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Abstract

Hepatocellular carcinoma (HCC) is the third cause of cancer-related death worldwide.
When these tumors are in advanced stages, few therapeutic options are available.
Therefore, it is essential to search for new treatments to fight this disease. In this study
we investigated the effects of cannabinoids — a novel family of potential anticancer
agents - on the growth of HCC. We found that A’-tetrahydrocannabinol (A’-THC, the
main active component of Cannabis sativa) and JWH-015 (a CB; cannabinoid receptor-
selective agonist) reduced the viability of the human HCC cell lines HepG2 and HUH-
7, an effect that relied on the stimulation of CB, receptor. We also found that A°-THC
and JWH-015 induced autophagy which relied on TRB3 up-regulation - and subsequent
inhibition of the Akt/mTORCI1 axis - and AMPK stimulation. Pharmacological and
genetic inhibition of AMPK upstream kinases supported that CAMKKf was responsible
for cannabinoid-induced AMPK activation and autophagy. In vivo studies revealed that
A’-THC and JWH-015 reduced the growth of HCC subcutaneous xenografts, an effect
that was not evident when autophagy was genetically of pharmacologically inhibited in
those tumors. Moreover, cannabinoids were also able to inhibit tumor growth and
ascites in an orthotopic model of HCC xenograft. Our findings may contribute to the

design of new therapeutic strategies for the management of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common solid tumors and the third
leading cause of cancer-related death worldwide '. Its prognosis remains reserved, with
a 5-year survival rate of <5% 2. It is the most common cause of death in patients with
cirrhosis ** and, according to the World Health Organization, the incidence of HCC is
expected to increase until 2030. The overall survival of patients with HCC has not
significantly improved in the last two decades. Current treatments are only applicable at
early stages of tumor development and include tumor resection, liver transplantation,
chemoembolization, and sorafenib administration ~°. However, approximately half of
the patients suffer tumor recurrence. The most important mechanism of liver cancer
progression is cell proliferation. Although in recent years several clinical trials have
tested the efficacy of agents that selectively target key signaling pathways involved in
the control of this process, no relevant improvement in the prognostic/survival of
patients with HCC has been achieved so far ’ and, therefore, it is necessary to identify
novel therapeutic strategies for the management of HCC.

Cannabinoids are lipid mediators originally isolated from the hemp plant
Cannabis sativa that produce their effects by activating primarily two G-protein coupled
receptors: CBj, which is highly abundant in the brain, and CB,, which is mainly
expressed in non-neural tissues. Recently, numerous studies have evidenced the role of
cannabinoids as potential anti-tumoral drugs owing to their ability to reduce tumor in
different animal models, including glioma *, breast cancer ° '° and prostate cancer ''"'%.
Recent research has also reported that the synthetic cannabinoid WIN-55,212-2 inhibits
HCC growth '

It has been described that A’-tetrahydrocannabinol (A’-THC), the main active

constituent of marijuana, triggers human glioma cell death through stimulation of an ER



stress pathway that activates autophagy and promotes apoptosis °'°. Autophagy is a
cellular self-digestive process whereby bulk cytoplasmic components and intra-cellular
organelles are sequestered into double membrane vesicles named autophagosomes and
delivered for degradation to the lysosomes '*'"'°. In the liver, autophagy may play an
important role in the regulation of energy balance for basic cell functions 2°. While
functional autophagy acts as a metabolic stress buffer, many lines of evidence supports
a role for autophagy in antagonizing cell survival and in promoting cell death and

19, 21-24

apoptosis . Autophagy plays an important role in cancer, and inhibition of this

25-2
326 and, therefore,

cellular process has been proposed to contribute to HCC progression
it is a potentially very important target for liver cancer prevention and treatment.

This study was therefore undertaken to evaluate the potential anti-tumoral activity
of cannabinoids in HCC and the mechanisms responsible for cannabinoid action in that
devastating disease. We found that, both in cell cultures and in xenografted mice, A’-
THC and the synthetic CB, receptor-selective agonist JWH-015 promote human HCC
death via autophagy stimulation. We also provide a molecular mechanism underlying

CB; receptor-mediated anti-tumoral signaling. These observations may pave the way to

the design of novel therapeutic strategies for the treatment of hepatocellular carcinoma.



Results

A’-THC and JWH-015-induced autophagy and apoptosis relies on CB; receptor
activation

To investigate the activity of cannabinoids on HCC cells we first analyzed the effect of
A’-THC (a CB,/CB, receptor-mixed agonist that constitutes the main psychoactive
ingredient of Canabis sativa) and JWH-015 (a CB, receptor-selective agonist) on
HepG2 and HUH-7 cells, two HCC lines that express CB; and CB, cannabinoid
receptors (Suppl. Fig. 1A). Treatment with A’-THC reduced the viability of HepG2 and
HuH-7 cells, an event that was prevented by co-incubation with SR144528 (SR2, a CB,
receptor-selective antagonist) but not with SR141716A (SR1, a CB; receptor-selective
antagonist) (Supp. Fig. 1B). Likewise, JWH-015 decreased the viability of HCC cells,
and co-incubation with SR2 abrogated this effect (Suppl. Fig. 1B). These observations
support that stimulation of CB; receptors is responsible for the decrease of cell viability

triggered by cannabinoids on HCC cells.

A’-THC and JWH-015 inhibit the growth of the human HCC lines HepG2 and
HuH-7 via autophagy stimulation

It has been recently shown that cannabinoids induce human glioma cell death via
autophagy stimulation in vitro and in vivo '>*’. We therefore examined whether A’-
THC and JWH-015 activate a similar mechanism in HCC cells. Upon autophagy
stimulation,  the  autophagy  protein LC3  becomes  conjugated to
phosphatidylethanolamine (PE), which targets this protein to the membrane of the
autophagosomes. The lipidated autophagosome-associated form of LC3 (LC3-II) can be

monitored by immunofluorescence (autophagic cells exhibit a characteristic pattern of



LC3 puncta) or Western blot (LC3-II has higher electrophoretic mobility than non-
lipidated LC3). Immunofluorescence analysis revealed that LC3 exhibited a punctuated
distribution, consistent with its translocation to the autophagosome, in cells that had
been treated with A’-THC or JWH-015 (Fig. 1A). Likewise, incubation of HepG2 and
HuH-7 cells with A>-THC or JWH-015 increased the levels of the lipidated form of LC3
(Fig. 1B). Furthermore, pharmacological inhibition with E64d and pepstatine A of
lysosomal proteases (the enzymes responsible for the degradation of the autophagosome
content after fusion with the lysosome) enhanced the accumulation of LC3-II (as well as
of the autophagosome cargo p62) in cells that had been treated with THC or JWH-015,
thus supporting that cannabinoid treatment leads to dynamic autophagy in HCC cells
(Fig. 1B).

Next, we investigated whether autophagy was directly involved in the mechanism
of cannabinoid-induced cell death. As shown in Fig. 1C, cell death was inhibited when
autophagy was pharmacologically blocked at a very early stage [by incubation with 3-
methyladenine (3-MA), an inhibitor of Vps34, a class III PI3K that plays a crucial role
in autophagy initiation®®] or at a final stage [by incubation with E64d and PA].
Likewise, knock-down of Atg5 [an essential autophagy gene that is part of one of the

two protein conjugation systems required for autophagosome elongation™"]

impaired
THC or JWH-015-induced cell death (Fig. 1D). Taken together, these observations
strongly support that autophagy is required for cannabinoid-induced HCC cell death.
Many lines of evidence indicate that there is a cross talk between autophagy and
apoptosis °'. To investigate whether cannabinoid-induced autophagy was involved in
apoptosis induction, HepG2 and HuH-7 cells were incubated with either A’~THC or

JWH-015 in the presence of the 3-MA, and levels of procaspase 3 were detected by

immunoblot. As shown in Fig. 1E, pre-incubation with 3-MA prevented the cleavage of



procaspase 3, suggesting that autophagy induction by cannabinoids was previous to and

necessary for apoptosis.

AMPK activation and TRB3 upregulation are involved in A’-THC and JWH-015-
induced autophagy and apoptosis of HCC cells

The mechanisms of autophagy stimulation by cannabinoids in glioma and other types of
cancer cells relies on the stimulation of an ER stress-related pathway, which leads to the
up-regulation of the pseudokinase TRB3. This latter protein interacts with Akt and
promotes the inhibition of the mTORCI complex, which leads to autophagy
stimulation”’. As shown in F ig. 2, THC and JWH-015 increased the phosphorylation of
the alpha subunit of the eukaryotic translation initiation factor 2 (elF2a, a hallmark of
the ER stress response; Fig. 2A), increased TRB3 levels (Fig. 2B) and decreased the
phosphorylation of Akt, p70S6 kinase (a well established substrate of mTORC1) and
the ribosomal protein S6 (a target of p70S6 kinase) in HepG2 and HUH-7 cells (Fig.
2C). Furthermore, selective knock-down of TRB3 abrogated cannabinoid-induced
inhibition of the Akt/mTOR pathway, autophagy and cell death (Suppl. Fig 2), thus
supporting that the mechanism by which cannabinoids promote glioma cell death also
operates in HCC cells.

Of note, we observed that treatment of HepG2 and HUH-7 cells with THC or
JWH-015 increased the phosphorylation of adenosine monophosphate-activated protein
kinase (AMPK), a key intracellular nutrient status sensor that has been proposed to play
a critical role in the regulation of autophagy as induced by hypoxia or nutrient
deprivation (Fig. 2B). In addition, pharmacological blockade of CB, receptors with SR2
abrogated the effect of A’-THC and JWH-015 on Akt, S6 and AMPK phosphorylation

as well as autophagy (Fig. 2D and Suppl 1C). We therefore asked whether AMPK may



also play a role on the regulation of the antiproliferative effect evoked by cannabinoids
in HCC cells. In line with this notion, when AMPK was pharmacologically blocked
with dorsomorphin (Fig. 3A) or genetically inhibited with siRNA (Fig. 3B), HepG2 and
HUH-7 cells were more resistant to cannabinoid-induced cell death. Likewise, AMPK
knock-down prevented LC3 lipidation (Fig. 3C and Suppl. Fig. 2C). These observations
support that activation of AMPK is necessary for the stimulation of autophagy-mediated

cell death by cannabinoids in HCC cells.

AMPK and TRB3 regulate cannabinoid-induced autophagy of HCC cells through
different mechanisms

AMPK has been shown to inhibit mTORC1**. Unlike Akt, AMPK activates TSC2, a
GTPase-activating protein responsible for the blockade of mTORC1>. Therefore we
next studied whether this was the mechanism by which AMPK stimulated autophagy in
our system. As shown in Figs. 3C and Suppl. Fig 2C, AMPK silencing abrogated the
effect of A’-THC and JWH-015 on the phosphorylation of AMPK and its downstream
target acetyl-CoA carboxylase (ACC), as well as on autophagy, but did not modify the
effect of cannabinoid treatment on the phosphorylation of Akt, TSC2 (data not shown)
or the mTORC1-related substrates 4EBP1 and S6. By contrast, TRB3 knock-down did
not affect AMPK or ACC phosphorylation but did inhibit the cannabinoid-induced
decrease in Akt, TSC2, 4EBP1 and S6 phopshorylation and LC3 lipidation. Likewise,
pharmacological blockade of ceramide biosynthesis by using ISP-1 (a pharmacological
inhibitor of serine palmitoyltransferase, one of the upstream events that trigger TRB3
up-regulation in response to cannabinoid treatment’®) abrogated the effect of A’>-THC on
Akt, TSC2, 4EBP1 and S6 phosphorylation as well as LC3 lipidation, but did not affect

AMPK phosphorylation. These observations support that the cannabinoid-evoked



stimulation of autophagy on HCC cells relies on two different mechanisms: (i)
inhibition of the Akt/mTORCI1 axis via TRB3 up-regulation, and (ii) stimulation of

AMPK. (A scheme is shown in Fig. 5.)

Activation of AMPK by cannabinoids relies on CAMKK

We next investigated the mechanism by which cannabinoids activate AMPK. Among
the different kinases proposed to act as AMPKKs, the human tumor suppressor liver
kinase B1 (LKB1) and the calmodulin-activated kinase kinase (CaMKK) are now
widely accepted as the most relevant ones®*. Inhibition of LKB1 expression with siRNA
did not have any significant effect on the viability of cannabinoid-treated HepG2 (Fig.
4A) or HUH7 (Suppl. Fig. 3) cells. Likewise, the effect of cannabinoid treatment on
AMPK activation, Akt/mTORC]1 pathway inhibition and autophagy (LC3 lipidation)
was not affected by LKB1 silencing (Fig. 4A), supporting that LKB1 is not involved in
cannabinoid-induced AMPK activation and autophagy in HCC cells. By contrast,
selective knock-down of CaMKKJ or incubation with the CaMKK pharmacological
inhibitor STO609 prevented the cannabinoid-evoked decrease in HCC cell viability
(Figs. 4B, 4C and Suppl. Fig. 3), increase in AMPK and ACC phosphorylation (Figs.
4B and 4C) and autophagy (Figs. 4B and 4C), indicating that AMPK activation by
cannabinoids in HCC cells relies on CaMKKf. Of note, genetic or pharmacological
blockade of CaMKKp did not modify the inhibition of the Akt/mTORCI pathway
evoked by these agents, which again supports that mTORCI inhibition by cannabinoids

in HCC occurs independently of AMPK activation (Figs. 4B and C).
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Autophagy is required for A’-THC and JWH-015 anti-tumoral action in human
HCC xenografts

To investigate the ability of A>~THC and JWH-015 to inhibit HCC growth in vivo we
first generated tumor xenografts by subcutaneous inoculation of HepG2 or HuH-7 cells
in nude mice. Mice were daily treated with vehicle (control), 15 mg/kg A’-THC or 1.5
mg/kg JWH-015 for 15 days. As shown in Fig. 6A, cannabinoid administration almost
totally blocked the growth of HepG2 cell-derived tumors. Moreover, treatment with A’-
THC or JWH-015 enhanced AMPK phosphorylation and reduced Akt phosphorylation,
which was accompanied by a decrease of S6 phosphorylation and an increase of LC3-11
lipidation (Fig. 6B). Likewise, procaspase 3 levels were also decreased in cannabinoid-
treated tumors (Fig. 5B). Similar results were obtained with HuH-7 cell-derived tumors,
in which A’>-THC or JWH-015 administration also decreased tumor growth (Fig. 6C),
increased the AMPK phosphorylation, decreased Akt and S6 phosphorylation and
enhanced LC3 lipidation and caspase 3 activation (Fig. 6D).

To further examine the role of autophagy on the anti-tumoral action of
cannabinoids, another set of experiments was conducted to analyze the effect of
cannabinoids on the growth of HepG2 tumor xenografts in which Atg5 expression had
been knocked-down in vivo. As shown in Fig. 7A, A’-THC and JWH-015 failed to
inhibit the growth of AtgS-silenced tumors but not of those tumors that had been
transfected with control siRNA. Furthermore, pharmacological inhibition of autophagy
by using 3-MA prevented the decrease in tumor growth evoked by A’-THC and JWH-
015 (Fig. 7B). Taken together, these findings strongly support that autophagy is
necessary for the anti-tumoral action of cannabinoids in hepatocellular carcinoma.

Finally, we tested the anti-tumoral efficacy of cannabinoids in an orthotopic HCC

model. HepG2 cells were inoculated in the liver of nude mice and, after one week, mice
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were treated intraperitoneally with vehicle (control), 15 mg/kg A’-THC or 1.5 mg/kg
JWH-015 for 10 days. As shown in Fig. 8A, cannabinoid treatment almost completely
prevented hepatomegaly and ascites. Moreover, levels of the HCC tumor marker alpha-
fetoprotein (AFP) were dramatically reduced in the livers of animals treated with A’-
THC or JWH-015 (Fig. 8B). Analysis of tumor samples revealed that cannabinoid
treatment enhanced AMPK phosphorylation and inhibited Akt and S6 phosphorylation.
Furthermore, THC and JWH-015 enhanced autophagy and apoptosis in these tumours
(Fig. 8A).

Taken together, these observations robustly support that cannabinoid anti-tumoral
action in HCC relies on AMPK stimulation, Akt inhibition and activation of autophagy

in HCC cells both in vitro and in vivo.
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Discussion

In this study we show that the natural cannabinoid A’-THC and the CB, receptor-
selective agonist JWH-015 inhibit HCC cell growth via stimulation of autophagy.
Importantly, although the human hepatocellular carcinoma cell lines used (HepG2 and
HuH-7) expressed both CB; and CB; receptors, only CB; activation was involved in the
pro-autophagic and anti-proliferative effect induced by cannabinoids on these cells. This
is in line with the recent observation that the synthetic cannabinoid WIN-55,212-2
induced apoptosis in HepG2 cells in a process that was partially inhibited by the CB,
receptor-selective antagonist AM630"°. Moreover, it has been previously shown that
CB, receptors are overexpressed in HCC and correlate with good prognosis®. Those
findings, together with ours, support that stimulation of CB, receptors could be a new
therapeutic strategy to promote HCC death.

Our study shows that the mechanism of cannabinoid anti-tumoral action in HCC
relies on the stimulation of autophagy and the subsequent activation of apoptosis.
Depending on the physiopathological setting, autophagy has been proposed to protect
from apoptosis, act as an apoptosis-alternative pathway to induce cell death, or act
together with apoptosis as a combined mechanism for cell death®*>’. However, very
little is known on the role that the interchange between these two cellular processes
plays in the control of tumor growth in response to anticancer agents. Our observations
are in line with previous results obtained in human glioma cells'> and support that
stimulation of autophagy in response to cannabinoid treatment leads to apoptosis.
Nevertheless, further research is still necessary to clarify the precise mechanisms

linking both cellular processes upon cannabinoid treatment.
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Stimulation of autophagy in many cellular settings relies on the inhibition of the
mTORCI1 complex, which plays a central role in the control of protein synthesis, cell
growth and cell proliferation through the regulation of several downstream targets. As a
result of its central position in the control of cellular homeostasis, mMTORC] integrates
signals from different inputs. One of the most important upstream regulators of
mTORCI is the pro-survival kinase Akt, which phosphorylates and inactivates TSC2
(an inhibitor of the mTORCI1 activator Rheb) and PRAS-40. Thus, Akt activation
stimulates mMTORC1 and inhibits autophagy. In this work we found that cannabinoid
treatment of HCC cells leads to Akt and mTORCI inhibition, which is in agreement
with our recent studies in glioma cells". Thus, it had been previously shown that
inhibition of Akt/mTORC]1 pathway by cannabinoids relies on the stimulation of an ER
stress-related pathway which leads to the up-regulation of the pseudokinase TRB3, the
inhibition of the Akt/mTORC]I axis and the induction of autophagy'™ 7 In the present
study, A°-THC and JWH-015 promoted ER stress and increased TRB3 expression. In
addition, Akt/mTORCI1 inhibition and autophagy were abolished when ceramide
biosynthesis was inhibited or when TRB3 expression was silenced, thus suggesting that
this could be a general mechanism of cannabinoid anti-tumoral action. Of importance,
we also found that A-THC and JWH-015 activate AMPK in HCC cells and that
pharmacological or genetic inhibition of this kinase has a similar inhibitory effect on
cannabinoid-induced cell death and autophagy. AMPK has been shown to negatively
regulate mTORC1 via TSC2 activation, which also leads to autophagy stimulation®®,
and therefore we asked whether cannabinoids also inhibit mTORCI1 through this
mechanism in HCC cells. In disagreement with this possibility, our data show that -
unlike TRB3 silencing - AMPK knock-down does not prevent cannabinoid-induced

mTORCI inhibition. In addition, knock-down of TRB3 does not affect the stimulation
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of AMPK by cannabinoids. These observations suggest that TRB3 and AMPK (i) are
activated by different mechanisms in response to cannabinoid treatment, and (ii)
regulate autophagy acting at different stages.

Two converging pathways have been described for AMPK regulation: one
directed by LKB1, dependent on a change in cellular AMP, and another one directed by

CaMKKs, dependent on changes in intracellular Ca’

* % The dramatic reduction in
phospho-AMPK and phospho-ACC obtained upon silencing of CaMKK} indicates that
this latter kinase rather than LKB1 is the dominant AMPKK enzyme in HCC cells in
response to cannabinoids. Thus, cannabinoids induce autophagy in HCC cells possibly
by a two-pronged mechanism, one prong (similar to that operating in glioma cells)
involving ER stress, TRB3 and Akt/mTORCI inhibition, and another one reliant on
AMPK stimulation via CaCMKKf. A model of this mechanism of cannabinoid action
in HCC cells is depicted in Fig 5.

Additionally, it has been recently shown that AMPK binds to and directly
phosphorylates the Ser/Thr kinase ULK 1, the mammalian ortholog of the yeast protein
kinase Atgl, and that this phosphorylation is required for ULK 1-mediated autophagy **"
*2_ Thus, under certain cellular settings, mTORC]1 inhibition and AMPK activation may
cooperate to trigger autophagy “**. Although future research is needed to completely
clarify this point, our data suggest that this could be the mechanism by which
cannabinoids trigger autophagy in HCC cells.

To note, it has been recently described that mTOR signaling has a critical role in
the pathogenesis of HCC and that mTOR inhibitors have antineoplastic activity in
experimental models of HCC*. Moreover, decreased autophagy in HCC correlates with

a more aggressive cancer cell phenotype and poor prognosis® **. Here we found that

cannabinoid treatment reduces the growth of two different models of HCC
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subcutaneous xenografts in concert with decreased mTORCI activation, enhanced
AMPK phosphorylation and increased autophagy and apoptosis in those tumors.
Moreover, knock-down of the autophagic gene Atg5 as well as pharmacological
inhibition of autophagy dramatically abolished the anti-tumoral activity of cannabinoids
against subcutaneous HCC xenografts. Furthermore, A’-THC and JWH-015 efficiently
reduced ascites development and AFP expression in an orthotopic model of HCC,
which also paralleled mTORCI inhibition, AMPK activation and autophagy stimulation
in those tumors. Our data represent the first evidence for the antiproliferative action of
cannabinoids in HCC cells in vivo and support that the ability of cannabinoids to inhibit
mTORCI, stimulate AMPK and enhance autophagy could be therapeutically exploited

for the management of HCC.
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Materials and Methods

Reagents. A’-THC was obtained from GW Pharm GmbH (Frankfurt, Germany) and
JWH-015 was purchased to Sigma (St Louis, MO, USA). The CB,; antagonist SR-
141716 and the CB, antagonist SR-144528 were kindly provided from Sanofi-
Synthelabo (France). The anti-LC3 polyclonal antibody was obtained from MBL
International (Woburn, MA, USA) and the anti-pS6, pAKT-ser473, pACC, ACC,
pelF2a, pAMPK and AMPK polyclonal antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). The anti-caspase 3 antibody and 3-methyladenine
were purchased to Sigma (St Louis, MO, USA). The inhibitors E64d and Pepstatin A
were purchased to Roche Diagnostics (Mannheim, Germany). The CaMKKalpha/beta
inhibitor STO609 was purchased from Sigma (St. Louis, MO, USA). Atelocollagen
(AteloGene™), was purchased to Cosmo Bio Co (Tokyo, Japan). All the other

chemicals were obtained from Sigma (St. Louis, MO, USA).

Cell cultures. Human hepatocellular carcinoma HepG2 cells (ATCC, HB-8065)
(Rockville, MD, USA) were cultured according to suppliers. The human hepatoma cell
line HuH-7 was kindly supply by Dr. Lisardo Boscé (instituto de Investigaciones
Biomédicas Alberto Sols, Madrid). Cells were routinely growth in DMEM/10%FBS
supplemented with 1% non-essential amino acids and 100 IU/mL penicillin G sodium,
100 pg/mL streptomycin sulfate, 0.25 pg/mL amphotericin B (Invitrogen, Paisley, UK).
One day prior to the experiments, medium was changed to 0.5 % FBS medium.

Experiments were done when cell monolayers were 80% confluent.
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RT-PCR analysis. Total RNA was isolated from cells by Trizol Reagent from Gibco
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s protocol. One microgram
total RNA was retrotranscribed to cDNA with the M-MLV Reverse transcriptase kit
(Life Technologies, Carlsbad, CA, USA). Two microliters of RT reaction were then
PCR-amplified  with  specific = primers for CB;: sense primer 5’-
TATATTCTCTGGAAGGCTCACAGCC-3’; CBI1 antisense primer, 5’-GAGCATA
CTGCAGAATGCAAACACC-3’(for amplification of a 270-bp product for human
CB)); and CB;: sense primer 5’- TTTCCCACTGATCCCCAATG-3’; CB, antisense
primer, 5’-GAGCATACTGCAGAATGCAAACACC-3’(for amplification of a 333-bp
product for human CB;) PCR products were analyzed by electrophoresis on ethidium

bromide-stained 2% agarose gels and DNA was detected by exposure under UV light.

Western blot. After different treatments according to the experiments cells were lysed
in ice-cold lysis buffer (50 mM Tris pH 7.4, 0.8 M NaCl, 5 mM MgCl,, 0.1% Triton X-
100, 1 mM PMSF, 10 pg/mL soybean trypsin inhibitor, 1 pg/mL aprotinin, and 5 pg/mL
leupeptin), and cleared by microcentrifugation. Equivalent protein amounts of each
sample were separated on SDS-PAGE gels and blotted to PVDF transfer membrane.
After blocking with 5% skim dried milk, immunoblot analysis was performed followed

by enhanced chemoluminescence detection.

Cell viability assay. Cells in logarithmic phase were cultured at a density of
5000 cells/cm” in a 12-well plate. The cells were exposed to various concentrations of
A’-THC and JWH-015 for indicated times. The 3-[4,5-dimethylthiazolyl-2] 2,5-

diphenyl-tetrazolium bromide (MTT) cell viability assay was used, to evaluate the

effects of cannabinoids on cell growth and to determine the 1Csy.
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Confocal microscopy. After 48 h in culture, the cells were fixed in 4%
paraformaldehyde in PBS and incubated with 0.1% Triton X-100 for permeabilization.
Immunolabeling with the anti-LC3 polyclonal antibody was performed by incubation at
room temperature for lh. Secondary labelling was performed with Alexa Flour 594,
conjugated to anti-rabbit IgG and Alexa Flour 488 (Invitrogen). Imaging was with a
Leica TCS SPS5 laser-scanning confocal microscope with LAS-AF imaging software,

using a 63X oil objective.

siRNA tranfections. Cells were seeded at 2 x 10° cells/35 mm well the day before
transfection. Cells were then transfected in 1 ml OPTIMEN containing 4 pg
lipofectamine 2000 (Invitrogen, Carlsbad, CA), with 100 nM small interfering RNA
(siRNA) duplexes or control scrambled RNA according to manufacturer’s protocols. At
24 hr after transfection, the medium was removed and replaced for DMEM containing
10% fetal bovine serum. Cells were then treated with cannabinoids for 48h and used for
MTT cell viability assays.

For each transfection the following sequences were used: Atg 5 sense sequence 5°-
GUGAGAUAUGGUUUGAAUAJdTAT-3’; alphal subunit AMPK first sense sequence
5'-CCCAUAUUAUUUGCGUGUAATAT-3'; second sense sequence 5’-
GAATCCTGTGACAAGCACAATAT-3’; sense sequences of the Dharmacon Smart
Pool 5'-CCAUACCCUUGAUGAAUUAUU-3"; 5°-
GCCCAGAGGUAGAUAUAUGUU-3"; 5'- GAGGAUCCAUCAUAUAGUUUU

-3, 5- ACAAUUGGAUUAUGAAUGGUU
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-3".TRB3 sense sequence 5’-GUGCGAAGCCGCCACCGUAAdTAT-3’; LKBI1 sense
sequence 5’-GUACUUCUGUCAGCUGAUUTAT-3’; CaMKK beta sense sequence

5’-GCUCCUAUGGUGUCGUCAAJdTAT-3" (Sigma, St. Louis, MO, USA).

Real-time quantitative PCR (qPCR). ¢cDNA was obtained from cells using
Transcriptor (Roche Applied Science). Real-time quantitative PCR assays were
performed using the FastStart Universal Probe Master mix with Rox (Roche Applied
Science), and probes were obtained from the Universal ProbeLibrary Set (Roche
Applied Science); Atg 5 sense primer 5’- GACGCTGGTAACTGACAAAGTGA- 3’
Atg 5 antisense primer 5 -TAGGAGATCTCCAAGGGTATGCA-3’; TRB3 sense
primer 5’- GCCACTGCCTCCCGTTCTTG-3’; TRB3 anti sense primer 5’-
GCTGCCTTGCCCGAGTATGA-3’; LKBI1 sense primer 5-
GGCATGCAGGAAATGCTGGACAGC-3’; LKBI1 anti sense primer 5’-
GTGTCCAGGCCGTTGGCAATCTCG-3’;  CaMKKbeta  sense  primer  5’-
TCGAGTACTTGCACTGCCAGAAGATC-3’; CaMKKbeta anti sense primer 5’-
GGGGTTCTTGTCCAGCATACGGGT-3’; 18S sense primer 5-
GCTCTAGAATTACCACAGTTATCCAA- 3’; 18S antisense primer 5-
AAATCAGTTATGGTTCCTTTGGTC- 3’. Amplifications 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.

Animal care and handling. Athymic nude (nu/nu) five week-old male mice were
obtained from Harlan Iberica Laboratory (Barcelona, Spain) and maintained under
specific pathogen-free conditions with the approval of the Institutional Animal Care and

Use Committee of Alcala University. All animal studies were conducted in accordance
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with the Spanish institutional regulation for the housing, care and use of experimental
animals and met the European Community directives regulating animal research.
Recommendations made by the United Kingdom co-ordinating Committee on Cancer

Research (UKCCCR) have been kept carefully.

In vivo studies. To study the in vivo antitumor activity of cannabinoids
hepatocarcinoma tumors were induced in athymic mice by subcutaneal injection or by
liver implantation. Mice were injected subcutaneously in the right flank with 10 x 10°
HepG2 or HUH-7 cells in 0.1 ml of PBS + 0.5% BSA. Two weeks after transplantation,
tumors had grown to an average volume of 150 mm’. Mice were then divided into
different experimental groups of 8 animals each, which received the following
treatments as s.c. injections according to the experiment: Saline (control); 15 mg/Kg
b.w. A’-THC; 1.5 mg/Kg b.w. JWH-015; 1mg/Kg b.w. 3-MA. The injection was
repeated every day and treatment was continued for 15 days. Tumor volumes were
monitored every day using calliper measurements and were calculated by the formula:
(4n/3)x (w/2)*x (1/2). The body weight of the animals was recorded daily. For in vivo
Atg5 knockdown, xenograft tumors were induced as indicated and 1 nmol specific Atg5
atelocollagen complexed siRNA or control siRNA was injected peritumorally on day 1
and on day 7 of the treatment. Mice were treated daily for 15 days with saline, 15
mg/Kg b.w. A’-THC or 1.5 mg/Kg b.w. JWH-015.

When tumor cells were implanted in the liver, the treatments were initiated one
week after cells injection and administered intraperitoneally. Eight animals were used in
each experimental group. The study was performed for 10 days to minimize the trauma

of the host animals according to UKCCCR recommendations. At the end of the
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treatment the animals were sacrificed and xenografted tumors and livers weighted and

frozen.

Statistical analysis. Cell viability data were expressed as the mean + S.D. and
evaluated by Student's t-test. Differences were considered significant when the P value

was less than 0.05.
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Figure legends

Figure 1. A’-THC and JWH-015 treatment induces autophagy in HCC cells. A,
HepG2 and HuH-7 cells were treated with A’~THC or JWH-015 for 24h and LC3 was
detected by confocal immunofluorecence. Nuclei were stained with DAPI. Values on
the lower right corner of each panel correspond to the number of cells with LC3 dots
relative to the total number of cells (n = 5; mean + SD). B, Immunoblot analysis of p62,
LC3-I and LC3-II levels after A’~THC or JWH-015 treatment in the presence of the
lysosomal protease inhibitors E64d (2.5 pg/ml) and Pepstatin A (5 pg/ml; PA) for 24 h.
Tubulin levels are shown as loading control. C, HepG2 and HuH-7 cells were treated
either with 8 uM A’-THC or 8 uM JWH-015 in the presence of 2.5 pg/ml E64d and 5
nug/ml Pepstatin A (PA) or 1uM 3-methyladenine (3MA) for 48 h and cell viability was
analyzed by MTT test. Data are the mean + S.D. of three different experiments each
performed in triplicate (~ P< 0.01 vs control; “P < 0.05 and P < 0.01 vs cannabinoid-
treated cells). D, Effect of A>-THC or JWH-015 on the viability — as determined by the
MTT test (48 h) of HepG2 cells transfected with Atg5-selective (siAtg5) or control
(siC) siRNA. Data correspond to the mean = S.D. of three different experiments each
performed in triplicate (~ P< 0.01 vs control; P < 0.01 vs cannabinoid-treated cells).
Atg5 mRNA levels (mean of the three experiments) assessed by real-time PCR are
shown in the lower panel. E, HepG2 or HuH-7 cells were incubated either with A’~THC
or JWH-015 for 30 h in the presence of 1 uM 3-MA and levels of pro-caspase 3 and
LC3 were detected by Western blot. Tubulin levels are shown as loading control. The

image is representative of three different experiments.
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Figure 2. A’-THC and JWH-015 upregulate TRB3, inhibit the Akt/mTORC1
pathway and activate AMPK through CB, receptors. A, Effect of A>-THC or JWH-
015 (8 h) on the phosphorylation of elf2alpha in HepG2 and HuH7 cells. Tubulin levels
are shown as a loading control. The image is representative of three different
experiments B, Effect of A-THC or JWH-015 (24 h) on TRB3 mRNA levels (as
determined by qPCR) of HepG2 and HuH7 cells (n = 4; ~ P< 0.01). C, Effect of A’-
THC or JWH-015 (24 h) on the phosphorylation of AMPK, Akt, p70S6K and S6 of
HepG2 and HuH7 cells. Tubulin levels are shown as a loading control. The image is
representative of three different experiments. D, Effect of A’-THC (8 uM), TWH-015 (8
uM), 1 uM SR141716A (SR1) or 2 uM SR 144528 (SR2) (24 h) on AMPK, Akt and S6
phosphorylation as well as LC3 lipidation of HepG2 cells. Tubulin levels are shown as
loading control. The image is representative of five different experiments. O.D. values
(mean + S.D. of the five experiments; *P < 0.05 and ~ P < 0.01 vs control) are shown

under the each image.

Figure 3. A>~THC and JWH-015 induce autophagy via AMPK. A, HepG2 and HuH-
7 cells were incubated with A°~THC or JWH-015 for 48h in the presence of 0.5 pM
Dorsomorphin and cell viability was assayed by MTT. Data are the mean + S.D. of
three different experiments, each performed in triplicate (" P< 0.01 vs control; “P <
0.05 and P < 0.01 vs cannabinoid-treated cells). B, HepG2 and HuH-7 cells
transfected either with siC or AMPKa-selective siRNA (siAMPK) were incubated with
A’-THC or JWH-015 for 48h and cell viability was assayed by MTT. Data correspond
to the mean + S.D. of five different experiments ( P< 0.01 vs control; “P < 0.05 and

P < 0.01 vs cannabinoid-treated cells). AMPKo. levels of a representative experiment,
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assessed by Western blot are shown in the upper panel. C, Effect of A>-THC or JWH-
015 on AMPK, Akt and S6 phosphorylation as well as LC3 lipidation (24 h) of HepG2
and HUH-7 cells transfected with siC or stAMPK . Tubulin levels are shown as loading

control. A representative Western blot of three different experiments is shown.

Figure 4. A>-THC and JWH-015 activate AMPK via CaMKKp. A, Left panel:
Effect of A’-THC (8 pM) or JWH-015 (8uM) on the viability (48 h; as determined by
the MTT test) of HepG2 cells transfected with siC or LKB1-selective (siLKB1) siRNA.
Data correspond to the mean + S.D. of four different experiments, each performed in
quadruplicate (" P< 0.01 vs control). Lower panel: LKB1 mRNA levels (mean of the
four experiments as determined by real-time quantitative PCR) of HepG2 cells
transfected with siC or siLKB1. Right panel: Effect of A>~THC or JWH-015 (24 h) on
the AMPK, ACC, Akt, S6 phosphorylation and LC3 lipidation of siC and siLKBI1-
trasfected HepG2 cells. Tubulin levels are shown as loading control. A representative
Western blot of four different experiments is shown. O.D. values (mean £+ S.D. of the
four experiments) are shown under the each image. B, Effect of A>-THC (8 uM) or
JWH-015 (8uM) on the viability (48 h; as determined by the MTT test) of HepG2 cells
transfected with siC or CaMKK beta-selective (siCaMKKb) siRNA. Data correspond to
the mean + S.D. of four different experiments, each performed in quadruplicate ( P<
0.01 vs control; “P < 0.01 vs cannabinoid-treated cells). Lower panel: CaCMKK beta
mRNA levels (mean of the four experiments as determined by real-time quantitative
PCR) of HepG2 cells transfected with siC or siCaCMKKDb. Right panel: Effect of A’-
THC or JWH-015 (24 h) on AMPK, ACC, Akt and S6 phosphorylation and LC3
lipidation of siC and siCaCMKKb- trasfected HepG2 cells. Tubulin levels are shown as

loading control. A representative Western blot of three different experiments is shown.
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0.D. values (mean £ S.D. of the four experiments) are shown under the each image C,
Effect of A’-THC (8 pM) or JWH-015 (8uM) on the viability (48 h; as determined by
the MTT test) of HepG2 cells incubated in the presence or absence of the 10 uM
STO609 (STO; a CaMKKalpha/beta inhibitor). Data correspond to the mean + S.D. of
four different experiments, each performed in quadruplicate ( P< 0.01 vs control; "P <
0.01 vs cannabinoid-treated cells). Right panel: Effect of A>THC, JWH-015 and STO
(10 uM) on AMPK, ACC, Akt and S6 phosphorylation and LC3 lipidation (24 h).
Tubulin levels are shown as loading control. A representative Western blot of four

different experiments is shown. O.D. values (mean + S.D. of the four experiments)

Figure 5. Schematic of the proposed mechanism of cannabinoid-induced HCC cell
death. Cannabinoid treatment stimulates autophagy via two different mechanism: (i)
up-regulation of TRB3 and subsequent inhibition of the Akt/mTORCI1 axis, and (ii)
activation of AMPK via CaCMKKS. Stimulation of autophagy by cannabinoids leads to

HCC apoptosis and cell death.

Figure 6. A’-THC and JWH-015 reduce the growth of HepG2- and HuH-7 cell-
derived tumor xenografts. Athymic nude mice were injected s.c. in the right flank
with HepG2 cells (A and B) or HuH-7 cells (C and D). When tumors reached a 150
mm® size, mice were daily treated during 15 days with vehicle (control), 15 mg/kg A’-
THC or 1.5 mg/kg JWH-015. Tumor volumes were measured daily. A and C, tumor
growth curve after administration of vehicle (diamonds), A’-THC (squares) or JWH-015
(triangles). Results represent the mean + S.E.M. of eight mice in each group. ~ P< 0.01
versus control compared by Student’s t test. A representative image of the dissected

tumors after treatment is shown. B and D, Immunoblot analysis of AMPK, Akt and S6
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phosphorylation, LC3 lipidation and active-caspase 3 levels in the dissected tumors.

Western blots analyses of one representative tumor for each condition are shown.

Figure 7. Autophagy is required for the anti-tumoral action of A’-THC and JWH-
015 on HCC tumor xenografts. A, Athymic nude mice were injected s.c. in the right
flank with HepG2 cells. When tumors reached a 150 mm’ size, mice daily treated
during 15 days with vehicle (control), 15 mg/kg A’-THC or 1.5 mg/kg JWH-015.
Tumors were injected with atelocollagen complexed with control RNA or atelocollagen
complexed with siAtg5 in days 1 and 7 of the treatment. Tumor volumes were measured
daily. Tumor growth curves and final tumor volumes after administration of the
treatments are shown. Results represent the mean + S.E.M. of eight mice in each group.
™ P< 0.01 versus control and "P< 0.01 versus siControl compared by Student’s t test.
Expression levels of Atg5 in siC and siATGS tumors at the end of the treatment was
examined by real-time PCR. A representative image of the dissected tumors after the
treatments is shown. B, Athymic nude mice injected s.c. in the right flank with HepG2
cells were daily treated during 15 days with vehicle (control) (filled circles), 15 mg/kg
A’-THC (filled squares), 1.5 mg/kg TWH-015 (filled triangles), vehicle plus 1 mg/kg 3-
MA (open circles), 15 mg/kg A’-THC plus 1 mg/kg 3-MA (open squares) or 1.5 mg/kg
JWH-015 plus 1 mg/kg 3-MA (open triangles). Tumor growth curves and final tumor
volumes after administration of the treatments are shown. Results represent the mean +
S.E.M. of eight mice in each group. ~ P< 0.01 versus control and *P< 0.01 versus
cannabinoid-treated tumors compared by Student’s t test. A representative image of the

dissected tumors after the treatments is shown.
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Figure 8. Anti-tumoral effect of A’-THC and JWH- in an orthotopic
transplantation tumor model of HCC. The orthotopic transplantation hepatocellular
carcinoma model was established by intrahepatic implanting of HepG2 cells. One week
after injection, mice were daily treated i.p. with vehicle (control), 15 mg/kg A’~THC or
1.5 mg/kg JWH-015 for 10 days. A, Effect of the different treatments on liver weight
and ascites development. Representative images of mice at the end of the treatment are
shown. Immunoblot analysis of AMPK, Akt and S6 phosphorylation, LC3 lipidation
and active-caspase 3 levels in the dissected tumors. Western blots analyses of one
representative tumor for each condition is shown. B, Effect of the different treatments
on alpha-fetoprotein levels (as determined by Western Blot — left panel) and
immunofluorecence (right panel) of the dissected livers are shown. A normal liver is

shown for comparison.
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Legends to Supplemental figures

Suppl. Fig 1. Inhibition of HepG2 and HuH-7 cell growth by A’-THC and JWH-
015 relies on CB; receptors. A, Cannabinoid receptor expression as determined by
Western blot (left) and RT-PCR (right) in HepG2 and HuH-7 cells. Mouse cerebellum
and spleen were used as positive control for CB1 and CB2 expression, respectively. B,
Effect of A’-THC, JWH-015, SR141716A (SR1, 1 uM) or SR 144528 (SR2, 2 uM) on
the viability (48 h) — as determined by the MTT test - of HepG2 and HuH-7cells. Data
correspond to the mean + S.D. of four different experiments. C, Effect of A’-THC (5
uM), JIWH-015 (5 uM), 1 uM SR141716A (SR1) or 2 uM SR 144528 (SR2) (24 h) on
AMPK, Akt and S6 phosphorylation as well as LC3 lipidation of HUH-7 cells. Tubulin
levels are shown as loading control. The image is representative of five different
experiments. O.D. values (mean + S.D. of the five experiments; *P < 0.05 and P <

0.01 vs control) are shown under the each image.

Suppl. Fig. 2. Inhibition of the Akt/mTORCI1 axis by cannabinoids relies on TRB3
rather that in AMPK. A, Effect of A’-THC or JWH-015 on the viability of HepG2 and
HuH-7cells transfected with siC or TRB3-selective (siTRB3) siRNA. Data correspond
to the mean = S.D. of four different experiments performed in quadruplicate. Lower
panel: TRB3 mRNA levels as determined by real-time quantitative PCR (N=4 ; = P<
0.01 vs control; *P < 0.05 and "P < 0.01 vs cannabinoid-treated cells). B, Effect of A’-
THC or JWH-015 (24 h) on AMPK, ACC, Akt and S6 phosphorylation and LC3
lipidation of siC or siTRB3-trasfected HepG2 cells. Representative Western blots of
three different experiments are shown. C, Effect of A’~THC (8uM; 24 h) on the

phosphorylation of AMPK, Akt, TSC2, S6, 4-EBP1 and the lipidation of LC3 of HepG2
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cells transfected with siC, siTRB3, siAMPK or preincubated with 1 pM ISP-1.

Representative Western blots of three different experiments are shown.

Suppl. Fig. 3. CaMKKp but not LKBI1 silencing prevents cannabinoid-induced
death of HUH-7 cells. Effect A’-THC (5 uM) or JWH- 015 (5uM) on the viability — as
determined by the MTT test- of HuH7 cells were transfected with siC , siLKB1 (left) or
siCaMKKZ] (right). Data correspond to the mean + S.D. of three different experiments,
each performed in triplicate (" P< 0.01 vs control; “P < 0.05 vs cannabinoid-treated

cells).
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Figure 4
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Figure 5

THC JWH-015

VL

¢‘¢'
CBZW
\vAY

St

-
AyIgay
S8888605S4

\ ER stress

ceramide

/
D

" /@

Autophagy

/

Apoptosis




Figure 6

HepG2

16 C THC JWH
z 14
= 12 —— Control
X
~ 10 —&—THC
-}
= —A— JWH
E 8
S 6
S 4
E LC3II
& 2

0 T T T T T r . . . . . . . . . Procaspase3 T T

2 3 4 5 6 7 8 9 10 11 12 13 14 15 Tubulin
Time (days)
Control THC JWH
HuH-7

16 C THC JWH
=, 14
3 12
X
g 10 pAkt
£ s
S pS6
E 4 LC31
g 2 LC3 11

0 Procaspase 3

Control

6 7 8 9 10 11 12 13 14 15 Tubulin
Time (days)
THC JWH




Figure 7
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Figure 8
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