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Mechanosensitive channels are present in almost every living cell, yet the evidence for their functional presence
in T lymphocytes is absent. In this study, by means of the patch-clamp technique in attached and inside-out
modes, we have characterized cationic channels, rapidly activated by membrane stretch in Jurkat T lymphoblasts.
The half-activation was achieved at a negative pressure of ~50 mm Hg. In attached mode, single channel currents
displayed an inward rectification and the unitary conductance of ~40 pS at zero command voltage. In excised
inside-out patches the rectification was transformed to an outward one. Mechanosensitive channels weakly
discriminated between mono- and divalent cations (Pc./Pna ~ 1) and were equally permeable for Ca®>* and Mg? ™.
Pharmacological analysis showed that the mechanosensitive channels were potently blocked by amiloride
(1 mM) and Gd3>* (10 uM) in a voltage-dependent manner. They were also almost completely blocked by
ruthenium red (1 pM) and SKF 96365 (250 pM), inhibitors of transient receptor potential vanilloid 2 (TRPV2)
channels. At the same time, the channels were insensitive to 2-aminoethoxydiphenyl borate (2-APB, 100 M) or
N-(p-amylcinnamoyl)anthranilic acid (ACA, 50 uM), antagonists of transient receptor potential canonical (TRPC)
or transient receptor potential melastatin (TRPM) channels, respectively. Human TRPV2 siRNA virtually abolished
the stretch-activated current. TRPV2 are channels with multifaceted functions and regulatory mechanisms, with
potentially important roles in the lymphocyte Ca®* signaling. Implications of their regulation by mechanical stress
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are discussed in the context of lymphoid cells functions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Living cells respond to a variety of mechanical stimuli, from osmotic
stress to local mechanical deformations of the membrane. The sequence
of events activated by initial mechanical stimulation and leading to the
specific cellular response is the subject of intensive studies in different
types of cells. Nowadays, it is well established that the transduction of
mechanical stimuli to electrical and, in some cases, also to Ca®* signals
is mediated by mechanosensitive channels (MSCs), which are found in
all kingdoms, including prokaryotes (for a review see [54,22]). In mam-
mals, three groups of channels were proved to show mechanosensitive
properties: degenerins or epithelium Na™* channels (ENaC), some two-

Abbreviations: 2-APB, 2-Aminoethoxydiphenyl borate; ACA, N-(p-amylcinnamoyl)
anthranilic acid; K2P channels, Two-pore domain K* channels; MSC, Mechanosensitive
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tential canonical; TRPM, Transient receptor potential melastatin; TRPP, Transient receptor
potential polycystic; TRPV, Transient receptor potential vanilloid.
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pore domain K*-selective (K2P) channels, and certain members of
the transient receptor potential (TRP) channels family [39]. In addition,
recently discovered Piezo channels appear to form non-selective
(Ca?™ ~Mg?™ ~ Na™ ~ KT) rapidly-inactivating mechanosensitive cat-
ion channels or be a part of such channel [11,17,48]. TRPs, which were
proved to be directly or indirectly gated by mechanical stretch, namely,
TRPC1and 6, TRPV1, 2 and 4, TRPM3, 4, and 7, TRPP 1 and 2, and TRPA1,
form cationic MSC in most cases only weakly discriminating between
Na™* and Ca®™ [39].

Very little is known about MSC in lymphoid cells. However, for a
variety of physiological processes taking place in lymphocytes, the
ability to respond rapidly to mechanical stimulation seems to be crucial.
Indeed, circulating lymphocytes are affected by fluid flow, variations in
osmolarity and blood pressure. They also change their shape during
extravasation and infiltration of tissues. Antigen recognition, lympho-
cyte maturation and activation are vitally important processes, where
cell-cell interactions occur. During direct contacts, cells may undergo
mechanical deformation and membrane stretch. For distant indirect
interactions, lymphocytes produce and secret the variety of lymphokines.
It was shown recently that mechanical stress may provoke lymphokine
release [29].
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T-cells are able to regulate their volume under osmotic stress.
Swelling can be sensed by volume-sensitive outward-rectifying CI™
channels, VSOR [36,34] and regulated volume decrease is achieved by
parallel operation of CI~ and K* channels, with a potential contribution
of Kv1.3, KCa3.1 and different K2P channels [6,4]. Notably, regulated
volume decrease is Ca® "-independent in mature T lymphocytes, but
in thymocytes and Jurkat lymphoblasts it is regulated by swelling-
activated Ca®™ influx, which is 100-times less sensitive to Gd** as
compared to a dominant lymphocyte Ca®*-influx channel, CRAC [53].
Potentially, volume decrease can be mediated by some Ca®*-permeable
channels from the TRP family. In T-cells, the expression of different
TRPC (1, 3, 6), TRPM (2, 4, 7), and TRPV (1, 2) were detected. TRPC6
was not detected in Jurkat; instead, the expression of TRPC4, TRPC5, and
TRPV6, which are rarely present in T-cells from healthy donors, was
reported [67]. Of them, only functional roles of TRPM (4, 7 and to a less
extent, 2) were revealed for T-cells (for a review see [6,15]). TRPM4 is
unique channel with a very low Ca?* permeability, so it cannot be
involved in the stretch-activated Ca®™ influx. Yet, multiple TRP family
members still left, which potentially encode MSC in T-cells and lympho-
blasts. This study was undertaken to check for the presence of the TRP-
like MSCs in Jurkat cells and to verify their identity on the basis of ionic
selectivity and conductance, pharmacological profile and, eventually, by
means of small interfering RNA.

2. Materials and methods
2.1. Cell preparation and culture condition

Jurkat cells (clone E6-1) were kindly provided by Dr. Yvonne
Rosenstein (Instituto de Biotecnologia, UNAM, México). Cells were cul-
tured in Advanced RPMI 1640 medium supplemented with 5% heat-
inactivated fetal calf serum, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 1% of GlutaMAX™ (all from Invitrogene, Carlsbad, CA, USA) at
37 °Cin a humidified atmosphere (5% CO,, 95% air). Cells were main-
tained in the logarithmic growth phase by daily medium refreshment.

2.2. TRPV2 silencing by small interfering RNA (siRNA)

siRNA transfection experiments were carried out using as a starting
point the Supplementary Protocol for Jurkat cells provided by Quiagen.
The protocol was optimized for our conditions to achieve both maximal
cell survival and transfection efficiency. Resulting protocol was as
follows: 1 x 10° cells in 250 pl of Advanced RPMI 1640 medium without
serum and antibiotics were transfected with 1.75 pl of Lipofectamine
2000 transfection reagent (Life Technologies) and 1250 ng of
fluorescein-coupled small interfering RNA (siRNA) against TRPV2
(FlexiTube siRNA S102781359 from Quiagen), the concentration value
being inside the range for cationic lipids mediated siRNA transfection
in Jurkat cells recommended by Quiagen (140-562 ng/100 pl). siRNA
sequences were: sense strand 5'-GAGGAUCUUUCCAACCACATT-3/, anti-
sense strand 5’-UGUGGUUGGAAAGAUCCUCTG-3'. Additionally, a nega-
tive siRNA-control with scrambled sequence (siRNA 1027310 from
Quiagen) was used to transfect cells in the same conditions. After 5 h
incubation at 37 °C in a humidified atmosphere (5% CO,, 95% air), the
medium with transfection complexes was replaced for 250 pl Advanced
RPMI 1640 medium supplemented with 2.5% heat-inactivated fetal
calf serum, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1% of
GlutaMAX™ (all from Invitrogen). The cells were allowed to recover
during at least 1 h, and the effect of silencing was tested by patch-clamp
in cell-attached configuration and qRT-PCR during the next 6 h. Cell sur-
vival was estimated by trypan blue exclusion test. Transfection efficien-
cy was analyzed and the images were obtained by confocal microscopy
using an LSM 700 system (Carl Zeiss) coupled to an inverted
Observer.Z1 microscope, equipped with 40x oil-immersion objectives,
488 nm laser, and ZEN imaging software. The settings were: laser
power 2%, pinhole & = 1.00 AU; detector gain = 685; line step: 1;

scan speed: 6; data depth: 16 bit; mode: line; method: mean; scan
number: 2; zoom: 1.

2.3. Electrophysiology

Patch-clamp experiments were performed in attached and inside-
out configurations using an Axopatch 200A Integrating Patch-clamp
amplifier (Axon Instruments). Patch pipettes were pulled from Kwik-Fil
1B150F-4 capillaries (World Precision Instruments, Sarasota, FL, USA)
and fire-polished. Patch electrodes were filled with a solution containing
(in mM): 134 KCl, 2 MgCl,, 1 CaCl,, 10 EGTA, 10 HEPES-KOH (pH 7.4).
The resistance of patch electrodes filled with this solution was 3-5 MQ.
For cell-attached recordings, bath solution (“160 NaCl”) contained
(in mM): 150 Nacl, 5 KCl, 1 MgCl,, 2.5 CaCl,, and 10 HEPES-NaOH
(pH 7.4). For ion selectivity measurements in the inside-out configura-
tion, different bath solutions were implemented. One was identical to
the bath solution described above or 10 times diluted, “16 NaCL.” K*
to CI™ selectivity was evaluated with a bath, containing (in mM): 9
KCl, 10 HEPES-KOH (pH 7.4). For Na™/Ca?™ or Na™/Mg? ™" selectivity
measurements, bath solution was the same as for cell-attached mea-
surements (“160 NaCl”), whereas pipette solution contained (in mM):
50 CaCl, or MgCl,, 5 HEPES-Ca(OH), (pH 7.4). Osmolality of all solu-
tions was adjusted to 310 mOsm. For mechanical patch stimulation, a
constant negative pressure to the patch pipette interior was applied
manually and its magnitude was verified with a portative manometer.
Records were low-pass filtered at 5 kHz, digitized using a DigiData
1200 Interface (Axon Instruments, Foster City, CA), transferred to a
personal computer and analyzed using the pClamp 6.0 software package
(Axon Instruments, Foster City, CA).

In TRPV2 silencing experiments, epifluorescence was used to distin-
guish siRNA transfected (fluorescein-positive) and non-transfected
cells. To prove the effect of TRPV2 silencing on stretch-activated current,
electrophysiological records were performed on membrane patches
from siRNA positive and negative cells, assayed in a random order.
Three independent transfection experiments were realized. Simulta-
neously, knockdown efficiency was determined by single cells qRT-
PCR analysis. Single cells were recollected by aspiration during patch-
clamp experiments, using glass micropipettes with a tip opening ca.
20 pum fabricated on the P-97 Flaming/Brown Micropipette Puller
(Sutter Instruments, Novato, CA, USA).

2.4. Single-cell gqRT-PCR

Cells were submitted to single-cell one-step real-time duplex RT-
PCR analyses using Roche Light Cycler version 1.5. The QuantiFast
Probe assay RT-PCR Plus Kit for dual detection of TRPV2 and GAPDH
(Quiagen) was used. Corresponding QuantiFast Probes labeled with
different fluorochromes were: TRPV2/FAM (Cat. No QF00207102) and
GAPDH/MAX (Cat No QF00531132). Experimental procedures followed
the manufacturer's protocol. Cells were emptied directly into the one-
step qRT-PCR reaction, without RNA purification. Before the initiation
of the cDNA synthesis, samples were incubated at 80 °C over 5 min as
described elsewhere [3]. Cells transfected with siRNA against TRPV2,
non-transfected cells, and siRNA negative controls (cells, transfected
with siRNA 1027310 from Quiagen) were assayed. To determine rela-
tive expression of the mRNAs, real-time RT-PCR data were analyzed
by the comparative AACt method as previously described [58].

2.5. Data analysis

Data are reported as mean 4 SEM. Where appropriate paired or
unpaired Student's t test was used to evaluate statistical difference. A
two-tailed probability value of less than 0.05 (p < 0.05) was considered
statistically significant.
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3. Results

3.1. Membrane stretch activates Ca® *-permeable cation channels in
Jurkat cells

Jurkat cells easily form high resistance seals (10-40 GQ2) with a patch
pipette after application of light suction (see an example in Fig. 1b,
where the leak resistance was 17 G2). Attached patches, inspected im-
mediately after gigaseal formation often show some residual channels'
activity, which normally ceased after 1-2 min. Then, ramp wave proto-
cols were applied in a following sequence: three 1 s-episodes without
suction, further three ramps under negative pressure (60 mm Hg),
followed by four ramps at zero pressure. Alternatively, negative pressure
was applied for few seconds at a fixed voltage. Mechanical stimulation
caused a rapid activation of several mechanosensitive channels (MSCs)
in up to 80% of inspected patches (Fig. 1a, b). Their activity did not
show a significant inactivation within few seconds of stimulation, yet
after turning off the suction, channels' activity displayed a relatively
slow deactivation (Fig. 1a). Deactivation of the MSC activity was much
faster (<1 s) while running a sequence of voltage ramps. Thus, before
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Fig. 1. Membrane stretch evokes activation of ion channels in cell-attached patches. a. Exam-
ples of an on-cell recording of the activity of mechanosensitive channels in Jurkat cells. After
obtaining a tight seal with cell membrane, command voltage was clamped to —50 mV
(cytosol minus exterior) and application of a suction pulse (60 mm Hg) as indicated resulted
in the rapid and reversible opening of several mechanosensitive channels. b. Response to a
ramp-wave voltage protocol (shown in the inset); first three ramps were applied without
suction (no channel activity), followed by three ramps under application of negative pressure
of 60 mm Hg, and further four ramps with a pressure released (cessation of the channel ac-
tivity). Gray traces are leak currents (with zero channel activity). c. To obtain unitary current—
voltage (I/V) relationships for mechanosensitive channels, ramps with channel activity were
used and averaged leak current was subtracted; resulting I/V curves were further divided by
a number of open channels, using resolved single channel records, as one in a for a proper
scaling. Data are presented as mean =+ SE, data for eight individual Jurkat cells were averaged.

and after application of the suction normally only leak currents were
recorded (Fig. 1b). After subtraction of leak currents and normalization
of resulting I/V curves by dividing them through a number of visible
channels, single channel I/V relations were obtained (Fig. 1c). As can
be seen from the figure, single channel currents reversed at potentials
close to the resting membrane voltage (zero command voltage) and
displayed a notable inward rectification. Stable activity of MSCs can be
repeatedly reproduced over at least 15 min in cell-attached configura-
tion without a notable rundown. Yet, patch excision resulted in a faster
rundown, especially in the presence of high (millimolar) divalent cation
concentrations at either membrane side. We were unable to induce MSC
activity in outside-out patches. Therefore, to assay the dose-response
dependence of the MSC activity and effects of external drugs we have
used exclusively the cell attached configuration, whereas for the single
channel ion selectivity measurements we have used inside-out patches.
The latter allowed control of ionic conditions at both membrane sides.

To reveal mechanosensitivity, we have applied variable negative
pressure to the patch-pipette interior at fixed potential of —50 mV
(Fig. 2). As can be seen, MSC activity could be detected at pressure as
low as 20 mm Hg, and saturated at negative pressures >80 mm Hg by
absolute value, with a midpoint around 50 mm Hg.

MSC in Jurkat cells revealed a high degree of the K /Cl~ selectivity as
evidenced by the data in Fig. 3b. It has also a comparable permeability for
K* and Na™ (Fig. 3a) or for Na*™ and Ca>* or Mg?* (Fig. 3c). Interestingly,
in inside-out configuration, single MSC current-voltage relations
displayed an outward rectification (Fig. 2a, b), compared to the inward
rectification in on-cell patches (Fig. 1c).
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Fig. 2. Evaluation of the mechanosensitivity of stretch-activated channels in Jurkat cells.
Example of channels' activation at fixed voltage (—50 mV) in response to increasingly
higher negative pressure, applied and relieved as indicated by arrows. Normalized channel
activity as a function of applied pressure, responses were normalized to that at 100 mm
Hg; data for seven individual cells were averaged and presented as means + SE. Fitting
yielded a midpoint for the response at the pressure of 52 4 2 mm Hg.


image of Fig.�2

54 1. Pottosin et al. / Biochimica et Biophysica Acta 1848 (2015) 51-59

a
134 KCI
+26 K 6L I/pA
160 or 16
NaCl -
E. 3[
v L
-100 -50 K
Ll ol
100 150
VIimv
3L
b
134 KClI ™ I/pA
+26 K' 3k
9KCl |- Ex.
+5 K
-100 -50 B
I I O I | DA B |
E 100 150
2k VIimV
50 CaCl,
L or MgCl,
160 NaCl
C 3~ lIpA

-100 -50
I I A A I A A A |

50 100 150
Vi mV

3L

Fig. 3. Selectivity of the mechanosensitive channels in Jurkat cells. All measurements were
done on isolated inside-out patches; channel-mediated current was evaluated by applying
voltage-ramp protocol as described in Fig. 1b, c. a, b. Stretch-activated channels were selec-
tive for cations against Cl™~ but did not differentiate between K* and Na™. Cationic selectivity
is evidence by a positive shift of reversal potential upon a 10-fold dilution of the bath; mind
the opposite shift of equilibrium potential for CI™. On the other hand, zero reversal potential
at bi-ionic conditions, KCl against approximately the same concentration of NaCl (gray curve)
implied equal permeability for K™ and Na™. In b, reversal potential of the single channel
current approached Ex , and is far from E¢;_, implying a high K*/Cl~ selectivity. c. Stretch ac-
tivated channels do not differentiate between Na™ (160 mM in the bath) and divalent cations
(50 mM of CaCly, black curve, or MgCly, gray curve, in the bath). For each trace, unitary I/V
curves from five to nine individual cells were averaged.

3.2. Pharmacological profile of stretch-activated channels

In continuation, we performed the pharmacological analysis of the
MSC in Jurkat cells. To do this, we have introduced a blocker into the
patch-pipette (in case of Gd*>* and ruthenium red (RR), EGTA and diva-
lent cations were excluded from the standard pipette solution). To make
a comparison with a control feasible and to minimize a difference, caused
by a variation of channels' expression in different cells, we took an
advantage of a relatively large size of lymphoblasts, so that each cell
could be patched twice (up to five times), with different patch-pipettes

containing or not the blocker of interest. When multiple patching was
not possible with the same cell for any reason (e.g. cell disruption),
these results were discarded. The first two blockers used were amiloride,
a non-specific blocker of epithelium Na™ channels and antiporters, as
well as of some MSC and TRP channels (see [33,12] and the references
therein), and Gd® ™, a blocker of a variety of non-selective cation channels.
Both drugs blocked the MSC mediated current in a voltage-dependent
manner, with a much more pronounced effect on the current at negative
membrane potentials (Fig. 4a, b). As both blockers are positively charged,
this implied that their binding site lies well within a voltage drop across
the membrane. Moreover, blockage at negative potentials was not
complete as evidenced by small, but significant offset of the relative
current (Fig. 4b). This observation suggests that both cations may be
forced to pass across the whole MSC pore at large negative potentials.
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Fig. 4. Voltage dependent block of the stretch-activated channels by amiloride and Gd**.
In a, b control and test measurements were made by patching the same cell with a pair of
pipettes, with or without the drug. I/V curves obtained from a single cell normally
reflected multiple mechanosensitive channels openings in a cell-attached patch; five
separate cells were averaged for a, and nine for b. c. Relative currents, in the presence of
drug to that in control, as a function of membrane voltage, were fitted with a modified
Boltzmann relation, yielding mean voltage sensitivity (z6) value of 0.64 and 0.52 for
amiloride and Gd**, respectively. Mind a small but significant offset of the relative current
at large negative voltages.
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Fig. 5. Pharmacological analysis of the channel-mediated mechanosensitive currents in Jurkat cells. Ramp-wave protocols were applied, and currents were evoked by 60 mm Hg negative
pressure and subtracted by leak currents, measured before and after the pressure application. All measurements were performed on cell-attached patches, each control and test measure-
ment was done by patching a single cell with a pair of pipettes, without and with indicated concentration of the drug, and so repeated for each drug on five to six cells, data are means =+ SE.

Data in Fig. 5 evidenced that MSC in Jurkat cells were almost completely
blocked by RR (1 uM), inhibitor of different Ca?*-permeable channels
(including all members of TRPV family) and transporters, and also
by SKF 96365, blocker of store- and receptor operated Ca’>* entry
as well as of some TRP channels [65,19,21]. At the same time, 2-
aminoethoxydiphenyl borate (2-APB), initially used as a blocker of inosi-
tol 1,4,5-trisphosphate receptor and store-operated Ca?* entry, which
also blocks all members of TRPC and TRPM subfamilies (see [19]; and
the references therein) was completely inefficient (Fig. 4). N-(p-
amylcinnamoyl)anthranilic acid (ACA), inhibitor of phospholipase A2,
which directly blocks a variety of TRP channels [20] was also inefficient.

Taken together, the pharmacological profile of the channel of interest
better matches the characteristics of the TRPV2 channel (see Discussion
for more details). Considering also that in human lymphocytes TRPV2 is
the most abundantly expressed among TRPV family members [60], the
effect of TRPV2 silencing on stretch-activated current was evaluated in
the subsequent set of experiments.

3.3. TRPV2 silencing with siRNA virtually abolished stretch-activated current

Jurkat belong to “hard-to-transfect” cells. In our hands, the efficiency
of siRNA transfection achieved 20-30% (Fig. 6a) without affecting cell
survival (98-100%). Patch-clamp and single cell qRT-PCR experiments
were performed between 6 and 12 h after the start of transfection. In
non-transfected cells, the occurrence of mechanosensitive current was
detected in 82% of cells (as compared to 80-90% routinely observed
for Jurkat cells in the logarithmic growth phase), whereas only 18% of
cells with a visible green fluorescence displayed a detectable current

in attached patches in response to suction. TRPV2 mRNA expression
and stretch-activated current were strongly inhibited in TRPV2 siRNA
transfected cells (Fig. 6b, c).

4. Discussion

Jurkat cells, the experimental model of the present study, show
some differences in ion channel expression, when compared to healthy
mature T cells [6]. Considering that leukemic cell lines are derived from
different subsets of immature T cells where additional genetic lesions
occurred [64], these differences may reflect both maturation and leuke-
mogenesis processes. However, stretch-activated channels have been
shown to be present ubiquitously in mammalian cells [54,22]. Although
healthy lymphocytes and leukemic cells are exposed to mechanical
stimuli constantly during the performance of their physiological func-
tions, electrophysiological studies of stretch-activated channels on this
type of cell are scarce [61]. To the best of our knowledge, the question
concerning with the presence of mechanically gated ion channels in
lymphoid T cells has never been addressed. At the same time, quantita-
tive RT-PCR technique revealed the expression of several members of
the three potentially mechanosensitive subfamilies TRPC, TRPV and
TRPM in human lymphocytes and Jurkat cells [67]. It should be noted
that only for a couple of TRP channels relatively selective agonists or
blockers are available, so that the channel identifying strategy in the
case of this family cannot be based on the usage of single specific
drugs. Rather, a variety of nonspecific blockers, like RR, binding to the
most of Ca?"-binding sites (e.g. of calmodulin or those within a large
variety of Ca?* and Ca? *-permeable channels and transporters) or 2-
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Fig. 6. Effect of TRPV2 siRNA transfection on TRPV2 mRNA expression and stretch-activated current in Jurkat cells. a. Visualization of efficiency in TRPV2 siRNA uptake by Jurkat cells in culture.
The images of living cells are obtained after 5 h of incubation with fluorescein-labeled TRPV2 siRNA. Brightly fluorescent green cells internalized the siRNA. Phase contrast (left), fluoresceine
(middle) and merged (right) images are presented. Scale bar: 20 uM. b. Relative expression of TRPV2 mRNA normalized to GAPDH mRNA expression. TRPV2 siRNA transfected (n = 3) and
non- transfected (n = 3) cells were analyzed by single cell real-time qRT-PCR. Data are means = SE; **p < 0.005. c. Amplitude of the stretch-activated current in cell-attached patches was eval-
uated at —100 mV in TRPV2 siRNA transfected (n = 22) and non-transfected (n = 23) cells. Transfected and non-transfected cells present in each of three independent preparations were
assayed in a random order. Data are means + SE; ***p < 0.001. In b and ¢, negative siRNA controls were comparable to non-transfected cells (data not shown).

APB, which is primarily used to inhibit the store-operated Ca®* entry, or
lantanides, generic blockers of non-selective cation channels, are used
instead [68]. Taken the advantage of existing differences in pharmacolog-
ical profiles between diverse TRP channels, e.g. lantanides ions instead of

block activate selected TRPs or 2-APB inhibit all channels in the TRPC
family, but act as an agonist for some TRPV channels, and combining
results of such analysis with available selectivity and current-voltage
relationship patterns for TRPs, a plausible identification strategy can be

Table 1
Comparative pharmacology of TRP channels reported for Jurkat cells and MSC described in Jurkat cells in the present work.
Gd>* (La®™) 2-APB ACA Ruthenium red (RR) SKF 96365 Permeability References
Ca®*/Na* Mg?+
TRPC1 + + ND + +? ~1 ND [63,73]
TRPC3 + + ND + + 1.6 +2? [63,75]
TRPC6 + + + ND + 5 +7? [26,32,70]
TRPM2 — +? + ND + 0.5-1.6 + [21,32,50,69,70]
TRPM4 ND ND ND - ND <0.05 ND [72]
TRPM?7 + ND ND ND* 3 + [9.31,41]
TRPV1 e . + + ND 4 (heat) + [8,20]
10
(vaniloids)
TRPV2 +7* B ND + + 1-3 + [8,28,25,30,74]
Jurkat MSC + — — + + ~1 + This study

* Inhibited by ACA derivative, flufenamic acid [31].
** Potentiates TRPV1 but inhibits TRPV2 [35].

% Activates murine TRPV1 and 2 at >100 uM concentration [25]; human TRPV2 shows little or no sensitivity to 2-APB [28,47].
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developed. We have collected the published information on the
selectivity and pharmacological profile of TRPC, TRPV and TRPM channels
obtained on different experimental models, and then compared with our
data for the MSC in Jurkat lymphoblasts (Table 1).

Members of the TRPM family can be definitely excluded from possi-
ble candidates, due to their preference for monovalent (Na*) against
divalent (Ca®™) cations and to their sensitivity to ACA. TRPCs are
inhibited by 2-APB, but Jurkat MSCs were not (Fig. 5). Murine TRPV1-3
are stimulated by 2-APB, but human TRPV2 is hardly affected by this
compound [28,47]. Among TRPVs, TRPV1 is potentiated by Gd*>* and
can be therefore discarded [35]. TRPV4 and TRPVG, display a relatively
high and very high Ca?*/Na* selectivity ratio, respectively [10,13].
Moreover, TRPV4 mRNA is hardly detected in Jurkat cells [67]. However,
gross properties of the TRPV4 channels like I/V rectification, sensitivity to
RR, lantanides, and SKF96365 [66,49,24] are reminiscent of properties of
the Jurkat MSC reported here, so TRPV4 cannot be fully discarded. The
best fit so far, however, was the hTRPV2 channel, which complies with
all observed properties of the Jurkat MSC (Table 1; see also the additional
argumentation below). For the sake of completeness, it should be noted
that there are other TRP subfamilies, whose presence has not been
detected in leukocytes so far. But TRPPs possess a relatively high selectiv-
ity for Ca®>* over Na* and display inward rectification [51], which
disqualifies them as a molecular correlate for the MSC in Jurkat. On the
other hand, TRPA1 does not discriminate between Na* and Ca?* and
displays a similar rectification to that shown in Fig. 3 [68,51]. It is similar-
ly affected by Gd>*, amiloride, and RR and is mechanosensitive, mediat-
ing the sensation of hearing and touch [46,5]. Yet, at zero external Ca®™,
single channel conductance of TRPA1 is about 100 pS [46] or several
times higher than that for the MSC in Jurkat cells (Fig. 3a).

In human leukocytes, relative expression of the TRPV2 is more than
by one order of magnitude higher as compared to TRPV1, 3 and 4 [60]. Di-
agram of human TRPV2 gene expression pattern was created [56] based
on previously undertaken transcriptome analysis [62], where a peculiar
expression of TRPV2 in some types of the cells of immune system was
demonstrated. TRPV2 mRNA decreased in the sequence: CD56~ NK
cells > BDCA4™" dendritic cells > B-lymphoblasts and CD8™" cytotoxic
T cells > CD4* helper T cells, CD14" monocytes, CD33 "myeloid
cells > CD19" B cells > CD34 " hematopoietic stem cells. Several leuke-
mic/lymphoma cell lines were tested as well and all have shown a rela-
tively high level of TRPV2 expression: Raji (Burkitt's lymphoma) > K562
(chronic myelogenous leukemia) > HL60 (promyelocytic leukemia) >
Daudi (Burkitt's lymphoma) > MOLT4 (lymphoblastic leukemia).
Among all cell types revealed as TRPV2-positive in this study, patch
clamp experiments were reported only on K562 cells, where non-
selective Ca%"-permeable MSC with a conductance about 20 pS was
reported [61]. Unfortunately, no attempts were done to characterize
their sensitivity to drugs or pressure-dependence.

Our study is the first report demonstrating the presence of cationic
Ca?*-permeable channels gated by plasma membrane deformation/
stretch in the Jurkat cell line. Detailed pharmacological analysis demon-
strates that, with a great likelihood, these channels are formed by TRPV2.
This conclusion was strengthened by the fact that in TRPV2 silenced
Jurkat cells membrane stretch did not activate mechanosensitive current
in a vast majority of cells. Taking into the account the importance of
mechanical stimuli both for healthy and leukemic T cells, findings
of the present study put forward further comparative research of the
mechanosensitivity in normal and leukemic lymphoid cells.

TRPV2 is a non-selective cation channel with Ca>* permeability [8].
Therefore deformation and stretch of the lymphocyte plasma membrane
during migration, cell-cell interaction events or cytokines secretion may
result in its activation and contribute to the intracellular Ca?* signaling.
In the recent review on the possible role of TRPV2 channels in immune
system [56], the patent application by Sauer and Jegla [57] is cited,
where silencing of the TRPV2 with shDNA in Jurkat cells impaired
T-cell receptor and CRAC-mediated Ca®* signaling. These data sug-
gest TRPV2 as a feasible drug target for immunosuppression. TRPV2

also plays critical role in the binding of particles and phagocytosis
by macrophages [38].

TRPV2 channels may be localized in endosomes, controlling
Ca®"-release, fusion, and endocytosis [55] and, when activated,
translocated to the plasma membrane [23]. Ca?™ influx through
stretch-activated TRPV2 caused the degranulation in mast cells; these
MSCs have a similar dependence on applied pressure as the MSC in
this study (Fig. 2) and were sensitive to SKF96365 and RR [74]. Stretch
activation of the TRPV2 was demonstrated also in aortic myocytes and
alveolar cells [43,16] and in neurons, thus, controlling the axon out-
growth [59]. Pharmacology of TRPVs is extensively reviewed [65], but
no specific blocker/antagonist for TRPV2 has been reported so far. In ad-
dition to data of Table 1, TRPV2 was reported to be sensitive to
amiloride [65]. The pattern, reported here (Fig. 4a, ), i.e. affinity and
voltage-dependence, was completely identical to that for intrinsic
MSC in oocytes of Xenopus (Fig. 7A in [33]). Within TRP channels,
amiloride was inefficient with TRPC1 channels, but blocked, albeit in a
voltage-independent manner, different TRPP channels [12,1]. Also,
TRPA1 block by amiloride showed a very similar voltage-dependence
to that reported here [2]. In respect to the voltage-dependence
of Gd>* block (Fig. 4b, c) we found a very similar pattern in case of
the TRPM-like MIC [18]. A permeable voltage-dependent block by Gd>*
and La>* was reported for TRPM7, but this blockage required a
high, millimolar instead of micromolar, concentrations of lantanides
[41]. Sensitivity of the inward current through the Jurkat MSC to
Gd®* coincides with that for the swelling-induced Ca?™ influx
(SWAC) in immature T-cells [53].

Altered expression or abnormal activity of TRPV2 channel was shown
to be associated with cancer, but its precise role in carcinogenesis is still
poorly understood. TRPV2 seems to be involved in different processes
which may promote tumor progression, but further studies are required
to determine its ability as a drug target or prognostic factor in each par-
ticular type of malignances. TRPV2 overexpression was evidenced in
patients with multiple myeloma [14]. In hepatocellular carcinoma, it
was rather associated with medium and well differentiated than poorly
differentiated tumors, where it was proposed as a prognostic marker
[37]. In prostate cancer, TRPV2 was shown to be involved in cancer cell
migration and invasion, and may be specifically implicated in the
progression to more aggressive phenotype [40]. Changes in profiling
namely increase in expression of full-length, when compared to short
splice-variant of TRPV2, were detected in progression toward high-
degree urothelial carcinoma [7]. On the other hand, TRPV2 was shown
to negatively control proliferation and resistance to Fas-induced apo-
ptosis of glioblastoma multiforme [44]. Although there is a lack of selec-
tive pharmacological tools for TRPV2, cannabidiol, the major non-
psychotropic cannabinoid compound derived from plant Cannabis
sativa [27], is a relatively selective TRPV2 agonist [52]. Whereas admin-
istration of cannabidiol was shown to induce apoptosis in human T24
bladder cancer cells due to continuous influx of Ca?* through TRPV2,
authors proposed it as a potential therapeutic target for human
urothelial carcinoma [71]. Some malignances, including glioblastoma
and multiple myeloma [45,42], are effectively sensitized to cytotoxic
chemotherapeutic agents by triggering of the TRPV2 channels. Bearing
in mind the predominant expression of TRPV2 in lymphocytes as com-
pared to the rest of the blood and to the smooth muscle, whereas its
expression in other tissues is very low [56], revelation of important
functions of this channel in lymphocyte physiology and leukemogenesis
is anticipated.
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