‘.\' frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 15 October 2019
doi: 10.3389/fphar.2019.01198

OPEN ACCESS

Edited by:
Moran Rubinstein,
Tel Aviv University, Israel

Reviewed by:

Michael Christian Puljung,
University of Oxford,
United Kingdom

Irene Frischauf,

Johannes Kepler
University of Linz, Austria

*Correspondence:
Alexander M. Binshtok
alexander.binshtok@ekmd. huji.ac.il

Specialty section:

This article was submitted to
Pharmacology of lon Channels
and Channelopathies,

a section of the journal
Frontiers in Pharmacology

Received: 26 July 2019
Accepted: 17 September 2019
Published: 15 October 2019

Citation:

Neumann-Raizel H, Shilo A,

Lev S, Mogilevsky M, Katz B,
Shneor D, Shaul YD, Leffler A,
Gabizon A, Karni R, Honigman A
and Binshtok AM (2019) 2-APB and
CBD-Mediated Targeting of
Charged Cytotoxic Compounds Into
Tumor Cells Suggests the
Involvement of TRPV2 Channels.
Front. Pharmacol. 10:1198.

doi: 10.3389/fphar.2019.01198

Check for
updates

2-APB and CBD-Mediated Targeting
of Charged Cytotoxic Compounds
Into Tumor Cells Suggests the
Involvement of TRPV2 Channels

Hagit Neumann-Raizel’?, Asaf Shilo3, Shaya Lev'?, Maxim Mogilevsky?, Ben Katz'?,
David Shneor?, Yoav D. Shaul?, Andreas Leffler?, Alberto Gabizon®, Rotem Karni?,
Alik Honigman? and Alexander M. Binshtok"-2*

" Department of Medical Neurobiology, Institute for Medical Research Israel-Canada, Faculty of Medicine, The Hebrew
University of Jerusalem, Jerusalem, Israel, 2 The Edmond and Lily Safra Center for Brain Sciences, The Hebrew University,
Jerusalem, Israel, 3 Department of Biochemistry and Molecular Biology, Institute for Medical Research Israel-Canada, Faculty
of Medicine, The Hebrew University of Jerusalem, Jerusalem, Israel, * Department of Anesthesiology and Intensive Care
Medicine, Hannover Medical School, Hannover, Germany, ® Shaare Zedek Medical Center and Faculty of Medicine, The
Hebrew University of Jerusalem, Jerusalem, Israel

Targeted delivery of therapeutic compounds to particular cell types such that they only affect
the target cells is of great clinical importance since it can minimize undesired side effects.
For example, typical chemotherapeutic treatments used in the treatment of neoplastic
disorders are cytotoxic not only to cancer cells but also to most normal cells when exposed
to a critical concentration of the compound. As such, many chemotherapeutics exhibit
severe side effects, often prohibiting their effective use in the treatment of cancer. Here, we
describe a new means for facilitated delivery of a clinically used chemotherapy compound'
doxorubicin, into hepatocellular carcinoma cell line (BNL1 ME). We demonstrate that these
cells express a large pore, cation non-selective transient receptor potential (TRP) channel
V2. We utilized this channel to shuttle doxorubicin into BNL1 ME cells. We show that
co-application of either cannabidiol (CBD) or 2-APB, the activators of TRPV2 channels,
together with doxorubicin leads to significantly higher accumulation of doxorubicin in BNL1
ME cells than in BNL1 ME cells that were exposed to doxorubicin alone. Moreover, we
demonstrate that sub-effective doses of doxorubicin when co-applied with either 2-APB
or CBD lead to a significant decrease in the number of living BNL1 ME cell and BNL1 ME
cell colonies in comparison to application of doxorubicin alone. Finally, we demonstrate
that the doxorubicin-mediated cell death is significantly more potent, requiring an order
of magnitude lower dose, when co-applied with CBD than with 2-APB. We suggest that
CBD may have a dual effect in promoting doxorubicin-mediated cell death by facilitating
the entry of doxorubicin via TRPV2 channels and preventing its clearance from the cells by
inhibiting P-glycoprotein ATPase transporter. Collectively, these results provide a foundation
for the use of large pore cation-non selective channels as “natural” drug delivery systems
for targeting specific cell types.

Keywords: TRPV2 channels, targeted delivery, hepatocellular carcinoma, BNL1 ME cells, membrane permeation,
doxorubicin, cannabidiol, 2-APB
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INTRODUCTION

Inhibition of specific enzymes, formation of protein complexes,
or modification of transcription factors' activity affects either
cell state, such as excitability or activity, or even cell fate, by
modulating survival, growth, division, etc. Therefore, it can
be useful to alter the function of cells in diverse ways for
the treatment of many different disease states. Some of the
anticancer chemotherapeutics—for example, affect tumor
cells by acting on enzymes that are involved in replication or
uncoiling of DNA together with activation of various complex
molecular signals, which ultimately induces apoptosis (Tacar
et al., 2013; Dobbelstein and Moll, 2014). A limitation of this
approach is that it is not cell-type-specific, resulting in damage
to healthy tissue. The effect on DNA or the enzymes, or their
isoforms, which are widely expressed in many cell types implies
that chemotherapy also produces undesired effects. Hence, the
relative effectiveness of chemotherapeutics should always be
considered together with the underlying chemotherapeutic-
mediated toxicity. This toxicity may affect both rapidly dividing
and postmitotic non-cancer cells, thus leading to substantial
side effects (Bagnyukova et al., 2010). The ultimate goal in
anticancer drug development is to target only cancer cells,
sparing normal cells. Several approaches are currently being
used to enhance the effect of anticancer drugs on tumor cells.
Some of these strategies are tuned to target cancer-specific
cellular machinery. Others, by using polymeric drug carriers,
liposomes, and other nanoparticles, enhance the delivery of
non-specific chemotherapeutics to the tumor cells by modifying
the drug tissue biodistribution (Gabizon et al., 2014). Here, we
unveil a different method for the selective targeting of tumor
cells. We target otherwise membrane-impermeable hydrophilic
chemotherapy agents into cancer cells via the pore of cation
non-selective transient receptor potential (TRP) channels,
expressed in a differential manner by many types of tumor
cells. These channels such as TRPV1, TRPV2, as well as other
numerous members of TRP channel family play a critical role in
tumorigenesis, tumor vascularization, and the ability of tumor
cells to proliferate and migrate (Prevarskaya et al., 2007; Santoni
and Farfariello, 2011; Fiorio Pla and Gkika, 2013; Chen et al.,
2014). Here, we hypothesized that TRP channels could be utilized
as cell-specific “natural” drug delivery system for targeting
charged molecules that are cytotoxic or anti-proliferative when
inside the cells, but relatively innocuous outside, specifically
into cancer cells. Recently, we showed that the pore of the
TRPV1 and TRPA1 channels, members of TRP channel family,
which are expressed by pain- and itch-related neurons but not
by other peripheral neurons, is large enough to allow passage of
a charged derivative of lidocaine, QX-314. QX-314 was shown
to be ineffective when applied extracellularly but blocks sodium
channels and consequently neuronal excitability when it gains
access to the inside of cells (Binshtok et al., 2007; Roberson et al.,
2011). We have shown that activation of TRPV1 and TRPA1
channels provides a pathway for selective entry of QX-314 into
pain-related (nociceptive) neurons and therefore inhibition
of pain signals without effecting non-nociceptive sensory and
motor neurons (Binshtok et al., 2007; Binshtok et al., 2009b;

Binshtok et al., 2009a). We also have demonstrated that this
approach is not limited to nociceptive neurons and could be
used to selectively block other types of cells that express TRP
channels (Roberson et al., 2013). We and others have suggested
that this method could also be used for targeted delivery of
charged cytotoxic compounds into tumor cells that express large
cationic channels (Bean et al., 2007; Santoni and Farfariello,
2011; Nabissi et al., 2013). Here, we tested this hypothesis by
targeting mouse hepatocellular carcinoma BNL1 ME cells with
a clinically used chemotherapy drug, doxorubicin. Doxorubicin
is one of the most commonly used chemotherapeutic drugs for
the treatment of hepatocellular carcinoma (HCC (Bruix and
Sherman, 2011) and other cancers such as lymphomas, leukemia,
breast, lung, ovarian, gastric and thyroid malignancies (Lal et al.,
2010). However, due to its relatively high dissociation constant
(pKa), doxorubicin resides in part in its protonated, membrane
impermeant form even in physiological pH (Webb et al., 2011).
Considering that the tumor cell environment is of a lower than
normal physiological extracellular pH (Gallagher et al., 2008;
Webb et al., 2011), the protonated fraction of doxorubicin in
the vicinity of tumor cells is even higher. Hence, its relative
membrane impermeability is lower. Therefore, in order to
increase the probability of drug permeation into tumor cells, the
application of high doses is required when applying the standard
therapeutic strategy. The usage of high doses, however, promotes
drug off-target side effects.

Here, we show that, differently from non-cancerous liver
and heart cells, mouse hepatocellular carcinoma BNL1 ME
cells express a large-pore cationic channel receptor, TRPV2.
Application of compounds that activates and opens TRPV2
channels facilitates the entry of doxorubicin into BNL1 ME cells,
leading to its substantial accumulation within BNL1 ME cells.
Moreover, we show that low sub-effective doses of doxorubicin,
which do not lead to cell death, become effective and sufficient to
cease proliferation and induce cell death of BNL1 ME cells when
doxorubicin is co-applied with TRPV2 activators. Such CBD- or
2-APB-mediated facilitated entry will minimize the off-target
effect of doxorubicin and therefore will substantially reduce
adverse side effects.

MATERIALS AND METHODS

Cell Culture

Murine BNL1 ME A.7R.1 cells (American Type Culture
Collection, Manassas, VA) were plated on y-irradiated mouse
embryonic fibroblasts or 0.1% gelatin-coated six-well plates
and maintained in DMEM (high glucose, Invitrogen) with 10%
FBS, 2mM L-glutamine, 100 U/ml penicillin, and 100 U/ml
streptomycin. Medium was changed every other day.

HEK293T cells were grown at 37°C with 5% CO, in DMEM
with 10% FCS and 1% penicillin-streptomycin (Biological
Industries). HEK293T cells were transfected using TRPV2 cDNA
and DsRed ¢cDNA (Clontech). Transfections were performed
with the Translt (Mirus) Transfection Reagent, with equal
amounts of cDNA, according to the manufacturer’s instructions
and protocol.
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qPCR

Total RNA was extracted with TRI Reagent (Sigma), and 2 pg
of total RNA was reverse transcribed using the M-MLV reverse
transcriptase (Promega). Quantitative PCR was performed on the
c¢DNA using SYBR Green (Roche) and the CFX96 (Bio-Rad) real-
time PCR machine. TRPV2 mRNA levels were examined from
mouse liver, heart tissues, and mouse HCC BNL1 ME. Samples
were compared to a standard curve, which was established by
serial dilutions of a known concentration of cDNA. GAPDH was
used from normalization. Primers: TRPV2: 5-TAC GGT CCT
GCT CGA GTG TC-3’ and 5°-TGG CTC TAA AAC CAC CAT
GC-3] GAPDH: 5-CCC AGC ACA ATG AAG ATC AA-3’ and
5-TAG AAG CAT TTG CGG TGG AC-3.

Immunoblotting

Cells were lysed in Laemmli buffer and analyzed for total protein
concentration as described (Karni et al., 2007). Fifty micrograms
of total protein from each cell lysate was separated by SDS-PAGE
and transferred onto a nitrocellulose membrane. The membranes
were blocked with 5% milk and probed with specific antibodies.
Bands were visualized using enhanced chemiluminescence
detection. Primary antibodies were as follows: RL-1 antibody
(1:1,000, Santa Cruz) human origin (Caprodossi et al., 2008;
Nabissi et al., 2010) and B-tubulin (1:2,000, Sigma). Secondary
antibodies used were as follows: HRP-conjugated goat anti-
mouse, goat anti-rabbit, and donkey anti-goat IgG (1:10,000
Jackson Laboratories).

Ratiometric Calcium Imaging

Cultured BNL1 ME cells were loaded for 45 min with 1 uM
FURA-2 AM dye (stock in DMSO) in a standard external
solution (SES) composed of (in mM) 5 KCI, 145 NaCl, 2 CsCl,
1 MgCl, 10 HEPES, and 10 glucose and then rinsed for 45
min for de-esterification of intracellular acetoxymethyl esters.
Cells were perfused continuously at a rate of ~1 ml per min
with SES and examined with an inverted microscope equipped
with Epi-Fl attachment, perfect focus system (Nikon) and EXi
Aqua monochromator (Q-imaging) and X40 lens. Intracellular
Ca?* concentrations were measured fluorometrically as the
absorbance ratio at 340 and 380 nm (AF340/380, 510 nm for
emission, Lambda DG4, Sutter Instruments). Images were
taken every 1 s, monitored online, and analyzed offline using
Nikon Elements AR Software (Nikon). 2-Aminoethoxydiphenyl
borate (2-APB, 200 uM) or cannabidiol (CBD, 10 pM) were
briefly bath applied (as indicated in the figures) using a fast-
step valve control perfusion system. In some experiments, CBD
was applied after cells were pre-treated with 1 pM doxorubicin.
For a positive control of imaging, an ionophore, ionomycin
(I uM, Sigma), was briefly bath applied, at the end of the
experiment. In some experiments, cells were treated with 1 uM
thapsigargin for 5-15 min, in order to deplete endoplasmic
reticulum Ca?* stores (Thastrup et al., 1990). We considered the
cells as responsive only if the changes in ratio (AF) following
application of 2-APB (200 uM) or CBD (10 uM) were larger
than 0.1AFE and were easily distinguishable from optic noise
which was about 0.02 AF.

Doxorubicin Imaging

Cultured BNL1 ME cells were perfused continuously at 2
ml per min with DMEM and examined with an inverted
microscope equipped with Epi-Fl attachment, perfect focus
system (Nikon) and EXi Aqua monochromator (QImaging).
Doxorubicin fluorescence was measured as absorbance at 480
nm (580 nm for emission, Lambda DG4, Sutter Instruments).
Images were taken every 10 min, monitored online, and
analyzed offline using Nikon Elements AR Software (Nikon).
2-APB (200 pM) or CBD (10 uM) and doxorubicin (1 and 5
uM) were bath applied using a fast-step valve control perfusion
system, at a rate of ~1 ml per min.

In Vitro Cell Growth Assay

This assay was carried out as previously described (Shneor et al.,
2017). Briefly, BNL1 ME cells were plated in 96-well plates for
24 h. Then, each one of the treatment groups was added. Dose
responses of doxorubicin and each one of the activators were used
to find the optimal doses for the drugs. Cells were then incubated
with DMEM with one of the drugs for 24, 48, and 72 h. Then,
cells were incubated for 30 min with substrate of CellTiter-Fluor
Cell Viability Assay (Promega; excitation: 380-400 nm; emission
505 nm). Live cells took up the substrate, and constitutive protease
activity cleaved it to the fluorescent form, which generated a
fluorescent signal proportional to the number of live cells. The
fluorescent signal was detected in a flow cytometer.

Clonogenic Cell Survival Method

BNLI ME cell populations were prepared by trypsinization.
Cells were counted using a hemocytometer, and appropriate cell
numbers were seeded in six-well plates and treated for 24 h with
doxorubicin alone or together with TRPV2 activators. Colonies
were fixed and stained with methylene blue (Karni et al., 1999;
Karni et al., 2007); for quantification, the number of colonies in
each well was calculated using a stereomicroscope. Digital images
of the colonies were obtained using a CCD camera (Nikon,
Japan). Colonies were counted using Image] analysis software
(Fiji version 1.44a). Due to the high confluence of the colonies
after the treatment with DMSO or CBD alone, the examined
parameters of the number of colonies, the size of the individual
colony, and the inner density of each colony were undetectable.
Treatment with 2 uM doxorubicin alone completely prevented
colony formation. Therefore, only colonies following treatment
with doxorubicin and colonies treated with both CBD and
doxorubicin were analyzed and compared.

Doxorubicin Uptake Assay

Intracellular doxorubicin concentrations were measured with or
without TRPV?2 activators. BNL1 ME cells were plated on six-
well plates at concentrations of 2 x 10° cells/well and treated with
DMEM for 24 h, after incubation at 37°C for 1 h. With each one
of the treatments, each culture medium was removed, and cells
were washed three times with PBS. The cells were lysed in 1 ml
HCL-acidified isopropanol for 24 h (centrifuged at 2,000 rpm
for 10 min). For fluorometric analysis, total cellular doxorubicin
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in BNL1 ME cells was determined by measuring the fluorescent
emission of the solution (A, =480 nm, A, =590 nm) in the cell
lysate with a fluorometer, as described elsewhere (Patil et al.,
2018). The drug concentration was calculated with the standard
curve of doxorubicin.

Calcein Accumulation Assay

BNL1 ME cells were seeded at 20 x 104 cells/well in 24-well plates.
Experiments were performed 2 days after achieving confluent
monolayers. Before the experiment, cells were incubated for 1 h
with 1 ml DMEM, supplemented with 5 mM HEPES, pH 7.3, in
the presence or the absence of a P-gp inhibitor, verapamil (200
uM). In the accumulation phase, cells were co-incubated with
0.25 uM calcein-AM in the presence or absence of the inhibitor.
Control cells were incubated with equal volumes of solvents of all
substances (DMSO). After 1 h, the cells were washed three times
with ice-cold PBS. Intracellular fluorescence of calcein-AM was
measured within 1 h with A, =485 nm and A, =528 nm using a
plate reader (Synergy HT, BioTek, Winooski, VT, USA).

Chemicals

Doxorubicin and 2-APB were purchased from Sigma. CBD was
kindly provided by the lab of Prof. Raphael Mechoulam, School
of Pharmacy, Hebrew University of Jerusalem, Hadassah Ein
Kerem. Calcein was kindly provided by the lab of Dr. Sara Eyal,
School of Pharmacy, Hebrew University of Jerusalem, Hadassah
Ein Kerem.

Experimental Design and Statistical
Analysis

Data are shown as mean + S.E.M. Differences between groups
were analyzed using a two-tailed Students f-test or one-way
ANOVA analysis of variance followed by Bonferroni post hoc
tests, when appropriate. The criterion for statistical significance
was p < 0.05.

Sample size calculation: we did not carry out a power analysis
because we were studying the effect of a new drug combination
and had no way to estimate the effect size.

The number of replicates (n for cells and n for the number
of plates/repetitions) for each experiment is given either
in the Figure legends or in the Results. For each treatment
group, we calculated the average value for the repetitions and
ran the statistical comparisons between the treatments. If a
representative example is shown, we explain how representative
it is, i.e., how many cells/plates showed a similar effect. When
relevant, the inclusion criteria for the experiments are described
in the Materials and Methods section above.

RESULTS

Mouse Hepatocellular Carcinoma BNL1 ME
Cells Express Functional TRPV2 Channels

Amongst the large pore-cation non-selective ion channels, the
TRP vanilloid subtype 2 channel (TRPV2), a member of the

TRP superfamily, is highly expressed by a variety of tumor cells
(Santoni and Farfariello, 2011; Liberati et al., 2014). It has been
shown that urothelial carcinoma cells (Caprodossi et al., 2008;
Mizuno et al., 2014), human leukemic cells (Pottosin et al., 2015),
prostate cancer cells (Monet et al., 2010), esophagus squamous
cell carcinoma cells (Zhou et al., 2014), and hepatocellular
carcinoma cells (Liu et al., 2010) overexpress TRPV2 channels.
Here, we sought to examine whether a pore of TRPV2 channels
expressed by a murine model of hepatocellular carcinoma
cells [BNL1 ME (Kuriyama et al., 1999; Tatsumi et al., 1999;
Ogunwobi and Liu, 2011)] could be used to shuttle doxorubicin
into these cells selectively. First, we examined whether BNL1
ME cells overexpress TRPV2 similarly to previous reports of
hepatocellular carcinoma cells (Liu et al., 2010). We compared
the expression levels of TRPV2 in BNL1 ME cells to a mouse
embryonic fibroblast cell line (MEF), which served as a negative
control, and to normal mouse liver cells from a direct, first
passage culture. We used RT-qPCR and showed that BNL1 ME
cells possess significantly higher levels of TRPV2 mRNA than
MEF and normal liver cells (Figure 1A). We next compared the
protein level of TRPV2 channel in BNL1 ME, dissociated mouse
liver cells, and pheochromocytoma 12 cell line (PC12) transfected
with TRPV2 as a positive control (Figure 1B). We demonstrated
that, while the levels of the TRPV2 protein are undetectable in
liver cells, BNL1 ME cells express substantial levels of TRPV2.

Considering that cardiotoxicity is one of the significant side
effects of doxorubicin (Singal and Iliskovic, 1998; Chatterjee
et al, 2010) and that expression of TRPV2 was previously
shown in a variety of heart cells e.g., cardiomyocytes, fibroblasts,
endothelial cells, and vascular smooth muscle cells (Watanabe
et al., 2009), we also compared the levels of TRPV2 mRNA and
TRPV2 channel protein in short-term cultured heart cells from
mouse heart to BNL1 ME cells. Indeed, we confirmed that heart
cells express TRPV2 mRNA (Figure 1A); however, these cells
did not show expression of the TRPV2 protein (Figure 1B). This
inconsistency implies posttranslational modulation, which is a
common mechanism to strictly regulate protein levels (Maier
et al., 2009; Vandewauw et al, 2013). This posttranslational
regulation is also true for TRPV2 regulation (Uhlen et al., 2015).
These data indicate that mouse BNL1 ME cells express TRPV2
channel protein, unlike liver or heart cells.

To assess whether TRPV2 channels expressed by BNL1
ME cells are functional, we examined changes in intracellular
Ca?* [(Ca?"),] in BNL1 ME cells loaded with the Ca?* indicator
FURA-2AM, following bath application of the TRPV2 channel
activator, 2-aminoethoxydiphenyl borate [2-APB (Hu et al,
2004; Juvin et al., 2007)]. We first perfused the cells with a
bath solution containing nominally free Ca?** (Ca?*—free bath
solution) in order to examine possible 2-ABP-mediated release
of Ca?* from internal stores, as previously shown (Maruyama
et al., 1997). In these conditions, bath application of 2-APB
produced a small increase in [Ca?']; (Figure 1C). Reperfusion
of cells with bath solution containing 2 mM Ca?* (SES) led to a
slow, gradual increase in [Ca*']; reaching a plateau after about
4 min, as expected. The second application of 2-APB in these
conditions led to a substantial increase in [Ca?']; in all monitored
cells (Figure 1C). These data suggest that 2-APB produces a large
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FIGURE 1 | Mouse hepatocellular carcinoma BNL1 ME cells, but not liver or heart cells express functional TRPV2 channels. (A) Bar graph depicting relative

expression levels, assessed by RT-PCR, of TRPV2 mRNA in BNL1 ME cells compared to MEF, non-cancerous mice liver, and mice heart cells (GAPDH was used

for normalization; see Methods). *—p < 0.05; ***—p < 0.001, one-way ANOVA with post hoc Bonferroni, n = 3 replications. (B) Western blot analysis of TRPV2
protein levels in BNL1 ME cells compared to pheochromocytoma 12 cell line (PC12) constitutively expressing TRPV2 (PC12/TRPV2), non-cancerous mice liver cells,
and mice heart cells. p-Tubulin served as a control (for a blot containing all the lanes; see Supplementary Figure 1). The size of the proteins (95 kD for TRPV2 and
51 kD for B-tubulin) was determined relative to pre-stained size markers. Representative of five experiments. (C) Left, Mean + SEM of changes in cytosolic [Ca®*];
following bath application of 200 pM 2-APB. Note that application of 2-APB leads to a small increase in intracellular Ca?* when external solution contains nominal Ca*
concentration (Ca?* free) but produces a substantial and significant (**—p < 0.001, one-way ANOVA) increase in intracellular Ca?* when calcium is present in the bath
solution (standard external solution, SES), n = 26 cells. For a positive control of imaging, 1 M ionomycin (lono) was added to the bath solution at the end of each
experiment. Right, bar graph comparing peak changes in cytosolic [Ca?*]; following application of 2-APB in Ca?* free-solution with changes in cytosolic [Ca?*]; following
application of 2-APB in 2 mM Ca?* containing SES; ***—p < 0.001, paired Student t-test, n = 43 cells, from three plates. (D) Same as in C, but with SES containing
thapsigargin. Note that, under these conditions, the increase in intracellular Ca?+ occurs only when calcium is present in the external solution (SES) n = 28 cells. Right,

***—p < 0.001, paired Student t-test, n = 34 cells, from three plates. ns, not significant.

transmembrane Ca?* influx into BNL1 ME cells, in addition to
a small 2-APB-mediated increase, possibly via 2-ABP-mediated
activation of IP; receptors (Maruyama et al., 1997). To examine
the latter possibility, we treated BNL1 ME cells for 5-15 min
with 1 uM thapsigargin to deplete endoplasmic reticulum Ca?*
stores (Thastrup et al., 1990). 2-APB applied on thapsigargin-
treated cells, perfused with Ca**—free bath solution did not

produce any change in [Ca?*],. Changing the bath to a solution
containing 2 mM Ca?* did not result in the rise of intracellular
Ca?*. However, the second application of 2-APB in cells treated
with bath solution containing 2 mM Ca?* led to a substantial
increase in [Ca?']; (Figure 1D), suggesting that the 2-APB-
induced [Ca?']; rise is due to TRPV2 and not store-operated
channels. Collectively, these data suggest that 2-APB induces a
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transmembrane Ca?* influx, indicating that BNL1 ME express
functional TRPV2 channels on their plasma membrane.

To further study the functionality of TRPV2 channels,
we measured changes in [Ca?*]; in BNLI ME cells following
bath application of another well-established TRPV2 activator,
cannabidiol (CBD, (Qin et al., 2008). It was previously
demonstrated that CBD leads to [Ca?*]; increase, mainly due
to TRPV2-mediated Ca?" influx, since CBD-mediated Ca?*
transients via TRPV2 were abolished when extracellular Ca?*
was removed from the external solution (Eubler et al., 2018).
First, we showed that 10 uM CBD applied onto HEK293T
cells, transfected with human TRPV2 (hTRPV2) led to an
increase in [Ca?]; only in the TRPV2 transfected HEK cells,
which were labeled with DsRed-expressing fluorescent protein
(Supplementary Figure 2). Application of CBD on HEK293T
cells, which were not labeled with DsRed, and therefore do
not express hTRPV2, did not produce a change in [Ca*']; (n =
19 cells, data not shown). Bath applications of 10 uM CBD
onto BNL1 ME cells, similarly to the effect of 2-APB, led to a
robust increase in [Ca?']; (Supplementary Figure 3), further
supporting the functional expression of TRPV2 on the plasma
membrane of BNL1 ME cells.

2-APB- or CBD-Mediated Activation of
TRPV2 Channels Is Sufficient to Produce
Entry and Accumulation of Doxorubicin
Into BNL1 ME Cells

In developing our platform for facilitated entry of charged
compounds into cancer cells, through TRP channels, we
used the relatively small (543 Da) chemotherapeutic drug,
doxorubicin, which in physiological pH resides mostly in
the charged form (Webb et al, 2011). We first examined
whether activation of TRPV2 channels is sufficient to allow

the entry of doxorubicin into BNL1 ME cells. To that end,
we exploited the endogenous fluorescence property of
doxorubicin (Scalori et al., 1988) and measured the intensity
of its intracellular fluorescence, that reflects doxorubicin
“trapped” in the cytoplasm. To ensure that the fluorescence
originates from doxorubicin which is “trapped” inside the cell
and does not originate from doxorubicin in the extracellular
solution, we performed the measurements of doxorubicin-
induced intracellular fluorescence after 1 h of doxorubicin
washout. This time frame is sufficient to allow an exchange
of all extracellular solution about 50 times, suggesting that all
extracellular doxorubicin is washed out. In these conditions,
bath application (see Methods) of either 1 uM doxorubicin
alone (Figures 2A, left, B) or 200 uM 2-APB alone (Figure
2B) did not cause any changes in the fluorescent levels, beyond
basal control levels (Figure 2B). However, the co-application of
doxorubicin, together with 2-APB, led to a significant increase
in intracellular fluorescence (Figures 2A, right, B), implying
that doxorubicin enters the cells only in conjunction with the
activation of TRPV2.

Next, we examined whether CBD-mediated activation of
TRPV2 is also sufficient to shuttle doxorubicin into BNL1
ME cells. The previously described method of measuring
doxorubicin fluorescence following treatment with CBD
could be inappropriate, due to CBD-mediated inhibition of
the P-glycoprotein ATPase transporter (Zhu et al, 2006).
This transporter has been shown to participate in the removal
of doxorubicin from the cells (Giavazzi et al, 1984; Ferry,
1998) and appears to be present in BNL1 ME cells (see below
and Supplementary Figure 6). Thus, increased fluorescence
following the application of doxorubicin and CBD could result
not only because of facilitated entry of doxorubicin but also due
to its accumulation following the inhibition of the transporter.
We, therefore, examined the CBD-mediated doxorubicin entry

A Doxorubicin alone

2APB + doxorubicin B

*

FIGURE 2 | Co-application of 2-APB with doxorubicin leads to facilitated entry of doxorubicin into mouse BNL1 ME cells. (A) Representative epifluorescent images
of cultured BNL1 ME cells, 5 min after application 1 pM doxorubicin alone (left) and co-application of 200 uM 2-APB with 1 uM doxorubicin (right). Note that
doxorubicin-based fluorescence (see Methods) was detected only when co-applied with 2-APB. (B) Bar graph depicting means + SEM of changes in intensity

of intracellular fluorescence following application of vehicle, 2-APB alone, doxorubicin alone, or doxorubicin together with 2-APB at the indicated concentrations.
The values for vehicle and 2-APB alone were measured 30 min after application. 2-APB was then washed out for 30 min, and the values for doxorubicin alone or
doxorubicin together with 2-APB were measured after 60 min each. Note that doxorubicin-based intracellular fluorescence was above the noise levels (0.05 F/F()
only after the co-application of doxorubicin with 2-APB. ***p < 0.001, compared to doxorubicin alone, paired t-test, ns, not significant, n = 60 cells, three repetitions.
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into BNL1 ME cells by measuring changes in the Ca?* fluxes
following the application of doxorubicin together with CBD.
We hypothesized that, if doxorubicin permeates through the
pore of TRPV2 channels, it would impair the penetration of
Ca?" and therefore would lead to a decrease in the FURA2-
induced fluorescence, similarly to other charged molecules such
as QX-314 (Puopolo et al,, 2013). Accordingly, we loaded BNL1
ME cells with FURA-2AM and compared CBD-induced increase
in [Ca?'], in cells treated with standard bath solution (SES;
see Methods) with cells treated with bath solution containing
doxorubicin. When cells were perfused with SES, the application
of 10 uM CBD produced a substantial increase in [Ca?"]; in all
cells (Figure 3; see also Supplementary Figure 3). Application
of CBD onto cells treated with SES containing 1 uM doxorubicin
led to significantly smaller increase in [Ca?*]; (p < 0.001, n = 30
cells; Figure 3). When the doxorubicin-containing bath solution
was washed out, CBD-mediated increase in [Ca®']; partially
recovered (Figure 3). It is noteworthy that, when cells were
perfused with SES, consecutive applications of CBD produced a
similar increase in [Ca?*]; (p > 0.05, n = 36 cells; Supplementary
Figure 3).

Because CBD has been shown to activate other Ca?* permeable
ion channels (Bisogno et al., 2001), we examined whether TRPV2
channels specifically provide a pathway for the doxorubicin to
enter the cells following CBD-mediated activation. To that end,
we measured how doxorubicin, when added to SES, changes
CBD-mediated Ca?* influx into HEK293T cells, transfected with
human TRPV2 (hTRPV2). Similar to our results from BNL1 ME
cells, the addition of doxorubicin to the SES leads to a significant

decrease in CBD-mediated Ca?* influx (Supplementary Figure
4A). When doxorubicin was not added to the SES, subsequent
applications of CBD produced similar increases in [Ca?'];
(Supplementary Figure 4B). These results from the minimally
reconstituted system of TRPV2-expressing HEK cells indicate
that CBD-activated TRPV2 channels is sufficient to shuttle
doxorubicin into the cells.

Collectively, these data imply that doxorubicin enters BNL1
ME cells via active TRPV2 channels. Importantly, these data also
suggest that doxorubicin enters BNL1 ME cells via the pore of
TRPV2 channels.

Finally, to examine directly whether activation of TRPV2
channels would lead to increased accumulation of doxorubicin
in BNL1 ME cells, we measured the intracellular concentration
of doxorubicin. We used an in vitro uptake method in which
intracellular doxorubicin concentrations were measured in BNL1
ME cells by fluorometric analysis. We assessed the intracellular
concentration of doxorubicin at different time points after
treating BNL1 ME cells with 1 uM doxorubicin alone or together
with activation of the TRPV2 channels. To prevent the possible
effect of enhanced doxorubicin accumulation caused by CBD-
mediated inhibition of P-glycoprotein ATPase transporter on
doxorubicin concentrations, we activated TRPV2 channels using
200 uM 2-APB. We found that at all measured time points, the
total cellular concentration of doxorubicin in BNL1 ME cells,
was significantly higher when doxorubicin was co-applied with
2-APB than when doxorubicin was applied alone (Figure 4).
These data suggest that activation of TRPV2 channels enhances
the accumulation of doxorubicin in BNL1 ME cells.
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FIGURE 3 | Co-application of CBD with doxorubicin attenuates TRPV2-mediated Ca?+ entry into BNL1 ME cells. (A) Mean + SEM of changes in cytosolic [Ca2+];
following bath application of 10 uM CBD in SES, 10 uM CBD in SES containing 1 uM doxorubicin, and 10 uM CBD in after washout of doxorubicin, n = 36 cells. Insets,
photomicrographs of blue-green-red pseudocolor radiometry images (taken at the time points indicated by arrows) demonstrated a decrease of F/F, after treatment

of doxorubicin. Bar, 50 pm. The pseudocolor scale depicts changes in F/F, between O (blue) to 1.5 (red). For a positive control of imaging, 1 uM ionomycin (lono) was
added to the bath solution at the end of each experiment. (B) Bar graph depicting mean + SEM of changes in peak FURA-2AM fluorescence following bath application
of 10 uM CBD in SES, 10 pM CBD in SES containing 1 M doxorubicin, and 10 uM CBD in after washout of doxorubicin. Note a significant decrease in response to
CBD when doxorubicin is present in the extracellular solution. Note also that the response to CBD is partially rescued after doxorubicin is washed out. ***—p < 0.001,
ns, not significant; RM one-way ANOVA with post hoc Bonferroni, n = 54 cells, from three plates.
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FIGURE 4 | Co-application of doxorubicin with 2-APB leads to an increased amount of intracellular doxorubicin in BNL1 ME cells. Bar graphs depicting the amount
of doxorubicin in BNL1 ME cells (in ng/108 cells) measured using fluorometric analysis, 1, 6, 12, and 24 h following treatment with 1 uM doxorubicin alone (gray)

or with 1 uM doxorubicin co-applied with 200 uM 2-APB (red). Note that the amount of intracellular doxorubicin was significantly increased when doxorubicin was
co-applied together with 2-APB, *—p < 0.05, **—p < 0.01, Student’s t-test, n = 3 repetitions for 1-, 6-, and 12-h time points, n = 2 repetitions for 24-h time point,

n = 3 repetitions, for each treatment group.

Activation of TRPV2 by 2-APB Leads to
Facilitated Entry of Doxorubicin Into BNL1
ME Cells

We hypothesized that activation of TRPV2 by virtue of opening
aqueous pores, which are permeable for the protonated fraction
of doxorubicin, will facilitate the permeation of doxorubicin
and therefore augment its cytotoxic effect on TRPV2-expressing
cancer cells, while sparing other cell types and therefore
minimizing off-target side effects, as the effective concentration
of doxorubicin can be lowered. To examine this hypothesis, we
used a cell survival assay that measures cell viability expressed
by the level of fluorescence (see Methods). We first determined a
concentration range at which the application of doxorubicin alone
does not affect the viability of BNL1 ME cells. We show here that
24-h treatment of BNL1 ME cells at concentrations of up to 2 uM
doxorubicin do not lead to significant cell death (Figure 5A).
Treatment with higher than 2 uM doxorubicin led to a significant
decrease in the number of live cells (Figure 5A). We then chose
the maximal sub-effective concentration of doxorubicin (2 uM)
and co-applied it with 2-APB, which by itself did not affect cell
viability in a concentration range of 25 to 200 uM, when treated
for 24 h (Figure 5B). Co-application of 2 uM doxorubicin with
200 pM 2-APB led to a significant decrease in cell viability after
24 h (Figures 5C, D). The observed effect of co-application
of doxorubicin and 2-APB showed a ~70% decrease after 24
h. This decrease was higher than the additive effect of the two
treatments (~ 40% after 24 h, Figure 5D). These results suggest
that activation of the TRPV2 channels leads to facilitated entry
of doxorubicin into BNL1 ME cells such that previously sub-
effective doses of doxorubicin alone when co-applied with the
activator of the TRPV2 channels are sufficient to significantly
affect cell viability. At these concentrations, at the later time
points of 48 and 72 h, both doxorubicin and 2-APB applied alone

had a substantial effect on the number of living cells such that
there was no facilitated effect of co-application of 2-APB and
doxorubicin (Supplementary Figures 5A, B). These data show
that the optimal effect of 200 pM 2-APB-mediated facilitated
entry of 2 uM doxorubicin on cell vitality is achieved 24 h after
initiation of treatment.

CBD Facilitates Both the Entry and
Accumulation of Doxorubicin in BNL1

ME Cells

CBD has been shown to inhibit the P-glycoprotein ATPase
transporter (Zhu et al., 2006), which participates in the removal
of doxorubicin from the cells (Giavazzi et al., 1984; Ferry, 1998).
We therefore hypothesize that CBD may amplify the efficacy of
the doxorubicin-mediated effect specifically in cancer cells by
(1) providing selective entry of doxorubicin into cancer cells via
TRPV2activation (see Figure 3) and by (2) enhancing doxorubicin
accumulation by P-gp ATPase inhibition. To examine the latter
notion, we examined whether BNL1 ME cells express functional
P-gp ATPase by measuring the accumulation of the P-gp ATPase
substrate, calcein, (Hollo et al., 1994) in BNL1 ME cells following
application of the well-established P-gp antagonist, verapamil
(Cornwell et al., 1987). We show that the application of verapamil
significantly increases the intracellular concentration of calcein
(Supplementary Figure 6), suggesting that BNL1 ME cells
express functional P-gp ATPase. Accordingly, the co-application
of verapamil and doxorubicin significantly increases intracellular
doxorubicin concentrations, compared with doxorubicin alone
(Figure 6A). Notably, doxorubicin accumulation following
co-application with CBD was significantly higher than the
accumulation following co-application of verapamil with
doxorubicin (Figure 6A), implying that, in addition to a possible
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FIGURE 5 | Continued

FIGURE 5 | Application of sub-effective dose of doxorubicin together with
2-APB leads to a decrease in living BNL1 ME cells. (A) Live-cell fluorescence
measurements from cultured BNL1 ME cells 24 h after treatment with
doxorubicin alone at the indicated doses. Note that only treatment with
doses higher than 2 pM leads to a significant reduction in the number of live
cells (measured as a relative level of fluorescence; see Methods). (B) Same
as in A but cells were treated for 24 h with 2-APB at the indicated dosed.
Note that 2-APB does not affect cell viability at all examined doses. (C) Live-
cell fluorescence measurements from cultured BNL1 ME cells show 24-h
treatment with previously ineffective 2 uM doxorubicin applied together with
200 pM 2-APB leads to a significant decrease tumor cells viability, *p < 0.05,
**p < 0.01, **p < 0.001, ns, not significant; one-way ANOVA, comparison
between the vehicles to all other groups, n = 6 wells for each group, three
repetitions.

effect of CBD on P-gp ATPase, CBD facilitates doxorubicin
accumulation by other mechanisms, possibly, as our data suggest,
by promoting its entry via TRPV2 channels. These results also
suggest that CBD co-applied with doxorubicin may be beneficial,
compared to 2-APB, in causing cell death. Indeed, we were able
to achieve about 40% facilitative effect (40% ASyn) using 10 pM
CBD (Supplementary Figure 7A), which by itself did not affect
cell viability (Supplementary Figure 7B), when co-applied
with 0.1 pM doxorubicin (Figure 6B). A similar facilitative
effect was achieved with 2-APB when co-applied with 2 uM
doxorubicin (see Figure 5). Interestingly, higher concentrations
of doxorubicin together with 10 uM CBD did not significantly
change this facilitative effect (Supplementary Figure 7A).

Co-Application of Doxorubicin With CBD
Inhibits the Formation of BNL1 ME Cell
Colonies

A decrease in the number of viable cells measured using cell
survival assay may be attributed to a decrease in cell proliferation,
an increase in cell death, or both. We therefore examined if
facilitated entry of doxorubicin affects cell proliferation, using
the clonogenic cell survival method (see Methods). We analyzed
the colony formation of BNL1 ME cells treated with DMSO,
0.1 uM 2-APB alone, 10 uM CBD alone, and doxorubicin alone,
at two different sub-effective doses (0.1 and 2 uM), which were
used in the cell viability experiments in combination with
either CBD or 2-APB, respectively. The number of colonies that
developed 10-15 days post-treatment was quantified. The size
of the individual colonies and inner density of each colony were
analyzed as well. Treatment with DMSO (data not shown) as well
as CBD led to similar high confluences of the colonies such that
it was impossible to determine specific parameters describing the
properties of the single colony (Figure 7A, left). Treatment with
2 uM doxorubicin alone, which we previously used together with
2-APB in the cell viability assay, completely prevented colony
formation (data not shown). Therefore, we did not examine the
effect of 2 M doxorubicin co-applied with 2-APB and analyzed
only the colonies treated with doxorubicin and those treated
with a combination of CBD and doxorubicin. Treatment with
0.1 uM doxorubicin alone substantially reduced the number of
colonies, the average size of the colonies, and the inner density of
the colonies (Figures 7A, middle, and B-D). The co-application
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of 0.1 uM doxorubicin and 10 uM CBD, which by itself did not
affect colony formation (Figure 7A, left), enhanced the effect of
doxorubicin, reducing by about 20-fold the number of colonies
and significantly decreasing the size and the inner density of the
colonies (Figures 7A, right, B-D). These results suggest that,
following co-application of doxorubicin and CBD, fewer cells
propagate from a single surviving cell in a given time, implying
that this approach reduces cell proliferation, possibly affecting
also doxorubicin-resistant cell population.

Collectively, our results show that activation of TRPV2
channels provides a pathway for facilitated entry of doxorubicin
into BNL1 ME cells. Our data suggest that doxorubicin, in doses
that do not affect cell viability, when co-applied with TRPV2
activators, significantly reduces viability and proliferation of
cancer cells.

DISCUSSION

The ultimate goal of developing an anticancer drug is to target
cancer cells in a selective and specific manner while sparing
healthy cells. To achieve this goal, some strategies are tuned
to develop new drugs targeting cancer cell-specific molecular
machinery. Other strategies aim at achieving specificity by
using nanomedicines polymeric drug carriers such as liposomes
and nanoparticles, restricting the delivery of non-specific
chemotherapeutics primarily to the tumor tissues (Gabizon et al.,
2014). In this study, we introduced a method of targeted delivery
of cytotoxic compounds into cells harboring large-pore cation
non-selective channels such as the TRPV2 channel. TRPV2 is a
member of the TRP channel family. TRP channels were shown
to be overexpressed by many tumor cells, playing critical roles
in tumorigenesis, tumor vascularization, and the ability of the
tumor cell to proliferate and migrate (Prevarskaya et al., 2007;
Santoni and Farfariello, 2011; Fiorio Pla and Gkika, 2013; Chen
et al.,, 2014). Here, we exploited these channels as cell-specific
“natural” drug delivery systems for targeted application of
charged molecules which are cytotoxic or antiproliferative, when
inside the cells, but relatively non-toxic when outside the cells,
to cancer cells, minimizing unwanted effects on other, non-TRP
expressing cells.

Doxorubicin and other anthracyclines are widely used
in chemotherapy, due to their efficacy in treating a broad
spectrum of cancer types, such as sarcomas, carcinomas, and
hematological cancers. However, their use is limited, particularly
by their cardiac toxicity (Swain et al., 2003). Doxorubicin causes
cumulative and mostly irreversible damage to the cardiac muscle
(Ewer et al., 2004), restricting the repeated use of this drug. In
addition, doxorubicin is also a prominent myelosuppressive
agent. Therefore, the concentration of doxorubicin used must be
strictly limited to avoid those and other doxorubicin’ side effects.

However, the weak base chemical properties of doxorubicin
will reduce the rate of drug uptake, particularly in the acidic
environment of cancer cells, in which doxorubicin will persist
mostly in the charged form. This property of doxorubicin
substantially impedes doxorubicin permeation across the
membrane, such that its concentration may be around three-fold

higher outside of the cell than on the inside, as suggested by some
studies (Webb et al., 2011). Here, we utilized the usually ineffective
charged fraction of doxorubicin and shuttled it into cancer cells
via cation permeable TRPV2 channels, allowing us to achieve the
desired effect using substantially lower doses of doxorubicin.

We and others have previously demonstrated that the pore
of TRPV1 and TRPA1 channels, which are predominantly
expressed by pain- and itch-related peripheral neurons, are
large enough to allow passage of QX-314, a charged derivative
of lidocaine that is ineffective when applied extracellularly
but blocks sodium channels and consequently neuronal
excitability when inside of cells (Binshtok et al., 2007; Puopolo
et al, 2013; Roberson et al., 2013). By showing QX-314-
mediated decrease of TRPV1-induced inward current, it was
previously suggested that that activation of TRPV1 channels
provided a pathway for entry of QX-314 into pain-related
neurons, with QX-314 acting as a permeant blocker (Puopolo
et al.,, 2013). Co-application of TRPV1 or TRPA1 activators
enabled specific inhibition of pain and itch transmission
without affecting other sensory and motor neurons (Binshtok
et al., 2007; Binshtok et al., 2009b; Binshtok et al., 2009a;
Roberson et al., 2013). Here, we demonstrated that the
application of doxorubicin inhibited TRPV2-induced Ca?*
influx, which implies that doxorubicin permeates into BNLI
ME cells via the pore of the TRPV2 channels.

TRPV2 is overexpressed by a variety of cancer cells and
plays a functional role in hepatocellular carcinoma, prostate
cancer, bladder cancer, and glioblastoma development (Liu et
al., 2010; Monet et al., 2010; Nabissi et al., 2013). It also is one
of the factors of dystrophic cardiomyopathy (Iwata et al., 2003;
Lorin et al., 2015). The latter implies that, if heart cells express
functional TRPV2 channels on their membrane, the activation
of TRPV2 may lead to entry of doxorubicin into heart cells and
thus enhance doxorubicin-based cardiotoxicity. We, however,
demonstrated that, although heart cells express a high level of
TRPV2 mRNA, the expression of the TRPV2 protein in heart
cells was barely detectable. Importantly, we also did not detect
the expression of TRPV2 protein in liver cells.

Several explanations can be provided for the difference
in expression of TRPV2 at the mRNA and protein levels.
Accumulating evidence shows a weak correlation between
mRNA and protein levels. Different post-transcriptional
regulatory mechanisms involving cis-acting and trans-acting
mechanisms generate different systems that enhance or repress
the synthesis of proteins from a certain copy number of mRNA
molecules (Maier et al., 2009). Moreover, mRNA levels do not
always correlate with the relative expression of TRP channels at
the protein level or in their functional state (Vandewauw et al.,
2013). Therefore, while mRNA expression values are used in the
diagnosis and classification of cancers, the abundance of proteins
and their interactions are far more critical in determining cellular
functionality (Greenbaum et al., 2003). However, it is noteworthy
that, in order to retain normalization of the liver and heart cells,
we used here normal liver and heart tissue and compared the
TRPV2 expression between cell line (hepatocellular carcinoma)
and these tissues. Such a comparison between cell lines and
cultures tissues can by itself cause discrepancies.
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FIGURE 6 | Co-application of doxorubicin with CBD led to an increased amount of intracellular doxorubicin and increased cell death. (A) The concentration of
doxorubicin in BNL1 ME cells (in ng/10° cells; see Methods) following a 24-h treatment with 0.1 uM doxorubicin alone, 0.1 uM doxorubicin together with 200 pM
verapamil, or 0.1 pM doxorubicin together with 10 uM CBD, measured using fluorometric analysis; n = 3 repetitions for each time point for each treatment group.
(B) Live-cell fluorescence measurements from cultured BNL1 ME cells treated for 24 h with 10 uM CBD alone, 0.1 uM doxorubicin alone or co-application of 10 pM.
CBD, and 0.1 uM doxorubicin. Note that only the co-application of CBD with doxorubicin produced a significant decrease in the number of living cells. *p < 0.05,
**p < 0.01, **p < 0.001, ns, not significant; one-way ANOVA, comparison between the vehicle to all other groups, n = 6 wells for each group, three repetitions.
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To activate TRPV2 channels, we used the well-known
activators of TRPV2-2-APB (Hu et al., 2004; Juvin et al., 2007)
and CBD (Qin et al., 2008). We showed that the application of
2-APB onto BNL1 ME cells leads to Ca?* influx in the presence of
thapsigargin only when Ca?* is present in the external solution.
This rules out the possibility that 2-APB leads to an increase of
intracellular Ca?* via intracellular mechanisms. Notably, 2-APB
activates mouse and rat TRPV2 channels with different potencies,
while the human TRPV2 channel is insensitive to 2-APB when
expressed in HEK293 (Neeper et al., 2007). To emphasize on the
translational aspect of our findings, we have also examined other
activators of TRPV2 and demonstrated that CBD-mediated
activation of TRPV2 allows facilitated entry of doxorubicin into
BNL1 ME cells. However, neither 2-APB nor CBD are selective
TRPV2 agonists, activating other large pore channels (Bisogno
et al., 2001; Hu et al., 2004; DeHaven et al., 2008). The similar
effects shown here by two separate TRPV2 agonists suggest
TRPV2 involvement in facilitated entry of doxorubicin into
BNL1 ME cells. At this stage, we cannot exclude other possible
mechanisms for doxorubicin penetration.

We show that the effect of 24-h co-treatment of doxorubicin
and 2-APB on cell viability led to a decrease of about 70% in the
number of living cells, while application of each of the drugs
separately did not produce any significant cell death, suggesting a
facilitative effect of 2-APB (see Figure 5D). However, considering
that prolonged treatment with 2-APB or doxorubicin did
produce a toxic effect (as shown in Supplementary Figure 5),
an alternative explanation could be that the 24-h application
of 2-APB and/or doxorubicin did not kill the cells but stressed
them in a way which was not detected by the live essay. In this
case, the cumulative effect of co-application might have led to cell

death. Our data showing that the substantial facilitative effect,
which was achieved using a relatively less toxic activator, CBD,
suggests that the latter explanation is less likely and implies that
co-application of TRPV2 activators with doxorubicin leads to
facilitative entry of doxorubicin and thus increased BNL1 ME
cell death.

The effect of 2-APB and doxorubicin, applied alone, on the
cell viability after 48 and 72 h, suggests that that the optimal
effect of 2- APB-mediated facilitated entry of doxorubicin on cell
vitality is achieved at 24 h after initiation of treatment. Systemic
application of doxorubicin reaches maximal concentrations
within 30 to 60 min and is cleared very quickly from the organism
(Gabizon et al., 2003). Thus, the 24-h facilitative window could
be achieved by either prolonged infusion of doxorubicin together
with the channel activators or by using slow-released pegylated
liposomal doxorubicin (Tahover et al, 2015), paired with
prolonged infusion of the channel agonist.

Importantly, according to the human protein atlas database
(Uhlen et al., 2015), TRPV2 is highly expressed in many
organs, such as endocrine tissues, kidneys, and skin, but not
in the liver cells. These data imply that, in translation from our
proof-of-concept results to the clinic, local liver application of
the treatment would assure a specific effect on hepatocellular
carcinoma cells but not an off-target effect of normal liver cells
(as they do not express TRPV2 protein), and no other tissues, by
virtue of its local application.

Our data from transfected HEK293T cells expressing TRPV2
demonstrate that CBD-mediated activation of TRPV2 channels
leads to doxorubicin entry into TRPV2 expressing HEK293T
cells via the pore of TRPV2 channels, emphasizing that TRPV2
could be utilized as natural drug delivery system. Importantly,
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FIGURE 7 | Co-application of doxorubicin with CBD, but not alone, inhibits
the formation of BNL1 ME cell colonies. (A) A collage image of BNL1 ME

cell colonies 24 h after treatment with 10 pM CBD alone (left), 0.1 uM
doxorubicin (middle), and 10 uM CBD with 0.1 uM doxorubicin (right). (B-D)
Bar graphs plotting the number of colonies (B), averaged size of colonies
(C), and inner density of colonies (D) treated with either 0.1 uM doxorubicin
(gray) or 10 uM CBD with 0.1 uM doxorubicin (red). ***—p < 0.001, Student’s
t-test, n = 6 colonies for each treatment.

since CBD is widely used in the clinic (Kogan and Mechoulam,
2007), our results showing CBD-mediated facilitated entry of
doxorubicin opens up the possibility of clinical utilization of the
platform we describe here.

The observed effect of CBD together with doxorubicin on
BNL1 ME cell viability was significantly stronger than the effect
of 2-APB together with doxorubicin. We, therefore, assumed
that CBD might have an additional facilitative effect on tumor
cell death. We ruled out an effect of CBD alone on cell viability.
Our next assumption was that, in addition to the facilitation of
doxorubicin entry, CBD might also affect doxorubicin removal
from cells. Indeed, CBD was demonstrated to inhibit the P-gp
ATPase, which affects the removal of doxorubicin from the
cells (Zhu et al.,, 2006). Using the well-described P-gp ATPase
antagonist verapamil (Cornwell et al., 1987), we show that (1)
BNL1 ME cells, similarly to many tumor cells (Kartner et al,
1983), express functional P-gp ATPase, and (2) blockade of
P-gp ATPase by verapamil leads to increase in doxorubicin
concentration. These results render P-gp ATPase as a possible
target for CBD inhibition, thus underlying the substantial effects
of previously ineffective 0.1 pM doxorubicin on cell viability.

Moreover, our data showing that the application of CBD
together with doxorubicin leads to an increase in doxorubicin
concentration which was significantly higher than when
doxorubicin was co-applied with verapamil emphasizes the
importance of CBD-induced, TRPV2-mediated facilitated entry
of doxorubicin into BNL1 ME cells.

The effect of TRPV2-mediated entry of doxorubicin on colony
survival, in addition to its effects on cell viability, may also be
significant in terms of drug resistance to doxorubicin (Broxterman
et al., 2009). It is possible that the colonies which survived the
application of doxorubicin alone were generated from cells with
resistance to doxorubicin. Importantly, these colonies were
annulled when doxorubicin was co-applied with CBD, implying
that this combined platform could potentially be beneficial against
doxorubicin drug resistance. Since P-gp transporter expression
was correlated with drug resistance in cancer cells (Kartner et al.,
1983), CBD-mediated inhibition of P-gp ATPase could underlie
this effect of CBD and doxorubicin on inhibition of cell colonies
in addition to TRPV2-mediated entry of doxorubicin.

In summary, we have demonstrated here a platform for
facilitated entry of doxorubicin into cancer cells. Such facilitated
entry may allow the use of lower doses of the cytotoxic agent
minimizing the off-target toxic effects and therefore may allow
an improved therapeutic index. The methodology proposed here
is based on the biological properties of specific cells harboring
large cationic channels. These large-pore cationic channels are
expressed at high levels by cancer cells provide a “natural” drug
delivery system. This drug delivery system, when activated, could
be used to introduce cytotoxic drugs selectively into cancer cells.
Thus, our approach suggests a novel method for the delivery
of a variety of drugs that are (1) selective to the target cells and
(2) will not require complex manipulations of cells or drugs.
Another important aspect of the strategy is that it promises to
open up a large new chemical space of potential anti-cancer
agents (cytotoxic, antiproliferative, as well as anticancer peptides
and nucleic acid medicines), i.e., cationic molecules that are
poorly cell-permeant, to be effectively introduced by permeation
through large cationic channels. The results of our work may
provide a basis for the development of novel tools to modulate
intracellular signal transduction and metabolic pathways and
thereby to treat cancer with significantly fewer side effects
and higher efficacy. The data we show, in conjunction with the
differential expression profile of large pore cation non-selective
channels, as seen in the human protein atlas database (Uhlen
et al., 2015), and data related to differential expression of these
channels in cancer cells (de novo, expression, upregulation, or
downregulation; see for example Shapovalov et al., 2016), would
suggest that the translation of our platform is not trivial. It implies
the need for careful profiling when considering this strategy for
different cancers.
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