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Enhanced binding capability of nuclear factor-kB
with demethylated P2X3 receptor gene contributes
to cancer pain in rats
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Abstract
Nuclear factor-kappa B (NF-kB) signaling is implicated in both cancer development and inflammation processes. However, the roles
and mechanisms of NF-kB signaling in the development of cancer-induced pain (CIP) remain unknown. This study was designed to
investigate the roles of the p65 subunit of NF-kB in regulation of the purinergic receptor (P2X3R) plasticity in dorsal root ganglion
(DRG) of CIP rats. We showed here that tumor cell injection producedmechanical and thermal hyperalgesia, and an enhanced body
weight–bearing difference, which was correlated with an upregulation of p65 and P2X3R expression in lumber DRGs and
a potentiation of ATP-evoked responses of tibia-innervating DRG neurons. Inhibition of NF-kB signaling using p65 inhibitor
pyrrolidine dithiocarbamate, BAY-11-7082, or lentiviral-p65 short-hairpin RNA significantly attenuated CIP and reversed the
activities of P2X3R. Interestingly, tumor cell injection led to a significant demethylation of CpG island in p2x3r gene promoter and
enhanced ability of p65 to bind the promoter of p2x3r gene. Our findings suggest that upregulation of P2X3R expression was
mediated by the enhanced binding capability of p65with demethylated promoter of p2x3r gene, thus contributing to CIP. NF-kBp65
might be a potential target for treating CIP, a neuropathic pain generated by tumor cell–induced injury to nerves that innervate the
skin.
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1. Introduction

Cancer pain resulting from primary tumors or metastatic
carcinoma is one of the most severe and intractable types of
chronic pain, which severely compromises the quality of life of
cancer patients and imposes a huge burden on society.7,23,26

Despite the availability of bisphosphonates, nonsteroidal anti-
inflammatory drugs and opioids, many patients with cancer pain
report limited pain relief and adverse side effects, such as
neuropsychiatric symptoms and gastric bleeding.1,43 No new
pharmacotherapy has emerged, and there is an urgent need for
new treatments for patients with cancer pain. Recent studies
using rodent models of cancer-induced pain (CIP) suggested that
sensitization of primary afferent neurons innervating tumor tissue
likely contributes to mechanical allodynia and thermal

hyperalgesia.42,46 However, the mechanism underlying the
development of CIP remains largely unknown.

Purinergic P2X receptors are preferentially expressed on dorsal
root ganglion (DRG) neurons and have been implicated in
neuropathic,2,3,39 inflammatory,28,38 and visceral pain hypersen-
sitivity.16,40 Relatively few studies have reported on the roles of
purinergic P2X receptors in cancer pain conditions. Recent
reports have shown an increase in P2X3 receptor (P2X3R)
expression on primary sensory afferents.10,19 However, the
mechanism underlying P2X3R upregulation under CIP conditions
is not fully understood. The nuclear factor-kB (NF-kB) might be
a contributor because it is considered to control numerous genes
encoding inflammatory and nociceptive mediators.21,32,35 It also
controls the expression of genes linked with tumorigenesis and
metastasis in breast cancer cells.18,30,37 Recent studies show
that expression of NF-kBp65 subunits is upregulated in DRG
neurons after partial sciatic nerve injury9,20 and diabetic gastric
hypersensitivity.44 Moreover, intraperitoneal (i.p.) injection of
pyrrolidine dithiocarbamate (PDTC) against p65 subunit of NF-kB
significantly alleviated diabetic mechanical allodynia and thermal
hyperalgesia.31,44 However, whether p65 is involved in the
regulation of P2X receptor sensitization in cancer pain conditions
remains unknown.

In this study, we tested whether the selective inhibition of p65
using PDTC or BAY-11-7082 can attenuate pain behaviors
associated with CIP. In addition, we constructed a lentiviral (LV)
vector encoding a specially designed short-hairpin RNA (shRNA)
against NF-kBp65 gene (LV-p65 shRNA) and observed the
inhibitory effect of in vivo intrathecal (i.t.) delivery of LV-shRNA on
a CIP model. To understand the molecular mechanisms
potentially involved in upregulation of p65 and P2X3Rs in CIP,

Sponsorships or competing interests that may be relevant to content are disclosed

at the end of this article.

a Jiangsu Key Laboratory of Translational Research and Therapy for Neuro-Psycho-

Diseases, Institute of Neuroscience, The Second Affiliated Hospital, Soochow

University, Suzhou, China, b Hand Surgery Research Center, Department of Hand

Surgery, Affiliated Hospital of Nantong University, Nantong, China

*Corresponding author. Address: Laboratory for Translational Pain Medicine,

Department of Neurobiology, Institute of Neuroscience, Soochow University, 199

Ren-Ai Rd, Suzhou 215123, China. Tel.:186-512-6588-2817; fax:186-512-6588-

3602. E-mail address: guangyinxu@suda.edu.cn (G.-Y. Xu).

Supplemental digital content is available for this article. Direct URL citations appear

in the printed text and are provided in the HTML and PDF versions of this article on

the journal’s Web site (www.painjournalonline.com).

PAIN 156 (2015) 1892–1905

© 2015 International Association for the Study of Pain

http://dx.doi.org/10.1097/j.pain.0000000000000248

1892 Y.-L. Zhou et al.·156 (2015) 1892–1905 PAIN®

  Copyright � 2015 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

mailto:guangyinxu@suda.edu.cn
http://www.painjournalonline.com
http://dx.doi.org/10.1097/j.pain.0000000000000248


a chromatin immunoprecipitation (ChIP) assay of p65-binding
ability with p2x3r gene promoter in DRG neurons was performed.
Our data demonstrate for the first time that tumor cell injection
promoted the ability of p65 binding to the demethylated p2x3r
gene promoter. Selective blockade of p65 by PDTC or shRNA
attenuates CIP behavior in both reversal and preventative
paradigms through inhibition of P2X3R activities of lumber DRG
neurons that innervate the tibia. Therefore, selective inhibition of
p65 represents a novel target for CIP therapy.

2. Methods

2.1. Animals

Female Sprague-Dawley (SD) rats weighing 160 to 180 g were
used in the present studies. They were housed in temperature
(24 6 1˚C) and light-controlled (12:12-hour alternating light–dark
cycle) room with free access to food and water. All experiments
were approved by the Institutional Animal Care and Use
Committee at Soochow University and the Association of
laboratory animals in Jiangsu Province, China.

2.2. Induction of cancer-induced pain model

The Walker 256 mammary gland carcinoma cell line was
syngenic with the SD rat as described previously.24,36,41 In brief,
a total of 1 mL Walker 256 cells (2 3 107 cells/mL) was injected
into the abdominal cavity of SD rats (weighing;60 g). Seven days
later, ascites (approximately 10-30 mL) were collected. The cells
were collected by centrifugation for 3 minutes at 1200 rpm, and
the pellet was washed 3 times with 10 mL normal saline (NS) and
recentrifuged for 3 minutes at 1200 rpm. The cells were counted
using a haemocytometer and diluted to a final concentration of
13 108 cells permilliliter with NS and kept on ice until injected into
rats. Rats were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) for surgery. Four microliters of carcinoma cells
(4 3 105) or the same volume of NS (vehicle group) was slowly
injected into the tibia cavity by using a 10-mL microinjection
syringe with a 23-gauge needle. The syringe was left in place for
an additional 2 minutes to prevent the carcinoma cells from
leaking out along the injection track. All animals were allowed to
recover from the surgery for 3 to 4 days before any
experimentation.

To assess the tibia bone destruction from the inoculated tumor
cells, each rat was placed on a clear plane plexiglass, exposed to
an x-ray source under sodiumpentobarbital anesthesia on day 14
after Walker 256 inoculation. Tibia bone radiographs were
performed using E-COM Digital Radiographer System (ECOM
Technology Co LTD, Guangdong, China). Radiological images of
tibia taken at the different end point of the study revealed bone
destruction caused by carcinoma cells compared with control
rats (Supplementary Figure S1A, available online as Supplemen-
tal Digital Content at http://links.lww.com/PAIN/A108).

For bone histology, rats were transcardially perfused with 300
mL of 0.9% NS followed by 300 mL 4% paraformaldehyde (PFA)
after being anesthetized with an overdose of sodium pentobar-
bital at the end of the experiment. Tibia bones were removed and
decalcified in decalcifying solution for 24 hours. The bones were
rinsed, dehydrated, and then embedded in paraffin, cut into
4-mm cross-sections using a rotary microtome (Reichert-Jung
820; Cambridge Instruments GmbH, Nussloch, Germany), and
stainedwith hematoxylin and eosin to visualize the extent of tumor
infiltration and bone destruction. TheWalker 256–inoculated tibia
bone showed that the surface of bone was roughened, and

hematoxylin–eosin staining pictures showed significant tumor
cells growth in Walker 256–inoculated rats when compared with
age- and sex-matched controls (Supplementary Figure S1B
and C, available online as Supplemental Digital Content at
http://links.lww.com/PAIN/A108).

2.3. Pain behavioral assessments

Experiments were performed on tumor cell–injected rats and the
age- and sex-matched control rats. Mechanical allodynia was
measured as the hind paw withdrawal response to von Frey hair
stimulation according to the up–down method. To quantify the
mechanical sensitivity of the hind paw, rats were placed in
individual plastic boxes and allowed to acclimate for at least 30
minutes. Testing was performed by an observer in a blinded
manner. The rat hind paw withdrawal threshold (PWT) in
response to stimulation of von Frey filaments was determined
as described previously.4,29,31 A series of calibrated von Frey
filaments (ranging from 0.4 to 15.0 g) were applied perpendic-
ularly to the plantar surface of the hind pawwith sufficient force to
bend filaments for 1 to 2 seconds. A trial began with the
application of the 2.0 g of hair. In the presence of a response,
a filament of the next greater force was applied. In the absence of
a response, a filament of the next lower force was applied. To
avoid unnecessary tissue damage during tests, the cutoff
strength of von Frey filament was set at 15.0 g. The tactile
stimulus producing a 50% likelihood of withdrawal was de-
termined by means of the “up–down” calculating method. Each
trial was repeated 2 to 3 times at an approximately 10-minute
intervals, and the mean value was used as the force to produce
withdrawal response.

Thermal hyperalgesia of the hind paws was tested as
described by a previous report.11 Rats were allowed to acclimate
for 30 minutes within acrylic enclosures on a clear glass plate. A
radiant heat source was focused onto the plantar surface of the
hind paw. Measurements of paw withdrawal latency (PWL) were
taken by a timer that was started by activation of a heat source
and stopped when withdrawal of the paw was detected with
a photodetector. A maximal cutoff time of 20 seconds was used
to prevent unnecessary tissue damage. Three measurements of
PWL were taken for each rat and were averaged as the result of
each test session. The hind paw was tested alternately with
greater than 5-minute intervals between consecutive tests.

Hind limb body weight–bearing difference (WBD) was also
measured using the incapacitance tester. The measurement was
recorded as an average of 3 trials, with each trial measuring the
weight over 3 seconds and expressed as contralateral–ipsilateral
readings.

2.4. Cell retrograde labeling

The origin of the primary afferent innervation of the tibia was
determined by retrograde tracing using 1,19-dioleyl-3,3,39,3-
tetramethylindocarbocyanine methanesulfonate (DiI; Invitrogen,
Carlsbad, CA). Experiments were performed on adult female SD
rats (160 to 180 g). Animals were anesthetized with chloral
hydrate (360 mg/kg). Then, DiI (25 mg in 0.5 mL methanol) was
slowly injected in 5 mL volumes into the tibia cavity by using
a 10-mL microinjection syringe with a 23-gauge needle 7 days
after injection of tumor cells or NS. The syringewas left in place for
an additional 2 minutes to prevent the DiI from leaking out along
the injection track. One week later, lumbar L2-L5 DRGs were
dissected out for an excitability study using patch-clamp record-
ings or immunostaining.
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2.5. Dissociation of DRG neurons and
patch-clamp recording

Isolation of DRG neurons from adult female SD rats has been
described previously.44 Briefly, 2 weeks after injection of tumor cells
or NS, rats were killed by cervical dislocation, followed by
decapitation. Lumber DRGs (L2-L5) were dissected out and
transferred to an ice-cold oxygenated fresh dissecting solution
containing (in millimolars) 130 NaCl, 5 KCl, 2 KH2PO4, 1.5 CaCl2, 6
MgSO4, 10 glucose, and 10 HEPES, pH 5 7.2, osmolarity 5 305
mOsm. After the removal of the connective tissue, DRGs were
transferred to a tube with 5 mL dissecting solution containing
collagenase D (1.8-2.0 mg/mL; Roche, Indianapolis, IN) and trypsin
(1.2-1.5 mg/mL; Sigma, St Louis, MO) and incubated for 1.5 hours
at 34.5˚C. Dorsal root ganglions were taken from enzyme solution,
washed, and transferred to 2 mL of dissecting solution containing
DNase (0.5 mg/ml; Sigma). A cell suspension was subsequently
obtained by repeated trituration through a series of flame-polished
glass pipettes. Cellswere plated onto acid-cleaned glass coverslips.
Coverslips containing adherent DRG cells were then put in a small
recordingchamber (0.5mL) andattached to the stageof an inverting
microscope (Olympus IX71; Olympus, Tokyo, Japan). The micro-
scope is fitted with both fluorescent and phase objectives. DiI-
labeled neurons were identified as tibia-innervating neurons by
a fluorescence microscope. Neurons were perfused at room
temperature with normal external solution containing (in millimolars)
130NaCl, 5 KCl, 2 KH2PO4, 2.5CaCl2, 1MgCl2, 10HEPES, and 10
glucose (pH 5 7.2, adjusted with NaOH, osmolarity 5 295-300
mOsm). For patch-clamp recording experiments, cells were
continuously superfused with normal external solution. Recording
pipetteswere pulled fromborosilicate glass tubing using a horizontal
puller (P-97; Sutter Instruments, Novato, CA) and typically had
a resistance of 3.0 to 5.0 MV when filled with the pipette solution
containing (in millimolars): 140 potassium gluconate, 10 NaCl, 10
HEPES, 10 glucose, 5 BAPTA, and 1 CaCl2 (pH 5 7.25 adjusted
with KOH, osmolarity 5 295 mOsm). The resting membrane
potential and action potentials (APs) were recorded under current-
clampconditions. Tip potentialswere zeroedbefore themembrane–
pipette giga seal was formed. Capacitive transient was corrected
with capacitive cancellation circuitry on the amplifier that yielded
whole-cell capacitance. Up to 90% of series resistance was
compensated electronically. Currents were filtered at 2 to 5 kHz
and sampled at 50 or 100 ms per point. Whole-cell voltages and
currents were acquired with an EPC10 patch-clamp amplifier and
were stored on a computer for later analysis using FitMaster (HEKA,
Lambrecht, Germany). Patch-clamp recordings were carried out at
room temperature (;22˚C).

2.6. Western blotting analysis

The expressions of NF-kBp65 and P2X receptor in L2-L5 DRGs
from control and tumor cell–injected rats were measured using
Western blotting analysis. The rats were killed by an overdose of
chloral hydrate. L2-L5 DRGs were quickly dissected out and
lysed and centrifuged at 12,000 rpm for 20 minutes at 4˚C. A total
of 20 mg aliquot of protein was fractionated on 10% poly-
acrylamide gels (Bio-Rad, Hercules, CA). Proteins were then
transferred to polyvinylidenedifluoride membranes (Bio-Rad) for
1.5 hours at 200mA. Themembranes were blocked for 2 hours in
TBS (50 mM Tris-HCl, 133 mM NaCl, pH5 7.4) containing a 5%
dilution of nonfat milk powder at room temperature and then
incubated with primary antibody (anti-P2X3R at 1:1000, Neuro-
mics Cat# RA10109-150 or NF-kBp65 at 1:200, Santa Cruz
Biotechnology, Inc, Cat# sc-8008) in TBS containing 1% milk at

4˚C overnight. After washing in TBST (0.5% Tween-20),
membranes were incubated with horseradish peroxidase–
conjugated secondary antibodies (1:5000, Santa Cruz Bio-
technology, Inc, Cat# sc-2313 or Santa Cruz Biotechnology,
Inc, Cat# sc-2096) in TBS containing 1%milk for 2 hours at room
temperature. Bands were visualized using an enhanced chem-
iluminescence kit (Amersham, Buckinghamshire, United King-
dom) and appropriate exposure to Kodak x-ray film. Membranes
were subsequently stripped and reprobed for actin (anti-b-actin
1:5000; Abnova Corporation Cat# MAB1445). The densities of
protein bands were analyzed using NIH image software. P2X3R
and NF-kB protein expression was normalized to b-actin.

2.7. Real-time quantitative polymerase chain reaction
for mRNA

Total RNA was extracted from L2-L5 DRGs from control and
tumor cell–injected rats with Trizol (Invitrogen). cDNA was
synthesized from total RNA using an Omniscript RT kit 50
(QIAGEN, Valencia, CA) following the supplier’s instructions. The
sequences of the primers for P2X3R, P2X2R, P2X1R, DNMT3a,
DNMT3b, TDG, Gadd45a, MBD2, MBD4, and b-actin (as an
internal control) used in quantitative polymerase chain reaction

Table 1

Oligonucleotides used in the study.

Usage Primers Sequence (59 to 39)

RT-PCR P2X3-F CCAGTGCATCCCTAAATATTCC

P2X3-R CCAGCGTTCCCATATACCAG

P2X1-F CATCCCTACTATGACTACTATCGG

P2X1-R GCAGGATGTGGAGCAATAAG

P2X2-F AGGGCGGTGTCATTGGA

P2X2-R GCAAACCTGAAGTTGTAGCCT

CBS-F GAACCAGACGGAGCAAACAG

CBS-R GGCGAAGGAATCGTCATCA

DNMT3a-F GAGGGAACTGAGACCCCAC

DNMT3a-R CTGGAAGGTGAGTCTTGGCA

DNMT3b-F CATAAGTCGAAGGTGCGTCGT

DNMT 3b-R ACTTTTGTTCTCGCGTCTCCT

TDG-F AGGTGTGTGTGGCAGATGGTT

TDG-R CCTACTGTGTTCTCAGGAGCCTAC

Gadd45a-F CAAGCAGTCACTCCCCACG

Gadd45a-R CCTTCAGTCTCACCTCTCTCTCC

MBD2-F AAGAACCCTGCTGTTTGGCT

MBD2-R TTCTTTCGGACTTGTTGGACTC

MBD4-F AATATGGCAACGACTCCTACCG

MBD4-R GCTTCAGACAGGCGGCTTTA

ACTIN-F TCAGGTCATCACTATCGGCA

ACTIN-R GGCATAGAGGTCTTTACGGAT

MS-PCR p2x3-M-F1 GAATTTGGGATCGGTTTAGAGAGC

p2x3-M-R1 CGCGAAACGATTAAAATAAATCGAT

p2x3-U-F1 AATTTGGGATTGGTTTAGAGAGTGT

p2x3-U-R1 CCCCACAAAACAATTAAAATAAATCAAT

BS-PCR p2x3-F GAGAGGAAGATTTGGTTAGAAA

p2x3-R CTAAAAAACAAACACAATCACC

ChIP NF-kB-P2X3-67-F CTTACATCTCAACCCGACACC

NF-kB-P2X3-304-R GGGACGATTGGGATGGA

NF-kB-P2X3-247-F AATGGATTCGCCCACTGC

NF-kB-P2X3-441-R TTCCCCCGTATCCCTATCC

NF-kB-P2X3-425-F ATAGGGATACGGGGGAAGG

NF-kB-P2X3-524-R TCTTCCTCTCTATGGTTTGTGC

NF-kB-P2X3-503-F GCACAAACCATAGAGAGGAAGA

NF-kB-P2X3-605-R CCTCGCTTTAGACGACCAG

NF-kB-P2X3-581-F GTGCCCCTGGTCGTCTAA

NF-kB-P2X3-689-R CTTTGAAGAGCAGCCTGTAACT
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are shown in Table 1. Control reactions were performed in the
absence of cDNA templates. The Ct value was defined as the
cycle number at which fluorescence intensity reached a certain
threshold where amplification of each target gene was within the
linear region of the reaction amplification curves. The relative
expression level for each target gene was normalized by the Ct
value of b-actin using a 2DDCt relative quantification method.

2.8. Immunofluorescence study

Oneweek after DiI injection, the control or tumor cell–injected rats
were perfused transcardially with 300 mL phosphate-buffered
saline (PBS) followed by 300 mL ice-cold 4% PFA in PBS. L2-L5
DRGs were removed and postfixed for 4 hours in PFA and
cryoprotected overnight in 20% sucrose in PBS. For triple
labeling, 10-mm sections of DRG were simultaneously incubated
with P2X3R (1:200) and p65 (1:100) antibodies for overnight at
4˚C and then incubated with secondary antibody with Alexa Fluor
488 and 355 for 2 hours at room temperature. Negative control
(NC) was performed by omitting primary antibody. Sections were
viewedwith filter cubes appropriate for DiI (rhodamine filter), Alexa
355, and 488. Images were captured and analyzed using
Metaview software as described previously.44

2.9. Methylation-specific PCR and bisulfite sequencing

The methylation status of CpG island of all samples was initially
screened at p2x3r gene promoter regions by methylation-specific
PCR (MSP) as described previously.29 Genomic DNA extracted
from DRGs (L2-L5) was modified with bisulfite reagents following
the manufacturer’s instructions (Zymo Research, Irvine, CA). This
modification converts unmethylated cytosine to thymine, whereas
methylated cytosine remained unchanged. A total of 20 ng of
bisulfite-modified DNA was subjected to PCR amplification and
directly sequenced using the ABI 3700 automated sequencing
system (Applied Biosystems, Foster City, CA). When the CpG sites
in the region analyzed by MSP are methylated, the methylated (M)
band would show up. However, the unmethylated (U) band would
be present when the sites are unmethylated. Occasionally, both
bands could be present if the sites are partially methylated. The
MSP primers designed for P2X3R were as follows: methylated:
forward 59-GAATTTGGGATCGGTTTAGAGAGC-39 and reverse
59-CGCGAAACGATTAAAATAAATCGAT-39; unmethylated: forward
59-AATTTGGGATTGGTTTAGAGAGTGT-39 and reverse 59-
CCCCACAAAACAATTAAAATAAATCAAT-39.

The methylation status was further validated by bisulfite
sequencing as described previously.8,29 The following primers
were designed to amplify CpG-rich regions within P2X3R:
forward 59-GAGAGGAAGATTTGGTTAGAAA-39 and reverse
59-CTAAAAAACAAACACAATCACC-39.

2.10. Chromatin immunoprecipitation assay

A ChIP assay was performed using the Upstate-kit (Millipore,
Charlottesville, VA) according to the manufacturer’s instruc-
tions.44 In brief, DRGs from tumor cell–injected rats and age- and
sex-matched control healthy rats were lysed for 10minutes at 4˚C
and were sonicated 8 times for 15 seconds each. One third of the
lysate was used as DNA input control. The remaining two-thirds
were diluted 10-fold with ChIP dilution buffer supplied within the
commercial kit followed by incubation with an anti-p65 antibody
(Santa-Cruz Biotechnology) or mouse immunoglobulin G (IgG;
NC) overnight at 4˚C. Immunoprecipitated complexes were
collected using protein G-agarose beads. The precipitates were

extensively washed and then incubated in elution buffer (1% SDS
and 0.1 M NaHCO3) at room temperature for 15 minutes. Cross-
linking of protein–DNA complexes was reversed at 65˚C for 4
hours, followed by treatment with 10 mg/ml proteinase K for 1
hour at 45˚C. DNA was extracted with phenol/chloroform and
precipitated with ethanol. Pellets were resuspended in TE buffer
and subjected to PCR amplification using NF-kB consensus
site specific primer 1 (forward: CTTACATCTCAACCCGACACC;
reverse: GGGACGATTGGGATGGA), specific primer 2 (forward:
AATGGATTCGCCCACTGC; reverse: TTCCCCCGTATCCC-
TATCC), specific primer 3 (forward: ATAGGGATACGGGGGAAGG;
reverse: TCTTCCTCTCTATGGTTTGTGC), specific primer 4 (for-
ward:GCACAAACCATAGAGAGGAAGA; reverse:CCTCGCTTTA-
GACGACCAG) in p2x3 promoter and specific primer 5 (forward:
GTGCCCCTGGTCGTCTAA; reverse: CTTTGAAGAGCAGCCTG-
TAACT) in p2x3 promoter (Table 1). The resulting product was
separated by 2% agarose gel electrophoresis.

2.11. Drug application

To investigate the role of p65, PDTC or BAY-11-7082was used in
this study. One week after tumor cell injection, 29 rats were
divided into 5 groups and received an i.p. injection of NS (n5 4),
or PDTC5 (n5 5), PDTC25 (n5 5), PDTC50mg/kg (n5 5), once
a day for consecutive 7 days, respectively. Paw withdrawal
threshold, PWL, and WBD were recorded after PDTC treatment.
Twoweeks after tumor cell injection, rats received PDTC injection
(25 mg/kg, i.p., n 5 6). Paw withdrawal threshold, PWL, and
WBD were recorded 2 hours, 12 hours, 2 days, 4 days, 6 days,
and 8 days after PDTC treatment. Two weeks after tumor cell
injection, 25 rats were divided into 4 groups and received an i.t.
injection of NS (n5 6), suramin at the doses of 5mg (n5 6), 50mg
(n5 7), and 500 mg (n5 6), respectively. Age- and sex-matched
control rats received suramin injection (50 mg/kg, i.t., n5 6). Paw
withdrawal threshold and PWL were recorded 0.5, 1, 2, and 4
hours after suramin treatment. To further determine which
subunit of P2 receptors mediated cancer pain, A317491 was
tested. A317491 is a selective P2X3R and P2X2R/P2X3R
antagonist.13 Two weeks after tumor cell injection, 25 rats were
divided into 4 groups and received an i.t. injection of NS (n 5 6),
A317491 at the doses of 3 nmol (n5 6), 30 nmol (n5 7), and 100
nmol (n 5 6), respectively. Age- and sex-matched control rats
received A317491 injection (30 nmol, i.t., n5 6). Paw withdrawal
threshold and PWL were recorded 0.5, 1, 2, and 4 hours after
A317491 treatment.

2.12. Lentiviral vectors production and intrathecal injection

According to a previously published article,5 shRNA targeting
cDNA sequence of rat NF-kBp65 (GenBank Accession
NM_199267) was used for this experiment. The sequence of
shRNA was 59-GCA GTT CGA TGC TGA TGA ATT-39. An
additional scrambled sequence was also designed as a NC
(59-TTC TCC GAA CGT GTC ACG T-39). Replication-deficient
self-inactivating LV expressing vector pFU-GW-shRNA-GFP
(LV-p65 shRNA and LV-NC) was generated as follows. The
cDNAs corresponding to shRNA and NC were subcloned into
the vector pFU-GW-RNAi-GFP (Shanghai Gene Chem Co,
Ltd). The resulting recombinant LV vectors were designated as
LV-p65 shRNA and LV-NC. To produce lentivirus, 293T cells
were transfected with 20 mg of pFU-GW-shNF-kBp65 plasmid
together with 15 mg of pHelper1.0 and 10 mg of pHelper2.0
packaging plasmids.6 The culture medium was collected 48
hours after transfection, concentrated by ultracentrifugation,
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aliquoted, and stored at 280˚C until used. The titer of LV was
determined by hole-by-dilution titer assay.6 Four days after
a single exposure of 293T cells to LV, strong green
fluorescence was shown in more than 90% of cells, indicating
a high and stable transduction of the LV vector system. The
final titer of LV-p65 shRNA and LV-NC was 1 3 109 TU/mL.
The lentiviruses were injected intrathecally. In brief, after
anesthesia with chloral hydrate (360 mg/kg body weight), the
spinal column was exposed. A guiding needle (18 G) was
passed between the lumbar vertebrae 5 and 6 to enter the i.t.
space and 10 mL volume of lentivirus was slowly injected.

2.13. Data analysis

All data are expressed as mean 6 standard error of the mean.
Statistical analyses were conducted usingOriginPro 8 (OriginLab,
Northampton, MA) and SPSS statistics 17.0 software. Normality
was checked for all data before analysis. The Student t or x2 test
was used to determine significance of changes between 2
groups. Two-way repeated-measures analysis of variance
(ANOVA) followed by Tukey’s post hoc test were performed
where appropriate. A P value ,0.05 was considered statistically
significant.

3. Results

3.1. Tumor cell injection sensitizes P2X3 receptors in
tibia-specific DRG neurons

Consistent with previous reports,15,25,34 rats injected with Walker
256 tumor cells into the tibia canal showed no signs of pain
behavior up to day 14 postinoculation, at which point significant
mechanical allodynia (Supplementary Figure S1D, available online
as Supplemental Digital Content at http://links.lww.com/PAIN/
A108), thermal allodynia (Supplementary Figure S1E, available
online as Supplemental Digital Content at http://links.lww.com/
PAIN/A108), and WBDs (Supplementary Figure S1F, available
online as Supplemental Digital Content at http://links.lww.com/
PAIN/A108) started to be observed. Intrathecal injection of
nonselective P2 receptor inhibitor significantly enhanced the
PWT, PWL, and attenuated WBD in dose- and time-dependent
manners in bone cancer (BC) rats (Supplementary Figure S2A-C
[available online as Supplemental Digital Content at http://links.
lww.com/PAIN/A109], *P , 0.05 as compared with PRE, #P ,
0.05 compared with corresponding NS group, 2-way repeated-
measures ANOVA followed by Tukey’s post hoc test, n 5 6, 6, 7,
and 6 for NS, 5, 50 and 500 mg, respectively). The maximal
inhibitory effects were observed at the dose of 500mg for suramin.
The inhibitory effect started at 0.5 hour and lasted for 4 hours after
injection of suramin within our observation time period. However,
suramin at the dose of 50 mg did not produce any effect on PWT,
PWL, and WBD in age- and sex-matched healthy rats (Supple-
mentary Figure S2D-F, n 5 5 for each group, available online as
Supplemental Digital Content at http://links.lww.com/PAIN/A108).
Furthermore, we used a selective P2X3 and P2X2/3 receptor
antagonist A317491 to determine whether P2X3Rs were involved
in the development of tumor-induced hyperalgesia. Consistent
with the above data, i.t. application of A317491 dramatically
enhanced the PWT and PWL and attenuated WBD time and dose
dependently in BC rats (Figs. 1A-C, *P, 0.05 as compared with
PRE, #P , 0.05 compared with corresponding NS group, 2-way
repeated-measures ANOVA followed by Tukey’s post hoc tests, n
5 6, 6, 7, and 6 for NS, A317491 30, 100, and 300 nmol,
respectively). The maximal inhibitory effect was observed at the

dose of 100 nmol for A317491. The inhibitory effect started at 0.5
hour and lasted for 4 hours after injection of A317491. However,
A317491 at the dose of 100 nmol did not produce any effect on
PWT, PWL, and WBD in age- and sex-matched healthy rats
(supplementary Figure S2G, H, and I, n 5 5 for each group
available online as Supplemental Digital Content at http://links.lww.
com/PAIN/A108). These data demonstrate that P2X3Rs were only
involved in rats with tumor-induced hyperalgesia but not involved in
rats under healthy conditions. To test the hypothesis that ATP
signaling is enhanced in Walker 256–inoculated rats, currents
evoked by ATP in single tibia-specific DRG neuron were measured
using whole-cell patch-clamp recording techniques. Tibia bone–
specific DRGneuronswere labeled by fluorescent dyeDiI (Fig. 1D),
which was injected into the marrow cavity of the tibia bone. Some
DiI-labeled neurons were present in L1, L6 DRG (Supplementary
Figure S3A, available online as Supplemental Digital Content at
http://links.lww.com/PAIN/A110). However, themajority of the DiI-
labeled neurons were located in L2-L5 DRG (Supplementary
Figure S3A, available online as Supplemental Digital Content at
http://links.lww.com/PAIN/A110). Thus, DRG (L2-L5) neurons
were isolated 14 days after tumor cell injection. To exclude the
possibility that DiI may leak from the bonemarrow cavity and enter
the blood circulation, we have performed additional experiments to
determine whether contralateral ganglia and cervical ganglia
neurons were also labeled by DiI. As shown in Supplementary
Figure S3B (available online as Supplemental Digital Content at
http://links.lww.com/PAIN/A110), there were no DiI-labeling neu-
rons in ipsilateral cervical DRG (C5) ganglia and in contralateral
lumbar DRG (L3), indicating that the dyemight not be in the general
circulation. Additionally, to characterize the nature of these Dil-
labeled primary afferents that innervate the tibia, we have
performed experiments to show that DiI was colocalized with IB4
(a marker for nonpeptide-containing DRG neurons with unmyelin-
ated fibers), calcitonin gene–related peptide (a marker for peptide
containing DRG neurons with unmyelinated fibers), or NF-200 (a
marker for DRG neurons with myelinated fibers) by immunohisto-
chemistry. The majority of DiI-labeled neurons were IB4- and
calcitonin gene–related peptide–positive DRG neurons and a few
were NF-200-positive neurons (Supplementary Figure S4, avail-
able online as Supplemental Digital Content at http://links.lww.
com/PAIN/A111).

The small- andmedium-sized DRG neurons were studied in this
study because they are the primary sensory neurons responsible
for pain sensation.12,38 At260 mV holding potential, ATP (20 mM)
evoked fast inactivating currents in the majority of DiI-labeled DRG
neurons from control rats (Fig. 1E, left). Because the slow
inactivating current was evoked in ,10% of neurons and this
figure did not change after tumor cell injection, only the fast
inactivating currents were included in this study. The average peak
current density obtained from control rats was 31.26 3.0 pA/pF (n
5 15) in DiI-labeled DRG neurons. In BC rats, however, these
values were increased by a factor of more than 2-fold in DiI-labeled
DRG neurons (Fig. 1E, *P , 0.001 as compared with the control
group (CON), 2-sample t test, n5 15 cells for each group). These
currents were completely blocked by application of A317491 (Fig.
1E), indicating an involvement of P2X3 and P2X2/3 subtypes of
purinergic receptors. We also compared the effect of ATP (20 mM)
on membrane depolarization of tibia bone–specific DRG neurons
from control and BC rats under current-clamp conditions.
Application of ATP to recorded DiI-labeled neurons evoked
a significantly greater number of APs in BC rats than in controls
(Figs. 1F, G, *P5 0.034 as compared with CON, 2-sample t test,
n 5 16 cells for each group), indicating an enhanced function of
P2X3Rs after tumor cell injection.
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3.2. Expression of P2X3R and p65 is increased after tumor
cell injection

To determinewhether the expression of P2X3Rswas increased in
L2-L5 DRGs after tumor cell injection, quantitative RT-PCR and
western blotting assays were performed 7, 14, and 21 days after
tumor cell injection. The mRNA level of P2X3Rs in L2-L5 DRGs
was significantly increased at days 14 and 21 after tumor cell
injection when compared with control (Fig. 2A, * P 5 0.022 on
day 14, 0.021 on day 21 as compared with CON, Student t test,
n 5 5 for each group). We also measured the expression of
P2X1R, P2X2R, and the endogenous hydrogen sulfide–
producing enzymes cystathionine beta-synthetase (CBS), as
a NC, in L2-L5 DRGs. By contrast, expression of P2X1R, P2X2R,
and CBSwas not altered at day 14 after tumor cell injection (Figs.
2B, C, n 5 5 for each group). The protein level of P2X3R
expression in L2-L5 DRGs was also significantly increased at
days 14 and 21when comparedwith control (Fig. 2D, *P, 0.001
on days 14 and 21 as compared with CON, Student t test, n5 4
for each group). Tumor cell injection did not alter the expression of
CBS at the protein level (Supplementary Figure S5A, available
online as Supplemental Digital Content at http://links.lww.com/
PAIN/A112). Taken together, these data suggest that P2X3R
expression is significantly upregulated both at protein and mRNA

levels in rat DRGs after tumor cell injection, which is correlated
with the changes in pain behavior in BC rats.

To determine whether NF-kB plays a role in the development of
CIP, we also examined expression of p65 in L2-L5 DRGs
postinjection. The expression of p65 in L2-L5 DRGs was greatly
enhanced at days 14 and 21 postinjection of tumor cells when
compared with age- and sex-matched controls (Fig. 2E, CON,
*P 5 0.02 on day 14, 0.033 on day 21 as compared with CON,
Student t test, n55 for eachgroup),which approximately paralleled
the upregulation of P2X3Rs on the time line (Fig. 2D). Correlation
analysis showed that the alterations of P2X3Rs and p65 had
a significant positive correlativity (r2 5 0.966, P 5 0.034; Fig. 2F).
Furthermore, the expression of phosphorylated p65 (p-p65) was
determined. Tumor cell injection significantly enhanced the
expression of p-65 (Supplementary Figure S5E, n 5 4 rats for
each group, *P , 0.05, compared with CON, available online as
Supplemental Digital Content at http://links.lww.com/PAIN/A112).
However, expression of RelB (Supplementary Figure S5B, n 5 4
rats for each group), RANKL (Supplementary Figure S5C, n5 4 rats
for each group, available online as Supplemental Digital Content at
http://links.lww.com/PAIN/A112), and p52 (Supplementary Figure
S5D, n 5 4 rats for each group, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A112) was not signif-
icantly altered after tumor cell inoculation.

Figure 1. Involvement of P2X3 receptors of DRG neurons in cancer pain rats. (A) Intrathecal application of A317491 dramatically enhanced themechanical PWT in
dose- and time-dependent manners in cancer rats. * denotes P5 0.008 on 0.5 hours, 0.027 on 1 hour, 0.014 on 2 hours in the 100 nmol group, 0.01 on 0.5 hours
and 0.013 on 1 hour, 0.002 on 2 hours in the 300 nmol group as compared with PRE; # denotes P5 0.005 on 0.5 hours, 0.022 on 1 hour, 0.021 on 2 hours in the
100 nmol group, 0.011 on 0.5 hours, 1 hour, 0.006 on 2 hours in the 300 nmol group as compared with the corresponding NS group, 2-way repeated-measures
ANOVA followed by Tukey’s post hoc test, n 5 6, 6, 7, and 6 for NS, 30, 100, and 300 nmol, respectively. (B) Intrathecal application of A317491 dramatically
enhanced the thermal threshold (PWL) in dose- and time-dependent manners in cancer rats. * denotes P, 0.0001 on 0.5 hours, 1 hour, 0.001 on 2 hours in the
100 nmol group,,0.0001 on 0.5 hours and 0.001 on 1 hour, 2 hours in the 300 nmol group as compared with PRE; # denotes P, 0.0001 on 0.5 hours, 1 hour,
0.001 on 2 hours in the 100 nmol group,,0.0001 on 0.5 hours, 1 hour, 0.001 on 2 hours in the 300 nmol group as compared with the corresponding NS group,
2-way repeated-measures ANOVA followed by Tukey’s post hoc test, n5 6, 6, 7, and 6 for NS, 30, 100, and 300 nmol, respectively. (C) Intrathecal application of
A317491 dramatically attenuated the WBD in dose- and time-dependent manners in cancer rats. * denotes P5 0.018 on 0.5 hours, 0.023 on 1 hour, 0.017 on 2
hours in the 30 nmol group,,0.001 on 0.5 hours and,0.0001 on 1 hour, 2 hours,,0.001 on 4 hours in the 100 nmol group, 0.002 on 0.5 hours and,0.001 on 1
hour, 2 hours, 0.021 on 4 hous in the 300 nmol group as compared with PRE; # denotes P, 0.001 on 0.5 hours, 0.009 on 1 hour, 0.002 on 2 hours, 0.037 on 4
hours in the 30 nmol group,,0.0001 from 0.5 hours through 2 hours,,0.001 on 4 hours in the 100 nmol group,,0.0001 from 0.5 hours through 2 hours, 0.005
on 4 hours in the 300 nmol group as compared with corresponding data point in the NS group, 2-way repeated-measures ANOVA followed by Tukey’s post hoc
test, n5 6, 6, 7, and 6 for NS, 30, 100, and 300 nmol, respectively. (D) An example of a DiI-labeled neuron, which is innervating the tibia, was used to do patch-
clamp recordings in this study, indicated by an arrow. A star showing a neuron, which is DiI negative. (E) An example of ATP (20 mM) evoked inward currents in
DiI-labeled neurons under voltage-clamp conditions. Addition of A317491 greatly inhibited ATP-induced inward currents. Bar graph showing an average of
ATP-induced current density of DiI-labeled DRG neurons from control and CIP rats. * denotes P, 0.001 as compared with CON, 2-sample t test, n5 15 cells for
each group. (F) An example of ATP-evoked action potentials (APs) of DiI-labeled neurons under current-clamp conditions. (G) The number of ATP-evoked APswas
greater in CIP rats than in control rats. * denotes P 5 0.034 as compared with CON, 2-sample t test, n 5 16 cells for each group.
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3.3. Treatment of NF-kB inhibitor
pyrrolidinedithiocarbamate or BAY-11-7082 reverses
upregulation of P2X3R and attenuates hyperalgesia

To further determine whether there is a correlation between p65
and P2X3R, we then examined whether the injection of PDTC, an
inhibitor of NF-kB, reverses P2X3R expression. PDTC was
injected intraperitoneally at different doses once a day for
consecutive 7 days in BC rats from day 7 to day 14 after tumor
cell injection. The same volume of NS was used as control. PDTC
treatmentmarkedly suppressedP2X3Rexpression inBC rats at 14
days after tumor cell injection (Fig. 3A, #P 5 0.036 as compared
with CON. *P5 0.041 for 5mgPDTC, 0.02 for 25mgPDTC, 0.019
for 50 mg PDTC as compared with BC; Tukey’s post hoc test after
one-way ANOVA, n 5 4 for NS group; n 5 5 for each of the rest
groups). Intraperitoneal injection (once) of PDTC attenuated the
PWT in tumor cell–injected rats (Fig. 3B). The maximal inhibitory
effects were observed at the dose of 25 mg/kg for PDTC (Fig. 3B).
Similarly, PDTC at doses of 25 and 50 mg significantly attenuated
the PWL andWBD in CIP rats (Figs. 3C, D). We then observed the
effect of PDTC at a dose of 25 mg/kg (i.p.) once daily for 7
consecutive days. The inhibitory effect of PDTC at the dose of 25
mg/kg on PWT lasted for up to 4 days (Fig. 3E). Similarly, the
inhibitory effect of PDTCat the doseof 25mg/kg onPWLandWBD
lasted for up to 4 days (Figs. 3F, G). However, PDTC did not
produce any significant effect on PWT PWL and WBD in age- and
sex-matched healthy control rats. These data suggest an in-
volvement of NF-kBp65 in rats with CIP. To further confirm the role
of p65, another selective inhibitor, BAY-11-7082,17 was used.
Similarly, administration of BAY-11-7082 at the doses of 1 and 3
mg/kg body weight significantly enhanced the PWT (Fig. 3H) and
PWL (Fig. 3I) and reduced theWBD (Fig. 3J). The effect lasted for
about 2 hours (n5 8 rats for each group).

3.4. Lentiviral vector–derived shRNA approach against
NF-kBp65 suppresses P2X3R expression and function and
attenuates cancer-induced pain behavior

To further determine whether p65 is involved in the regulation of
P2X3R expression, we next determined whether pretreatment
with LV-p65 shRNA suppressed P2X3R expression and affected
the initiation of mechanical hyperalgesia induced by tumor cell
injection. We have developed a highly efficient method of
lentivirus-mediated delivery of shRNA targeting NF-kBp65 for
gene silencing as described previously.32 We then transfected
the LV-p65 shRNA or LV-NC. The inhibitory doses for LV-p65
shRNA and LV-NCwere 13 107 TU used in this experiment. Rats
were pretreated with LV-p65 shRNA or LV-NC 30minutes before
injection of tumor cells. Fourteen days after transfection, L2-L5
DRGs were dissected out for triple labeling and western blotting
analysis. As described above, tibia-innervating DRG neurons
were labeled by DiI (Fig. 4A, red). Green signals indicated that the
LV-p65 shRNA was successfully transduced into these neurons
(Fig. 4B). P2X3R-positive neurons were labeled in blue (Fig. 4C).
Arrows indicated that these tibia-innervating neurons were DiI and
GFP double positive but P2X3R negative, indicating suppression of
P2X3R expression by transduced LV-p65 shRNA. Arrowheads
indicated that these neurons were GFP negative but P2X3R
positive, indicating a normal expression of P2X3R if there is no
transduced LV-p65 shRNA. The percentage of numbers of P2X3R-
positive neurons in DiI-labeled neurons was significantly decreased
(Fig. 4G). In addition, delivery of shRNA targeting NF-kBp65 for
gene silencing greatly suppressed expression of P2X3Rs in BC rats
(Fig. 4H, P5 0.039 as compared with NC group, 2-sample t test,
n 5 3 for each group). As expected, the expression of p65 was
significantly reduced in L2-L5 DRGs (Fig. 4I, *P 5 0.034 as
compared with NC group, 2-sample t test, n 5 3 for each group).

Figure 2. Upregulation of P2X3R and p65 expression in cancer pain rat DRGs. (A) Expression of P2X3 receptors at mRNA levels in L2-L5 DRGs was greatly
enhanced at 14 and 21 days after tumor cell injection. * denotes P 5 0.022 on day 14, 0.021 on day 21 as compared with CON, Student t test, n 5 5 for each
group. (B) Expression of P2X1 and P2X2 receptors was not significantly altered after tumor cell injection, n5 5 for each group. (C) Expression of the endogenous
hydrogen sulfide producing enzymes cystathionine beta-synthetase (CBS) at mRNA level was not significantly altered after tumor cell injection. (D) Expression of
P2X3 receptors at protein levels in L2-L5 DRGs was drastically enhanced at 14 and 21 days after tumor cell injection. * denotes P, 0.001 on days 14 and 21 as
comparedwith CON, Student t test, n5 4 for each group. (E) Expression of nuclear factor kappa B (NF-kB) subunit p65 in L2-L5 DRGswas significantly enhanced
at 14 and 21 days after tumor cell injection. * denotes P 5 0.02 on day 14, 0.033 on day 21 as compared with CON, Student t test, n 5 5 for each group. (F)
Correlation analysis showed that the alterations of P2X3R and p65 had a significant positive correlativity, r2 5 0.966, P 5 0.034, n 5 4.
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We next determined whether pretreatment with LV-p65 shRNA
reducedATP-induced responsesof tibia-innervatingDRGneuronsof
BC rats. Under the voltage-clampcondition, theATP-induced inward
current was drastically decreased after injection of LV-p65 shRNA
(Figs. 5A, B). The average current density was 23.526 2.38 pA/pF
(n 5 9) in LV-p65 shRNA-injected group and was 53.61 6 5.58
pA/pF (n 5 9) in LV-NC group (Fig. 5B). Under a current-clamp
configuration, the number of APs evoked by ATP (20mM) application
was significantly reduced after injection of LV-p65 shRNA when
comparedwithNC (Fig. 5C). TheaveragenumberofAPswas2.716
0.79 (n5 14) in the LV-p65 shRNA-injected group and was 6.576
1.45 (n5 14) in theNCgroup (Fig. 5D, *P5 0.027 as comparedwith
the NC group, 2-sample t test, n 5 14 cells for each group). More
importantly, delivery of shRNA targeting NF-kBp65 prevented
the reduction in mechanical withdraw threshold (Fig. 5E) and
WBDs (Fig. 5G) when compared with the NC shRNA. This
inhibitory effect lasted for 10 days in PWL and for 21 days in
WBD within our observation time period. However, delivery of
shRNA targeting NF-kBp65 did not alter the thermal behavior of
BC rats (Fig. 5F).

3.5. Tumor cell injection promotes binding ability of p65 with
p2x3r gene promoter

The molecular mechanisms involved in the regulation of
P2X3R expression occur mostly at a transcriptional level and
seem to require activation of some transcription factors such
as NF-kB. Based on this hypothesis, we first predicted

whether p2x3r gene promoter CpG island contains transcrip-
tion binding sites of p65 (TFSEARCH program, version 1.3;
http://www.cbrc.jp/research/db/TFSEARCHJ.html). As indi-
cated in Figure 6A, 5 transcription binding sites in p2x3r gene
for p65 were found in the CpG island. We then used ChIP
assay to further confirm these binding sites. The results of
ChIP assay showed that nuclear extracts contain a protein
complex that binds to p65 oligonucleotides from both the
control and BC rats. Although there is modest binding in
extracts isolated from age- and sex-matched controls, tumor
cell injection dramatically increased p65-binding ability to the
p2x3r gene promoter region for p65 binding site 1 in rats
(Fig. 6B, *P 5 0.011 as compared with CON, 2-sample t test,
n 5 3 samples for each group, 2 rats in each sample, n 5 3
sample, 2 rats for each sample). However, the p65 binding site
4 (Fig. 6C) and 5 (Fig. 6D, n5 3 samples for each group, 2 rats
in each sample) in tumor cell–injected rats were not re-
markably altered when compared with age- and sex-matched
controls. Of note is that the predicted p65 binding sites 2 and
3 were not confirmed by ChIP in this study (data not shown).
Nevertheless, these data indicated that the interaction
between the p65 and p2x3r gene promoter region was
increased after tumor cell injection and that the predicted
binding site 1 may play a vital role in CIP. We further examined
whether p65 and P2X3Rs were colocalized in L2-L5 DRG
neurons innervating the tibia bone. Triple-labeling techniques
were used in this study. Tibia bone–innervating DRG neurons
were retrogradely labeled by DiI. DRG sections containing DiI-

Figure 3.Reversed upregulation of P2X3 receptor expression and cancer pain hypersensitivity by PDTC. (A) Intraperitoneal injection of NF-kB inhibitor PDTC once
daily for consecutive 7 days markedly reversed the upregulation of P2X3 receptors in CIP rats. # denotes P5 0.036 as compared with CON. * denotes P5 0.041
for 5mgPDTC, 0.02 for 25mgPDTC, 0.019 for 50mgPDTCas comparedwith BC, n5 4 for NS group, n5 5 for the rest each group. (B) Intraperitoneal injection of
PDTC greatly enhanced the PWT in cancer-induced pain rats. * denotesP5 0.01 for 5mgPDTC, 0.038 for 25mgPDTC, 0.002 for 50mgPDTCas comparedwith
PRE, n 5 6 for each group. (C) Intraperitoneal injection of PDTC greatly enhanced the PWL in cancer-induced pain rats. * denotes P 5 0.001 for 5 mg PDTC,
,0.001 for 25mg PDTC, 0.046 for 50mg PDTC as compared with PRE, n5 6 for each group. (D) Intraperitoneal injection of PDTC significantly reduced theWBD
in cancer-induced pain rats. * denotes P 5 0.011 for 5 mg PDTC, ,0.001 for 25 mg and 50 mg PDTC as compared with PRE, n 5 6 for each group. (E)
Intraperitoneal injection of PDTC dramatically enhanced the PWT in time-dependent manner in cancer rats. * denotes P5 0.014 on 2 hours,,0.001 on 12 hours,
0.012 on day 2, and 0.026 on day 4 as compared with PRE, n5 6 for each group. (F) Intraperitoneal injection of PDTC dramatically enhanced the PWL in time-
dependent manners in cancer rats. * denotes P, 0.001 from 2 hours through day 4 as compared with PRE, n5 6 for each group. (G) Intraperitoneal injection of
PDTC dramatically attenuated theWBD in time-dependent manners in cancer rats. * denotes P, 0.001 from 2 hours through day 4 as compared with PRE, n5 6
for each group. The inhibitory effect of PDTC at the dose of 25 mg/kg on PWT, PWL, and WBD lasted for up to 4 days. In all panels, statistical significance was
tested by Tukey’s post hoc test after one-way ANOVA. Intraperitoneal administration of BAY-11-7082 at the doses of 1 and 3 mg/kg body weight significantly
enhanced the PWT (H) and PWL (I) and reduced theWBD (J). The effect lasted for about 2 hours (n5 8 rats for each group). BAY-11-7082 at the dose of 0.3mg/kg
body weight did not alter the pain sensitivity of CIP rats. * denotes P, 0.05 compared with PRE. # denotes P, 0.05 compared with NS, n5 8 for each group.
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labeled neurons were chosen for staining with P2X3R and p65
antibodies. About 90% of the tibia bone–innervating DRG
neurons that were immunoreactive for P2X3Rs were also
positive for p65 (Fig. 6E). Similarly, all tibia bone–specific DRG
neurons that were immunoreactive for p65 also were positive
for P2X3R (Fig. 6E).

3.6. Tumor cell injection leads to demethylation of CpG sites
of p2x3r gene promoter region by downregulation of
DNA methyltransferases

To determine whether an epigenetic mechanism contributes to
the upregulation of P2X3R expression, DNAmethylation status at
the promoter region of the p2x3r gene was examined with MSP
and bisulfite genomic sequence assay. The genomic structure of
rat p2x3r gene contains 1 CpG island in the promoter region
(http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi)
(Fig. 7A). We showed that all samples yielded methylated and
unmethylated bands from control and BC groups by MSP assay
(Fig. 7B). The ratio of methylated (M) to unmethylated (U) CpG
sites for MSP primer was calculated. Tumor cell injection
significantly reduced the M/U ratio of CpG sites (Fig. 7B,
*P 5 0.021 as compared with CON, 2-sample t test, n 5 5 for
each group), indicating for the first time that there is hypomethy-
lation within CpG island of the p2x3r promoter region under CIP
conditions. To further confirm the hypomethylation status of CpG
sites within the p2x3r promoter, DNA sequencing was performed

on PCR products of the 406-bp fragment (21737 to 21332)
obtained after treatment of genomic DNA samples with sodium
bisulfite. As shown in Figure 7A, the 406-bp fragment contains
18 CpG sites indicated by red underlining. All DRG samples from
the control and BC rats were successfully sequenced (Fig. 7C).
The results indicate that the degree of methylation of CpG sites
within the 406-bp fragment was significantly reduced in DRGs 14
days after tumor cell injectionwhencomparedwith controls (Fig. 7D,
*P 5 0.012 compared with CON, x2 test, n 5 5 for each group),
consistentwith the results of theMSPassay. Thehypomethylation of
p2x3r gene implies that p2x3r gene transcription is enhanced, at
least in part, by promoter demethylation, thus contributing to the
upregulation of p2x3r expression under CIP conditions.

We next determine whether DNA methyltransferases 3a and
3b (DNMT3a andDNMT3b) are involved in the hypomethylation of
p2x3r gene, because these 2 enzymes are the 2 primary enzymes
responsive for DNA methylation. As shown in Figure 7E, the
expression of DNMT3a and DNMT3b was remarkably reduced in
BC rats when compared with age- and sex-matched controls
(Fig. 7E, *P 5 0.009 for DNMT3a and 0.041 for DNMT3b as
compared with corresponding CON, 2-sample t test, n 5 5 for
each group). We also examined the expression of thymine DNA
glycosylase, methyl-binding domain protein 2 and 4 (MBD2 and
MBD4), and growth arrest and DNA damage-inducible protein
alpha (Gadd45a) of L2-L5 DRGs in BC rats 14 days after tumor
cell injection. None of these molecules was altered in expression
after tumor cell injection (Fig. 7F).

Figure 4. Suppression of P2X3R by p65 knockdown with lentiviral (LV)-p65 shRNA. (A) Neurons in red (arrows) are DiI-labeled L4 DRG neurons innervating the
tibia. (B) Neurons in green are LV-GFP-p65 shRNA-transduced neurons. (C) Neurons in blue are P2X3 receptor–positive DRG neurons. (D) Merge of double
labeling of P2X3R and LV-GFP-p65 shRNA. (E) Merge of DiI and P2X3R labeling. (F) Merge of DiI and LV-GFP-p65 shRNA. Scale bar, 50mm.Neurons indicated by
arrowhead are DiI and GFP double-negative neurons. These neurons are strongly stained with P2X3 receptor antibodies. Because of LV-GFP-p65 shRNA
transduction, DiI-labeled neurons are negative or weak stainedwith P2X3 receptor antibodies (C, arrows) when comparedwith double-negative neurons indicated
by arrowheads (C). (G). The percentage of numbers of P2X3R and DiI double-positive neurons in total DiI-labeled DRG neurons was dramatically reduced after
transfection of LV-GFP-p65 shRNA when compared with negative control shRNA (LV-GFP-NC). * denotes P , 0.001 as compared with NC group, 2-sample
t test, n5 9 for each group. (H) The delivery of shRNA targeting NF-kBp65 for gene silencing significantly decreased expression of P2X3 receptors in L2-L5 DRGs
of CIP rats. * denotes P5 0.039 as compared with NC group, 2-sample t test, n5 3 for each group. (I) The expression of p65 was significantly reduced in L2-L5
DRGs of CIP rats after the delivery of shRNA targeting NF-kBp65. * denotes P 5 0.034 as compared with NC group, 2-sample t test, n 5 3 for each group.
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4. Discussion

In this study, we attempt to elucidate a novel role for p65 signaling
and an epigenetic regulation of p2x3r gene expression in female
rats with cancer-induced pain hypersensitivity. We provide direct
evidence for the first time to support the idea that p65 signaling
contributes to the development of CIP by activation of P2X3
receptors. The development of mechanical hypersensitivity in CIP
rats was reversed by NF-kB inhibitor, PDTC, and by LV-p65
shRNA, which suppressed p65 expression. Further studies
showed that tumor cell injection increased expression of p65 in
tibia-related DRGs. These data suggest that the p65 signaling
pathway plays a critical role in CIP hypersensitivity and may be of
importance in the clinic.

The injection of mammary gland carcinomas was used to
establish an animal model of cancer pain. The clinical condition
we are attempting to mimic is the pain induced by breast cancer
bone metastasis. Because previous studies have shown that the
repertoire of sensory nerve fibers that innervate the skin are very
distinct from those that innervate the bone,14 and it is important
for clinicians and basic scientists to understand the tissue the
cancer pain is most likely arising from. Although we do not know
the exact tissue that the tumor cells have invaded, the
pathophysiological changes were observed in the primary

sensory neurons, indicating the injury of sensory nerve fibers.
Because the tumor cells were slowly injected into the tibia cavity
by a microinjection syringe and the syringe was left in place for an
additional 2minutes and at last the pinholewas sealedwith dental
cement, it is least likely that the carcinoma cells could leak out
along the injection track. So, we hold the view that in the early
stage, tumor cells were limited in the tibia cavity and that the
tumor cells invaded the bone tissue. In the later stage, however,
the tumor cells destroyed the cortex of the bone andwent into the
surrounding tissues outside the tibia. It is likely that tumor cells
induced injury to nerves that innervate the skin of the hind paw.
Therefore, pain in the present setting is probably a neuropathic
pain generated by tumor cell–induced injury to nerves that
innervate the skin of the hind paw and not bone where the tumor
cells were originally injected.

The pathophysiology of CIP is complex and multifactorial.23

Recent studies have demonstrated that increased purinergic
receptor expression is implicated in the pathogenesis of CIP.19 In
this study, we showed that tumor cell injection led to a significant
upregulation of P2X3Rs without alteration in expression of P2X1
and P2X2 subtypes of purinergic receptors. Our findings confirm
and extend previous reports that purinergic receptors play an
important role in CIP through upregulation both at the protein and
mRNA levels after tumor cell injection.19,36 In addition, we showed

Figure 5. Reversal of ATP-evoked responses and attenuation of cancer pain hypersensitivity by p65 knockdown with LV-p65 shRNA. (A) An example of ATP-
evoked inward current traces recorded from LV-shRNAp65 (lower) and NC shRNA-injected rats with CIP. (B) Bar graph showing a dramatical reduction in ATP-
evoked current density after LV-p65 shRNA injection. * denotes P , 0.001 as compared with NC group, 2-sample t test, n 5 9 cells for each group. (C) Under
current-clamped condition, the ATP-evoked action potentials were observed from NC (top) and LV-p65 shRNA injection (bottom). (D) The number of ATP-evoked
action potentials was markedly decreased in LV-p65 shRNA-injected group when compared with NC shRNA. * denotes P5 0.027 as compared with NC group,
2-sample t test, n 5 14 cells for each group. (E) The delivery of shRNA targeting NF-kBp65 significantly enhanced mechanical withdrawal threshold (PWT) in
cancer rats when compared with NC shRNA. This inhibitory effect lasted for 14 days in PWLwithin our observation time period. * denotes P5 0.031 on day 7 and
0.033 on day 14 as compared with corresponding NC group, Tukey’s post hoc test following 1-way ANOVA, n5 8 rats for each group. (F) The delivery of shRNA
targeting NF-kBp65 did not alter PWL to thermal stimulation in CIP rats. Tukey’s post hoc test after 1-way ANOVA. (G) The delivery of shRNA targeting NF-kBp65
significantly attenuated theweight-bearing differences (WBD) in cancer rats when comparedwith NC shRNA. This inhibitory effect lasted for 21 days inWBDwithin
our observation time period. * denotes P5 0.004 on day 7, 0.006 on day 14, and 0.002 on day 14 as compared with the corresponding NC group, Tukey’s post
hoc test after 1-way ANOVA, n 5 8 rats for each group.
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that tibia projection neurons from CIP rats are hyperactive to ATP
stimulation. This conclusion was evidenced by our observations of
a significant inward current density and enhanced firing frequen-
cies of DRG neurons in responding to ATP application in CIP rats
when compared with age- and sex-matched controls. Importantly,
we showed that P2 receptor inhibitor suramin and selective P2X3
and P2X2/3 receptor inhibitor A317491 significantly attenuated
behavioral responses to mechanical and noxious heat stimulation.
Together with the findings that the expression of P2X1 and P2X2
receptors was not significantly altered, it is most likely that P2X3
receptors might be an effective facilitator of CIP hypersensitivity.

The most prominent finding in this study is that the molecular
pathway involved in regulation of p2x3r gene expression might
occur mainly at a transcriptional level. The mechanism by which
tumor cell injection increases expression of p2x3r seems to
involve NF-kB signaling because upregulation of p2x3r expres-
sion was markedly reduced by an NF-kB inhibitor PDTC. Using
the retrograde neuronal tracer DiI, selective lumbar DRG neurons
innervating the intramedullary space of the tibia were identified
(Supplementary Figure S3A, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A110). Colocaliza-
tion studies demonstrated that these DRG neurons express both
P2X3R and p65, indicating a possible regulation of P2X3R
expression by p65 signaling (Fig. 6E). However, how NF-kB
regulates P2X3R expression remains largely unknown. In this
study, we showed for the first time that p65-binding ability with
p2x3r gene promoter was drastically enhanced in DRGs of CIP
rats (Fig. 6B). Hence, the enhanced binding activity of p65 with
p2x3r gene contributes to the upregulation of P2X3Rs after tumor
cell injection in rats. Of note is that Liu et al.19 recently reported
that visinin-like protein 1 is involved in the observed upregulation

of P2X3Rs in DRG neurons. Thus, further investigation is merited
to determine cross talk between these 2 pathways under CIP
conditions.

The mechanism by which p65 binding to p2x3r gene was
enhanced remains unknown.We propose amechanismwhereby
a significant DNA demethylation of p2x3r promoter is a basis for
the enhanced binding activity. Emerging evidence shows that
epigenetic regulation (ie, DNA aberrant methylation) is involved in
gene expression. We have previously reported that DNA
demethylation of the cbs gene promoter area is involved in
persistent inflammatory hyperalgesia and diabetic gastric hyper-
sensitivity, which is consistent with upregulation of CBS protein
and mRNA.29,44 We did not focus on the role of CBS gene in this
study because cbs gene expression was not significantly altered
in CIP (Fig. 2C andSupplementary Figure S5A, available online as
Supplemental Digital Content at http://links.lww.com/PAIN/
A112). Very interestingly, we showed for the first time that the
ratio of methylated and unmethylated DNA of p2x3r gene
promoter was significantly reduced after tumor cell injection,
indicating a significant DNA demethylation of p2x3r promoter
after tumor cell injection. This would give rise to an enhanced
biding activity of p65 with p2x3r gene and to an upregulation of
P2X3R expression in CIP rats. It is well established that 4
members of DNMTs regulate DNA methylation in mammals.
DNMT3a and DNMT3b are 2 major enzymes responsible for de
novo methylation both in responses to stressors and in
oncogenesis in mammals. Our observations of a significant
decrease in DNMT3a and DNMT3b expression support the
hypothesis that downregulation of DNMTs is a primary driving
force for p2x3r gene demethylation after tumor cell-induced CIP.
This is consistent with our previous report that DNMT3a and

Figure 6. Promoted binding ability between p65 and p2x3r gene promoter in DRGs of cancer pain rat. (A) Schematic of p2x3r gene promoter showing locations of
the 5 binding sites for NF-kB in CpG island. Potentiated interaction betweenNF-kB and p2x3r promoter regions. (B) The specific anti-p65 antibody or CONnormal
mouse IgG was used for immunoprecipitation. Chromatin immunoprecipitation assays indicated a significant increase in binding activity of p65 with the first
binding site of promoter of p2x3r gene in CIP rats compared with age-matched CON rats (* denotes P 5 0.011 as compared with CON, 2-sample t test, n 5 3
sample, 2 rats for each sample). (C and D) Chromatin immunoprecipitation assays indicated no significant change in binding activity of p65 with the forth and fifth
binding sites of promoter of p2x3r gene in CIP rats (n5 3 sample, 2 rats for each sample) compared with age-matched CON rats (n5 3, each for 2 rats). (E) Co-
expression of P2X3R with p65 in tibia projection DRG neurons. Tibia-projecting DRG cells were labeled with DiI (red, top left) injected into the tibia. p65-positive
cells are shown in blue (middle left). P2X3R-positive cells are shown in green (bottom left). Merge of double labeling of DiI and P2X3R (top right). Merge of p65-
positive staining and P2X3R labeling (middle right). Merge of p65-positive staining and DiI labeling (bottom right). Scale bar, 50 mm.
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DNMT33b were drastically downregulated in gastric DRGs under
diabetic neuropathic pain conditions.44 This is, however, different
from our previously published study that showed an active
mechanism is involved in persistent inflammatory pain.29

Although the detailed mechanism for this difference is unclear,
it is possible that the mechanism of bone cancer–induced DNA
demethylation may be different from that of inflammatory pain but
may share a common mechanism with neuropathic pain. Our
data suggest for the first time that an epigenetic regulation might
be involved in development of CIP hypersensitivity by enhancing
NF-kB-mediated p2x3r gene expression. Together with our
previous reports29,44 and the reports of others,45 this study
further supports a hypothesis that epigenetic regulation may be
disease and/or organ specific.

Amajor hindrance has been the lack of suitable pharmacologic
tools for the treatment of CIP. Although some selective P2X3 and
P2X2/3 receptor antagonists have been recently reported to be
efficacious in CIP,15 a significant drawback of these molecules is
their pharmacokinetic attributes. This limits their value for in vivo
model testing and forestalls any possible clinical application.
Studies of the potential roles of NF-kB in pain behavior have been
greatly advanced with the use of knockout mice and other
molecular techniques, including small interfering RNA and
oligonucleotides.9,32 Pan et al.27 demonstrated PDTC as the first
potent and selective p65 antagonist to be effective in reducing
chronic inflammatory and neuropathic pain behavior in animals.
As a result of very poor oral bioavailability and CNS penetration, in
addition to very high protein binding (.99.9%), the use of PDTC

as an in vivo tool and its potential for further clinical development
are limited. In this study, we have developed a highly efficient
method of lentivirus-mediated delivery of shRNA targeting
NF-kBp65 for gene silencing. Under the prophylactic regimen,
p65 shRNA significantly altered CIP. The underlying mechanism
is most likely by inhibition of P2X3R expression and function. This
analgesic effect lasted for a relatively long time when compared
with the effect induced by administration of PDTC. Of note is that
some of the therapies used in previous reports might have
disease-modifying actions in CIP.22,23,33 Future studies need to
investigate the disease-modifying actions and the specificity of LV
vector encoding shRNA against NF-kBp65 gene in this setting.

In summary, we have shown the analgesic efficacy of an i.p.
injection of p65 inhibitor, PDTC, or an i.t. injection of LV-shRNA
specifically targeting p65 for gene silencing in a clinically relevant
chronic pain model. Particularly, an inhibition by LV-shRNA
specifically targeting p65 for gene silencing may have therapeutic
potential in alleviating CIP. Further studies are merited to
investigate the effectiveness of this strategy. Our results also
add to the growing body of evidence supporting an important role
for the p65-P2X3 receptor signaling pathway by epigenetic
regulations in cancer pain states.
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