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Upregulation of P2X3 receptors by neuronal calcium sensor protein
VILIP-1 in dorsal root ganglions contributes to the bone cancer pain
in rats
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Primary and metastatic cancers that affect bone are frequently associated with severe and intractable
pain. The mechanisms underlying the development of bone cancer pain are largely unknown. In this
study, we first demonstrated that a functional upregulation of P2X3 receptors in dorsal root ganglion
(DRG) neurons is closely associated with the neuronal hyperexcitability and the cancer-induced bone
pain in MRMT-1 tumor cell–inoculated rats. Second, we revealed that visinin-like protein 1 (VILIP-1), a
member of visinin-like proteins that belong to the family of neuronal calcium sensor proteins is respon-
sible for the observed upregulation of P2X3 receptors in DRG neurons. The interaction between the amino
terminus of VLIP-1 and the carboxyl terminus of the P2X3 receptor is critical for the surface expression
and functional enhancement of the receptor. Finally, overexpression of VILIP-1 increases the expression
of functional P2X3 receptors and enhances the neuronal excitability in naive rat DRG neurons. In contrast,
knockdown of VILIP-1 inhibits the development of bone cancer pain via downregulation of P2X3 recep-
tors and repression of DRG excitability in MRMT-1 rats. Taken together, these results suggest that func-
tional upregulation of P2X3 receptors by VILIP-1 in DRG neurons contributes to the development of
cancer-induced bone pain in MRMT-1 rats. Hence, P2X3 receptors and VILIP-1 could serve as potential
targets for therapeutic interventions in cancer patients for pain management. Pharmacological blockade
of P2X3 receptors or knockdown of VILIP-1 in DRGs would be used as innovative strategies for the treat-
ment of bone cancer pain.

� 2013 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction

Bone cancer pain resulting from primary tumors or tumors that
metastasize to bone is one of the most severe and intractable types
of cancer pain, which decreases the quality of life of patients [20].
The mechanisms underlying the development of cancer-induced
bone pain remain largely unknown.

Recently, we and others have found that the thermal hyperalge-
sia and mechanical hypersensitivity in murine models of bone can-
cer pain are associated with enhanced excitability of primary
sensory dorsal root ganglion (DRG) neurons [45,46]. On the other
hand, adenosine triphosphate (ATP) and its P2X purinergic recep-
tors have been shown to depolarize DRG neurons [2] and excite
the peripheral terminals of these neurons [14,34]. P2X receptors
belong to a family of ligand-gated ion channels that are activated
by extracellular ATP [35]. Of 7 P2X receptors (P2X1–7) identified
to date [11], the P2X3 receptors are selectively expressed at high
levels on small- and medium-diameter nociceptive DRG neurons,
suggesting a significant role of this receptor subtype in processing
pain [10,22]. Coincidently, systemic blockade of P2X3 and P2X2/3
receptors attenuates cancer-induced pain behaviors in rats [21].
Therefore, it would be reasonable to speculate that signaling
events with purinergic P2X3 receptors likely contribute to the
hyperexcitability of nociceptive DRG neurons, which is suggested
to underlie the pathogenesis of peripheral sensitization and persis-
tent pain under cancer condition [46]. In fact, a recent study re-
ported a functional upregulation of P2X3 receptors in DRG
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neurons in a rat model of bone cancer pain [40]. However, the
underlying mechanism of such upregulation is unclear.

Visinin-like protein 1 (VILIP-1), a member of the neuronal cal-
cium sensor protein family, has been shown to act as a modulator
of the a4b2 nicotinic acetylcholine receptors (nAChRs) by increas-
ing their surface expression and function in oocytes [27] as well
as in hippocampal neurons [44]. Moreover, VILIP-1 has also been
identified in a functional protein complex with glutamate recep-
tors of the kainite subtype GluR6 [12] and in a signaling complex
with P2X2 receptors in which VLIP-1 can regulate the surface
expression of P2X2 and also the sensitivity and peak response
to ATP [8]. VILIP-1 has been proposed to potentially function as
a general regulator of ligand-gated ion channels, modulating the
surface expression and function of the receptors [3,8]. We
hypothesized that VILIP-1 may interact with P2X3 receptors and
regulate their functional expression under cancer conditions and
may ultimately contribute to the development of bone cancer
pain in a rat model.

In this study, we disclosed a novel molecular mechanism under-
lying the functional upregulation of P2X3 receptors in DRG neu-
rons that was associated with the neuronal hyperexcitability and
the cancer-induced bone pain in rats: VILIP-1, which was first de-
tected in DRG neurons in our experiments, interacted with P2X3
receptor C-terminus and enhanced the expression and function
of the receptor, which in turn caused hyperexcitation of DRG neu-
rons that is proposed to underlie the pathogenesis of cancer-in-
duced bone pain. Thus, functional upregulation of P2X3 receptors
by VILIP-1 in DRG neurons contributes to the development of bone
cancer pain in a rat model.
2. Materials and methods

2.1. Chemicals, antibodies, and animals

a,b-meATP (Tocris Bioscience, Bristol, UK) and A-317491 (Sig-
ma-Aldrich, St. Louis, MO) were dissolved in sterile 0.9% saline
solution as a 100 mM stock solution, stored at �20�C, and diluted
to desired concentrations just before experiments. Trypsin, colla-
genase, and poly-D-lysine were purchased from Sigma-Aldrich.

Polyclonal rabbit anti-rat P2X3 and guinea pig anti-rat P2X3
antibodies were obtained from Alomone Labs (Jerusalem, Israel)
and Millipore Corp (Billerica, MA), respectively. Polyclonal rabbit
anti-rat VILIP-1 antibody was from Abnova (Taipei City, Taiwan).
Lectin from Bandeiraea simplicifolia BS-I isolectin B4 TRITC/FITC
conjugate, mouse anti-rat FLAG, mouse anti-rat calcitonin gene re-
lated peptide (CGRP) and neurofilament, heavy polypeptide
(NF200) antibodies were all from Sigma-Aldrich. Mouse anti-rat
Neuronal Nuclei (NeuN) antibody was from Chemicon Interna-
tional (Temecula, CA). Na+,K+-ATPase b2 antibody was from BD Bio-
sciences (Franklin Lakes, NJ). Monoclonal glutathione-S-transferase
(GST) and His6 antibodies were obtained from Applygen (Beijing,
China). Monoclonal antibodies against green fluorescent protein
(GFP), b-actin, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and horseradish peroxidase–labeled secondary antibod-
ies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Alexa Fluor 568 goat anti-mouse IgG (H+L) and Alexa Fluor
488/543 goat anti-rabbit IgG (H+L) were obtained from Invitrogen
(Carlsbad, CA). All restriction enzymes were purchased from Taka-
ra Bio Inc. (Shiga, Japan), and all cell culture media were from
Invitrogen.

Adult Sprague-Dawley rats weighing 180 to 220 g at the begin-
ning of the experiments were provided by the Department of
Experimental Animal Sciences, Peking University Health Science
Center. The rats were housed in separated cages with free access
to food and water. The room temperature was kept at 24 ± 1�C
under natural light/dark cycle. All animal experimental procedures
were carried out in accordance with the guidelines of the Interna-
tional Association for the Study of Pain [48] and were approved by
the Animal Care and Use Committee of Peking University.

2.2. Plasmid construction, mutation, and transfection

wtpCDNA3.1(+)-P2X3 was kindly provided by Dr. R.A. North
(Manchester University, Manchester, UK), and wtVILIP-1 was gener-
ously provided by Dr. K.-H. Braunewell (Southern Research Institute,
Birmingham, AL) and Dr. F. Coussen (Institute for Interdisciplinary
Neuroscience, Bordeaux, France). Empty vectors pFlag-CMV,
pCDNA-His-Myc and pET-32a were a generous gift from Dr. Li Liu
(Sichuan Agricultural University, Sichuan, China). All constructs
were made by polymerase chain reaction (PCR) using appropriate
pairs of forward and reverse synthetic oligonucleotide primers
(AUGCT, Supplementary Table S6) and Taq polymerase (Takara
Bio, Otsu, Shiga, Japan). VILIP-1-FLAG, VILIP-2-FLAG, VILIP-1-DsRed,
and VILIP-1–green fluorescent protein (GFP) plasmids were con-
structed by PCR from rat brain cDNA and subcloned into the SalI–
BamHI site of the pFlag-CMV and pDsRed-C1 vector (Clontech,
Mountain View, CA) or the HindIII–BamHI site of the pEGFP-N1 vec-
tor (Clontech). P2X3-CFP and P2X3-His-Myc plasmids were con-
structed by PCR from P2X3-WT plasmid and subcloned into the
BglII–EcoRI site of the pECFP-N1 (Clontech) and pCDNA-His-Myc
vector. Prokaryotic expression constructs of GST-VILIP-1 full length
and GSTD1-22 were generated by PCR from rat brain cDNA and sub-
cloned into the BamHI–SalI site of the pGEX-5X-1 vector (Clontech).
GSTD23-191, GSTD59-191, GSTD96-191 and GSTD132-191 were generated
by PCR from rat brain cDNA and subcloned into the EcoRI–XhoI site
of the pGEX-5X-1 vector. Prokaryotic expression constructs encod-
ing P2X3 C-terminal tail were generated by PCR from
pCDNA3.1(+)-P2X3 and subcloned into the EcoRI–XhoI site of the
pGEX-5X-1 vector or the SalI–HindIII site of the pET-32a vector.
The nonmyristoylatable mVILIP-1-myr mutant was achieved by
mutagenesis of residue glycine 2 to alanine using the corresponding
primers. The sequence of plasmids and mutations was confirmed by
DNA sequencing (Sunbiotech, Beijing, China).

Transfections of plasmids into HEK293 cells were carried out
using Lipofectamine 2000 (Invitrogen), as previously described
[26]. Briefly, plasmids and transfection reagent (1.5 lL per micro-
gram of DNA) were each diluted with Dulbecco’s modified Eagle
medium (DMEM), mixed together, and incubated for 20 minutes
at room temperature. The mixture was then added to the medium
for transfection. After 5 hours, the medium was replaced by DMEM
supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan,
Utah, USA). Cells were used 36 to 48 hours after transfection.

2.3. Surface protein biotinylation

Cell surface biotinylation was performed in HEK293 cells trans-
fected with plasmids as previously described by Bao et al. [1]. In
brief, HEK293 cells transfected with plasmids were washed with
cold phosphate-buffered saline (PBS) and then incubated in PBS
containing 800 mg/mL sulfo-NHS-LC-biotin (Pierce, Rockford, Illi-
nois, USA) for 45 minutes at 4�C to biotinylate surface proteins.
After stopping the reaction with cold PBS containing 1 mM glycine,
cells were lysed in buffer containing 0.1% Triton X-100, 0.1% so-
dium docecylsulfate (SDS), 150 mM NaCl, 10 mM Tris-HCl (pH
7.4), and protease inhibitor cocktail (Roche, Indianapolis, Indiana,
USA). Cell debris was removed by centrifugation at 12,000 rpm
for 10 minutes at 4�C. Two hundred micrograms of cell lysates
were incubated with 30 lL immobilized NeutrAvidin agarose
(Pierce) at 4�C overnight. Then, agarose pellets were washed 5
times in lysis buffer. Finally, biotinylated surface proteins were
eluted from agarose beads by boiling at 95�C for 5 minutes in
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SDS sample buffer. Proteins were separated by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to PVDF membrane
(Millipore) and blotted with antibodies against His (1:1000) to-
gether with b-actin (1:3000) antibody.

2.4. DRG neurons culture, LV infection, and immunocytochemistry

Primary culture of DRG neurons was performed according to
the modified method described by Natura et al. [30]. In brief, rats
(age 2 weeks) were euthanized with ether and DRGs were dis-
sected from all spinal segments. The DRGs were digested with
collagenase type IA (3 mg/mL, Sigma-Aldrich) for 45 minutes
and 0.25% trypsin (Sigma-Aldrich) for another 10 minutes at
37�C. After terminating the enzymatic treatment by DMEM plus
10% FBS, ganglia were dissociated with a polished Pasteur pipette,
and the suspension of ganglia was sieved through a filter to re-
move debris and centrifuged at 800g for 2 minutes. The cell pellet
was resuspended in DMEM supplemented with 10% FBS. The
resuspended cells were plated on 35-mm dishes coated with
poly-D-lysine (0.5 mg/mL), kept for 3 hours, and replaced with
Neurobasal growth medium containing B27 supplement, 0.5 mM
L-Glutamax (Sigma-Aldrich), 2.5 M cytosine arabinoside (Sigma-
Aldrich), 100 U/mL penicillin, and 100 g/mL streptomycin, The
cells were kept at 37�C in an incubator with 5% CO2 and 95%
air. Cultures were fed daily with Neurobasal growth medium con-
taining B27 supplement.

Recombinant lentivirus VILIP-1-green fluorescent protein
(LV-VILIP-1-GFP) and LV-short hairpin (sh)VILIP-1 were con-
structed by Genechem (Shanghai, China). Briefly, the plasmids ex-
pressed VILIP-1-GFP or shVILIP-1-GFP was used to produce
lentivirions. VILIP-1-GFP was cloned into the LV vector GV208
(Genechem, Shanghai, China), which is a lentiviral packaging vector
with ubiquitin promoter. LV-short hairpin RNA (shRNA) was gener-
ated using sense small interfering RNA sequence targeting VILIP-1
(GeneBank accession number 24877): small interfering (si)
VILIP-1 (303-323) GCATGAGCTCAAGCAGTGGTA. The scrambled se-
quence was used as negative control. To minimize off-target effects,
a BLAST homology search (based on sense and antisense sequences)
was systematically performed to ensure that a single mRNA
sequence was targeted (http://www.ncbi.nlm.nih.gov). Lentiviral
vector is GV118 (Genechem, Shanghai, China) with U6 promoter.
The short hairpin RNAs were cloned into LV vectors. Construction
and production of lentivirions were completed by Genechem. The
final titer of recombinant virus was around 1 � 109 transducing
units (TU)/mL. Cultured DRG neurons on days 5 to 7 in vitro were
exposed to virus for 8 hours at a multiplicity of infection of 30.
Experiments were performed 48 to 72 hours after infection.

LV-infected DRG neurons that were cultured on 35-mm dishes
were rinsed for 5 minutes with PBS and fixed for 10 minutes with
4% paraformaldehyde in PBS at room temperature. After another
washing for 5 minutes, neurons were blocked for 1 hour at room
temperature with 10% goat serum in PBS and incubated with rabbit
anti-rat P2X3 antibody (1:1000) in PBS overnight at 4�C. After 3
washes in PBS, neurons were incubated for 1 hour with appropri-
ate secondary antibody. After another 3 washes in PBS, neurons
were mounted and observed with confocal microscopy as de-
scribed previously. Image acquisitions were performed on GFP-po-
sitive neurons.

2.5. Biochemical fractionation of DRG tissues by graded extraction

L4 and L5 DRGs were dissected and lysed by homogenization
with Nucl-Cyto-Mem preparation kit (Applygen) according to the
manufacturer’s instructions with some modifications as previously
described [18]. The membrane pellet was sonicated and re-ex-
tracted with buffer D containing 10 mM Tris-HCl (pH 8.0),
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and
0.1% SDS, and then fractionated by centrifugation at 14,000 rpm
at 4�C for 30 minutes, and the supernatant was labeled as SDS-sol-
uble fraction. The pellet was dissolved by sonication and boiling in
buffer E containing 3% SDS and 5% b-mercaptoethanol (1 mL/g pel-
let), and the lysate was termed SDS-insoluble fraction. The frac-
tions were loaded on separate lanes, and each fraction was
analyzed by immunoblot with P2X3 receptors (1:1000), glyceral-
dehyde 3-phosphate dehydrogenase (GADPH) (1:5000) and
Na+,K+ ATPase (1:1000) antibodies.

2.6. Western blot

Under deep anesthesia with 10% chloral hydrate (0.3 g/kg, intra-
peritoneally [i.p.]), the rat L4–L5 DRGs, the dorsal horn of the spinal
cord, and the cortex were removed and immediately homogenized
in ice-chilled lysis buffer containing 50 mM Tris (pH 8.0), 150 mM
NaCl, 1% NP40 (Sigma-Aldrich), 0.5% sodium deoxycholate (Sigma-
Aldrich), 0.1% SDS, and protease inhibitor cocktail (Roche). In some
experiments, the LV-infected neurons, or HEK293 cells transfected
with either VILIP-1-FLAG or VILIP-2-FLAG, were also lysed with the
same lysis buffer. Then, the homogenates were centrifuged at
12,000 rpm for 10 minutes at 4�C, and the supernatant was ana-
lyzed. Twenty micrograms (P2X3 receptors) or 60 lg (VILIP-1 or
VILIP-2) of solubilized protein from the supernatant fraction were
mixed with 4� loading buffer subjected to SDS-PAGE. Proteins
were electrophoretically transferred onto a PVDF membrane. After
blocking with 5% nonfat milk in Tris-buffered saline and Tween
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween-20) for
60 minutes at room temperature, the membranes were incubated
with the following primary antibodies at 4�C overnight: rabbit
anti-rat P2X3 antibody (1:1000, Alomone Labs), rabbit anti-rat
VILIP-1 antibody (1:100, Abnova), mouse anti-FLAG antibody
(1:1000, Sigma-Aldrich), mouse anti-b-actin (1:3000, Santa Cruz
Biotechnology), or mouse anti-GAPDH (1:5000, Santa Cruz Bio-
technology). The blots were washed in Tris-buffered saline and
Tween and then incubated in horseradish peroxidase–conjugated
goat anti-rabbit/mouse IgG secondary antibody (1:2000, Santa
Cruz Biotechnology). Protein bands were visualized using an en-
hanced chemiluminescence detection kit (Pierce) followed by
autoradiography using Hyperfilm MP (Santa Cruz Biotechnology).
The standardized ratio of P2X3 or VILIP-1 to GAPDH (or b-actin)
band density was used to calculate the alteration in P2X3 or
VILIP-1 expression. For quantifying P2X3 or VILIP-1 expression,
the mean values in the control group (naive) were converted to
100% (1.0) as a baseline definition, and then individual data, including
the control group, were recalculated as a ratio of the mean values.

2.7. Immunohistochemistry

Deeply anesthetized rats were intracardially perfused with
50 mL of 0.1 M phosphate buffer (PB) followed by 500 mL of cold
4% paraformaldehyde (in 0.1 M PB, pH 7.4). The left L4 and L5 DRGs
or the cortex were quickly removed, postfixed in the same fixative
solution for 2 hours and then were cryoprotected in 30% sucrose
(in 0.1 M PB). Several days later, the tissues were sectioned at
8-lm thickness for DRG sections and 30-lm thickness for cortex
on a cryostat. For P2X3 receptor immunostaining, DRG sections
were co-incubated with a combination of rabbit anti-rat P2X3
receptor antibody (1:1000, Alomone Labs) and rabbit anti-rat
VILIP-1 (1:100, Abnova) in 1% bovine serum albumin and 0.3% Tri-
ton X-100 in 0.01 M PBS, overnight at 4�C. For VILIP-1 immuno-
staining, DRG or cortex sections were co-incubated with a
combination of rabbit anti-rat VILIP-1 antibody and one of the fol-
lowing antibodies: (1) mouse anti-rat NF200; (2) IB4-TRITC; (3)
mouse anti-rat CGRP; (4) mouse anti-rat NeuN (1:100, Chemicon)

http://www.ncbi.nlm.nih.gov


1554 M. Liu et al. / PAIN
�

154 (2013) 1551–1568
as indicated solutions. After washing with PBS, sections were incu-
bated with Alexa Fluor 488 goat anti-rabbit IgG (H+L) (1:2000, Invit-
rogen), Alexa Fluor 568 goat anti-mouse IgG (H+L) (1:2000,
Invitrogen) or Alexa Fluor 543 goat anti-rabbit IgG (H+L) (1:2000,
Invitrogen) for 1 hour at room temperature. Stained slides were
viewed and photographed with a charge-coupled device camera
under a fluorescent microscope (Olympus, Tokyo, Japan).

2.8. GST pull-down assay

GST- or His6-fusion proteins were expressed in the BL21 Esche-
richia coli strain and purified according to the manufacturer’s
instructions. For binding assays, GST or GST-fusion protein was
immobilized on glutathione-Sepharose resin (GE Healthcare, Pis-
cataway, NJ, USA). His6-fusion protein was purified using Ni-
nitrilotriacetic acid magnetic beads (QIAGEN, Valencia, CA, USA).
The protein extracts from rat DRGs, HEK293 cells transfected with
VILIP-1 plasmid, or purified His6-fusion protein were then incu-
bated with the immobilized GST or GST-fusion protein for 3 hours
at 4�C, washed, boiled, and subjected to SDS-PAGE.

2.9. Co-immunoprecipitation in vitro and in vivo

HEK293 cells transfected with plasmids or dissected rat DRGs
were immediately homogenized in ice-cold lysis buffer containing
20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1% NP40, and complete pro-
tease inhibitor cocktail. After being rotated at 4�C for 1 hour, the
homogenates were centrifuged at 12,000 rpm for 10 minutes to
yield the total protein extract in the supernatant. Protein extracts
from cell cultures or tissues were incubated with either anti-P2X3
(1:1000, Alomone Labs) or anti-FLAG antibody (1:1000, Sigma-
Aldrich) at 4�C for 3 hours. Protein A/G agarose (Santa Cruz Biotech-
nology) was added to the samples, and the incubation was contin-
ued for another 12 hours. Subsequently, the samples were washed
6 times with lysis buffer and subjected to SDS-PAGE.

2.10. mRNA extraction and reverse-transcription PCR

Rat L4–L5 DRG or the cortex was homogenized in TRIzol (Invit-
rogen) reagent, and total RNA was isolated using PrimeScript RT-
PCR kit (Takara Bio) according to the manufacturer’s instructions.
Reverse transcription was performed with 1 lg of total RNA by
using several primers as indicated.

2.11. Whole-cell patch clamp recordings

Whole-cell patch clamp recordings from acutely dissociated
DRG neurons or plasmids transfected HEK293 cells were per-
formed at room temperature using an EPC-10 amplifier and Patch-
master software (HEKA, Freiburg, Germany). Patch pipettes were
pulled from borosilicate glass capillaries with a tip resistance of
5 to 8 MX when filled with internal solution containing 140 mM
K-aspartate, 20 mM NaCl, 10 mM ethylene glycol tetraacetic acid
(EGTA), and 5 mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfo-
nic acid (HEPES), adjusted to pH 7.3 with Potassium hydroxide
(KOH). The external solution contained 155 mM NaCl, 5 mM KCl,
2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 12 mM glucose, ad-
justed to pH 7.4 with NaOH [5]. Drugs were prepared in the exter-
nal solution and delivered by a gravity-fed multibarrel perfusion
system (VaveLink 8; Automate Scientific, Inc., Berkeley, CA, USA).
Membrane currents and voltage were measured with pipette and
membrane capacitance cancellation, filtered at 2 kHz, and digitized
at 10 kHz. Resting membrane potential was measured immediately
after rupture of the cell membrane in whole-cell patch mode.

Under voltage-clamp recording, cells were clamped at �70 mV,
and series resistance was compensated 70% to 90%. The membrane
capacitance was read from the amplifier by Patchmaster software
(HEKA) for determining the size of cells and calculating the current
density. The agonist-evoked P2X currents were measured by appli-
cation of a,b-meATP (20 lM for 3 seconds). Rise times (Ta) of a,b-
meATP responses were obtained by measuring the activation time
between 10% and 90% of the peak value. The time constants of cur-
rent inactivation (sin1 and sin2) were obtained by fitting the decay
phase of the currents with exponential functions using the Leven-
berg-Marquardt algorithm as previously described [42]. Origin
software 8.5 (OriginLab Corporation, Northampton, MA) was used
for data analysis and fitting.

Under current-clamp recording, cells were held at 0 pA, and the
agonist-evoked depolarization was recorded by application of a,b-
meATP (20 lM for 3 seconds) to DRG neurons. The depolarization
amplitude was measured by the distance between resting potential
and threshold potential in discharged neurons. In some neurons,
action potential discharges were elicited when the depolarization
amplitude exceeded the neuronal threshold potential.

2.12. Inoculation of tumor cells

A rat model of bone cancer pain was established by intratibial
injection of syngeneic MRMT-1 rat mammary gland tumor cells
as previously described [28]. Briefly, after anesthetized with chlo-
ral hydrate (0.3 g/kg, i.p.), the rat left tibia was carefully exposed,
and a 23-gauge needle was inserted in the intramedullary canal
of the bone. It was then removed and replaced with a long, thin
blunt needle attached to a 10-lL Hamilton syringe containing
the medium to be injected. A volume of 4 lL MRMT-1 rat mam-
mary gland tumor cells (4 � 104) or vehicle (PBS) was injected into
the tibial bone cavity. After injection, the site was sealed with bone
wax and the wound was finally closed. None of the animals
showed signs of motor dysfunction after inoculation of tumor cells.

2.13. Assessment of mechanical allodynia

Mechanical allodynia, as a behavioral sign of bone cancer pain,
was assessed by measuring 50% paw withdrawal threshold (PWT)
as described in our previous report [16]. The 50% PWT in response
to a series of von Frey filaments (Stoelting, Wood Dale, IL) was
determined by the up and down method [7]. The rat was placed on
a metal mesh floor covered with an inverted clear plastic cage
(18 � 8 � 8 cm) and allowed a 20-minute period for habituation.
Eight von Frey filaments with approximately equal logarithmic
incremental (0.224) bending forces were chosen (0.41, 0.70, 1.20,
2.00, 3.63, 5.50, 8.50, and 15.10 g). Each trial started with a von Frey
force of 2g delivered perpendicularly to the plantar surface of the left
hindpaw for�2 to 3 seconds. An abrupt withdrawal of the foot dur-
ing stimulation or immediately after the removal of the hair was re-
corded as a positive response. Whenever there was a positive or
negative response, the next weaker or stronger filament was ap-
plied, respectively. This procedure was done until 6 stimuli after
the first change in response had been observed. The 50% PWT was
calculated using the following formula: 50% PWT ¼ 10½Xfþkd�, where
Xf is the value of the final von Frey filament used (in log units), k is
a value measured from the pattern of positive/negative responses,
and d = 0.224, which is the average interval (in log units) between
the von Frey filaments [13]. If an animal responded to the lowest
von Frey filament, a value of 0.25g was assigned. If an animal did
not respond to the highest von Frey filament, the value was recorded
as 15.0g. The mechanical allodynia was assessed by measuring the
50% PWT of ipsilateral hind paw in tumor cells inoculated- or
sham-operated rats. In rats, mechanical allodynia is assessed by
measuring the 50% PWT to von Frey filaments, and an allodynic rat
is defined as that the 50% PWT is <4.0 g (ie, withdrawal in response
to non-noxious tactile stimulus) [47].
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2.14. Assessment of thermal hyperalgesia

Thermal hyperalgesia of the hind paws was tested as described
by our previous report [46]. Rats were allowed to acclimate for a
minimum of 30 minutes within acrylic enclosures on a clear glass
plate maintained at 30�C. A radiant heat source was focused onto
the plantar surface of the hind paw. Measurements of paw with-
drawal latency (PWL) were taken by a timer that was started by
the activation of the heat source and stopped when withdrawal
of the paw was detected with a photodetector. A maximal cutoff
time of 30 seconds was used to prevent unnecessary tissue dam-
age. Three measurements of PWL were taken for each hind paw
and were averaged as the result of each test session. The hind
paw was tested alternately with >5-minute intervals between con-
secutive tests.

2.15. Implantation of intrathecal catheter

Under chloral hydrate (0.3 g/kg, i.p.) anesthesia, implantation of
intrathecal cannula was performed as described in our previous
study [33]. Briefly, a PE-10 polyethylene catheter was implanted
between the L5 and L6 vertebrae to reach the lumber enlargement
of the spinal cord. The outer part of the catheter was plugged and
fixed onto the skin on closure of the wound. All surgical procedures
were performed under sterile conditions. Rats showing neurologi-
cal deficits after the catheter implantation were euthanized. LVs
were intrathecally injected via the implanted catheter in a 20-lL
volume of solution followed by 10 lL of normal saline solution
for flushing. Each injection lasted at least 5 minutes. After an injec-
tion, the needle remained in situ for 2 minutes before being
withdrawn.

2.16. Measurement of antagonist effects on pain behaviors

To examine effects of pharmacological blockade of P2X3 recep-
tors with selective antagonist A-317491 in bone cancer rats,
A-317491 (at a dose of 3, 10, 30, and 100 nmol/rat in a 10-lL vol-
ume of solution, respectively) was intrathecally delivered on day
14 after inoculation of tumor cells when cancer pain behaviors ap-
peared (as confirmed by measuring mechanical allodynia and ther-
mal hyperalgesia) [46]. Pain behaviors of mechanical allodynia and
thermal hyperalgesia were measured at 2, 4, and 24 hours after
drug injection, respectively.

2.17. Intrathecal delivery of lentivirions: expression, function, and
behavior assays

Lentivirions including LV-VILIP-1, LV-shVILIP-1, and the control
LV-GFP were intrathecally delivered at the final titer of 1 � 109 TU/
mL in a 10-lL volume of solution, respectively. In some experi-
ments such as overexpression or knockdown of VILIP-1 in naive
rats, the lentivirions were intrathecally applied on day 5 after
intrathecal catheter implantation. In other experiments such as
knockdown of VILIP-1 by pre- or post-treatment with LV-shVI-
LIP-1 in MRMT-1 rats, the lentivirions of shVILIP-1 or their control
LV-GFP were intrathecally administrated on day 7 or 11 after
MRMT-1 tumor cell inoculation, respectively.

At 7 to 14 days after lentivirion injection, expression of LV-VI-
LIP-1 or LV-shVILIP-1 on DRG neurons was directly observed by
GFP fluorescence; on the other hand, the expression of P2X3 recep-
tors and endogenous VILIP-1 in DRG lysates was examined by Wes-
tern blot; meanwhile, the a,b-meATP– (20 lM, for 3 seconds)
evoked fast-inactivating P2X3 currents and the neuronal depolar-
ization were measured by whole-cell patch clamp recording from
acutely dissociated IB4-positive DRG neurons. In some experi-
ments in MRMT-1 rats, pain behaviors including mechanical
allodynia and thermal hyperalgesia were tested on days 10, 14,
16, 18, and 20 after inoculation of MRMT-1 tumor cells.
2.18. Statistical analysis

Statistical analyses were performed with GraphPad Prism 5 for
Windows (GraphPad Software, Inc., La Jolla, CA). All data were ex-
pressed as mean ± SEM. A 2-tailed Student t test was used for the
comparison of the mean values between 2 groups. One-way anal-
ysis of variance (ANOVA) followed by Dunnett’s multiple compar-
ison test or 2-way ANOVA followed by the Bonferroni post hoc test
was used for multiple comparison. Differences with P < .05 were
considered statistically significant.
3. Results

3.1. Functional upregulation of P2X3 receptors in MRMT-1 rat DRGs

P2X3 receptors are selectively expressed on primary afferent
nociceptors and have been implicated in modulating nociception
in different models of pathological pain [4,6,19,38]. P2X3 receptors
in DRG neurons are upregulated in inflammation [42], whereas
nerve injury produces divergent changes in mRNA and protein
expression of the receptors (eg, upregulation in uninjured and
downregulation in injured afferents) [23,24,37], and increased
translocation from cytoplasm to the membrane in injured neurons
[9]. In this study, we first determined whether the expression of
P2X3 receptors was altered in cancer rat DRGs. Using Western blot
detection, we found that the total P2X3 receptor expression in ipsi-
lateral L4 and L5 DRGs increased markedly from day 14
(161.9 ± 17.3% of sham) to day 28 (150.3 ± 11.9% of sham) in
MRMT-1 rats as compared with sham rats (P < .05, 2-way ANOVA,
n = 7) (Fig. 1A). Accordingly, a significant increase in membrane
P2X3 receptor expression was also detected in SDS-soluble fraction
of DRGs on day 14 in MRMT-1 rats compared with naive rats
(168.1 ± 15.9% of control, P < .01, 1-way ANOVA, n = 3) (Fig. 1B).

To further investigate the functional alteration of P2X3 recep-
tors in nociceptive DRG neurons in bone cancer rats, we examined
the agonist (a,b-meATP)–evoked P2X currents using whole-cell
patch clamp recording on IB4-labled small DRG neurons. The
FITC-labeled lectin IB4 was used in initial experiments as a live cell
marker to identify putative P2X3 receptor-expressing nociceptive
neurons [5]. Somata of small DRG neurons were defined by their
diameters (630 lm) and membrane capacitance (Cm 628.3 pF),
as described in previous study [17]. In agreement with previous
findings [5,32], we observed 2 main types of P2X currents, fast-
and slow-inactivating current, on IB4-labled small DRG neurons
in the presence of a,b-meATP (20 lM for 3 seconds) at a holding
potential of �70 mV; of these, the majority (>50%) were fast-inac-
tivating currents (Supplemental Figure S1 and Supplemental
Table S1). It has been documented that the fast-inactivating cur-
rents were predominantly detected in small-diameter, IB4-posi-
tive, and capsaicin-sensitive DRG neurons and were found to be
mediated by homomeric P2X3 receptors [32,38]. Thus, we only
studied the fast-inactivating P2X3 currents on IB4-labled small
DRG neurons in all of the functional experiments in this study.
We found a marked increase in the current density (pA/pF) of ago-
nist (a,b-meATP)–evoked fast-inactivating P2X3 currents in
MRMT-1 rats compared with control rats (43.1 ± 4.2 MRMT-1 vs
23.6 ± 3.1 naive and 27.7 ± 4.2 sham, respectively, P < .001 vs naive,
P < .05 vs sham, 1-way ANOVA, n = 20 naive, 15 sham, and 23
MRMT-1) (Fig. 1C). However, no significant alteration was ob-
served either on the affinity to agonist (ie, the EC50 for activation
of P2X3 receptors by agonist, Supplemental Figure S2) or on the
kinetics of agonist-evoked fast P2X3 currents (ie, rise time; decay
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time constant s) (Supplemental Table S2) in MRMT-1 rats.
Together with the aforementioned data on P2X3 receptor
expression, we suggested that the potentiation of the P2X3 current
density was likely due to the increase in P2X3 receptor expression
in cancer rat DRG neurons.
Furthermore, we found that the mean depolarization amplitude
induced by a,b-meATP was significantly increased in IB4-positive
DRG neurons in MRMT-1 rats (22.9 ± 1.5 mV) compared with con-
trol rats (15.1 ± 0.9 mV naive, 15.8 ± 1.4 mV sham, P < .001, 1-way
ANOVA, n = 21 naive, 22 sham, and 20 MRMT-1) (Fig. 1D). In both
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naive and sham rat DRG neurons, most of the depolarizations were
subthreshold, whereas in cancer rat DRG neurons, �50% of the
depolarization was great enough to evoke action potentials
(Fig. 1D, Supplemental Table S3). Unexpectedly, no alteration was
observed on the resting membrane potential of DRG neurons in
MRMT-1 rats (data not shown). These results suggested that the
potentiation of a,b-meATP–evoked P2X3 currents likely mediated
the hyperexcitability of MRMT-1 rat DRG neurons that is proposed
to underlie the pathogenesis of cancer-induced bone pain [46]. In
support, we found that pharmacological blockade of P2X3 recep-
tors with selective antagonist A-317491 (at doses of 10, 30, and
100 nmol/rat) could dramatically attenuate the cancer-induced
mechanical allodynia and thermal hyperalgesia as assessed respec-
tively by PWT to von Frey filaments (10.5 ± 2.1g vs 2.1 ± 0.6g at 2 h,
A-317491 30 nmol vs vehicle, P < .001, 2-way ANOVA, n = 6/group)
(Fig. 1E) and PWL to radiant heat (13.9 ± 1.1 seconds vs 8.7 ± 0.6
seconds at 2 hours, A-317491 30 nmol vs vehicle, P < .001, 2-way
ANOVA, n = 6–8/group) (Fig. 1F). Taken together, these data indicate
that the functional upregulation of P2X3 receptors mediates the
hyperexcitability of MRMT-1 rat DRG neurons, which in turn con-
tribute to the development of cancer-induced bone pain.

3.2. Expression of VILIP-1 was detected in DRG neurons in naive rats
and increased in MRMT-1 rats

To further elucidate the mechanisms underlying the functional
upregulation of P2X3 receptors in bone cancer rats, we focused on
VILIP-1, a neuronal calcium sensor protein that has been proposed
to potentially function as a general regulator of ligand-gated ion
channels [3,8]. We first determined whether VILIP-1 was expressed
on naive rat DRG neurons, which have not been reported in previ-
ous studies. Using antibody against VILIP-1 (1:100, Abnova), we
did detect the expression of VILIP-1 on naive rat DRG neurons
(Fig. 2A, a) and as a positive control also on the cortex cells
(Fig. 2A, b). Moreover, double immunofluorescence staining
showed that the expression of VILIP-1 was universally colocalized
with NeuN-, IB4-, CGRP-, and NF200-positive DRG neurons (Fig. 2A,
c–f). Using primer pairs for full-length VILIP-1, the reverse tran-
scription PCR analysis further confirmed the expression of VILIP-
1 mRNA in both DRGs and the cortex in naive rats (Fig. 2B). In addi-
tion, Western blot analysis showed that the VILIP-1 protein was
detected in the dorsal horn of the spinal cord and in DRG lysates,
and as a positive control, was also detected in the cortex in naive
rats. Subcellular fractionation from DRG lysates showed that the
VILIP-1 protein was located in both cytosolic and membrane frac-
tions, especially in cytosolic, as the protein loading weight in mem-
brane fraction is 6 times that in cytosol fraction (Fig. 2C).
Considering the high homology between VILIP-1 and VILIP-2, we
investigated whether the polyclonal VILIP-1 antibody used in our
Fig. 1. Functional upregulation of P2X3 receptors in cancer rat dorsal root ganglions (DR
Upper: Representative of Western blot bands; lower: analysis of the relative intensity
K+-ATPase b2 were used as internal control. Note that the expression of total P2X3 recepto
sham rats (A), ⁄P < 0.05, ⁄⁄P < .01, 2-way analysis of variance (ANOVA), n = 7/group. Simil
sodium docecylsulfate (SDS)-soluble fraction of DRGs on day 14 in MRMT-1 rats compare
evoked fast-inactivating P2X3 currents in IB4(+) DRG neurons. Upper: Representative c
neurons in naive, sham, and MRMT-1 rats, respectively. Lower: Summary of the current
P2X3 currents were significantly enhanced in MRMT-1 rat DRG neurons, ⁄P < .05, ⁄⁄⁄P < .0
in IB4(+) DRG neurons. Upper: Representative of a,b-meATP–induced depolarization in
depolarization and action potential firing in MRMT-1 rat DRG neurons, indicating the en
mean depolarization amplitude induced by application of a,b-meATP to IB4(+) DRG neur
ANOVA. Numbers of recorded cells in each group were given in parentheses in each colu
P2X3 and P2X2/3 receptor antagonist, on mechanical allodynia and thermal hyperalgesi
alleviated the bone cancer–induced mechanical allodynia and thermal hyperalgesia as
MRMT-1 rats. §P < .05 (10 nmol), §§P < .01 (10 nmol), ⁄⁄⁄P < .001 (30 nmol), ##P < .01 (
n = 6–8/group.
experiment has the possibility of cross-reactivity to VILIP-2. In
HEK293 cells transfected with either VILIP-1-FLAG or VILIP-2-
FLAG, parallel Western blot experiments on HEK293 cells lysates
were performed using anti-FLAG (1:1000, Sigma) or anti-VILIP-1
(1:100, Abnova) antibody. The results showed that the anti-FLAG
antibody reacted with both VILIP-1-FLAG and VILIP-2-FLAG,
whereas the anti-VILIP-1 at a 1:100 dilution only reacted with VI-
LIP-1-FLAG (Supplemental Figure S3). These data suggested that
the polyclonal VILIP-1 antibody used in our experiment had no
cross-reactivity to VILIP-2.

Next, we examined the alterations of VILIP-1 in MRMT-1 rat
DRGs. Western blot revealed that the expression of VILIP-1 protein
was dramatically enhanced from day 14 (223.3 ± 41.7% of sham,
P < .01, 2-way ANOVA, n = 5) to day 28 (322.7 ± 69.2% of sham,
P < .001, 2-way ANOVA, n = 5) after inoculation of tumor cells
(Fig. 2D), which approximately paralleled the upregulation of
P2X3 receptors on the time line (Fig. 2E). Correlation analysis
showed that the alterations of P2X3 receptors and VILIP-1 had a sig-
nificant positive correlativity (r2 = 0.384, P = .0016, n = 5) (Fig. 2F).

3.3. Interaction between VILIP-1 and P2X3 receptors

To determine whether VILIP-1 interacted with P2X3 receptors,
as it was shown to form a signaling complex with P2X2 receptors
in previous studies [8], we first performed co-immunoprecipitation
experiments in HEK293 cells transfected with various plasmids
including P2X3, VILIP-1, P2X3-ECFP, and VILIP-1-FLAG as indicated
in Figs. 3A and 3B. Using antibody against either P2X3 receptors or
FLAG for immunoprecipitation, we found that VILIP-1 was defi-
nitely bound to P2X3 receptors (Figs. 3A and 3B). Next, to verify
the interaction between VILIP-1 and P2X3 receptor, GST pull-down
assays were performed using the P2X3 receptor C-terminal tail
(P2X3CT) as bait protein. Purified P2X3CT protein was incubated
with VILIP-1 expressed in HEK293 cells. As shown in Fig. 3C, VI-
LIP-1 was found to bind to the bacterially expressed GST-P2X3CT
fusion protein but not to GST alone, implying interaction between
VILIP-1 and the C-terminal tail of P2X3 receptors. To further con-
firm the association of endogenous VILIP-1 and P2X3 receptors,
double immunofluorescence staining was carried out in naive rat
DRG neurons. We found that VILIP-1 colocalized with P2X3 recep-
tors in most DRG neurons (Fig. 3D). Moreover, similar interaction
between VILIP-1 and P2X3 receptors was further validated in rat
DRG lysates using antibody against P2X3 receptors for immuno-
precipitation (Fig. 3E). Finally, to identify the potential binding site
for the interaction between VILIP-1 and P2X3 receptors, we con-
structed the nested deletions of VILIP-1 as an annotated structure
in UniProtKB database (Fig. 3F). Both in vitro and one-half in vitro
GST pull-down assays revealed that only deletion of the N-terminal
of 1–22 amino acid (NT1–22 aa) domain in VILIP-1 blocked its
Gs). (A, B) Western blot of P2X3 receptor expression in ipsilateral L4 and L5 DRGs.
of P2X3 receptors. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Na+,
r protein increased markedly from day 14 to day 28 in MRMT-1 rats compared with

arly, the enhancement of membrane P2X3 receptor expression was also detected in
d with naive rats (B), ⁄⁄P < .01, 1-way ANOVA, n = 3/group. (C) Agonist (a,b-meATP)
urrents evoked by application of a,b-meATP (20 lM for 3 seconds) to IB4(+)-DRG
density (pA/pF) of agonist-evoked P2X3 currents. Note that the a,b-meATP–evoked
01, in contrast to naive rats, 1-way ANOVA. (D) a,b-meATP–induced depolarization
naive, sham, and MRMT-1 rat DRG neurons. Note that a,b-meATP evoked greater
hancement of DRG neuron excitability in bone cancer rats. Lower: Summary of the

ons. ⁄⁄⁄P < .001, in contrast to naive rats; ###P < .001, in contrast to sham rats, 1-way
mn of the panel. (E, F) Effects of intrathecal administration of A-317491, a selective
a in bone cancer rats. A-317491 (at doses of 10, 30, and 100 nmol/rat) dramatically

measured by paw withdrawal threshold (E) and paw withdrawal latency (F) in
100 nmol), ###P < .001 (100 nmol) compared with vehicle group, 2-way ANOVA,



Fig. 2. Detection of visinin-like protein 1 (VILIP-1) in naive and MRMT-1 rat dorsal root ganglions (DRGs). (A) Immunohistochemical staining of VILIP-1 in naive rat DRGs.
Expression of VILIP-1 was detected in DRG neurons (a), and, as a positive control, was also detected in the cortex (b). Scale bar = 100 lm, n = 3. Double immunofluorescence
staining showed that the expression of VILIP-1 was colocalized with NeuN- (c), IB4- (d), calcitonin gene-related peptide- (CGRP) (e), and NF200- (f) positive DRG neurons
(arrows). Scale bar = 40 lm, n = 3. (B) Reverse transcription polymerase chain reaction of VILIP-1 mRNA expression in naive rat DRGs. The expression of VILIP-1 mRNA was
detected both in DRGs and in the cortex (positive control); negative control (NTC) was processed without the addition of template (n = 3). (C) Western blot analysis of VILIP-1
protein expression in naive rat DRGs. Expression of VILIP-1 protein was detected both in DRG lysates and in the spinal cord dorsal horn (the cortex was used as a positive
control). Subcellular fractionation from DRG lysates showed that VILIP-1 was located in both cytosolic and membrane fractions (n = 3). (D) Expression of VILIP-1 in MRMT-1
rat DRGs. Western blot analysis showed that the expression of VILIP-1 enhanced dramatically from day 14 to day 28 after tumor cells inoculation, ⁄⁄P < 0.01, ⁄⁄⁄P < .001,
compared with sham rats, 2-way analysis of variance, n = 5/group. Representative of Western blot bands was inserted in the plot. S7–S28: day 7–day 28 in sham rats; M7–
M28: day 7–day 28 in MRMT-1 rats. (E, F) Comparison of P2X3 receptors and VILIP-1 expression in the time line after tumor cells inoculation in MRMT-1 rats. Data on P2X3
receptor expression were obtained from Fig. 1A. Note that the upregulation of P2X3 receptors and VILIP-1 was approximately parallel in the time line after inoculation of
tumor cells (E). Correlation analysis showed that the alterations of P2X3 receptors and VILIP-1 had a significant positive correlativity (F), r2 = 0.384, P = .0016, n = 5.
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binding to both the His6-P2X3 C-terminal (Fig. 3G, top) and the
endogenous P2X3 subunits in rat DRG lysates (Fig. 3G, middle),
indicating that the NT1–22 aa domain containing N-myristoyl gly-
cine2 in VILIP-1 likely acted as the binding sites for P2X3 receptors.
Therefore, VILIP-1 interacts with P2X3 receptors in vitro and
in vivo, and the NT1–22 aa domain of VILIP-1 is required for their
interaction.
3.4. VILIP-1 enhances the expression and function of P2X3 receptors in
HEK293 cells

Interaction of VILIP-1 with a4b2 nAChRs or P2X2 receptor en-
hances their surface expression and function [8,27,44]. To study
whether VILIP-1 contributes to the functional upregulation of
P2X3 receptors, we examined the effects of VILIP-1 on expression



Fig. 3. Identification of the interaction between visinin-like protein 1 (VILIP-1) and P2X3 receptors in HEK293 cells and rat dorsal root ganglion (DRG) neurons. (A, B) Co-
immunoprecipitation (Co-IP) of VILIP-1 with P2X3 receptors in HEK293 cells. P2X3, VILIP-1, or P2X3-ECFP and VILIP-1-FLAG were respectively transfected into HEK293 cells
as indicated, and cell lysates were immunoprecipitated using anti-P2X3 (A) or anti-FLAG (B) antibody. The immunoprecipitates were examined by Western blot using anti-
VILIP-1 or anti-P2X3 antibody. Co-IP revealed the association between these 2 proteins both in P2X3 and VILIP-1 and in P2X3-ECFP and VILIP-1-FLAG coexpressing HEK293
cells (n = 3). (C) Glutathione-S-transferase (GST) pull-down assay for the interaction between VILIP-1 and the P2X3 receptor C-terminal tail (P2X3CT) in P2X3-EGFP and VILIP-
1-DsRed coexpressing HEK293 cells. GST-P2X3CT or GST control protein was incubated with VILIP-1–expressed HEK293 cells. Bounding proteins were immunoblotted with
anti-VILIP-1 antibody (lane 1). The bands detected using anti-P2X3 (lane 2) and anti-GST (lane 3) antibody represented the loading amount. Note that the interaction between
VILIP-1 and P2X3CT was detected (n = 3). (D) Double immunofluorescence staining of VILIP-1 with P2X3 receptors in rat DRGs. Note VILIP-1 colocalized with P2X3 receptors
in most DRG neurons (n = 3). Scale bar = 100 lm. (E) Co-IP of VILIP-1 with P2X3 receptors in rat DRGs. DRG lysates were immunoprecipitated with anti-P2X3 antibody. Anti-
VILIP-1 antibody was used for Western blot of immunoprecipitates. Note that Co-IP of VILIP-1 and P2X3 receptors was detected in rat DRGs (n = 3). (F) Schematic
representation for the construction of mutated plasmids of GST- and His6-fusion proteins containing different domains of VILIP-1 from UniProtKB (P62762). NT, N-terminal;
CT, C-terminal. (G): Identification of the binding sites between P2X3 receptors and VILIP-1 in rat DRGs. Note GSTD132-191, GSTD96-191, GSTD59-191, GSTD23-191 and GST-full-
length of VILIP-1 precipitated both His6-P2X3CT (top) and endogenous P2X3 subunits (middle) presented in rat DRGs, whereas GST and GSTD1-22 did not, indicating that the
N-terminal of 1–22 amino acid (NT1-22 aa) domain containing N-myristoyl glycine2 in VILIP-1 likely acts as the binding sites for P2X3 receptors (n = 3). The bands detected
using antibody against GST represented the loading amount (bottom). ‘‘INPUT’’ indicates a fraction (10%) of DRG lysates used in immunoprecipitation.
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and function of P2X3 receptors in HEK293 cells coexpressed
P2X3-His-Myc together with VILIP-1-DsRed or a mutant, mVILIP-
DsRed-myr. Considering that myristoylation of VILIP-1 at glycine2
is required for its association with the a4b2 AChRs [27,43,44] and
that the NT1–22 aa domain containing N-myristoyl glycine2 in VI-
LIP-1 is necessary for VILIP-1-P2X3 receptor interaction (Fig. 3G),
we therefore generated a mutant, mVILIP-1-myr, that was not
myristoylated because the residue where it would have been myr-
istoylated (glycine2) was mutated to alanine. Using cell surface
biotinylation analysis, we found that coexpression of VILIP-1 with
P2X3 receptors upregulated both the total (116.5 ± 9.4% of control,
P < .01, 1-way ANOVA, n = 4) and membrane (234.3 ± 21.1% of
control, P < .01, 1-way ANOVA, n = 3) expression of P2X3
receptors compared with control cells, whereas coexpression of



Fig. 4. Modulation of P2X3 receptors by visinin-like protein 1 (VILIP-1) in HEK293 cells coexpressed P2X3-His-Myc (P2X3) together with VILIP-1-DsRed (VILIP-1) or mVILIP-
DsRed-myr (a mutated VILIP-1). (A) Western blot of P2X3 receptor expression. (a1): Representative of Western blot bands using anti-His (P2X3) and anti-b-actin antibody in
cell lysates and in membrane protein biotinylation, respectively. b-Actin was used as internal control. (a2, a3): Analysis of the relative optical band density for P2X3 receptors.
Note both total (a2) and membrane (a3) P2X3 receptors increased significantly in HEK293 cells coexpressed P2X3-His-Myc together with VILIP-1-DsRed (VILIP-1) compared
with control (DsRed) or with mVILIP-DsRed-myr (mVILIP-1-myr), ⁄P < .05, ⁄⁄P < .01, 1-way analysis of variance (ANOVA), n = 4/group. mVILIP-DsRed-myr (mVILIP-1-myr) is
nonmyristoylatable mutant in which the N-myristoyl glycine2 was replaced by alanine. (B) Electrophysiological assay of P2X3 receptor function using whole-cell patch clamp
recording. (b1) Representative of a,b-meATP- (20 lM for 3 seconds) evoked fast P2X3 currents in transfected HEK293 cells. (b2) Summary of the current density (pA/pF) of all
recorded cells. Note that the current density enhanced markedly in HEK293 cells coexpressed P2X3 together with VILIP-1 compared with control (DsRed) or mVILIP-1-myr,
⁄P < .05, 1-way ANOVA, the numbers of recorded cells in each group are given in parentheses in each column of the panel.
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mVILIP-1-myr had no such effects (Fig. 4A). Furthermore, using
whole-cell patch clamp recording, we observed that coexpression
of VILIP-1, but not mVILIP-1-myr, with P2X3 receptors significantly
potentiated the current density (pA/pF) of P2X3 receptors
(39.4 ± 6.1 VILIP-1 vs 20.6 ± 3.2 control, 24.7 ± 4.3 mVILIP-1-myr,
P < .05, 1-way ANOVA, n = 16 control, 17 VILIP-1 and 17 mVILIP-
1-myr) (Fig. 4B). These results suggested that VILIP-1 upregulated
the expression and function of P2X3 receptors in HEK293 cells, and
it appeared that myristoylation of VILIP-1 at glycine2 was required
for functional upregulation of P2X3 receptors by VILIP-1.

3.5. Overexpression of VILIP-1 increases the expression and function of
P2X3 receptors and enhances the neuronal excitability in rat DRG
neurons

To further confirm the modulation of P2X3 receptors through
VILIP-1, we investigated whether overexpression of VILIP-1 af-
fected the functional upregulation of P2X3 receptors and the neu-
ronal excitability both in cultured rat DRG neurons infected with
LV-VILIP-1-EGFP (LV-VILIP-1) and in dissociated DRG neurons from
rats receiving intrathecal delivery of LV-VILIP-1 to infect DRG neu-
rons. We first generated LV expressing VILIP-1 linked with EGFP
(LV-VILIP-1). Overexpression of VILIP-1 in cultured DRG neurons
was accomplished by viral infection of LV-VILIP-1 for 48 hours. A
transduction efficiency of 60% to 70% was routinely achieved as ob-
served under fluorescence microscopy (Supplemental Fig. S4A).
Using Western blot analysis, the overexpressed VILIP-1-EGFP (at
49 kDa) was detected with both anti-GFP and anti-VILIP-1 anti-
body (Figs. 5A and 5B). We then tested the expression of P2X3
receptors in infected DRG neurons using both immunostaining
and Western blot. We found that overexpression of VILIP-1 in cells
infected with LV-VILIP-1 caused an obvious increase in the immu-
nofluorescence intensity of P2X3 receptors (Fig. 5C). Similarly,
Western blot analysis revealed that the expression of P2X3 recep-
tors increased dramatically in LV-VILIP-1 infected DRGs in contrast
to naive or LV-GFP infected DRGs (166.1 ± 22.7% of naive,
183.4 ± 37.6% of LV-GFP, P < .01, 1-way ANOVA, n = 4/group),
whereas no significant alteration was observed on endogenous
VILIP-1 (Fig. 5D).

Furthermore, we set up overexpression of VILIP-1 in rat DRG
neurons in vivo by intrathecal delivery of LV-VILIP-1 as described
in previous studies [36]. The infected DRG neurons could be
detected on day 7 after intrathecal delivery of LV-VILIP-1-EGFP
or LV-GFP to rats (Supplemental Fig. S4B). Using Western blot
analysis, we also found a prominent increase in expression of
the P2X3 receptors in LV-VILIP-1 infected DRGs compared with
naive or LV-GFP controls (168.3 ± 19.8% of naive, P < .01;
160.5 ± 8.2% of LV-GFP, P < .05, 1-way ANOVA, n = 3/group)
(Fig. 5E). In addition, using whole-cell patch clamp recording on
IB4-positive DRG neurons, we found that overexpression of
VILIP-1 via LV-VILIP-1 infection significantly enhanced the
a,b-meATP–evoked P2X3 currents (pA/PF) in contrast to naive
or LV-GFP infected rats (44.4 ± 5.6 LV-VILIP-1 vs 26.2 ± 3.9 naive
and 27.5 ± 3.3 LV-GFP, P < .01, LV-VILIP-1 vs naive; P < .05, LV-VI-
LIP-1 vs LV-GFP, 1-way ANOVA, n = 21 naive, 16 LV-GFP and 21
LV-VILIP-1) (Fig. 5F). Moreover, the mean depolarization ampli-
tude induced by a,b-meATP was obviously increased in LV-VI-
LIP-1 infected DRG neurons (20.6 ± 1.3 mV) compared with
naive (15.1 ± 0.9 mV, P < .01, 1-way ANOVA, n = 21) or LV-GFP
infected neurons (15.0 ± 1.3 mV, P < .01, 1-way ANOVA, n = 21)
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(Figs. 5G and 5H); among them, �50% of the depolarization was
large enough to evoke action potentials in LV-VILIP-1–infected
DRG neurons (Fig. 5G, Supplemental Table S4). These results indi-
cated that overexpression of VILIP-1 functionally upregulated the
P2X3 receptors and increased the excitability of DRG neurons,
which is associated with the development of bone cancer pain.
3.6. Knockdown of VILIP-1 reduces the expression and function of P2X3
receptors in rat DRG neurons

On the other hand, we also investigated whether knockdown of
VILIP-1 functionally downregulated the P2X3 receptors in rat DRG
neurons. We first constructed LV-expressing short hairpin RNAs
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against rat VILIP-1 (LV-shVILIP-1) and LV-GFP (control). Assess-
ment of VILIP-1 knockdown was performed in HEK293 cells coex-
pressed shVILIP-1 together with VILIP-1-DsRed or control
plasmids. As shown in Figs. 6A and 6B, shVILIP-1 could efficiently
knock down the expression of VILIP-1 in transfected HEK293 cells
(32.6 ± 8.2% of control at 1.0 lg and 22.9 ± 4.0% of control at 2.0 lg,
respectively, P < .001, 1-way ANOVA, n = 3/group). Then, knock-
down of VILIP-1 in cultured DRG neurons was carried out by viral
infection of LV-shVILIP-1 for 48 hours as described previously. A
transduction efficiency of 80% to 90% was routinely achieved as ob-
served under fluorescence microscopy (Supplementary Fig. S5A).
The expression of P2X3 receptors in infected DRG neurons was
examined using both immunostaining and Western blot. We found
that the immunofluorescence intensity of P2X3 receptors de-
creased significantly in LV-shVILIP-1–infected DRG neurons in con-
trast to naive or LV-GFP–infected DRG neurons (Fig. 6C). Similarly,
Western blot analysis showed that knockdown of endogenous VI-
LIP-1 caused significant downregulation of P2X3 receptor expres-
sion (57.6 ± 4.7% of naive, P < .01; 54.3 ± 3.6% of LV-GFP, P < .001,
1-way ANOVA, n = 4/group) (Fig. 6D).

Furthermore, we set up knockdown of VILIP-1 in rat DRG neu-
rons in vivo by intrathecal delivery of LV-shVILIP-1 as described
earlier. The infected DRG neurons could be detected on day 7 after
intrathecal delivery of LV-GFP or LV-shVILIP-1 to rats (Supplemen-
tal Fig. S5B). Using Western blot analysis, we found that
knockdown of endogenous VILIP-1 by intrathecal delivery of
LV-shVILIP-1 to rats also caused a marked reduction of P2X3
receptors in infected DRGs (74.6 ± 5.2% of naive, P < .01;
74.7 ± 3.0% of LV-GFP, P < .01, 1-way ANOVA, n = 4/group)
(Fig. 6E). Moreover, using whole-cell patch clamp recording on
IB4-positive DRG neurons, we found that knockdown of endoge-
nous VILIP-1 dramatically reduced the a,b-meATP–evoked P2X3
currents (pA/pF) in contrast to naive or LV-GFP–infected rats
(14.7 ± 1.7 LV-shVILIP-1 vs 26.2 ± 3.9 naive and 26.6 ± 3.2 LV-GFP,
P < .05, 1-way ANOVA, n = 21/group) (Fig. 6F). Accordingly,
a,b-meATP evoked fewer action potentials firing in LV-shVILIP-1–
infected DRG neurons (Supplemental Table S5). Altogether, these
data implied that knockdown of VILIP-1 functionally downregu-
lated the P2X3 receptors in rat DRG neurons.

3.7. Pretreatment of LV-shVILIP-1 inhibits the development of bone
cancer pain via functional downregulation of the P2X3 receptors and
repression of the DRG neurons hyperexcitability in MRMT-1 rats

Given that knockdown of VILIP-1 functionally downregulates
the P2X3 receptors and attenuates the DRG neuron excitability,
we further investigated whether knockdown of VILIP-1 by pre-
treatment with LV-shVILIP-1 could preventively inhibit the devel-
opment of bone cancer pain in MRMT-1 rats. Based on the
Fig. 5. Overexpression of visinin-like protein 1 (VILIP-1) elevates the expression and fu
ganglion (DRG) neurons. (A–D) In cultured rat DRG neurons infected with lentivirus-V
delivery of LV-VILIP-1 to infect DRG neurons. (A, B) Western blot of VILIP-1 overexpress
fluorescent protein (GFP) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) ant
VILIP-1, 22 kDa) was also detected using anti-VILIP-1 antibody (B, bottom band). (C) Imm
(green); lower: P2X3 receptors (red). Note that the immunofluorescence intensity of P2
naive (left bottom) or LV-GFP (middle bottom) control, n = 4/group, scale bar = 7.5 lm.
dissociated DRGs (E). Upper: Representatives of Western blot bands; lower: analysis of t
dissociated DRGs, P2X3 receptor expression increased dramatically in LV-VILIP-1–infected
all 3 groups: ⁄⁄P < .01, compared with naive group; #P < .05, ##P < .01 compared with the
P2X3 currents in IB4(+) DRG neurons. Upper: Representatives of a,b-meATP– (20 lM for
pF). Note that overexpression of VILIP-1 significantly potentiated the a,b-meATP–evoked
LV-GFP group, 1-way ANOVA. (G, H) a,b-meATP–induced depolarization in IB4(+) DRG
meATP evoked a greater depolarization and action potential firing in LV-VILIP-1–in
overexpressed rats. (H) Summary of the mean depolarization amplitude. ⁄⁄p < .01 compa
The numbers of recorded cells in each group are given in parentheses in each column o
aforementioned data that knockdown of VILIP-1 was achieved on
day 7 after intrathecal delivery of LV-shVILIP-1 and that the can-
cer-induced pain behaviors appeared on approximately day 14
after tumor cell inoculation [46], we performed the knockdown
of VILIP-1 pretreated by intrathecal delivery of LV-shVILIP-1 on
day 7 and evaluated the pain behaviors on days 10, 14, 16, 18,
and 20 after tumor cell inoculation. We observed that intrathecal
delivery of LV-shVILIP-1 significantly inhibited the cancer-induced
decreases in PWT (8.8 ± 1.8g LV-shVILIP-1/MRMT-1 vs 1.5 ± 0.2g
MRMT-1 and 3.2 ± 0.6g LV-GFP/MRMT-1 at day 20, P < .01, 2-way
ANOVA, n = 6–7/group) and PWL (15.4 ± 0.9 seconds LV-shVILIP-
1/MRMT-1 vs 12.3 ± 1.3 seconds MRMT-1 and 11.0 ± 1.9 seconds
LV-GFP/MRMT-1 at day 20, P < .01, 2-way ANOVA, n = 6/group) in
MRMT-1 rats, indicating that preventive knockdown of VILIP-1
alleviated the cancer-induced mechanical allodynia and thermal
hyperalgesia in MRMT-1 rats (Figs. 7A and 7B).

To further confirm whether the attenuated pain behaviors by
pretreatment of LV-shVILIP-1 resulted from the functional down-
regulation of P2X3 receptors in DRG neurons, we examined the
expression and function of P2X3 receptors as well as the DRG neu-
rons excitability in those rats that had received the above-men-
tioned behavior tests. Indeed, Western blot analysis showed that
intrathecal delivery of LV-shVILIP-1 inhibited both VILIP-1
(40.8 ± 8.0% of control, P < .05, unpaired t test, n = 3) and P2X3
receptors (38.1 ± 4.5% of control, P < .01, unpaired t test, n = 3)
expression in MTMT-1 rat DRGs (Fig. 7C). Coincidently, using
whole-cell patch clamp recording on IB4-positive DRG neurons,
we found that the a,b-meATP–evoked P2X3 currents decreased
significantly in MRMT-1 rats pretreated with LV-shVILIP-1
(21.6 ± 3.6 pA/pF, n = 15) compared with LV-GFP controls
(37.1 ± 5.2 pA/pF, n = 21) (P < .05, unpaired t test; Fig. 7D). More-
over, we observed that the mean depolarization amplitude induced
by a,b-meATP was significantly decreased in MRMT-1 rats pre-
treated with LV-shVILIP-1 (14.9 ± 1.3 mV, n = 19) compared with
LV-GFP controls (19.5 ± 1.5 mV, n = 21) (P < .05, unpaired t test,
Figs. 7E and 7F). As a result, intrathecal delivery of LV-shVILIP-1
greatly inhibited the a,b-meATP evoked action potentials firing in
MRMT-1 rats (Fig. 7E). These results suggested that knockdown
of VILIP-1 by pretreatment of LV-shVILIP-1 could preventively in-
hibit the development of bone cancer pain via functional downreg-
ulation of P2X3 receptors and repression of DRG neurons
excitability in MRMT-1 rats.

3.8. Posttreatment of LV-shVILIP-1 alleviates the cancer-induced pain
behaviors by functionally downregulating the P2X3 receptors in
MRMT-1 rats

To further determine whether post-treatment with LV-shVILIP-
1 could remedially alleviate the cancer-induced pain behaviors via
nction of P2X3 receptors and enhances the neuronal excitability in rat dorsal root
ILIP-1-EGFP (LV-VILIP-1). (E–H) In dissociated DRGs from rats received intrathecal
ion. Note that overexpressed VILIP-1-EGFP (48 kDa) was detected using anti–green
ibody (A) and anti-VILIP-1 antibody (B); expression of endogenous VILIP-1 (endo-
unostaining of P2X3 receptors in VILIP-1–overexpressed DRG neurons. Upper: GFP

X3 receptors increased in LV-VILIP-1–infected cells (right bottom) compared with
(D, E) Western blot of P2X3 receptor expression: in cultured DRG neurons (D); in

he relative intensity of P2X3 receptors. Note that in both cultured DRG neurons and
group, although endogenous VILIP-1 (endo-VILIP-1) was not significantly altered in

LV-GFP group, 1-way ANOVA, n = 4/group. (F) a,b-meATP–evoked fast-inactivating
3 seconds) evoked fast P2X3 currents. Lower: Summary of the current density (pA/

P2X3 currents, ⁄⁄P < .01 compared with the naive group; #P < .05, compared with the
neurons. (G) Representatives of a,b-meATP–induced depolarization. Note that a,b-
fected rats, indicating the enhancement of DRG neuron excitability in VILIP-1
red with naive rats; ##P < .01 compared with LV-GFP–infected rats, 1-way ANOVA.
f the panel.



Fig. 6. Knockdown of visinin-like protein 1 (VILIP-1) reduces the expression and function of P2X3 receptors in rat dorsal root ganglion (DRG) neurons. (A, B) Assessment of
VILIP-1 knockdown in HEK293 cells coexpressed VILIP-1-DsRed together with short hairpin VILIP-1 (shVILIP-1). (A) Representatives of Western blot bands on VILIP-1
expression. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal control. The ratio of cotransfected plasmids was indicated in the panel. (B) Analysis of
the relative intensity of VILIP-1. Note that the expression of VILIP-1 was markedly knocked down by transfection of shVILIP-1, ⁄⁄⁄P < .001, compared with green fluorescent
protein (GFP) control, 1-way analysis of variance (ANOVA), n = 3. (C, D) Detection of P2X3 receptor expression in cultured rat DRG neurons infected with LV-shVILIP-1-GFP
(LV-shVILIP-1). (E, F) Assessment of the expression and function of P2X3 receptors in dissociated DRGs from rats that received intrathecal delivery of LV-shVILIP-1 to infect
DRG neurons. (C) Immunostaining of P2X3 receptors in cultured rat DRG neurons infected with LV-shVILIP-1 or LV-GFP. Upper: GFP (green); lower: P2X3 receptors (red). Note
that the immunofluorescence intensity of P2X3 receptors decreased by knockdown of VILIP-1 in cells infected with LV-shVILIP-1 (right bottom) compared with naive (left
bottom) or LV-GFP (middle bottom) control, n = 4/group, scale bar = 7.5 lm. (D, E) Western blot of P2X3 receptor expression: in cultured DRG neurons (D); in dissociated
DRGs (E). Upper: representatives of Western blot bands, GAPDH was used as internal control; lower: analysis of the relative intensity of P2X3 receptors. Note that in both
cultured DRG neurons and dissociated DRGs, the expression of P2X3 receptors decreased dramatically in association with a marked knockdown of VILIP-1 in the LV-shVILIP–1
infected group, ⁄⁄P < .01, ⁄⁄⁄P < .001 compared with the naive group; ##P < .01, ###P < .001 compared with the LV-GFP group, 1-way ANOVA, n = 4/group. (F) a,b-meATP–
evoked fast P2X3 currents in IB4(+) DRG neurons. Upper: representatives of a,b-meATP (20 lM for 3 seconds)-evoked fast P2X3 currents. Lower: summary of the current
density (pA/pF). Note that knockdown of VILIP-1 by infecting LV-shVILIP-1 markedly suppressed the a,b-meATP–evoked currents, ⁄P < .05, compared with the naive group;
#P < .05 compared with the LV-GFP group, 1-way ANOVA. The numbers of recorded cells in each group are given in parentheses in each column of the panel.
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functional downregulation of the P2X3 receptors in MRMT-1 rats,
we performed knockdown of VILIP-1 preventively by intrathecal
delivery of LV-shVILIP-1 on day 11 and evaluated the pain
behaviors on days 10, 14, 16, 18, and 20 after tumor cell inocula-
tion. We inferred that obvious knockdown of VILIP-1 appeared
on approximately day 18 after tumor cell inoculation when
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apparent pain behaviors had already occurred because knockdown
of VILIP-1 was achieved on day 7 after intrathecal delivery of LV-
shVILIP-1 and the cancer-induced pain behaviors appeared on
day 14 after tumor cell inoculation [46]. As expected, post-treat-
ment with LV-shVILIP-1 significantly inhibited the cancer-induced
decrease in PWT (6.7 ± 1.1 g LV-shVILIP-1/MRMT-1 vs 1.5 ± 0.2 g
MRMT-1 and 2.3 ± 0.6 g LV-GFP/MRMT-1 at day 20, P < .01,
2-way ANOVA, n = 6–9/group) (Fig. 8A), and to some extent, also
temporarily inhibited the cancer-induced decrease in PWL
(14.4 ± 2.0 seconds LV-shVILIP-1/MRMT-1 vs 11.3 ± 1.3 seconds
MRMT-1 and 9.1 ± 0.6 seconds LV-GFP/MRMT-1 at day 16, P < .01,
2-way ANOVA, n = 5–9/group) (Fig. 8B), indicating that preventive
knockdown of VILIP-1 could remedially alleviate the cancer-in-
duced mechanical allodynia in MRMT-1 rats.

Finally, the expression and function of P2X3 receptors in those
rats that underwent the above-mentioned behavior test were
further studied. Similarly, we found that post-treatment of LV-
shVILIP-1 inhibited both VILIP-1 (50.2 ± 1.8% of control, P < .01,
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unpaired t test, n = 3) and P2X3 receptors (60.8 ± 2.3% of control,
P < .01, unpaired t test, n = 3) expression in MTMT-1 rat DRGs
(Fig. 8C). Additionally, using whole-cell patch clamp recording on
IB4-positive DRG neurons, we also found that the a,b-meATP–
evoked P2X3 currents decreased significantly in MRMT-1 rats
post-treated with LV-shVILIP-1 (20.0 ± 3.1 pA/pF, n = 22) as
compared with LV-GFP controls (34.8 ± 5.2 pA/pF, n = 22)
(P < 0.05, unpaired t test, Fig. 8D). These results indicated that
knockdown of VILIP-1 by post-treatment of LV-shVILIP-1 could
remedially alleviate cancer-induced pain behaviors by functional
downregulation of P2X3 receptors in MRMT-1 rats.
4. Discussion

In this study, we disclosed a novel molecular mechanism under-
lying the functional upregulation of P2X3 receptors in cancer rat
DRG neurons, which is associated with the neuronal hyperexcit-
ability and the cancer-induced bone pain: VILIP-1, one of the neu-
ronal calcium sensor proteins that was first detected in DRG
neurons in our study, interacted with P2X3 receptor C-terminus
and enhanced the expression and function of the receptor, which
in turn caused the hyperexcitation of DRG neurons that is proposed
to underlie the pathogenesis of cancer-induced bone pain. Overex-
pression of VILIP-1 increased the expression and function of P2X3
receptors and enhanced the excitability of DRG neurons; whereas
knockdown of VILIP-1 attenuated the cancer-induced pain behav-
iors via functional downregulation of P2X3 receptors and repres-
sion of DRG neuron hyperexcitability in cancer rats. Thus,
functional upregulation of P2X3 receptors by VILIP-1 in DRG neu-
rons contributes to the cancer-induced bone pain in rats.

4.1. Functional upregulation of P2X3 receptors in DRG neurons
contributes to the development of bone cancer pain in MRMT-1 rats

Here we provide evidence that the expression of P2X3 receptors
significantly increased in MRMT-1 rat DRGs. We detected a marked
increase both in total and membrane P2X3 receptor expression in
cancer rat DRGs, consistent with previous findings that increased
expression of P2X3 receptors was seen in various models of chronic
pain [31,40,41]. In support of the role of P2X3 receptors in nocicep-
tion and persistent pain [4,19,38–40], we observed that the in-
creased P2X3 receptors appeared from days 14 to 28 after tumor
cell inoculation, which temporally correlates with the occurrence
of cancer-induced pain behaviors [46].

In line with the increase in P2X3 receptor expression in cancer
rat DRGs, we found a marked increase in the current density of ago-
nist (a,b-meATP)-evoked fast-inactivating P2X3 currents in MRMT-
1 rat DRG neurons. Possible mechanisms for the potentiation of
Fig. 7. Pre-treatment of lentivirus short hairpin visinin-like protein 1 (LV-shVILIP-1) inhi
receptors, and represses dorsal root ganglion (DRG) neuron excitability in MRMT-1 rats. (
and thermal hyperalgesia (B) in MTMT-1 rats. LV-shVILIP-1 or LV-green fluorescent prot
inoculation (ie, before the appearance of cancer-induced pain behaviors [arrow]). Note tha
mechanical allodynia (as measured by paw withdrawal threshold) and thermal hypera
knockdown of VILIP-1 effectively inhibited the cancer-induced pain behaviors in MRM
compared with LV-GFP group, 2-way analysis of variance (ANOVA), n = 6–9/group. (C)
receptors in MTMT-1 rat DRGs. Upper: representatives of Western blot bands, glycerald
analysis of the relative intensity of VILIP-1 and P2X3 receptors. Note that i.t. delivery o
DRGs. ⁄P < .05, ⁄⁄P < .01 compared with LV-GFP groups, unpaired t test, n = 3. (D) Effects
neurons in MRMT-1 rats. Upper: representatives of a,b-meATP– (20 lM for 3 seconds) ev
knockdown of VILIP-1 via i.t. delivery of LV-shVILIP-1 markedly reduced the a,b-meATP–
F) a,b-meATP–induced depolarization in IB4(+) DRG neurons in MRMT-1 rats. (E) Repre
depolarization that insufficiently elicits action potential firing in LV-shVILIP-1 rats, indica
in bone cancer rats. (F) Summary of the mean depolarization amplitude. ⁄P < .05 compa
group are given in parentheses in each column of the panel.
fast-inactivating P2X3 currents include an increase of single-chan-
nel conductance, an enhancement of open probability, an augmen-
tation of the affinity to agonist, and/or an increase in functional
P2X3 receptor expression [42]. Although single P2X3 receptor
channel properties in cancer rat DRG neurons have not been stud-
ied, an increase in the opening probability of P2X3 receptor chan-
nels was probably not possible because the kinetic properties of
P2X3 currents remained unchanged in bone cancer rats. Moreover,
an augmentation of the affinity to agonist could also be excluded
because the half maximal effective concentration for activation of
P2X3 receptors by a,b-meATP was not significantly altered in
MRMT-1 rat DRG neurons. Thus, the increased expression of P2X3
receptors would be the determining factor for the potentiation of
fast-inactivating P2X3 currents in bone cancer rats [40,41]. The en-
hanced P2X3 currents gave rise to a greater depolarization in
MRMT-1 rat DRG neurons; among them,�50% of the depolarization
was great enough to evoke action potentials, implying that the
potentiation of fast-inactivating P2X3 currents likely mediated
the hyperexcitability of cancer rat DRG neurons that may underlie
the pathogenesis of cancer-induced bone pain. Based on our behav-
ioral findings and those of the previous study by Kaan et al. [21],
who reported that blockade of P2X3 and P2X2/3 receptors on both
the peripheral and central terminals of nociceptors contributes to
analgesic efficacy in a rat model of bone cancer pain, we propose
that functional upregulation of P2X3 receptors mediates the hyper-
excitability of DRG neurons, which in turn contributes to the devel-
opment of cancer-induced bone pain in MRMT-1 rats [40,46].

4.2. Regulation of P2X3 receptors by VILIP-1: implications and
mechanisms

Considerable evidence has accumulated that VILIP-1, a member
of the family of neuronal calcium sensor proteins, mainly ex-
pressed in the brain as reported previously [25], may function as
a general regulator of ligand-gated ion channels that affects the
surface expression and function of the receptors [3,8]. In this study,
we demonstrated for the first time to our knowledge that VILIP-1
was universally expressed, in terms of both protein and mRNA lev-
els, in naive rat DRG neurons. Upregulation of VILIP-1 expression
was further confirmed in bone cancer rats, and, most interestingly,
the increased expression of VILIP-1 was found to temporally
accompany with the elevation of P2X3 receptors in the time line
following tumor cells inoculation. These data strongly suggest that
increased VILIP-1 may act as a regulator of P2X3 receptors, causing
a functional upregulation of the receptors under cancer condition
[8,40]. Indeed, we identified the interaction between VILIP-1 and
the P2X3 receptor C-terminus, in both HEK293 cells and rat DRG
neurons. In addition, we further demonstrated that the NT1–22
aa domain containing N-myristoyl glycine2 in VILIP-1 is required
bits the cancer-induced pain behaviors, reduces the expression and function of P2X3
A, B) Effects of intrathecal (i.t.) delivery of LV-shVILIP-1 on mechanical allodynia (A)
ein (GFP) was intrathecally administered to MRMT-1 rats on day 7 after tumor cell
t i.t. delivery of LV-shVILIP-1 significantly inhibited the cancer-induced decreases in
lgesia (as measured by paw withdrawal latency) in MRMT-1 rats, indicating that
T-1 rats. ⁄⁄⁄P < .001 compared with MRMT-1 group; #P < .05, ##P < .01, ###P < .001
Effects of intrathecal delivery of LV-shVILIP-1 on expression of VILIP-1 and P2X3
ehyde 3-phosphate dehydrogenase (GAPDH) was used as internal control; lower:

f LV-shVILIP-1 inhibited both VILIP-1 and P2X3 receptor expression in MTMT-1 rat
of i.t. delivery of LV-shVILIP-1 on a,b-meATP–evoked P2X3 currents in IB4(+) DRG
oked fast P2X3 currents. Lower: summary of the current density (pA/pF). Note that
evoked P2X3 currents, ⁄P < .05 compared with the LV-GFP group, unpaired t test. (E,
sentatives of a,b-meATP–induced depolarization. Note that a,b-meATP evoked less
ting that knockdown of VILIP-1 dramatically repressed the DRG neuron excitability
red with the LV-GFP group, unpaired t test. The numbers of recorded cells in each



Fig. 8. Post-treatment of lentivirus short hairpin visinin-like protein 1 (LV-shVILIP-1) alleviates the cancer-induced pain behaviors and reduces the expression and function of
P2X3 receptors in MRMT-1 rats. (A, B) Effects of post-treated LV-shVILIP-1 on mechanical allodynia (A) and thermal hyperalgesia (B) in MTMT-1 rats. LV-shVILIP-1 or LV-
green fluorescent protein (GFP) was intrathecally) administered to MRMT-1 rats on day 11 after tumor cell inoculation (ie, after the occurrence of cancer-induced pain
behaviors [arrow]). Note that intrathecal (i.t.) delivery of LV-shVILIP-1 significantly inhibited the cancer-induced decrease in paw withdrawal threshold to von Frey filaments
rather than paw withdrawal latency to radiant heat, indicating that knockdown of VILIP-1 by post-treatment of LV-shVILIP-1 dramatically alleviated the cancer-induced
mechanical allodynia in MRMT-1 rats. ⁄⁄P < .01, ⁄⁄⁄P < .001 compared with MRMT-1 group; #P < .05, ##P < .01, ###P < .001 compared with LV-GFP group, 2-way analysis of
variance, n = 6–9/group. (C) Effects of i.t. delivery of LV-shVILIP-1 on expressions of VILIP-1 and P2X3 receptors in MTMT-1 rat DRGs. Upper: representative of Western blot
bands, glyceraldehyde 3-phosphate dehydrogenase (GADPH) was used as internal control; lower: analysis of the relative intensity of VILIP-1 and P2X3 receptors. Note that i.t.
delivery of LV-shVILIP-1 inhibited both VILIP-1 and P2X3 receptor expression in MTMT-1 rat DRGs. ⁄⁄P < .01 compared with i.t. LV-GFP groups, unpaired t test, n = 3. (D)
Effects of i.t. delivery of LV-shVILIP-1 on a,b-meATP–evoked P2X3 currents in IB4(+) DRG neurons in MTMT-1 rats. Upper: representatives of a,b-meATP– (20 lM for
3 seconds) evoked fast P2X3 currents. Lower: summary of the current density (pA/pF). Note that knockdown of VILIP-1 by post-treatment of LV-shVILIP-1 suppressed the a,b-
meATP–evoked currents, ⁄P < .05 compared with the LV-GFP group, unpaired t test. The numbers of recorded cells in each group are given in parentheses in each column of
the panel.

1566 M. Liu et al. / PAIN
�

154 (2013) 1551–1568
for their interaction, supporting the notion that VILIP-1 may form a
signaling complex with its binding receptors [8,12,27,44].

Interaction of VILIP-1 with a4b2 nAChRs or P2X2 receptors en-
hances the surface expression and function of the receptors
[8,27,44]. Here we present in vitro and in vivo evidence that similar
effects can be observed due to interactions between VILIP-1 and
P2X3 receptors. In HEK293 cells, VILIP-1 enhances the expression
of P2X3 receptors and potentiates the a,b-meATP–evoked P2X3
currents, whereas a mutant, mVILIP-1-myr, has no such effect. In
rat DRG neurons, overexpression of VILIP-1 increases the expres-
sion and function of P2X3 receptors and therefore enhances the
neuronal excitability; in contrast, knockdown of VILIP-1 produces
the opposite effects. Our data uncover a potential molecular mech-
anism underlying the functional upregulation of P2X3 receptors in
bone cancer rats.

4.3. Upregulation of P2X3 receptors by VILIP-1 contributes to the
development of bone cancer pain

Given that functional upregulation of P2X3 receptors mediates
the hyperexcitability of cancer rat DRG neurons that is suggested
to underlie the pathogenesis of cancer-induced bone pain [46],
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we hypothesized that the regulation of P2X3 receptors by VILIP-1,
which is proposed to affect the expression and function of the
receptors as well as the DRG neurons excitability, might play a cru-
cial role in the development of bone cancer pain. In this study, we
provide direct evidence that knockdown of VILIP-1 by intrathecal
delivery of LV-shVILIP-1 inhibits the development of bone cancer
pain in MRMT-1 rats via functional downregulation of P2X3 recep-
tors and repression of DRG neuron excitability. Thus, functional
upregulation of P2X3 receptors by VILIP-1 in DRG neurons is likely
involved in the pathogenesis of bone cancer pain in rats. Certainly,
the role of other channels or receptors in a model of bone cancer
pain, which might also be regulated by VILIP-1 in DRG neurons
[15,27,29], remains to be further studied. In the case that the
enhancement of other channels regulated by VILIP-1 could be iden-
tified in cancer rat DRG neurons, knockdown of VILIP-1 in DRGs
would be well qualified as a potential target for the treatment of
bone cancer pain. Here, we propose that functional upregulation
of P2X3 receptors by VILIP-1 in DRG neurons makes a significant
contribution to cancer-induced bone pain in a rat model. However,
we are unable so far to exclude the contribution of such regulation
in the spinal cord dorsal horn. We observed that in the dorsal horn
of the spinal cord, the expression of P2X3 receptors was up-regu-
lated, whereas no alteration was observed on VILIP-1 expression
(data not shown) in bone cancer rats. Although our data demon-
strate that intrathecal delivery of LV-VILIP-1 or LV-shVILIP-1 could
respectively achieve overexpression or knockdown of VILIP-1 in
DRG neurons, which in turn causing functional upregulation or
downregulation of the P2X3 receptors in DRG neurons, overexpres-
sion or knockdown of VILIP-1 in the dorsal horn neurons would not
be excluded in our experiments. Hence, in the spinal cord dorsal
horn, the contribution of VILIP-1–mediated modulation of P2X3
receptors to the cancer pain needs to be further studied.

4.4. Conclusions

Our data provide a novel molecular mechanism underlying the
functional upregulation of P2X3 receptors in bone cancer rats: VI-
LIP-1, a member of the family of neuronal calcium sensor proteins,
interacts with the C-terminal tail of the P2X3 receptor and en-
hances the expression and function of the receptor, which in turn
causes the hyperexcitation of DRG neurons, which is proposed to
underlie the pathogenesis of cancer-induced bone pain. These re-
sults suggest that functional upregulation of P2X3 receptors by VI-
LIP-1 in DRG neurons contributes to the development of bone
cancer pain in MRMT-1 rats. Hence, P2X3 receptors and VILIP-1
may serve as promising targets for therapeutic interventions in
cancer patients for pain management. Pharmacological blockade
of P2X3 receptors or knockdown of VILIP-1 in DRG neurons could
be used as innovative strategies for the treatment of bone cancer
pain.
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