Lower panels: Images

of two representative soft agar wells per condition. Insets show magnification o f one selected cell colony per well.
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Figure 45. TRB3 re-expression abolishes TRB3 KG-lnduced clonogenlclty and Invasiveness.

(A) Cell Invasion assay In TRB3 w t and TRB3 KG RasV12/ElA-transformed MEFs transfected with either pCDNA 

or pCDNA-FIA-TRB3. Upper panels show two representative Images per condition. Lower panel: Data represent the 

average of the number o f Invasive cells per condition (mean ± s.d.; n = 3; **P  < 0.01 from pCDNA-transfected TRB3 wt 

MEFs and # P< 0.05 from pCDNA-transfected TRB3 KG MEFs). (B) 5oft agar assay fo r colony formation In TRB3 wt and 

TRB3 KG RasV12/ElA-transformed MEFs transfected with either pCDNA or pCDNA-FIA-TRB3. Upper panels show one 

representative soft agar well per condition (mean ± s.d.; n = 2; **P  < 0.01 from pCDNA-transfected TRB3 wt MEFs and ** 

P< 0.05 from pCDNA-transfected TRB3 KG MEFs).
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Figure 46. TRB3 re-expression abolishes Akt hyper- 

phosphorylation In TRB3 KO MEFs.

(A) Analysis of Immunopreclpltated Akt phosphoryla

tion In TRB3 w t compared to TRB3 KG MEFs transfected 

with either pcDNA or pCDNA-HA-TRB3 or pCDNA-TAP-HA- 

TRB3 (6 h; n = 3). (B) Analysis o f Akt phosphorylation and 

HA-TRB3 expression In the whole cell extracts used In (A).

wt MEFs (Figure 42) and II) exhibited enhanced Akt 

phosphorylation and Ki67 immunostaining when 

compared to their wild-type counterparts (Figure 

43A and Supplemental Figure 4).

Based on these interesting findings, the third aim 

of this work was to further analyze the potential in

volvement of TRB3 in the regulation of tumorigene- 

sis.

3.1. Loss of TRB3 enhances clonogenicity 

and invasiveness of RasV12/ElA-transformed 

MEFs

As a first approach to corroborate this hypothe

sis, we performed clonogenicity assays with RasV12/ 

ElA-transformed MEFs. As shown in Figure 44, TRB3- 

deficient cells generated a higher number of clones 

when cultured in soft agar than their wild-type coun

terparts. In addition, unlike the round-shaped aspect 

of TRB3+/  ̂ clones, colonies derived from TRB3 KO

cells exhibited a more fibrotic and typically invasive 

phenotype. We therefore used the Boyden Chamber 

method to analyze the ability of TRB3'/' cells to mi

grate through a matrigel matrix. As shown in Figure 

45A, loss of TRB3 markedly enhanced the invasive

ness of RasV12/ElA-transformed MEFs. We there

fore analyzed whether these increased tumorigenic 

features observed in TRB3 KO MEFs could be rever

ted by re-expressing TRB3 in those cells. In line with 

this idea, over-expression of an HA-tagged form of 

this pseudo-kinase prevented the increase on i) Akt 

phosphorylation (Figure 46), ii) invasiveness (Figure 

45A) and iii) clonogenicity (Figure 45B) detected in 

TRB3 KO cells. To note, and in agreement with these 

observations, TRB3-deficient tumors exhibited in

creased immunostaining for M M P2 and CD31 (Figure 

43B and Supplemental Figure 4), suggesting that tho

se tumors had a more invasive and angiogenic phe

notype than those derived from TRB3 wt cells. Taken 

together, those observations strongly support that 

TRB3 exerts a tumor suppressing function, at least 

in the context of a RasV12/ElA oncogenesis-driven 

system.

3.2. Loss of TRB3 impacts some of the 

downstream targets of Akt

As TRB3 failure leads to enhanced Akt phos

phorylation, we analyzed whether some of the 

downstream targets of this kinase were also hy- 

per-phosphorylated in TRB3 KO cells. Western blot 

analysis revealed that TRB3-deficient MEFs exhibit 

increased phosphorylation of FOXO (T24/32) and 

BAD (5136), two well-established Akt substrates 

(Manning and Cantley, 2007) (Figure 47). By con

trast, loss of TRB3 did not affect the phosphoryla

tion of other Akt direct substrates such as GSK3(3 or 

PRAS40 (Figure 47). Likewise, TRB3 KO cells did not 

show changes on the phosphorylation of 4-EBPl or 

the ribosomal protein 56 [two downstream targets 

of mTORCl (Dowling et a!., 2011)]. In line with these
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Figure 47. TRB3 knock-out stimulates Akt, FOXO and BAD phosphorylation.

Effect o f TRB3 knock-out on Akt, FOXO, BAD, PRAS40, GSK3^, 56, 4-EBPl and NDGRl phosphorylation and the res

pective total protein levels (n = 5). As usual, a-tubulin is shown as a loading control.
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Figure 48. TRB3 is down-regulated in some human cancers.

(A-B) TRB3 protein levels characterized in TMAs comparing cancer vs. normal tissue (see text fo r references).
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observations, phosphorylation of FOXO but not of S6 

was increased in tumors derived from TRB3 KO cells 

(Figure 43C and Supplemental Figure 4). These data 

suggest that TRB3 loss affects on a substrate-specific 

manner the ability of Akt to phosphorylate and regu

late some of its downstream targets.

3.3. TRB3 is down-regulated in some human 

cancers

As described above, loss of TRB3 is associated 

with increased tumorigenicity of RasV12/ElA-trans- 

formed MEFs. In order to determine whether inac

tivation or decreased expression of TRB3 might be 

of relevance in human cancer, we examined different 

data bases of tissue microarrays (IM A ) and mRNA 

expression. Interestingly, TRB3 down-regulation has 

been found in several types of tumors. Thus, a six

fold reduction of TRB3 expression in invasive breast

1
1
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y
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Figure 49. TRB3 is down-regulated in carcinoma com

pared to differentiated cell lines.

TRB3 mRNA levels as determined by real-time quanti

tative PCR in CarCR, CarC, MSC11B9, MSC11A5, PDVand  

CarB cell lines. Data are expressed as the mean fold-de- 

crease ± s.d. relative to differentiated cell lines (n = 3; **P  

< 0.01 from differentiated cells).

carcinoma vs. normal tissue in a TMA containing 59 

human samples was observed by Finak et al (Figure 

48A) (Finak et o/., 2008). Likewise, a three fold reduc

tion of TRB3 protein in hepatocellular carcinoma vs. 

normal tissue was found in a TMA containing 115 hu

man samples (Figure 48B) (Mas et a i,  2009).

In addition, we analyzed TRB3 mRNA levels of a 

well-characterized experimental model representing 

the different stages of skin carcinoma progression. 

Thus, MSC11B9 cells were generated from the squa

mous epithelium and MSC11A5 cells were obtained 

from the most differentiated region of the same car

cinoma (Burns et a i,  1991). Likewise, CarCR repre

sents a non-aggressive epithelial cell subpopulation 

isolated from the carcinoma CarC cell line (Pons et 

a!., 2005). As shown in Figure 49, TRB3 mRNA levels 

were markedly higher in differentiated cell lines when 

compared to their undifferentiated, malignant coun

terparts. Similar results were obtained when compa

ring the keratinocyte primary culture PDV with the 

malignant carcinoma cell line CarB. Taken together, 

these observations suggest that TRB3 down-regula

tion is associated to increased tumor malignancy, at 

least in certain types of cancer.

3.4. TRB3 knock-down impacts Akt activity, 

proliferation and invasiveness of different tu

mor cell lines

Given that all the above data pointed to a role of 

TRB3 as a regulator of tumorigenesis, we evaluated 

the consequences of reducing TRB3 expression in tu

mor cell lines from different origins. Thus, we stably 

silenced TRB3 in U87MG (glioma) and FIEPG2 (he

patocellular carcinoma) cells using the short-hairpin 

RNAs system, leading to more than 80% reduction 

of TRB3 mRNA levels. Interestingly, stable knock

down of TRB3 enhanced Akt and FOXO phosphoryla

tion (Figure 50C and 51C), proliferation (Figure 50A 

and 51A) and invasiveness (Figure 5GB and 51B) of 

U87MG and HEPG2 cells.
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Figure 50. TRB3 down-regulation favors the malignancy o f U87MG cells.

(A) Effect o f she or shTRBS- stable transfection and Akt inhibitor X  (1 \iM ) on the viability of U87MG cells. A time 

course analysis is shown (mean ± s.d.; n = 3; **P  < 0.01 from shC-transfected vehicle-treated cells). (B) Cell invasion 

assay in shC and shTRB3 U87MG cells. Upper panel shows one representative image per condition. Lower panel: Data 

represent the average of the number of invasive cells per condition (mean ± s.d.; n = 3; **P  < 0.01 from shC- transfec

ted U87MG cells). (C) Effect of stable TRB3 knock-down on Akt, FOXO, BAD and 56 phosphorylation in shC and shTRB3 

U87MG cells (n = 3). Value of TRB3 gene expression as determined by real-time quantitative PCR (expressed as mean 

fo ld  change ± s.d. relative to shC-transfected cells; n = 2; **P  < 0.01 from  shC-transfected cells) was 0.2 ± 0 .1 **  fo r sh- 

TRB3 U87MG cells.

To note, enhanced proliferation of shTRBS U87MG 

cells was abolished when the cells were treated with 

the Akt inhibitor X (Figure 50A), further supporting 

that loss of TRB3 enhances proliferation at least in 

part via Akt stimulation. Consistent with the in vitro 

data, stable TRB3 down-regulation significantly ac

celerated the growth of U87MG cell-derived tumors

(Figure 52). Likewise, TRB3 deficiency strikingly has

tened HEPG2-derived tumor onset when compared 

to their control counterparts (Figure 53).

Taken together, these findings support that loss 

of TRB3 may contribute to enhance the tumorigenic 

potential of different cancer cell types.
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Figure 51. TRB3 down-regula

tion impacts proliferation, invasi

veness and Akt activity on HEPG2 

cells.

as mean fold change ± s.d. relative to shC 

fo r shTRB3 HEPG2 cells.

(A) Cell viability o f HEPG2 cells 

stably transfected with shC or sh- 

TRB3. A time course analysis is 

shown (mean ± s.d.; n = 3; **P  < 

0.01 from shC-transfected cells).

(B) Cell invasion assay in shC and 

shTRB3 HEPG2 cells. Upper panels 

show one representative image 

per condition. Lower panel: Data 

represent the average of the num

ber of invasive cells per condition 

(mean ± s.d.; n = 3; **P  < 0.01 from  

she- transfected cells). (C) Effect of 

stable TRB3 knock-down on Akt, 

FOXO, BAD and 56 phosphoryla

tion in she and shTRB3 cells (n = 3). 

Low and high exposures o f the film  

are shown. Value of TRB3 gene 

expression as determined by real

time quantitative PCR (expressed 

■transfected cells; n = 2 ; * *P <  0.01 from shC-transfected cells) was 0.3 ± 0 .1 * *

she shTRBS 

HEPG2

Given the novel functions described for pseudo

kinases in the last years, these proteins have come 

to gain high pathophysiological interest since they 

are likely to regulate diverse fundamental processes 

relevant to understanding human diseases. Here we 

have found a new role for the pseudo-kinase TRB3 

as a potential tumor suppressor protein. As shown 

in "Aim 2", TRB3 inhibits Akt activation, at least in 

part by disrupting its interaction with m I0RC2. 

This observation was further strengthened by the 

finding that knock-out or knock-down of TRB3 fa

vors the hyper-phosphorylation of Akt in Ser473. 

Of interest, TRB3-evoked mT0RC2-mediated regu

lation of Akt seems to be selective for this kinase, 

since phosphorylation of NDGRl [another substrate 

downstream of mT0RC2 (Garcia-Martinez and Ales-

si, 2008)] does not seem to be affected by the loss 

of TRB3 (Figure 47). Furthermore, we have demons

trated that the Akt hyper-phosphorylation observed 

when TRB3 is down-regulated affects selectively 

some of its substrates, such as FOXO and BAD. As ex

pected, Akt hyper-activation and FOXO inhibition in 

TRB3-deficient MEFs correlate with enhanced tum o

rigenesis, since those cells exhibit more proliferation, 

invasiveness and aggressiveness than their wild-type 

counterparts, both in vitro and in vivo. In line with 

these observations, U87MG and HEPG2 cancer cells 

with stable TRB3 silencing display higher proliferative 

rates, invasiveness and Akt and FOXO phosphoryla

tion than their control counterparts. However, TRB3 

stable knock-down tempered only partially those tu 

morigenic features in MCF7 breast cancer cells, and
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Figure 52. TRB3 silencing accelerates U87MG cell-derived tumor progression.

(A) Effect ofshTRB3 or shC stable transfection on the growth of U87MG cell-derived tumor xenografts generated in 

nude mice (mean ± s.d.; n = 6 for each condition). Tumors from both experimental groups arose 15 ± 3 days after cell 

injection. Inset panel: Analysis of hTRB3 mRNA levels in shC and shTRB3-transfected U87MG cells. (B) Representative 

images from one shC compared to one shTRB3 U87MG tumors are shown. (C) shC and shTRB3 U87MG tumor weight a t 

the end o f the experiment (*P  < 0.05 from shC-transfected U87MG cell-derived tumors).

no significant effects were observed in MiaPaca2 

pancreatic cancer cells (Supplemental Figure 5). Of 

interest, although we identified a number of tumors 

in TMA data bases in which TRB3 levels were dimi

nished, TRB3 has been reported to be highly expres

sed in some human lung, colon and breast tumors

(Bowers et a!., 2003; Jianmin Xu et a!., 2006; Miyo- 

shi et al., 2009). Altogether, those data indicate that 

TRB3 may impact Akt regulation and tumorigenicity 

in very specific and delicate manners depending on 

the genetic and/or environmental cellular context.
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Figure 53. TRB3 silencing accelerates the onset o f HEPG2 cell-derived tumor xenografts.

(A) Effect o f shTRB3 or shC stable transfection on the growth o f HEPG2 cell-derived tumor xenografts generated 

In nude mice (mean ± s.d.; n = 8 fo r each condition). Inset panel: analysis o f hTRB3 mRNA levels In shC and shTRB3- 

transfected HEPG2 cells. Representative Images from one shC compared to one shTRB3 tumors are shown. Note that 

shTRB3 cell-derived tumor onset occurred 9 ±3 days after cell Injection, while shC tumors arose 16 ±2 days following cell 

Injection. (B) shC and shTRB3 tumor weight 30 days after cell Injection (*P  < 0.05 and **P  < 0.01 from shC-transfected 

HEPG2-derlved tumors).
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General Discussion,Conclusions and Spéculations

Cannabinoids, the active components of marijua

na, of which A9-tetrahydrocannablnol (THC) is the 

most important owing to its high abundance and 

potency, are currently investigated as potential anti- 

tumoral agents. Along these lines, treatm ent with 

cannabinoids curbs tumor growth in various animal 

models of cancer. These anti-tumoral actions of can

nabinoids are based, at least in part, on the ability 

of these agents to activate apoptosis of cancer cells.

Findings presented in this Thesis unravel that 

cannabinoids stimulate an endoplasmic reticulum 

(ER) stress-related signaling pathway that activates 

autophagy-mediated cell death in different types of 

tumor cells.

THC induces autophagy via stimulation of an 

ER stress-dependent signaling route

We found that THC triggers an early accumula

tion of de novo-synthesized ceramide (an event that 

takes place in the ER), which leads in turn to ER di

lation and increased eukaryotic initiation translation 

factor 2a (elF2a) phosphorylation, a hallmark of the 

ER stress response (Figure 1 of Discussion). As des

cribed in the Introduction, several kinases, including 

PKR, PERK and GCN2, are known to phosphorylate 

elF2a. Unexpectedly, our observations suggest that 

none of those kinases is responsible by itself for the 

activation of the described pathway (Supplemental 

Figure 6). Thus, the identity of the kinase that links

a CB1 a CB2
' H to t ' l j P Wi J t l l l U .

m

ER stress

ER stress-related targets
mTORCl

Autophagy

APOPTOSIS

Figure 1 o f Discussion. Schematic of the proposed general mechanism of THC-lnduced cell death.
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ceramide accumulation to elF2a phosphorylation re

mains unknown and is currently under investigation 

in our laboratory.

Our data support that increased phosphorylation 

of elF2a is required for the up-regulation of several 

genes, including the stress-regulated protein p8 (also 

named candidate of metastasis 1, Com-1) and its 

downstream target, the pseudo-kinase Tribbles ho

mologue 3 (TRB3), that we had previously implicated 

in cannabinoid anti-tumoral action (Carracedo et al., 

2006b) (Figure 1 of Discussion). As described in the 

Introduction, elF2a phosphorylation inhibits gene

ral protein synthesis while specifically enhances the 

translation of a number of ER stress-related proteins. 

In our study we found an early increase in ATF4 pro

tein levels that seems to be important for the enhan

ced transcription of the co-activator p8, which in turn 

promotes the transcriptional up-regulation of ATF4 

and CHOP and then of TRB3. Genetic inhibition of p8 

and TRB3 prevented cannabinoid-induced autopha

gy as well as cell death, demonstrating that these 

proteins play a major role in connecting ER stress to 

autophagy in the context of cannabinoid action.

Our investigations show that the induction of 

autophagy in response to cannabinoid-triggered 

ER stress relies on the inhibition of the Akt/mam- 

malian target of rapamycin complex 1 (mTORCl) 

axis by TRB3. Thus, cannabinoids increase TRB3 le

vels, which promote the inhibitory interaction of this 

pseudo-kinase with Akt, leading in turn to mTORCl 

inhibition (Figure 1 of discussion). In support of this 

model, silencing of TRB3 reverts and its over-expres

sion potentiates the THC-evoked Akt/mTORCl axis 

inactivation and the subsequent stimulation of au

tophagy. Moreover, THC administration decreased 

mTORCl activity, stimulated autophagy and apopto

sis and reduced the growth of tumors generated with 

p8 /̂  ̂or TRB3^/^cells but not with p8' ‘̂ or TRB3  ̂ cells.

Of interest, in parallel with the increase in TRB3- 

Akt interaction and the decrease in Akt activity.

THC triggers a reduction of the Akt interaction with 

mT0RC2 (the protein complex that phosphorylates 

Akt on serine 473) as well as of TRB3 with mT0RC2. 

Moreover, THC fails to regulate Akt phosphorylation 

and its interaction with mT0RC2 in TRB3 KO cells. 

Altogether, these data support that at least one of 

the mechanisms by which TRB3 inhibits Akt phos

phorylation in response to THC treatment relies on 

the disruption of the Akt-mT0RC2 interaction (Figure 

2 of Discussion).

These data lead us to propose that induction of 

autophagy by cannabinoids depends on the stimu

lation of an ER stress-regulated signaling route that 

involves ceramide accumulation, increased e lF 2 a -  

phosphorylation, ATF4, CHOP and TRB3 up-regula- 

tion, TRB3-mediated inhibition of Akt phosphoryla

tion by disrupting the interaction of this kinase with 

mT0RC2 and, finally, blockade of mTORCl (Figure 1 

of Discussion). In addition, this pathway may consti

tute a new mechanism - that adds to others that had 

been previously described - by which ER stress con

nects with autophagy (Figure 3 of Discussion).

Connection between THC-trlggered autophagy 

and apoptosis

Results presented in this manuscript strongly 

support that stimulation of autophagy is part of the 

mechanism by which THC induces apoptosis and can

cer cell death. Moreover, data also sustain that this 

mechanism operates in vivo and that autophagy is 

required for cannabinoid anti-tumoral action.

Of note, autophagy -  as ER stress -  is primarily 

considered a cell survival mechanism. However, de

pending on the intensity of the autophagic stimulus 

and the cellular context, the final outcome of au

tophagy activation could also be cytotoxic. Accordin

gly, stimulation of autophagy in response to ER stress 

inducers has been implicated in promotion (Ding et 

al., 2007; Gozuacik et ai., 2008; Martin et ai., 2009;
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Figure 2 o f Discussion. Schematic o f the proposed TRB3-medlated regulation o f Akt/mT0RC2 crosstalk.

Park et ol., 2008) or inhibition (Ding et al., 2007; Ho- 

yer-Hansen and Jaattela, 2007; Kouroku et al., 2007; 

Ogata et al., 2006) of cell death. In any case, the mo

lecular mechanism that determines this dual role of 

autophagy in the control of cell survival remains to 

be clarified.

Inhibition of mTORCl and induction of autoohaev

As discussed above, inhibition of mTORCl is the 

crucial event in the triggering of autophagy under 

many cellular settings. Intriguingly, we found that 

cannabinoids induce autophagy more efficiently 

than treatm ent with rapamycin (a specific inhibi

tor of mTORCl), to rin l (an inhibitor of mTOR kina

se activity that blocks both mTORCl and mT0RC2) 

and nutrient starvation (a situation that also inhibits 

mTORCl and is widely employed to induce autopha

gy). Moreover, we did not find a direct correlation 

between the activity of mTORCl (as monitored by the 

phosphorylation of its substrates S6 and 4-EBPl) and 

autophagy (as determined by LC3 lipidation). Thus,

cannabinoid-triggered inhibition of phospho-S6 and 

phospho-4-EBPl was lower while LC3 lipidation was 

higher than that produced by nutrient starvation, ra

pamycin or to rin l (Supplemental Figure 7). Of note, 

the mechanism that determines the selectivity of 

mTORCl for its substrates has not been completely 

clarified yet. For example, it is well-established that 

rapamycin (that is widely used as an autophagy indu

cer) strongly reduces 56 phosphorylation whereas it 

does not affect 4-EBPl phosphorylation (Guertin and 

Sabatini, 2007). Therefore, a decrease in the phos

phorylation of one of the substrates of mTORCl does 

not necessarily correlate with changes in the phos

phorylation of the others.

In particular, mTORCl regulates autophagy via 

phosphorylation of ULKl. Thus, as described in the 

Introduction, blockade of mTORCl reduces ULKl 

phosphorylation, which leads in turn to the de

inhibition of the ULKl complex. This event triggers 

autophagy initiation through a mechanism that has
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Figure 3 of Discussion. Mechanisms connecting ER stress and autophagy.

Different ER stresses lead to autophagy activation. release from the ER can stimulate different kinases that 

regulate autophagy. CaCMKKB phosphorylates and activates AMPK which leads to mTORCl inhibition; DAPK phos

phorylates Beclin-1 promoting its dissociation from  Bcl-2; PKCû activation may also promote autophagy independently 

of mTORCl. Inositol 1,4,5-trisphosphate receptor (IP3R) interacts with Beclin-1. Pharmacological inhibition of IP3R may 

lead to autophagy in a Ca^*-independent manner by stimulating its dissociation from Beclin-1. The IREl arm of ER stress 

leads to JNK activation and increased phosphorylation of Bcl-2 which promotes its dissociation from Beclin-1. Increased 

phosphorylation o f elF2a in response to different ER stress stimuli can lead to autophagy through ATF4-dependent 

increased expression of Atgl2. Alternatively, as presented in this Thesis, ATF4 and the stress-regulated protein p8 pro

mote the up-regulation of the pseudo-kinase TRB3, which leads to inhibition of the Akt/mTORCl axis to stimulate 

autophagy. Adapted from Verfaillie et al., 2010.

not been completely elucidated yet. One possible ex

planation for the above results is therefore that the 

cannabinoid-triggered inhibition of mTORCl affects 

ULKl phosphorylation more efficiently than rapamy

cin, to rin l or nutrient starvation. Thus, we decided 

to analyze in more detail the regulation of ULKl by 

cannabinoids. Co-immunoprecipitation experiments 

revealed that cannabinoids, but not nutrient starva

tion or incubation with rapamycin or to rin l, triggers 

the interaction of ULKl with TRB3. Moreover, we

found that TRB3 interacts with Raptor (a component 

of mTORCl) only upon cannabinoids treatm ent but 

not when cells were treated with rapamycin or sub

jected to nutrient starvation (Supplemental Figure 

8 ).

Although a more extensive investigation needs to 

be performed on this issue, one plausible explana

tion for these observations would be that TRB3 in

fluences the interaction of mTORCl with ULKl. Fu-
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ture research should clarify whether this mechanism 

plays an important role on the triggering of autopha

gy-mediated cell death by cannabinoids to a greater 

extent than other autophagic stimuli.

Potential role of AMPK in cannabinoid-induced 

autophagy

Of interest, we found that THC treatm ent also 

leads to increased AMPK phosphorylation (Supple

mental Figure 2 and 9). Experiments performed in 

glioma cells indicate that this event is not necessary 

in THC-triggered autophagy and cell death (Suppple- 

mental Figure 2). However, recent work performed 

in collaboration with Inès Diaz-Laviada's laboratory 

revelad that AMPK may play a complementary role 

to TRB3-mediated inhibition of the Akt/mTORCl 

axis in hepatocellular carcinoma (HCC) cells. Thus, 

unlike the results obtained in glioma cells, pharma

cological or genetic blockade of AMPK has a similar 

inhibitory effect than TRB3 silencing on cannabinoid- 

induced autophagy and cell death [(Vara et al., 2011) 

and Supplemental Figure 9]. AMPK has been shown 

to negatively regulate mTORCl via TSC2 activation, 

which also leads to autophagy stimulation (Guertin 

and Sabatini, 2005), and therefore we asked whether 

cannabinoids also inhibit mTORCl through this me

chanism in HCC cells. In disagreement with this pos

sibility, our data show that - unlike TRB3 silencing 

- AMPK knock-down does not prevent cannabinoid- 

induced mTORCl inhibition. In addition, knock-down 

of TRB3 does not affect the stimulation of AMPK by 

cannabinoids (Supplemental Figure 9). These obser

vations suggest that i) TRB3 and AMPK are activated 

by different mechanisms in response to cannabinoid 

treatment, and ii) that both proteins regulate au

tophagy acting at different stages.

Two converging pathways have been described for 

AMPK regulation: one directed by LKBl, dependent 

on a change in cellular AMP, and another one direc

ted by CaMKKs, dependent on changes in intracellu

lar Câ + (Witters et al., 2006). Experiments performed

in LKBl wt and KO MEFs showed that LKBl deficiency 

has no evident effects on stimulation of autophagy- 

mediated cell death pathway by THC (Supplemental 

Figure 10). In addition, we found in HCC cells that 

CaMKKP rather than LKBl is the dominant AMPKK 

enzyme in HCC cells in response to cannabinoids 

(Vara et al., 2011). Thus, cannabinoids induce au

tophagy in HCC cells possibly by a two-pronged me

chanism, one arm (similar to that operating in glioma 

cells) involving ER stress, TRB3 and Akt/mTORCl inhi

bition, and another one reliant on AMPK stimulation 

via CaCMKKP (Figure 4 of Discussion).

Additionally, as mentioned in the Introduction, 

it has been recently shown that AMPK binds to and 

directly phosphorylates the Ser/Thr kinase ULKl. 

Thus, under certain cellular settings, mTORCl inhibi

tion and AMPK activation may cooperate to trigger 

autophagy (Egan et al., 2011a; Kim and Guan, 2011; 

Lee et al., 2010; Zhao and Klionsky, 2011). Although 

future research is needed to completely clarify this 

point, our data suggest that this could be the me-

R stress

Autophagy

APOPTOSIS

Figure 4 o f Discussion. Schematic o f the proposed 

complementary mechanisms of cannabinoid-induced HCC 

death.

Cannabinoid treatment stimulates autophagy in HCC 

cells via two different mechanisms: i) up-regulation o f 

TRB3 and subsequent inhibition o f the Akt/mTORCl axis, 

and ii) activation o f AMPK via CaCMKKB. Stimulation o f 

autophagy by cannabinoids leads to HCC apoptosis and 

cell death.
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chanism by which cannabinoids trigger autophagy in 

HCC cells.

Cannabinoids activate a Bedinl-indeoendent 

autophagy

As discussed above, research by different labora

tories has shown that autophagy is involved in both 

promotion and inhibition of apoptosis. Of interest, 

although the molecular determinants of this dual 

role of autophagy remain unclear, the participation of 

particular set of autophagic genes has been sugges

ted to influence on the final outcome of autophagy. 

Thus, Beclinl - a member of the class III PI3K complex 

- has been mostly related to pro-survival autophagy 

(Boya et al., 2005; Cara mes et al., 2010; Hamacher- 

Brady et al., 2006; Hamed et al., 2010; Kamitsuji et 

al., 2008; Kim et al., 2009; Levine and Klionsky, 2004; 

Mathew et al., 2007; Michiorri et al., 2010; Sciarretta 

et al., 2011). In line with this idea, our data indicate 

that THC-induced autophagy is Beclinl-independent 

(Supplemental Figure 11).

Altogether, these observations suggest that sti

mulation of autophagy-mediated cell death by THC 

involves a non-canonical mechanism of activation of 

this autophagy, independent of Beclinl and depen

dent of the participation of TRB3 and, at least under 

certain cellular settings, of AMPK.

THC-triggered sphingolipid generation mav in

fluence autolvsosome membrane oermeabilization

In addition, data obtained recently in our la

boratory support that stimulation of sphingolipid 

biosynthesis could be involved in the triggering of 

autophagy-induced cell death by cannabinoids. 

Thus, apart from acting upstream of elF2a phos

phorylation on the activation of the ER stress-rela

ted pathway that leads to TRB3 up-regulation and 

Akt/mTORCl inhibition, our data support that the 

sphingolipidic content of autophagosomes genera

ted upon THC treatment is different of that of au

tophagosomes generated by nutrient starvation or 

rapamycin incubation. Moreover, our results suggest

that this accumulation of sphingolipids in autolyso- 

somes may facilitate their membrane permeabi- 

lization, thus facilitating the release of cathepsins 

(Hernandez-Tiedra et al., unpublished data). Once 

in the cytoplasm, cathepsins may cleave a number 

of substrates, including Bid and other anti-apoptotic 

members of the Bcl-2 family. This is consistent with 

our observations showing that pharmacological bloc

kade of cathepsins prevents THC-induced cell death 

and with the idea that cathepsin-mediated cell death 

proceeds through destabilization of mitochondria 

and subsequent activation of apoptosis (Blomgran et 

al., 2007; Boya et al., 2003a; Boya et al., 2003b; Cir- 

man et al., 2004; Guicciardi et al., 2000; Stoka et al., 

2001; Stoka et al., 2007). Thus, although further in

vestigation will be necessary to unravel their precise 

role in THC-evoked autophagy-mediated cell death, 

it is tempting to speculate that sphingolipids may be 

recruited to autophagosomes, impact the autopha

gosome membrane and thus promote the release of 

lysosomal cathepsins to induce apoptosis (Figure 5 

of Discussion).

In summary, observations presented in this ma

nuscript, together with other data and previous re

sults from our laboratory, lead us to propose a model 

of stimulation of autophagy-mediated cell death by 

cannabinoids, which relies on sphingolipid synthe

sis de novo, induction of ER stress and subsequent 

phosphorylation of the translation initiation factor 

elF2a. This event leads to the activation of an ER 

stress response, which involves ATF4, CHOP, p8 and 

importantly, TRB3 up-regulation. TRB3 mediates the 

connection between ER stress and autophagy by i) 

disrupting the Akt-mT0RC2 interaction, thus preven

ting the phosphorylation in serine 473 of this kina

se and ii) presumably by facilitating the disassem

bly of ULKl from mTORCl complex. Therefore, on 

one hand, TRB3-triggered inactivation of Akt leads 

to mTORCl inhibition and subsequent ULKl activa

tion and, on the other hand, TRB3 would facilitate
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the release of ULKl from mTORCl, thus enhancing 

autophagy. Moreover, at least in the context of HCC 

cells, the above described TRB3-governed pathway 

is complemented by an AMPK-dependent route that 

converges in the activation of autophagy. Furthermo

re, recent data lead us to speculate that, apart from 

triggering the ER stress response, THC-evoked sphin

golipids may be recruited to autolysosomes and then 

favor their membrane permeabilization. The sub

sequent cathepsin release is likely a key step in the 

connection between THC-mediated autophagy and 

apoptosis.

Clinical relevance of these findings

One of the important observations of this work is 

that stimulation of autophagy by cannabinoids could 

be therapeutically exploited to promote cancer cell 

death. Of importance, although the bulk of our ob

servations has been obtained in glioma cells, data 

on this Thesis support that treatment with THC or 

with other cannabinoids stimulates autophagy-me-

Figure 5 o f Discussion. 

Schematic of the proposed 

mechanism by which sphingo

lipids contribute to cannabi

noid-induced autophagic cell 

death.

THC-induced sphingoli

pids synthesis contributes 

to autophagy-mediated cell 

death by two complemen

tary mechanisms: i) Induction 

of ER stress and subsequent 

TRB3-promoted blockade of 

the Akt/mTORCl axis and ii) 

recruitment o f Cer and dh- 

Cer to autophagosomes thus 

favoring permeabilization o f 

autolysosomes membrane 

and cathepsins release to the 

cytosol.

diated cell death also in pancreatic cancer cells and 

HCC cells [Supplemental Figure 12 and (Vara et al., 

2011)]. Moreover, experiments performed with tu 

mor xenografts confirmed that this mechanism also 

operates in vivo [Supplemental Figure 13 and (Vara 

et al., 2011)1 and it is essential for cannabinoid anti- 

tumoral action.

Interestingly, we used different routes of cannabi

noid administration [peri-tumoral, intra-peritoneal, 

and oral (Results and Supplemental Figure 14)] and 

confirmed that these agents were able to stimula

te the autophagy-mediated cell death pathway and 

reduce tumor growth when therapeutically relevant 

doses and routes of administration were used. Of 

note, cannabinoids do not activate ER stress, au

tophagy and apoptosis in non-transformed cells. 

Likewise, no signs of toxicity were observed in the 

clinical trial patients (Guzman et al., 2006) or in 

tumor-bearing animals treated intra-cranially, peri- 

tumorally, intra-peritoneally or orally with THC [(Ca

rracedo et a i ,  2006a; Carracedo et a i,  2006b; Galve- 

Roperh et a i ,  2000) and data not shown]. Moreover,
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no overt toxic effects have been reported in other 

clinical trials with cannabinoids in cancer patients for 

various applications (e.g. inhibition of nausea, vomi

ting and pain) using different routes of administra

tion (e.g. oral, oro-mucosal) (Guzman, 2003; Hall et 

al., 2005). Therefore, safe therapeutically-efficacious 

doses of THC may be achieved in cancer patients.

Importantly, we have recently found that the 

combined administration of cannabinoids and te- 

mozolomide [the benchmark for the management 

of glioblastoma multiforme (GBM)] potently stimu

lates autophagy and apoptosis and strongly reduces 

the growth of different models of tum or xenografts 

[(Torres et a!., 2011) and Supplemental Figure 14]. 

Moreover, genetic or pharmacological inhibition of 

the midkine/ALK axis (a mechanism that promotes 

resistance to THC anti-tumoral action in gliomas) 

facilitates the stimulation of the autophagy-evoked 

cell death pathway by cannabinoids and sensitizes 

resistant tumors to the treatment with these agents 

(Lorente et ai., 2011) (Figure 6 of Discussion).

In terms of clinical purposes and therapeutical

drug combinantion, it is essential to consider the ce

llular context in orderto understand how the different 

ER stress signals are integrated to yield a protective 

or cytotoxic autophagic response and subsequently 

to design the optimum anti-tumoral therapeutic stra

tegy in eah particular case (Figure 7 of Discussion). 

Our observations strongly support that cannabinoid 

stimulation of the autophagy-triggered cell death 

pathway identified in this Thesis could be therapeu

tically exploited -  likely in combination with other 

anti-tumoral drugs - for the treatm ent of gliomas and 

other types of tumors.

Potential role of TRB3 in tumorigenesis

Protein kinases regulate the function of a large 

fraction of cellular proteins by catalyzing the cova

lent attachment of a phosphoryl group onto Ser, 

Thr and Tyr residues in target proteins. Unexpecte

dly, 10% of those proteins lack one or more of the 

conserved amino acids in the kinase domain that 

are required for catalytic activity; they are therefo

re predicted to be catalytically inactive and named

Predictor of resistance to 
cannabinoids

Resistant to THC or TMZ

[THC»MDk/ALK Inhibitor I

Apoptosis

Autophagy

^C+CBD+TÎ

Autophagy

Sensitive to THC or TMZ 

Autophagy

Apoptosis Apoptosis

Figure 6 of Discus

sion. Schematic of the 

proposed anti-tumoral 

therapeutic strategy 

to fight gliomas, based 

on the combination 

of cannabinoids with 

either TMZ or an inhi

bitor o f MDK/ALK axis.
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Figure 7 o f Discussion. Hypothetic 

therapeutic strategies based on the mo

dulation o f ER stress and autophagy.

Different strategies involving modu

lation of ER stress and autophagy could 

be potentially used in anti-tumoral the

rapies. (Left) One type o f anti-tumoral 

agents (e.g., cannabinoids) activates ER 

stress and autophagy as a mechanism to 

promote cancer cell death. In these ca

ses, strategies aimed a t increasing the 

stimulation of ER stress and autopha

gy might be beneficial. (Middle) Other 

anticancer agents (e.g., PDT) activate 

ER stress as part o f the mechanisms byTumor cell death

which they promote cancer cell death. Secondary ER stress-induced activation o f autophagy may contribute to ceil 

death (in apoptosis-deficient cells) or to ceil survival (in apoptosis competent ceils). Thus, depending on the tumor 

features, autophagy inhibitors or inducers might be administered to improve the response to these anticancer agents. 

(Right) A third type ofanti-tumorai agents (e.g., Imatinib mesilate) activates a protective ER stress/autophagy respon

se secondarily to its primary anti-tumoral mechanism. Inhibition o f ER stress and/or autophagy would help to reduce 

the resistance to this type of therapy.

pseudo-kinases. Although much remains to be learnt 

about the intricate functions of pseudo-kinases, the 

initial studies suggest that, despite lacking catalytic 

activity, these proteins are not uninteresting and 

are likely to have important functions in regulating 

diverse fundamental processes. For instance, a key 

role of some of these proteins is clearly to participa

te in multi-protein complexes. Among this particular 

subgroup of scaffolding pseudo-kinases, TRB3 has 

been reported to associate with numerous proteins 

including transcription factors, kinases and ubiquitin 

ligases. For instance, TRB3 binds to i) the CDC25 ho

molog String, a key regulator of cell division and DNA 

damage repair, thereby promoting its ubiquitination 

and proteasome-mediated degradation (Rorth eta l., 

2000); ii) the transcription factors CFIOP and ATF4, 

thus inhibiting their transcriptional activity (Bowers 

et al., 2003; Ohoka et al., 2005); iii) the E3 ubiqui

tin ligase constitutive photomorphogenic protein 1 

(COPl), thereby stimulating the proteasomal degra

dation of the enzyme that catalyzes the main regula

tory step of fatty acid synthesis (acetylCoenzyme A 

carboxylase) in the adipose tissue (Qi et al., 2006).

In addition, a yeast-2-hybrid screen aimed at 

identifying partners of A k tl (lacking the N-terminal 

pleckstrin homology domain) led to the identifica

tion of TRB3 as an A k tl binding protein (Du et al., 

2003). Thus, TRB3 was reported to suppress insulin- 

signaling by inhibiting Akt activity. Flowever, a sub

sequent report from lynedjian failed to confirm the 

regulatory function of TRB3 on Akt activation in hé

patocytes (lynedjian, 2005). Thus, the inhibitory role 

of TRB3 on Akt has remained a controversial issue. 

In this Thesis we present strong evidence suppor

ting that TRB3 interacts with Akt and with mT0RC2, 

the protein complex responsible for the Akt phos

phorylation on serine 473. Interestingly, as discussed 

below, our observations also suggest that the inhibi

tory role of TRB3 on Akt signaling may depend on the 

cellular context.

Akt plays a crucial role in the regulation of meta-
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bolism, cell growth, cell proliferation, cell survival, 

glucose uptake, and its deregulation may contribute 

to the etiopathology of several human diseases (Be- 

llacosa et al., 2005; Engelman et al., 2006) (Figure 

8 of Discussion). One of the mechanisms by which 

Akt enhances cell survival is blocking the function of 

several pro-apoptotic proteins. For instance, Akt di

rectly phosphorylates the BH3-only protein BAD on 

serine 136 (Datta et al., 1997; del Peso et al., 1997), 

thus creating a binding site for 14-3-3 proteins. This 

prevents BAD from being targeted to the mitochon

dria, where this protein exerts its pro-apoptotic 

function (Datta et al., 2000). The ability to phos- 

phorylate S136 on BAD is important for the survival 

effects of Akt on several cell types (Datta et al., 1997; 

Datta et al., 2000). Akt also inhibits the expression of 

BH3-only pro-apoptotic proteins via the regulation of 

different transcription factors, including FOXO. Thus, 

Akt phosphorylates FOXOl on T24, 5256, and 5319, 

and F0X03a and F0X04 on three equivalent residues 

(Tran et al., 2003), thereby promoting FOXO binding 

to 14-3-3 proteins and its subsequent sequestration 

in the cytoplasm, which displaces FOXO transcription 

factors from their target genes. Thus, stimulation of 

Akt favors cell proliferation and survival at least in 

part by preventing the FOXO-dependent transcrip

tion of genes that lead to apoptosis and cell cycle 

arrest.

5upporting the relevance of TRB3 in the regulation 

of Akt, we found that the lack of TRB3 (at least in a 

Ras V12/ElA-transformed MEF context) importantly 

impacts the activity of the Akt pathway. Thus, TRB3 

KO cells exhibit increased levels of phosphorylated 

Akt and of its substrates F0X01/3a and BAD. By 

contrast, other Akt substrates are unaffected by the 

over-activation of this kinase.

In line with these findings, recent observations 

using MEFs lacking different components of mT0RC2 

complex suggest that phosphorylation on 5473 may 

determine the substrate specificity of Akt (Jacinto 

et al., 2006). Thus, Akt needs to be phosphorylated

PROUFERATION m
GLUCOSE
UPTAKE

METABOUSM

Figure 8 of Discussion. Cellular functions o f 10 Akt 

substrates.

Akt-mediated phosphorylation o f these proteins 

leads to their activation (arrows) or inhibition (blocking 

arrows). Regulation o f these substrates by Akt contribu

tes to activation of the various cellular processes shown 

(i.e., survival, growth, proliferation, glucose uptake, me

tabolism, and angiogenesis). As illustrated by these 10 

targets, a high degree o f functional versatility and over

lap exists amongst Akt substrates. Adapted from M an

ning and Cantley, 2007.

on serine 473 to phosphorylate the N-terminal do

main of FOXO proteins, whereas the phosphorylation 

on this Akt residue does not appear to be required 

for the Akt-mediated phosphorylation of T5C2 and 

G5K3 (Guertin et al., 2006; Jacinto et al., 2006). As 

previously described, TRB3 may regulate Akt phos

phorylation on serine 473 by controlling Akt-mT0RC2 

interaction. It is therefore tempting to speculate that 

TRB3 participates in the regulation of the substrate 

specificity of Akt via this mechanism. A schematic of 

our proposed model of TRB3-mediated regulation of 

Akt is shown in Figure 2 of Discussion.

Of importance, in this work we have found that 

loss of TRB3 enhances the pro-tumorigenic features 

of RasV12/ElA-transformed MEFs. Thus, TRB3 /' cells 

exhibited higher proliferation, invasiveness and clo- 

nogenicity than their wild-type counterparts. In sup

port of the specificity of these observations, all those 

tumorigenic features - together with the enhanced
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phosphorylation of Akt characteristic of those cells 

- were prevented by TRB3 re-expression. In addition, 

the onset of tumors derived from TRB3' '̂ MEFs was 

much more rapid than that of TRB3 /̂  ̂ tumors. M o

reover, tumors derived from TRB3 KO cells displayed 

higher proliferation, angiogenesis and phosphoryla

tion of Akt as well as of FOXO than their wild-type 

counterparts. Taken together, these observations 

suggest that loss of TRB3 enhances tumorigenesis 

via deregulation of Akt and some of its downstream 

substrates.

Analysis of published data in microarrays and 

TMAs revealed that TRB3 levels appear down-regu

lated in different types of tumors including hepato

cellular carcinoma and breast cancer (Finak et al., 

2008; Mas et al., 2009). On the other hand, previous 

reports had shown that enhanced TRB3 expression 

may occur in esophageal lung and colon cancers 

(Bowers et al., 2003; Jianmin Xu et al., 2006; Miyo- 

shi et al., 2009). In line with these observations, we 

found that TRB3 knock-down enhanced proliferation 

and tumorigenicity, together with Akt and FOXO 

phosphorylation, of U87MG (glioma) and HEPG2 (he

patocellular carcinoma) cells. By contrast, silencing 

of this pseudo-kinase did not affect these parame

ters or even had opposite effect in other cancer cell 

lines (i.e. MiaPaca2 tumor pancreatic cells and MCF7 

breast cancer cells). Likewise, knock-down of TRB3 in 

p53 ''‘ MEFs rendered those cells more proliferative 

and clonogenic than their equivalent controls, whe

reas TRB3 silencing produced the opposite effect in 

TSC2 p53/ MEFs (Supplemental Figure 15). Taken 

together, those observations suggest that the effect 

of TRB3 on the control of tumorigenesis could be stri

kingly dependent on the cellular and genetic context. 

Of interest, this duality observed for TRB3 in cancer 

has been previously described for several other pro

teins. For example, TGF-P acts cytostatically at early- 

stages of cancer generation while promoting tumori

genesis and progression to more malignant lesions at 

later stages (Siegel and Massague, 2003). Moreover, 

depending on the cellular context, oncostatin-M and 

KLF4 can work inhibiting or promoting cell prolifera

tion (Rowland eta l., 2005; Zarling et a i,  1986).

One point that remains to be clarified is the im

portance of TRB3 in the control of Akt downstream  

signaling during tumor generation and progression. 

As discussed above, lack of TRB3 (or stable silencing 

of this protein in U87MG or HEPG2 cells) enhances 

FOXO phosphorylation, a mechanism that might rely 

on the regulation of Akt S473 phosphorylation by 

mT0RC2. Whether the enhanced phosphorylation 

of this and other Akt-downstream targets is directly 

responsible for the increased tumorigenic properties 

of TRB3-deficient cells is an issue that will require 

additional investigation.

Likewise, in this study we have not analyzed the 

interaction of TRB3 with the different Akt isoforms. 

Until recently, it was considered that A ktl, 2 and 3 

-  which share a high homology, particularly in their 

kinase domains -  did not have distinguishable subs

trate specificities. However, recent results support 

that each of the Akt isoforms may play different roles 

within the cell (Dummler and Hemmings, 2007; Zhou 

et a i,  2006). Therefore, it would be important to de

termine whether the substrate specificity observed 

in our model may rely on a specific TRB3-mediated 

regulation of any of the three Akt isoforms and what 

dictates this feasible TRB3 preference by a particular 

Akt isoform.

Our observation that down-regulation of TRB3 

might influence tumor onset/progression may be 

of relevance for therapeutic approaches. Further 

investigation will be needed to elucidate in which 

particular genetic context either TRB3 activation or 

inactivation may be desirable to contribute to cancer 

therapy.
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A^-tetrahydrocannabinol (THC), the main active compound of marihuana, promotes the apoptotic cell 
death of tumor cells through the induction of autophagy. Autophagy precedes apoptosis in this mechanism 
of action, and is also essential for the cannabinoid anti-tumoral effect.

THC induces the novo synthesis of ceramide, which accumulates in the endoplasmic reticulum (ER), leading 
to an ER stress response.

In response to ER stress, the phosphorylation on Serine 51 of the initiation transcription factor e lf2a  tri
ggers the induction of several proteins, such as ATF4, CHOP, p8 and the pseudo-kinase TRB3.

TRB3 interacts with Akt, recruits the kinase and prevents its phosphorylation on Serine 473 by mT0RC2. 
Through this molecular mechanism, TRB3 inhibits Akt.

The Akt inhibition promotes the blockade of mTORCl, which leads to autophagy activation.

Cannabinoids trigger this molecular mechanism in a number of different tumors, such as gliomas, pancrea
tic tumors and hepatocellular carcinomas.

In particular, in hepatocellular carcinoma cells, cannabinoids activate an AMPK-dependent pathway, apart 
from the one governed by TRB3. This AMPK route is TRB3 and mTORCl-independent and converges with the 
above described route in the autophagy activation and subsequent apoptosis.

In certain circumstances, the partial or total loss of TRB3 triggers an Akt hyper-activation, which extends to 
its substrates FOXO and BAD.

The hyper-activation of Akt and some of its substrates - when TRB3 is down-regulated - correlates with an 
increased proliferation, invasiveness, growth in unfavourable conditions (such as low serum or lack of ancho
rage) of tumoral cells, as well as an evident resistance to cannabinoid treatment.

The partial or total loss of TRB3 favors the tum or onset and/or progression in certain genetic contexts. Tho
se tumors show a particularly aggressive profile, with high levels of angiogenesis, metastasis and proliferation 
markers, as well as high Akt and FOXO phosphorylation.

TRB3 is down-regulated in some tumor types, although a general correlation between TRB3 levels and 
tumor incidence is not obvious. We might conclude that TRB3 favors the tumor suppression in certain cancer 
genetic contexts.
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El AMetrahydrocannabinol (THC), principal compuesto activo de la marihuana, promueve la muerte apop- 
totica de células tumorales a través de la induccion de autofagia. La autofagia precede a la apoptosis en este 
mecanismo de acciôn, y ademas es esencial para el efecto antitumoral de los cannabinoides.

El THC induce la smtesis de novo de ceramida, que se acumula en el reticulo endoplasmico, probablemente 
desencadenando asi una respuesta de estrés UPR.

En respuesta al estrés de reticulo endoplasmico, la fosforilaciôn en Serina 51 del factor iniciador de la 
transcripcion elf2a conlleva la expresion de varios factores, taies como ATF4, CHOP, p8 y la pseudo-quinasa 
TRB3.

TRB3 interacciona con Akt, secuestrandola para impedir asi su fosforilaciôn en Serina 473 por mT0RC2. A 
través de este mecanismo molecular, TRB3 inhibe Akt.

La inhibiciôn de Akt promueve a su vez el bloqueo del complejo mTORCl, lo que conduce por tanto a au
tofagia.

Los cannabinoides desencadenan este mecanismo molecular en numerosos tipos de tumores, taies como 
gliomas, células pancreéticas y hepatocarcinomas.

Concretamente en las células de hepatocarcinoma, los cannabinoides activan ademas una ruta liderada 
por AMPK, que, de manera independiente a TRB3 y mTORCl, converge con la anterior en la activaciôn de 
autofagia y posterior apoptosis.

En ciertos contextos celulares - probablemente dependiendo del equilibrio existente en los mecanismos 
que regulan Akt, de los propios niveles de TRB3 asi como del escenario genético - la pérdida compléta o 
parcial de esta pseudo-quinasa desencadena una sobreactivaciôn de Akt, que se hace extensiva de manera 
selectiva a algunos de sus sustratos, como FOXO y BAD.

Dicha sobreactivaciôn de Akt y de algunos de sus sustratos en ausencia de TRB3 se correlaciona con un in- 
cremento en la proliferaciôn, la invasividad y la capacidad de crecimiento en condiciones desfavorables (como 
bajo suero o falta de anclaje) de las células tumorales, asi como una évidente resistencia al tratamiento con 
cannabinoides.

La pérdida compléta o parcial de TRB3 favorece el establecimiento y/o la progresiôn tumoral en determi- 
nados contextos genéticos. Estos tumores presentan un perfil particularmente agresivo, con altos niveles de 
marcadores de angiogénesis, metastasis y proliferaciôn asi como de fosforilaciôn de Akt y FOXO.

En ciertos tipos de tumores humanos puede encontrarse una expresiôn baja de TRB3, aunque no parece 
existir una correlaciôn directa y general entre los niveles de TRB3 y la incidencia tumoral. Podria concluirse 
que TRB3 favorece la supresiôn de tumores en determinados contextos genéticos.
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Supplemental Figures
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Supplemental Figure 1. THC exerts its anti-proliferative action in transformed-MEF cells but not in primary cultures.
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Supplemental Figure 2. Neither AMPK nor CaMKK^ are involved in the THC-induced autophagic cell death in U87MG  

cells.

(A) Effect of THC (24 h) on AMPK phosphorylation in U87MG cells (n = 6). (B-C) Effect of THC (24 h) on LC3 lipidation 

(B) and cell viability (C) in U87MG cells transfected with siC, siAMPK or siCaMKK^ (n = 7). Values o f gene expression as 

determined by real-time quantitative PCR (expressed as mean fold change ± s.d. relative to siC-transfected cells; n = 5; 

**P  < 0.01 from siC-transfected cells) were 0.3 ± 0 .1 **  and 0.4± 0 .0 5 ** for siAMPK- and siCaMKK^ -transfected cells, 

respectively.
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Supplemental Figures
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Supplemental Figure 3. THC activates the TRB3-evoked autophagic pathway in Hela cells.

(A) Effect o f THC on immunoprecipitated TRB3 protein levels in Hela cells (6 h; n = 7). Low and high exposures o f 

the film  are shown. (B) Effect o f THC on Akt, TSC2, PRAS40, p70S6K and S6 ribosomal protein phosphorylation and LC3 

lipidation in Hela cells (18 h; n = 3).
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Supplemental Figures
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Supplemental Figure 4. Analysis o f RasV12/ElA TRB3 w t and TRB3 KO cells-derived tumors.

Effect o f THC administration on Akt, Foxo and S6 phosphorylation, LC3, active caspase-3, Ki67, CD31 and M M P2  

immunostaining in RasV12/ElA TRB3 w t and TRB3 KG cells-derived tumor xenografts. Representative images from  one 

vehicle and one THC-treated TRB3 w t and TRB3 KG tumors are shown. Bar: 50 [im.
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Supplemental Figures

ishC
lshTRB3

B

ra 140

0)
Ü 100

invasiveness

shC shTRB3

24h 48h 72h 24h 48h 72h 24h 48h 72h
HEPG2 MCF7 MiaPaca2

HEPG2 MCF7 IVIiaPaca2
she shTRB3 ShC shTRB3 shC shTRB3

P-AKT S473 

P-FOXO

P-BAD

P-S6

a-tubulin

JC 100

shTRB3

u  80

HEPG2 MCF7 MiaPaca2

Supplemental Figure 5. TRB3 down-regulation impacts proliferation, invasiveness and Akt activity on HEPG2, MCF7 

and MiaPaca2 cells.

(A) Cell viability ofHEPG2, MCF7 and MiaPaca2 cells stably transfected with shCorshTRB3. A time course analysis is 

shown (mean ± s.d.; n = 3; **P  < 0.01 from  shC-transfected cells). (B) Cell invasion assay in shC andshTRB3 HEPG2, MCF7 

and MiaPaca2 cells. Upper panel shows one representative image per condition. Lower panel: data represent the ave

rage o f the number o f invasive cells per condition (mean ± s.d.; n = 3; **P  < 0.01 from shC- transfected cells). (C) Effect 

o f stably TRB3 knock-down on Akt, FOXO, BAD and S6 phosphorylation in shC and shTRB3 cells (n = 3). Low and high 

exposures o f the film  are shown. Values o f gene expression as determined by real-time quantitative PCR (expressed as 

mean fo ld  change ± s.d. relative to shC-transfected cells; n = 2; **P  < 0.01 from  shC-transfected cells) were 0.3 ± 0.1 **, 

0.2± 0.1 * *  and 0.3 ± 0.1 * * fo r  HEPG2, MCF7 and MiaPaca2 cells, respectively.
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Supplemental Figure 6. Neither PERK nor PKR nor GCN2 is the kinase upstream ofelF2a phosphorylation in the THC- 

evoked mechanism o f cell death.

(A) Effect o f THC (24 h) on the viability o f wild-type, PERK^, GCN2 ̂ ' and PKR '̂ T-large antigen-MEFs (mean ± s.d.; n = 

3). (B) Effect of THC (4 h) on wild-type and PERK^ T-large antigen-MEFs elF2a phosphorylation (upper panel) and wild- 

type, PKR:  ̂ and GCN2^ T-large antigen-MEFs elF2a phosphorylation (lower panel) (n = 3).
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Supplemental Figures
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Supplemental Figure 7. THC inhibits mTORCl in a different way than other mTOR inhibitors.

Effect of starvation (EBSS), cannabidiol (CBD), rapamycin, THC and torinl on 4-EBPl and S6 phosphorylation and LC3 

lipidation o f U87MG cells after an 8 h (left column) or 24 h (right column) treatment (n=5). Data represent the optical 

density values normalized by a loading control (a-tubulin) and relative to 10% FBS-incubated cells.
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Supplemental Figures
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Supplemental Figure 8. TRB3 interacts with ULKl and RAPTOR only upon cannabinoid treatment.

(A) Effect of starvation (EBSS), cannabidiol (CBD), rapamycin, THC and torinl (6 h) on GST-ULK1/TRB3 interac

tion co-immunoprecipitated in Hela cells previously trasfected with pCDNA-GST-ULKl (n = 2). (B) Effect o f starvation 

(EBSS), rapamycin and THC (6 h) on RAPT0R/TRB3 interaction co-immunoprecipitated in Hela cells previously trans

fected with pCDNA-GST-ULKI (n = 2).
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Supplemental Figures
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Supplemental Figure 9. THC-induced autophagy relies on both TRB3-mediated Akt/mTORCl inhibition and AMPK 

activation in hepatocellular carcinoma (HCC) cells.

Effect o f THC (18 h) on AMPK, Akt, TSC2, S6 ribosomal protein and 4-EBPl phosphorylation and LC3 lipidation in HCC 

HepG2 cells transfected with siC, siTRB3 or siAMPK or treated with vehicle or ISP-1 (1 p M ) (n = 4). Values of gene ex

pression as determined by real-time quantitative PCR (expressed as mean fold change ± s.d. relative to siC-transfected 

cells; n = 5; **P  < 0.01 from siC-transfected cells) were 0.2 ± 0 .1 **  and 0.25± 0 .1 **  fo r slTRB3- and siAMPK-transfected 

cells, respectively.
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Supplemental Figures
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Supplemental Figure 10. LKBl is not involved In THC-induced autophagy or cell death.

(A) Effect o f THC (24 h) on cell viability o f LKBl T-large antigen-MEF cells compared to Ras-transformed MEFs (mean 

± s.d.; n = 3). Effect o f THC (18 h) on wild-type and LKBl '̂ T-large antigen-MEFs Akt, p70S6K and 56 ribosomal protein 

phosphorylation (upper panel) and LC3 lipidation (lower panel) (n = 3).
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Supplemental Figure 11. Beclin 1 is not involved in THC-induced autophagy or apoptosis.

(A-B) Effect o f THC (18 h) on LC3 lipidation (A, upper panel) and LC3 (A, lower panel) and active-caspase 3 (B) im

munostaining of U87MG cells transfected with siC or sibeclinl. Values represent the percentage of cells with LC3 dots 

relative to the total number of transfected cells (as determined by co-transfection with a red fluorescent control siRNA) 

(A; mean ± s.d.; n = 4; bar: 20 pm) or the percentage of cells with active-caspase 3 immunostaining relative to the total 

number o f cells (B; mean ± s.d.; n = 3; **P <  0.01 from  siC-transfected cells). Values of gene expression as determined by 

real-time quantitative PCR (expressed as mean fold change ± s.d. relative to siC-transfected cells; n = 3; **P  < 0.01 from  

siC-transfected cells) were 0.2 ± 0.1 * *  fo r sibeclinl- transfected cells.
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Supplemental Figure 12. THC activates the autophagic cell death pathway in pancreatic cancer cells (in vitro).

(A) Effect o f THC on PDI (red; 8 h) and LC3 (green; 24 h) immunostaining in pancreatic MiaPaca2 cells, (n = 3; bar: 20 

pm). (B) Effect of THC (18 h) on Akt and p70S6K phosphorylation and LC3 lipidation in MiaPaca2 cells (n = 3). (C) Effect of 

THC (24 h) on the viability o f MiaPaca2 cells transfected with siC, siAmbral or siAtgS (mean ±  s. d.; n = 5; *P < 0.05 from  

THC-treated siC-transfected cells). Values o f gene expression as determined by real-time quantitative PCR (expressed 

as mean fold change ± s.d. relative to siC-transfected cells; n = 5; **P  < 0.01 from siC-transfected cells) were 0.2 ± 0 .1 **  

and 0.3± 0 .1 **  for siAmbral- and siAtgS-transfected cells, respectively.
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Supplemental Figure 13. THC activates the autophagic cell death pathway in pancreatic cancer cells (in vivo).

(A-B) Orthotopic pancreatic tumors were generated as described in (Carracedo et al., 2006a). Tumors were daily 

treated with the CB̂  receptor agonist W IN (A) and apoptosis was determined by TUNEL in tumors-derived samples (B). 

Note the exclusion o f the peri-tumoral area in the TUNEL staining. (C) Effect o f WIN administration on LC3 immunos

taining (green) and apoptosis as determined by TUNEL (red) in orthotopic pancreatic tumors generated in (Carracedo 

et al., 2006a) [representative images from  one vehicle and one W IN-treated tumors are shown; bars: 50 ^m; a high 

magnification photomicrograph o f a W IN-treated tumor is included (lower panel)].
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Supplemental Figures
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Supplemental Figure 14. Intra-gastric administration o f Sativex® in combination with Temozolomide reduces the 

growth o f U87MG cell-derived tumor xenografts.

Subcutaneous xenografts were generated from  U87MG cells and animals were treated orally (A) or peri-tumorally

(B) as indicated in the corresponding legend (Sativex 45 corresponds to 45mg/Kg THC: 45mg/Kg CBD botanical drugs 

and Sativex 15 corresponds to 15mg/Kg THC: 15mg/Kg CBD botanical drugs). (A) The cannabinoids were administered 

daily via oral through an intra-gastric catheter and using 300  |i/ of sesame oil as vehicle. Temozolomide (TMZ; Schering- 

Plough) was always administered peri-tumorally (see Experimental Procedures fo r details). Graph represents mean 

tumor volume as fold o f increase from the first day of treatment. (C) Final tumor volume o f each animal represented as 

fold of increase from  the first day o f treatment.
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Supplemental Figures
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Supplemental Figure 15. Knock-down o f TRB3 impacts the clonogenicity of p53 KO and p53 KG/ TSC2 KG MEF cells 

in opposite ways.
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É pp lem enta l M ethods

Antigen host dilution company
TRB3 Nt rabbit 1:1000 Abeam, Cambridge, UK
phospho-elF2a rabbit 1/1000 Cell Signaling 

Technology, Inc., Lake 
Placid, NY

phospho-S6 
ribosomal protein Ser 
235/236

rabbit 1/1000 Cell Signaling

total S6 ribosomal 
protein

mouse 1/1000 Cell Signaling

phospho-Akt Ser 473 rabbit 1/1000 Cell Signaling
phospho-Akt Thr 308 rabbit 1/1000 Cell Signaling
total Akt sheep 1/1000 Kindly donated by Dr. 

Dario Alessi
phospho-p70 86  
kinase Thr389

mouse 1/1000 Cell Signaling

total p70 86 kinase rabbit 1/1000 Cell Signaling
phospho-T8C2 Thr 
1462

rabbit 1/1000 Cell Signaling

total T8C2 rabbit 1/1000 Cell Signaling
phospho-PRA840
Thr246

sheep 1/1000 Dr. Dario Alessi

total PRA840 sheep 1/1000 Dr. Dario Alessi
Phospho-FoxOI
(Thr24)/Fox03a
(Thr32)

rabbit 1/1000 Cell Signaling

Total FOXO rabbit 1/1000 Cell Signaling
Phospho-Bad 
(Seri 36)

mouse 1/1000 Cell Signaling

Total Bad rabbit 1/1000 Cell Signaling
Phospho-4-EBP1
T37/T46

rabbit 1/1000 Cell Signaling

Phospho-G8K3p
89

rabbit 1/1000 Cell Signaling

Total G8K33 rabbit 1/1000 Cell Signaling
Phospho-NDGRI sheep 1/1000 Dr. Dario Alessi
Total NDGR1 sheep 1/1000 Dr. Dario Alessi
HA mouse 1/1000 Dr. Dario Alessi
GST sheep 1/1000 Dr. Dario Alessi
RAPTOR sheep 1/1000 Dr. Dario Alessi
8IN1 sheep 1/1000 Dr. Dario Alessi
LC3 rabbit 1/1000 MBL, Naka-Ku Nagoya, 

Japan, ref PM036
a-tubulin mouse 1/4000 Sigma

Table 1. List o f antibodies used in W estern  blot.
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Supplemental Methods

Antigen host dilution Incubation
conditions

Company

TRB3 rabbit 1 /8 0 0 90 m in, RT Calbiochem
PDI rabbit 1 /1 0 0 Abeam
phospho-S6  
ribosomal protein  
Ser 2 3 5 /2 3 6

rabbit 1 /2 0 0 90 m in, RT Cell Signaling

cleaved caspase-3  
A s p l7 5

rabbit 1 /1 0 0 90 m in, RT Cell Signaling

phospho-Akt
Ser473

rabbit 1 /1 0 0 90 m in, RT Cell Signaling

LC3 rabbit 1 /2 0 0 90 m in, RT MBL
LC3 mouse 1 /1 0 0 4 0 c  0 /N Nanotools
KI67 rabbit 1 /1 0 0 90 m in, RT neom arkers
E-cadherin mouse 1 /1 0 0 90 m in, RT Cell signaling
V im entin mouse 1 /1 0 0 90 m in, RT Santa Cruz
MMP2 rabbit 1 /2 0 0 90 m in, RT Chemicon
CD31 mouse 1 /4 0 0 90 m in, RT BD. Bioscience

Table 2. List of antibodies used in immunofluorescence.
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Supplemental Methods

Gen specie primers Tm cicles Amplicon
p8 hum an GAAGAGAGGCAGGGAAGACA

CTGCCGTGCGTGTCTATTTA
5 7 0 27 571 bp

TRB3 hum an GCCACTGCCTCCCGTCTTG
GCTGCCTTGCCCGAGTATGA

520 30 538 bp

TRB3 rat TGCCGCGCTTTICCGACAGATG  
TGCGGAGGAGACAGCGGATGAGG

580 25 41 5  bp

ATF4 hum an AGTCGGGTTTGGGGGCTGAAG
TGGGGAAAGGGGAAGAGGTTGTAA

5 7 0 24 4 3 6  bp

CHOP hum an GCGTCTAGAATGGCAGCTGAGTCATT
GCGTCTAGATCATGCTTGGTGCAGATTC

5 7 0 27 508 bp

A m b ra i hum an GGGCGAAATGCTCTACACCAA
CTCCGGCACCTCCCTCTCAGT

5 5 0 30 540 bp

Atg5 hum an TGGGCCATCAATCGGAACT 
CAAAAG GGTG ACATGCTCTGATAA

580 30 560bp

GAPDH m ulti
species

GGGAAGCTCACTGGCATGGCCTTCC
CATGTGGGCCATGAGGTCCACCAC

580 23 322  bp

Table 3. List of prim ers used in RT-PCR.
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Supplemental Methods

Gen specie primers probe

p8
hum an CTATAGCCTGGCCCATTCCT

TCTCTCTTGGTGCGACCTTT
10

p8
mouse TTCCAGAACTCTG AAAG GAAAAA 

GGTGTGGTGTCTGTGGTCTG
78

TRB3
hum an GTCTTCGCTGACCGTGAGA

CAGTCAGCACGCAGGAGTC
67

TRB3
mouse CGCTTTGTCTTCAGCAACTG

TCATCACGCAGGCATCTTC
67

U LK l
hum an TCATCTTCAGCCACGCTGT

CACGGTGCTGGAACATCTC
37

A m b ra i
hum an CCCTCATTTCATTATCCCGTTA

GCGTAGTATGCAGCAGGAGA 15

A tg5
hum an CAACTTGTTTCACGCTATATCAGG

CACTTTGTCAGTTACCAACGTCA
38

ATF4
hum an GGCCACCATGGCGTATTA

TGCTGAATGCCGTGAGAA
74

ATF4
mouse ATGGCGTATTAGAGGCAGCA

GCTGCTGGATTTCGTGAAG
74

CHOP
hum an CAGAGCTGGAACCTGAGGAG

CTGCAGTTGGATCAGTCTGG
9

CHOP
mouse ACCACCACACCTGAAAGCA

GACCTCCTGCAGATCCTCAT
11

AMPK
hum an TCTCAGGAGGAGAGCTATTTGATT 

GAACAGACGCCGAC11 IC I 11
42

B C N l
hum an AGGCGAAACCAGGAGAGAC

CTGGCGAGTTTCAATAAATGG
69

CaMKKP
hum an GAATTCAAGGGCAGTGACG

CATGGCCCAAACATCCTT
55

FOXO
mouse CTTCAAGGATAAGGGCGACA

GACAGATTGTGGCGAATTGA
11

PKB
mouse TCGTGTGGCAGGATGTGTAT

ACCTGGTGTCAGTCTCAGAGG
45

BAD
mouse GGAGCAACATTCATCAGCAG

TACGAACTGTGGCGACTCC
83

185  RNA
m ulti-species GCTCTAGAATTACCACAGTTATCCAA

AAATCAGTTATGGTTCCTTTGGTC
55

Table 4. List of primers used in quantitative-PCR.
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Cannabinoid action induces autophagy- 
mediated cell death through stimulation 

of ER stress in human glioma cells
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Autophagy can promote cell survival or cell death, but the molecular basis underlying its dual role in cancer 
remains obscure. Here we demonstrate that A^-tetrahydrocannabinol (THC), the main active component of 
marijuana, induces human glioma cell death through stimulation o f autophagy. Our data indicate that THC 
induced ceramide accumulation and eukaryotic translation initiation factor 2a (eIF2a) phosphorylation 
and thereby activated an ER stress response that promoted autophagy via tribbles homolog 3-dependent 
(TRB3-dependent) inhibition of the Akt/mammalian target o f rapamycin complex 1 (mTORCl) axis. We 
also showed that autophagy is upstream o f apoptosis in cannabinoid-induced human and mouse cancer cell 
death and that activation o f this pathway was necessary for the antitumor action o f cannabinoids in vivo. 
These findings describe a mechanism by which THC can promote the autophagic death o f human and mouse 
cancer cells and provide evidence that cannabinoid administration may be an effective therapeutic strategy 
for targeting human cancers.

Introduction o f nutrient starvation (6). Accordingly, autophagy has been pro-
Macro-autophagy, hereafter referred to as “ autophagy,” is a posed to play an im portant role in both tumor progression and
highly conserved cellular process in which cytoplasmic materials prom otion o f  cancer cell death (2-4), although the molecular
— including organelles — are sequestered into double-membrane mechanisms responsible for this dual action o f autophagy in can-
vesicles called autophagosomes and delivered to lysosomes for cer have not been elucidated,
degradation or recycling (1). In many cellular settings, triggering A'^-Tetrahydrocannabinol (THC), the main active component o f 
o f autophagy relies on the inhibition o f mammalian target o f rapa- marijuana (7), exerts a wide variety o f biological effects by mim-
mycin complex 1 (mTORCl), an event that promotes the activa- icking endogenous substances -  the endocannabinoids -  that
tion (de-inhibition) o f several autophagy proteins (Atgs) involved bind to and activate specific cannabinoid receptors (8). One o f
in  the in itia l phase o f membrane isolation (1). Enlargement o f this the most exciting areas o f research in the cannabinoid field is the
complex to form the autophagosome requires the participation o f study o f the potential application o f cannabinoids as antitumoral
2 ubiquitin-like conjugation systems. One involves the conjuga- agents (9). Cannabinoid administration has been found to curb
cion o f ATG12 to ATG5 and the other o f phosphatidylethanol- the growth o f several types o f tumor xenografts in rats and mice
amine to LC3/ATG8 (1), The final outcome o f the activation o f the (9, 10). Based on this preclinical evidence, a p ilot clinical trial has
autophagy program is highly dependent on the cellular context been recently run to investigate the antitumoral action ofTHC on
and the strength and duration o f the stress-inducing signals (2-5), recurrent gliomas ( 11), Recent findings have also shown that the
Thus, besides its role in cellular homeostasis, autophagy can be a pro-apoptotic and tumor grow th-inh ib iting  activity o f cannabi-
form o f programmed cell death, designated “ type II programmed noids relies on the upregulation o f the transcriptional co-activa-
cell death,” or play a cytoprotective role, for example in situations tor p8 ( 12) and its target the pseudo-kinase tribbles homolog 3

(TRB3) (13). However, the mechanisms that promote the activa- 
tion o f this signaling route as well as the targets downstream o f 

C onflictofin terest: The authors have declared rhar no conflic t of.nceresc exists, q-Rgj chat mediate its tum ot c e ll-k i l l in g  action remain elusive.
Nonstandard abbretdadons Atg, autophagy protein: elF2«, eukar).or,c this Study we found that ER StteSS-evoked UptegulatlOn of the
translation in itia tion  factor 2a; MEF, mouse embryonic fibroblast; THC, A ’-tetrahy- ,  i
drocannabinol; m TO R C l, mammalian target o f rapamycin complex 1 ; PDI, protein p8/TRB3 pathway induced autOphagy V ia  inh ib ition o f the A kt/
disulphideisomerase;TRB3, tribbles h om olog3, mTORCl axis and that activation o f  autophagy promoted the
Citorion for this ardcle:/  C/i« /Mveit 119 1359-1372 (2009), doi 10 1172/JC137948 apoptotic death o f tumor cells. The uncovering o f this pathway.
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Figure 1
Inhibition of autophagy prevents THC-induced cancer cell death. 
(A-C) Effect of THC on U87MG cell morphology. Representative elec
tron microscopy photomicrographs are shown (6 h). Scale bars: 500 
nm. Note the presence of early (A, open arrows, and B) and late (A, 
filled arrows, and C) autophagosomes in THC-treated but not vehicle- 
treated (veh-treated) ceils. (D) Top: Effect of SR141716 (SRI ; 1 jiM) 
and THC on LC3 immunostaining (green) in U87MG cells (18 h; n = 3). 
The percentage of cells with LC3 dots relative to the total cell number 
is shown in the corner of each panel (mean ± SD), Scale bar: 20 M-m. 
Bottom: Effect of SR1 and THC on LC3 lipidation in U87MG cells (18 h; 
n = 3). (E) Effect of E64d (10 pM) and pepstatin A (PA; 10 pg/ml) on 
THC-induced LC3 lipidation in U87MG cells (18 h; n = 3). (F and G) 
Effect of THC treatment and transfection with control siRNAs (siC) or 
ATGI -selective siRNAs (siATGI ) on cell viability (F; mean ± SD; n = 3), 
LC3 immunostaining (G, left panels; 18 h; percentage of cells with LC3 
dots relative to the total number of cells cotransfected with a red fluo
rescent control siRNA, mean ± SD; n = 3; scale bar: 20 pm), and LC3 
lipidation (G, right panel; 18 h; n = 3) in U87MG cells. (H and I) Effect 
of THC on cell viability (H; mean ± SD; n = 3), LC3 immunostaining 
(I, left panels; 18 h; percentage of cells with LC3 dots relative to the total 
cell number, mean ± SD; n = 3; scale bar: 20 pm), and LC3 lipidation 
(I, right panel; 18 h; n = 3) in Atg5^* and Atg5- -̂ Ras^’^/T-large antigen 
MEFs. *P < 0.05 and **P < 0.01 compared with THC-treated U87MG 
(D) and AtgS-̂ '̂  (H and I) cells and compared with siC-transfected, THC- 
treated U87MG cells (F and G). THC concentration was 6 pM.

which we believe is novel, for promoting tumor cell death may have 
therapeutic implications in the treatment o f cancer.

Results
Autophagy mediates THC-induced cancer cell death. As a first approach 
to gain insight into the morphological changes induced in can
cer cells by cannabinoid administration, we performed electron 
microscopy analysis o f U87MG human astrocytoma cells. Inter
estingly, double membrane vacuolar structures with the morpho
logical features o f autophagosomes were observed in THC-treated 
cells (Figure 1, A-C). The conversion o f the soluble form o f LC3 
(LC3-1) to the lipidated and autophagosome-associated form  
(LC3-II) is considered one o f the hallmarks o f autophagy (1), and 
thus we observed the occurrence o f LC3-positive dots as well as the 
appearance o f  LC3-II (Figure ID ) in cannabinoid-challenged cells. 
In addition, co-incubation with the lysosomal protease inhibitors 
E64d and pepstatin A, which blocks the last steps o f autophagic 
degradation ( 14), enhanced THC-induced accumulation o f LC3-II 
(Figure IE), con firm ing  that cannabinoids induce dynamic 
autophagy in U87MG cells. Furthermore, incubation with the can
nabinoid receptor 1 (CBl) antagonist SR141716 prevented THC- 
induced LC3 lip idation and formation o f LC3 dots (Figure ID), 
indicating that induction o f autophagy by cannabinoids relies on 
CBl receptor activation.

Since autophagy has been implicated in promotion and inh i
b ition  o f cell survival, we next investigated its participation in 
the cancer cell death-inducing action o f THC. Pharmacological 
inh ib ition  o f autophagy at different levels (Supplemental Figure 
1, A-C; supplemental material available online w ith this article; 
doi:10.1172/JCI37948DS1) or selective knockdown o f ATGI (an 
essential protein in the in itia tion  o f autophagy; ref. 1) (Figure 
1, F and G), ATG5 (an essential protein in the formation o f the 
autophagosome; ref. 1) (Supplemental Figure 1, D-F), or AMBRAI 
(a recently identified beclin-1-interacting protein that regulates

autophagy; ref. 15) (Supplemental Figure 1, D-F) strongly reduced 
cannabinoid-induced autophagy and cell death. Moreover, trans
formed Arg5-deficient mouse embryonic fibroblasts (MEFs), which 
are defective in autophagy (16), were more resistant than their 
wild-type counterparts to THC-induced cell death (Figure IH) and 
did not undergo autophagy upon cannabinoid treatment (Figure 
II). Taken together, these findings demonstrate that autophagy 
plays a prominent role in THC-induced cancer cell death.

THC induces autophagy via ER stress-dependent upregilation of p8 and 
TRB3. In addition to the presence o f autophagosomes, electron 
microscopy analysis o f cannabinoid-treated cells revealed the pres
ence o f numerous cells w ith dilated ER (Figure 2A). In line with 
this observation, immunostaining o f the ER luminal marker pro
tein disulphide isomerase (PDI) showed a striking dilation in the 
ER o f THC-treated U87MG cells (Figure 2B), an event chat was 
associated w ith an increased phosphorylation o f the a  subunit o f 
eukaryotic translation in itiation factor 2 (eIF2a), a hallmark o f the 
ER stress response (17) (Figure 2C). In addition, THC-induced ER 
dilation and eIF2a phosphorylation were prevented by pharmaco
logical blockade o f the CBl receptor (Figure 2, B and C).

Time-course analysis o f PDI and LC3 immunostaining, eIF2a 
phosphorylation, and LC3 lipidation o f cannabinoid-treated cells 
revealed that ER stress occurred earlier than autophagy (Figure 2, 
D and E). O f interest, cannabinoid administration produced simi
lar activation o f ER stress and autophagy, as well as cell death, in 
other human astrocytoma cell lines (Supplemental Figure 2, A-F), 
a primary culture o f human glioma cells (Supplemental Figure 
2, G -I), and several human cancer cell lines o f different origin, 
including pancreatic cancer (Supplemental Figure 2, J-L), breast 
cancer, and hepatoma (data not shown). However, neither ER dila
tion nor eIF2a phosphorylation or autophagy was evident in nor
mal, nontransformed primary astrocytes (Supplemental Figure 3), 
which are resistant to cannabinoid-induced cell death (13).

We next investigated whether activation o f ER stress is involved 
in the induction o f autophagy in response to cannabinoid treat
ment o f cancer cells. We have previously shown that THC-induced 
accumulation o f  de novo-synthesized ceramide, an event that 
occurs in the ER (18), leads to upregulation o f the stress-regulated 
protein p8 and its ER stress-related downstream targets, ATF4, 
CHOP, andTRB3, to induce cancer cell death (13). O f importance, 
incubation w ith ISP-1 (a selective inh ib ito r o f serine palm itoyl
transferase, the enzyme that catalyzes the firs t step o f sphingo- 
lip id  biosynthesis; ref. 18) prevented ceramide accumulation (Sup
plemental Figure 4A); THC-induced ER dilation (Supplemental 
Figure 4B); eIF2a phosphorylation (Figure 3A); p8, ATF4, CHOP, 
and TRB3 upregulation (Supplemental Figure 4C); and autophagy 
(Figure 3B), supporting that ceramide accumulation is involved in 
cannabinoid-triggered ER stress and autophagy. We also verified 
by means o f RNA interference that CaCMKKp -  which had been 
previously implicated in  activating autophagy in response to ER 
stress-associated calcium release ( 19) — was not involved in THC- 
induced autophagy and cell death (data not shown). As phosphor
y lation o f eIF2a on Ser51 attenuates general protein synthesis 
while enhancing the expression o f several ER stress response genes 
(17), we used cells derived from eIF2a S5 lA  knockin mice to test 
whether eIF2a phosphorylation regulates the expression o f p8 and 
its downstream targets. In agreement with this hypothesis, THC 
treatment (which promoted ceramide accumulation in both wild- 
type and eIF2a S51A immortalized MEFs; Supplemental Figure 
5A) triggered p8, ATF4, CHOP, and TRB3 upregulation (Figure
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Figure 2
ER stress precedes autophagy in cannabinoid action. (A) Effect of THC on U87MG cell morphology. Note the presence of the dilated ER in 
THC- but not vehicle-treated cells (6 h). Arrows point to the ER. Scale bars; 500 nm. (B) Effect of SRI (1 piM) and THC on PDI immunostaining 
(red) in U87MG cells (8 h; n = 3). The percentage of cells with PDI dots relative to the total cell number is shown in the corner of each panel 
(mean ± SD). Scale bar: 20 pim. (0) Effect of SR1 (1 jxM) on THC-induced elF2a phosphorylation of U87MG cells (3 h; OD relative to vehicle- 
treated cells, mean ± SD; n = 3). (D) Effect of THC on PDI (red) and LC3 (green) immunostaining in U87MG cells {n = 3). The percentage of 
cells with PDI or LC3 dots relative to total cell number at each time point (mean ± SD) is shown. Scale bar: 20 ^m. (E) Effect of THC on elF2a 
phosphorylation and LC3 lipidation in U87MG ceils {n = 3). **P < 0.01 compared with THC-treated (B) or vehicle-treated (C and D) cells.

3C) as well as autophagy (Supplemental Figure 5B) in wild-type 
cells but not in their eIF2a S5 lA  counterparts.

We subsequently asked whether p8 and its downstream tar
gets regulate autophagy. Knockdown o f p8 or TRB3 prevented 
TFlC-induced autophagy (Figure 3, D and E) but not ER dilation 
(Supplemental Figure 4D) in  U87MG cells. Furthermore, THC 
induced autophagy in p8*/* but not pS-deficient transformed 
MEFs (Figure 3F and Supplemental Figure 5C). Altogether, these 
findings reveal that THC induces autophagy o f cancer cells via

activation o f an ER stress-triggered signaling route that involves 
stim ulation o f ceramide synthesis de novo, eIF2a phosphoryla
tion, and p8 and TRB3 upregulation.

THCinhibits Akt and mTORCl via TRB3. Inh ib ition  o f mTORCl 
is considered a key step in the early triggering o f autophagy (6). 
We therefore tested whether cannabinoid-induced upregulation 
o f the p8 pathway leads to autophagy via inh ib ition  o f this com
plex. THC treatment o f U87MG cells reduced the phosphorylation 
o f p70S6 kinase (a well-established mTORCl substrate) and the
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Figure 4
THC inhibits the Akt/mT0RC1 pathway via TRB3. (A) Effect of THC on p70S6K and SB phosphorylation of U87MG cells (n = 6). (B) Effect of THC 
on cell viability (left panel; 24 h; mean ± SD; n - 6 )  and LC3 lipidation (right panel; 18 h; n = 4) in Tsc2 '̂  ̂and Tsc2-'- MEFs. (0) Effect of THC on 
Akt, T8C2, PRAS40, p70S6K, and SB phosphorylation of U87MG cells (18 h; OD relative to vehicle-treated cells, mean ± SD; n = 7). (D) Effect 
of THC on cell viability (left panel; 24 h; mean ± SD; n = 4) and LC3 lipidation (right panel; 18 h; n = 4) of pBABE and myristoylated Akt (myr-Akt) 
MEFs. (E) Effect of THC on Akt co-immunoprecipitation with TRB3 in U87MG cell extracts (8 h; OD relative to vehicle-treated cells, mean ± SD; 
n = 9; input: TRB3). (F and G) Effect of THC on Akt, TSC2, PRAS40, p70SBK, and SB phosphorylation and LC3 lipidation (G only) of siC- and 
siTRB3-transfected (F; 18 h; OD relative to vehicle-treated siC-transfected U87MG cells, mean ± SD; n = 7; upper panel shows an analysis of TRB3 
mRNA levels) and EGFP (Ad-EGFP) or rat TRB3 (Ad-TRB3) adenoviral vector-infected (G; 18 h; OD relative to vehicle-treated Ad-EGFP-infected 
U87MG cells, mean ± SD; n = 4; upper panel shows an analysis of rTRB3 mRNA levels) U87MG cells. (H) Effect of THC on Akt, p70SBK, and 
SB phosphorylation of p8+/+ and p8^" MEFs (n = 7). *P < 0.05 and **P < 0.01 compared with THC-treated Tsc2*'* (B) and pBABE (D) MEFs and 
compared with vehicle-treated (C and E), vehicle-treated siC-transfected (F), or Ad-EGFP-infected (G) U87MG cells.
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ribosomal protein S6 (a well-established p70S6 kinase substrate) 
(Figure 4, A and C), indicating that mTORCl is inhibited in can
nabinoid-challenged cells. In addition, the cannabinoid-induced 
decrease in p70S6 kinase and S6 phosphorylation, autophagy, and 
cell death were not evident in Tsc2 cells, in which mTORCl is 
constitutively active (20) (Figure 4B and Supplemental Figure 6, A 
and B), further supporting a major role for mTORCl inhibition in 
the induction o f autophagic cell death by cannabinoids.

The protein kinase Akt positively regulates the activity o f the 
mTORCl complex by phosphorylating and inh ib iting TSC2 and 
PRAS40 (a well-established Akt substrate w ith in  the mTORCl 
complex). Thus, Akt inh ib ition  decreases mTORCl activity and 
promotes autophagy (20). In line with this idea, THC decreased 
the phosphorylation o f Akt, TSC2, and PRAS40 as well as p70S6 
kinase and 86 (Figure 4C). This inh ib ition  o f the Akt/m TO RCl 
pathway was abrogated by incubation with a CB1 receptor antago
nist (Supplemental Figure 6C) or a ceramide synthesis inh ib ito r 
(Supplemental Figure 60). Likewise, cells overexpressing a myris
toylated (constitutively active) form o f Akt were resistant to THC- 
induced mTORCl inhibition, autophagy, and cell death (Figure 
40  and Supplemental Figure 6, E and F), further supporting that 
THC induces autophagy via Akt inhibition.

Since TRB3 has been shown to directly interact w ith and inhibit 
Akt (21, 22), we investigated whether upregulation o f TRB3 was 
responsible for THC-induced A kt/m TO R C l inh ib ition . Sev
eral observations support that this is indeed the case: (a) THC 
increased the amount o f Akt coimmunoprecipitated w ith TRB3 
from U87MG extracts (Figure 4E), (b) knockdown o f TRB3 pre
vented the effect o f THC on Akt, TSC2, PRAS-40, p70S6 kinase, 
and S6 phosphorylation (Figure 4F), and (c) TRB3 overexpression 
decreased Akt, TSC2, PRAS40, p70S6 kinase, and S6 phosphoryla
tion, enhanced the inh ib itory effect o f THC on the phosphoryla
tion o f these proteins, and promoted autophagy (Figure 4G). In 
line w ith these observations, THC failed to inh ib it Akt, p70S6 
kinase, and S6 phosphorylation o f eIF2a S51A knockin or p8- 
deficient MEFs, in which TRB3 did not become upregulated upon 
cannabinoid treatment (Figure 4H and Supplemental Figure 6, G 
and H). Altogether, these data demonstrate that upregulation o f 
p8 and TRB3 induce autophagy o f tumor cells via inhib ition o f the 
Akt/m TORCl pathway.

THC-induced autophagy promotes the apoptotic death of cancer cells. 
While analyzing the mechanism o f cannabinoid ce ll-k illing  
action, we observed that incubation with the pan-caspase inh ib i
tor ZVAD-fmk prevented cell death to the same extent as genetic 
(Figure SA) or pharmacological (Supplemental Figure 7) inh ib i
tion o f autophagy. Furthermore, double knockout (DKG)
immortalized MEFs, which are protected against m itochondrial 
apoptosis (23), were resistant to THC-induced cell death and 
apoptosis (Figure SB) but underwent eIF2a phosphorylation 
and autophagy (Figure SC) upon THC treatment. We therefore 
investigated whether cannabinoid-induced autophagy promoted 
the apoptotic death o f cancer cells. Time-course analysis o f  LC3 
and active caspase-3 im munostaining in U87MG cells revealed 
that autophagy preceded the appearance o f apoptotic features in 
THC-treated cells (Figure SD). In addition, selective knockdown 
o fA TG l (Figure SD) as well as o f AMBRAI or ATGS (Supplemen
tal Figure 8) prevented THC-induced caspase-3 activation. More
over, unlike their wild-type counterparts, AfgS-deficient im mor
talized MEFs did not undergo phosphatidylserine translocation 
to the outer leaflet o f the plasma membrane (Figure SE), loss

o f m itochondrial membrane potential (Figure SF), or increased 
production o f reactive oxygen species (Supplemental Figure 9) in 
response to cannabinoid treatment. These findings indicate that 
activation o f the autophagy-mediated cell death pathway occurs 
upstream o f apoptosis in cannabinoid antitumoral action.

Activation of autophagy is necessary for cannabinoid antitumoral action 
in VIVO. To determine the in vivo relevance o f our findings, we first 
investigated whether THC promotes the activation o f the above
described autophagy-mediated cell death pathway in U87MG cell- 
derived tumor xenografts, in which we have recently shown that 
cannabinoid treatment reduces tumor growth (specifically, THC 
administration for 14 days decreased tum or growth by S0%; ref. 
13). Analysis o f these tumors revealed that cannabinoid adminis
tration increases TRB3 expression and decreases S6 phosphoryla
tion (Figure 6A). Likewise, formation o f LC3 dots as well as increase 
in LC3-1I and active caspase-3 immunostaining were observed in 
THC-treated, but not vehicle-treated, tumors (Figure 6B).

To further investigate whether activation o f the p8 pathway 
mediates cannabinoid antitumoral action, we also analyzed tumors 
derived from p8* * and p8 Ras  ̂'^ElA-transformed MEFs (in this 
case, THC administration for 8 days decreased by 4S% the growth 
o fp8* * tumors but had no significant effect on p8 tumors; ref. 
13). THC treatment increased TRB3 expression, decreased S6 phos
phorylation, and increased autophagy as well as TUNEL and active 
caspase-3 immunostaining in p8'/' but notp8 ' tumors (Figure 6C 
and Supplemental Figure 10). Moreover, THC treatment enhanced 
the number o f cells with LC3 dors and TUNEL-positive nuclei in 
p8' " but not in p8 ' tumors (Figure 6C).

In order to verify the importance o f autophagy for cannabinoid 
antitumoral action, we next generated tumors w ith AtgS*'* and 
AtgS ' Ras' ’^/T-large antigen transformed MEFs. THC adminis
tration reduced by more than 80% the growth o f tumors derived 
from wild-type cells but had no significant effect on those tumors 
generated by autophagy-deficient cells (Figure 7A). Furthermore, 
cannabinoid administration increased autophagy, TUNEL (Fig
ure 7B), and active caspase-3 immunostaining (Supplemental Fig
ure 11) in AtgS*'* but not AtgS tumors. Likewise, cannabinoid 
administration increased the number o f cells w ith LC3 dots and 
TUNEL-positive nuclei in AtgS* * but not AtgS tumors (Figure 
7B). Taken together, these findings demonstrate that activation o f 
the autophagy-mediated cell death pathway is indispensable for 
cannabinoid antitumoral action.

Finally, we analyzed the tumors o f 2 patients enrolled in a clinical 
trial aimed ar investigating the effect o f THC on recurrent glioblas
toma multiforme. The patients were subjected to intracranial THC 
administration, and biopsies were taken before and after the treat
ment (11). In the 2 patients, cannabinoid inoculation increased 
TRB3 immunostaining and decreased S6 phosphorylation (Figure 
8A). Interestingly, the number o f cells with autophagic phenotype 
(Figure SB) as well as w ith active caspase-3 immunostaining (Fig
ure 8C) was increased in the tumor samples obtained after THC 
treatment. Although these studies were only conducted in speci
mens from 2 patients, they are in line with the preclinical evidence 
shown above and suggest that cannabinoid administration m ight 
also trigger autophagy-mediated cell death in human tumors.

Discussion
In this study we show that cannabinoids, a new family o f potential 
antitumoral agents, induce autophagy o f cancer cells and that this 
process mediates the cell death-promoting activity o f these com-
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Autophagy is upstream of apoptosis in cannabinoid-induced cancer cell death. (A) Effect of THC and the pan-caspase inhibitor ZVAD (10 pM) on 
the viability of Atg5* *̂ and AtgS-'- MEFs (36 h; percentage of viable cells relative to the corresponding Atg5*'* vehicle-treated cells, mean ± SD; 
n = 3). (B) Effect of THC on the apoptosis of Bax/Bak WT and Bax/Bak DKO MEFs as determined by cytofluorometric analysis of Annexin V/ 
propidium iodide (PI) (24 h; mean ± SD; n = 3). The mean ± SD percentage of Annexin V-positive/PI-positive and Annexin V-positive, Pl-nega- 
tive cells is shown in the upper and lower corners, respectively. (0) Effect of THC on elF2a phosphorylation (3 h;n = 3) and LC3 lipidation (18 h; 
n = 4) of Bax/Bak WT and DKO MEFs. (D) Left: Effect of THC on autophagy and apoptosis of U87MG cells transfected with siC or siATGI. 
Green bars, cells with LC3 dots; red bars, active caspase-3-positive cells; white bars, cells with both LC3 dots and active caspase-3 staining. 
Data correspond to the percentage of cells with LC3 dots (green bars), active caspase-3-positive cells (red bars), and cells with LC3 dots and 
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photomicrographs (36 h; scale bar: 20 (xm). (E and F) Effect of THC on apoptosis (E; 24 h; n = 3) and loss of mitochondrial membrane potential as 
determined by DiOCe(3) staining (F; 24 h; n = 4) of and Atg5-'- MEFs. In E, the mean ± SD percentage of Annexin V-positive/PI-positive 
and Annexin V-positive, Pl-negative cells is shown in the upper and lower corners, respectively. **P < 0.01 compared with THC-treated Afg5+'+ 
(A, E, and F) and Bax/Bak WT (B) MEFs and from THC-treated, siC-transfected cells (D).
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THC activates the autophagic cell death pathway in vivo. (A) 
Effect of peritumoral THC administration on TRB3 and p-S6 
immunostaining in U87MG tumors. TRB3- or p-S6-stained 
area normalized to the total number of nuclei in each section; 
numbers indicate the mean fold change ± SD; 18 sections 
were counted for each of 3 dissected tumors for each condi
tion. Scale bar: 50 pm. (B) Left: Effect of peritumoral THC 
administration on LC3 and active caspase-3 immunostaining 
in U87MG tumors. Arrows point to cells with LC3 dots. The 
numbers indicate the percentage of active caspase-3-posi- 
tive cells relative to the total number of nuclei in each sec
tion ± SD. Ten sections were counted for each of 3 dissected 
tumors for each condition. Scale bars: 20 pm. Right: Effect of 
peritumoral THC administration on LC3 lipidation in U87MG 
tumors. Representative samples from 1 vehicle-treated and 
1 THC-treated tumor are shown. Numbers indicate the LC3-I 
and LC3-II OD values relative to vehicle-treated tumors 
(mean ± SD). n = 3. (C) Left: Effect of THC administration on 
LC3 immunostaining (green) and TUNEL (red) in Ras'/^^/EIA 

and p8-'- tumor xenografts. Arrows point to cells with 
LC3 dots and TUNEL-positive nuclei. Right: Bar graph shows 
the percentage of TUNEL-positive nuclei or cells with TUNEL- 
positive nuclei and LC3 dots relative to the total number of 
nuclei in each section (mean ± SD). Eighteen sections were 
oounted from 3 dissected tumors for each condition. Scale 
bars: 50 pm. Inset shows the magnification of 1 selected cell 
(arrows point to LC3 dots; scale bar: 10 pm). *P < 0.05 and 
**P < 0.01 compared with vehicle-treated tumors.
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Autophagy is essential for cannabinoid antitumoral action. (A) Effect of peritumoral THC administration on the growth of Atg5*'^ (upper panel) 
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pounds. Several observations strongly support this idea: (a) THC 
induced autophagy and cell death in different types o f cancer cells 
but not in nontransformed astrocytes, which are resistant to can
nabinoid killing action, (b) pharmacological or genetic inh ib ition 
o f autophagy prevented THC-induced cell death, (c) autophagy- 
deficient tumors were resistant to THC growth-inhibiting action, 
and (d) THC administration activated the autophagic cell death 
pathway in 3 different models o f tumor xenografts as well as in 2 
human tumor samples.

Depending on the cellular context and the strength and duration 
o f the triggering stimulus, autophagy is involved in the promotion 
or inhibition o f cancer cell survival (4,5,24,25). However, the molec
ular bases o f this dual role o f autophagy in cancer remain unknown.

Data presented here demonstrate that induction o f autophagy by 
cannabinoids leads to cancer cell death and identify the signaling 
route responsible for the activation o f this cellular process. Thus, 
our findings suggest that THC — via activation o f the CBl recep
tor and stimulation o f ceramide synthesis de novo — activates an 
early ER stress response that leads to increased phosphorylation o f 
eIF2a on Ser51. Experiments performed w ith eIF2a S5 lA  mutant 
cells have shown that phosphorylation o f this residue, which is 
known to attenuate general protein translation while enhancing the 
expression o f several genes related with the ER stress response (17), 
is required for the upregulation o f the stress protein p8 and its ER 
stress-related downstream targets ATF4, CHOP, and TRB3 as well 
as for the induction o f autophagy by cannabinoids. Furthermore,
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THC administration promotes autophagy in glioblastomas of 2 patients. Analysis of different parameters in 2 patients with glioblastoma mul
tiforme before and after intracranial THC treatment (it was estimated that doses of 6-10 pM were reached at the site of administration). (A) 
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we demonstrate that the upregulation o f p8 and TRB3, which has 
been previously implicated in cannabinoid-evoked cell death (13), is 
a crucial event in the triggering o f autophagy. Ceramide accumula
tion has been proposed to induce ER stress (26, 27) and autoph

agy (28), and eIF2a phosphorylation has been implicated in the 
induction o f autophagy in response to different situations (29-31). 
However, the molecular mechanisms responsible for these actions 
have not been clarified. Findings presented here now suggest that
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upregulation o f the p8-TRB3 pathway constitutes a mechanism by 
which de novo-synthesized ceramide and eIF2a phosphorylation 
promote autophagy, thus identifying what we believe is a novel con
nection between ER stress and autophagy.

Our data also demonstrate that the autophagy-promoting activ
ity o f the p8-regulated pathway is based on its ability to inh ib it the 
Akt/m TO R C l axis. Regulation o f mTORCl largely relies on the 
activity o f the prosurvival kinase Akt, whose inh ib ition  leads to 
mTORCl inactivation and, in turn, to autophagy (20). Our find
ings reveal that THC upregulates TRB3, promoting its interaction 
with Akt and leading to decreased phosphorylation o f this kinase 
as well as o f its direct substrates TSC2 and PRAS40, which trig 
gers mTORCl inhib ition and induction o f autophagy. TRB3 has 
been previously shown to inh ib it Akt (21,22), although the precise 
contribution o f this pseudo-kinase to the regulation o f Akt activ
ity in different cellular contexts is unclear (32). Here we demon
strate that TRB3 inh ib ition  o f the Akt/m TO RCl axis is essential 
for cannabinoid-induced autophagy o f cancer cells. Moreover, we 
show that this pathway is essential for cannabinoid antitumoral 
action. Thus, THC administration leads to TRB3 upregulation, 
mTORCl inh ib ition , induction o f autophagy, and reduction o f 
tumor growth in different models o f tumor xenografts, but not in 
p8-deficient tumors that are defective in the upregulation o f the 
p8/TRB3 pathway. Furthermore, activation o f this pathway was 
also evident in 2 glioma patients that had been treated w ith THC. 
These results thus uncover a role for TRB3 that may be o f great 
importance in the regulation o f cancer cell death.

Autophagy has been proposed to protect from apoptosis, act 
as an apoptosis-alternative pathway to induce cell death, or act 
together w ith apoptosis as a combined mechanism for cell death 
(6,33). However, very little  is known about the role o f the interplay 
between these 2 cellular processes in the control o f tumor growth 
in response to anticancer agents. O ur results now clearly demon
strate that induction o f autophagy is involved in the mechanism 
by which cannabinoids promote the activation o f the mitochon
drial pro-apoptotic pathway. Thus, neither tumors in  which the 
p8-regulated pathway has been ablated (and in which, therefore, 
THC treatment does not induce autophagy) nor tumors in tr in 
sically deficient in autophagy undergo apoptosis in response to 
THC, and so they are resistant to THC antitumoral action. These 
findings reveal that autophagy is required for the activation o f 
apoptosis in response to cannabinoid treatment in vivo.

I t  is worth noting that the concentrations o f THC used in this 
study are in the same range as those administered intracranially 
to the patients in which we observed activation o f the autophagy- 
mediated cell death pathway (11) and could be thus considered 
clinically relevant. O f interest, intraperitoneal administration o f 
THC to U87MG tumor xenografts produces a similar decrease in 
tumor growth (that occurs in concert w ith increased autophagy 
and apoptosis) to that observed when the cannabinoid is adminis
tered peritumorally (our unpublished observations). Considering 
that no signs o f toxicity were observed in the clinical trial patients 
(11) or in tumor-bearing animals treated inttacranially, peritumor
ally, or intraperitoneally w ith THC (refs. 34 and 35 and data not 
shown), and that no overt toxic effects have been reported in other 
clinical trials o f cannabinoid use in cancer patients for various 
applications (e.g., inh ib ition  o f nausea, vomiting, and pain) and 
using different routes o f  administration (e.g., oral, oro-mucosal) 
(9,36), our findings support that safe, therapeutically efficacious 
doses o f THC may be reached in cancer patients.

In summary, in  this study we identify what we believe is a new 
route that links the ER stress response to the activation o f autoph
agy and promotes the apoptotic death o f tumor cells (Figure 7C). 
The identification o f this pathway w ill help to understand the 
molecular events that lead to activation o f autophagy-mediated 
cell death by anticancer drugs and may contribute to the design o f 
new therapeutic strategies for inhibiting tumor growth.

Methods
Cell culture and viability. Cortical astrocytes were prepared from 24-hour-old 

mice as previously described (13). Primary cultures o f  brain rum or cells 

were prepared and cultured as described in the Supplemental Methods. 

U 87M G , T98G , U373M G , and MiaPaCa2 cells, p8‘ * a n d p8  Ras^'^/EIA  

M EFs, AtgS" ' and Atg5 T-large antigen M EFs (provided by Noboru  

M izushim a, Tokyo Medical and Dental University, Tokyo, Japan), B a x / 

Bak wild-type and B ax/Bak  D K O  T-large antigen MEFs (provided by Luca 

Scorrano, Dulbecco Telethon Institute, M ilan, Italy, and Patnzia Agosti

nis, Catholic University o f  Leuven, Leuven, Belgium), elF2a S5 IS W T  and 

eIF2n S5 lA  T-large antigen MEFs (provided by Richard Kaufman, Uni

versity o f  M ichigan, Ann Arbor, M ichigan, USA, and Cesar de Haro and 

Juan J Berlanga, Centro de Biologia Molecular Severe Ochoa, Autonoma 

University, M adrid , Spain), Tsc2‘ ‘ and Tsc2 p53  MEFs, empty vector 

(pBABE) and pBABE-myr-Akt MEFs, and Afg5‘ ' and A(g5 Ras  ̂'-'/T-large 

antigen MEFs were cultured in D M E M  containing 10% FBS and trans

ferred to medium containing 0.5% FBS (except R as''VE lA -transform ed  

MEFs, which were transferred to medium containing 2% FBS) 18 h before 

performing the different treatments. p8* * and p8 Ras' ‘V E lA  MEFs as 

well as Atg5‘ * and AtgS Ras'''^/T-large antigen MEFs correspond to a 

polyclonal mix o f  at least 20 different selected clones. Unless otherwise 

indicated, TH C  was used at a final concentration o f  5 pM . Cell viability was 

detei-mined by the M T T  [3-(4,5-dimerhylthiazol-2-yl)-2,5-diphenyl tétrazo

lium bromide] test (Sigma-Aldrich).

Flow cytometry. Briefly, cells (approximately 5 x 10' cells per assay) were 

trypsinized, divided in 2 tubes, washed, and collected by centrifugation  

at 1,500g for 5 min, One aliquot was incubated for 10 min at 3 7 °C  with 

Annexin V -F IT C  (BD Biosciences). Propidium iodide (1 pg/m l) was added 

just before cytofluorom etric analysis. The other aliquot was sim ultane

ously labeled w ith 3,3'-dihexyloxacarbocyanine iodide (DiOC^jdj, 40 nM; 

Invitrogen) and hydroethidium  (5 pM ; Invitrogen) for 10 m inutes at 

37 °C, followed by cytofluorometric analysis. Cells (10,000) were recorded 

in each analysis. Fluorescence intensity was analyzed in an EPICS XL flow  

cytometer (Beckman Coulter).

Western blot. Western blot analysis was performed following standard 

procedures. A list o f  the antibodies used can be found in Supplemen

tal Methods. Densitom etric analysis was performed with Q uantity  One 

software (Bio-Rad).

Transfections. U 8 7 M G  cells (75% con fluent) were rransfected w ith  

siRNA duplexes using the Dharm aFEC T 1 Transfection reagent (Dhar- 

macon). Cells were trypsinized and seeded 24 h after transfection, at a 

density o f 5,000 cells/cm^. Transfection efficiency was greater than 70% 

as m onitored w ith a control fluorescent (red) siRNA (siGLO RISC-Free 

siRNA: Dharmacon). In  immunofluorescence experiments, control and 

selective siRNAs were used in a 1:5 ratio, and cells w ith  red spots were 

scored as transfected.

Infections with adenoviral vectors. U 87M G  cells (75% confluent) were trans

duced for 1 h with supernatants obtained from HEK293 cells infected with 

adenoviral vectors carrying EGFP (provided by Javier G. Castro, Hospital 

In fantil Universitario N ino Jesiis, M adrid, Spain), rat HA-tagged TRB3 

(donated by Patrick lynedjian. University o f  Geneva, Geneva, Switzerland) 

(32), or hum an EGFP-LC3 (provided by Aviva Tolkovsky and Christoph
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Goemans, University o f  Cambridge, Cambridge, United Kingdom). Infec

tion efficiency was greater than 80% as determined by EGFP fluorescence.

R N A  interference. Double-stranded RN A  duplexes were purchased from  

Dharmacon. A list o f  sequences can be found in the Supplemental Methods.

RT-PC R analysis. R N A was isolated using Trizo l Reagent (Invitrogen). 

cD N A  was obtained w ith  Transcrip tor Reverse transcriptase (Roche 

Applied Science). Primers and am plification conditions can be found in 

the Supplemental Methods.

Real-time quantitative PCR. cD N A  was obtained using Transcnptor (Roche 

Applied Science). Real-time quantitative PCR assays were performed using 

the FastStart Universal Probe M aster mix w ith Rox (Roche Applied Sci

ence), and probes were obtained from  rhe Universal ProbeLibrary Set 

(Roche Applied Science). Primer sequences can be found in the Supple

mental Methods. Am plifications were run in a 7900 HT-Fast Real-Time 

PCR System (Applied Biosystems). Each value was adjusted by using 18S 

RNA levels as a reference.

Immunoprécipitation. U 8 7M G  cells were lysed in HEPES lysis buffer (see 

Supplemental Methods for buffer composition). Lysate (1 -4  mg) was pre

cleared by incubating w ith 5 -2 0  p i o f  protein G-Sepharose conjugated 

to pre-im m une IgG. The lysate extracts were then incubated w ith 5 -2 0  

pi o f  protein G-Sepharose conjugated to 5 -2 0  pg o f  the anti-TRBd anti

body or pre-immune IgG. TRB3 antibody (aminoterm tnal end, ab505I6; 

Abeam) was covalently conjugated to protein G-Sepharose using dimethyl 

pim elim idate. Im m unoprécip itations were carried out for I h at 4 °C  

on a rotatory wheel. The immunoprecipitates were washed 4 times with  

HEPES lysis buffer, followed by 2 washes w ith HEPES kinase buffer. The  

im munoprecipitates were resuspended in 30 pi o f  sample buffer (not con

taining 2-mercaptoethanol) and filtered through a 0.22-pm Spin-X filter, 

and 2-mercaptoethanol was added to a concentration o f  1% (vol/vol). Sam

ples were subjected to electrophoresis and im m unoblot analysis.

Ceramide levels. Ceramide levels were determined as previously descnbed (37).

Confocal laser scanning microscopy. Standard protocols for im m un o

fluorescence microscopy were used (see Supplemental Methods for the 

antibodies used). To quantify the percentage o f  cells w ith LC3 or PD I dots, 

at least 200 cells per condition were counted in randomly selected fields. 

In all cases, only those cells w ith  4 or more prominent dots o f  either LC3 

or PDI were scored positively.

In  vivo treatments. Tumors derived from U 87M G  cells and p8* ' and p8 

M EFs were induced and treated as previously described (13). Tum ors 

derived from Afg5* * or Afg5 Ras'"^/T-large antigen MEFs (see Supplemen

tal M ethods for the procedure used to generate these cells) were induced 

in nude mice by subcutaneous injection o f  10'' cells in PBS supplemented 

with 0.1% glucose. Tumors were allowed to grow until an average volume o f  

200-250 m m  \  and animals were assigned randomly to the different groups. 

At this point, vehicle or T H C  (15 m g/kg/d ) in 100 pi o f  PBS supplemented 

w ith 5 m g/m l BSA was administered daily in a single pen tumoral injection. 

Tumors were measured with an external caliper, and volume was calculated 

as (A n /3 ) x (width/2)^ x (length/2). All procedures involving animals were 

performed w ith the approval o f  the Complutense University Animal Experi

m entation Committee according to Spanish official regulations.

H um an tum or samples. Tum or biopsies were obtained from 2 recurrent 

glioblastoma m ultiform e patients who had been treated w ith T H C . The 

characteristics o f  the patients and the clinical study have been described 

in detail elsewhere ( I  I). Briefly, T H C  dissolved in 30 ml o f  physiological 

saline solution plus 0.5% (wt/vol) human setum albumin was administered 

intratum orally to the patients. Patient I received a total o f  1.46 mg o fT H C  

for 30 days, while patient 2 received a total o f  1.29 mg o fT H C  for 26 days 

( it was estimated that doses o f  6 -1 0  pM  T H C  were reached at the site o f  

administration; ref. 11). Samples were fixed in formalin, embedded in par

affin, and used for immunomicroscopy.

Immunomicroscopy o f  tum or samples. Samples from  tu m o r xenografts 

were dissected, Tissue-Tek (Sakura) embedded, frozen, and, before the 

staining procedures were performed, fixed in acetone for 10 m in at room  

temperature. Samples from  hum an tumors were subjected to deparaf- 

finization, rehydration, and antigen retrieval before the staining proce

dures were performed. Standard protocols for immunofluorescence or 

immunohistochemistry microscopy were used (see Supplemental M eth 

ods). Nuclei were counterstained with TO TO -3 iodide (U 87M G  and human 

tum or samples; Invitrogen) or Hoechst 33342 (M E F tumors; Invitrogen). 

Fluorescence images were acquired using M etam orph-O ffline 6.2 software 

(Universal Imaging) and Zeiss Axioplan 2 Microscope.

T U N E L . Tum or samples were fixed, blocked, and permeabilized, and 

T U N E L  was performed as previously described (13).

Electron microscopy. Ultrastructural analysis o f  vehicle- and THC-treated  

cells was assessed by conventional embedding in the epoxy-resin EM L-812  

(Taab Laboratories). U ltra th in  (20- to 30-nm -thick) sections o f  the sam

ples were obtained using a Leica-Reichert-jung u ltram icrotom e and then 

stained with saturated uranyl acetate-lead citrate by standard procedures. 

U ltrathin sections were analyzed in aJEOL 1200-EX II transmission elec

tron microscope operating at 100 kV.

Statistics. Statistical analysis was performed by ANOVA with a post-hoc 

analysis using rhe Student-Neuman-Keuls test. Differences were consid

ered significant when the P value was less than 0.05.
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Autophagic Punctum

TRB3 links ER stress to autophagy in cannabinoid anti-tumoral action
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A^^-tetrahydrocannabinol (THC), the main active component 
of marijuana, is being investigated as a potential anti-tumoral 
agent. We find that THC stimulates an endoplasmic reticulum 
(ER) stress-related signaling pathway, which activates autophagy 
via inhibition of the Akt/mTORCl axis. We also show that 
autophagy is upstream of apoptosis in cannabinoid-induced cancer 
cell death and that activation of this pathway is necessary for the 
anti-tumoral action of cannabinoids in vivo.

The final outcome of the activation of the autophagy program 
seems to be highly dependent on the cellular context and the 
strength and duration of the stress-inducing signals. Thus, besides 
its role in cellular homeostasis, autophagy can be a form of 
programmed cell death or play a cytoprotective role, for example 
in situations of nutrient starvation. Accordingly, autophagy plays 
a dual role in cancer. On one hand, this cellular process may help 
to overcome the stress evoked at the initial steps of tumorigenesis, 
and on the other, autophagy has been proposed to work as a tumor 
suppressor. Moreover, different anticancer treatments activate 
autophagy in tumor cells, which either enhance cancer cell death 
or act as a mechanism of resistance to chemotherapy.

Cannabinoids, the active components of marijuana, of which 
A^-tetrahydrocannabinol (THC) is the most important owing to
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its high abundance and potenc)' ,̂ are currently being investigated 
as potential anti-tumoral agents. Along these lines, treatment with 
cannabinoids curbs tumor growth in various animal models of 
cancer. These anti-tumoral actions of cannabinoids are based on 
the ability of these agents to inhibit tumor angiogenesis and acti
vate apoptosis of cancer cells.

Our recent findings have unraveled that cannabinoids induce 
autophagy in different types of tumor cells, including glioma/ 
astrocytoma and pancreatic cancer cells, whereas they do not 
activate this cellular process in nontransformed cells (which are 
resistant to the cell death-promoting activity of cannabinoids). 
O f interest, pharmacological or genetic inhibition of autophagy 
prevents cannabinoid-induced cell death as well as apoptosis, 
whereas abrogation of apoptosis prevents cell death but not 
autophagy as induced by these agents. These observations lead us 
to conclude that induction of autophagy is part of the mechanism 
by which cannabinoids promote the apoptotic death of cancer 
cells. The in vivo relevance of these findings is demonstrated by 
the observation that cannabinoid treatment reduces tumor growth 
and activates autophagy and apoptosis in subcutaneous tumor 
xenografts derived from human U87MG astrocytoma cells and 
transformed mouse embryonic fibroblasts (MEFs). Furthermore, 
autophagy-deficient tumors (generated by subcutaneous injection 
of transformed Atg5'^‘ MEFs) are resistant to THC anti-tumoral 
action, strongly supporting the idea that autophagy is essential for 
the antineoplastic activity of cannabinoids. In addition, analysis 
of samples obtained from two glioblastoma multiforme patients 
indicates that THC administration might also trigger autophagy- 
mediated cell death in human tumors.

We also investigated the molecular mechanisms responsible 
for the activation of autophagy upon THC administration. Our 
results indicate that cannabinoids stimulate this process via an 
endoplasmic reticulum (ER) stress-related signaling pathway 
(Fig. 1). ER stress is an adaptive response that becomes activated 
in the cell when the ER is altered. We found that THC triggers

Autophagy 2009; Vol. 5 Issue 7
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A new mechanism lor activating autophagy-mediated cell death

an early accumulation of de novo-synthesized ceramide (an event 
that takes place in the ER), which leads in turn to ER dilation and 
increased eukaryotic initiation translation factor 2a (elF2a) phos
phorylation, two hallmarks of the ER stress response. Activation of 
this ER stress response induces the upregulation of several genes, 
including the stress-regulated protein p8 (also named candidate of 
metastasis 1, Com-1) and its downstream target, the pseudokinase 
Tribbles homologue 3 (TRB3), that we had previously implicated 
in cannabinoid anti-tumoral action. Genetic inhibition of p8 
and TRB3 prevents cannabinoid-induced autophagy as well as 
cell death, demonstrating that these proteins play a major role in 
connecting ER stress and autophagy in the context of cannabinoid 
action.

Our investigations show that a key step in the induction of 
autophagy by this ER stress-related signaling pathway relies on the 
inhibition of the Akt/mammalian target of rapamycin complex 1 
(mTORCl) axis by TRB3. It is widely accepted that one of the 
crucial events for the initiation of autophagy in many cellular 
settings is the inhibition of mTORCl, which plays a central role in 
the control of protein synthesis, cell growth and cell proliferation 
through the regulation of several downstream targets. In addi
tion, mTORCl is proposed to regulate autophagy by repressing 
the activity of Atgl. As a result of its central position in the 
control of cellular homeostasis, mTORCl integrates signals from 
different inputs. One of the most important upstream regulators of 
mTORCl is the pro-survival kinase Akt, which phosphorylates and 
inactivates TSC2 (an inhibitor of the mTORCl activator Rheb) as 
well as PRAS40. Thus, Akt activation stimulates mTORCl and 
inhibits autophagy.

In our study we found that cannabinoid treatment, via the 
above-described ER stress-related signaling route, increases TRB3 
levels and promotes the inhibitory interaction of this protein 
with Akt, leading in turn to mTORCl inhibition. In agreement 
with these observations, treatment of mice with THC decreases 
mTORCl activity, stimulates autophagy and apoptosis and reduces 
tumor growth in xenografts generated with p8̂ '̂̂  cells but not in 
those generated with p8'^' cells (in which TRB3 is not up regu
lated in response to THC), further confirming that the p8/TRB3 
pathway plays an essential role in the activation of autophagy and 
cell death by cannabinoids also in vivo.

As discussed above, research by different laboratories shows 
that autophagy is involved in both promotion and inhibition of 
tumor growth. However, the molecular determinants of this dual 
role of autophagy in cancer remain obscure. The identification by 
our laboratories of a new ER stress-related pathway that activates 
autophagy and promotes the apoptotic death of tumor cells may 
help to clarify the molecular events that lead to activation of 
autophagy-mediated cell death by anticancer drugs. The crucial 
role of p8 and TRB3 in cannabinoid anti-tumoral action points to 
these two proteins as important regulators of the autophagy process 
in the context of tumor cell death. Nevertheless, further research 
should still clarify whether the extent of ceramide accumulation, 
the simultaneous activation of other ER stress-regulated signaling 
pathways, the time frame and degree of mTORCl inhibition, and 
the participation of specific autophagy genes are also key elements

ER stress

Tumor 
cell death

eramid

ATF-4 C H O P

T 0 R C 1

Apoptosis

Autophagy

Figure 1. Proposed m echanism  of c a n n a b in o id  anti-tum oro! actio n . This 

panel is m od ified  from  a  schem atic show n in Figure 7 C  o f the o rig ina l 

artic le  published a t J C lin  Invest 2 0 0 9 ;  1 1 9 : 1 3 5 9 - 7 2 .

for the activation of the autophagy-mediated cell death pathway 
in tumor cells. Characterization of the molecular mechanisms that 
differentially regulate autophagy in situations in which this cellular 
process is activated to promote cell death will be crucial to design 
new therapeutic strategies based on the modulation of autophagy 
in cancer cells.
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Abstract
D ifferent physiological and pathological situations th a t produce alterations in 
the endoplasm ic reticulum , lead to a condition known as ER stress. ER stress  
activates a com plex in tracellu lar signal transduction pathway, called unfolded  
protein response (UPR). UPR is ta ilored  essentially  to reestablish ER hom eosta
sis. However, when persistent, ER stress can switch the cytoprotective functions  
o f UPR into cell death  prom oting m echanism s. One o f the cellu lar mechanism s  
th a t are regulated by ER stress is autophagy. Autophagy is a cellular process by 
which d ifferen t cytoplasm ic com ponents including organelles are targeted  for
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degradation to  the autophagosom es. Interestingly, like ER stress, autophagy  
can be a protective or a cell death prom oting m echanism . Recently, a variety o f 
anticancer therap ies (including those th a t s tim ulate ER stress) have been  
shown to activate autophagy in tum or cells, which has been proposed to  e ith er  
enhance cancer cell death  or act as a mechanism  of resistance to chem otherapy.

In this chapter, we w ill describe som e of the procedures th a t are currently  
used to analyze autophagy as w ell as som e o f the experim enta l approaches that 
can be undertaken to investigate the connection betw een ER stress and au to 
phagy in cancer.

1. In tr o d u c tio n

Autophagy is a cellular process by which entire cytoplasmic por
tions— including organelles and other cytoplasmic components— are 
engulfed within double-membrane vesicles designated autophagosomes 
(He and Klionsky. 2(109). The maturation of these vesicles involves their 
fusion with lysosomes, which leads in turn to the degradation of the 
autophagosomal components by the lysosomal degradative enzymes 
(Le\ine and Kroemer, 2008; Miznshima ct ill., 2008). The molecular 
mechanisms responsible for the regulation of autophagy have not been 
completely elucidated yet, although genetic and biochemical analyses per
formed during the last few years have identified several autophagy genes 
(Atg) that participate in the regulation of this cellular process (He and 
Klionsky. 2009). The final outcome o f the activation o f the autophagy 
program is highly dependent on the cellular context and the strength and 
duration o f the stress-inducing signals. Thus, besides its role in cellular 
homeostasis, autophagy can be a form of programmed cell death or play a 
cytoprotective role, for example, in situations o f nutrient starvation 
(Eisenberg-Lerncr a  iil.. 2009; M aiuri ci a l,  2007).

O f  relevance, different situations that induce E R  stress lead in turn to 
autophagy stimulation (He and Klionsky. 2009). As discussed along this 
issue o f  M ethods in Enzymology, the E R  stress response is initially a 
protective mechanism. H ow ever, w hen the intensity or duration o f  the 
E R  damage cannot be restored by this response, E R  stress can also lead to 
cell death (He and Klionsky. 2009). Likewise, autophagy can help to cope 
w ith E R  stress (e.g., contributing to the elimination o f unfolded or aggre
gated proteins) or participate in the mechanism o f  E R  stress-induced 
cell death (Mams ct <i/,, 2008; Verfnilie ct iiL, 2010; W inslow and 
Rubinsztein, 2008).

In cancer, autophagy has been proposed to play a tumor suppressor 
function by providing the minimal supply o f A TP required for D N A  repair, 
preventing oxidative stress and reducing intratumoral necrosis and local
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inflammation (M.uiin et a i, 2009; Machew ct a i.  2007; Morselli ct al.,
2009). In addition, different anticancer treatments (including those that 
stimulate E R  stress) activate autophagy in tumor cells, which has been 
proposed to either enhance cancer cell death or act as a mechanism of
resistance to chemotherapy (M anin ct a i,  2009; M athew ct a i,  2007;
Morselli ct a i,  2009; Salazar ct a i.  2009; Vcrfaillie ct a i.  2010).

2. M o n ito r in g  Autophagy Upon ER S tress

Several experimental approaches can be used to analyze whether a 
certain stimulus (and in particular those situations that activate E R  stress) 
can also induce autophagy in cultured cells. In most cases, it will be 
necessary to combine two or more of these approaches to confimi that 
this cellular process becomes activated. In this section, we will describe 
some of the most frequently used methodologies to analyze autophagy.

2.1. Electron microscopy

Autophagosomes (the characteristic double-membrane vesicles containing 
cytoplasmic components) have been observed by electron microscopy in 
mammalian cells since the 1950s cells (Klionsky. 2097) and this methodo
logy still remains as one o f the most conclusive ways o f confinning 
the presence o f autophagosomes in the cell. In Fig. 17.1A we show micro
photographs of cells subjected to an autophagic stimulus in which the 
morphological features of early and late autophagosomes can be appreciated. 
Nevertheless, a detailed description of electron microscopy protocols is out 
of the scope of this chapter and will not be included here.

2.2. Analyzing the autophagy protein LC3 to 
monitor autophagy

The microtubule-associated protein 1 (LC3 or Atg8) is an autophagy 
protein initially synthesized in its unprocessed fonn (proLC3). Upon auto
phagy stimulation, the C terminus of EC3 is cleaved by the Atg4 proteases 
to form LC 3-I, which is then modified (with the sequential participation of 
at least two additional autophagy proteins) to form the phosphatidyleth- 
anolamide (PE)-conjugated form ofLC3, named L C 3-II (He .uid Klionsky, 
2999). L C 3-II remains associated to the autophagosomal membrane until 
this vesicle fuses with the lysosome to form the autophagolysosome where 
L C 3-II is digested together with the rest of the autophagosomal content. 
Conversion o f LC 3-I into L C 3 -II and changes in the subcellular
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Figure 17.1 Techniques used to analyze autophagy in cultured cells. (A) Electron 
microscopy. Representative electron microscopy photomicrographs o f U87MG cells 
after 6 h treatment with 4 pM A^-tetrahyrocannabinol (THC, a potent autophagy 
inducer; bars; 500 nm). Note the presence o f early (open arrows) and late (close arrows) 
autophagosomes in THC but not vehicle (veh)-treated cells. Low panels: Details o f early 
(left) and late (middle and right) autophagosomes. (B) L C 3  immunostaining. Effect o f  
THC (18 h) treatment on LC3 immunostaining (green) o f U87MG cells (bar: 20 pm). 
Note the presence o f LC3 puncta in cells treated with the autophagic stimulus but not in 
vehicle-treated cells. (C) LC 3 lipidation. Effect ofE64d (10 pA^ and pepstatin A (PA; 10 
pg/ml) on THC-induced LC3 hpidation o f  U87MG cells. Note the presence o f the 
LC3-II band (higher electrophoretic mobility). In agreement with the stimulation o f  
dynamic autophagy in this experimental setting, incubation with the inhibitors o f the 
lysosomal proteases enhances LC3-II levels.
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distribution o f LC3 are thus two hallmarks of autophagy that can be 
monitored to determine whether this cellular process becomes activated.

2.2.1. Analysis of LC3 subcellular location by immunofluorescence
As described above, upon induction of autophagy, L C 3-II becomes asso
ciated to the autophagosomal membrane. This change in the subcellular 
distribution of LC3 can be followed by immunoflourecence microscopy 
(a characteristic pattern of LC3 puncta can be observed in autophagic cells 
stained with anti-LC3 antibodies; fig. 17. IB). Alternatively, cells can also 
be manipulated to express a recombinant fonn of LC3 fused with GFP (or 
other fluorescent protein). This recombinant form of LC3 is processed in 
the same way than endogenous LC3, and therefore when these cells 
are subjected to an autophagic stimulus exhibit a charactenstic pattern of 
G FP-LC3 punta.

2.2.1.1. Analysis of endogenous LC3

Required material
• Cells o f interest: Autophag'/ can be detected by this procedure in many 

different cell types (we will describe the protocol used for detecting LC3 
in the human glioma cell line U 87M G ). Nevertheless, we recoimnend 
selecting for this type of experiment cells with large cytoplasm (in which 
the presence of LC3 dots can be more easily appreciated).

• Cell culture medium: Certain cell types rapidly undergo autophagy when 
serum is removed from the medium. I f  the experimental conditions 
require incubation in a defined (low-serum content) medium, we rec
ommend including an additional control with cells incubated in complete 
medium.

• A n ti-L C 3 : W e recommend using the rabbit polyclonal anti-LC3 anti
body from M B L (Naka-Ku Nagoya, Japan, ref. PM036).

• Secondary antibody: Alexa 488 goat anti-rabbit IgG (Invitrogen).
• Other reagents: PBS, 4% parafonnaldehyde, 10% Triton X -100 solution, 

goat serum, M owiol (mounting medium), Hoechst 33342 (Stock 5 m g/ 
ml; Invitrogen).

Procedure
Grow cells in sterilized cover glasses. After incubation with the desired 
stimuli, carefully remove the medium, rinse with PBS and fix the cells 
with 4% parafonnaldehyde in PBS for 10 min. Wash twice with PBS and 
permeabilize the cells with 0.03% Triton X -100 in PBS containing 3% 
BSA for 30 min. Wash again with PBS and incubate with the primary 
antibody (polyclonal anti-LC3, MBL; ref. PM036; 1:300 in PBS; we 
recoimnend using 30 pi o f diluted antibody for each cover glass). After 
incubation for 1 h at room temperature (or overnight at 4 °C), wash with
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PBS for 30 min and incubate with the secondary antibody (anti-rabbit 
1:500 in PBS) and Hoechst 33342 (1/4000) for 1 h, wash with PBS for 
30 min and mount with Mowiol.

Analysis in the confocal microscope
W e recommend using a confocal microscope rather than a microscope of 
fluorescence to analyze LC3 immunostaimng. The size and number of the 
LC3 puncta present in the autophagic cells can vary depending on the 
autophagic stimulus and the cell type. A strong autophagic stimulus (e.g., 
treatment with A ̂ tetrahydrocannabinol) is expected to produce a large 
number ofLC3 puncta in the cells (see Fig. 17. IB). However the presence 
o f LC3 dots could be less evident in response to other stimuli. We recom
mend quantifying the percentage of cells exhibiting at least five to six 
countable LC3 dots per cell. I f  controls have some basal autophagy, the 
number o f LC3 puncta per cell rather than the total number of cells 
displaying puncta should be determined (in this case a threshold based on 
the average number o f puncta found in control cells can be used to deter
mine the rate of basal autophagy in a particular experimental situation).

2.2.1.2. Analysis o f recombinant GFP-LC3 expressed in the cell of 
interest In some cell types, or under some experimental conditions, 
endogenous LC3 puncta are difficult to detect through iimnunofluorescence. 
In those cases, an alternative possibility to monitor autophagy is analyzing the 
cellular distribution of recombinant GFP-LC3 (or of other fluorescent pro
teins fused with LC3). This experimental approach makes easier to detect 
autophagy in some cells types. However, this procedure has some drawbacks. 
Firstly, transfection with a GFP-LC3 plasmid (or viral transduction with an 
adenoviral or retroviral vector carrying this construct) may activate stress 
pathways in the cell, which could stimulate autophagy. Thus, most cells—  
even in nutrient-rich conditions— display some basal levels of GFP-LC3  
puncta. This makes it more tedious to quantify the number of GFP-LC3  
positive cells. In this experimental setting it is particularly important to use 
appropriate controls. In addition, we recommend determining the number of 
G FP-LC3 puncta per cell (and set for quantification a threshold based on the 
average number o f puncta found in control cells) rather than simply quantify
ing the total number of cells displaying puncta.

Required material
• Cells o f interest: Autophagy can be detected by this procedure in many 

different cell types. Nevertheless, we recommend using for this type of 
experiment cells with large cytoplasm.

• Packaging cells: In the case o f transduction with an adenoviral vector 
carrying the GFP-LC3 construct, HEK293A packaging cells are required 
for viral particle amplification.
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• Cell culture medium: Same considerations than for the analysis of endogenous 
LC3 should be taken into account for the analysis of GFP-LC3 distribution. 
Please note that cells will be plated in medium without antibiotics prior to 
initiate the transfection or viral transduction procedures.

• D N A  o f interest: D N A  of high quality (ratio Abs 260/280 >  1.9) is 
recoimnended for transfecting mammalian cells.

• Transfection reagents: Lipofectamine^^ 2000 (Invitrogen)

Transfection
Each cell type may require a different transfection method. Please use the 
one that works better in your cell type. W e use Lipofectamine^^ 2000 
(Invitrogen) for transfecting U 87M G  cells.

Adenoviral particle amplification
Adenoviral vectors are frequently used to transiently overexpress proteins 
in mammahan cells and therefore the use of these vectors results particu
larly interesting in cells that are difficult to transfect. The disadvantage of 
this methodology is that the purification and titration o f adenoviral vectors 
is tedious and time-consuming. In addition, adenoviruses are quite labile 
and their title rapidly decreases even under the appropriate storage condi
tions. These drawbacks can be circumvented by using fresh viral particle- 
enriched crude supernatants. W e include here a brief descnption of the 
procedure used to infect U 87M G  cells with this type of viral supernatant.

Packaging cells
Plate HEK293A (packaging cells) in 60 cm" dishes at approximately 90% 
confluence. Infect the cells the next day with purified adenoviral particles 
(or with a supernatant obtained from a previous infection). Two days 
after the infection numerous cells will appear rounded indicating that 
have been efficiently infected and are producing adenoviral particles. 
Collect the viral particle-enriched medium, filter it using a 45-pm  
diameter filter, and add directly to the cells to be transduced with the 
GFP-LC3 recombinant protein (the adenoviral vector-enriched super
natant can also be frozen and stored at —80 °C).

Infection o f target cells
Plate cells to be infected with the adenoviral vector carrying the GFP-LC3  
construct at 80%) confluence. At the next day, aspirate the medium and add 7 
ml of the viral supernatant (obtained from one confluent- HEK293A  
60 cm" dish) to one 60 cm" dish, incubate at 37 °C /5%  CO? in a cell 
incubator for 4 -6  h and replace the medium in which cells were infected by
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complete medium. 48 h after transfection/transduction, cells can be sub
jected to an autophagic stimulus. GFP-LC3 puncta can be analyzed in a 
fluorecence (or confocal) microscope.

2.2.1.3. Analyzing ER stress and autophagy markers by immuno
fluorescence E R  stress as induced by certain stimuli is accompanied by 
morphological changes (normally dilation) in this organelle. This dilation 
can be monitored by immunofluorecence (e.g., using an antibody raised 
against protein disulphide isomerase, PD I, a protein located in the lumen of 
the ER ). As mentioned above, E R  stress has been shown to activate 
autophagy. By double staining with anti-PDI and anti-LC3 antibodies, 
E R  stress and autophagy can be monitored in parallel at different time- 
points. This experimental approach permits detemiining whether one of the 
two cellular events precedes the other in response to a certain stimulus (see 
Fig. 17.2A).

'D l ' I ( 4  PDI ! ( 4  FDJ: . 1 . c 4 p D I  I V

Figure 17.2 Investigating the connection between ER stress and autophagy. (A) Time- 
course analysis o f P D I and LC 3  immunostaining. Effect o f THC on PDI (red) and LC3 
(green) immunostaining o f U87MG cells at different time-points (bar; 20 pm). Note 
that the increase in PDI dots (a characteristic o f  ER stressed cells with enlarged ER) 
occurs at earlier time-points than the increase in LC3 puncta, suggesting that ER stress 
precede autophagy in the mechanisms o f action o f  this anticancer agent. (B) Silencing o f 
ER stress genes. Effect o f THC (18 h) on LC3 immunostaining (green) o f U87MG cells 
transfected with control (siC) or p8-selective (sip8) siRNA. [p8 is an ER stress-related 
transcription factor that mediates the proautophagic actions o f THC]. To identify cells 
that had been transfected, a red-fluorescent stable control siRNA was included in the 
transfection mix together with siC or sip8 in 1;4 proportion (red dots within the cells 
correspond to red-fluorescent control siRNA; bar; 20 pm). Note that THC induces 
autophagy in siC- but not in sip8-transfected cells.
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2.2.2. LC3 Western blet
Western blot analysis of LC3 lipidation is perhaps the most widely used 
procedure to monitor autophagy.

Required material

Cells o f interest: Autophagy can be detected by this procedure in many 
different cell types (we will describe the protocol used for detecting 
LC3 in the human glioma cell line U87M G ).

Lysis buffer. 50 n iM  Tris-H C l, pH 7.5, t m M  phenylmethylsulfonyl fluo
ride, 50, m M  NaF, 5 m M  sodium pyrophosphate, 1 m M  sodium ortho
vanadate, 0.1% Triton X-100, 1 pg/ml leupeptin, 1 m M E D T A , 1 m M  
EG TA  and 10 mAf sodium P-ghcerophosphate, 0.1% (v/v) P-mercapto- 
ethanol (add fresh) and 200 pM P M S F (add fresh).

A n ti-L C 3 : W e recommend using the anti-LC3 rabbit polyclonal antibody 
(MBL, Naka-Ku Nagoya, Japan, ref. PM036). To note, certain anti-LC3 
antibodies have lower sensitivity to detect LC 3-I than others.

Loading control: Tubulin can be used as loading control (We use anti-alpha 
tubulin mouse monoclonal antibody from Sigma).

Other reagents:
Running buffer (Gly 200 mM; Tris-base 25 mM; SDS 0.1%)
Transfer buffer (Gly 200 inA I; Tris-base 25 mM; Methanol 20%))
TBS lOx (60.6 g/1 Tris-base; 58.4 g/1 NaCl) and Tween 20 (1:1000) 
PVDF membranes for protein transfers (Amersham Hybond-P)

Cell stimulation

Culture conditions and treatment with the different stimuli should be 
adjusted for each type o f treatment.

Lysates

Place dishes in ice (4 °C), wash twice with PBS, and remove the medium. 
Add lysis buffer (normally 60 pi per 60 cm" plate) and detach the cells 
using a cell scraper. Collect lysates in Eppendorf tubes, vortex for a 
couple of minutes and centrifuge for 15 min (15,000 X (̂ , 4 °C) in order 
to discard the cell debris and quantify protein concentration. Prepare 
samples with 25-30 pg o f protein and the corresponding volume of 
loading buffer containing SDS and P-mercaptoethanol. Boil samples at 
90 °C  for 5 min before loading in a polyacrylamide gels.

Note: LC 3-I is more labile than L C 3-II and gets more easily degraded in 
PAGE-SDS sample buffer. W e recommend preparing electrophoresis sam
ples (including heating at 90 °C) rapidly after cell lysis. Avoid freezing and 
thawing the sample more than once.
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Electrophoresis and Western hlot

For detecting LC3 (18-16 kDa) we recommend using 15%) acrilamide 
electrophoresis gels and transferring the proteins (2 h at constant amper
age— 250 mA per container) to PVDF membranes. After washing block 
membranes with 5% fat-free milk in TBS-Tween 0.1% for at least half 
hour, incubate overnight at 4 °C  with the primary anti-LC3 antibody 
(1:1000 in TBS-Tween 0.1%), wash the membranes with TBS-Tween  
0.1%, incubate with the secondary antibody and follow the standard ECL  
procedure to reveal the bands corresponding to LC3.

Interpretation o f L C 3  Western blots

L C 3-II has higher electrophoresis mobility than LC3-E Thus, a band of 
apparent M W  lower than LC 3-I (corresponding to the lipidated fonn of 
LC3) is detected when autophagy is induced (see Fig. 17.1C). As men
tioned above, some anti-LC3 antibodies have different affinity for LC 3-I 
than for LC3-IE Moreover, total levels of LC3 do not necessarily change, 
as there might be an increase in the conversion o f LC 3-I to L C 3 -II or a 
decrease in the level o f L C 3-II relative to LC 3-I due to the degradation 
of this latter form of LC3 in the lysosomes (see below). Thus, we 
recommend evaluating the changes in the amount of L C 3 -II rather 
than in the ratio L C 3 -II/L C 3 -I.

Dynamic autophagy

It IS important to bear in mind that autophagy is a dynamic process (i.e., 
autophagosome fomiation is followed by its degradation upon fusion of 
these vesicles with the lysosomes). Accordingly L C 3-II— that is present in 
the autophagosomal membrane— becomes degraded in the autophago
lysosome. Thus, one way o f confirming that dynamic autophagy— rather 
than accumulation o f autophagosomes— is occurring is to verify that the 
amount of L C 3-II present in the cell increases when the lysosomal pro
teases are inhibited. To this aim, cells can be treated with inhibitors of the 
lysosomal proteases [e.g., with pepstatin A  (10 mg/ml) and E64d (5 mg/ 
ml) see Fig. 17.1C] or with phamiacological inhibitors of the fusion of 
autophagosomes and lysosomes [e.g., Bafilomycin A l (0.1 pM)].

2.2.2.1. Note; Analyzing ER stress and autophagy markers by 
electrophoresis Activation of E R  stress is associated with changes in the 
levels and/or activity o f several E R  stress-related genes. For example, in 
many experimental settings eIF2oc becomes phosphorylated upon exposure 
to E R  stress (see other chapters o f this issue of Methods in Enzymology for 
further details). By analyzing some of these E R  stress markers (e.g., eIF2a 
phosphorylation) and L C 3-II lipidation, E R  stress and autophagy can be
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monitor in parallel at different time-points. This experimental approach 
permits determining whether one o f the two cellular events precedes the 
other in response to a certain stimulus.

2.3. Note: Analyzing autophagy through changes in the 
phosphorylation of mTORCl substrates?

The mammalian target o f rapamycin (inTO R ) complex 1 (m T O R C l) is a 
large protein complex involved in the regulation of many cellular processes 
includingprotein synthesis and autophagy (Ciicrtin andSalxunii, 2(H)7; He and 
Klionskv. 2(1119). In many cellular settings, inhibition of m T O R C l leads to 
autophagy via derepression of the autophagy protein ULK-1 /  Atgl that plays a 
crucial role in the early stages of autophagosome fonnation (He and K]ionsk\. 
2009). To note, m T O R C l activity is regulated by several upstream kinases 
including the prosurvival and anti-apoptotic protein Akt, AMP-activated 
protein kinase (AMPK) and extracellular signal regulated kinase (ERK) that 
have also been shown to participate in the regulation of autophagy in response 
to ER  stress (Ciuertin and Sabatim. 2007; Vcrfnllic cl al., 2010).

Autophag}' is frequently monitored by indirectly analyzing the phos
phorylation status the m T O R C l substrates eukaryotic translation initiation 
factor 4E binding protein 1 (4EBP-1) and p70 S6 kinase (p70S6K) as well as 
the downstream target o f this latter kinase (the ribosomal protein S6) for 
which excellent antibodies are available. Nevertheless, the mechanisms that 
detemiine the selectivity of m T O R C l for its substrates have not been 
completely clarified yet. For example, rapamycin (a well-established inhibi
tor of m T O R C l activity that is widely used as an autophagy inducer) 
strongly reduces S6 phosphorylation whereas does not affect 4EBP-1 phos
phorylation (Cucrtin and Sabanm, 2007). Thus, a decrease in the phosphor
ylation of one of the substrates of m T O R C l does not necessarily correlate 
with changes in the phosphorylation of the others and in particular of 
ULK-1. Until reliable antiphospho-ULK-1 antibodies are available, we 
reconmiend using additional experimental approaches— as the genetic 
manipulation of the m T O R C l/U L K -1  axis— to verify the participation 
o f these signaling complexes in the triggering of autophagy.

2.4. Monitoring autophagy by knockout or knockdown of 
essential autophagic proteins

As indicated in other chapters o f this issue o f Methods in Enzymology, 
different E R  stress-related genes have been genetically inactivated in mice 
(Schroder .md Kaufman, 2005). In addition, during the last few years mice 
deficient in different Atg have also been generated (Cecconi and Levine, 
2008; He and Klionskv, 2009; some of them, being lethal at different stages 
of the embryonic development or early after birth). Mouse embryonic
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fibroblast (MEFs) can be obtained from most o f these mice. These cells can 
be immortalized or transformed by using different oncogenes (see 
Section 3.4.2 for a description of the transfonnation protocol) and consti
tute an excellent tool to investigate the participation of a gene in the 
regulation of autophagy. For example, unlike their wild-type counterparts, 
embryonic fibroblasts derived from eIF2oc SerSlAla knock-in mice (in 
which this protein cannot be phosphorylated in response to E R  stress) are 
resistant to autophagy as induced by different stimuli (He and Klionsky. 
2(K)9; Verfnilie ct al.. 2010). An alternative possibility is to transiently or 
stably reduce the expression o f the gene o f interest by using short interfer
ence R N A  (siRNA). These approaches have been very useful to investigate 
the participation o f E R  stress-related genes in the regulation of autophagy 
(He and Klionsky. 2009: Verfnilie ct al.. 2010).

2.4.1. Knockdown of autophagic proteins

Required material

•  Cells of interest: Silencing with siRNA duplexes can be performed in many 
different cell types. W e will describe the protocol used in the human 
glioma cell line U 87M G .

• Cell culture medium: Please note that cells will be plated in medium 
without antibiotics prior to initiate the transfection with siRNA  
duplexes.

• Transfection reagent: Each different cell line may require a different reactive. 
For U 87M G  cells, we use DharmaFECT 1 (Dharmacon, Lafayette, CO )

• Interference R N A : Sequences for many different genes related with E R  
stress and autophagy can be found in different data bases and/or are 
commercially available. For monitoring transfection efficiency by 
immunofluorescence, cells can be cotransfected with a control fluores
cent siRNA (siGLO RISC-Free siRNA, Dhamiacon).

Procedure

The day before transfection plate cells in fi-esh complete medium without 
antibiotics (ceDs should reach a 75-80% confluence on the day of transfec
tion). Transfect cells using standard procedures for siRNA duplexes. 
Twenty-four hours after transfection, trypsinize cells and seed them in 
complete medium. Silencing efficacy should be evaluated by analyzing 
in R N A  (e.g., by using R T -P C R  or real time quantitative PCR) or protein 
(by using Western blot or immunofluorescence) levels o f the targeted gene.

Note: I f  the efficacy of transfection is not 100%,, and the experiment 
requires analyzing the effect o f knocking down the selected gene in each 
individual cell (e.g., in experiments of immunofluorescence), we recom
mend transfecting with a 1:4 mix o f a control fluorescent siRNA (e.g..
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siGLO RISC-Free siRNA, Dharmacon) and the siRNA designed to target 
the gene o f interest. Those cells that have been effectively transfected will 
show a few characteristic bright spots on its cytoplasm (see Fig. 17 2B).

3. M o n ito r in g  Autophagy Upon ER S tress  
In  Viv o

The analysis of the biological activity of an anticancer agent frequently 
requires in vivo confinnation of the results obtained in vitro. ER  stress and 
autophagy can be analyzed in tumor samples (see Section 3.1 for a protocol to 
generate tumor xenograft with the human glioma cell line U 87M G  and 
Section 3 .2 for the protocol to analyze autophagy in tumor samples). Likewise, 
one of the strategies that can be used to confrnn the participation o fE R  stress or 
autophagy in the mechanism o f action of an anticancer agent is to generate 
tumors that are deficient (or have a decreased expression) of some the genes 
involved in the regulation of these cellular processes (see Sections 3.3 and 3.4).

3.1. Generation of tumor xenografts

Required materials

Mice: Male nude mice (Hsd:Athymic Nude-Foxnl; nu/nu) 4 -5  weeks of 
age can be purchased from several companies. W e nonnally order from 
Harlan, (Indianapolis, IN ). Nude mice should be maintained under 
pathogen-free conditions (use autoclaved water and food and filtered 
cages). Let mice acclimatize for 5 -7  days before injecting tumor cells. 

Cell culture medium: For U 87M G  cells we use D M E M  supplemented with 
10% FBS and antibiotics (penicillin-streptomycin)

Trypsin- E D T A  solution (Sigma)

Other materials

•  PBS; PBS filtered containing 0.1% glucose 

Disposables

•  1.5-ml (Eppendorf) tubes, 1 ml-syringes, needles (25 gauge)

Groivth o f cancer cells fo r  inoculation

Generation of tumor xenografts requires the inoculation of approximately 
5-10 X p / ’ cells per mice. To facilitate engraftment, cells should be 
dividing actively (approximately 80% confluence) on the day of injec
tion. As a significant fraction o f cells can be lost during trypsmization and 
inoculation, we recommend growing cells in excess.
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Preparation and in jection o f  cancer cells

Add 2-3  ml o f prewanned trypsin-EDTA solution to each 150 cm" disc with 
growing cells, incubate 3-5  min at 37 °C  and add 10% FBS-containing 
medium to the plates to neutralize trypsin digestion. Collect the detached 
cells by centrifugation and detennine the total number of cells. Finally, 
after recentrifiigation, carefully aspirate the medium and resuspend the cells 
in PBS with glucose (0.1%, w /v) at a density o f 10 x 10  ̂ cells/100 pi. 

After shaking gently, inject subcutaneously 100 p i of the cell suspension in 
each mouse with a 1-ml syringe using a 25-gauge needle. W e recoimnend 
collecting in one sterile tube enough cells as for injecting five to six mice 
(50-60 X lO*’ cells in 500 p i PBS-glucose).

Note: In order to optimize the injection procedure, we suggest to take 
into account the following tips: (i) Keep the cells in ice and wann them 
(holding with the hand for 30 seconds) before injection (ii) once the mice is 
immobilized dispose it in a position in which it is inclined 135“ with respect 
your view to facilitate the injection; (iii) introduce the needle subcutane
ously (make sure that you can see the needle under the skin) and; (iii) 
subcutaneously introduce 1-1.5 cm of the needle within the mice before 
releasing the cell suspension to avoid losing cells during the inoculation.

Measuring tumor growth

Depending on the cell type and the number o f cells inoculated there could 
be large differences m the time required for engraftment and growth of 
the tumors up to a size in which they can be visualized. In the case of 
U 87M G  cells, 7-10 days after cell inoculation, tumors can be observed in 
the flank of the mice nearby the zone of injection. Nevertheless, we 
recommend monitoring tumor establishment daily after inoculation by 
touching the zone of injection with the fingerprints (growing tumors feel 
like a small piece o f hard tissue).

Allow the tumors to growth until they reach an average volume o f200- 
250 mm^ before starting the corresponding treatments. [The size o f the 
tumors can be measured with an external caliper (the volume is calculated 
using the following formula: (47t/3) x (width/2) x (length/2)].

3.2. Analysis of autophagy In samples obtained from 
tumor xenografts

Required material

•  Tumor sections
• Anti-LC3: For in vivo detection o f LC3, we recommend using the 

anti-LC3 monoclonal antibody (Nanotools 0231-100/LC3-5F10).
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Secondary antibody: Alexa 488 goat anti-mouse IgG (Invitrogen) 
Nuclei staining: Hoechst 33342 (Invitrogen; stock solution 5 mg/ml) 
Blocking solution: 10% goat serum 4- 0,5%, Triton X -100 m PBS 
Other reagents: M ow iol (mounting medium)

Disposables

• Pap pen

Procedure

Dissect tumor xenografts, embed the samples obtained in Tissue-Tek (Sakura, 
Torrance, California) and rapidly freeze them (store at —80 °C ). (We 
recommend using a flat bottom recipient to embed and freeze the dissected 
samples so the frozen tumor block can be more easily store and handled). 
Slice tmnoLir sections in the cryostat (8 pAÎ) placing the sliced sections in 
TESPA-coated microscope slides (three to four slices per slide), fix the 
slides in cold acetone for 10 min and wash twice with PBS. Individually 
remove slides and carefully absorb the liquid surrounding each section 
without drying the tissue. Draw a circle around the tissue with a Pap pen, 
add a drop o f PBS, and place the slide in a humid chamber. After this last 
wash, incubate with blocking solution for 30 min at room temperature. 
Remove blocking solution, add the required volume of anti-LC3 antibody 
(nanotools 0231-100/LC3-5F10; 1/100 in PBS) to completely cover the 
sample and incubate overnight at 4 °C in a humid chamber.

At the next day, wash three times with PBS for 10 min, add the 
secondary antibody (Alexa 488 goat anti-mouse) and Hoechst 33342 1/ 
1000 in blocking solution and incubate 1 h at room temperature. Wash 
three times with PBS for 10 min, mount with M owiol and dry overnight 
at room temperature.

Analysis in the microscope

Identification of individual puncta within cells is easier with a confocal 
microscope and we therefore recommend using it for acquiring definitive 
images. To note, LC3 puncta in tumor tissue are frequently more difficult 
to detect than in cultured cells. In these cases, we recommend evaluating 
not only the formation o f LC3 dots but also changes in EC3 intensity. See 
Fig. 17.3 for examples o f LC3 immunostaining in tumor tissue.

3.3. In vivo silencing of autophagy or ER stress genes

As described in Section 2.4, one strategy to analyze the participation o f E R  
stress and autophagy in the regulation of different cellular processes is 
knocking down the expression of crucial E R  stress or autophagy-related
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Figure 17.3 Analysis o f  LC3 immunostaining in samples obtained from tumor xeno
grafts. (A) Identiftcation o f cells with LC 3 dots. Effect o f THC administration on LC3 
immunostaining o f  glioma cell-derived tumor xenografts. Arrows point cells with LC3 
dots (bar: 20 pm). (B) Evaluation o f the intensity o f LC 3 immunostaining. Effect o f THC  
treatment on LC3 immunostaining o f  glioma cell-derived tumor xenografts. Note 
that—in addition to the presence individual cells exhibiting LC3 dots—THC-treated 
tumors exhibit a higher intensity o f LC3 immunofluorescence than vehicle-treated 
tumors.

genes in cultured cells. The same approach can be undertaken in vivo. To  
increase the efficiency of s iR N A  delivery in vivo (the main limitation o f this 
procedure), we recommend using atelocollagen. The combination of ate- 
locollagen and HPLC-purified siRNA allows an efficient silencing o f gene 
expression in vivo. In the case of subcutaneous tumor xenografts, the 
mixture of atelocollagen and siRNA can be injected around the engrafted 
tumor facilitating thus the absorption and incorporation of the siRNA  
within the tumor cells. In experiments run in our lab, we regularly observe 
that the targeted gene remains silenced at least for 1 week after the injection 
o f the atelocollagen-siRNA mixture. Nevertheless each gene and siRNA  
could behave differently and therefore, when setting the conditions for the 
silencing of new gene in vivo, we recommend analyzing the expression of 
the targeted gene by R T -P C R  or quantitative-real time P C R  (m R NA ), 
Western blot (protein), and immunoflourescence (protein and distribution) 
2 and 7 days after the administration o f atelocollagen and siRNA to verify
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that the gene has been efficiently knocked down. Atelocollagen (Atelo- 
Gene^'^) is produced and distributed by Koken (Tokyo, Japan) and a 
detailed protocol for its utilization can be found in the product data sheet.

3.4. Generation of tumor xenografts with transformed 
embryonic fibroblasts derived from genetically 
modified mice

One possible strategy to investigate the participation of E R  stress or auto
phagy-related genes in tumor progression and response to therapy is to 
generate tumor xenografts with transformed MEFs derived from mice 
deficient in the gene o f interest. Here we describe the procedure to obtain 
and transform MEFs.

3.4.1. Isolation of embryonic fibroblasts

Required material

• Male and female mice (heterozygous mice for the gene of interest)
• Cell culture medium: D M E M  with 10% FBS and antibiotics (penicillin 

and streptomycin)
• PBS
• Dissection material
• Tissue culture material

Procedure

Cross mice (nonnally heterozygous for the gene of interest) and sacnfice 
pregnant female on gestational day 13.5-14.5. Disinfect with alcohol, 
practice and incision in the abdominal region, extract the uterus (con
taining the embryos) and place it in a 15-50-m l tube containing PBS 
with antibiotics (use the same concentration as in the culture medium).

Place the uterus (containing the embryos) in a sterile 10-cm diameter 
dish; remove the amnio tic sac (the membrane around the embryos), add 
sterile PBS, and transfer each embryo to a new dry plate. Dissect the 
embryos by removing (and discarding) head, limbs, and Uver (a red spot 
located in the abdominal zone o f the embryo) and finely mince the rest of 
the body with scissors for 30 s. (D N A  for genotyping can be isolated from 
the excised head of each embryo). Add 3 ml o f trypsin, incubate at 37 °C  
for 5 min, pipette up, and down until all clumps disaggregate and incubate 
for five additional minutes at 37 °C.

Transfer the cell suspension (if there are still large chunks o f tissue at 
this stage, first transfer the suspension to a new tube and let the chunks 
settle for a few seconds) to a 15-cm diameter plate (or to a 75-cm" flask)



314 Maria Salazar eta/.

with 25 ml o f culture medium (D M E M , 10% FBS, and antibiotics) and 
replace with fresh complete medium 8-16 h after plating.

On average cells from a single E13.5 embryo reach confluence 2 -3  days 
after plating. Cells should be trypsinized and frozen just before this happens.

Note 1: All the procedure should be perform in stenle conditions
Note 2: Prepare one primary culture o f MEFs from each embryo

3.4.2. Transformation of primary MEFs
In this protocol we use supernatants enriched in retroviral particles obtained 
from Phoenix Ecotropic cells to transduce MEFs. By using this procedure, 
we avoid the time-consuming titration procedure. Nevertheless, it is 
important to bear in mind that viral title is very sensitive to freezing- 
thawing. Thus, we recoimnend using fresh supernatants of Phoenix Eco
tropic cells. In addition, perform the whole experiment throughout the 
same week to ensure an efficient infection o f primary MEFs.

Required material

•  Cells: Primary cultures of mouse embrionary fibroblasts (MEFs) [these 
cells enter in senescence after a few (three to four) passages and therefore 
should be transformed (or frozen) rapidly after isolation].

• Packagin cells: Phoenix^^ Ecotropic cells will be used to generate 
retroviral particles carrying the transforming oncogene.

• Cell culture medium: Please note that cells will be plated in medium 
without antibiotics prior to viral transduction.

• D N A  of interest: D N A  of high quality is recommended for transfections. 
For infection of MEFs, we use a plasmid encoding a retroviral vector 
carrying the viral protein E l A and the constitutively active form o f Ras 
(Ras'^’") as well as a hygromycin resistance gene for selection.

• Transfection reagents: Lipofectamine^*^ 2000
• Polybrene
• Hygromycin

D ay I. Preparing Phoenix Ecotropic cells fo r  transfection

Plate the Phoenix Ecotropic cells (packaging cells) in 10 cm diameter dishes 
with fresh medium (D M E M  with 10% FBS). Cells should reach 90% 
confluence on day o f transfection.

Day 2. Transfection o f Phoenix cells

Transfect Phoenix Ecotropic cells with the plasmid encoding the retroviral 
vector with the gene(s) o f interest using Lipofectamine 2000™  (follow
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the standard protocol o f transfection with this reagent). After transfec
tion, incubate the cells at 37 °C /5%  CO? for 4 -6  h remove the medium 
and replace by fresh complete medium.

Day 3. Preparing M EFs fo r  transduction with retroviral particles

Plate the cells in 10 cm diameter dishes with fresh complete medium 
(D M E M  with 10% FBS). MEFs should reach 80-85% confluence on 
the day o f infection. MEFs should be transduced when they are at a low 
pass (2 or 3 at maximum) to enhance transduction efficiency.

Note: W e recommend transfomiing in parallel wild-type and K O  MEFs 
derived from littemiate mice to minimize as much as possible differences 
between wild-type and K O  cells other than the expression o f the gene of 
interest.

Day 4. Transduction o f MEFs

Forty-eight hours after transfection, collect the medium from Phoenix 
Ecotropic cells (8 ml per plate), centrifiige to eliminate cell debris (110 
g for 5 min), filter (45 pm), and add polybrene (5pg/ml) to enhance the 
efficacy of retroviral infection.

Note: Add fresh medium to the dishes with Phoenix Ecotropic cells once 
the first supernatant has been removed to obtain additional viral particles for 
the next day.

Remove medium from MEFs, add retroviral-enriched supernatant (7 ml 
per 10 cm diameter plate) and incubate cells at 37 °C /5%  CO?.

Day 5. Retransduction o f MEFs

To enhance the efficacy of infection, we recommend reinfecting MEFs 
with fresh retroviral supernatant obtained from Phoenix Ecotropic cells 
using the procedure described above.

Day 6.

Change the media o f MEFs to D M E M  with 10% FBS.

Selection o f transfonned cells

Start the selection with hygromycin 3 or 4 days after transducing the cells 
with the retroviral particles. Increase gradually the concentration o f  
antibiotics during the first few days until reaching 1 mg/ml. Individual 
clones o f hygromycin-resistant cells are evident after several weeks of
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incubation in the selection medium. Collect and amplify individual 
clones and verify that they have the expected genotype. W e recommend 
mixing at least 20 different clones derived from the same embryo to 
obtain a homogeneous culture of transformed MEFs.

Note: Unlike viral particles obtained from Phoenix Amphotropic cells, 
retrovirus produced by Phoenix Ecotropic cells cannot infect human cells. 
Nevertheless standard procedures for safe handling of materials that have 
been in contact with viral particles should be followed during the whole 
experiment.

3.4.3. Generation of tumor xenografts with transformed MEFs
Transformed MEFs can be used to generate tumor xenografts in immuno- 
deficient mice using the procedure described in Section 1. Tumor xeno
grafts can be generated in parallel with cells deficient in the protein of 
interest and their wild-type counterparts to analyze the relevance of that 
gene (and the process in which is involved) in the action of the antitumoral 
agent of interest. See Fig. 17.4 for an example of the different response to 
treatment with T H C  of AtgS K O  and wild-type tumors (A T G 5 is an 
essential gene for autophagosome formation (He and Klionsky. 2009) and 
therefore ATG5-deficient tumors do not undergo autophagy in response to 
this treatment.
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Figure 17.4 Generation o f  tumor xenografts with autophagy-deficient cells. Effect of 
THC administration on the growth o f tumor xenografts generated with Ras^'"/T-large 
antigen-transformed Atg5^  ̂ (left panel) and Atg5~^“ (right panel) MEFs. Note that 
AtgS-deficient tumors do not respond to THC treatment.
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