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Abstract
Bone cancer pain (BCP) is a clinically intractable mixed pain, involving inflammation and neuropathic pain, and its mechanisms remain
unclear. CXC chemokine receptor 1 (CXCR1, IL-8RA) and 2 (CXCR2, IL-8RB) are high-affinity receptors for interleukin 8 (IL8).
According to previous studies, CXCR2 plays a crucial role in BCP between astrocytes and neurons, while the role of CXCR1 remains
unclear. The objective of this study was to investigate the role of CXCR1 in BCP.We found that CXCR1 expression increased in the
spinal dorsal horn. Intrathecal injection of CXCR1 siRNA effectively attenuated mechanical allodynia and pain-related behaviors in
rats. It was found that CXCR1 was predominantly co-localized with neurons. Intrathecal injection of CXCR1-siRNA reduced
phosphorylated JAK2/STAT3 protein levels and theNLRP3 inflammasome (NLRP3, caspase1, and IL-1β) levels. Furthermore, in vitro
cytological experiments confirmed this conclusion. The study results suggest that the spinal chemokine receptor CXCR1 activation
mediates BCP through JAK2/STAT3 signaling pathway and NLRP3 inflammasome (NLRP3, caspase1, and IL-1β).
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Introduction

Bone cancer pain (BCP) is a severe cancer linked to meta-
static lung, breast, and prostate cancers.1 Approximately 75%
of the patients experience moderate or severe pain, and more
than half of them have no effective therapies for BCP.2 Cancer
pain increases patients’ emotional distress, reduces their
quality of life, and leads to an increase in mortality.3 At
present, there is a lack of therapeutic interventions, and the
pathogenesis of the disease has not been fully understood.

According to previous studies, CXC chemokine receptor 2
(CXCR2, IL-8RB) plays a pivotal role in the interaction
between astrocytes and neurons in BCP,4 while the role of
CXC chemokine receptor 1(CXCR1, IL-8RA) remains un-
clear. CXCR1/2 receptors are widely studied in tumors.5

Moreover, the deletion of CXCR1 receptor probably in-
creases the availability of CXCR1/2 ligands for CXCR2
binding.6 CXCR1 and CXCR2 have different regulation in

different brain regions, which means they may have different
functions.7 Studies have shown that CXCR2 plays a key role
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in the induction and maintenance of inflammatory pain8 and
neuropathic pain,9 and BCP facilitation.4 In the rat neuro-
pathic pain model induced by chemotherapy, CXCR1 is
significantly upregulated compared to the control group.10

However, it remains unclear whether CXCR1 is implicated in
the development and maintenance of BCP.

JAK2/STAT3 pathway is implicated in inflammatory
pain,11 neuropathic pain,12 and BCP.13 NLRP3 inflammasome
is also involved in the development and progression of
BCP.14,15 In addition, the activation of NLRP3 inflammasome
is inhibited after the suppression of JAK2/STAT3 pathway.16

However, it remains unknown whether NLRP3 inflammasome
and JAK2/STAT3 pathway are implicated in BCP model.

We studied whether CXCR1 participated in the devel-
opment of BCP through JAK2/STAT3 signaling pathway and
NLRP3 inflammasome. We evaluated the expression of
CXCR1 in the spinal dorsal horn of rats after Walker 256 cell
injection. We further studied the expression of JAK2, p-
JAK2, p-STAT3, STAT3, and NLRP3 inflammasome pro-
teins in the spinal dorsal horn of rats in vivo.

Experimental protocol

Four parts of experiment protocol

Construction and validation of BCP model. The rats were ran-
domly divided into naı̈ve, sham, and BCP group (n = 8). Paw
withdrawal threshold (PWT) was detected 1 day before op-
eration and 6, 12, and 18 days after operation. The rats in Sham
group and BCP group were detected with computed tomog-
raphy (CT) and the bone tissue sections were hematoxylin and
eosin (HE) 18 days after BCP operation (n = 4) (Figure 1(a)).

Detection of the expression of CXCR1, JAK2, p-JAK2, p-STAT3,
and STAT3 and the distribution of CXCR1+ cells in the spinal cord
of BCP rats. The rats randomly divided into sham and BCP (6,
12, 18 days) groups (n = 4). Sham and BCP (12 days) group
rats were used for RT-PCR (n = 8) and immunofluorescence
(n = 4) detection. The spinal cord of rats was stained with
immunofluorescence. The tissues were co-labeled with GFAP
(an astrocyte marker), NeuN (a neuronal marker), and Iba-1 (a
microglial marker) (Figure 1(b)).

The relationship of BCP-induced hyperalgesia with CXCR1 and
JAK2, p-JAK2, p-STAT3, STAT3, NLRP3, caspase1, and IL-1β
expression. The rats were randomly divided into five groups:
sham, BCP, BCP + si-control, and BCP + si-CXCR1 group (n
= 8), PWTwas detected 1 day before operation and 6, 12, and
18 days after operation. CXCR1 siRNA or missense siRNA
was injected daily for 6 days from days 7–12 after surgery.
Gait analysis (n = 8) was performed, andWestern blot (n = 4)/
ELISA (n = 3) were performed on day 12 after the last drug
administration (Figure 1(c)).

The association of JAK2/STAT3 signaling pathway and NLRP3
inflammasome activation with CXCR1. PC12 cells were divided
into six groups (treatment protocol is in Figure 1(d)), then
JAK2, p-JAK2, p-STAT3, STAT3, NLRP3, caspase1, and IL-
1β expression (n = 3/4) were detected.

Animals

The Experimental Animal Center of Zhejiang Province
Academy of Medical Sciences, Hangzhou, China provided
180–200 g female Sprague-Dawley (SD) rats. They were
kept at room temperature (22 ± 2°C) in a 12 h light/dark
cycle with enough food and water. Six to eight rats were
housed per cage. All experiments were carried out in our
laboratory during the day. Every attempt was made to re-
duce the utilized animals’ number and suffering. The
Animal Care Committee at Jiaxing University and the
ethical instructions were followed for the pain examination
experiments.17

Figure 1. Experimental paradigms. CT: computed tomography;
HE: Hematoxylin and eosin; IF: Immunofluorescence; RT-PCR:
Quantitative Real-Time Polymerase Chain Reaction; IL-8:
interleukin eight; JAK2: janus-activated kinase two; STAT3: signal
transducer and activator of transcription three; PWT: paw
withdrawal threshold; WB: Western blotting; ELISA: Enzyme-
linked immunosorbent assay; PC12: PC12 cell lines.
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BCP model

As in our previous studies,18 rats (excluding the naı̈ve group)
were anesthetized with 50 mg/kg intraperitoneal sodium
pentobarbital. A sterile incision was made in the lower third
of the left leg and a hole was drilled. The bone medullary
canal was slowly inoculated with Walker 256 breast cancer
cells (10 μL, 1 × 106/mL) (BCP group) or heat-killed Walker
256 breast cancer cells (10 μL, 1 × 106/mL) (sham group). A
fixed micro-syringe was used to prevent cell leakage for
2 min. The inoculation site was immediately sealed with bone
wax.

CT reconstruction

CT imaging was initiated 12 days after tumor inoculation to
confirm the development of tibial tumor. For 3D CT bone
reconstruction, a CT scanner (SOMATOM, Siemens, Ger-
many) was used. Regarding the previous study,19 the CT
scanner parameters were set as follows: 120 kVp, helical
scanning, 1 mm layer thickness, 1 mm layer interval, Care
dose 4D technique, high-resolution SD rat’s tibia CT imaging
(100 mm view field), and kernel: U30u medium smooth. The
Siemens Syngo MultiModality Workplace (MMWP) post-
processing workstation was employed to process and analyze
the images.

Behavioral assessment using the Von Frey test

Mechanical allodynia was quantified via ipsilateral hind paw
withdrawal from von Frey monofilaments (BME-404; Bio-
logical Medicine Institute, Medical Science Academy, Bei-
jing, China), as we stated before.18 Three days before the
experiment, all rats were handled to familiarize themselves
with the test environment daily. The rats were allowed to
acclimate to the transparent Plexiglas compartments (25 × 20
× 20 cm) for 30 min before each session. PWT measurements
were repeated five times every 10 s and averaged. All be-
havioral assessments were done by researchers, who are blind
to the experimental groups.

Catwalk automatic gait analysis

Gait analysis was utilized to measure pain-associated be-
haviors.20 It tracks and assesses the rodents’ voluntary
movements in a closed pathway. A high-speed camera
placed beneath the glass floor captured every paw parameter.
We collected valid data, including at least four serial step
cycles or complete tunnel passages. These parameters often
used to assess pain-related behaviors were area and intensity
data. In the current research, we employed three parameters
for BCP-related behaviors evaluation: (1) “Max contact
area” is the maximum hind paw contact area; (2) “Mean
intensity” is the hind paw intensity average; (3) “Max
contact max intensity” is the maximum intensity during

maximum hind paw contact. To exclude the influence of
confounding factors, we used left hind paw/right hind paw
(LH/RH) to accurately illustrate the area and intensity data
alterations.

Histological analysis of bone sections

After the rats were sacrificed, the ipsilateral tibia was excised
and preserved in 4% paraformaldehyde. Tibia was demin-
eralized in 10% EDTA for 1 day, and put in paraffin for
histological analysis. Paraffin pieces were cut 8 μm thick
sections on the coronal plane and stained with Hematoxylin
and Eosin (H & E). All pictures were captured with a ×20 or
×40 objective by an Olympus B × 51 microscope usage.21

Cell culture, siRNA, and plasmid transfection

PC12 cells (the Chinese Academy of Sciences Cell Bank,
China) were cultured in RPMI-1640 enriched with 1% an-
tibiotics and 10% fetal bovine serum (FBS) in a humidified
CO2 incubator at 37°C, according to the manufacturer’s
recommendations. CXCR1-specific siRNA and control
siRNA sequences were designed by RuiBo Biological
Technology Co., Ltd (Guangzhou, China). The PEX-1-
CXCR1 overexpression plasmid was provided by the Gen-
epharma (Shanghai, China). PC12 cells were extracted in the
log phase and seeded into 6-well plates (3 × 105/well). Two
hours before the transfection, the cells were fed with a serum-
free 1640 medium. The CXCR1 siRNA or CXCR1 over-
expression plasmid (PEX-1-CXCR1) was transfected into
PC12 cells with Lipofectamine 2000 (Invitrogen, # 1168019),
and then treated with IL-8 (1 μg/mL). After the specified
incubation time, the culture medium is collected and tested.

Intrathecal siRNA transfection

CXCR1-specific siRNA and Control siRNA sequences were
designed by Guangzhou RuiBo Biological Technology Co.,
Ltd. The validated siRNA sequence is CXCR1: 50-
CTAACCTGGTTCACAAGGA -30. The rats were sub-
classified into four groups (n = 8): sham, BCP, BCP + si-
CXCR1 and BCP + si-control, CXCR1 siRNA (33 μg in
15 μL) or negative control siRNA were transfected via i.t.
Injection on days 7–12 after tumor implantation. For in-
trathecal siRNA transfection, PE10 (0.28 mm inner di-
ameter and 0.61 mm outer diameter) tubing was implanted
in rats using L4/L5 lumbar approach as previously de-
scribed.22 The rats were then singly housed and remained
on their respective diets throughout the experiment.

Western blot

The rats were administered a 4% pentobarbital sodium for
anesthesia. Then, the ipsilateral spinal cord L3-L5 segments
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were harvested. Tissues were lysed using RIPA buffer
containing protease and phosphatase inhibitor cocktails,
and then were homogenized with an ultrasonic homog-
enizer. The supernatant was centrifuged at 14,000 r/min at
4°C for 20 min. The protein concentration was determined
using a BCA kit (Jiangsu Biyuntian Biotechnology In-
stitute, Nantong, China). A 40 μg protein was loaded onto
10% SDS-polyacrylamide gel for electrophoresis and
then separated proteins were transferred onto poly-
vinylidene difluoride membranes (PVDF) membranes by
electroblotting. After two-hour blocking at room tem-
perature, the membrane was incubated with a primary
antibody at 4°C overnight in 5% nonfat milk. The sec-
ondary antibody was incubated at room temperature for
2 h. The enhanced chemiluminescence method and X-ray
film were used for visualizing the protein bands. These
primary antibodies were utilized for Western blotting (all
at 1:1000 unless otherwise indicated): CXCR1 (bs-
1009R, Bioss), p-JAK2 (CST #3771, Cell Signaling),
JAK2 (CST #3230, Cell Signaling), p-STAT3 (AF3293,
Affinity), STAT3 (10253-2-AP, Proteintech), and
GAPDH (AF7021, Affinity). The target protein band
intensity was quantified by ImageJ and normalized to
GAPDH band.

Quantitative real-time polymerase chain reaction

The Trizol reagent was used extract the total RNA from the L3-5
spinal cord. The PrimeScript RT reagent kit was used to convert
1 μg of total RNA to cDNA,whichwas amplified utilizing these
primers: CXCR1 forward, 50-CCGTTCTGGAA-
CAGTCTGCTATGAG-30; CXCR1 reverse, 50-ATGAT-
GAACAGCGGCAAGAGGAAG-30; CXCR2 forward, 50-
TGGTCCTCGTCTTCCTGCTCTG -30; CXCR2 reverse, 50-
CGTTCTGGCGTTCACAGGTCTC -30; β-actin forward, 50-
ATCACTATCGGCAATGAGCGGTTC-30; β-actin reverse,
50-TGTTGGCATAGAGGTCTTTACGGATG -30. The Pow-
erUp SYBR Green Master Mix was utilized for all PCR re-
actions performed on the StepOnePlus machine. The PCR
amplifications were performed at 50°C and 95°C for 2 min,
then 45 cycles at 95°C and 60°C for 15 s. To validate PCR
product specificity in each well, melting curves were made.
CXCR1 relative expression levels were determined by the
comparative Ct method (2�ΔΔCt method).

Enzyme-linked immunosorbent assay (ELISA)

Rat IL-1β ELISA Kit (Elabscience, Houston, TX, USA), rat
NLRP3 and rat caspase1 ELISA Kits (USCNK, Wuhan,

Figure 2. Intratibial inoculation of Walker 256 cells produces bone destruction and progressive hyperalgesia. (a)The paw withdrawal
threshold (PWT) of the ipsilateral hind pawwas significantly decreased on BCP from 6 to 18 days after surgery. **p < 0.01 versus sham; ***p
< 0.001 versus sham; n = 8, two-way repeated-measures ANOVA. (b) Three-dimensional (3D) reconstruction of CT scan showing marked
bone destruction of the left tibia 18 days after tumor cell injection. Arrows point to cortical destruction sites. N = 4. (c) Representative images
of hematoxylin-eosin staining showing that the bone marrow cavity of rats in the sham-operated group was filled with lymphocytes and
macrophages. Trabecular surface cancer cell infiltration and bone resorption pits appeared in the bonemarrow cavity of the tibia 18 days after
tumor cell inoculation. N = 4. Scale bar: 50 μm.
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China) were used. Rat spinal cord tissues were homoge-
nized, and cultured cells were lysed in RIPA buffer con-
taining protease and phosphatase inhibitors. The protein
concentrations were identified using the BCA Protein Assay
(Jiangsu Biyuntian Biotechnology). After protein quanti-
tation, 100 μg protein was subjected to NLRP3, IL-1β, and
caspase1 assay by ELISA following the manufacturer
protocol.

Immunofluorescence

The rats were deeply anesthetized 12 days after BCP and then
were perfused and fixed with 4% formaldehyde. For 6 h,
spinal cords at the lumbar enlargement were immediately
extracted and postfixed with 4% formaldehyde. The spinal
cords were then dehydrated in 15% and 30% gradient sucrose

solutions at 4°C for 2 days. The spinal cords were cut after
being embedded in OTC compound into 16 μm sections,
which were washed in PBS, and then blocked for 1 h using
10% normal goat serum. Next, sections were treated with
primary antibodies at 4°C overnight and subsequently treated
with fluorescent conjugated secondary antibodies at room
temperature for 50 min. Nuclei were counterstained with
DAPI (Invitrogen). Pictures were captured by a confocal laser
microscope. The following primary antibodies were used:
CXCR1 (1:100, bs-1009R, Bioss), NeuN (1:400, NBP1-
92693, NOVUS), Iba-1 (1:300, ab5076, Abcam), and
GFAP (1:400, C9205, Sigma). To confirm the specificity of
the CXCR1 antibody, the CXCR1 antibody was pre-adsorbed
(room temperature, 1 h) against its blocking peptide (bs-
1009P, Bioss) prior to incubation with spinal cord sections, by
mixing the CXCR1 antibody with a ten-fold (by weight) of

Figure 3. Increased CXCR1 protein and mRNA expression in the spinal dorsal horn of BCP rats. (a–d) Immunolabeled CXCR1 (green) in the
spinal cord of BCP rats. Pre-incubation of CXCR1 antibody with excessive CXCR1 blocking peptide served as the specificity control of
CXCR1 antibody. Ipsilateral (Ipsi), contralateral (Contra), nucleus (blue). (e) The mRNA expression of CXCR1 was increased in the BCP
group compared with the sham group. *p < 0.05, n = 7, compared to sham, Student’s t-test. (f) The protein expression of CXCR1 increased in
a time-dependent manner in the BCP group compared with the sham-operated group. **p < 0.01; n = 4, one-way ANOVA.
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the blocking peptide. The following secondary antibodies
were used: 488 donkey anti-rabbit (1:500, ab150073, Ab-
cam), 594 donkey anti-mouse (1:500, ab150108, Abcam),
and 594 donkey anti-goat (1:500, ab150132, Abcam).

Quantification and statistics

All data were reported as mean ± SEM. Sample sizes were
determined according to previous study. The one-way
ANOVA and post hoc Dunnett multiple comparison tests
were utilized to determine Catwalk gait results and the group
differences for immunofluorescence experiments, Western
blot, and RT-PCR. The two-way repeated-measures ANOVA
and post hoc Bonferroni multiple comparison tests were
utilized for determining the behavioral pain experiment.
GraphPad Prism 6.0 software (GraphPad, San Diego, CA)
was utilized to conduct all statistical analyses. p < 0.05 was
considered statistically significant.

Results

Walker 256 cells inoculated into tibia causes bone
destruction and progressive hyperalgesia

We used the rat model of BCP established by Mao Ying
et al.23 which was prepared by injecting Walker 256 breast
cancer cells into the left tibia of SD rats. Consistent with our
previous study,21 mechanical allodynia occurred in the ip-
silateral hind limb within 6 days after tumor inoculation and

lasted for 18 days (Figure 2(a)). To verify BCP model, we
performed 3D CT imaging of the rat tibia 18 days after the
inoculation of Walker 256 cells to assess the bone destruction
(Figure 2(b)). The control animal treated with heat-inactivated
tumor cells did not cause any distinctive changes. We then
analyzed the structure of rat tibia in H & E staining of tissue
sections (Figure 2(c)). In the sham group, naked nuclear
lymphocytes, normal trabecular structures, and macrophages
were apparent in the tibial bone marrow cavity of sham rats.
However, in the BCP model, cancer cell infiltration and bone
resorption pits were formed in the rat bone marrow cavity
18 days later.

CXCR1 expression and cellular localization in rat
spinal cord

We detected CXCR1 protein expression and subcellular lo-
calization the expression and subcellular localization of
CXCR1 protein in the spinal cord dorsal horn of rats. First, we
used immunofluorescence to detect the expression and cel-
lular localization of CXCR1 protein. To ensure the high
specificity of CXCR1 antibody, the CXCR1 antibody was
pre-adsorbed on its blocking peptide. After the CXCR1
primary antibody was pre-incubated with the blocking
peptide, the treatment abrogated the detection of CXCR1 by
immunofluorescence assay (Figure 3(c)). Clearly, compared
with the sham operation group, the BCP group had significant
changes (Figure 3(a) and (b)). The expression of CXCR1 was
mainly distributed in the dorsal horn of the ipsilateral spinal

Figure 4. Distribution and cellular localization of CXCR1 in the dorsal horn of the spinal cord. (a–o) Immunofluorescence data show that
CXCR1 (green) was predominantly expressed in neurons (red), but not in astrocytes (red) or microglia (red). All sections were
counterstained with DAPI (blue) to show nuclei. White arrows indicate possible colocalization sites. NeuN (neuronal nucleus, neuron-
specific marker); GFAP (glial fibrillary acidic protein, astrocyte-specific marker); Iba-1 (ionized calcium-binding adaptor molecule 1, microglia-
specific mark); n = 4. Scale bar: 50 μm.

6 Molecular Pain



cord on the inoculated side (Figure 3(d)). To determine the
predominant cell types expressing CXCR1, we used cell
type specific markers for double immunofluorescence
staining: NeuN for neurons (Figure 4(a)–(e)), Iba-1 for
microglia (Figure 4(f)–(j)), and GFAP for astrocytes
(Figure 4(k)–(o)) on day 12 after BCP model. Notably,
CXCR1 expression was mostly co-localized with neurons.
Next, CXCR1 mRNA in BCP group increased compared to
the sham group (Figure 3(e)). Western blot analysis results
revealed that BCP induced CXCR1 protein expression to
increase from the 6th to 18th day after BCP (Figure 3(f)).
CXCR1 expression increased significantly on the 12th and
18th days. However, the increase on day 6 was not sta-
tistically significant.

Downregulation of CXCR1 alleviates the mechanical
allodynia in BCP rats

Chemokine receptors are associated with activation of spinal
neurons and glial cells during BCP.24 To determine whether
the upregulation of CXCR1 in the spinal dorsal horn was
implicated in BCP, we tested whether the downregulation of
CXCR1 by siRNA can alleviate hyperalgesia. In PC12 cells,
CXCR1 siRNA significantly downregulated the expression
of CXCR1 mRNA without affecting CXCR2 expression
(Figure 5(a) and (b)). CXCR1-siRNA or control-siRNAwas
administrated intrathecally to rats for 6 days starting from the
seventh day following Walker 256 cell injection. Western
Blot results showed that intrathecal injection of CXCR1-

Figure 5. Spinal cord blockade of CXCR1 attenuates abnormal gait and mechanical hyperalgesia in BCP rats. (a-b) Relative expression of
CXCR1-mRNA and CXCR2-mRNA in PC12 cells after CXCR1-siRNA transfection. ***P < 0.001. n = 3, Student’s t-test. (c) Western blot
results showing the reduction of CXCR1 protein levels after CXCR1-siRNA treatment. **p < 0.01. n = 4, Student’s t-test. (d) Intrathecal
injection of CXCR1-siRNA relieved tumor-induced mechanical allodynia 10 days after BCP. *p < 0.05, **p < 0.01, compared to sham, two-way
repeated measures ANOVA. (e-g) Representative CatWalk gaits, including print view, timing view, and print intensity, in sham (e),
BCP+siControl (f), BCP + si-CXCR1 (g) groups. (h-j) Intrathecal injection of CXCR1-siRNA significantly attenuated tumor-induced
reductions in maximum contact area (h), maximum contact maximum intensity (j), and mean intensity (i) in tumor-bearing rats. Starting on day
7 after tumor inoculation, CXCR1-siRNA was intrathecally injected daily for six consecutive days. Behavioral testing was performed 4 h
after the last injection. Data were calculated as percentages of ipsilateral (left)/contralateral (right) hind paws. Data are presented as mean ±
SEM *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA. LH, left rear; RH, right rear.
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siRNA significantly reduced CXCR1 protein levels (Figure
5(c)). PWT and gait were recorded after intrathecal injection
of CXCR1-siRNA and results showed that intrathecal in-
jections of CXCR1-siRNA significantly increased PWT on
the 10th day after modeling while control-siRNA adminis-
tration had no effect on PWT. There was no statistically
significant change in PWT in Sham+CXCR1-siRNA group,
indicating that CXCR1 inhibition has no analgesic effect on
basal pain (Figure 5(d)).

Gait analysis was utilized to measure pain-related be-
haviors. To comprehensively analyze the effects of BCP on
ipsilateral and contralateral hind paws, we selected three
parameters in rats: (1) maximum contact area, (2) mean in-
tensity, and (3) maximum contact intensity. We adopted the
criteria described by Yan-Qing Wang et al.,25 percentages of
ipsilateral (left)/contralateral (right) hind paw ratio. Com-
pared with Sham group (Figure 5(e)), the maximum contact
area, mean intensity, and percentage of maximum contact
intensity of BCP+ control-siRNA group decreased signifi-
cantly (Figure 5(f)). However, continuous intrathecal injection

of CXCR1-siRNA (Figure 5(g)) can significantly reverse
tumor-induced gait (Figure 5(h)–(j)).

BCP-induced JAK2/STAT3 activation depends
on CXCR1

JAK2/STAT3 signaling pathway is involved in BCP.13 In our
experiment, the expression of phosphorylated proteins of
JAK2 and STAT3 was significantly increased, but total ex-
pression of JAK2 and STAT3 expressions was unchanged,
which was consistent with our previous observation.19 As
shown in Figure 6(a)–(c), the levels of p-JAK2 and p-STAT3
in the spinal cord increased significantly from day 12 to day
18 after modeling. Previous reports indicate that CXCR1/2
could activate JAK2/STAT3 pathway.26 We examined
whether the activation of JAK2/TAT3 under BCP conditions
depends on CXCR1. After 6 days of BCPmodeling, CXCR1-
siRNA or control-siRNA was injected intrathecally for six
consecutive days. As shown in Figure 6(d)–(f), compared
with the control group, CXCR1-siRNA significantly reduced

Figure 6. BCP-induced activation of spinal JAK2/STAT3 signaling is dependent on CXCR1 in vivo and in vitro. (a–c) The phosphorylated
proteins of the JAK2/STAT3 pathway were time-dependently increased in the spinal cord of rats with BCP. *p < 0.05, **p < 0.01, ***p <
0.001, compared to sham group, one-way ANOVA. (d–f) Phosphorylated proteins of the JAK2/STAT3 pathway were reduced after
intrathecal injection of CXCR1-siRNA. *p < 0.05, ***p < 0.001, compared to sham group, one-way ANOVA. (g–i) Phosphorylated protein of
JAK2/STAT3 was dependent on CXCR1 activation in PC12 cells. *p < 0.05, **p < 0.01, ***p < 0.001.
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p-JAK2 and p-STAT3 protein levels, but had no effect on
their total protein level.

To further verify whether CXCR1 level regulates the
activation of JAK2/STAT3 signaling pathway, we conducted
in vitro experiments. As IL8 is a high-affinity ligand for
CXCR1,27 we used IL8 to activate CXCR1 receptor to
mediate the downstream signaling pathways in PC12 cell
line.28 After IL8 treatment, p-JAK2 and p-STAT3 in PC12
cells increased significantly, especially after transfection with
CXCR1 overexpression plasmid (Figure 6(g)–(i)). The re-
sults revealed that the activation of JAK2/STAT3 depended
on CXCR1, which was consistent with our hypothesis. In
vivo and in vitro experiments showed that CXCR1 receptor
played a crucial role in BCP through JAK2/STAT3 signaling
pathway.

BCP-induced activation of NLRP3 inflammasome
depends on CXCR1

The activation of NLRP3 inflammasome contributes to the
pathogenesis of inflammatory pain,29 neuropathic pain,30 and
BCP.31 Studies have indicated that MCC950 (NLRP3 in-
flammasome inhibitor) inhibits the activation of NLRP3
inflammasome and suppresses caspase-1-dependent pro-
cessing of IL-1β. Similarly, MCC950 injection can attenuate
BCP related mechanical pain hypersensitivity. Next, we
examined whether the activation of NLRP3 inflammasome
under BCP conditions relies on CXCR1. After modeling,
compared with sham operation group, NLRP3/caspase-1/IL-

1β protein expression levels were considerably elevated.
After intrathecal injection of CXCR1-siRNA, these proteins
also decreased significantly (Figure 7(a)–(c)).

We further verified whether CXCR1 affected the level of
NLRP3 inflammasome in PC12 cell line. CXCR1/2 antag-
onist G31P reduced the activation of NOD-like receptors
protein 3 (NLRP3).32 We also used the PC12 cell line to
validate the role of CXCR1 with inflammasome. After treating
PC12 cells with IL8, NLRP3 inflammasome (NLRP3,
caspase-1 and IL-1β) were considerably elevated. This phe-
nomenon can be reversed by CXCR1-siRNA. After PC12 cells
were treated with IL-8, NLRP3 inflammasome (NLRP3,
caspase-1 and IL-1β) were considerably elevated (Figure 7(d)–
(f)) and this phenomenon can be reversed by CXCR1-siRNA.
These outcomes indicate that CXCR1 receptor plays an im-
portant role in NLRP3 inflammasome.

Discussion

The main findings of this study were as follows: (1) after the
tibia was injected with Walker-256 cells, the mechanical
hyperalgesia threshold of rats was reduced, accompanied by a
time-dependent increase in the ipsilateral spinal cord CXCR1,
p-JAK2, p-STAT3, and NLRP3 inflammasome; (2) CXCR1
receptors were mainly co-located with neurons, which was
different from previous studies7; (3) intrathecal injection of
CXCR1-siRNA can reduce mechanical hyperalgesia and
improve BCP-related behaviors; (4) Inhibition of CXCR1 in
spinal cord can reduce p-JAK2, p-STAT3 activation and

Figure 7. BCP-induced activation of the NLRP3 inflammasome is dependent on CXCR1 in vivo and in vitro. (a–c) Elevated NLRP3, caspase1,
and IL-1β proteins in BCP rats were reversed after intrathecal injection of CXCR1-siRNA. **p < 0.01, ***p < 0.001, n = 4. (d–f) Increased
protein level in NLRP3, caspase-1, and IL-1β was dependent on CXCR1 in PC12 cells. ***p < 0.001, n = 3.
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NLRP3 inflammasome. These findings suggest that the acti-
vation of NLRP3 inflammasome, p-STAT3, and p-JAK2 in the
spinal cord is an important mechanism of CXCR1 signaling in
the development of BCP in rats.

BCP includes inflammatory and neuropathic pain.33,34 To
simulate the pain symptoms of BCP, we injected Walker-256
rat mammary gland cancer cells into the tibia of rats. In our
experiment, PWT of rats decreased significantly on day 6
after surgery, and continued to decline until the 18th day after
operation. Besides, HE staining showed a large variety of
larger cell nuclei with heterogeneity and eroded bone tra-
beculae. Consistent with previous studies,19,21 these findings
indicate that the BCP model has been effectively developed.

Chemokine receptor CXCR1 is a member of the G protein-
coupled receptor (GPCR) superfamily. CXCR1 and CXCR2
are involved in neuropathic pain induced by paclitaxel.35

CXCR2 has been demonstrated to be involved in BCP,4 while
the role of CXCR1 has not yet been investigated. Single-cell
RT-PCR showed that the septal neurons containing CXCR1
mRNA responded to IL-8, while CXCR2 mRNA did not,
indicating that CXCR1 receptors have certain functions in
these neurons.36 CXCR1 (mRNA and protein) in ipsilateral
spinal cord was upregulated under BCP conditions (Figure
3(d)). CXCR1 was highly expressed in the spinal dorsal horn
laminae I–V (Figure 3(b)), which is a key site for processing
nociceptive information. In this study, we also performed
immunofluorescence double staining on CXCR1 with neu-
rons (NeuN), astrocytes (GFAP), and microglia (Iba-1) to
investigate location of receptors. The results suggest CXCR1
seemed to predominantly co-localize with neurons. CXCR1
is distributed widely on neurons in the brain regions, such as
the expression of GABAergic, cholinergic, and glutamatergic
markers.7

We inhibited CXCR1 by intrathecal injection of SiRNA to
determine the function of CXCR1 receptor in BCP devel-
opment. Catwalk gait analysis system and Von Frey test
evaluated BCP-related behavior.25,37 We conducted a Cat-
walk gait analysis system to examine the abnormal features of
the affected limbs, when the rats were carrying weight during
autonomous walking. In this study, the maximum contact
area, mean intensity, and maximum contact intensity declined
in tumor-bearing rats, indicating that the weight bearing
capacity decreased. The behavioral study also showed that
intrathecal siRNA injection could significantly reverse the
abnormal gait characteristics caused by tumor. Consistent
with this, PWT also increased after intrathecal injection of
siRNA (Figure 5(d)). At the same time, CXCR1 protein levels
showed a significant decrease (Figure 5(c)).

JAK2/STAT3 signaling pathway is an established tumor
and inflammation mechanism.38,39 In the spinal cord of BCP
rats, we noted that the p-JAK2/JAK2 and p-STAT3/STAT3
ratios increased significantly on day 12.19. Blocking the
JAK2/STAT3 signaling pathway can significantly reduce the
mechanical hyperalgesia of BCP.13 Targeting p-STAT3 may
be a feasible method to treat BCP.40 In BCP model, after

intrathecal injection of CXCR1-siRNA, phosphorylated
proteins of JAK2/STAT3 pathway were significantly in-
hibited. The same results were confirmed in vitro.

NLRP3 inflammasome becomes a target for the prevention
and treatment of central nervous system diseases.41,42 The
expression of NLRP3 inflammasome in BCP increased
significantly in a time-dependent manner and was mainly co-
localized with NeuN in SDH.43 We found that BCP upre-
gulated NLRP3, IL-1β, and caspase-1 expression in vitro and
in vivo. Meanwhile, this effect could be reversed by CXCR1
knockdown by siRNA. Thus, the NLRP3 inflammasome-
mediated inflammatory cascade might be a potential target for
BCP-induced mechanical hyperalgesia treatment.

Intrathecal injection of JAK2 inhibitor AG-490 attenuated
BCP-related mechanical allodynia.44 Zhang et al.45 showed
that JAK2/STAT3 signaling pathway participated in BCP by
upregulating voltage-gated sodium channel activation in
neurons. Tian et al. suggested that small molecule inhibitors
of NLRP3 MCC950 significantly attenuated BCP-related
mechanical allodynia.43 In our experiment, intrathecal in-
jection of CXCR1-siRNA significantly inhibited the protein
expression of JAK2/STAT3 signaling pathway and NLRP3
inflammasome. Based on the above evidence, we speculate
that CXCR1 may mediate BCP through JAK2/STAT3 sig-
naling pathway and NLRP3 inflammasome.

Conclusions

We found that the inoculation ofWalker 256 cells into the tibia
of rats caused pain hypersensitivity and bone destruction. In
addition to these changes, the chemokine receptor CXCR1 in
spinal dorsal horn neurons increased. Inhibition of CXCR1
receptor can reduce the activation of JAK2/STAT3 signaling
pathway and NLRP3 inflammasome. CXCR1 receptor may be
a new target for Walker 256 induced BCP treatment.
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