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Multiple myeloma (MM) is a plasma cell (PC) malignancy characterised by the accumulation of a monoclonal PC population in

the bone marrow (BM). Cannabidiol (CBD) is a non-psychoactive cannabinoid with antitumoural activities, and the transient

receptor potential vanilloid type-2 (TRPV2) channel has been reported as a potential CBD receptor. TRPV2 activation by CBD

decreases proliferation and increases susceptibility to drug-induced cell death in human cancer cells. However, no functional

role has been ascribed to CBD and TRPV2 in MM. In this study, we identified the presence of heterogeneous CD1381TRPV21

and CD1381TRPV22 PC populations in MM patients, whereas only the CD1381 TRPV22 population was present in RPMI8226

and U266 MM cell lines. Because bortezomib (BORT) is commonly used in MM treatment, we investigated the effects of CBD

and BORT in CD1381TRPV22 MM cells and in MM cell lines transfected with TRPV2 (CD1381TRPV21). These results showed

that CBD by itself or in synergy with BORT strongly inhibited growth, arrested cell cycle progression and induced MM cells

death by regulating the ERK, AKT and NF-jB pathways with major effects in TRPV21 cells. These data provide a rationale for

using CBD to increase the activity of proteasome inhibitors in MM.

Multiple myeloma (MM) is a haematological B cell malig-
nancy characterised by clonal proliferation of plasma cells
(PCs) and their accumulation in the bone marrow (BM).1

MM displays enormous genomic instability and marked vari-
ation in clinical characteristics and patient survival.1 In recent
years, immunomodulatory drugs, proteasome inhibitors and
other specific therapies have been developed to target
myeloma cells and/or the BM microenvironment.2 In addi-
tion, a number of new inhibitory agents targeting farnesyl-
transferase, mitogen-activated protein kinases (MAPKs), pro-

tein kinase B (AKT) and cell cycle proteins (e.g., cyclin D1
and D2) are currently under investigation for the treatment
of relapsed/refractory MM in preclinical and clinical studies.3

Bortezomib (BORT), a 26S proteasome inhibitor, is used to
treat relapsed and refractory MM patients, but the molecular
mechanisms responsible for the favourable outcome of this
treatment remain unclear.4,5 Although the initial overall rate
of response to BORT is promising, the vast majority of
patients who respond to this therapy develop resistance over
time.1,2
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MM cells exhibit mutations in the nuclear factor kappa-
light-chain-enhancer of activated B cells [NF-jB] pathway,
and this family of transcription factors, including NFKB1
(p50), NFKB2 (p52), RelA (p65), RelB and c-Rel, is involved
in the canonical and alternative pathways regulating MM
proliferation, survival and chemoresistance.6,7 The canonical
RelA/p50 pathway is predominantly regulated by IkBa, a
substrate of the proteasome, which rationalises the use of
BORT in the treatment of MM because this drug can inhibit
IjBa. However, it is not clear whether BORT-induced cyto-
toxicity is entirely due to its inhibition of the canonical NF-
kB pathway.8–10 Unfortunately, the clinical activity of a single
agent is limited, although the therapeutic efficacy can be
enhanced by combining a single drug with conventional
agents and/or steroids.11 Nonetheless, new approaches are
needed to improve the activity of proteasome inhibitors.

More recently, subgroups of MM have been defined in
terms of genetic and cytogenetic abnormalities. Fluorescence in
situ hybridisation (FISH) analysis on sorted CD1381 PCs can
detect abnormalities such as t(4:14), t(14:16) or loss of 17p,
which are associated with a poor outcome, whereas MM
patients harbouring hyperdiploidy and t(11;14) translocation
generally have better prognoses.12 The human transient recep-
tor potential vanilloid type-2 (TRPV2) gene, located on chro-
mosome 17p11.2, encodes nonselective Ca21 channels. It is
structurally composed of six transmembrane domains, a puta-
tive pore-loop region, a cytoplasmic amino terminus with three
ankyrin-repeat domains and a cytoplasmic carboxyl terminus.

TRPV2 belongs to the family of transient receptor potential
(TRP) cation channels,13 which is involved in the regulation of
tumour growth, progression, invasion and angiogenesis.14,15

Previously, we demonstrated that TRPV2 overexpression was
correlated with a decrease in proliferation and an increase in
drug-uptake and chemosensitivity via a mechanism involving
the inhibition of the Ras/Raf/MEK/ERK pathway in human
glioblastomas.16–18 Moreover, TRPV2 has also been shown to
promote brain cancer stem-like cell differentiation.18 TRPV2
gene mutations (gain or loss of function) have been identified
in haematological disorders such as MM,19,20 and a 5-Mb
17p11.2-p12 amplified region was detected in KMS-26
myeloma cells by SNP analysis.20 However, to date, no func-
tional role has been ascribed to TRPV2 in MM.

Functional studies on the TRPV2 channels in glioma cell
lines have revealed that agonists such as cannabidiol (CBD)

trigger TRPV2 activation, thereby increasing drug uptake and
cytotoxicity.17 CBD is a cannabinoid component from Can-
nabis sativa that demonstrates affinity for cannabinoid (CB1
and CB2) receptors, vanilloid receptors (e.g., TRPV1, TRPV2)
and peroxisome proliferator-activated receptor gamma
(PPARg)21–23 In addition, CBD possesses anti-inflammatory
and immunomodulatory properties but does not induce psy-
chotomimetic effects.24

In vitro and in vivo studies have shown that CBD pro-
motes antitumoural effects by increasing cell death and
reducing the proliferation, invasion, and migration of differ-
ent mammalian cancer cells in a CB1- and CB2-dependent
and -independent manner.17,18,25,26 The aim of this study was
to evaluate the expression of TRPV2 in MM cell lines and
PCs obtained from newly diagnosed MM patients as well as
the TRPV2-dependent and -independent effects of CBD
alone and in combination with BORT, in MM cell lines.

Material and Methods
Cells

RPMI8226 (RPMI) and U266 MM cell lines were purchased
from ATCC (LGC Standards, Milan, IT). Cell authentication
was performed by IST (Genova, Italy). Briefly, short tandem
repeat [STR] profile has been carried out on RPMI and U266
cell lines. Nine highly polymorphic STR loci plus amelogenin
(Cell IDTM System, Promega, WI) were used. Detection of
amplified fragments was obtained by ABI PRISM 3100
Genetic Analyser (Paisley, UK). Data analysis was performed
by GeneMapper software, version 4.0. Cell lines were cultured
in RPMI medium (Lonza, Milan, IT) supplemented with 10%
foetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml
penicillin, 100 lg streptomycin and 1 mM sodium pyruvate.
Cell lines were maintained at 37�C with 5% CO2 and 95%
humidity. Freshly isolated CD1381 PCs from BM aspirates
were obtained from newly diagnosed MM patients. Informed
consent was provided for a protocol approved by the Poly-
technic University of the Marche (study n CLEM 01-09), in
accordance with the Declaration of Helsinki. CD1381 PCs
were isolated using the EasySep Human CD138 Positive
Selection kit (Stem Cell Technologies, Vancouver, Canada).
Whole blood from healthy donors was used to isolate CD341

haematopoietic progenitors using the CD34 MicroBead kit
(StemCell Technologies). CD1381 and CD341 purity was
determined by flow cytometry analysis.

What’s new?

Cannabidiol, a non-psychoactive component of Cannabis, has antitumor properties. This study investigated whether cannabi-

diol could assist another drug, bortezomib, in fighting multiple myeloma. Although patients respond well to bortezomib at

first, most develop resistance to it over time. The authors looked in myeloma cell lines and patient samples for a protein,

TRPV2, which interacts with cannabidiol. They found that cannabidiol, working alone or in concert with bortezomib, kills

multiple myeloma cells, particularly when TRPV2 was expressed. These data suggest that treatment with cannabidiol may

help sidestep the problem of patients developing resistance to bortezomib.
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Antibodies

The following mouse monoclonal antibodies (Abs) were used:
phycoerythrin [PE]-conjugated anti-human CD138 (20 ll/
sample), PE-conjugated IgG1 j isotype control (20 ll/sam-
ple), PE conjugated anti-human CD34 (20 ll/sample) (all
purchased from BD Biosciences, San Jose, CA); anti-phospho
extracellular signal-related kinase [pERK] (1:2,000) (Cell Sig-
nalling Technology, Danvers, MA) and anti-GAPDH-
peroxidase (1:5,000) (Sigma-Aldrich, St. Louis, MO). The fol-
lowing polyclonal Abs were used: goat anti-TRPV2 (1:50 for
fluorescence activated cell sorting [FACS] analysis, 1:200 for
Western blot analysis), normal goat IgG (1:200), FITC-
conjugated donkey anti-goat (1:20), rabbit anti-cyclin D1
(1:200), horseradish peroxidase (HRP)-conjugated donkey
anti-goat IgG (1:1,000) (all purchased from Santa Cruz Bio-
technology, Santa Cruz, CA); rabbit anti-phospho protein
kinase B (pAKT; 1:1,000) and rabbit anti-ERK (1:1,000) (Cell
Signalling Technology); rabbit anti-AKT (1:1,000) (Signalway
Antibody, Pearland, TX) and HRP-conjugated donkey anti-
rabbit IgG (1:2,000) (GE Healthcare, Munich, Germany).

Compounds

CBD, Ruthenium Red (RR), AM251, AM630 and GW9662
were purchased from Tocris Bioscience (Bristol, UK), and 25
mM aliquots were prepared (CBD, AM251, AM630 and
GW9662 in dimethyl sulphoxide [DMSO], RR in water). N-
Acetyl cysteine (NAC) was purchased from Sigma-Aldrich
and 0.5 M aliquots were prepared. BORT was provided by
Janssen-Cilag International N.V. (Beerse, Belgium), and 1 lg/
ml aliquots were prepared in water.

FISH analysis

FISH analysis using Vysis Locus Specific Identifier probes
was performed as recommended by the manufacturer (Vysis,
Inc., Downers Grove, IL). The following probes were used to
analyse the structure of chromosome 17p: LIS1 in 17p13.3,
p53 in 17p13.1 and proteasome Magenis syndrome (SMS) in
17p11.2. The control probes were D17Z1 in 17p10q10 (cen-
tromere 17) and RAR-A in 17q22. Slides were examined
using a Zeiss Axioplan 2 (Carl Zeiss AG, G€ottingen, Ger-
many) epifluorescent microscope with single and dual band-
pass filter sets for the visualisation of spectrum green, orange
and 40,6-diamidino-2-phenylindole [DAPI] fluorescence.
Images were captured and enhanced using a photometrics
image point CCD camera coupled with MacProbe 4.0 soft-
ware. In each sample, the number of locus-specific signals
was evaluated for interphase nuclei.

FACS analysis

The expression of CD138, CD34 and TRPV2 was determined
using PE-conjugated anti-CD138, PE-conjugated anti-CD34,
anti-TRPV2 and FITC-conjugated anti-goat Abs. Briefly, cells
were fixed with 4% paraformaldehyde and incubated with the
primary or isotype-specific Abs. The cells were then washed

with staining buffer (phosphate-buffered saline [PBS], 1%
FBS and 0.1% NaN3) and permeabilisation buffer (PBS, 1%
FBS, 0.1% NaN3 and 1% saponin) and incubated with anti-
TRPV2 or normal goat IgG (negative control). The pellets
were then incubated with FITC-conjugated anti-goat Abs and
analysed using a FACScan cytofluorimeter (BD Bioscience)
with CellQuest software (BD Pharmingen, Milan, IT).

Cell transfection

RPMI and U266 cells were plated at a density of 3 3 104 per
cm2, and after overnight incubation, 1 lg/ml of pCMVTRPV2

or pCMVempty (empty vector) were added to the wells
according to the METAFECTENE EASY protocol (Biontex
Laboratories, San Diego, CA). The cells were harvested at day
3 post-transfection for analysis. The efficiency of transfection
was evaluated by Western blot and flow cytometry analysis.
Only transfected cells (transient receptor potential vanilloid
type 2-transfected RPMI cells [RPMITRPV2] and transient
receptor potential vanilloid type 2-transfected U266 cells
[U266TRPV2]) with 70% or more TRPV21 cells were used for
the experiments.

Colony forming assay

Purified CD341 cells were resuspended in Iscoves Modified
Dulbecco’s medium [MDM] (StemCell Technologies) supple-
mented with 2% FBS and treated with CBD and BORT alone
or in combination. The cells were then diluted in MethoCult
H4034 Optimum (StemCell Technologies) and dispensed in
duplicate 35-mm culture plates, with 5 3 103 cells in each
plate. Colonies were scored on day 12.

Gene expression analysis

Total RNA was isolated using the RNeasy Mini kit (Qiagen,
Milan, IT). Complementary DNA (cDNA) was synthesised
using the high-capacity cDNA archive kit (Life Technology,
Milan, IT). Polymerase chain reaction (PCR) for TRPV1,
TRPV2, TRPV3 and p53 was performed using specific pri-
mers and the following thermal cycling conditions: 50 at
95�C; 35 cycles of 1000 at 95�C, 2000 at 60�C, 3000 at 72�C; and
finally 50 at 72�C (MyCycler instrument, Bio-Rad, Hercules,
CA). PCR products were run on 1.5% agarose gels, and
bands were detected using Sybr Green staining and Chemi-
Doc (Bio-Rad) detection.

Western blot analysis

MM cells were lysed as described previously.17 Twenty
micrograms of the lysate was separated on a SDS-
polyacrylamide gel, transferred onto Hybond-C extra mem-
branes (GE Healthcare), blocked with 5% low-fat dry milk in
PBS-Tween 20, immunoblotted with TRPV2, pERK, ERK,
pAKT, AKT, cyclin D1 and glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) Abs overnight and then incubated
with HRP-conjugated Ab for 1 hr. Immunostaining was
revealed using an enhanced chemiluminescence Western
blotting analysis system (GE Healthcare). Densitometric
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analysis was performed using ChemiDoc with Quantity One
software (Bio-Rad).

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium

bromide [MTT] assay

Three thousand cells per well were seeded in 96-well plates.
After 1 day of incubation, compounds or vehicles were added.
Four replicates were used for each treatment. At the indicated
time point, cell viability was assessed by adding 0.8 mg/ml of
MTT (Sigma-Aldrich) to the media. After 3 hr, the plates were
centrifuged, the supernatant was discharged, and the pellet was
solubilised with 100 ll/well DMSO. The absorbance of the
samples against a background control (medium alone) was
measured at 570 nm using an ELISA reader microliter plate
(BioTek Instruments, Winooski, VT). In some experiments,
preincubation (3 hr) with 10 mM NAC was performed. Syner-
gistic activity of the CBD/BORT combination was determined
by the isobologram and combination index (CI) methods
(CompuSyn Software, ComboSyn, Inc. Paramus, NJ 2007).
The CI was used to express synergism (CI < 1), additivity (CI
5 1) or antagonism (CI > 1) and was calculated according to
the standard isobologram equation.27

BrdU cell proliferation assay

The incorporation of 5-bromo-2-deoxyuridine (BrdU) was
assessed using the BrdU Cell Proliferation Assay (Millipore,
Billerica, MA). Incorporated BrdU was detected by adding
the peroxidase substrate. Spectrophotometric detection was
performed at a dual wavelength of 450/550 nm using an
ELISA reader microliter plate.

Cell cycle analysis

For this analysis, 3 3 105 cells/ml were incubated with the
appropriate drugs for up to 72 hr. Cells were fixed for 1 hr
by adding ice-cold 70% ethanol and then washed with stain-
ing buffer (PBS, 2% FBS and 0.01% NaN3). Next, the cells
were treated with 100 lg/ml ribonuclease A solution (Sigma-
Aldrich), incubated for 30 min at 37�C, stained for 30 min at
room temperature with PI 20 lg/ml (Sigma-Aldrich) and
finally analysed by flow cytometry using linear amplification.

Apoptosis assays

The exposure of phosphatidylserine on MM cells was detected by
Annexin V staining and cytofluorimetric analysis. Briefly, 2 3

104 cells were treated with different doses of the appropriate
drugs for a maximum of 72 hr. Four replicates were used for each
treatment. After treatment, the cells were stained with 5 ll of
Annexin V FITC (Vinci Biochem, Vinci, Italy) for 10 min at
room temperature, washed once with binding buffer (10 mM N-
(2-Hydroxyethyl)piperazine-N0-2-ethanesulfonic acid [HEPES]/
sodium hydroxide, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) and
analysed on a FACScan flow cytometer using CellQuest software.

PI staining

After treatment with the appropriate drugs for a maximum
of 72 hr, 2 3 104 MM cells were incubated in a binding

buffer containing 20 lg/ml PI for 10 min at room tempera-
ture. The cells were then analysed by flow cytometry using
CellQuest software.

Mitochondrial transmembrane potential

Mitochondrial transmembrane potential (Dwm) was evaluated
by 5,50,6,60-tetrachloro-1,10,3,30-tetraehylbenzimidazolylcarbo-
cyanineiodide (JC-1) staining. Briefly, 2 3 104 cells were
treated with the appropriate drugs for different times (up to
6 hr) and then incubated for 10 min at room temperature
with 10 lg/ml of JC-1. JC-1 was excited by an argon laser
(488 nm), and the green (530 nm)/red (570 nm) emission
fluorescence was collected simultaneously. Carbonyl cyanide
chlorophenylhydrazone protonophore, a mitochondrial
uncoupler that collapses (Dwm), was used as a positive con-
trol (data not shown). Samples were analysed using a FACS-
can cytofluorimeter with CellQuest software.

ROS production

The fluorescent probe dichlorodihydrofluorescein diacetate
(DCFDA) was used to assess oxidative stress levels. Briefly, 2
3 104 cells treated with the appropriate compounds were
incubated with 20 lM DCFDA (Life Technologies Italia,
Italy) 20 min prior to the harvest time point. In some experi-
ments, cells were preincubated for 3 hr with 10 mM NAC.
The cells were then washed, and the intensity of the fluores-
cence was assayed using flow cytometry and CellQuest
software.

DNA fragmentation assay

Electrophoresis of DNA extracts was performed to assess DNA
fragmentation as a criterion for necrosis and apoptosis. Briefly,
1.5 3 106 cells were treated with the appropriate compounds
for a maximum of 3 days, and genomic DNA was extracted
using a DNA extraction kit (Qiagen). The purified samples
were then subjected to electrophoresis on a 1.25% agarose gel,
and DNA was stained with ethidium bromide. Ultraviolet spec-
troscopy at 302 nm was used to obtain the results.

NF-jB DNA-binding activity

Activated p50, p65, p52 and RelB NF-jB subunit proteins
were quantified using the TransAm Flexi NF-jB family tran-
scription factor ELISA assay (Active Motif, La Hulpe,
Belgium).

Statistical analysis

The data presented represent the mean and standard devia-
tion (SD) of at least 3 independent experiments. The statisti-
cal significance was determined by analysis of variance or
Student’s t-test; *,#,§,çp < 0.01. The statistical analysis of IC50

levels was performed using Prism 5.0a (Graph Pad). Data
from pCMVempty-transfected RPMI and U266 cells were
omitted because no effects were observed when compared
with untransfected cells. No differences were found between
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drug treatments in the untransfected versus pCMVempty-
transfected cells.

Results
Expression of TRPV2 and FISH analysis in CD1381 PCs

from MM patients and in MM cell lines

The percentage of pathological cells was determined according
to the PC counts of BM slides from 13 newly diagnosed
patients. As shown, the percentages varied from approxi-
mately 3–100%. None of the samples analysed by FISH dem-
onstrated the presence of del17p (Table 1). In all samples,
flow cytometry analysis of TRPV2 expression on CD1381

enriched PCs demonstrated the presence of two distinct
CD1381 PC subpopulations based on the expression of
TRPV2 (CD1381 TRPV21 and CD1381 TRPV22; Table 1;
Supporting Information Figs. S1a and S1b). Then, we per-
formed cytogenetic analysis to investigate TRPV2 in the
RPMI and U266 MM cell lines. By FISH analysis, we found
tetraploid RPMI cells with a short deletion of two 17p arms
and diploid U266 cells showing a large deletion of one 17p
phenotype (Supporting Information Table S1). By flow cytom-
etry and Western blot analysis, we found that both MM cell
lines were CD1381TRPV22 (Fig. 1a; Supporting Information
Figs. S1c and S1d), resembling the CD1381TRPV22 subpopu-
lation identified in MM patients. PCR analysis of total RNA
extracted from RPMI and U266 cells showed that genes such
as TRPV1, TRPV2, TRPV3 and p53 that were localised in the
17p region were not expressed (Supporting Information Fig.
S2). Furthermore, transfection of RPMI and U266 cells with a
plasmid expressing h-TRPV2 gave rise to MM cells with a
CD1381TRPV21 phenotype, as evaluated by flow cytometry
and Western blot analyses (Fig. 1a; Supporting Information
Figs. S1c and S1d).

TRPV2 expression increases CBD-induced cytotoxicity

in MM cell lines

The effects of CBD were evaluated in TRPV2-transfected and
untransfected cells. We found that the RPMITRPV2 and
U266TRPV2 cell lines were more susceptible to the effects of
CBD in a time- and dose-dependent manner compared with
untransfected MM cells (IC50 at day 3: RPMI 22.4 lM,
RPMITRPV2 13.5 lM, U266 32.2 lM, U266TRPV2 19.8 lM),
demonstrating that TRPV2 expression reduced the IC50 in
CBD-treated transfected-MM cells by approximately 40%
(Figs. 1b and 1c; Supporting Information Fig. S3). To further
evaluate the selectivity of CBD for TRPV2, TRPV2-
transfected and untransfected MM cell lines were treated
with 20 lM of AM251 (CB1 selective antagonist), 20 lM
AM630 (CB2 selective antagonist), 12.5 lM GW9662 (selec-
tive PPARg antagonist) or 10 lM RR (TRP channel blocker);
these drugs were administered alone or in combination with
the lowest effective dose of CBD (20 lM), which demon-
strated an inhibition rate of 25% in RPMI cells and 24% in
U266 cells at day 3 post-treatment. As shown by MTT assay,
the AM251, AM630, GW9662 and RR treatments did not
revert the effect of CBD on cell viability in RPMI and U266
cells (Figs. 1d and 1e), whereas RR markedly reverted the
TRPV2-dependent CBD-induced effects in RPMITRPV2 and
U266TRPV2 cells (Figs. 1f and 1g).

BORT and CBD synergise to increase cytotoxicity

in MM cell lines

We performed time-course (up to 3 incubation days) and
dose–response (BORT 1 to 25 ng/ml) experiments in RPMI
and U266 cell lines (IC50 at day 3: RPMI 5 3.24 ng/ml,
RPMITRPV2 5 2.98 ng/ml, U266 5 4.36 ng/ml; U266TRPV2 5

Table 1. Expression of TRPV2 in CD1381 PCs derived from MM patients1

P FISH
% Pathological
cells del17p

% CD1381/
TRPV21

% CD1381/
TRPV22

1 Hyperdiploid 25 – 44 56

2 t(11;14) 40 – 91 9

3 del 13 100 – 93 7

4 Hyperdiploid 20 – 70 30

5 Hyperdiploid 40 – 68 32

6 Hyperdiploid 35 – 40 60

7 t(11;14) Hypodiploid 50 – 56 44

8 Diploid 90 – 90 10

9 del 13 40 – 33 67

10 Diploid 3 – 33 67

11 t(11; 14) 90 – 9 91

12 Diploid 70 – 45 55

13 t(11; 14) 15 – 70 30

1BM aspirates were collected from MM patients (P) (n 5 13), and the percentage of pathological cells in aspirates was determined. All samples
were also karyotyped by FISH to detect the 17p deletion (del17p). All samples were subjected to an enrichment procedure to increase CD1381

tumour cells by CD1381 cell sorting. The percentage of TRPV21 and TRPV22 cells among CD1381 purified PCs was evaluated using flow cytometry.
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4.07 ng/ml; p < 0.01). We found that treatment with 3 ng/ml
of BORT was the lowest effective dose that reduced the via-
bility of both transfected and untransfected MM cell lines

(percentage of inhibition: RPMI 5 44, RPMITRPV2 5 48,
U266 5 38, U266TRPV2 5 37) at day 3 of treatment (Figs.
2a–2d). Furthermore, the coadministration of 20 lM CBD

Figure 1. Expression of TRPV2 and TRPV2 dependent and independent induced CBD cytotoxicity in RPMI and U266 MM cell lines. (a) Repre-

sentative analysis of TRPV2 protein expression (MW 86 kDa) in RPMI, RPMITRPV2, U266 and U266TRPV2 cells evaluated by Western blot analy-

sis. Lysates were immunoblotted with anti-TRPV2 Ab. GAPDH protein levels were used as loading control. Blots are representative of one of

three separate experiments. (b,c) Transfected and untransfected MM cell lines were cultured for 3 days with different doses of CBD. Cell

viability was determined by MTT assay. Data shown are expressed as mean 6 standard error of three separate experiments. (d–g) RPMI,

U266, RPMITRPV2 and U266TRPV2 cells were treated for 3 days with CBD (20 lM) alone and in combination with RR (10 lM), AM251 (20

lM), AM630 (20 lM) or GW9662 (12.5 lM). The percentage of viable cells was determined by MTT assay. Data shown are the mean 6 SD

of at least three separate experiments. *p < 0.01 vs. vehicle; #p < 0.01 CBD 1 RR vs. CBD or RR.
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and 3 ng/ml of BORT acted synergistically to inhibit the via-
bility of MM cells (CI < 1; Figs. 2e and 2f; Supporting Infor-
mation Table S2 and Fig. S4). So, CBD added in BORT
treatment strongly enhances BORT effect, observing a

response comparable to that obtained by the use of higher
BORT doses, in both cell lines. In addition, the cytotoxic
effect of CBD alone or in combination with BORT was eval-
uated in CD341 cells isolated from healthy blood donors

Figure 2. TRPV2 triggers the synergistic cytotoxic effect of CBD and BORT on MM cell lines (a–d) RPMI, U266, RPMITRPV2 and U266TRPV2 cell

lines were cultured for a maximum of 3 days in the presence of BORT (3–25 ng/ml). The percentage of viable cells was determined by MTT

assay. The data are represented as the mean 6 SD of at least three separate experiments. *p < 0.01 BORT vs. vehicle. (e–f) MM cell lines

were cultured for 3 days in the presence of CBD (20 lM) and BORT (3 ng/ml) alone or in combination. Cell viability was determined by MTT

assay. The data are represented as the mean 6 SD of at least three separate experiments. *p < 0.01 CBD-BORT vs. BORT.
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expressing low TRPV2 levels (Supporting Information Fig.
S5A). Colony forming assays (CFU-GM) demonstrated that
the growth of CD341 cells was unaffected by this combina-
tion of drugs (Supporting Information Fig. S5B).

BORT and CBD inhibit proliferation by inducing cell cycle

arrest in MM cell lines

By performing a BrdU incorporation assay, the effects of
CBD and BORT alone and in combination were evaluated at
day 3 after treatment in RPMI, U266, RPMITRPV2 and
U266TRPV2 cells. CBD or BORT treatment reduced the prolif-
eration in both MM cell lines, with the major effects
observed in TRPV2-transfected compared with untransfected
cells (Figs. 3a and 3b; Supporting Information Figs. S6a and
S6b). Moreover, CBD and BORT coadministration strongly
reduced proliferation, mainly in TRPV2-transfected cells
compared with untransfected cells (Figs. 3a and 3b; Support-
ing Information Figs. S6a and S6b). In addition, the effects of
CBD and BORT on cell cycle progression were analysed. The
results showed that CBD and BORT arrested the cell cycle at
the G1 phase and induced cell accumulation in the sub-
diploid (sub-G1) phase, with stronger effects observed in
BORT plus CBD-treated cells compared with vehicle-treated

cells (Figs. 3c and 3d; Supporting Information Figs. S6c and
S6d). In TRPV2-transfected cells, CBD or BORT increased
the percentage of cells in the sub-G1 and G1 phases com-
pared with untransfected cells (Figs. 3c and 3d; Supporting
Information Figs. S6c and S6d). Moreover, CBD and BORT
strongly increased frequency of TRPV2-transfected cells in
the sub-G1 phase as compared with untransfected cells (70%
in RPMITRPV2vs. 40% in RPMI; 70% in U266TRPV2 vs. 38%
in U266; p < 0.01; Figs. 3c and 3d; Supporting Information
Fig. S6c and S6d).

BORT and CBD induce mitochondrial and ROS-dependent

necrosis in MM cell lines

CBD and BORT markedly increased the percentage of PI1/
Annexin V2 necrotic MM cells and the intensity of DNA
fragmentation in TRPV2-transfected cell lines compared with
untransfected cells (Figs. 4a and 4b; Supporting Information
Figs. S7a and S7b). In addition, a slight increase in PI1

necrotic cells and DNA fragmentation was found both in
untransfected and transfected MM cells treated with CBD
(RPMI 5 52, RPMITRPV2 5 65, U266 5 66, U266TRPV2 5

88; p < 0.01) or BORT (RPMI 5 72, RPMITRPV2 5 71,
U266 5 57, U266TRPV2 5 66; p < 0.01) alone, whereas this

Figure 3. TRPV2 triggers a CBD-mediated reduction in proliferation and cell cycle regulation in RPMI and RPMITRPV2 cells. RPMI and RPMITRPV2

cells were cultured for 3 days in the presence of CBD (20 lM) and BORT (3 ng/ml) alone or in combination. (a,b) Proliferation was assessed

with the BrdU incorporation assay. The values of BrdU incorporation were reported in terms of OD. (c,d) MM cells were stained with PI solu-

tion to assess the cell cycle distribution pattern. The values were expressed as the percentage of cells in each phase. The data are repre-

sented as the mean 6 SD of at least three separate experiments. *p < 0.01 vs. vehicle; #p < 0.01 CBD-BORT vs. CBD or BORT alone.
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Figure 4. TRPV2 increases CBD and BORT combination therapy-induced necrosis in RPMI and RPMITRPV2 cells. RPMI and RPMITRPV2 cells were

cultured in the presence of CBD (20 lM) and BORT (3 ng/ml) alone or in combination. (a) Cells treated for 3 days were permeabilised,

stained with PI and then assessed for fluorescence by flow cytometry. The data are represented as the mean fluorescence intensity 6 SD

of at least three separate experiments. *p < 0.01 vs vehicle; #p < 0.01 CBD-BORT vs CBD or BORT alone; §p < 0.01 TRPV2-transfected vs.

untransfected cell lines. (b) Representative agarose gel electrophoresis of DNA extracts obtained from RPMITRPV2-treated cells at day 3 for

the assessment of DNA fragmentation. (c) RPMI and RPMITRPV2 cells were treated with CBD (20 lM) and BORT (3 ng/ml) alone or in combi-

nation for 1 hr. Changes in Dwm were evaluated by JC-1 staining and biparametric FL1(green)/FL2(red) flow cytometric analysis. Numbers

indicate the percentage of cells showing a drop in the Dwm-related red fluorescence intensity. The data are representative of at least three

independent experiments. (d) RPMI and RPMITRPV2 cell lines were pretreated or not with NAC (10 mM) for 3 hr and then treated with CBD

(20 lM) and BORT (3 ng/ml) alone or in combination for 2 hr. ROS production was determined by cytofluorimetric analysis. The data are

represented as the mean 6 SD of at least three independent experiments. *p < 0.01 vs. vehicle; #p < 0.01 CBD-BORT vs. CBD or BORT

alone; §p < 0.01 TRPV2-transfected vs. untransfected cell lines; çp < 0.01 NAC-treated vs. NAC untreated. (e) MM cells treated as above

described were cultured for 3 days. Cell viability was determined by MTT assay. The data are represented as the mean 6 SD of at least

three separate experiments. *p < 0.01 vs. vehicle; #p < 0.01 CBD-BORT vs. CBD or BORT alone; çp < 0.01 NAC-treated vs. NAC untreated.

(d–e) NAC alone treatments data were omitted, since no differences were observed compared with vehicle.
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effect was significantly increased upon coadministration of
CBD and BORT (RPMI 5 104, RPMITRPV2 5 199, U266 5

133, U266TRPV2 5 192; p < 0.01; Figs. 4a and 4b; Supporting
Information Figs. S7a and S7b). In addition, CBD, but not
BORT, significantly reduced Dwm, mainly in TRPV2-trans-
fected MM cells (RPMI 5 85, RPMITRPV2 5 35, U266 5 80,
U266TRPV2 5 45; p < 0.01), and this value further increased
following CBD and BORT coadministration (RPMI 5 74,
RPMITRPV2 5 28, U266 5 64, U266TRPV2 5 37; p < 0.01;
Fig. 4c; Supporting Information Fig. S7c). Mitochondrial
depolarisation was accompanied by the generation of CBD-
induced reactive oxygen species (ROS) mainly in TRPV2-
transfected MM cells (RPMI 5 58, RPMITRPV2 5 154 U266
5 76, U266TRPV2 5 206; p < 0.01), and this level was further
increased in MM cells cotreated with CBD and BORT (RPMI
5 156, RPMITRPV2 5 253, U266 5 143, U266TRPV2 5 279;
p < 0.01; Fig. 4d; Supporting Information Fig. S7d), inducing
a reduction in cell viability, mainly in TRPV2-transfected cell

lines (Fig. 4e; Supporting Information Fig. S7e). To further
examine the effects of BORT and CBD, the free radical scav-
enger NAC was used. The pretreatment with NAC 10 mM
abrogated the increase in ROS generation (Fig. 4d; Support-
ing Information Fig. S7d) and the reduction in cell viability
(Fig. 4e; Supporting Information Fig. S7e), mainly in CBD-
and BORT-treated cells.

BORT and CBD abrogate activation of the AKT and ERK

pathways in MM cell lines

We found that both ERK and AKT proteins were basally
phosphorylated in untransfected and TRPV2-transfected MM
cells (Fig. 5a; Supporting Information Fig. S8a), and CBD
and BORT strongly synergised to decrease pERK levels in all
MM cell lines. Similarly, CBD or BORT alone inhibited ERK
activation in TRPV2-transfected and untransfected MM cells,
albeit at lower levels. In addition, CBD and BORT strongly
abrogated AKT phosphorylation (approximately 80%

Figure 5. TRPV2 triggers the suppression of AKT and ERK activation in MM cells cotreated with CBD and BORT and increases CBD-mediated

inhibition of NF-jB canonical and alternative pathways in RPMI and RPMITRPV2 cells. (a) RPMI and RPMITRPV2 cells were cultured for 3 days

in the presence of CBD (20 lM) and BORT (3 ng/ml) alone or in combination. pERK, ERK, pAKT, AKT and cyclin D1 levels were analysed by

Western blot. The relative protein levels were determined using GAPDH as a loading control. Blots are representative of one of three sepa-

rate experiments. Bar graphs represent the mean 6 SD of at least three separate experiments. *p < 0.01 vs. vehicle; #p < 0.01 CBD-BORT

vs. CBD or BORT alone; §p < 0.01 TRPV2-transfected vs. untransfected cell lines. (b,c) RPMI and RPMITRPV2 cells were cultured for 3 days in

the presence of CBD (20 lM) and BORT (3 ng/ml) alone or in combination, and nuclear NF-jB subunits were analysed by enzyme-linked

immunosorbent assay. The data shown represent the mean OD 6 SD of at least three separate experiments. *p < 0.01 vs. vehicle; #p <

0.01 CBD-BORT vs. CBD or BORT alone.
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inhibition in TRPV2-transfected MM cells). Finally, the effect
of CBD and BORT in regulating cyclin D1 levels was eval-
uated. CBD alone or in combination with BORT reduced the
cyclin D1 levels mainly in TRPV2-transfected compared
with untransfected MM cells (Fig. 5a; Supporting Informa-
tion Fig. S8a).

TRPV2 expression increases CBD-mediated inhibition of

classical and alternative NF-jB pathways in MM cells

We next evaluated the DNA binding activation of the p50,
p65, p52 and RelB NF-jB subunits in nuclear extracts from
TRPV2-transfected and untransfected MM cell lines, which
had been treated for 3 days with CBD or BORT alone and in
combination. A reduction in p52 DNA binding activation in
TRPV2-transfected and untransfected MM cells treated with
CBD (optical density [OD]: RPMI 5 0.16, RPMITRPV2 5

0.11, U266 5 0.17, U266TRPV2 5 0.12; p < 0.01) and/or
BORT (OD: RPMI 5 0.16, RPMITRPV2 5 0.14, U266 5 0.17,
U266TRPV2 5 0.12; p < 0.01) was observed (Figs. 5b and 5c;
Supporting Information Figs. S8b and S8c). In addition, CBD
alone or in combination with BORT strongly reduced the
DNA binding activation of p65 (CBD-treated OD:
RPMITRPV2 5 0.20, U266TRPV2 5 0.23; CBD plus BORT-
treated OD: RPMITRPV2 5 0.18, U266TRPV2 5 0.22; p <

0.01) and RelB (CBD-treated OD: RPMITRPV2 5 0.11,
U266TRPV2 5 0.12; CBD plus BORT-treated OD: RPMITRPV2
5 0.07, U266TRPV2 5 0.09; p < 0.01) in TRPV2-trasfected
MM cells (Figs. 5b and 5c; Supporting Information Figs. S8b
and S8c), whereas BORT alone slightly reduced only RelB
(OD: RPMITRPV2 5 0.13, U266TRPV2 5 0.14; p < 0.01) acti-
vation in TRPV2-transfected MM cells (Figs. 5b and 5c; Sup-
porting Information Figs. S8b and S8c).

Discussion
To better define the molecular basis of MM, patient out-
comes and new therapeutic targets, FISH analysis and gene
expression profiling of highly purified CD1381 PCs have
been used.1,5,28 TRPV2, which is located on 17p11.2, has
been shown to regulate malignant transformation processes
such as cell proliferation, survival and chemoresistance in dif-
ferent cancer cells and tissues,16–18,23 TRPV2 gene mutations
have also been identified in MM,19,20 although the role of
TRPV2 has not been investigated thus far.

We first evaluated the expression profile of TRPV2 in
CD1381 cells derived from newly diagnosed MM patients as
well as RPMI and U266 MM cell lines. By flow cytometric
analysis, we demonstrated the presence of two distinct
CD1381 subpopulations according to the expression of
TRPV2 (CD1381TRPV21 and CD1381TRPV22) in MM
samples, although deletion of 17p was not detected in the
MM patients analysed. This finding strengthens the modern
concept of the coexistence of genetic heterogeneity in MM
cells from early stages29 when only the CD1381TRPV22

population exists, as observed in the RPMI and U266 MM
cell lines. Thus, to mimic the in vivo MM phenotypes, we

transiently transfected MM cell lines with TRPV2 cDNA to
obtain TRPV21 MM cell lines (RPMITRPV2 and U266TRPV2
cells).

We recently reported the ability of CBD, via its role as a
TRPV2 agonist, to inhibit the proliferation and increase the
cytotoxicity of glioma cells.17 In addition, CBD was shown to
suppress proliferation and induce apoptosis in Jurkat and
MOLT-4 leukaemia cells.25 However, the effect of CBD in
myeloma cells remained unclear. Our results are the first to
show that CBD induces cytotoxicity in MM cells and that
this effect was amplified in TRPV2-positive cells. BORT, a
highly selective and reversible inhibitor of 26S proteasomes
and ubiquitin-dependent proteolysis, is currently used as sin-
gle agent to treat front-line and relapsed, refractory MM. In
addition, the combination of various anticancer therapies has
demonstrated several advantages over single-agent based
strategies, particularly in overcoming drug resistance. In fact,
the administration of CBD together with anticancer drugs
has been shown to increase the susceptibility of cancer cells
to the cytotoxic effects of drugs.17,23,30 We found that in MM
cell lines, the coadministration of CBD and BORT (using the
lowest effective dose for each drug) synergistically reduced
the viability of TRPV2-transfected and untransfected MM cell
lines. Previous findings demonstrated that both CBD than
BORT acted inducing cell death in haematological cancer
cells, at least in part, by generation of ROS and oxidative
stress.25,31 Herein, we found that CBD and BORT synergisti-
cally inhibited cell growth, cell cycle arrest at the G1 phase
and accumulation of cells in the subG1 phase and induced
mitochondrial and ROS-dependent necrosis, mainly in
TRPV21CD1381 MM cells. The action of CBD is mediated
by different cellular receptors, including the CB1 and CB2
receptors, TRPV1 and TRPV2 and PPARg.21–23,32 We found,
as evaluated by the use of specific antagonists, that the effect
of CBD on TRPV22 MM cells was independent of the CB1
and CB2 receptors, TRPs and PPARg. Finally, our colony-
forming assays established that CBD and BORT do not target
CD341 cells, providing an ideal strategy for developing com-
bination therapies to eliminate MM cell populations without
cytotoxic effects on haematopoietic progenitor cells.

In the BM, the mechanisms contributing to pathogenesis
and chemoresistance of MM include the Ras/Raf/MEK/ERK,
phosphatidylinositol 3-kinase (PI3K)-AKT and NF-jB signal-
ling pathways.33,34 In MM cells, complete blockade of pERK
modulates the cell cycle by reducing cyclin D1 expression,
increasing subG1 and decreasing S phase cells; moreover,
ERK inhibitors showed cytotoxicity against the majority of
tumour cells obtained from relapsed and refractory MM
patients.35 Additionally, inactivation of ERK signalling was
shown to result in markedly increased DNA damage and
massive cell death in MM cells.36 Cyclin D1 mRNA is fre-
quently overexpressed in myeloma due to an IgH/cyclin D1
translocation.37 In addition, translation of cyclin D1 is regu-
lated by ERK and AKT in MM cell lines.38,39 The PI3K/AKT
pathway is constitutively active in MM and shows pleiotropic
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effects ranging from functional inactivation of proapoptotic
BAD and cell cycle regulatory molecules, such as mammalian
target of rapamycin [mTOR] and NF-jB.40 However, inhibi-
tion of AKT phosphorylation was less effective in MM cells
where ERK phosphorylation was still evident, suggesting that
combination therapy with ERK and AKT inhibitors may be
more effective for MM therapy.41

BORT induces cell cycle arrest and death in MM cells via
a plethora of mechanisms, including interference with AKT
phosphorylation42,43 and synergism with ERK inhibitors.43

Herein, we found that CBD-BORT treatment reduced ERK
and AKT signals and switched off of ERK, AKT phosphoryl-
ation and cyclinD1 levels in CBD-BORT-treated MM cell
lines, particularly TRPV2-positive cells. Therefore, given the
role of the MEK/ERK and AKT pathways in MM, the combi-
nation of CBD-BORT may constitute a rational strategy for
MM treatment.

The NF-jB pathway is constitutively active in CD1381

cells derived from MM patients, and its suppression has been
shown to induce MM cell death.44 NF-jB is activated by the
classical (p50/p65) and alternative (p52/RelB) pathways. In
MM patients, both pathways are activated, suggesting that
classical and alternative NF-jB signalling may both play a
role in MM pathogenesis.10,44,45 We found that BORT inhib-
ited p52 DNA binding activity and therefore activation of
alternative pathway in MM cells expressing p52,45,46 as

reported previously. Furthermore, the expression of TRPV2
in MM cells not only increased the effects of CBD alone or
in combination with BORT but also affected the canonical
NF-jB pathway by strongly reducing the nuclear binding
activation of p65, which suggests that TRPV2 expression in
MM cells specifically sensitises these cells to the effects of
CBD.

In conclusion, this study demonstrated that freshly iso-
lated PCs are heterogeneous in terms of TRPV2 expression
and that TRPV2 activation may represent be a promising tar-
get to deregulate MM signalling pathways. Moreover, CBD
used alone or in combination with BORT-induced necrotic
death both in CD1381TRPV21 and CD1381TRPV22 MM
cells by regulating ERK, AKT and the canonical and alterna-
tive NF-jB pathways. Thus, these findings rationalise the
putative use of CBD in combination therapy with BORT, for
preclinical studies to evaluated the potential use of CBD and
BORT combination as MM therapy. Moreover suggesting the
possibility to use reduced BORT dose and consequently
reducing adverse effects in MM patients.
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