Carcinogenesis vol.34 no.1 pp.48–57, 2013
doi:10.1093/carcin/bgs328
Advance Access publication October 18, 2012

Triggering of the TRPV2 channel by cannabidiol sensitizes glioblastoma
cells to cytotoxic chemotherapeutic agents
Massimo Nabissi1,†, Maria Beatrice Morelli1,†, Matteo
Santoni2 and Giorgio Santoni1,*
1

Department of Experimental Medicine, School of Pharmacy, University
of Camerino, Camerino, MC 62032, Italy and 2 Department of Medical
Oncology, Polytechnic University of Marche, Ancona AN 60126, Italy
*To whom correspondence should be addressed. Department of Experimental
Medicine, School of Pharmacy, University of Camerino, Via Madonna delle
Carceri 9, Camerino, MC 62032, Italy. Tel: +39 0737 403312/403319;
Fax: +39 0737 403325;
Email: giorgio.santoni@unicam.it

Introduction
Glioblastoma multiforme (GBM) is the most frequent class of malignant primary brain tumors, and it is one of the most devastating cancers with a median survival of approximately 12–15 months (1). The
aggressive behavior of GBM is mainly due to its high invasiveness
and proliferation rate as well as to high resistance to standard chemotherapy and radiotherapy (2). Several chemotherapeutic agents such as
temozolomide (TMZ), carmustine (BCNU) and doxorubicin (DOXO)
are used in the clinical management of GMB, but they display limited
efficacy. Therefore, it is important to identify new treatment modalities, as well as to modify existing therapies to improve their therapeutic effects without increasing their toxicity (3). A promising approach
to achieve these goals is to enhance glioma chemosensitivity to existing treatment regimens.
Abbreviations: BCNU, c1,3-bis(2-chloroethyl)-1-nitrosurea; CBD, cannabidiol; cDNA, complementary DNA; CPS, capsaicin; DOXO, doxorubicin;
EGTA, ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid;
GBM, Glioblastoma multiforme; MFI, mean fluorescence intensity; mRNA,
messenger RNA; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide; NHA, normal human astrocyte; RR, ruthenium red; TMZ, temozolomide; ∆9-THC, ∆9-tetrahydrocannabinol; TRP, transient receptor potential;
TRPV2, transient receptor potential vanilloid type 2.
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Materials and methods
Cell lines
The U87MG glioma cell line (American Type Culture Collection; LGC
Promochem, Teddington, UK) was cultured as previously published (7). MZC
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The aggressive behavior of Glioblastoma multiforme (GBM) is
mainly due to high invasiveness and proliferation rate as well as
to high resistance to standard chemotherapy. Several chemotherapeutic agents like temozolomide (TMZ), carmustine (BCNU) or
doxorubicin (DOXO) have been employed for treatment of GBM,
but they display limited efficacy. Therefore, it is important to identify new treatment modalities to improve therapeutic effects and
enhance GBM chemosensitivity. Recently, activation of the transient receptor potential vanilloid type 2 (TRPV2) has been found
to inhibit human GBM cell proliferation and overcome BCNU
resistance of GBM cells. Herein, we evaluated the involvement of
cannabidiol (CBD)-induced TRPV2 activation, in the modulation
of glioma cell chemosensitivity to TMZ, BCNU and DOXO. We
found that CBD increases TRPV2 expression and activity. CBD
by triggering TRPV2-dependent Ca2+ influx increases drug uptake
and synergizes with cytotoxic agents to induce apoptosis of glioma
cells, whereas no effects were observed in normal human astrocytes. Moreover, as the pore region of transient receptor potential
(TRP) channels is critical for ion channel permeation, we demonstrated that deletion of TRPV2 poredomain inhibits CBD-induced
Ca2+ influx, drug uptake and cytotoxic effects. Overall, we demonstrated that co-administration of cytotoxic agents together with
the TRPV2 agonist CBD increases drug uptake and parallelly
potentiates cytotoxic activity in human glioma cells.

Recent data have described the functional role of some transient
receptor potential (TRP) cation channels in the regulation of GBM
cell growth and progression (4,5). In this regard, we have previously
reported that triggering of TRP vanilloid-1 (TRPV1) by the synthetic agonist capsaicin (CPS) induces p38 mitogen-activated protein
kinase-dependent apoptosis of glioma cells (6). In addition, we have
recently demonstrated that TRP vanilloid-2 (TRPV2), a paralogue of
TRPV1, inhibits GBM cells proliferation and overcomes the resistance of GBM cells to BCNU treatment (7).
TRP channels are pore-forming transmembrane proteins that allow
ions and xenobiotics to permeate biological membranes (8). Pore
domain plays a crucial role in determining the TRP channel permeation and selectivity properties. Recent experiments clearly demonstrate that the GM(L)GD sequence motif in the putative TRPV1/2/3/4
pore region determines Ca2+ and Mg2+ permeation properties of these
channel (8,9). A selective introduction of charged molecules into
specific target cells by permeation through TRPV channels has been
demonstrated (10–14). Treatment with the synthetic TRPV1 agonist
CPS by opening the TRPV1 channels permits the selective introduction into TRPV1-expressing pain-sensing neurons of a charged membrane-impermeant lidocaine derivative (QX-314) with a molecular
mass of 263 Da, and of FMI-43 dye, with molecular mass of 452 Da
(11). Moreover, it has been reported that the entry of CPS analogs
capsaicinoids into sensing neurons requires TRPV1 pore domain, and
this process is enhanced by protein kinase C (PKC) and protein kinase
A (PKA) activation or oxidative covalent modification (15).
Selective introduction of antiproliferative and cytotoxic molecules
by permeation into different types of cancer cells expressing TRP
channels has been recently suggested (14). Among these channels, we
evaluated the potential role of TRPV2 in the permeation of cytotoxic
drugs into GBM cells.
TRPV2 is a non-selective cation channel showing Ca2+ permeability. Structurally, it is composed of six transmembrane domains,
a putative pore-loop region, a cytoplasmic amino terminus with three
ankyrin-repeat domains and a cytoplasmic carboxy terminus (16).
Functional studies have revealed that TRPV2 responds to noxious
heat with an activation threshold of >52°C, as well as to changes in
osmolarity and membrane stretch (16). TRPV2 channel is triggered by
agonists such as Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol
(CBD) (17,18). Many studies have suggested that activation of
TRPV2 by growth factors causes PI-3K-dependent and independent
channel translocation to the plasma membrane (19,20). Cannabinoids
have been receiving a growing attention for the treatment of GBM
because they can promote glioma cell death, both in vitro and in vivo
(21,22). Among the cannabinoid compounds, CBD, a cannabinoid
that lacks the unwanted psychotropic liability of THC (22,23), has
been investigated as antitumoral agent. Moreover, CBD was found
to exert anti-inflammatory, antioxidant and neuroprotective effects
(24). In vivo, CBD enhances the inhibitory effects of Δ9-THC on
human GBM cells survival and proliferation (25), and its combination
with TMZ plus Δ9-THC reduces the growth of glioma xenografts
(26). In vitro, CBD inhibits migration (27) and induces apoptosis in
human glioma cells (28,29). The aim of this study was to evaluate the
involvement of TRPV2 channel activation in the sensitization of GBM
cells to chemotherapeutic agents, such as BCNU, TMZ or DOXO.
Furthermore, we analyzed the influence of TRPV2 pore region in drug
uptake and chemosensitivity in human glioma cells.

TRPV2 agonist potentiates cytotoxic activity in glioma cells

primary glioblastoma cells were prepared from enzymatic digestion of the
bioptic sample surgically removed from a patient with grade IV GBM, who
gave informed consent to the study, and isolated as described previously (7).
Normal human astrocytes (NHA) (Cambrex, Berkshire, UK) were grown in
Astrocyte Growth Media System (Cambrex) and used within 10 passages to
avoid biological responsiveness and function deterioration.
Reagents
c1,3-bis(2-chloroethyl)-1-nitrosurea (BCNU), TMZ and DOXO hydrochloride
were purchased from Sigma–Aldrich (St. Louis, MO). CBD, ruthenium red
(RR) and ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid
(EGTA) were purchased from Tocris-Bioscience (Bristol, UK).
Gene expression analysis
Total RNA was isolated using the RNeasy Mini Kit (Qiagen GmbH, Milan,
IT), and complementary DNA (cDNA) was synthesized using the high-capacity cDNA archive kit (Life Technology, Milan, IT) according to the manufacturer’s instructions. Duplex real-time PCR for TRPV2 was performed using the
iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, Hèrcules, CA) as
previously published (7). All samples were assayed in triplicate in the same
plate. Measurement of β-actin levels was used to normalize messenger RNA
(mRNA) contents, and TRPV2 levels were calculated by the 2−ΔΔCt method and
expressed as relative fold compared with the corresponding control.

Cell transfections
siGENOME SMARTpools for TRPV2 (siTRPV2) consisting of four RNA
duplex targeting TRPV2 gene and a siCONTROL non-targeting small interfering RNA (siGLO) with at least four mismatches to any human gene used
as negative control were purchased from Dharmacon (Lafayette, CO). For
transfection experiments, U87MG and MZC glioma cells were plated at the
density of 3 × 104/cm2, and after overnight incubation, 50 nM of siTRPV2
or siGLO and 1 µg/ml of pCMV-TRPV2, pCMV-TRPV2Δp or pCMV
(empty vector) were added to the wells, following METAFECTENE Easy
(Biontex Laboratories GmbH, Martinsried/Planegg, Germany) transfection
protocol.
Western blot analysis
Glioma cells were lysed in lysis buffer as described previously (7). Plasma
membrane and cytosol glioma cell fractions were isolated using the Subcellular
Protein Fractionation kit (Thermo Scientific, Rockford, IL), according to the
manufacturer’s directions. Twenty microgram of lysates were separated on 7%
sodium dodecyl sulfate–polyacrylamide gel, transferred onto Hybond-C extra
membranes (GE Healthcare Europe GmbH, Milan, IT) and blotted with the
specific mouse anti-β-actin (1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA) or the goat anti-TRPV2 antibody (1:200; Santa Cruz Biotechnology)
followed by the respective horseradish peroxidase-conjugated secondary
antibody as previously published (7). Anti-TRPV2 antibody specificity was
evaluated as described previously (17). Furthermore, the blots were incubated
with the secondary antibody. Immunostaining was revealed by enhanced
chemiluminescence Western Blotting analysis system (GE Healthcare).
Densitometric analysis was performed by ChemiDoc using the Quantity One
software (Bio-Rad).
Calcium mobilization assay
For calcium influx analysis, cells were resuspended in calcium- and magnesium-free phosphate-buffered saline/glucose medium supplemented with
7 µmol/l FLUO 3-AM (Invitrogen, Milan, IT) and 1 µg/ml Pluronic F-127
(Molecular Probes Molecular, Milan, IT) and incubated in the dark for 30 min
at 37°C and 5% CO2. After washing, cells were resuspended in calciumand magnesium-free phosphate-buffered saline/glucose medium containing
2 mmol/l Ca2+ warmed at 37°C and were stimulated with different doses of
CBD or were pretreated for 30 min with RR and then treated with CBD. FLUO
3-AM fluorescence was measured every 10 s on the flow cytometer at 525 nm
on the green channel (FACScan cytofluorimeter; BD Pharmingen, San Diego,
CA) using the CellQuest software (BD Pharmingen). The number of events
acquired was ≈3 × 103. [Ca2+]i was determined before and after the addition of
various concentrations of test compounds. To convert fluorescence values into
[Ca2+]i, a calibration procedure was performed for each experiment.

Ca 2+  = K d  F − Fmin ] ÷  Fmax − F ] ,


 free

where Kd is the constant of FLUO-3 and corresponds to 400 nM, Fmin and Fmax
are the fluorescence intensities of FLUO-3 without or with maximal [Ca2+] and
F is the sample mean fluorescence. Unstimulated cells were analyzed to establish baseline fluorescence levels. Dose-response curves were designed by plotting the maximum [Ca2+]i values for each CBD and RR dose. EC50 value was
determined as the concentration of CBD required to produce half-maximal
increases in [Ca2+]i. IC50 value was determined as concentration exerting an
half-maximal inhibition of agonist induced increases of [Ca2+]i.
MTT assay
The cell viability was measured by 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay. About 3 × 103 cells/cm2 were plated in
a 96-well plate and then treated with different drugs for up to 3 days. Four
replicates were used for each treatment. At the indicated time, 0.8 mg/ml of
MTT was added to the media and incubated for 3 h. Supernatants were then
discarded, and colored formazan crystals, dissolved with 100 µl/well of dimethyl sulfoxide, were read by an enzyme-linked immunosorbent assay reader
(BioTek Instruments, Bad Friedrichshall, Germany). Vehicle data were omitted when no effects were observed respect to untreated cells.
Soft agar assay
Colony formation was assessed in 35 mm well plates containing two layers of
soft agar. Five hundred microliter underlayers of 0.6% soft agarose (sea plaque
agarose diluted in medium) were prepared in each well. The top layer was
made by adding 3 × 103 cells/well into a mixture of two-thirds of 0.4% soft
agarose and one-third medium, in a total volume of 500 µl. For drug treatment
study, the cell layer was composed of tumor cells, mixture of two-thirds of
0.4% soft agarose and one-third medium containing BCNU, TMZ, DOXO and
CBD. The plates were incubated at 37°C in a 5% CO2 for 15 days. The number
of colonies was measured under the Olympus IX71 microscope.
Apoptosis assay
Phosphatidylserine exposure on U87MG and MZC glioma cells was detected
by annexin V staining and cytofluorimetric analysis. Briefly, 3 × 104 cells/cm2
were treated with different doses of CBD for 1 day or with a combination of
CBD 10 µM and chemotherapeutic drugs for 6 h. After treatment, cells were
stained with 5 μl of annexin V-fluorescein isothiocyanate for 10 min at room
temperature and washed once with binding buffer (10 mM Hepes/NaOH pH
7.4, 140 mM NaCl, 2.5 mM CaCl2).
Doxorubicin uptake
Transfected MZC cells were pretreated with RR or EGTA for 30 min, and
then CBD was added for 30 min. For each treatment, incubation with DOXO
5 µM was performed for additional 2 h. Samples were analyzed by a FACScan
cytofluorimeter using the CellQuest software, and fluorescence intensity was
expressed in arbitrary units on logarithmic scale. For microscopical analysis,
cells were treated with DOXO 5 microM. Cell imaging was performed with
Olympus BX51 Microscope.
Statistical analysis
The statistical significance was determined by Student’s t-test and by
Bonferroni test (one-way analysis of variance); P-values <0.01 were considered significant. IC50 values reported in this study were determined by computing the antilog of logIC50 values. Standard errors for IC50 value were not
determined; as such values are not directly correlated with logIC50 standard
errors. Graphs and statistical analysis for EC50 and IC50 were prepared using
Prism 5.0a (Graph Pad).

Results
CBD acts as selective TRPV2 agonist in glioma cell lines
Previous reports have demonstrated the ability of CBD to induce
calcium influx in HEK293 cells transiently expressing the human
TRPV2 channel (EC50: 31.7 µM (18)). Here, we analyzed the ability of CBD to induce calcium influx in U87MG cells that express
TRPV2, by calcium mobilization assay. As shown in Supplementary
Figure 1A, available at Carcinogenesis Online, the CBD induced
increase of calcium influx in U87MG cells was concentration dependent, with an EC50 value of 22.2 µM. This effect was inhibited by
pre-incubation with the specific TRP channel blocker RR, which displayed an IC50 value of 3.25 µM when tested in the presence of 25 µM
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Plasmid constructs
The plasmid encoding human TRPV2 (pCMV-TRPV2) was constructed by
introducing in frame TRPV2 cDNA in BglII/HindIII pCMV-FSR (Genlantis,
San Diego, CA) cloning sites, as previously published (7). Deletion of pore
domain DNA sequence in TRPV2 cDNA was obtained by amplifying 10 ng
of pCMV-TRPV2 with the primer pair: forward: 5′-ctggccttccaggagcagctgc
3′ and reverse: 5′-ggcattggggcctgtaggagc 3′ by PCR using Pfu DNA polymerase (Stratagene, Milan, IT). Pore domain–deleted TRPV2 construct (pCMVΔpTRPV2) was sequenced before its use in transfection experiments.

The following equation was used to determine [Ca2+] free:
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CBD (Supplementary Figure 1B, available at Carcinogenesis Online).
To confirm the selective role of CBD as TRPV2 agonist, we used a
TRPV2-silenced U87MG (U87MGsiTRPV2) and a transiently TRPV2transfected MZC (MZCTRPV2) cell line models (Supplementary
Figure 1C and G, available at Carcinogenesis Online) (7).
Because TRPV2 is localized in plasma membrane (M) and in
cytoplasm (C) (17), we isolated M and C fractions from transfected U87MG and MZC lines first, and TRPV2 localization was
determined by western blot analysis. As shown, we found that in
U87MGsiTRPV2, lower TRPV2 protein levels were expressed with
respect to U87MGsiGLO (Supplementary Figure 1C and D, available
at Carcinogenesis Online). In MZCTRPV2, a TRPV2 level increase was
found with respect to MZCEMPTY (Supplementary Figure 1G and H,
available at Carcinogenesis Online). In both cell line models, TRPV2
was detected mainly in M fraction (Supplementary Figure 1D and
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H, available at Carcinogenesis Online). Subsequently, we found that
basal calcium levels were reduced in U87MGsiTRPV2 cells with respect
to U87MGsiGLO cells (Supplementary Figure 1E and F, available at
Carcinogenesis Online), whereas increased basal calcium levels were
observed in MZCTRPV2 with respect to MZCEMPTY cells (Supplementary
Figure 1I and L, available at Carcinogenesis Online). In addition,
treatment with 25 µM CBD increased calcium influx in U87MGsiGLO
cells (Supplementary Figure 1E, available at Carcinogenesis Online)
and in MZCTRPV2-transfected cells (Supplementary Figure 1L, available at Carcinogenesis Online). Finally, 10 µM RR inhibited the CBDmediated effects in U87MGsiGLO and MZCTRPV2 cells (Supplementary
Figure 1E and L, available at Carcinogenesis Online). To verify any
putative effect of transfection in U87MG and MZC cell lines calcium influx responses, transfected and untransfected cell lines were
analyzed by calcium influx assay. Results showed that no differences
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Fig. 1. CBD induces TRPV2 expression in glioma cell lines. TRPV2 mRNA levels were evaluated by duplex quantitative real-time PCR in U87MG (A) and
MZC (D) cells, after incubation with CBD (10 μM), up to 3 days. Relative TRPV2 expression normalized to β-actin mRNA levels was calculated considering
day 0 of incubation as calibrator. TRPV2 protein levels were evaluated by western blot analysis in U87MG (B) and MZC (E) cells after incubation with CBD
(10 μM), as above. The relative TRPV2 protein levels were determined using β-actin protein levels as loading control. *P < 0.01 versus day 0. All the data
shown are the mean ± SD of at least three separate experiments. Immunoblots are representative of one out of three experiments performed with similar results.
Representative immunoblots of TRPV2 protein expression in plasma membrane, M, and cytosolic, C, fractions of U87MG (C) and MZC (F) cells treated with
CBD (10 μM) were shown. Twenty micrograms of total protein in membrane extracts and cytoplasmic fractions were loaded on the gel. No reactivity was
observed blotting with the secondary antibody alone, with normal goat IgG and with the anti-TRPV2 antibody pre-adsorbed with its blocking peptide (data not
shown).

TRPV2 agonist potentiates cytotoxic activity in glioma cells

in calcium influx were found between untransfected U87MG and
U87MGsiGLO control cells and between untransfected MZC and transfected MZCEMPTY control cells (data not shown).
Overall, our results demonstrate that CBD acts as selective
TRPV2 channel agonist in human GBM cells, by enhancing calcium influx.

CBD affects the viability of glioma cells in a time- and
dose-dependent manner
Herein, we evaluated the ability of CBD treatment at different doses
(1–50 µM) and times (1 to 3 days) to affect the viability and apoptosis of U87MG and MZC cells. The results obtained indicate that
CBD at dose >25 µM reduced the viability of both glioma cells, in a
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Fig. 2. CBD potentiates TRPV2-dependent glioma cell chemosensitivity. U87MG (A) and MZC (B) cells were cultured for 1 day with different doses of
BCNU, TMZ or DOXO alone or in combination with CBD (10 μM). Cell viability was determined by MTT assay. Data shown are expressed as mean ± SE of
three separate experiments. (C) U87MG and MZC cells were grown in soft agar for 14 days and treated with vehicle, CBD (10 μM) alone or in combination
with BCNU (200 μM), TMZ (400 μM) or DOXO (200 μM). Soft agar colony counts were done by three independent investigators microscopically visualizing
individual colonies in 10 random fields. Data shown are the mean ± SD of the percentage of colonies with respect to vehicle obtained in three separate
experiments. *P < 0.01 versus vehicle. (D) MFI values of annexin V-fluorescein isothiocyanate staining in U87MG and MZC glioma cells, treated for 6 h
with chemotherapeutic drugs [BCNU (200 μM), TMZ (400 μM) and DOXO (200 μM)] alone or in combination with CBD (10 μM), were determined by
immunofluorescence and fluorescence-activated cell sorting analysis. Data shown are the mean ± SD of three separate experiments. *P < 0.01, BCNU/TMZ/
DOXO versus vehicle and BCNU/TMZ/DOXO plus CBD versus BCNU/TMZ/DOXO, respectively.
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time-dependent manner starting from day 1 (U87MG, IC50 = 30.2 µM;
MZC, IC50 = 33.2 µM, calculated at day 1), by inducing apoptotic
cell death, whereas doses of CBD <10 µM did not exert significant
cytotoxic and apoptotic effects (Supplementary Figure 2, available at
Carcinogenesis Online). Thus, in order to determine the biological
activity of CBD at non-toxic and neuroprotective dose (23), we
decided to use CBD at 10 µM dose in all the subsequent experiments.
CBD induces TRPV2 mRNA and protein expression and promotes
its membrane localization in glioma cells
The role of CBD as modulator of gene transcription has been described
previously in different human cancer cell lines (30,31). Therefore,
in order to determine the ability of CBD (10 µM) to affect TRPV2
expression, the TRPV2 mRNA and protein levels were assessed by
duplex quantitative real-time PCR and western blot analysis, respectively, in CBD-treated glioma cell lines. We found that CBD rapidly
increased the expression of TRPV2 transcript (Figure 1A and 1D) and
protein (Figure 1B and 1E) both in U87MG and MZC cells in a timedependent manner, peaking at day 1. Moreover, in accordance with

previous evidence (20), we found that also in U87MG and MZC cells,
TRPV2 localizes in the cytosol and in plasma membrane. Moreover,
we found that CBD treatments mainly increase TRPV2 localization at
the plasma membrane (Figure 1C and 1F).
Overall, these results indicate that CBD increases TRPV2 expression, both at mRNA and protein levels in glioma cell lines.
CBD potentiates the cytotoxicity of chemotherapeutic agents in a
TRPV2-dependent manner
We have previously reported that over-expression of TRPV2 by gene
transfection in MZC cells increases the sensitivity to BCNU-induced
cytotoxic effects (7). Because of the enhancing effects of CBD on
TRPV2 expression, we evaluated whether CBD (10 µM) co-administered with different doses of BCNU (10–5 − 10–3 M), TMZ (10–5 − 10–2
M) and DOXO (10–5 − 10–3 M) was able to potentiate their cytotoxic
effects in glioma cells. The dose-response (Figure 2) and time course
analysis (Figure 3A and 3B) revealed that in U87MG cells co-administration of CBD markedly reduced the IC50 values of BCNU, TMZ
or DOXO with respect to treatment with the chemotherapeutic agent
Downloaded from http://carcin.oxfordjournals.org/ by guest on March 30, 2015

Fig. 3. CBD decreases viability in U87MG and MZC cell lines up to 3 days. U87MG (A), MZC (B) and NHA (C) were cultured for up to 3 days with TMZ
(400 μM), BCNU (200 μM) and DOXO (200 μM) alone or in combination with CBD (10 μM). Cell viability was determined by MTT assay. Data shown are
the mean ± SD of three separate experiments. *P < 0.01 BCNU/TMZ/DOXO versus vehicle, BCNU plus CBD versus BCNU, TMZ plus CBD versus TMZ and
DOXO plus CBD versus DOXO. Vehicle data were omitted because no effects were observed with respect to untreated cells.

52

TRPV2 agonist potentiates cytotoxic activity in glioma cells

RR antagonist alone. To evaluate more directly the specific role of
TRPV2 channel, we determined the effects of CBD in combination
with the chemotherapeutic agents in U87MGsiTRPV2- and MZCTRPV2transfected cells. We found that knock-down of TRPV2 gene completely reverted the CBD-induced potentiation of BCNU-, TMZ- or
DOXO-mediated cytotoxic effects in U87MGsiTRPV2 cells (Figure 4C),
whereas the co-administration of CBD with BCNU, TMZ or DOXO in
MZCTRPV2 cells enhanced their cytotoxic effects that were reverted by
RR administration (Figure 4D). No differences were found between
U87MG and U87MGsiGLO and between untransfected and transfected
MZCEMPTY control cells (data not shown).
CBD increases DOXO uptake in a TRPV2-dependent manner
Selective introduction of xenobiotics into target cells by permeation
through TRP channels has been reported (35). DOXO, a naturally
occurring fluorescent anthracycline (36) with relatively small molecular
weight (MW: 580), may represent a good tracer to study drug influx via
TRP channels or large pore cation channels, allowing the analysis of the
cellular trafficking of other small molecular weight chemotherapeutics
drugs, including BCNU (MW: 214) and TMZ (MW: 194).
Therefore, we investigated whether the TRPV2-dependent
potentiation of cytotoxic effects could be the result of TRPV2
activation induced by CBD and increased drug uptake into glioma
cells. Thus, MZCEMPTY- and MZCTRPV2-transfected cells were
exposed for 2 h to spontaneously fluorescent DOXO, and fluorescent
emission was evaluated by immunofluorescence and fluorescenceactivated cell sorting analysis. We observed a marked DOXO
uptake in MZCTRPV2 cells, but not in MZCEMPTY cells (Figure 5A).

Fig. 4. CBD effects are TRPV2 dependent. U87MG (A), MZC (B), U87MGsiTRPV2 (C) and MZCTRPV2 (D) were treated for 1 day with BCNU (200 μM), TMZ
(400 μM) or DOXO (200 μM) alone or in combination with CBD (10 μM) and the pore blocker RR (10 μM), and cell viability was measured by MTT assay.
Data shown are the mean ± SD of three separate experiments. *P < 0.01 BCNU/TMZ/DOXO plus CBD/RR versus BCNU/TMZ/DOXO alone and BCNU/TMZ/
DOXO plus CBD plus RR versus BCNU/TMZ/DOXO plus CBD.
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alone (drug versus drug + CBD: BCNU: 528 versus 183 µM; TMZ: 968
versus 397 µM; DOXO: 262 versus 142 µM) (Figure 2A). Similarly,
in MZC cells, the co-administration of CBD with BCNU, TMZ and
DOXO also reduced the IC50 values (drug versus drug + CBD: BCNU:
607 versus 275 µM; TMZ: 1113 versus 515 µM; DOXO: 473 versus
312 µM) (Figure 2B). In addition, CBD used in combination with
BCNU (200 µM), TMZ (400 µM) and DOXO (200 µM) reduced the
number of formed colonies evaluated by soft agar assay (Figure 2C).
Moreover, co-administration of CBD with TMZ, BCNU and DOXO
significantly enhanced the pro-apoptotic effects of drugs used alone
on both U87MG and MZC cells as evaluated at 6 h after treatments
by annexin V-fluorescein isothiocyanate staining and cytofluorimetric analysis (Figure 2D). These data strongly suggest that CBD treatments result in the potentiation of BCNU-, TMZ- or DOXO-induced
pro-apoptotic effects.
Previously, it was demonstrated that alkylating agents did not
affect NHAs survival, indicating a diversity of chemotherapeutic
responses in NHA cells with respect to glioma cells (32–34). So,
to ascribe a potential glioma-selective toxicity of CBD plus chemotherapeutic agents, we evaluated these treatments in NHA cells by
MTT assay. As shown, no significant cytotoxic effects were observed
in NHA (Figure 3C) with respect to U87MG (Figure 3A) and MZC
(Figure 3B) cell lines, suggesting that NHA cells were refractory to
CBD modulation.
We also observed that the CBD-mediated effects were TRP
dependent, as shown by the ability of the specific TRP antagonist
RR (10 µM) to completely abrogate the adjuvant effect induced by
CBD (Figure 4A and 4B). No major effects were found by using the

M.Nabissi et al.

No major differences were found by comparing the DOXO uptake
in untransfected and MZCEMPTY-transfected cells (data not shown).
We also evaluated the effect of CBD in DOXO-treated MZCTRPV2
cells. We found a strong increase of red fluorescence with respect
to untreated MZCTRPV2 cells (Figure 5A). Moreover, fluorescenceactivated cell sorting analysis indicated that CBD can also increase
the number of DOXO-positive cells in MZCTRPV2, compared with
cells treated with DOXO alone (Figure 5B). In addition, after drug
removal followed by 24 h culture, we found that DOXO was still
retained (Figure 5C). Finally, the pore-specific antagonist RR
(10 µM) completely reverted the increase of red mean fluorescence
intensity (MFI) induced by CBD in MZCTRPV2 cells (Figure 5D).
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In order to analyze the role of Ca2+ influx in CBD-induced TRPV2mediated increase in DOXO uptake and pro-apoptotic effects, MZCTRPV2
cells were incubated in the presence of the Ca2+ chelator EGTA (1 mM)
alone or in combination with CBD. We found that EGTA completely
inhibited the CBD induced increase of DOXO uptake (Figure 5D)
and cytotoxicity (Figure 5E) in MZCTRPV2 cells. Similar findings were
obtained in MZCTRPV2 in response to the combined treatment of CBD
with TMZ or BCNU (Figure 5E). In addition, a reduced effect of drugs
in combination with EGTA was found in MZCTRPV2, indicating that Ca2+
depletion influences alkylating effects, as shown previously (37,38).
These results suggest that CBD by activating TRPV2 channels significantly enhances drug influx and retention in glioma cells.

Downloaded from http://carcin.oxfordjournals.org/ by guest on March 30, 2015

Fig. 5. TRPV2 regulates DOXO uptake. (A) Cytofluorimetric profile of MZCEMPTY and MZCTRPV2 cells untreated (Control, white area) or after 2 h of exposure
to 5 μM DOXO alone or DOXO plus CBD (10 μM) (Uptake, gray area). The data shown are representative of three separate experiments and are expressed as
MFI by subtracting the MFI of untreated to that of treated cells. (B) MZCTRPV2 cells were treated with DOXO or CBD plus DOXO as above described and the
uptake was evaluated by cytofluorimetric analysis. Numbers indicate the percentage of positive cells in CBD plus DOXO-treated cells (white area) with respect
to DOXO-treated cells (gray area). (C) MZCTRPV2 cells were treated with 5 μM DOXO for 2 h, and the uptake was evaluated by cytofluorimetric analysis (white
area); then, the culture medium was refreshed, and DOXO retention was evaluated after 24 h (gray area). (D) MZCTRPV2 cells were pretreated with 10 μM RR,
10 μM CBD and 1 mM EGTA, incubated with DOXO as above described and the uptake was evaluated by cytofluorimetric analysis. Data shown are the MFI
fold increase of each treatment with respect to the MFI of the untreated cells and correspond to the mean ± SD of three separate experiments. *P < 0.01 DOXO
plus CBD, DOXO plus RR and DOXO plus EGTA, DOXO plus EGTA plus CBD versus DOXO; DOXO plus RR plus CBD versus DOXO plus CBD; DOXO
plus EGTA plus CBD versus DOXO plus CBD. (E) MZCTRPV2 cells were treated for 1 day with DOXO (200 μM), TMZ (400 μM), BCNU (200 μM) alone or
in combination with CBD (10 μM) and the Ca2+ chelator, EGTA (1 mM). Cell viability was measured by MTT assay. Data shown are the mean ± SD of three
separate experiments. *P < 0.01 DOXO plus CBD, DOXO plus EGTA and DOXO plus EGTA plus CBD versus DOXO alone and DOXO plus EGTA and DOXO
plus EGTA plus CBD versus DOXO plus CBD.
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TRPV2 pore domain regulates CBD-mediated TRPV2-induced
drug uptake and cytotoxicity in glioma cells.
Pore structure plays a crucial role in determining the TRP channel permeation and selectively properties of TRPV channels (8).
However, little is known about the structure of human TRPV2 channel, and the structural organization of its cation-selective pore is still
poorly understood (39).
In order to evaluate the role of the TRPV2 pore domain in the
CBD-induced effects, we generated a construct expressing a TRPV2
protein (pCMVΔpTRPV2) lacking the complete pore domain region
(572–609 aa) (Figure 6A). As evaluated by western blot analysis,
transfection of pCMVΔpTRPV2 in MZC cells (MZCΔpTRPV2) led to the
expression of a short TRPV2 protein of about 82 kD (Figure 6B)
both in the cytosol and in plasma membrane (Figure 6C). Deletion
of the pore domain in MZCΔpTRPV2 cells was accompanied by the
failure of CBD to increase [Ca2+]i influx (Figure 6D), by reduction
of DOXO uptake (Figure 6E) and complete abrogation of the
TRPV2-dependent potentiation of cytotoxic activity (Figure 6F),
as compared with MZCTRPV2 cells. These data confirmed previous
observations in HEK293 cells transfected with hTRPV2 (20),
showing that the pore domain of TRPV2 channel is involved in
TRPV2-dependent effects, including Ca2+ influx. Moreover, we
demonstrated that TRPV2 pore domain regulates drug uptake with
a consequent potentiation of BCNU, TMZ and DOXO cytotoxic
activity in glioma cells.

Discussion
Poor chemosensitivity and development of chemoresistance remain
the major obstacles to successful chemotherapy of GBM (1). Standard
therapies consist of surgery followed by radiotherapy and chemotherapy with alkylating agents, including BCNU and TMZ that readily
cross the blood–brain barrier (1). However, despite the ability of these
chemotherapeutic agents to achieve therapeutic concentrations in the
brain, GBM are often resistant to these agents (3). Thus, the identification of the mechanisms responsible for the chemoresistance operating
in human GBM and the development of novel approaches to overcome
resistance represent the major focus of ongoing research (3,4).
Herein, we provide evidence that treatment with the TRPV2 agonist CBD, by enhancing TRPV2 expression and activation, increases
the chemosensitivity of human GBM cells to the cytotoxic effects of
the chemotherapeutic agents BCNU, TMZ and DOXO.
Firstly, as evaluated by calcium mobilization assay, we found that
CBD increases the [Ca2+]i influx in TRPV2-expressing U87MG cells
and that this effect was completely abrogated by treatment with the
TRP channel antagonist RR. In addition, over-expression of TRPV2
channel in MZC cells resulted in marked enhancement of the CBDinduced [Ca2+]i influx, whereas knock-down of TRPV2 completely
inhibited the CBD-mediated effects in U87MG, demonstrating that
CBD represents a selective TRPV2 agonist in human glioma cells.
We have previously reported that reduction or complete loss of
TRPV2 expression is associated with GBM progression and high
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Fig. 6. TRPV2 pore domain deletion regulates DOXO uptake and reverts CBD-mediated effects. (A) Schematic representation of TRPV2 protein with the
deleted pore region (dotted line). The corresponding pore amino acid sequence is shown. (B) Lysates from MZCEMPTY and MZCΔpTRPV2 cells were analyzed by
immunoblot for TRPV2. Immunoblot is representative of three separate experiments with similar results. (C) Representative immunoblot of TRPV2 protein
expression in cytosolic, C, and plasma membrane, M, fractions of MZCΔpTRPV2 cells was shown. Twenty micrograms of total protein in membrane extracts and
cytoplasmic fractions were loaded on the gel. (D) MZCΔpTRPV2cells were treated with CBD (25 μM) and the calcium influx was measured by monitoring fluo
3-AM. Data are representative of at least three independent experiments. (E) Representative images of MZCEMPTY, MZCTRPV2 and MZCΔpTRPV2 cells treated with
DOXO (5 μM) for 2 h. The uptake was evaluated by fluorescent microscopy analysis (magnification ×40, bar 20 μm). (F) Cell viability analysis was performed
on MZCEMPTY, MZCTRPV2 and MZCΔpTRPV2 cells treated for 1 day with BCNU (200 μM), TMZ (400 μM) and DOXO (200 μM). Data shown are the mean ± SD
of three separate experiments. *P < 0.01 BCNU/TMZ/DOXO in MZCTRPV2 versus BCNU/TMZ/DOXO in MZCEMPTY.
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Our findings also provide evidence indicating that TRPV2 pore
deletion abolishes CBD-induced Ca2+ permeation, inhibits DOXO
uptake, completely reverts the CBD-induced potentiation of TMZ,
BCNU or DOXO cytotoxicity and increases the chemoresistance of
glioma cells. Because TMZ (MW: 194) and BCNU (MW: 214) have
molecular weight lower than DOXO (MW: 580), it is conceivable that
TRPV2 channels can also mediate their uptake in glioma cells.
In conclusion, these data give strong biological evidences that could
open the development of new effective pharmaceutical approaches
for the treatment of GBM. The combination of CBD with alkylating agents, by increasing drug uptake and cytotoxic activity, allows
to maintain high antineoplastic effects but at lower chemotherapeutic
doses, thus reducing drug side effects.
Moreover, the ability of CBD to enhance drug-exerted cytotoxic
activity might be not only restricted to glioma cells expressing high
TRPV2 levels. Because TRPV2 is also expressed in low-grade gliomas (7), the properties of CBD, as its ability to increase TRPV2
expression and TRPV2-dependent alkylating drug effects, could be
important in lower gliomas therapies too. In addition, it has been
demonstrated that TRPV2 expression and/or activation was able
to promote in vitro and in vivo GSCs differentiation and to inhibit
their proliferation (17), suggesting that CBD could also be effective
in reducing the proliferation of the GSC subpopulations present in
GBMs (41). Because drugs selectivity for glioma cells is an important
clinical issue, we also investigated the CBD and its chemotherapeutics
effects in NHA cells. The results showed that NHA were refractory
to CBD chemotherapeutics modulation, giving an additional interest
in the use of CBD. Finally, the known CBD multiple pharmacological
actions in the central nervous system and in the periphery (analgesic/
anti-inflammatory, antioxidant anti-ischemic (24)) and the absence of
side effects on normal brain cells, strongly support CBD use in GBM
therapies.
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