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ABSTRACT
Neuronal calcium sensor 1 (NCS1), a calcium-binding protein,
and transient receptor potential V4 (TRPV4), a plasma mem-
brane calcium channel, are fundamental in the regulation of cal-
cium homeostasis. The interactions of these proteins and their
regulation by paclitaxel (PTX) were investigated using biochem-
ical, pharmacological, and electrophysiological approaches in
both a breast cancer epithelial cell model and a neuronal model.
TRPV4 and NCS1 reciprocally immunoprecipitated each other,
suggesting that they make up a signaling complex. The func-
tional consequence of this physical association was that
TRPV4 currents increased with increased NCS1 expression.
Calcium fluxes through TRPV4 correlated with the magnitude of
TRPV4 currents, and these calcium fluxes depended on NCS1

expression levels. Exposure to PTX amplified the acute effects of
TRPV4 expression, currents, and calcium fluxes but decreased
the expression of NCS1. These findings augment the under-
standing of the properties of TRPV4, the role of NCS1 in the reg-
ulation of TRPV4, and the cellular mechanisms of PTX-induced
neuropathy.

SIGNIFICANCE STATEMENT
TRPV4 and NCS1 physically and functionally interact. Increased
expression of NCS1 enhances TRPV4-dependent currents, which
are further amplified by treatment with the chemotherapeutic drug
paclitaxel, an effect associatedwith adverse effects of chemother-
apy, including neuropathy.

Introduction
Neuronal calcium (Ca21) sensor proteins play essential

roles in Ca21 signaling by detecting intracellular Ca21 transi-
ents and transducing these signals to other effectors (Ames
and Lim, 2012). One of the members of this protein family is
NCS1, which binds Ca21 in a high-affinity and low-capacity
fashion (Burgoyne et al., 2004). NCS1 is highly expressed in
neurons, but is found in most other cell types. NCS1 binds to
several proteins, including the dopamine receptor 2, the ino-
sitol trisphosphate (InsP3) receptor, and the phosphatidylino-
sitol 4-kinase (Bahi et al., 2003; Haynes et al., 2004, 2005;
Schlecker et al., 2006; Lian et al., 2011, 2014), resulting in
functional effects. For example, NCS1 potentiates synaptic
transmission through the activation of N-type Ca21 channels
(Wang et al., 2001; Weiss and Burgoyne, 2002), and NCS1
affects the dynamics of intracellular Ca21 transients through

its enhancement of InsP3 receptor channel activity (Schlecker
et al., 2006).
NCS1 appears to be a critical component of neuropathic pain

induced by paclitaxel (PTX), a microtubule-stabilizing com-
pound that is used for cancer chemotherapy (Benbow et al.,
2011; Mo et al., 2012). This side effect, which occurs indepen-
dently of the therapeutic action of PTX on microtubules (Boy-
ette-Davis et al., 2015), is devastating because it is irreversible
in nearly half of all patients (Winters-Stone et al., 2016). In
cells, treatment with PTX leads to altered Ca21 signaling
(Boehmerle et al., 2006), which subsequently induces the acti-
vation of a Ca21-dependent protease, m-calpain (Boehmerle
et al., 2007; Blachford et al., 2009; Benbow et al., 2011). This
protease then cleaves several intracellular proteins, including
NCS1, affecting cellular responses to activation of the Ca21 sig-
naling pathway (Boehmerle et al., 2006; Benbow et al., 2012).
These changes in Ca21 signaling have been proposed as the ini-
tiating event mediating neuronal damage (Boehmerle et al.,
2007; Mo et al., 2012). In support of this mechanism, inhibition
of calpain, a Ca21-activated protease, protects against PTX-
induced sensory neuropathy in vivo (Wang et al., 2004).
TRPV (Transient Receptor Potential Vanilloid) channels

are members of a family of channels known as transient
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receptor potential (TRP) proteins, which play essential roles
in numerous processes (Montell et al., 2002), including sen-
sory transduction and nociception (Everaerts et al., 2010a).
This study focuses on TRPV4, a member of the vanilloid
receptors (Nilius et al., 2003). This channel is expressed in a
large variety of cell types (Liedtke et al., 2000; Becker et al.,
2005; Benfenati et al., 2007; Phan et al., 2009) and is acti-
vated by a variety of stimuli (Nilius et al., 2003; Watanabe
et al., 2003b). TRPV4 is also a transducer of inflammatory
(Levine and Alessandri-Haber, 2007) and hypotonicity
induced nociceptive responses (Alessandri-Haber et al.,
2008), which led to the suggestion that TRPV4 is also related
to PTX-induced neuropathic pain (Alessandri-Haber et al.,
2004) and contributes to enhanced nociception to hypo-
osmotic stimuli in PTX-treated rats (Alessandri-Haber et al.,
2003, 2005). Furthermore, the inhibition of TRPV4 can pre-
vent PTX-induced neuropathy in animal models (Boehmerle
et al., 2018), and its sensitization induces mechanical hyper-
algesia (Costa et al., 2018). Nevertheless, the molecular
mechanism leading from PTX administration to TRPV4
activity to pain is unclear. Because both TRPV4 and NCS1
are linked to PTX and neuropathy, we hypothesized that
TRPV4 and NCS1 interact and that the addition of PTX
would alter the inter-relationship.
In this series of experiments, we found that TRPV4 and

NCS1 are biochemically linked, that TRPV4 function can be
modulated by NCS1, and that the addition of PTX alters this
interaction. These results suggest that the TRPV4/NCS1
complex is a component of the pathway, which may be impli-
cated in cell damage associated with the adverse effects of
chemotherapy, including neuropathy.

Materials and Methods
Cell Culture. The human breast carcinoma cell line MDA-MB231

(American Type Culture Collection, Manassas, VA) (NCI-DTP-
National Cancer Institute-Development Therapeutics Program- catalog
number MDA-MB-231; RRID (Resource Research Identifier):
CVCL_0062), stably transfected to modulate the expression of NCS1
protein [knockdown (KD), overexpressed (OE), and control (CTR) cells],
was employed in this study, as it is a known cell model that allows the
assessment of the effect of different levels of NCS1 expression on differ-
ent cellular responses with a solid background in our laboratory. These
cells were cultured in L-15 Medium (L-15) supplemented with 10%
fetal bovine serum, 1% penicillin/streptomycin, and 0.5 mg/l puromycin
in a 5% CO2 humidified atmosphere in an incubator at 37�C. Cells
were transduced with lentivirus to create the desired phenotype and
maintained until the start of the experiments. Cells were passaged for
use no more than 3 months after being thawed.

Some experiments were performed also in the human neuroblas-
toma cell line SH-SY5Y (ATTC CRL2266; American Type Culture
Collection, Manassas, VA), a neuronal cell model, which were cul-
tured in 1:1 Dulbecco’s modified Eagle’s medium:Ham’s F-12 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 5%
nonessential amino acids, 100 IU penicillin, and 50 g/ml streptomycin
in a 5% CO2 humidified atmosphere in an incubator at 37�C. Cells
were passaged for use no more than 3 months after being thawed.

Cell Viability Assay. Cell viability was determined by 4,5-dime-
thylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma-Aldrich). Briefly, cells were seeded at a density of 2 � 104

cells/well in 96-well plates and incubated in a 37�C, 5% CO2 incuba-
tor. After overnight incubation and PTX exposure, MTT solution (0.5
mg/ml) was added to each well and incubated with the cells for 4
hours. After incubation, the MTT solution was removed and 100 ml

DMSO was added to successfully dissolve the formazan crystals.
Absorbance at 570 nm was measured with a microplate reader
(ELX800; BioTek Instruments, Inc., Winooski, VT).

RT-PCR and Quantitative RT-PCR. Total RNA was extracted
from cultured cells using a RNeasy kit (QIAGEN Science, Hilden,
Germany) and treated with 55U RNase-free DNase (QIAGEN Sci-
ence, Hilden, Germany) following the manufacturer’s instructions.
The purity of the RNA was determined by the 260 nm/280 nm absor-
bance ratio on a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, MA).

For RT-PCR, the amplifications were performed using a GeneAmp1-
Gold RNA PCRCore kit (Applied Biosystems, Foster City, CA) on a Ver-
ity1Thermocycler (Applied Biosystems, Foster City, CA) using the
following primers: for TRPV4, forward 50-TGGCTTCTCGCATACCGT-
30 and reverse 50-GGCTCTGGCGTTGGCTTA-30; and for b-actin, for-
ward 50-CTGGAACGGTGAAGGTGACA-30 and reverse 50-AAGGGACT
TCCTGTAACAATGCA-30. The amplified RNA was checked by agarose
gel electrophoresis and visualized on a GEL DOC XRp1 (Bio-Rad, Her-
cules, CA). The amplified transcripts were sequenced to confirm homol-
ogy with the predicted fragment.

RT-qPCR (Reverse Transcription- quantitative Polymerase Chain
Reaction) was developed by StepOnePlus Real-Time PCR System
(Applied Biosystems), transforming RNA in DNAc using TaqMan RNA-
to-CT TM 1-Step Kit (Applied Biosystems) following the manufacturer
instructions. The genes that were evaluated were TRPV4 (Hs010
99348_m1) and b-actin (Hs01060665_g1) as a control. Results were ana-
lyzed using the 2�DDCt method and presented as relative gene expression
normalized to the average cycle threshold for the b-actin gene.

Western Blotting. Cultured MDA-MB231 cells were lysed with
protein lysis buffer MPER (Mammalian Protein Extraction Reagent)
(Thermo Fisher Scientific Inc., Waltham, MA) with the addition of a
protease inhibitor cocktail (P2714, Sigma-Aldrich, 1:100) and centri-
fuged at 10,000g for 15 minutes at 4�C. Cell lysates containing 20 mg
of protein were separated by SDS-PAGE, followed by electrophoretic
transfer onto PVDF (Poly Vinylidene Di Fluoride) membranes. The
membranes were cut in three sections, with each section including
the molecular weight of the target protein, and each section was incu-
bated with the corresponding primary antibody. The primary antibod-
ies used were as follows: anti-TRPV4 (1:500; Alomone, Jerusalem,
Israel) (Alomone Laboratories catalog number ACC-034; RRID:
AB_2040264), anti-NCS1 (FL190, 1:10,000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) (Santa Cruz Biotechnology catalog number sc-
13037; RRID: AB_649907), and anti–b-actin (1:2000; Santa Cruz Bio-
technology, Santa Cruz, CA) (Santa Cruz Biotechnology catalog num-
ber sc-130301; RRID: AB_2223360). Membranes were incubated with
primary antibodies overnight at 4�C. After incubation with rabbit sec-
ondary antibody (1:20,000) (Bio-Rad catalog number 166-2408EDU;
RRID: AB_11125345) for TRPV4 and NCS1 and mouse secondary
antibody (1:20,000) (Bio-Rad catalog number 170-6516; RRID:
AB_11125547) for b-actin for 2 hours at room temperature, the bands
were visualized by an enhanced chemiluminescence system.

Coimmunoprecipitation. MDA-MB231 cells were lysed with
protein lysis buffer MPER (Mammalian Protein Extraction Reagent)
(Thermo Fisher Scientific Inc., Waltham, MA), with the addition of a
protease inhibitor cocktail (P2714, 1:100; Sigma-Aldrich), and centri-
fuged at 10,000g for 15 minutes at 4�C. The supernatant was incu-
bated with anti-NCS1 antibody (FL190, 1:5000; Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 hour at 4�C and then precipi-
tated employing protein-A magnetic beads (PureProteome; EMD Milli-
pore, Billerica, MA) by incubating for 1 hour at 4�C, following the
manufacturer’s instructions. Beads were washed and then eluted, and
protein levels were quantified using Western blot analysis employing
anti-NCS1 (FL190, 1:10,000; Santa Cruz Biotechnology, Santa Cruz,
CA) or anti-TRPV4 (1:500; Alomone, Jerusalem, Israel). The co-IP
experiments were also conducted in the reverse mode, employing anti-
TRPV4 (1:500; Alomone, Jerusalem, Israel) to induce immunoprecipi-
tation and then using anti-NCS1 and anti-TRPV4 in Western blot
analysis to assess the interactions between NCS1 and TRPV4.
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Fig. 1. (A) Representative RT-PCR showing the expression of TRPV4 mRNA in CTR, KD, and OE MDA-MB231 cells. Human b-actin was
amplified as a control. Note the different levels of expression in the three different MDA-MB231 cell lines. (B) Comparative expression levels of
TRPV4 gene in CTR, KD, and OE MDA-MB231 cells measured by RT-qPCR (Reverse Transcription-quantitative Polymerase Chain Reaction). *
denotes significant decrease (P = 0.0001) comparing with CTR cells, and ** denotes significant increase (P = 0.0001) comparing with CTR cells.
(C) Representative Western blot showing the expression of TRPV4 and NCS1 proteins in the same cell lines in two different batches of cells.
Human b-actin was used as a control. Note the different protein levels in the three different MDA-MB231 cell lines. The arrow indicates the
TRPV4 band used to quantify the level of expression. (D) Comparative levels of TRPV4 and NCS1 expression in MDA-MB231 cells normalized
to levels of b-actin expression (n = 8). * denotes significant decrease (P = 0.0001) comparing with CTR cells and ** denotes significant increase
(P = 0.0001) comparing with CTR cells. (E) Representative Western blot showing the expression of TRPV4, b-actin, and NCS1 proteins in
MDA-MB231 in control conditions (two columns on the left) and after a PTX 6-hour treatment (two columns on the right) in two different
batches of cells. The arrow indicates the TRPV4 band used to quantify the level of expression. Note the different TRPV4 and NCS1 protein lev-
els after PTX treatment. (F) Comparative levels of TRPV4 and NCS1 expression in CTR MDA-MB231 cells, as indicated in (A). n = 8 in all
cases. * denotes significant increase (P < 0.0169) and ** denotes significant decrease (P < 0.0012).
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Electrophysiology. Whole-cell or inside-out patch-clamp tech-
nique was used to record membrane currents (voltage clamp) in MDA-
MB231 cells. Cells were placed in a recording chamber that was
attached to an inverted microscope (TE2000U; Nikon, Tokyo, Japan).
Patch pipettes (Sutter Instruments, Novato, CA) were pulled to resis-
tances of 5–8 MV (P-97; Sutter Instruments, Novato, CA) and then pol-
ished. After a seal of resistance greater than 5 GV was obtained,
recordings of membrane currents were made using the whole-cell
mode or the inside-out mode. An Axopatch 200B amplifier with a
CV203BU headstage (Molecular Devices, Union City, CA) was used.
Voltage-clamp signals were generated by a Digidata 1440A interface
(Molecular Devices, Union City, CA). Acquisition and analysis of sig-
nals were made using pCLAMP 10.0 (Molecular Devices, Union City,
CA). All experiments were performed at 20�C. The standard external
solution, which was superfused at 25�C, contained (mM) 140 NaCl, 5
KCl, 2 CaCl2, 1 MgCl2, 15 HEPES, and 10 glucose, with pH adjusted
to 7.4 with NaOH. The standard pipette solution contained (mM) 110
KCl, 20 K-gluconate, 20 NaCl, 0.1 CaCl2, 4 MgCl2, 10 HEPES, and 5
glucose, with pH adjusted to 7.1 with NaOH at 25�C. In Na1-free solu-
tions, Na1 was replaced with equimolar concentrations of NMDG (N-
Methyl-D-Glucamine). To chelate contaminant traces of Ca21, EGTA
(1mM) was added to the Ca21 -free solutions.

Ca2+ Measurements. Cultured cells in suspension were loaded
with Fura-2 AM (5 mM; Thermo Fisher Scientific Inc., Waltham,
MA) by incubation in HBS for 30 minutes at 20�C followed by 15
minutes at 37�C. Cell suspensions were then centrifuged, and the
cells were resuspended in the appropriate experimental medium
before being transferred to a 1-ml cuvette. Fluorometer measure-
ments were made for 300 seconds (FP-6500 spectrophotometer;
Jasco, Tokyo, Japan); the temperature was maintained at 37�C, and
magnetic stirring was implemented during the measurements. The
dye was alternately excited at 380 and 340 nm, and the fluorescence
emission was measured at 510 nm. The 380 nm/340nm signal ratio
was calibrated before every experiment (Grynkiewicz et al., 1985).
Briefly, the fluorescence ratio was measured in HBS lacking Ca21,
supplemented with EGTA (1 mM) and in a 2 mM Ca21 containing
HBS supplemented with ionomycin (300 nM), a Ca21 concentration
at which Fura-2 is saturated. Maximal and minimal ratios (Rmax
and Rmin) were obtained under these two conditions, and the [Ca21]i
values were derived using the following equation:

½Ca21�i5Kd ðR� Rmin=Rmax�RÞðSf2=Sb2Þ;
where Kd is the dissociation constant for Fura-2, which was
224 nM in the present study according to measurements

obtained under similar experimental conditions (Grynkiewicz
et al., 1985); R is the experimentally measured ratio; Sf2 is
the fluorescence measured at 380 nm in the Ca21-free condi-
tions; and Sb2 is the fluorescence measured at 380 nm with
saturating Ca21 (2 mM).

Isolation and Purification of Ca2+-Free NCS1 Protein.
NCS1 was produced by overexpression of rat NCS1 in Stratagene
BL21(DE3) Codon Plus RIL competent Escherichia coli cells trans-
formed with a pET21-a1 bacterial expression vector subcloned with
rat NCS1 cDNA. The published purification protocol (Zozulya et al.,
1995) was modified slightly. Briefly, cells were grown at 37�C in 2-L
baffled flasks with 1 L LB (Luria-Bertani) Broth (Miller) plus ampi-
cillin (100 mg/ml) and chloramphenicol (30 mg/ml). At an OD595
(Optical Density 595) nm 0.5–0.7, overexpression was induced with
1 mM isopropyl-D-thiogalactoside and allowed to incubate for
3 hours. Cells were harvested by centrifugation at 3000 rpm for
3 minutes at 4�C and resuspended in 10 ml of 50 mM HEPES,
100 mM KCl, 1 mM Tris (2-carboxyethyl)phosphine (TCEP), 1 mM
MgCl2, and 10 mM CaCl2 at pH 7.5.

Bacteria expressing recombinant NCS1 were lysed in a buffer con-
taining lysozyme (2 mg/ml; Sigma-Aldrich) and DNase I (from bovine
pancreas, 2 ml/1 ml of 2 mg/ml stock; Sigma-Aldrich) and subjected
to three freeze-thaw cycles using ethanol and dry ice. The lysate was
homogenized by sonication for 2 minutes on ice using a 50% duty
cycle and an output level of 5. The lysate was then clarified by centri-
fugation at 40,000g (20,000 rpm, 1 hour, 4�C) and sonicated again to
reduce sample viscosity. The supernatant was then filtered with a
0.22-mm Steriflip filter unit before hydrophobic interaction chroma-
tography. Hydrophobic interaction chromatography was performed
using a GE Healthcare HiTrap Phenyl HP 5-ml column equilibrated
with 50 mM HEPES, 100 mM KCl, 1 mM TCEP, 1 mM MgCl2, and
10 mM CaCl2 at pH 7.5. After the application of the lysate three
times through the column, the column was washed with 10 volumes
of the same buffer used to equilibrate the column. Recombinant pro-
tein was eluted using 50 mM HEPES, 100 mM KCl, 1 mM TCEP,
1 mM MgCl2, and 50 mM EDTA at pH 7.5. The protein was collected
in 25 � 1-ml fractions and evaluated for purity by SDS-PAGE and
Coomassie stain.

Recombinant protein fractions were pooled to be desalted using a
Bio-Rad Econo-Pac 10DG column with 50 mM HEPES and 100 mM
KCl at pH 7.5 as the exchange buffer. NCS1 was then dialyzed
through a series of buffers in a Pierce Slide-A-Lyzer 7K MWCO
(Molecular Weight Cut-Off) cassette: 1 L 10 mM EDTA at pH 2 for
1.5 hours; 1 L MilliQ water for 1.5 hours; 1 L 10 mM HEPES at pH

Fig. 2. (A) Representative Western blot after coimmunoprecipitation as indicated in CTR MDA-MB231 cells. (B) Representative Western blot
after coimmunoprecipitation as indicated in CTR MDA-MB231 cells in the presence of PTX. Note that the nonidentified bigger bands correspond
to the antibody heavy and light chains in both (A) and (B). IB: Immunoblotting.
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7.4 for 1.5 hours; and lastly, 1 L 50 mM HEPES, 100 mM KCl, and
0.5 mM TCEP at pH 7.2 overnight. Dialysis was performed using
only plastic containers to prevent Ca21 contamination from glass.
The protein was concentrated to the desired concentration using a
Millipore Ultracel 3 K Amicon Ultra-15 centrifugal filter device.

Statistical Analysis. Results are presented as the mean ± S.D.,
and n represents the number of cells tested in the electrophysiologi-
cal experiments or the number of different cell batches employed in
all other essays. Analysis was performed employing GraphPad 8.4.3
software. Statistically significant differences were determined using
one-way ANOVA test or two-way ANOVA test according to the num-
ber of variables, employing Bonferroni post hoc test when applicable.
P < 0.05 was considered significant, but the exact value of P was
reported in each analysis.

Results
Effects of PTX in Cell Survival. PTX, at the concentra-

tions and times of exposure that were employed in this study,
did not have effects on survival of either MDA-MB231 or SH-

SY5Y. The percentage of survival was maintained near 100%
in all the tests performed after 1 minute and 6 hours of PTX
exposure (n = 10 in each case), and there were no significant
differences.
Expression of TRPV4, Regulation by NCS1, and

Effects of PTX on Protein Levels. To evaluate the level
of expression of TRPV4, RT-PCR and Western blot (WB)
experiments were conducted in MDA-MB231 cells with dif-
ferent levels of expression of NCS1. The expression of TRPV4
was higher in cells that overexpressed NCS1 (OE) and lower
in cells that underexpressed this protein (KD) in comparison
with controls (CTR) when measured as either mRNA (Fig. 1,
A and B) or protein expression (Fig. 1C). Similar results were
obtained using eight different batches of cells (Fig. 1D). In
RT-PCR experiments, the transcript observed matched the
expected 431-bp size for TRPV4 and 140-bp size for b-actin,
which was amplified as a control, as found on the Primer-
BLAST website (http://www.ncbi.nlm.nih.gov/tools/primer-blast)
provided by the National Center for Biotechnology Information.

Fig. 3. (A) Typical I-V recording of the current obtained in individual CTR, KD, and OE MDA-MB231 cells elicited by a ramp protocol from �100 mV
to 1100 mV and activated by GSK101. Note the trace in CTR cells in the presence of HC-067047. (B) I-V relationship of the GSK101-induced current
in CTR, KD, and OE MDA-MB231 cells. (C) Comparison between the mean maximal normalized GSK101-induced current recorded at �60 mV and
160 mV in the three different cell lines as indicated in (B) and in CTR cells in the presence of HC-067047. (D) Comparison between the mean maxi-
mal normalized GSK101-induced current recorded at �60 mV and 160 mV in the presence of 50 nM HC-067047 in the three different cell lines. Note
that the current was also almost completely inhibited. n = 12 in all cases. * denotes significant current increase (inward P = 0.0001; outward P =
0.0239), and ** denotes significant current decrease (inward P = 0.0053; outward P = 0.0032). pA: picoamperes. pF: picofarads.
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The identity of the polymerase chain reaction products was con-
firmed by sequence analysis. In WB experiments, the expression
of TRPV4 was confirmed by the identification of a band at 100
kDa, as expected for TRPV4 in other cell types. The expression
of b-actin was used as a control.
A 6-hour pretreatment with PTX (1 mM) significantly

increased the TRPV4 protein levels and decreased NCS1 protein
levels (Fig. 1, E and F). The concentrations of PTX were chosen
by the respective concentration-response curves on TRPV4 cur-
rent magnitude (S�anchez et al., 2020) and are comparable to
concentrations used in our prior experiments on the InsP3 recep-
tor (Benbow et al., 2012; Mo et al., 2012). We recently reported
similar results in SH-SY5Y cells (S�anchez et al., 2020).
Physical Association of TRPV4 and NCS1. co-IPs

were conducted to examine the molecular association
between TRPV4 and NCS1 proteins in MDA-MB231 CTR
(normal NCS1 expression levels). TRPV4 was detected by

WB in immunoprecipitates pulled down by anti-NCS1, and
NCS1 was detected by WB in immunoprecipitates pulled
down by anti-TRPV4 (Fig. 2A; n = 5). These molecular inter-
actions between TRPV4 and NCS1 were not affected by the
presence of PTX (1 mM) (Fig. 2B; n = 3).
Electrophysiological Experiments and Effects of

NCS1 and PTX on ITRPV4. A descending ramp protocol was
used to determine whole-cell currents in the MDA-MB231
CTR cells. Specifically, the membrane potential was stepped
from the resting potential of –60 mV to 1100 mV and
decreased to –100 mV over 2 seconds. Following background
current subtraction, GSK1016790A (GSK101, 100 nM), a spe-
cific and potent TRPV4 activator (Thorneloe et al., 2008), eli-
cited a current, which exhibited voltage dependence with a
reversal potential (Reversal potential, Erev) of 127 ± 5 mV
(n = 12) (Fig. 3, A and B). Outward and inward rectification
was noted from the traces. Both outward and inward

Fig. 4. (A) I-V relationship of the TRPV4 currents in CTR MDA-MB231 cells in basal conditions and in the presence of PTX (1-minute exposure),
as indicated. n = 10 in all cases. (B) Recordings at �60 mV and 160 mV in CTR MDA-MB231 cells in the same conditions described in (A), as
indicated. In all the traces shown, the baseline was adjusted to zero to subtract the minimal resting current. A recording made in the presence of
HC067047 is shown as a negative control. The smallest arrow indicates the point at which PTX was added, the middle-size arrow indicates the
point in which GSK101 was added and, the largest arrow indicates the point of washout of PTX and GSK101. (C) Comparison of the mean maxi-
mal current recorded in MDA-MB231 (CTR, KD, and OE) cells at –60 mV and 160 mV after a 1-minute exposure of PTX, as indicated. Open bars
are control, black bars are 1PTX. (D) Comparison of the mean maximal current recorded in MDA-MB231 (CTR, KD, and OE) cells at –60 mV
and 160 mV after a 6-hour exposure of PTX, as indicated. Open bars are control, and black bars are 1PTX. n is indicated in each case. * denotes
significant current increase at a 1-minute exposure (CTR inward P = 0.0001; CTR outward P = 0.0003: OE inward P = 0.0001; OE outward P =
0.0004) and at a 6-hour exposure (CTR inward P = 0.0001; CTR outward P = 0.0001: OE inward P = 0.0039; OE outward P = 0.0005) in compari-
son with control. Note that there was no effect on KD cells. pA: picoamperes. pF: picofarads.
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components of these currents were decreased by HC-067047
(50 nM), a specific inhibitor of TRPV4 channels (Everaerts
et al., 2010b), which confirmed its identity as ITRPV4 (Fig.
4D). These results are in agreement with results reported
previously in SH-SY5Y cells (S�anchez et al., 2020).
To evaluate whether the levels of expression of NCS1

affected ITRPV4, experiments were done using KD and OE cell
lines. The currents were higher in OE cells and lower in KD
cells in comparison with CTR cells (Fig. 3, A and B), as
shown in a single representative cell (Fig. 3A) or the average
of 15 cells (Fig. 3, B and C). As with the CTR cell lines, the
addition of HC-067047 (50 nM) inhibited the currents with
all levels of NCS1 expression (Fig. 3D; n = 6).
To assess the effects of PTX (1 mM) on ITRPV4, this agent

was added to the extracellular solution 1 minute before

applying the ramp protocol and GSK101 and recording the
corresponding current-voltage relationship in MDA-MB231
CTR cells (Fig. 4A). The acute effect of PTX was also evalu-
ated at fixed voltages (�60 mV and 160 mV) after GSK101
treatment (Fig. 4B). PTX increased the magnitude of both
the outward and inward current density (Fig. 4, A–C). In
the absence of GSK101, the addition of PTX did not alter the
basal current; addition of GSK101 was necessary to evoke
the current (Fig. 4B). Note that the effects were fully
reversible when the agent was washed out from the extra-
cellular solution (Fig. 4B, after the largest arrow indicating
washout). The chronic effects of this agent were also evalu-
ated (Fig. 4D); current density increased after a 6-hour
exposure to PTX in comparison with CTR, and this effect
was more pronounced than after the acute treatment.

Fig. 5. (A) Recordings of single-channel activity (opening is downward) and corresponding amplitude histogram of single-channel currents in
basal conditions in inside-out patches from CTR MDA-MB231 cells. (B) Recordings of single-channel activity (opening is downward) and corre-
sponding amplitude histogram of single-channel currents through TRPV4, activated by GSK101. (C) Recordings of single-channel activity (opening
is downward) and corresponding amplitude histogram of single-channel currents through TRPV4, activated by GSK101, in the presence of 10 mM
NCS1. (D) Comparison of the mean Po in 10 different patches in the three conditions described in (A), (B), and (C). * denotes significant increase
in comparison with control (P = 0.0001), and ** denotes significant increase in comparison with control and GSK101 alone (P = 0.001). (E) Single-
channel I-V relationship from 10 different patches per voltage for the currents elicited by GSK101 in the absence and the presence of NCS1 (black
line is CTR, gray line is 1NCS1). From linear regressions, an inward conductance and outward conductance were calculated for each condition,
as indicated. (F) Comparison of the mean conductance in 10 different patches in the absence and the presence of NCS1. * denotes significant
increase (inward P = 0.0053; outward P = 0.0014). pA: picoamperes. pS: picosiemens.
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Previously, we found similar results in SH-SY5Y cells
(S�anchez et al., 2020).
These experiments were also conducted in MDA-MB231

KD and OE cells (Fig. 4, C and D). After either a 1-minute
(Fig. 4C) or 6-hour exposure (Fig. 4D), PTX increased the cur-
rent density in OE cells but failed to do so in KD cells. The
effect of chronic exposure to PTX in OE cells was amplified,
as in CTR cells. Both acute and chronic effects of PTX were
higher in OE cells compared with CTR cells.
To assess the direct effect of NCS1 on ITRPV4, inside-out

excised patches were generated from MDA-MB231 CTR
cells. This configuration is necessary because the protein
cannot cross the plasma membrane. To determine the pro-
tein concentration to be used, a concentration-response
curve was constructed assessing the effect at �60 mV and
160 mV, and the minimal concentration that evoked the
maximal response was employed. NCS1 (10 mM) was added
to the extracellular solution 1 minute before recording the
currents. GSK101 (100 nM) was added to activate TRPV4

channels (Fig. 5, B and C), and open probability (Po, a mea-
sure of the proportion of the total recording time that an
ion channel spends in its open state) and current-voltage
curves were derived (Fig. 5D). TRPV4 Po was significantly
increased by NCS1 (Fig. 5D). Inward and outward conduc-
tances were 51.9 and 97.1 pS, respectively (Fig. 5E), which
are consistent with the expected values for TRPV4 cur-
rents (Nilius et al., 2004; Zheng et al., 2013), and both
inward and outward currents were significantly increased
by NCS1 (Fig. 6, E and F). Control experiments showed
that the behavior of TRPV4 in MDA-MB231 OE and KD
cells in basal conditions and in response to PTX were indis-
tinguishable (data not shown).
These series of experiments were also performed in SH-

SY5Y cells, and the results were similar to those described
in MDA-MB231 CTR cells (Fig. 6). The effect of PTX was
also observed at the single-channel level using inside-out
patch experiments. After a 1-minute exposure, in the pres-
ence and the absence of NCS1 (10 mM), PTX increased

Fig. 6. (A) Recordings of single-channel activity (opening is downward) and corresponding amplitude histogram of single-channel currents in
basal conditions in inside-out patches from SH-SY5Y cells. (B) Recordings of single-channel activity (opening is downward) and corresponding
amplitude histogram of single-channel currents through TRPV4, activated by GSK101. (C) Recordings of single-channel activity (opening is down-
ward) and corresponding amplitude histogram of single-channel currents through TRPV4, activated by GSK101, in the presence of 10 mM NCS1.
(D) Comparison of the mean Po in 10 different patches in the three conditions described in (A), (B), and (C). * denotes significant increase in com-
parison with control (P = 0.0001), and ** denotes significant increase in comparison with control and GSK101 alone (P = 0.001). (E) Single-chan-
nel I-V relationship from eight different patches per voltage for the currents elicited by GSK101 in the absence and the presence of NCS1 (black
line is CTR, gray line is 1NCS1). From linear regressions, an inward conductance and outward conductance were calculated for each condition,
as indicated. (F) Comparison of the mean conductance in eight different patches in the absence and the presence of NCS1. * denotes significant
increase (inward P = 0.0001; outward P = 0.0001). pA: picoamperes. pS: picosiemens.
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TRPV4 Po (Fig. 7, A and C) and conductance (Fig. 7D),
although the Po was already near maximum. The addition
of NCS1 still induced an increase, but again, the baseline
Po was near maximum (Fig. 7, B and C). A similar effect
was observed on channel conductance after the addition of
PTX (Fig. 7D). All these effects of NCS1 were nonreversi-
ble, since they remained after washing out the protein.
These single-channel recordings were also performed

in SH-SY5Y cells (Fig. 8). These cells exhibited the
expected conductance, and NCS1 and PTX had the same
effects described in MDA-MB231 CTR cells and were
also nonreversible.
Ca2+ Measurements and Effects of PTX on TRPV4-

Dependent Ca2+ Increase. The effects of GSK101 on intra-
cellular Ca21 concentrations were recorded using suspensions
of MDA-MB231 KD, CTR, and OE cells. This agent signifi-
cantly increased the intracellular Ca21 concentrations in all
three cell lines, but the increase was higher in OE cells and

lower in KD cells in comparison with CTR cells (Fig. 9, A and
B). This increase was inhibited by HC-067047 in all three cell
lines, confirming that TRPV4 was the responsible pathway for
Ca21. To determine the source of this increase in intracellular
Ca21 levels, cells were either treated with thapsigargin (Tg; 1
mM, 30-minute preincubation in Ca21-free extracellular solu-
tion) to deplete intracellular stores or resuspended in Ca21-
free extracellular solution before treatment with GSK101.
Whereas Tg did not affect the GSK101-induced [Ca21]i
increases, there was a suppression of the response in the
Ca21-free extracellular solution in all cells tested (Fig. 9B).
The GSK101-induced Ca21 increase was augmented by PTX

(Fig. 9, A and C). The PTX effect was more pronounced when
cells were exposed to these agents for 6 hours (Fig. 9C). PTX
effects were similar in CTR and OE cells, but it failed to affect
GSK101-induced [Ca21]i increase in KD cells after either
acute or chronic exposure (Fig. 9C). These results are similar
to those reported in SH-SY5Y cells (S�anchez et al., 2020).

Fig. 7. Recordings of single-channel activity (opening is downward) and corresponding amplitude histogram of single-channel currents through
TRPV4, activated by GSK101, in the presence of PTX alone (A) and in the presence of PTX and NCS1 (B) in inside-out patches from CTR MDA-
MB231. (C) Comparison of the mean Po in 12 different patches in the conditions described in (A) and (B), as indicated. * denotes significant
increase (P = 0.0387). (D) Comparison of the mean inward and outward conductances in 10 different patches in the conditions described in (A)
and (B), as indicated; conductances were calculated from linear regressions of the corresponding I-V relationships. * denotes significant increase
(inward P = 0.0111; outward P = 0.0065). pA: picoamperes. pS: picosiemens.
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Discussion
This study provides evidence for the expression and activity

of TRPV4 channels in MDA-MB231 cells. In addition, this
study presents findings that support the regulation of TRPV4
channel expression and function by NCS1, which can be
affected by PTX, in the same cells and also in the neuronal cell
line SH-SY5Y. These effects may help to understand better the
mechanisms through which PTX induces cell damage and neu-
ropathy (Mielke et al., 2006; Boyette-Davis et al., 2015).
The expression of TRPV4 was shown at both gene and pro-

tein levels in these cells. Furthermore, the expression of
TRPV4 was dependent on the levels of NCS1 expression, and
co-IP experiments showed that there is a physical association
between NCS1 and TRPV4 proteins.
NCS1 can form molecular complexes with several proteins

and can regulate several signaling pathways. These interactions

can explain the regulatory effect of NCS1 on processes ranging
from neurotransmission and synaptic plasticity in neurons
(Dason et al., 2009, 2012; Romero-Pozuelo et al., 2014; Ng et al.,
2016) to some non-neuronal mechanisms and also the role of
NCS1 in a variety of pathophysiological processes (Boeckel and
Ehrlich, 2018). NCS1 is a regulator of ion channels, particularly
Ca21 channels (Kawakami et al., 2012; Lian et al., 2014; Yan
et al., 2014; Weiss et al., 2010). However, until now, TRPV4 had
not been associated with NCS1 function, although TRPV4 has
been implicated in processes in which NCS1 is a regulator, such
as neurotransmission (Cao et al., 2009; Fichna et al., 2015; Li
et al., 2013).
Here, we show that NCS1 can modulate TRPV4 channel

electrophysiological features. In this study, TRPV4 expres-
sion and channel function was comparable to previously
reported values (Nilius et al., 2003; Watanabe et al., 2003a;
Vriens et al., 2009; Everaerts et al., 2010a; S�anchez et al.,

Fig. 8. Recordings of single-channel activity (opening is downward) and corresponding amplitude histogram of single-channel currents through
TRPV4, activated by GSK101, in the presence of PTX alone (A) and in the presence of PTX and NCS1 (B) in inside-out patches from SH-SY5Y.
(C) Comparison of the mean Po in 10 different patches in the conditions described in (A) and (B), as indicated. * denotes significant increase (P =
0.0044). (D) Comparison of the mean inward and outward conductances in 10 different patches in the conditions described in (A) and (B), as indi-
cated; conductances were calculated from linear regressions of the corresponding I-V relationships. * denotes significant increase (inward P =
0.0021; outward P = 0.0001). pA: picoamperes. pS: picosiemens.
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2020) in other cell types. Importantly, we found that ele-
vated levels of NCS1 were associated with a higher density
of ITRPV4, and lower levels of NCS1 were associated with
lower density of the currents. Physiologically, TRPV4 is
considered to be a polymodal channel because it can be
activated by cell swelling, heat, acidic pH, and chemical
ligands such as cannabinoids (Nilius et al., 2003; Wata-
nabe et al., 2003b), and it can be modulated by protein
kinase C and other signaling systems (Fan et al., 2009;
Peng et al., 2010; Mamenko et al., 2013; Saifeddine et al.,
2015). NCS1 is associated with many of these pathways
(Burgoyne and Haynes, 2015; Pandalaneni et al., 2015)
and thus may be a critical regulatory component, which is
also suggested by the physical association that coimmuno-
precipitation experiments confirmed.

The level of NCS1 expression directly correlates with the
level of TRPV4 expression, at least in MDA-MB231 cells.
Furthermore, NCS1 increases TRPV4 Po, indicating that
NCS1 affects TRPV4 channel gating, but it also affects the
magnitude of conductance, indicating an effect on channel
permeability. The molecular mechanisms through which
NCS1 affects these functional features of TRPV4 need to be
explored in future studies.
These results suggest that, physiologically, NCS1 regulates the

activity of TRPV4. When TRPV4 activity is enhanced by NCS1,
there is an increased Ca21 influx, which in turn downregulates
the effectiveness of NCS1 function by promoting calpain activity,
a Ca21-dependent protease. Activation of calpain degrades NCS1
and decreases Ca21 influx into the cell in a process similar to the
mechanism shown for the interactions between NCS1 and the

Fig. 9. (A) Representative recordings of intracellular Ca21 concentration in Fura-2–loaded MDA-MB231 (CTR, KD, and OE) cells in steady-state
conditions and after GSK101 treatment. Fluorescence was recorded for 150 seconds. The arrow indicates the moment at which GSK101 was added
to the external solution. (B) Representative recordings of intracellular Ca21 concentration in Fura-2–loaded MDA-MB231 CTR cells in steady-
state conditions and after GSK101 treatment in the presence of HC-067047 in Tg-pretreated cells (Tg) and in Ca21-free external solution. Fluores-
cence was recorded for 150 seconds. The arrow indicates the moment at which GSK101 was added to the external solution. Note that there was
no response to GSK101 in the presence of HC-067047 or in Ca21-free external solution. (C) Comparison between mean maximal GSK101-induced
intracellular Ca21 increase percentage in Fura-2–loaded MDA-MB231 cells (CTR, KD, OE), in the presence of HC-067047 in Tg-pretreated cells
(Tg) and in Ca21-free external solution. n is indicated in each case. * denotes a significant Ca21 decrease (P = 0.0001 in all cases). (D) Comparison
between mean maximal GSK101-induced intracellular Ca21 increase percentage in Fura-2–loaded MDA-MB231 cells (CTR, KD, OE) in 1-minute
and 6-hour PTX exposures, as marked. n is indicated in each case. * denotes significant Ca21 increase in comparison with control (CTR P =
0.0038; OE P = 0.0276), and ** denotes significant Ca21 increase in comparison with control and 1-minute exposure (CTR P = 0.0038; OE P =
0.0276). Note that there was no effect on KD cells.
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InsP3 receptor, a Ca21 channel in the endoplasmic reticulum
membrane, which regulates Ca21 flux into the cytoplasm (Wang
et al., 2004; Boehmerle et al., 2006, 2007). This calpain-depen-
dent process can downregulate NCS1 activity and thus modulate
the action of all proteins that depend on NCS1 activation.
The relationship between NCS1, as an intracellular Ca21

sensor, and TRPV4 channels, as a crucial Ca21 plasma mem-
brane channel, and the InsP3 receptor, an intracellular Ca21

release channel, is intriguing because both channels are reg-
ulated by intracellular Ca21 (Bezprozvanny et al., 1991;
Strotmann et al., 2003; Watanabe et al., 2003a), and both
channels are regulated by NCS1 (Schlecker et al., 2006;
S�anchez et al., 2020). The combination of all components
leads to the potential for reciprocal regulation.
The fact that PTX can affect TRPV4 and NCS1 functioning is

potentially important because this drug has been commonly
used as an anticancer chemotherapeutic agent to treat solid
tumors, such as breast, ovarian, and lung cancers (Garrow,
1995; Baird et al., 2010; Chang and Sarosy et al., 2010). How-
ever, PTX has a serious side effect, peripheral neuropathy, that
can be incapacitating and may lead to the suspension of treat-
ment (Mielke et al., 2006; Pachman et al., 2011). The dose of
PTX employed in this study, chosen by the respective concen-
tration-response curves on TRPV4 current magnitude in SH-
SY5Y cells (S�anchez et al., 2020) is similar to concentrations
used in previous studies (Benbow et al., 2012; Mo et al., 2012).
Although it is difficult to compare with the doses employed in
all clinical treatments, which use different therapeutic schemes
tailored to patient needs, (Andriguetti et al., 2017), the level of
PTX used in these experiments is close to values measured in
patients (Rowinsky et al., 1999; Boehmerle et al., 2006).
The mechanism by which PTX produces neurotoxicity is

different from its therapeutic action, which is mediated by
stabilizing microtubule polymers (Schiff et al., 1979).
Although the exact mechanisms underlying neurotoxicity are
not established, it is known that NCS1 is involved in this
response (Boehmerle et al., 2006, 2007; Mo et al., 2012), as
PTX increases the activity of the NCS1-InsP3 receptor com-
plex (Wang et al., 2004; Boehmerle et al., 2006, 2007; Nguyen
et al., 2019). The initial increase in cytoplasmic Ca21 may
also occur through activation of other Ca21 pathways, such
as TRP channels (Alessandri-Haber et al., 2004; Materazzi
et al., 2012). The findings of this study confirm that PTX
increases currents mediated by TRPV4 channels and increases
Ca21 influx. This mechanism may contribute to the initial
PTX-induced Ca21 increase that produces calpain activation,
causes neurotoxicity, and leads to neuropathy. Cytosolic Ca21

oscillations induced by PTX by binding to NCS1 and subse-
quent positive modulation of the InsP3 receptor is likely also
potentiated in a TRPV4-dependent manner; furthermore,
TRPV4 can be modulated directly by InsP3 (Takahashi et al.,
2014), which is another potential pathway to this mechanism.
This increase in cytoplasmic Ca21 will lead to the activation of
Ca21-activated proteases and, if prolonged, will result in cell
malfunction and, ultimately, neuronal damage.
Similar to reports in dorsal root ganglion neurons (Matsu-

mura et al., 2014) and SH-SY5Y cells (S�anchez et al., 2020),
PTX augmented the expression of TRPV4 protein, which can
contribute to the enhanced activity of TRPV4 induced by
PTX. However, PTX is also associated with decreased levels
of NCS1, as shown previously (Benbow et al., 2012). We
hypothesize that the increase in the TRPV4 expression levels

after chronic treatment with PTX is a compensatory effect to
maintain cell signaling. The effect of PTX on gene expression
of TRPV4 and NCS1 proteins may be independent, and the
possible interaction between NCS1 and TRPV4 protein levels
could not prevent that influence. In other words, the inhibi-
tory effect of PTX on NCS1 levels does not affect the stimula-
tory effect of PTX on TRPV4 expression, as suggested by the
results presented here.
Presently, there are no approved treatments to prevent or

treat the side effects of PTX administration in chemotherapy.
Understanding the effects of PTX on Ca21 homeostasis will
assist in the design of new therapeutic strategies to target
drug-induced neuropathy and, possibly, to optimize the usage
of these drugs.
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