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ARTICLE INFO ABSTRACT

Keywords: Eukaryotic Initiation Translation Factor 2A (EIF2A) is considered to be primarily responsible for the initiation of
EIF2A translation when a cell is subjected to stressful conditions. However, information regarding this protein is still

PrOtef’“{ics ) incomplete. Using a combination of proteomic approaches, we demonstrated that EIF2A is the molecular target
Eﬁtqe;iiﬁ:;ifnon of the naturally occurring bioactive compound cannabidiolic acid (CBDA) within human glioblastoma cells. This

finding allowed us to undertake a study aimed at obtaining further information on the functions that EIF2A plays
in tumor cells. Indeed, our data showed that CBDA is able to activate EIF2A when the cells are in no-stress
conditions. It induces conformational changes in the protein structure, thus increasing EIF2A affinity towards
the proteins participating in the Eukaryotic Translation Machinery. Consequently, following glioblastoma cells
incubation with CBDA we observed an enhanced neosynthesis of proteins involved in the stress response, nucleic
acid translation and organization, and protein catabolism. These changes in gene expression resulted in increased
levels of ubiquitinated proteins and accumulation of the autophagosome. Our results, in addition to shedding
light on the molecular mechanism underlying the biological effect of a phytocannabinoid in cancer cells,
demonstrated that EIF2A plays a critical role in regulation of protein homeostasis.

Eukaryotic translation machinery

and specific pathological conditions, have so far been little studied.
In this context, phytocannabinoids could represent rather promising

1. Introduction

Investigating the role played by a protein in the cellular context is
quite challenging, especially because such a study should be conducted
by limiting perturbations to the system as much as possible. Indeed,
experimental approaches such as silencing or mutation of a gene result
in numerous changes in the cells studied, thus making it difficult to
understand which of these depend directly on the lack of activity of a
protein and which instead on the adaptation of the biological system to
that lack [1,2]. In the last years, the use of small molecules as a tool to
shed-light on protein functions under pseudo-physiological conditions is
emerging forcefully [3,4]. This approach is generally conducted using
specific modulators for a predetermined target [5,6]. However, applying
this procedure in a non-targeted manner could also allow characterizing
proteins that, despite playing a critical role in both cellular physiology
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candidates. They are the bioactive constituents of Cannabis sativa L. [7],
showing a wide panel of biological activities. Preparations based on
C. sativa extracts are currently employed to treat several diseases and
severe pain, and to reduce the undesirable effects of antineoplastic
therapies [8,9]. Unfortunately, the knowledge of the complex profile of
biological targets of these compounds is still inadequate. In fact, even
the activity of the best-known phytocannabinoids - A°-tetrahydrocan-
nabinol (A°-THC) and cannabidiol (CBD) - has only been partially
characterized [10-14]. This criticality is made even more severe by the
lack of information regarding the bioactivity of the other phytocanna-
binoids. One of the major areas of mechanistic and clinical uncertainty
on the potential of cannabis is cancer [15]. Although the ability to
activate Endoplasmic Reticulum (ER) stress [16] has been suggested as
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the base for the pro-apoptotic and pro-autophagic properties of phyto-
cannabinoids in several cancer cell line [12,17-19], the picture is largely
unclear.

One of the most abundant but less investigated phytocannabinoids, is
the cannabidioic acid (CBDA) (Fig. 1). It is the main native constituent of
fibrous cannabis and its concentration in many preparations based on
cannabis extracts is almost comparable to that of CBD [7,20]. It is
credited for anti-inflammatory [21], anti-proliferative [22] antibiotic
[23], antioxidant activities [24] and is characterized by an excellent
ability to cross the Blood-Brain-Barrier [25]. Nevertheless, its molecular
targets are still substantially unknown. Indeed, it has been shown that
CBDA has only modest/moderate affinity towards CB receptors, 5-HT1A
and TRP channels [26], and nuclear receptors belonging to the PPAR
family have been suggested as its putative targets [27-29]. Based on
these considerations, we chose to use cannabidioic acid (CBDA) as a
probe to identify potentially druggable proteins within human tumor
cells and to characterize their functions. Thus, we used an integrated
approach consisting of proteomic, biochemical and computational
techniques [30], to identify the molecular targets of CBDA in a glio-
blastoma cell line. The obtained results showed that the phytocannabi-
noid efficiently interacts with Eukaryotic Initiation Factor 2A (EIF2A).
Therefore, we investigated the CBDA-EIF2A binding in molecular detail
and the cannabinoid-induced changes in the interactome and in the
activity of EIF2A in its cell environment. Furthermore, our outputs
indicated that EIF2A plays a pivotal role in regulating protein homeo-
stasis by activating the ubiquitination process and the autophagosome
formation.
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2. Methods
2.1. Reagents and materials

CBDA was purified starting from plant material, while cannabi-
chromenic acid (CBCA) was obtained by synthesis (see below). Silica gel
60 (70-230 mesh), RP C-18 silica gel and Celite® 545 particle size
0.02-0.1 mm, pH 10 (100 g/L, H20, 20 °C), used for isolation of can-
nabinoids, was purchased from Macherey-Nagel (Diiren, Germany).
Purifications were monitored by TLC on Merck 60 F254 (0.25 mm)
plates and visualized by staining with 5 % H3SO4 in EtOH and over-
heating. Identification and purity of CBDA and CBCA was 99.9 % as
proved by HPLC and 'H NMR 400 MHz analyses with Bruker 400
spectrometers (Bruker®, Billerica, MA, USA). Chemical shifts were
referenced to the residual solvent signal (CDCI13: 6H = 7.26). The purity
of all compounds was 99.9 % as proved by HPLC and NMR analyses.
Each compound was dissolved in DMSO at a concentration of 50 mM to
obtain a stock solution. ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide]) MTT was purchased from Sigma-Aldrich (St.
Louis, Missouri, United States). Click-IT Protein Enrichment Kit, Dul-
becco Eagles’s medium (DMEM), Dulbecco’s Phosphate Buffered Saline
(PBS), 0.5 % Trypsin-EDTA, dialyzed fetal bovine serum (FBS), BCA
Protein Assay Kit and Corning Matrigel were purchased from Thermo
Fisher Scientific (Waltham, Massachusetts, United States). DMEM-High
Glucose for the preparation of SILAC medium was purchased from
Athena Enzyme Systems (Baltimore, United States). EIF2A primary
antibody for immunoprecipitation and immunoblotting were purchased
from Proteintech (Rosemont, Illinois). pEIF2a and LC3I/II were pur-
chased from Cell Signaling (Danvers, Massachusetts). EIF2a primary
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Fig. 1. Identification of CBDA putative target in U87MG cells A) Chemical structure of cannabidiolic acid (CBDA); B) Biological functions of the proteins emerged as
putative CBDA targets form DARTS analysis, clusterized by ShinyGO 0.8 software; C) Network of the biological functions of the proteins identified as putative CBDA
targets; D) Network of the physical interactions occurring between the proteins emerged as putative CBDA targets form DARTS analysis; E) Western blot analysis of
DARTS experiment carried out on U87MG treated with CBDA, using anti-EIF2A and anti-EEF1G antibodies. GAPDH was used as a control;
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antibodies was purchased from ElabScience (Houston, Texas). GRP78
primary antibody was purchased from Invitrogen (Waltham, Massa-
chusetts). Mono-and poly-ubiquitinylated conjugates antibody was
purchased from Enzo Life Sciences. Anti-SQSTM1 / p62 antibody was
purchased from Abcam (Cambridge, United Kingdom). Protein A/G
PLUS Agarose and EEF1G primary antibody were purchased from San-
taCruz Biotechnology (Dallas, Texas, United States). Secondary anti-
bodies were purchased from Jackson ImmunoResearch Laboratories
(West Grove, Pennsylvania). For pulsed-SILAC, labeling amino acids,
13C%,“N;;—L—arginine (Arg6), 4,4,5,5-Dy4-1-lysine (Lys4), 13C(155N4—L—arginine
(Argl0) and 13C%,SNZ-L-Lysine (Lys8) were purchased from Silantes
(GollierstraRe, Miinchen, Germany). For the peptide clean-up, Oasis
plates were purchased from Waters Corporation (Milford, Massachu-
setts, United States). For SPR analysis, EIF2A recombinant protein was
purchased by BIOTREND Chemicals, LLC (Miramar Beach, United
States). EEF1G was purchased by OriGene Global (Rockville, United
States). HBS-EP 10x buffer and CM5 sensor chip were purchased by GE
Healthcare (Chicago, IL, United States).

2.2. Cannabinoid isolation and characterization

CBDA was isolated from Cannabis sativa L. (voucher specimen
LANZHOU-84/2019) aerial parts (100 g), which were extracted with
acetone (2 x 1 L) in a vertical percolator at room temperature, to afford
a dark doughty liquid. The resulting latter latex was dissolved at 45 °C in
MeOH (with a latex/MeOH ratio 1:10 w/v) and kept at 8 °C to facilitate
the condensation of fatty material and waxes. After 12 h, the solution
was vacuum-filtered with cold MeOH in a sintered funnel protected by a
bed of stratified Celite® and finally evaporated at reduced pressure. The
fraction obtained after evaporation was subsequently vacuum filtered by
solid-phase extraction on RP C-18 silica gel to remove pigments, un-
saturated fatty acids, and poly-isoprenoids. For this purpose, the fraction
was dissolved in the minimal MeOH amount at 45 °C and charged on RP
C-18 (with a ratio raw fraction/stationary phase 1:5 w/w), packed with
MeOH in a sintered funnel (9 x 15 c¢m) with a side arm for vacuum.
Elution with MeOH (100 mL) gave a purified fraction. The de-fatty
extract was dissolved in 50 mL of petroleum ether and 5 mL of
acetone in a separating funnel and partitioned twice with 100 mL of
NaOH 2 % in H50. The basic solution containing the natrium salt of
cannabinoid acids was then acidified to pH = 3 with H3SO4 until the
formation of a milky mixture. This latter acidified fraction was then
partitioned with CH>Cl, (2 x 50 mL), anhydrified with Na;SO4, and
evaporated affording a fraction containing raw cannabinoid acids.

The cannabinoid acids fraction was purified by low-pressure chro-
matography (LPC) on silica gel (with a ratio raw fraction/stationary
phase 1:50 w/w, petroleum ether-EtOAc gradient from 80:20 to 60:40 v/
v) to afford the purified cannabinoid acids. Following the procedure,
1.49 g of CBDA [31] were isolated. The phytocannabinoid was identified
by 'H NMR, 400 MHz (Fig. S1A) according to the literature data.

To a stirred solution of ethyl olivetolate (500 mg, 1.982 mmol, 1.04
eq) in toluene (10 mL), citrale (327 L, 1.905 mmol, 1 eq) and n-butyl-
amine (188 L, 1.905 mmol, 1 eq) were sequentially added. The mixture
was refluxed overnight, then quenched with 2 M H2SO4 (50 mL) and
extracted with ethyl acetate (3 x 50 mL). The combined organic phases
were washed with BRINE, dried over NaySO4 and evaporated. The
resulting crude was then dissolved in KOH 3 M (solution in MeOH/H0
1:1, 10 mL) and heated to 40 °C for 4 days. The reaction was then
quenched with H,SO4 2 M (50 mL) and extracted with ethyl acetate (3 x
50 mL). The combined organic phases were washed with BRINE, dried
over Na;SO4 and evaporated. Purification over silica gel (PE:EtOAc 9:1
as eluent) afforded 145 mg of brown oil (20 % yield) identified as pure
CBCA 4 by 'H NMR, 400 MHz according to the literature data [32]
(Fig. S1B).
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2.3. Cell culture

Human glioma cells (U87MG) (ECACC No: 89081402) were grown in
DMEM supplemented with 1 % penicillin/streptomycin, 1 % vr-gluta-
mine, 1 % sodium pyruvate, 1 % non-essential amino acids and 10 %
FBS. Cells were maintained under a humidified atmosphere with 5 %
CO;, at 37 °C. Normal human astrocytes (NHA) were grown in AGM™
BulletKit™ (CC-3186). Cells were maintained under a humidified at-
mosphere with 5 % CO2 at 37 °C.

2.4. Cellular viability assay

Cell viability was measured by MTT assay (Sigma). U87MG and NHA
cells were seeded at 7*10° per well into 96-well plates. The day after,
cells were treated with 0.1 % (v/v) DMSO or CBDA using cannabinoid
concentrations in the range of 25-200 pM. To assess properly the
cytotoxic effect, an incubation time of 48 h was selected. Subsequently,
the cells were incubated with MTT solution at the final concentration of
1 mg/mL and incubated for 4 h. Then, the resulting MTT-formazan
crystals were solubilized in DMSO and the absorbance of the solution
at 550 and 620 nm was measured using a Multiskan GO (Thermo Fisher
Scientific). Experiments were performed twice and analyzed in three
technical replicates. Differences between treatment group and control
were analyzed by Student’s t-test and were considered significant when
p <0.1(*)orp < 0.05(**).

2.5. Drug affinity target stability assay (DARTS)

DARTS assay was performed on U87MG and NHA intact cells.
U8S7MG cells were seeded 2%10° per well into 6-well plates in 10 % FBS-
DMEM while NHA cells were seeded 6.010* per well in 12-well plates.
The day after, the cells were treated with 50 uM CBDA, CBCA or 0.1 %
(v/v) DMSO for 4 h. The cells were lysed in RIPA buffer (20 mM Tris HCL
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 1 % sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mM Na3VOy), centrifuged at
14000 rpm for 20 min. Then, 50 pg of protein lysate were subjected to a
limited digestion with subtilisin (enzyme:protein 1:3500 and 1:7000 w/
w) for 30 min at 37 °C. DARTS on U87MG cell lysate was performed first
by lysing the untreated cells in RIPA buffer as described above. Then,
100 pg of cell lysate were treated with 50 pM CBDA or 0.1 % (v/v)
DMSO, for 1 h on ice. The protein lysates were subjected to a limited
digestion with subtilisin (enzyme:protein 1:7000 w/w) for 30 min at
37 °C. The reactions of both DARTS approaches were stopped by adding
Laemmli buffer 4x and incubating the mixture at 95 °C for 5 min. The
samples underwent electrophoretic separation by SDS-PAGE. The ob-
tained gels were divided into 10 pieces and digested as reported else-
where [33]. Mass spectrometry analysis of the tryptic peptides was
performed using Q-Exactive Orbitrap instrument (Thermo Fisher Sci-
entific), coupled with a nanoUltimate3000 UHPLC system (Thermo
Fisher Scientific). Peptide separation was performed on a capillary
EASY-Spray PepMap column (0.075 mm x 50 mm, 2 pm, Thermo Fisher
Scientific) using aqueous 0.1 % formic acid (A) and CH3CN containing
0.1 % formic acid (B) as mobile phases and a linear gradient from 3 % to
40 % of B in 45 min and a 300 nL/min flow rate. Mass spectra were
acquired over a m/z range from 375 to 1500. MS and MS/MS data un-
derwent Mascot software (v2.5, Matrix Science, Boston, MA, USA)
analysis using the non-redundant data bank UniprotKB/Swiss-Prot.
Parameter were set as follows: trypsin cleavage; carbamidomethyla-
tion of cysteine as a fixed modification and methionine oxidation as a
variable modification; a maximum of two missed cleavages; false dis-
covery rate (FDR), calculated by searching the decoy database, 0.05.

DARTS experiments on intact cells and protein extracts were per-
formed in biological duplicates. Were considered as putative targets
only those proteins identified in the treated samples and not in the
control ones in all the measurements. The analysis of protein functions
was performed using the gene ontology tool in the UniProt
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Knowledgebase (UniProtKB; http://www.uniprot.org). Once the puta-
tive target protein was identified, western blot was performed under the
same experimental condition as before. Densitometric analyses of the
resulting bands were carried out using the ImageJ software. GAPDH was
used as a normalizer. The experiments were performed three times and
the obtained results were compared.

2.6. Cellular thermal shift assay

CETSA assay was performed on a U87MG cell line. The cells were
seeded 1*10° per well into 12-well plates in 10 % FBS-DMEM. The day
after, the cells were treated with 50 pM CBDA or CBCA or 0.1 % (v/v)
DMSO for 4 h. After washing, the cells were collected, dissolved in PBS,
divided in 12 aliquots each subjected to a 5 min incubation at different
temperatures between 53 and 60 °C. Subsequently, the cells were lysed
by freeze/thaw cycles and centrifuged. The soluble proteins were
separated by a 12 % SDS-PAGE and western blot analysis was carried
out. Densitometric analyses of the resulting bands were carried out using
the ImageJ software. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a normalizer. The experiments were performed
three times and the obtained results were compared.

2.7. Surface plasmon resonance

A Biacore 3000 optical biosensor (GE Healthcare, Chicago, IL, USA)
was used to perform Surface Plasmon Resonance (SPR) measurements.
EIF2A and EEF1G were dissolved in 10 mM sodium acetate, respectively,
at pH 6.0 and pH 7.0, and injected on a research-grade CM5 sensor chip
at a flow rate of 3 pL/min to achieve immobilization, using a standard
amino-coupling protocol. CBDA and CBCA stock solutions were diluted
in HBS-EP buffer (0.1 M HEPES, 1.5 M NaCl, 0.03 M EDTA and 0.5 % v/v
Surfactant P20) to produce a three-concentration points series (1, 5 and
20 pM). All the produced samples contained 0.04 % (v/v) DMSO.
Measurements were performed at 25 °C, using a 10 pL/min flow rate and
adopting an association time of 120 s; dissociation of the complex was
monitored for 180 s. The resulting sensorgrams were elaborated by the
BlAevaluation software (GE Healthcare). Thermodynamic constants
were calculated by adequately fitting the experimental curves with a
single-site bimolecular interaction model. The experiments were per-
formed three times and the obtained results were compared.

2.8. Limited proteolysis

To perform Limited proteolysis experiments coupled with MS,
U87MG cells were seeded 2*10° per well into 6-well plates in 10 % FBS-
DMEM. The day after, the cells were treated with 50 pM CBDA or 0.1 %
(v/v) DMSO for 4 h. Subsequently, the cells were subjected to not-
denaturing lysis and the resulting protein mixtures underwent subtili-
sin digestion, as previously described for DARTS experiments. Subtilisin
was inactivated boiling for 5 min at 95 °C. Then, the cysteine residues
were reduced by adding 10 mM dithiothreitol for 30 min at 37 °C and
subsequently alkylated by adding 30 mM iodoacetamide for 45 min at
room temperature. Once reestablished pH 7.5, proteins were subjected
to trypsin/LysC catalyzed digestion, using a 1:100 enzyme/substrate
ratio (w/w) and an overnight incubation at 37 °C. Sodium deoxycholate
was precipitated by adding formic acid to a final concentration of 2 %
(v/v). Once the final pH of the sample was verified to be <3, purification
of the peptide was performed using OasisPlate. The chromatography
mini-columns were washed and activated using 1 % formic acid (buffer
A) and 60 % methanol with 1 % formic acid (buffer B). Peptide cleaning
was carried out using buffer A while their elution was achieved using
buffer B. Samples were dried in speed-vac, dissolved in 0.1 % tri-
fluoroacetic acid (TFA) and injected in the mass spectrometer. The mass
spectrometry analyses were performed using Tri-Hybrid Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific), coupled with a Easy nLC
1200 nanospray ion source (Thermo Fisher Scientific). Peptides were
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loaded on a trap column (PepMap100 C18 Nano-Trap 100 pm x 20 mm)
and separated over a 25 cm analytical column (Waters nanoEase BEH,
75 pm x 250 mm, C18, 1.7 pm, 130 A) using aqueous 0.1 % formic acid
(A) and 80 % CH3CN containing 0.1 % formic acid (B) as mobile phases
and a linear gradient from 3 % to 100 % of B in 105 min and a 300 nL/
min flow rate. Mass spectra were acquired over an m/z range from 375
to 1500. MS and MS/MS data underwent MaxQuant software (v2.5,
Matrix Science, Boston, MA, USA) analysis using the non-redundant data
bank UniprotKB/Swiss-Prot. The experiments were performed three
times and the obtained results were compared.

2.9. Computational methods

The three-dimensional model of the full EIF2A was retrieved from
AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk). The
protein model underwent energy minimization (EM) and molecular
dynamics (MD) simulations with Amber20 pmemd.cuda module, using
ff14SB version of Amber force field [34]. To perform MD simulations in
solvent, the protein was confined in a TIP3P water periodic box exhib-
iting a minimum distance between solute atoms and box surfaces of 10
A, using the tleap module of the AmberTools20 package. The systems
were then neutralized by addition of counterions (Cl ™) and subjected to
1000 steps of EM with solute atoms harmonically restrained to their
starting positions (Kr = 10 kcal.mol-1.A-1). Then, a 500 ps restrained
MD simulation (Kr = 5 kcal kcal.mol-l.;\-l) at constant pressure (1 atm)
was run on the solvated protein, gradually heating the system to 300 K,
followed by a 500 ps restrained MD simulation (Kr = 5 kcal.mol-l.A-l)
at constant temperature (300K) and pressure (1 atm) to adjust system
density. Production MD simulations were carried out at constant tem-
perature (300 K) and pressure (1 atm) for 400 ns, with a time step of 2 fs.
Bonds involving hydrogens were constrained using the SHAKE algo-
rithm. Additional 100 ns of MD simulation for the protein alone was
carried out to evaluate the relative motion of a-helix 481-495 respect to
the stretch 463-472 in comparison to that of CBDA-EIF2A complex.
Starting ligands geometry were built with UCSF Chimera program [35],
followed by initial EM at AM1 semi-empirical level. The molecules were
then fully optimized using the GAMESS program [36] at the Har-
tree-Fock level with the STO-3G basis set and subjected to HF/6-31G*/
STO-3G single-point calculations to derive the partial atomic charges
using the RESP procedure [37]. Docking studies were performed with
AutoDock 4.2. Both proteins and ligands were processed with AutoDock
Tools (ADT) package version 1.5.6rcl [38] to merge non-polar hydro-
gens and calculate Gasteiger charges. Grids for docking evaluation with
a spacing of 0.375 A, centered on the protein sites 1-3, were generated
using the program AutoGrid 4.2 included in the Autodock 4.2 distribu-
tion. The Lamarckian genetic algorithm was adopted to perform 100
docking runs with the following parameters: 100 individuals in a pop-
ulation with a maximum of 15 million energy evaluations and a
maximum of 37.000 generations, followed by 300 iterations of Solis and
Wets local search. The complexes, selected based on binding energy and
cluster population, were completed by addition of all hydrogen atoms,
and they underwent EM and MD simulations with Amber20 pmemd.
cuda module, using the ff14SB version of the AMBER force field for the
protein and gaff parameters for the ligand. The protocol was the same
used for the protein alone. Production MD simulations were carried out
at constant temperature (300 K) and pressure (1 atm) for 200 ns, with a
time step of 2 fs. In MD with distance restraints protocol, time dependent
distance restraints were applied over 100 ns MD (from 15 to 4.5 /O\)
between the center of mass of the 460-480 Co atoms and the carbon
atom of the resorcinol moiety connected to the terpenoid ring, followed
by 100 ns of unrestrained MD production run. The cpptraj module of
AmberTools20 and program UCSF Chimera 1.10.1 were used to perform
MD analysis and to draw the figures, respectively. Cluster analysis was
carried out with the cpptraj module using the dbscan clustering algo-
rithm. The representative frames were taken from the most populated
clusters of each MD simulation.
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2.10. Co-immunoprecipitation experiments

EIF2A co-immunoprecipitation assay was performed using US87MG
cells. Gells were seeded 2*10° per well in 6-well plates in 10 % FBS-
DMEM. The next day, cells were treated with 50 uM CBDA or 0.1 %
(v/v) DMSO for 4 h. The cells were lysed in RIPA buffer and centrifuged.
The resulting proteins were incubated with the primary anti-EIF2A
antibody for 2 h on the rotator (antibody:protein ratio 1:100). Then,
the Protein A/G PLUS agarose beads were incubated overnight accord-
ing to the manufacturer’s instructions. Subsequently, the beads were
washed gently with a wash buffer, centrifuged at 2000 g for 3 min at 4 °C
and the supernatants were discarded. After repeating the washing step
twice, the proteins were eluted by heating the bead pellet in a 2x SDS
loading buffer without DTT for 10 min at 50 °C, which was then
centrifuged, and the obtained supernatants collected. Then, a second
elution step was performed by heating the beads again in a 2xSDS buffer
with 100 mM DTT. The obtained solutions were collected and separated
by a 12 % SDS-PAGE. Each lane of the resulting gel was divided into 10
pieces and in-gel digestion followed by MS analyzes were performed, as
described in the DARTS paragraph. Finally, protein characterization and
quantification were performed using the Proteome Discoverer software
by setting the abundance ratio of the CBDA sample to the DMSO control.
Proteins identified based on a single unique peptide were not taken into
account and interfering proteins (keratins) were eliminated. Quantita-
tive data were normalized based on the abundance of precipitated
EIF2A. Proteins with an abundance ratio >2 were considered over-
abundant. The experiments were performed three times and the ob-
tained results were compared. In addition, western blot was performed
in a similar experimental method to confirm effectiveness and inter-
sample comparability of EIF2A immunoprecipitation process.

2.11. Pulsed-stable isotope labeling by amino acids in cell culture
(pSILAC)

As a version of the canonical SILAC approach, a pulse marking was
carried out. L-Azidohomoalanine (AHA), a methionine analogue that
allows rapid and sensitive enrichment of peptides by click-chemistry
reaction, was used to isolate only newly synthesized proteins. CBCA-
treated glioblastoma cells were used as negative control. The results
obtained on these three systems were compared with those achieved on
untreated wild-type glioblastoma cells. To perform p-SILAC experi-
ments, the cells were washed twice with PBS and then incubated in
depletion media (reduced component DMEM) for 30 min and then
treated with Heavy (Lys8-Argl0) or Intermediate (Lys4-Arg6) medium
in the presence of 0.1 mM AHA and the specific compounds (CBDA,
CBCA or DMSO) at 50 pM for 4 h. Then, the cells were harvested in cold
PBS and pelleted. The lysate was obtained by resuspending the cells in
urea lysis buffer and sonicated with a probe sonicator. Finally, the
cycloaddition enrichment was performed according to the instructions
of the manufacturer. Proteins were eluted from the beads and subjected
to trypsin digestion. The peptides were cleaned up using an Oasis PRIME
HKB pElution Plate, dissolved in 0.1 % trifluoroacetic acid and analyzed
by LC-MS/MS. The mass spectrometry analyses were performed as
described in Limited proteolysis paragraph. MaxQuant analysis was
performed setting number of maximum missed cleavage site to 2 and the
minimum peptide length was reduced to 2. The SILAC ratios of proteins
obtained from the MaxQuant searches were imported into Perseus
software (version 1.5.2.3). To eliminate contamination and reverse
identifications, these were filtered out, and the remaining protein SILAC
ratios were transformed using a Log2 method. To perform statistical
analysis, the SILAC ratios of each protein were analyzed separately to
identify significant changes in protein expression between different
experimental conditions. Quantification was performed using only those
proteins that were present in at least 75 % of replicates in at least one
condition, and missing values were imputed with random numbers from
a normal distribution (1.8, 0.3). Welch’s test in Perseus was used to
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identify significantly changed proteins between regions, with a signifi-
cance threshold set at p < 0.05. Pearson correlations were calculated
through the multiscatter plot function in Perseus. Hierarchical clustering
was plotted using heatmap function in RStudio (version 2022.07.2)
based on Euclidean distance to group the proteins based on their
expression patterns. Enriched gene ontology (GO) terms and pathways
were identified through ShinyGO 0.8 software [39] using Fisher’s exact
test with Benjamini-Hochberg FDR 0.1, with total quantified proteins
serving as the background. These methods were employed to identify
potential biological processes and pathways that may be altered be-
tween the experimental conditions.

2.12. Expression level of EIF2A, pEIF2a and GRP78

Cells were seeded 2*10° per well in 6-well plates in 10 % FBS-DMEM.
The next day, cells were treated with 50 pM CBDA or 0.1 % (v/v) DMSO
in the presence of 0 %-1.5 %-10 % FBS for 4 h. The cells were lysed in
RIPA buffer. The proteins were separated by a 12 % SDS-PAGE and
western blot analysis was carried out. Nitrocellulose membranes were
incubated with the specific antibodies. The protein bands were detected
by enhanced chemiluminescence. Densitometric analyses of the result-
ing bands were carried out using the ImageJ software. GAPDH and actin
were used as a normalizer.

2.13. Measurement of the levels of p62, LC3I/LC3II and ubiquitination

U87MG cells were seeded 1.8*10° per well in 6-well plates while
NHA were seeded 6.0¥10* per well in 12-well plates. The next day, cells
were treated with 50 or 100 pM CBDA or 0.1 % (v/v) DMSO for 24 h. The
cells were lysed as described above. For the measurement of the
expression levels of p62 and LC3I/LC3II, the proteins were separated by
a 15 % SDS-PAGE and western blot analysis was carried out. Instead, for
the measurement of ubiquitination, the proteins were separated by an 8
% SDS-PAGE. Nitrocellulose membranes were incubated with the spe-
cific antibodies. The protein bands were detected by enhanced chem-
iluminescence. Densitometric analyses of the resulting bands were
carried out using Chemidoc software (BioRad). GAPDH or Tubulin were
used as normalizer.

3. Results

3.1. CBDA targets Eukaryotic Initiation Translation Factor 2A (EIF2A) in
a glioblastoma cell line

To shed light on the biological effect of CBDA in tumor cells, we
performed a chemical proteomics study, selecting US87MG with epithe-
lial morphology as a representative glioblastoma cell line. Preliminarily,
the cytotoxicity of CBDA against glioblastoma cells was evaluated. When
we assayed the phytocannabinoid on U87MG cells grown under optimal
conditions (DMEM supplemented with 10 % FBS), we observed negli-
gible effects on cell viability at CBDA concentration up to 50 pM
(Fig. S2A). The antiproliferative activity of phytocannabinoids against
cancer cells is often tested in the presence of low amounts of FBS
[40,41]. Therefore, we also carried out the MTT assay on U87MG cells in
the presence of 1.5 % and 0 % FBS, to minimize the putative reduction in
CBDA bioavailability due to serum components. However, under these
conditions, we recorded a decrease in cell proliferation even in the
presence of 0.1 % DMSO, and this effect was significantly enhanced by
CBDA. (Fig. S2B). Based on these results, and since the studies aiming at
defining the target of a bioactive compound should be performed under
conditions that negligibly affect cell viability [40],we choose to carry
out all subsequent experiments on U87MG cells cultivated in the pres-
ence of 10 % FBS, and using the higher amount of CBDA not producing
signficant antiproliferative effects (50 pM).

To identify the putative protein targets of CBDA, we used Drug Af-
finity Responsive Target Stability (DARTS) experiments coupled with
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LC/MS/MS analyses. DARTS is a proteomic-based assay exploiting the
increased resistance to enzymatic proteolysis of a protein upon its
interaction with a ligand [42]. The identification of proteins with
decreased proteolytic susceptibility after CBDA treatment allowed us to
identify the putative interactors of the phytocannabinoid. We performed
this analysis on intact cells and several putative candidates emerged
(Table S1). Gene ontology analysis showed that almost all of these
proteins are involved in translation and related processes (Fig. 1B,C)
while protein-protein interaction network-based investigation indicated
that some of them interact directly between them in a more or less stable
way (Fig. 1D). In particular, we considered the protein participating in
the Eukaryotic Translation Machinery (ETM) [43-45] and the Eukary-
otic Initiation Translation Factor 2A (EIF2A) as very promising putative
targets. Previous studies have shown that phytocannabinoids can
modulate ER stress [46] and the EIF2A-mediated activation of the ETM
regulates the cellular response to different stress conditions [43].
Therefore, the ability of CBDA to modulate the activity of EIF2A and/or
ETM proteins could actually underlie the biological effect of this com-
pound. To confirm this hypothesis, preliminarily we verified the intra-
cellular interaction between CBDA and these putative targets using
DARTS assays coupled with western blot analyses, and selecting the
Eukaryotic Elongation Factor 1 gamma (EEF1G) for its involvement in
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the ETM (Fig. 1E). The obtained results confirmed the ability of CBDA to
protect both EIF2A and EEF1G from proteolysis.

We investigated further the putative interaction between CBDA and
EIF2A and EEF1G by Cellular Thermal Shift Assay (CETSA) [47] in
U87MG cells. We either incubated the cells with CBDA or let them un-
treated for 4 h, and subsequently we heated them for 5 min at different
temperatures (53-60 °C). We then subjected the cells to non-denaturing
lysis and measured the residual amount of soluble EIF2A and EEF1G by
WB (Fig. 2A). The comparison between untreated and CBDA-treated
samples showed that the phytocannabinoid was able to induce stabili-
zation of both the proteins already at 56 °C, as inferred by the higher
amounts of soluble EIF2A and EEF1G detected in the treated samples at
that temperature (Fig. 2B and Fig. S3). This protective effect persisted at
higher temperatures, becoming negligible only at 60 °C.

The DARTS and CETSA experiments allowed us to study the in-
teractions between CBDA and proteins in their cellular environment and
the results obtained reflected the accessibility of proteins by the phy-
tocannabinoid. However, because the identified target proteins directly
or indirectly interact with each other in cells, the results obtained did
not allow us to define whether CBDA binds one or more proteins. In fact,
the observed effects could be determined by a direct link between
phytocannabinoid and proteins but also by the stabilization of the
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Fig. 2. Validation of CBDA/EIF2A interaction A) Cellular thermal Shift Assay (CETSA) workflow; B) Western blot analysis of soluble amount of EIF2A and EEF1G in
CETSA performed on U87MG cells incubated with 50 pM CBDA or with the vehicle, in the range of temperature 53.1-60.2 °C; C) SPR sensorgrams obtained for the
interaction of EIF2A with CBDA obtained by injecting three different concentrations (1 pM, 5 pM and 20 pM) of the cannabinoid on the immobilized protein; D) SPR
sensorgrams obtained for the interaction of EEF1G with CBDA obtained by injecting three different concentrations (1 pM, 5 pM and 20 pM) of the cannabinoid on the

immobilized protein.
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binding between EIF2A and the ETM proteins. Thus, we performed
Surface Plasmon Resonance (SPR) analyses to monitor the direct inter-
action between CBDA and EIF2A or EEF1G in real time. The results
obtained confirmed that CBDA binds effectively to EIF2A, as deduced
from the dissociation constant (Kp) of 6.3 pM measured for the EIF2A/
CBDA complex (Fig. 2C). Conversely, the sensorgrams obtained by
injecting CBDA onto immobilized EEF1G (Fig. 2D) demonstrated that
the affinity of the cannabinoid for that protein was negligible. Although
it cannot be excluded that it may depend on the experimental condi-
tions, this result suggested that the EEF1G stabilization observed in the
DARTS and CETSA experiments could be due to an indirect effect,
possibly mediated by EIF2A.

Based on these data, we decided to investigate further the CBDA/
EIF2A interaction and its biological consequences on the activity of the
protein in the context of glioblastoma cells. As a first step, to evaluate if
EIF2A ability to bind CBDA was specific, we performed again the
DARTS, CETSA and SPR assays, according to the same experimental
protocols described above, using cannabichromenic acid (CBCA)
(Fig. 3A). Although both CBDA and CBCA are meroterpenoids charac-
terized by the presence of a hydroxylated benzoic acid, CBCA carries a
chromene ring. Consequently, the CBCA structure is significantly more
planar than that of CBDA. All the obtained results (Fig. 3 B-D) clearly
showed that CBCA has no ability to interact with EIF2A nor to stabilize
the protein in the cell, thus indicating a certain selectivity in the
recognition of the ligand by EIF2A, in which a critical role might be
played by the planarity of the small molecule.

Finally, we tested whether the ability of CBDA to interact with EIF2A
depended on the tumor nature of the cell line analyzed. Therefore, we
performed the DARTS experiment on normal human astrocytes (NHA), a
non-tumor cell line of the central nervous system, and no protection of
EIF2A from protease action due to phytocannabinoid treatment was
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detected (Fig. S4).

3.2. CBDA binding induces significant conformational changes in EIF2A,
anchoring the flexible a-helix 482-502 to the WD domain

Limited proteolysis followed by mass spectrometry (LiP-MS) pro-
vides information on protein conformational changes following inter-
molecular binding, on a proteome-wide scale and in a complex
biological and pseudo-physiological environment [48]. To identify the
region of interaction between CBDA and EIF2A, we performed LiP-MS
on the CBDA-EIF2A complex. In particular, we incubated the US7MG
cells with CBDA for 4 h or let them untreated (as a control), and then
performed a subtilisin-catalyzed digestion under optimized conditions
followed by a complete tryptic digestion (Fig. 4A). In this approach, the
EIF2A region interacting with CBDA was protected from subtilisin-
catalyzed digestion and thus hydrolyzed exclusively by trypsin.
Conversely, unprotected regions were susceptible to both proteolysis
steps. Therefore, tryptic fragments of the EIF2A region involved in CBDA
binding were expected to be detected only in the treated sample and not
in the control. In fact, more tryptic fragments were identified in samples
treated with CBDA than in control, thus suggesting that this compound
could induce an overall protein resistance to proteolysis (Table S2).
Specifically, the EIF2A region primarily affected by CBDA binding was
the C-terminus, as inferred by the three tryptic peptides (425-441,
461-482 and 521-536) detected exclusively in the treated sample
(Fig. 4B).

We then used these data to guide the structural modeling of the
EIF2A-CBDA complex. We obtained a three-dimensional (3D) model of
the full-length protein (1-585 aa) from AlphaFold database. Based on
the prediction, EIF2A protein consists of a N-terminal WD-repeat
domain organized in a circularly-arranged nine-bladed p-propeller
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Fig. 3. Study of the binding between EIF2A and CBCA A) Chemical structure of cannabichromenic acid (CBCA) B) Western blot analysis of DARTS experiment carried
out on U87MG treated with 50 pM CBDA or CBCA, using anti-EIF2A antibody. GAPDH was used as a control; C) Western blot of soluble amount of EIF2A in CETSA
experiment performed on U87MG cells treated with 50 pM CBDA or CBCA and then incubated at the temperature of 59 °C; D) SPR sensorgrams obtained for the
interaction of EIF2A with CBCA obtained by injecting three different concentrations (1 pM, 5 pM and 20 pM) of the cannabinoid on the immobilized protein.
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clarity; D) Best fit at the level of backbone atoms of WD domain between the starting docking complex (yellow) and the representative MD frame (tan). CBDA is
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fold, formed by four-stranded antiparallel f-sheet motifs (1-415), fol- Molecular Dynamics (MD) trajectory analysis showed that a stretch of
lowed by a poorly structured region which includes an o-helix and a C- residues (463-472 aa) within the site2 region forms a stable additional
terminal coiled-coil (530-580). During this study, the x-ray structure of strand of the WD domain and aligns in an antiparallel manner to the

the human WD-repeat domain was released (PDB id: 8DYS). The 307-315 p-strand (Fig. 4C). Indeed, some residues belonging to the
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463-472 stretch engage stable H-bonds, diagnostic of a -strand with the
flanking region 307-317: the backbone carbonyl and amide groups of
Gln468 with the correspondent backbone groups of Asp311 (occurrence
>74 %), the amide group of Glu465 with Thr314 carbonyl group
(occurrence ~20 %), the amide group of Met470 with the carbonyl
group of Val309 (occurrence >40 %), while the sidechains of Glu464
and Glu464 engage H-bonds with Thr314 sidechain and/or backbone.
Moreover, a-helix 482-502 progressively reorients towards the 463-472
stretch during MD, potentially contributing to the CBDA binding site.
Loop 425-441 (sitel) stably packs against the B-sheet domain, stabilized
by a network of H-bonds involving the following pairs of residues:
Thr427-Tyr392 (backbone-sidechain, >25 %), Tyr428-Asp345 (side-
chain-sidechain, >85 %), Val431-Ser395 (backbone-sidechain, >94 %),
Glu435-11e396 (backbone-backbone, >47 %), Pro436-Lys399 (back-
bone-sidechain, >30 %), Asn337-Gly394 (sidechain-backbone, >14 %),
Lys441-Lys354 (backbone-backbone >48 %). Site3, encompassing res-
idues 521-536, albeit including a stretch of residues in o-helix
(531-535) represents the most flexible region among those identified by
LiP-MS, being unanchored to the N-terminal domain.

To find the putative binding mode of CBDA to the EIF2A protein, a
representative frame from the last 100 ns of free protein MD trajectory
was selected as target for docking studies, focused on each stretch of
residues previously identified by LiP-MS as a putative binding site
(sites1-3). The three docking complexes, obtained selecting the CBDA
best poses in terms of binding energy, underwent up to 200 ns of un-
restrained MD simulations to assess the stability of the binding pose, also
allowing possible rearrangements of the ligand (MD trajectories
UnrDock-sitel, UnrDock-site2 and UnrDock-site3). To assess further the
binding region for CBDA, a complementary MD-based approach was
pursued, using as starting coordinates the dissociated complex, with the
compound placed 40 A apart from the binding site. For each target re-
gion, time-dependent distance restraints between the ligand carbon
atom bound to the terpenoid ring and the Ca atoms of each selected
region were applied during the first 100 ns of MD, followed by 100 ns of
unrestrained MD, to maximize the exploration of the conformational
space around the three regions of interest (MD trajectories UnrDisRes-
sitel, UnrDisRes-site2, UnrDisRes-site3). The analysis of UnrDock-
sitel-3 MD trajectories showed that a stable binding is only obtained for
site2. After an initial rearrangement, CBDA fits stably in this site during
the remaining simulated time in UnrDock-site2 trajectory (Fig. S5A),
grafting together the stretch of residues 463-472, flanking the p-strand
307-315 of the WD domain, and the adjacent 482-502 a-helix, which
thus gets closer to the strand. In this new pose, CBDA binding is stabi-
lized by its ionic interaction with Arg489, lying on the a-helix, and by
hydrophobic stacking interactions of CBDA aromatic and terpenoid
rings with Pro466 and Pro467, respectively (Fig. 4D). The CBDA pentyl
chain also contributes to the pattern of hydrophobic interactions with
Leu485 and Arg489 side chains. This result agrees with the lower af-
finity towards EIF2A observed in DARTS experiments for CBDVA, which
carries a propyl instead of a pentyl moiety. To evaluate the reduction of
the a-helix overall mobility induced by CBDA binding, the rmsd of this
region was evaluated after best fit of the stretch residues 463-472 over
the last 100 ns of UnrDock-site2 MD and compared with the values
calculated over the last 100 ns of the MD simulation of the protein alone.
As shown in Fig. S5B, the fluctuations of the a-helix at level of backbone
atoms are strongly dampened when in complex with CBDA. Moreover,
the solvent accessible surface of the stretch 463-472 is also reduced
upon binding (383 + 0.18 A2 vs 703 & 0.33 A2 over the same time
interval above mentioned. The analysis of UnrDisRes-site1-3 MD tra-
jectories showed binding modes at site2 substantially overlapping those
from MD after docking, confirming the region between the proline res-
idue 466-467 and the nearby a-helix as the putative binding site for
CBDA (Fig. 4E and Fig. S5C). In this pose, CBDA engages a n-cationic
interaction with Arg489, an H-bond with Lys460 sidechain involving its
carboxylate group and an H-bond with GIn488. The ligand in UnrDisRes-
sitel and UnrDisRes-site3 trajectories moves in a region located
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approximately in the middle of the two original sites, closer to site2
(Fig. S5D-S5F).

In view of these results, the net effect of CBDA on the protein func-
tion could be explained by the ability of CBDA to stabilize the packing of
the flexible a-helix 482-502 against the WD domain, ability due to the
peculiar, tilted structure of CBDA, and thus not observed for the more
planar CBCA.

3.3. CBDA-induced conformational rearrangement modifies EIF2A
interactome

Given the significant changes occurring in the EIF2A structure upon
the cannabinoid binding, treatment of glioblastoma cells with CBDA was
expected to impact on EIF2A affinity for its interaction partners.
Therefore, we carried out a co-immunoprecipitation (Co-IP) protocol on
cell lysates from U87MG cells treated with either CBDA or vehicle alone.
Preliminarily, we verified that the treatment did not affect the intra-
cellular level of EIF2A (Fig. 5A) and that the efficiency of the immu-
noprecipitation procedure on this protein was the same in the different
samples (Fig. 5B).

Mass spectrometry-based analysis of the resulting mixtures led to the
identification of 28 proteins (Table 1). Among them, we detected several
previously described/supposed EIF2A interactors (i.e. Elongation factor
1-alpha, Elongation factor 2, ATP dependent RNA helicase, 40S ribo-
somal proteins, GRP78) [49,50]. However, our analysis also shed light
on partners never described before, including molecular chaperones (T
complex proteins, Hsp60, Hsp71, Hsp90 and 14-3-3) and proteins
participating in granules and vesicles formation and trafficking
(annexins, RABs, T complex proteins).

To evaluate whether the binding to CBDA perturbates EIF2A inter-
actome, we performed a quantitative mass spectrometry analysis and we
compared the protein abundance in EIF2A co-immunoprecipitates from
CBDA-treated and control cells. Notably, the abundance of some of the
partner proteins increased upon CBDA treatment (Table 1) thereby
indicating that CBDA binding induced a stabilization of specific protein-
protein interactions involving EIF2A. In particular, we measured higher
amounts of proteins belonging to the eukaryotic translation machinery
(i.e. EEF1G, EEF1D, EEF1A1, RPS2 and RPS6) (Fig. 5C), thus suggesting
that CBDA treatment induces a stabilization of the binding between
EIF2A and the protein complexes involved in translation initiation and
protein chain elongation. As the interaction between EIF2A and ETM
proteins was reported to be induced by EIF2a inactivation upon generic
cell stress conditions [43], we monitored the changes in two markers of
stress that might be induced by treatment with CBDA: the phosphory-
lation levels of EIF2a and abundance of GRP78. Comfortingly, up to 24 h
incubation of U87MG cells with the cannabinoid did not significantly
affect the p-EIF2a/EIF2a ratio and GRP78 concentration (Fig. 5D-E),
thus confirming that CBDA was not a stress inducer. This result
confirmed the increased resistance to proteolysis that we observed for
several ETM components in the DARTS assay and the enhanced thermal
stability of EEF1G emerged in CETSA might represent secondary effects
of the CBDA-EIF2A binding.

3.4. Activation of EIF2A by CBDA modifies the nascent proteome of
glioblastoma cells

The EIF2A activation has been reported to be responsible for
important changes at the translational level [51]. Therefore, the results
we obtained prompted us to investigate the repercussions of the glio-
blastoma cells treatment with CBDA on the translation-initiation-factor
activity of EIF2A. To this end, we conducted pulsed SILAC experiments
based on AHA-click chemistry [52] to specifically evaluate the impact of
CBDA treatment on the translation process in glioblastoma cells
(Fig. 6A). This approach allows to carry out a differential proteomic
analysis exclusively concerning the newly synthesized proteins in a
given time interval, thus enabling to evaluate the result of a treatment
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Fig. 5. EIF2A interactome is affected by CBDA binding A) EIF2A expression level of CBDA-treated U87MG cells after 4 h of incubation; B) WB analysis of EIF2A
obtained by the immunoprecipitation procedure carried out on protein lysates obtained from U87MG cell underwent incubation with different amounts of CBDA or
with the vehicle; C) Functional network analysis of the proteins whose affinity towards EIF2A was enhanced by CBDA treatment; D) p-EIF2a and EIF2a expression
level in US7MG cells subjected to a 4 h incubation with CBDA or with the vehicle; E) GRP78 expression level in U87MG cells subjected to a 4 h incubation with CBDA

or with the vehicle.

on the nascent proteome of a given biological system. To focus only on
the effects directly dependent on CBDA interaction with EIF2A and to
reduce the interference ascribable to secondary cellular responses, we
chose a pulse time of 4 h. In parallel, we adopted glioblastoma cells
treated with CBCA as a negative control. For each of the tested condi-
tions, the effects of the treatment were evaluated in terms of changes in
newly synthetized proteins compared to untreated U87MG cells.

We identified about 2500 newly synthesized proteins (Table S3),
most of which were detected in all the samples. However, a quantitative
analysis of the data revealed a clearly different effect of the glioblastoma
cells incubation with the two phytocannabinoids (Fig. 6B), confirming
again that CBDA and CBCA act on distinct target protein(s). In more
detail, we identified nearly 100 proteins significantly modulated in
CBDA treated samples (Table S4), while CBCA treatment affected the
expression level of 151 proteins and only 9 proteins were modulated
similarly by both the treatments. As expected from the previously
described role played by EIF2A, the expression level of several molecular
chaperones involved in unfolded protein response (UPR) (NPLOC4,
DNAJC7, HSPA4L, PFDN5) was significantly enhanced upon glioblas-
toma cells incubation with CBDA. Furthermore, also the expression of
proteins involved in intracellular vesicle formation and trafficking (e.g.
DYNC1I1, DYNC1I2, ERC1, EXOC7, PRRC2C, RAB23, RIN1, RRAS,
SNX1, TOM1L2, TSG101l, VAPA) [53-59] was modified. A gene
ontology-based analysis of the pSILAC results allowed us to define the

10

cellular functions of proteins whose expression was affected by CBDA
treatment (Fig. 6C and D). Two main clusters emerged from this anal-
ysis: proteins involved in nucleic acid translation and transcription, and
proteins acting on protein catabolism in which ubiquitination plays a
pivotal role. This latter appeared to be the most affected biological
process, as demonstrated by the finding that 17 (i.e. AURKB, CNOT4,
CPSF7, DDX1, FBL, H3—3B, NIFK, NOL7, RPS14, RPS3A, SH3KBP1,
SMARCA1, SNW1, SP100, SRSF6, TSG101, UBE2S) out of the 67 up-
regulated proteins are at different levels involved in the protein ubiq-
uitination process. Based on these data, we evaluate the effect of a 24-h
incubation of U87MG cells with CBDA on protein ubiquitination. The
resulting WB (Fig. 6E) demonstrated the global amount of ubiquitinated
proteins was increased following the treatment. To evaluate whether
CBDA was able to induce a similar this effect also in non-tumor cells, we
carried out the same analysis using NHAs. Remarkably, the level of
ubiquitinated proteins in these cells following a 24-h exposure of to
CBDA or 0.1 % DMSO was almost comparable (Fig.S6). This result and
the output of DARTS performed on the same cells (Fig. S4) suggested
that CBDA-mediated activation of EIF2A occurs mainly in cancer cells.
Since the activation of protein ubiquitination [60], as well as the
intracellular vesiculation [61], are linked to autophagy, we evaluated a
possible impact of U87MG cells exposure to CBDA on that process.
Therefore, we monitored the intracellular level of well-characterized
autophagy markers: the isoforms I and II of Microtubule-associated
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Proteins identified in the co-immunoprecipitation experiments. The observed fold change was also reported: data were
normalized on EIF2A abundance. The proteins that were more abundant after CBDA treatment were highlighted in
yellow, those that were less abundant in light blue (p < 0.05).

Fold change following

Description CBDA treatment p value

T-complex protein 1 subunit alpha (TCP1) 12.0 0.002
Elongation factor 1-gamma (EEF1G) 7.7 0.012
408 ribosomal protein S6 (RPS6) 4.1 0.013
Elongation factor 1-delta (EEF1D) 3.5 0.025
Annexin A5 (ANXA5) 3.2 0.018
408 ribosomal protein SA (RPS2) 3.2 0.015
Annexin A1 (ANXA1) 29 0.028
Heat shock protein 90kDa alpha (HSP90AB1) 2.7 0.025
Elongation factor 1-alpha (EEF1A1) 2.7 0.031
Member RAS onocogene family, isoform CRA_c (RAB15) 1.4 0.228
14-3-3 protein beta/alpha (YWHAB) 14 0.232
GTP-binding nuclear protein Ran (RAN) 1.4 0.353
Member RAS oncogene family, isoform CRA_a (RAB11A) 14 0.326
L-lactate dehydrogenase (LDHA) 1.3 0.519
78 kDa glucose-regulated protein (GRP78) 1.3 0.707
Alpha-enolase (ENO1) 1.3 0.692
Elongation factor 2 (EEF2) 1.1 0.855
Annexin A2 (ANXA2) 1.1 0.816
Heat shock cognate 71 kDa protein (HSPAS8) 1.0 0.944
Eukaryotic translation initiation factor 2A (EIF2A) 1.0 0.939
Pyruvate kinase (PKM) 1.0 0.971
Caspase 14, apoptosis-related cysteine peptidase (CASP14) 1.0 0.892
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 0.9 0.884
Arginase-1 (ARG1) 0.9 0.903
Protein-L-isoaspartate(D-aspartate) O-methyltransferase 07 0.213
(PCMT1)

Triosephosphate isomerase (TPI) 0.7 0.326
60 kDa chaperonin (HSP60) 0.5 0.109
Heat shock protein beta-1 (HSPB1) 0.5 0.278
ATP dependent RNA helicase (DHX9) 0.2 0.043

protein 1A/1B-light chain 3 (LC3-I and LC3-II) and Sequestosome-1
(p62). Following a 24-h incubation of U87MG cells with CBDA, a sig-
nificant increase of the amount of p62 and slight increment in the total
quantity of LC3 was observed (Fig. 6F). Besides, the conversion of LC3-I
to LC3-1I was augmented by the treatment. This result suggested that
CBDA induces the autophagosome formation in glioblastoma cells, but
not its subsequent degradation [62,63].

4. Discussion

The identification of the molecular target(s) of a bioactive compound
can provide information at three different levels: it obviously opens the
way to the definition of the mechanism of action of the compound, leads
to the discovery of new potential protein preys for therapeutic proced-
ures and allows studying the functions of the target protein in its cellular
environment. To obtain most of this information, proteomics-based
methods represent the gold standard, since they are intrinsically unbi-
ased and make it possible to study the interactions of a bioactive agent
under pseudo-physiological conditions and even within cells while
minimizing the risk of artifacts [30].

Here, we combined proteomic, biochemical, biophysical, computa-
tional and bioinformatic methods to investigate the bioactivity of CBDA
in a glioblastoma human cell line, with the primary aim to identify the
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molecular target(s) of the phytocannabinoid. In order to detect only
interactions that could actually occur within the cellular context, the
experiments were carried out on intact and viable cells. Moreover,
although studies of phytocannabinoid activity are often conducted
under conditions that maximize the cytotoxic activity of these com-
pounds [40,41], we performed all experiments using culture conditions
that ensured optimal cell viability in an attempt to mimic the best
pseudo-physiological conditions. Finally, we set up an experimental
model allowing us to selectively identify CBDA specific protein inter-
actors and to investigate direct and short-time related effects of the
interaction with this phytocannabinoid. Therefore, we chose to perform
the proteomic-based experiments using a relatively short incubation
time of the cells with CBDA (4 h), in order to discriminate the biological
effects triggered directly by the binding of the CBDA with its target, from
those due to the subsequent activation of cellular response pathways.
Data from complementary experiments have demonstrated that CBDA
directly interacts with EIF2A. In eukaryotic cells, early steps of the
translation initiation process are regulated by EIF2 complex; it is
composed by a subunit, that mainly regulated the translational process
through phosphorylation at Ser 51, and § and Y subunits responsible for
binding the other components of the ETM complex [43]. Upon different
stresses (e.g. deprivation of amino acids, viral infection, ER stress),
EIF20 undergoes phosphorylation at Ser51, thereby resulting in global
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inhibition of protein expression and activation of the alternative initi-
ation factor EIF2A [49]. EIF2A is required to translate the upstream
open reading frames (uORFs) present in mRNAs controlled by the ISR,
many of which have a non-AUG starting codon [64,65]. However, EIF2A
was also reported to regulate the translation of selected cancer associ-
ated mRNA, thus having an important role in tumor progression [66]. As
an example, Kwon and colleagues [67] showed that EIF2A is responsible
for the translation of the mRNA of c-Src, a non-receptor protein tyrosine
kinase, whose overexpression strongly correlates with the formation of
solid tumors.

The results we obtained in this study indicated that the binding of
CBDA to EIF2A generates a series of correlated events. First, it led to a
rearrangement of the C-terminal region of the protein, reported to be
important for the interaction with the 40S complex [68], thus increasing
the affinity of EIF2A for the ETM proteins. Consequently, the nascent
proteome of the glioblastoma cells was affected, and we observed the
over-expression of several proteins involved in the cellular stress
response, although no such stress occurred under the experimental
conditions used. Based on our evidence it is therefore possible to hy-
pothesize that CBDA acts as an activator of EIF2A, while under physi-
ological conditions EIF2A activation is associated with EIF2a inhibition.

Remarkably, our study has provided new insights into the functions
of EIF2A. In fact, our results of the co-immunoprecipitation and trans-
lational analysis via pulsed-SILAC confirmed the previously described
interaction with the ETM proteins and the regulation of the expression of
proteins involved in responses to cellular stress. Moreover, it also
emerged that EIF2A has a pivotal role in the regulation of the protein
homeostasis, by enhancing ubiquitination processes thus inducing a
significant accumulation of the autophagosome. A correlation between
EIF2A activation and autophagy has been previously reported in models
different from ours [69,70], but the mechanism by which the protein
modulated the process has never been discussed. Anderson et al. showed
that in EIF2A-knockout mice the levels of p62 and LC3-II were reduced
compared to wild type animals [70]. A comparison between our data
and those obtained by Anderson and colleagues supports the hypothesis
that the effects we observed following the CBDA treatment of the glio-
blastoma cells were mediated by an activation of EIF2A.

Altogether, the outputs of our research indicated that EIF2A can
trigger various stress-related mechanisms, and that CBDA is able to push
it by directly interacting with the protein. The resulting effects can have
a very different biological outcome depending on the type of cells and
the context in which they occur. On the one hand, in fact, it has been
shown that modulation of p62 can play an important role in neuro-
protection, and therefore EIF2A activation may have a preventive effect
on some pathologies affecting the cells of the nervous system [71].
However, the imbalance of RNA and protein homeostasis, as well as the
accumulation of the autophagosome, generated by the anomalous acti-
vation of EIF2A, could be critical for cells with an accelerated meta-
bolism such as tumor ones. This may underlie the particular sensitivity
of glioblastoma cells treated with CBDA to nutrient deprivation that we
observed in experiments conducted in the presence of reduced amounts
of FBS (Fig. S2B). Preliminary data we have obtained on U87MG cells
incubated with very low (1.5 %) or no FBS are in agreement with this
hypothesis. Indeed, even 4 h of incubation under these conditions
induced cellular stress, as inferred by an increment of pEF2a and GRP78
levels (Fig. S7).

Abbreviations

CBCA Cannabichromenic acid

CBD Cannabidiol

CBDA Cannabidiolic acid

CETSA  Cellular Thermal Shift Assay

Co-IP Co-immunoprecipitation

DARTS Drug Affinity Target Stability Assay
EEF1G Eukaryotic Elongation Factor 1 gamma
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EIF2A  Eukaryotic Initiation Translation Factor 2A

EIF2a  Eukaryotic Initiation Translation Factor 2 alpha
ETM Eukaryotic Translation Machinery

FBS Fetal bovine serum

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GRP78 78 kDa glucose-regulated protein

LC3 Microtubule-associated protein 1A/1B-light chain 3
LiP Limited proteolysis

MD Molecular Dynamics

p62 Sequestosome-1

pSILAC  Pulsed-Stable Isotope Labelling by amino acids in cell culture
SPR Surface Plasmon Resonance

U87MG Human glioma cells (ECACC No: 89081402)
A9-THC A9-tetrahydrocannabinol
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