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Comparative proteomic and
phosphoproteomic profiling of pancreatic
adenocarcinoma cells treated with CB1 or
CB2 agonists
The pancreatic adenocarcinoma cell line Panc1 was treated with cannabinoid receptor
ligands (arachidonylcyclopropylamide or GW405833) in order to elucidate the molecular
mechanism of their anticancer effect. A proteomic approach was used to analyze the protein
and phosphoprotein profiles. Western blot and functional data mining were also employed
in order to validate results, classify proteins, and explore their potential relationships.
We demonstrated that the two cannabinoids act through a widely common mechanism
involving up- and down-regulation of proteins related to energetic metabolism and cell
growth regulation. Overall, the results reported might contribute to the development of a
therapy based on cannabinoids for pancreatic adenocarcinoma.
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1 Introduction
Pancreatic adenocarcinoma is the fourth most common cause
of cancer-related death in the world. The prognosis for patients affected by this type of cancer is poor, with the 5-year
survival rate after diagnosis being less than 5% [1]. At present,
the gold standard first-line therapy for patients with pancreatic adenocarcinoma is gemcitabine, a nucleoside analog of
deoxycytidine, which inhibits DNA synthesis [2]. The unique
mechanism of action and the favorable toxicity profile of gemcitabine have allowed explorations of new combined treatments based on this drug. Nevertheless, despite the progress
made concerning the combination chemotherapy, mechanisms of resistance reduce the percentage of response: only
20% of patients have a 50% reduction of tumoral mass [3].

Correspondence: Dr. Daniela Cecconi, Dipartimento di Biotecnologie, Laboratorio di Proteomica e Spettrometria di massa, Università degli Studi di Verona, Strada Le Grazie 15, 37134 Verona,
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In recent years, cannabinoids and their derivatives have
received considerable interest since they can affect the viability and invasiveness of different types of cancer cells [4].
Cannabinoids are bioactive lipids involved in a complex set
of signaling pathways, mainly mediated by CB1 and CB2 receptors [5]. CB1 is the most abundant receptor in the central
nervous system, and, besides its classical influence on mood
and emotion, it has been demonstrated to play a role in the
modulation of memory processing and in metabolism [6].
The related receptor, CB2, traditionally was thought to be
expressed only in peripheral tissue, where it can help control inflammation and various immunological responses [7],
but recent reports have suggested that it too can be found in
the brain [8]. Both CB1 and CB2 are Gi/Go-protein-coupled
receptors, the activation of which triggers inhibition of adenylyl cyclase and voltage-gated calcium channels, activation of
potassium channels, mitogen-activated protein kinase, and
phosphoinositide-3 kinase (PI3K)/Akt signaling pathways, induction of ceramide, and reactive oxygen species [5, 8].
Interestingly, CB1 and CB2 are overexpressed in pancreatic cancer tissue and cell lines and weakly or nonexpressed
in normal pancreas [9]. This feature may constitute a good
tool for both a potential use against pancreatic cancer and
the elucidation of the signaling pathways mediated by CB1
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or CB2 activity. Donadelli et al. [10] have recently shown that
association of gemcitabine with the synthetic cannabinoids
arachidonylcyclopropamide (ACPA) or GW405833 (GW) synergistically inhibits pancreatic adenocarcinoma cell growth
by increasing reactive oxygen species, endoplasmic reticulum (ER) stress and autophagic cell death. ACPA is a potent,
stable, and selective agonist for CB1, 325 times more potent
at CB1 compared to CB2, while GW is highly selective for
CB2. The elucidation of the molecular mechanisms activated
by CB1 or CB2 to influence pancreatic cancer cell proliferation has not been clarified and could be investigated by using
the two selective agonists, ACPA and GW, and proteomic
analyses.
The aim of this study was to shed light on the mechanism
of action of ACPA and GW, and identify proteins and phosphoproteins that are modulated after treatment with the two
cannabinoid receptor ligands in the Panc1 human pancreatic
adenocarcinoma cell line.

2 Material and methods
2.1 Chemicals
ACPA was obtained from Cayman Chemicals (Inalco,
Milan, Italy), and 1-(2,3-dichlorobenzoyl)-2-methyl-3-(2(1-morpholine)ethyl)-5-methoxyindole (GW) from SigmaAldrich (Milan, Italy).

2.2 Cell culture
Panc1 human pancreatic adenocarcinoma cell line was grown
in RPMI 1640 supplemented with 2 mM glutamine, 10% FBS
and 50 g/mL gentamicin sulfate (BioWhittaker, Italy) and
incubated at 37⬚C with 5% CO2 .

2.3 Cell proliferation assay
Panc1 cells were plated in 96-well cell culture plates (5 × 103
cells/well), treated with ACPA and GW for 12 h at the indicated concentrations, and then stained with crystal violet
(Sigma). The dye was solubilized in 1% SDS in PBS and
measured photometrically (A595nm ) to determine cell growth.
Four independent experiments were performed for each assay condition. The statistical analysis was performed with
ANOVA (post hoc Bonferroni) using GraphPad Prism 5.

2.4 Protein sample preparation
For 2DE analysis, 1.2 × 106 cells were plated into five 10 cm
dishes for each sample, starting from the same cell culture.
After 24 h, cells were treated with 200 M GW or ACPA for
12 h. This process was performed four independent times.
Protein extraction was performed in a 2DE buffer contain
C 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ing 7 M urea (Sigma), 2 M thiourea (Sigma), 3% CHAPS
(Sigma), 40 mM Tris (Sigma), and protease inhibitor cocktail (Complete, Mini; Roche, Basel, Switzerland). Cells were
lysated by a sonicator tip through five applications of 30 s
and intervals on ice, then pH 3–10 Ampholyte (Fluka, Buchs,
SG, Switzerland) was added to remove the complexed nucleic
acids by centrifugation (40 min at 14 000 × g). Protein fractions were then precipitated by acetone/methanol, pelleted
by centrifugation at 14 000 × g for 40 min at 4⬚C, and resuspended in 2DE buffer. Samples were incubated with 5 mM
tributyl phosphine and 20 mM acrylamide for 60 min at room
temperature to reduce protein disulphide bonds and alkylate
sulfhydryl groups. The reaction was blocked by 10 mM DTT
and samples were stored at –80⬚C. Protein concentration was
evaluated with Bradford assay (Bio-Rad).

2.5 Two-dimensional electrophoresis
Protein fractionation was performed as previously described
[11] by using 17 cm IPG strips pH 3–10 (loaded with
900 g of total protein) and 8–18%T SDS-PAGE. Detection of
putative phosphoproteins was obtained by fixing the gels in
50% methanol and 10% acetic acid and, after washing, by an
overnight staining with Pro-Q Diamond (Invitrogen, Molecular Probes). Gel images were recorded using a Typhoon 9600
scanner (GE Healthcare, San Francisco, CA). Total proteins
were then revealed by an overnight incubation with Sypro
Ruby stain (Sigma) and then by destaining in 10% methanol
and 7% acetic acid for 1 h. Total protein spots were detected
by Versa-Doc Model 1000 (Bio-Rad).
The protein pattern differential analysis of 15 stained gels
(five technical replicates × three samples, i.e. control, ACPA
and GW treated cells) of the two dataset (phosphoproteome
and total proteome) were performed by PDQuest software
v7.3 (Bio-Rad) as previously described [11]. Differentially expressed proteins and phosphoproteins were considered significant at p-value <0.05 and the change in OD of spots had
to be >2-fold.

2.6 Protein identification by nano-HPLC-Chip
IT MS/MS
Protein identification was performed after in-gel trypsin digestion as previously described [12]. Briefly, peptides from
each sample were separated by RP nano-HPLC-Chip technology (Agilent Technologies, Palo Alto, CA, USA) onlinecoupled with a 3D IT mass spectrometer (model Esquire 6000,
Bruker Daltonics, Bremen, Germany). Database searches
were conducted using the MS/MS ion search of Mascot
against human entries of the nonredundant NCBI database,
with propionamide formation of cysteines as fixed modification and oxidized methionine, acetylated protein N terminus, and phosphorylation of serine, threonine, and tyrosine
as variable modifications. Trypsin was specified as the proteolytic enzyme and one missed cleavage was allowed. The
www.electrophoresis-journal.com
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mass tolerance of the precursor and fragment ions was set
to ±0.9 Da. Positive identification was determined if Mascot score was significant (p <0.05) and at least two peptides
matched the same protein.

2.7 Western blot analysis
Protein validation by Western blot (WB) analysis was performed as previously described [13]. Briefly, proteins were
resuspended with Laemmli’s sample buffer, separated on
12%T SDS-PAGE and then transferred to a PVDF membrane
(60 V for 2 h at 4⬚C). After blocking of nonspecific sites by
TBST-milk solution, membranes were treated with primary
and secondary antibodies at the appropriate dilutions (see the
Supporting Information Table 1) in 1% nonfat dried milk,
0.05% Tween-20 TBS. The immunocomplexes were detected
by ECL (Amersham Biosciences) by a ChemiDoc instrument
(Bio-Rad).

2.8 Functional data mining
Functional annotation was performed according to gene ontology (GO) using the FatiGO tool from Babelomics 4.2
(http://babelomics.bioinfo.cipf.es/fatigo.html). The enrichment analysis for cellular component, biological process, and
molecular function was done by comparing the GO terms
of identified proteins against the rest of the genome. The
Fisher’s exact test detected the significant overrepresentation
of GO terms in the submitted dataset [14]. We conducted also
an enrichment analysis for KEGG pathways [15].
In silico characterization of phosphorylation sites by
NetPhos 2.0, PhosphoBase 9.0, and Scansite 3.0 was
instead performed as previously described [16]. Protein
interactions were assessed using the STRING database
(http://string-db.org) in order to show connection among
all the modulated proteins and phosphoproteins. We retrieved interactions that were of at least high confidence
(score 0.7) based exclusively on experimental and database
knowledge while excluding all other prediction methods implemented in STRING (such as textmining and coexpression). Additional white nodes to 10 (as to reduce noise)
and network depth were kept to the minimum value (1),
in order to exclude as many false-positive interactions as
possible.

3 Results
3.1 Inhibition of proliferation of Panc1 cells
by ACPA or GW
The antiproliferative effect of the synthetic cannabinoids
ACPA or GW was examined after treatment for 12 h with
increasing amounts of the compounds. Figure 1 shows that
both cannabinoids were able to inhibit cell growth, being

C 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Growth inhibition of Panc1 cells with increasing concentrations of ACPA or GW at 12 h. ***p <0.001, **p <0.01, and
*p <0.05.

GW significantly more active than ACPA. However, the cell
growth curve reached a plateau at 100 M with GW and
at 200 M with ACPA. For this reason, proteomic study was
performed using a concentration of 200 M for both cannabinoids.

3.2 Proteome and phosphoproteome modulation
of Panc1 cells treated with ACPA or GW
To expand the knowledge of the molecular mechanisms involved in ACPA or GW induced cell death, we analyzed
the total proteome and the phosphoproteome of Panc1 cells
(representative maps are shown in Supporting Information
Fig. 1). Three analyses were performed: (i) ACPA/control;
(ii) GW/control; and (iii) GW/ACPA. After normalization
of the gels, 62 spots displayed significantly altered intensities (p <0.05, t-test) and were analyzed by MS/MS. The
following numbers of spots were identified: ACPA/control,
24 phosphoproteins and 21 proteins; GW/control, 27 phosphoproteins and 14 proteins; GW/ACPA, 12 phosphoproteins and 14 proteins. The overlap of unique identified
proteins and phosphoproteins between the three comparisons is shown in Fig. 2, while master maps indicating
the identified proteins and phosphoproteins are reported
in Supporting Information Fig. 2. The MS proteomics
data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository [17] with the dataset identifier
PXD000119 and DOI 10.6019/PXD000119 and are also listed
in the Supporting Information Table 2. It must be taken into
account that all the phosphoproteins for which it was not possible to determine at least a phosphorylation site by MS/MS
analysis should be considered as putatively phosphorylated.
In order to confirm the proteomic data, the modulation of
pyruvate kinase (PKM2), phosphopyruvate kinase (p-PKM2,
Tyr-105), keratin 18 (KRT18), phosphokeratins 18 (Ser-33 and
Ser-52, p-KRT18) was analyzed by WB. The 2DE spots corresponding to the immunodetected proteins are shown in
Fig. 3A.
www.electrophoresis-journal.com
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Figure 2. The overlap of proteins identified across all three
comparisons: ACPA/control,
GW/control, and GW/ACPA,
respectively.

Figure 3. (A) Zooms of 2DE spots corresponding to the immunodetected proteins. (B) Western blot obtained using anti-p-PKM2 (Tyr 105),
anti-PKM2, anti-p-KRT18 (Ser52), anti-p-KRT18 (Ser33), and anti-KRT18 antibodies to probe protein extracts from Panc1 cells after 12 h of
treatment with GW or ACPA. (C) Band densitometry (statistics: two-tailed t-test) showing amount of the PKM2 (normalized to actin) and
p-PKM2 (normalized to actin and to PKM2). ***p <0.001, **p <0.01, and *p <0.05.

Figure 3B reports that p-PKM2 (Tyr105) and total PKM2
are respectively up- and downregulated in GW as well as in
ACPA treated cells, while p-KRT18 (Ser 52 and Ser33) and
KRT18 are respectively up- and downregulated in particular
in GW-treated cells (and only slightly after ACPA treatment).
In particular, densitometric analysis of immunodetected
PKM2 (normalized to actin) revealed that it is downregulated
1.16 ± 0.03-fold by ACPA and 1.50 ± 0.08-fold by GW; while
p-PKM2 (normalized to actin and then to total PKM2) is upregulated 1.21 ± 0.02-fold by ACPA and 1.76 ± 0.03-fold
by GW (Fig. 3C). Surprisingly, the downregulation of PKM2
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was less evident in ACPA probably due to the overlap of more
isoforms (nonsignificant in 2DE) that may have an opposite
modulation.

3.3 Bioinformatics and protein–protein interaction
analyses
By bioinformatics, we found that the cellular components
mostly overrepresented in cannabinoid-treated cells were the
soluble fraction, membrane-bounded vesicles, vesicles, and
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Table 1. Significantly enriched ontologies in Panc1-treated cells

Term

Biological process
Interspecies interaction between
organisms (GO:0044419)
Response to unfolded protein (GO:0006986)
Response to biotic stimulus (GO:0009607)
Response to organic substance
(GO:0010033)
Response to protein stimulus (GO:0051789)
Membrane organization (GO:0016044)
Glycolysis (GO:0006096)
Molecular function
Unfolded protein binding (GO:0051082)
Cellular component
Soluble fraction (GO:0005625)
Membrane-bounded vesicle (GO:0031988)
Vesicle (GO:0031982)
Cell surface (GO:0009986)

Pivotal proteins

#1 vs. # rest of
the genome (%)

Adjusted p value
(p <0.005)

KRT18, KRT19, KRT8, EIF4H, HSPD1, HSPA8, ANPEP,
C1QBP, VIM
CLIC1, HSPD1, HSPB1, HSP90AB1, HSPA2, HSPA8
CTSD, CLIC1, KRT8, HSPD1, HSPB1, HSP90AB1,
HSPA2, HSPA8, PRDX3
CLIC1, CFL1, KRT19, HSPD1, HSPB1, HSP90AB1,
HSPA2, HSPA8, NME1, PKM2, PRDX3
CLIC1, HSPD1, HSPB1, HSP90AB1, HSPA2, HSPA8
ACTN4, ATP5B, CALR, CLTA, LMNA, TIMM50, NME1
ENO1, GAPDH, PKM2, TPI1

20.45 vs. 1.42

0.00002643

13.64 vs. 0.49
20.45 vs. 2

0.0001108
0.0001157

25 vs. 3.33

0.0001157

13.64 vs. 0.65
15.91 vs. 1.68
9.09 vs. 0.27

0.0002126
0.002835
0.002835

CALR, HSPD1, HSP90AB1, HSPA2, HSPA8, CCT5

13.64 vs. 0.55

0.0001897

ANXA2, CTSD, CLTA, GANAB, HSPD1, HSP90AB1,
HSPA8, ANPEP
ANXA2, CTSD, CLTA, GANAB, HSPD1, HSP90AB1,
HSPA8, ANPEP
ANXA2, CTSD, CLTA, GANAB, HSPD1, HSP90AB1,
HSPA8, ANPEP
ANXA2, CTSD, CLTA, GANAB, HSPD1, HSP90AB1,
HSPA8, ANPEP

15.91 vs. 1.4

0.0001131

18.18 vs. 2.25

0.0001233

18.18 vs. 2.83

0.0004169

13.64 vs. 1.45

0.0004355

cell surface. In addition, the GO enrichment analysis suggests that the identified proteins are involved in interactions
between organisms, in response to stimuli (such as protein,
biotic, and organic substances), in membrane organization,
and in glycolysis. As concerning statistically enriched GO
term in the category “molecular function,” we found significant the term unfolded protein binding (Table 1).
Furthermore, an enrichment analysis was performed
to find which cellular KEGG pathways could be affected
by ACPA and/or GW exposure in Panc1 cells. The results
obtained revealed a total of three altered KEGG pathways:
glycolysis/gluconeogenesis (hsa00010, adjusted p-value =
9.189 × 10−4 ), antigen processing and presentation
(hsa04612, adjusted p-value = 0.014), and proteasome
(hsa03050, adjusted p-value = 0.0014).
By STRING analysis, we identified a core network of
modulated proteins and putative phosphoproteins involved
in the energetic metabolism (PKM2, ENO1, NME1, ATP5B,
GAPDH, TPI1), and one composed of structural proteins (i.e.
KRT1, KRT8, KRT18, KRT19, VIM, and LMNA). Another central group of the data shows interaction among clathrin light
chain A (CLTA), chaperones (HSPA8, HSP90AB1, HSPD1),
and proteasome subunits (PSMA3, PSMA5, PSMA6), suggesting modulation of protein turnover. Figure 4 shows the
stronger associations between these proteins by thicker lines.
For all the identified putative phosphoproteins, a number
of phosphorylation sites were predicted by Netphos 2.0. The
Phosphobase 9.0 search provided the determination of the exact position of the known phosphorylation sites based on the
available literature. While by Scansite 3.0 analysis, potential-
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binding sites for members of the ERK 1/2 kinase (29%) and
casein kinase (21%) family were most commonly predicted
in identified phosphoproteins (see Supporting Information
Table 2).

4 Discussion
4.1 ACPA and GW alter the amount of proteins
involved in the energetic metabolism and cell
growth regulation
The identification of the energetic metabolism as a central
node in the STRING analysis, as well as a statistically significant prominence of glycolysis in the GO terms enrichment analysis suggest this may be an important target for
the mechanism of action of ACPA and GW. Pyruvate kinase
(PK) catalyzes the final step of glycolysis, generating ATP and
pyruvate. Different isozymes of PK are expressed in relation to
the metabolic characteristics of the various cells and tissues,
such as L-PK (liver and kidneys), R-PK (erythrocytes), PKM1
(muscles and brain), and PKM2 (lung, fat tissue, retina, and
pancreatic islets, as well as cells with a high rate of nucleic
acid synthesis, such as normal proliferating, embryonic, and
tumour cells). PKM2 fluctuates between two major states: an
active tetrameric form and a less active dimer. In tumor cells,
PKM2 establishes whether glucose is converted to lactate for
regeneration of energy (active tetrameric form, Warburg effect) or used for the synthesis of cell-building blocks (nearly
inactive dimeric form) [18]. Multiple mechanisms lead to
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Figure 4. STRING 9.0 protein interaction network for the identified proteins, stronger associations are represented by thicker lines.

inhibition of the tetrameric PKM2 active form: phosphorylation at Tyr105 [19], binding to tyrosine phosphorylated
polypeptides, oxidation of Cys358, and acetylation on Lys305.
PKM2 has also nonmetabolic functions in the control of cellcycle progression (by inducing the expression of cyclin D1)
[20] and in transcription of MEK5 [21] an upstream activator
of ERK5 (an homolog of ERK1/2) mediating the effects of a
number of oncogenes. Accordingly, we confirm by Scansite
analysis that cannabinoid action imply ERK 1/2 regulation.
The 2DE results indicated that the amount of one form of
PKM2 protein is downregulated (<20-fold, SSP7610) by both
ACPA and GW treatments, while WB results indicated a less
marked reduction of total PKM2 (Fig. 3B). This discrepancy
could be attributed to the lower resolving power of 1D-WB
(as compared to 2DE), which is not able to separate all the
different forms of a protein (i.e. subjected to different PTMs).
By immunoblot analysis (Fig. 3B), we also revealed that pPKM2 (Tyr 105) is induced by both treatments, particularly by
GW.
The data obtained suggest that ACPA and GW, by downregulating the amount of one particular form of PKM2 and
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switching the enzyme into its inactive dimeric form (Tyr105
phosphorylated), could represent effective inhibitors of aerobic glycolysis (Warburg effect). By considering the different
abilities especially in inducing p-PKM2, it is possible to argue that GW has a more pronounced effect in inhibiting
the aerobic glycolysis. Interestingly, it has been reported that
knockdown of PKM2 by RNA interference induces apoptosis and tumor regression [22] and that PKM2 inhibition with
peptide aptamers inhibits cell proliferation [23].
The inhibition of glycolysis depletes ATP in cancer cells,
especially cells with mitochondrial respiration defects, leads
to dephosphorylation of the glycolysis-apoptosis integrating
molecule BAD, relocalization of BAX to mitochondria, and
massive cell death [24]. Interactome analysis (Fig. 4) suggests
that PKM2 is strongly linked to alpha enolase (ENO1), another enzyme involved in glycolysis. We found that the phosphorylated isoform of ENO1 (SSP7504) is downregulated by
both ACPA (–5.6-fold) and GW (–4.2-fold) treatments. ENO1
phosphorylation is strongly associated with pancreatic cancer, and induces specific autoantibodies in patients that may
have diagnostic value [25].

www.electrophoresis-journal.com
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Adhesive interactions of tumor cells with the surrounding microenvironment represent a crucial parameter
within growth, migration, and metastasis of cancer cells.
Interestingly, some although still rare correlations between
activation of the cannabinoid receptors CB1 [26–28] and CB2
[29, 30] and suppression of adhesion molecules have been
reported. Our findings imply a downregulation of phosphorylated isoform of 67 kDa receptor of laminin (RSPA) (<20fold, SSP3408) after treatment of pancreatic cancer cells with
ACPA and GW. RPSA represents a prognostic biomarker for
a variety of human cancers and is involved in cell adhesion
to the basement membrane. The interaction of cancer cells
with laminin is in fact a key event in tumor invasion and
metastasis able to induce tumor cell proliferation [31].
Treatment of Panc-1 cells with cannabinoids strongly
downregulates phosphorylated alanine aminopeptidase (ANPEP) (<20-fold, SSP3901). ANPEP is a zinc-dependent
metallo-exopeptidase, overexpressed on the surface of different tumor cells [32], which degrades the extracellular matrix,
inducing tumor invasion, angiogenesis, and metastasis. It is
a transcriptional target of Ras signaling pathways in endothelial morphogenesis. Recently, several ANPEP inhibitors have
been developed and some of them have been found to have
effectiveness as anti-cancer agents [33]. Interestingly, ANPEP
has also been proposed as a new prognostic marker for patients with pancreatic carcinoma [34].
Our data show that cannabinoids induce different isoforms of phospho-keratins 18 (KRT18) (SSP6411, SSP6402,
SSP6410). KRT18 is an intermediate filament protein involved in invasion, apoptosis, mitosis, cell-cycle progression,
and signaling. Phosphorylation of KRT18 at Ser52 is important for filament reorganization during mitotic arrest [35]. In
particular, during apoptosis, intermediate filaments reorganize into granular structures enriched for KRT18 phosphorylated on serine 52. Phosphorylation of KRT18 at Ser33 is
instead essential for its association with 14–3–3 proteins but
seems to be not important for apoptotic cell death [36]. Here,
we demonstrated that cannabinoid agonists, and in particular
GW, strongly induces KRT18 phosphorylation at Ser52 and
Ser33, while total KRT18 is downregulated (Fig. 3B). These
findings suggest that activation of CB2 receptor, by increasing phosphorylation of KRT18 leads to collapse of the keratin
cytoskeleton and cell death [37].
The mechanism of action of ACPA and GW also imply
the upregulation of the phosphorylated isoform of prosaposin
(PSAP) (>20-fold, SSP2004). Notably, expression of PSAP is
reduced in metastatic cancer cell lines [38], and enhanced tumor cell secretion of PSAP inhibits the metastatic process via
stimulation of stromal p53 and thrombospondin-1 (an adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix
interactions) [39]. In addition, PSAP activates the phosphorylation of ERK 1/2 isoforms [40], which are involved in the
cannabinoid mechanism of action [41], and were found by
Scansite analysis as the main kinases involved in the phosphorylation of identified proteins. PSAP is proteolytically cleaved
into saposins A, B, C, and D, which function as cofactors for
sphingolipid hydrolases. The p-PSAP upregulation we de
C 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tected could support the antiproliferative effect of ACPA and
GW treatments on Panc1 cells and confirm an involvement
of these cannabinoids in tumor metastasis reduction.
As concerning an involvement of autophagic cell death
in the mechanism of action of ACPA and GW a first indication is given by the GO enrichment analysis, which detected
overrepresented proteins belonging to membrane-bounded
vesicle and vesicles (Table 1). The importance of autophagy in
cannabinoid action is confirmed by modulation of clathrin, in
particular of clathrin light chain A (CLTA, SSP1203) that is upregulated by both ACPA (+2.7-fold) and GW (+2-fold) treatments. CLTA is directly involved in autophagic process: the
endocytic plasma membrane-derived clathrin coated vesicles
form phagophore precursor structures, which are expanded
to become autophagosomes, which fuse with endosomes and
lysosomes to degrade their contents [42].

4.2 ACPA regulates folding and proteolytic turnover
of proteins, as well as autophagy-mediated
cell death
The activation of CB1 receptor by ACPA specifically upregulates cathepsin D, elongation factor 1-gamma, glucosidase II,
phospho-hsp90 kDa, hsp70 kDa protein 2 and protein 8, phosphorylated proteasome subunit alpha type-3, and triosephosphate isomerase 1, chain A. Moreover, induction of CB1 signaling by ACPA leads to downregulation of alpha actinin 4,
phospho-calreticulin, one isoform of hsp70 protein 8, proteasome subunit alpha type-6 and phospho-alpha type-5, as well
as one protein form of vimentin.
The proteasome pathway plays an important role in cellular homeostasis and in a variety of cellular pathways, including cell growth and proliferation, apoptosis, and DNA
repair. Accordingly, proteasome inhibitors are being studied
in the treatment of different types of cancer including pancreatic cancer [43]. We have shown that ACPA downregulates
two proteasome subunits, PSMA6 (–4.5-fold, SSP 5210) and
p-PSMA5 (–5.9-fold, SSP 3305) suggesting that ACPA antitumor activity also depends on deregulation of proteasome
proteolytic pathway. However, this mechanism of action may
have only a marginal role, as ACPA treatment also leads to a
strong induction of p-PSMA3 (>20-fold, SSP5314).
Lysosomal enzymes, such as lysosomal aspartyl proteases
named cathepsins, are also implicated in protein degradation
and turnover. Recently, it has been also demonstrated that
high expression of cathepsin D (CTSD) activates autophagy
with increasing of acidic autophagic vacuoles and LC3-II formation [44]. Our results revealed that activation of CB1 receptor by ACPA is related to upregulation of CTSD (+2-fold,
SSP4211) further indicating the importance of the autophagic
process in cell death induced by CB1-selective agonist [10].
The “calnexin/calreticulin cycle” is a quality control system responsible for promoting the folding of newly synthesized glycoproteins entering the ER [45]. Nascent and newly
synthesized glycoproteins enter the calnexin/calreticulin
(CALR) cycle when two of three glucoses in the core
www.electrophoresis-journal.com
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N-linked glycans have been trimmed by ER glucosidase
II (GANAB). The functional association between CALR
and GANAB was confirmed also by interactome analysis
(Fig. 4). Taken together, our results indicate a deregulation
of “calnexin/calreticulin cycle”: we found two phosphorylated
isoforms of CALR, having a Mr almost tripled (about 70 kDa
instead of 24 kDa), which are downregulated (both –2.3-fold,
SSP2603, and SSP2604), and one overexpressed isoform of
GANAB (+2.7-fold, SSP4807). In addition, CALR promotes
the expression of adhesion molecules (ICAM-1 and VCAM-1)
on tumor cells [46], and its knockdown suppresses cancer cell
proliferation, migration, and metastatic capacities [47]. The
CALR downregulation we report seems to be in line also with
the anti-invasive effect we have already described above as
common mechanism between ACPA and GW. It remains to
be explained the meaning of CALR phosphorylation and of
its higher molecular mass.
As concerning modulated chaperones (hsp70 and hsp90),
they have a role in chaperone-mediated autophagy (CMA) that
is a selective form of autophagy where proteins are translocated directly from the cytosol across the lysosomal membrane for degradation inside lysosomes. CMA substrates are
cytosolic proteins bearing a pentapeptide motif that, when
recognized by the cytosolic chaperone hsp70 kDa protein 8
(HSPA8, also named Hsc70), targets them to the surface
of the lysosomes [48]. HSPA8 is also involved in microautophagy: it delivers autophagic cargo to late endosomes for
complete or partial degradation [49]. Also hsp70 kDa protein
2 (HSPA2, named hsp 70–2) is involved in CMA [50]. In addition, it has been reported that a complex form by hsp90 (and
co-chaperone Cdc37) regulates the Ulk1- and Atg13-mediated
mitophagy [51] (i.e. autophagy selective for degradation of
mitochondria). Our results revealed that ACPA upregulates
the level of amount of HSPA8 (>2.4-fold, SSP2708), HSPA2
(>2.1-fold, SSP1709), and p-HSP90 (+2.7-fold, SSP3810)
confirming the key role of the autophagic process in cell
death induced by CB1-selective agonist. On the contrary,
one isoform of HSPA8 is instead downregulated (<2.3-fold,
SSP4701), so it remains to be characterized from a functional
point of view.

4.3 GW regulates bioenergetic signature, DNA, and
histone metabolism, as well as autophagymediated cell death
The activation of CB2 receptor by GW specifically upregulates mitochondrial matrix protein p32, one form of cytokeratin 19, phosphorylated nuclear autoantigenic sperm protein.
In addition, it downregulates phophorylated adenine phosphoribosyltransferase, glyceraldehyde-3-phosphate dehydrogenase, protein phosphatase 1 catalytic subunit beta isoform,
phospho-hsp27 kDa, phospho-annexin 1, phosphorylated histone H3, nucleoside diphosphate kinase A, and phosphorylated thioredoxin-dependent peroxide reductase.
Cancer aggressiveness can be estimated by its “bioenergetic signature” (i.e. the protein ratio ␤-F1-ATPase/GAPDH)
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[52] that provides an estimate of glucose metabolism in tumors and serves as a prognostic indicator for cancer patients.
Along with the limitation of mitochondrial oxidative phosphorylation in different type of carcinomas, it has been observed
an upregulation of the glycolytic GAPDH that was confirmed
in pancreatic cancerous tissues [53]. Accordingly, we have
shown that the antitumoral effect of GW is associated with
downregulation of GAPDH (<2.5-fold, SSP 4303) implying a
targeting of energetic metabolism.
Proper genome packaging requires coordination of both
DNA and histone metabolism. In this respect, histone chaperone nuclear autoantigenic sperm protein (NASP) stabilizes
a reservoir of soluble histones H3-H4 (required for the dynamic chromatin reorganization) by protecting them from
degradation via CMA [54]. Here, we found that GW upregulates phospho-NASP (+3-fold, SSP2811) and downregulates phospho-histone H3 (H3F3A) (–2.8-fold, SSP 6105). We
found that the GW also downregulates phosphorylated adenine phosphoribosyltransferase (APRT) (–3.1-fold, SSP 6202)
and phosphorylated nucleoside diphosphate kinase (NME1)
(–2.5-fold, SSP 7202). APRT is an enzyme involved in the
purine nucleotide salvage pathway; it functions as a catalyst in
the reaction between adenine and phosphoribosyl pyrophosphate to form AMP. NME1 is instead involved in the synthesis
of nucleoside triphosphates other than ATP. Taken together
our data suggest that mechanism of action of GW may involve
regulation of nucleotide and histone metabolism.
Finally, GW upregulates (>2.4-fold, SSP 1202) the
amount of mitochondrial matrix p32 protein (C1QBP). This
protein not only supports oxidative phosphorylation but also
promotes autophagic cell death [55]. C1QBP stabilizes the
autophagic inducer smARF [56], which translocates to the
mitochondria and dissipates the mitochondrial membrane
potential inducing autophagic cell death [57]. In particular, C1QBP binds the ARF C terminus and is required for
ARF to localize to mitochondria [58]. This finding may suggest that GW could exert a stronger induction of the autophagic cell death, as compared to ACPA, by upregulating
C1QBP.
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