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Blockers of Wnt3a, Wnt10a, or β-Catenin Prevent
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Abstract
Although chemotherapy is a key cancer treatment, many chemotherapeutic drugs produce chronic neuropathic pain, called
chemotherapy-induced neuropathic pain (CINP), which is a dose-limiting adverse effect. To date, there is no medicine that
prevents CINP in cancer patients and survivors. We determined whether blockers of the canonical Wnt signaling pathway
prevent CINP. Neuropathic pain was induced by intraperitoneal injection of paclitaxel (PAC) on four alternate days in male
Sprague-Dawley rats or male Axin2-LacZ knock-in mice. XAV-939, LGK-974, and iCRT14, Wnt/β-catenin blockers, were
administered intraperitoneally as a single or multiple doses before or after injury. Mechanical allodynia, phosphoproteome
profiling, Wnt ligands, and inflammatory mediators were measured by von Frey filament, phosphoproteomics, reverse
transcription-polymerase chain reaction, and Western blot analysis. Localization of β-catenin was determined by immunohisto-
chemical analysis in the dorsal root ganglia (DRGs) in rats and human. Our phosphoproteome profiling of CINP rats revealed
significant phosphorylation changes in Wnt signaling components. Importantly, repeated systemic injections of XAV-939 or
LGK-974 prevented the development of CINP in rats. In addition, XAV-939, LGK-974, and iCRT14 ameliorated CINP. PAC
increased Wnt3a and Wnt10a, activated β-catenin in DRG, and increased monocyte chemoattractant protein-1 and interleukin-
1β in DRG. PAC also upregulated rAxin2 in mice. Furthermore,β-catenin was expressed in neurons, including calcitonin gene–
related protein-expressing neurons and satellite cells in rat and human DRG. In conclusion, chemotherapy increases Wnt3a,
Wnt10a, and β-catenin in DRG and their pharmacological blockers prevent and ameliorate CINP, suggesting a target for the
prevention and treatment of CINP.
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Introduction

Chemotherapy-induced chronic neuropathic pain (CINP), a
dose-limiting adverse effect of chemotherapy, is produced
by various chemotherapeutic drugs, including taxanes (pacli-
taxel [PAC] and docetaxel), vinca alkaloids (vincristine and
vinblastine), and platinum agents (cisplatin, carboplatin, and
oxaliplatin) [1]. CINP is characterized by spontaneous pain
conditions and evoked pain conditions, including allodynia
[1]. It affects patients at any time during or after treatment
and decreases quality of life [1]. Currently, commonly used
pain medicines, including opioids, non-steroidal anti-inflam-
matory drugs, anticonvulsants, and antidepressants, have lim-
ited analgesic effects on CINP in patients and animals [1]. In
particular, no medicine is effective in preventing CINP [1].

The Wnt pathway plays crucial roles in controlling var-
ious cellular processes, including cell proliferation, and
human diseases, including cancer [2, 3]. Wnt signaling
also governs the development of nervous tissues, including
synapse maturation and plasticity [4, 5], and is involved in
the regulation of N-methyl-D-aspartate receptors and syn-
aptic plasticity [6]. In the absence of Wnt ligands, β-caten-
in, a key mediator of Wnt signaling, is constitutively de-
graded by the protein destruction complex, which is com-
posed of adenomatous polyposis coli, glycogen synthase
kinase 3, and Axin proteins. However, in the presence of
Wnt ligands, the binding of Wnt ligands to the Frizzled
receptor and LRP5/6 co-receptor activates Dishevelled
protein, which inhibits the protein destruction complex.
Subsequently, the stabilized β-catenin protein leads to its
nuclear translocation and transactivates Wnt target genes in
association with T cell factors/lymphoid enhancing factor
[7]. Among 19 Wnt ligands, Wnt1, Wnt2, Wnt2b, Wnt3a,
Wnt8, and Wnt10 induce the stabilization of β-catenin (ca-
nonical Wnt pathway) and transcriptionally upregulate
their target genes [8]. The deregulation of Wnt/β-catenin
signaling is involved in various pathologic conditions, in-
cluding cancer. Thus, pharmacologic blockers, including
XAV939 (inhibitor of β-catenin stabilization), LGK-974
(inhibitor of Wnt ligand secretion), and iCRT14 (inhibitor
of β-catenin-mediated transactivation), have been tested in
preclinical and clinical settings as a therapeutic option for
cancer treatment [2, 9]. In previous studies, several Wnt
blockers showed analgesic effects on various neuropathic
pain models, including spinal nerve ligation, chronic con-
striction injury, and CINP models [10–12]. However, the
preventive effect of Wnt blockers and the role of Wnt li-
gands have not been determined. Thus, the aims of this
study were to (1) assess the preventive effects of canonical
Wnt/β-catenin pathway blockers on CINP in rats, (2) iden-
tify the role of Wnt ligands of canonical Wnt/β-catenin
pathway in the dorsal root ganglia (DRGs), and (3) find
the location of β-catenin in DRG in rats and human.

Materials and Methods

Animals

We used adult male Sprague-Dawley rats (200–350 g; Harlan
Sprague Dawley Company, Houston, TX, USA) and male
Axin2-LacZ knock-in mice (20–30 g; Jackson Laboratory,
USA). The experimental protocol was approved by the insti-
tutional animal care and use committees of The University of
Texas MD Anderson Cancer Center (Houston, TX, USA).

Paclitaxel-Induced Neuropathic Pain Model in Rats or
Mice

PAC (GenDepot, Katy, TX, USA) was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 50 mg/ml and stored
in a freezer (− 80 °C) [13–15]. Before injection, the stock
solution was mixed with an equal volume of Tween 80 and
then diluted with sterile saline to a concentration of 2 mg/ml
for rats or 0.4 mg/ml for mice.

For the paclitaxel-induced neuropathic pain (PINP) rats,
PAC (2 mg/ml) was injected intraperitoneally at a dose of
2 mg/kg/ml on days 0, 2, 4, and 6 [13–15]. Vehicle (VEH)
rats received 4% DMSO and 4% Tween 80 in sterile saline
(1 ml/kg) without PAC.

For the PINP mice, PAC (0.4 mg/ml) was injected intra-
peritoneally at a dose of 4 mg/kg/10 ml on days 0, 2, 4, and 6
[16]. VEHmice received 0.8%DMSO and 0.8% Tween 80 in
sterile saline (10 ml/kg) without PAC.

Measurement of Mechanical Allodynia

In rats, the mechanical threshold of the left hind paw was
determined using the up-down method with a set of von
Frey monofilaments and then calculated a 50% mechanical
threshold [13–15, 17]. In mice, the mechanical hypersensitiv-
ity of the left hind paw was determined by measuring the foot
withdrawal response to 0.1-g filament and then calculated as a
percentage of positive response [18].

Phosphoproteome Profiling of CINP Rats

The L1-6 DRGs were collected from VEH-injected rats and
PAC-injected rats on day 16 or 17 after the first PAC or ve-
hicle injection. In brief, DRG tissue (about 15 mg) was pul-
verized, sonicated, and centrifuged, and then the supernatants
were collected [19, 20]. The protein was digested by filter-
aided sample preparation with trypsin. For tandem mass tag
(TMT) labeling, the digested peptide was labeled using 10-
plex TMT reagents (90111, Thermo Scientific, Rockford, IL).
The labels for the samples were three vehicle peptides (126,
128N, and 129C tags) and three PAC peptides (127N, 128C,
and 130N tags). The TMT-labeled peptides were used for
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phosphopeptide enrichment. The labeled peptides were divid-
ed into the Fe3+-NTA beads, where the phosphopeptides were
enriched. The phosphopeptides were analyzed through an on-
line, two-dimensional, non-contiguous concatenating, and
fractionating reverse-phase/reverse-phase liquid chromatogra-
phy system [21]. The eluted phosphopeptides were ionized
using an in-house nano-electrospray source. The mass spec-
trometer was set to analyze peptide ions in data-dependent
acquisition mode. The MS/MS scans were acquired at a reso-
lution of 35,000. The automated gain control target value and
the maximum ion injection time were set to 2.0 × 105 and
120 ms, respectively.

Western Blot Analysis

The L1-6 DRGs were collected fromVEH-injected rats, PAC-
injected rats, and XAV-treated PAC-injected rats on day 16 or
17 after the first PAC or vehicle injection. The DRGs were
homogenized in RIPA cell lysis buffer and centrifuged. The
supernatant was loaded and transferred to membranes [15].
The blots were incubated with primary antibody against phos-
phorylated nuclear factor-κB (phospho-NF-κB, rabbit,
1:1000, 65 kDa, Cell Signaling Technology), monocyte
chemoattractant protein-1 (MCP-1, rabbit, 1:500, 12 kDa,
Santa Cruz Biotechnology), interleukin-1β (IL-1β, rabbit,
1:1000, 17/31 kDa, Santa Cruz Biotechnology), and
GAPDH ( r abb i t , 1 : 5000 , 37 kDa , San t a C ruz
Biotechnology) overnight at 4 °C. The blots were then incu-
bated with the anti-rabbit horseradish peroxidase–conjugated
secondary antibody (1:5000, GenDepot). The immunoblots
were analyzed with a chemiluminescence detection system
and normalized to GAPDH.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

The L1-6 DRGs were collected fromVEH-injected rats, PAC-
injected rats, or XAV-treated PAC-injected rats on day 16 or
17 after the first PAC or vehicle injection. The L1-6 DRGs
were extracted with TRIzol for RNA extraction. RNA (1 μg)
was used for cDNA synthesis using the iScript cDNA synthe-
sis kit (Biorad). Semi- and quantitative real-time PCR (qRT-
PCR) were performed using a PCR machine (Applied
Biosystems) with the specific primers listed in Table 1.
Target gene expression was normalized using two endoge-
nous control genes (Actb and Hprt1). Comparative 2−ΔΔCt

methods were used to quantify the qRT-PCR results.

X-Gal (5-Bromo-4-Chloro-3-Indolyl-β-D-Galacto-
Pyranoside) Staining

DRG samples from Axin2-LacZ knock-in mice, a Wnt signal-
ing reporter strain, were fixed with 2% formaldehyde

containing 0.2% glutaraldehyde for 10 min, rinsed with
phosphate-buffered saline (PBS), and incubated with staining
solution (2 mMMgCl2, 4 mMK3Fe(CN)6, 4 mMK4Fe(CN)6,
and 1 mg/ml X-gal) for 2 h at 37 °C. The stained samples were
post-fixed and analyzed.

Hematoxylin-and-Eosin Staining

Tissues were collected from rats and then treated with forma-
lin and paraffin; 0.5-μm slices were stained with hematoxylin
and eosin. Images were obtained using Axio Observer and
AxioVision microscopes (Zeiss).

Immunohistochemical Analyses of Rat DRG

The L5 DRGs were collected from vehicle rats (N = 3) and
PAC rats (N = 3) on day 16 after the first PAC or vehicle
injection [22]. The L5 DRGs were fixed, cryosectioned,
and mounted on microscope slides. The sections were in-
cubated with combinations of the primary antibodies to
non-phospho active β-catenin (marker for canonical Wnt
signaling pathway, rabbit , 1:100, Cell Signaling
Technology), NeuN (neuron marker, mouse, 1:50, Abcam
Cambridge), calcitonin gene–related peptide (CGRP;
peptidergic somatosensory neuronal marker, mouse, 1:50,
Santa Cruz Biotechnology), or glial fibrillary acidic protein
(GFAP; satellite cell marker, mouse, 1:100, Santa Cruz
Biotechnology) overnight at 4 °C and then incubated with
secondary antibodies with Alexa Fluor 568 or Alexa Fluor
488 (goat anti-rabbit with Alexa Fluor 488, 1:100,
GenDepot or goat anti-mouse with Alexa Fluor 594,
1:100, GenDepot) [22]. In addition, ProLong Diamond
Antifade Mountant was applied to the sections, with 4′,6-
diamidino-2-phenylindole (DAPI; nuclear and chromo-
some marker). The stained tissue sections were viewed
under a Vectra 2 microscope from PerkinElmer.

Immunohistochemical Analyses of Human DRG

We collected DRGs from patient donor at MD Anderson
Cancer Center who provided legal written consent. This
protocol was approved by MD Anderson Cancer Center
and the patient. One patient had a history of cancer-
related neuropathic pain that appeared to be multifactorial
in etiology, including direct neural compression and the
physiological effects of the peritumoral environment,
which were due to radiation therapy involving the spine.
During standard-of-care surgical resection of metastatic
oncological disease, which involved ligation of spinal
nerve roots, this patient donated two DRGs: one from the
pain area and the other from a non-pain area [23].
Immediately after each ganglion was excised in the oper-
ating room, it was cut with a sterile scalpel, fixed,
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cryoprotected, and mounted. The sections were stained
with the primary and secondary antibodies as described
above in the “Immunohistochemical Analyses of Rat
DRG” section.

Sedation

Sedation testing was based on 5-point scales of posture (0 =
normal, 4 = flaccid atonia) and righting reflexes (0 = struggles,
4 = no movement) [15]. Sedation was assessed immediately
after the pain test.

Release of Wnt Ligands from the Primary DRG Cell
Culture

The lumbar DRGs were collected from rats and cultured in a
CO2 incubator [15]. To measure the release of Wnt ligands,
we cultured DRG cells in a chambered coverglass in DMEM
with 5% FBS. After a 24-h incubation, cells were treated with
vehicle or PAC for 24 h. The rWnt3a and rWnt10a levels in
treated DRG cells were measured by qRT-PCR.

Administration of XAV-939, LGK-974, and iCRT14

XAV-939, LGK-974, and iCRT14 (MedChemExpress,
Monmouth Junction, NJ, USA) were dissolved in DMSO
and suspended in 1% sodium CMC in PBS without calcium

and magnesium. XAV-939, LGK-974, and iCRT14 were ad-
ministered via intraperitoneal injection.

Administration of XAV-939

To determine the single and extended analgesic effects of
XAV-939, we administered a single intraperitoneal injection
(0.3, 1, or 3 mg/kg) on day 16 and multiple intraperitoneal
injections (3 mg/kg) twice daily for 4 days (Table 2). To
determine the preventive effects, we administered multiple
intraperitoneal injections of XAV-939 (3 mg/kg twice daily
during days 6–14) or a vehicle group.

Administration of LGK-974

To determine the single and extended analgesic effects of
LGK-974, we administered a single intraperitoneal injection
(0.5 or 2 mg/kg) on day 16 and multiple intraperitoneal injec-
tions of 2 mg/kg twice daily for 4 days (Table 2). To determine
the preventive effects, the LGK-974 group (2 mg/kg twice
daily) was intraperitoneally injected during days 6–14.

Administration of iCRT14

To determine the single analgesic effects of iCRT14, a single
intraperitoneal injection (10, 30 mg/kg) of iCRT14 was intra-
peritoneally injected on day 16 (Table 2).

Table 1 Primer information for semi-quantitative RT-PCR

Rat gene Forward (5′ to 3′) Reverse (5′ to 3′)

Wnt1 ATAGCCTCCTCCACGAACCT GGAATTGCCACTTGCACTCT

Wnt2 GAAGAAAGGGAGTGGCAAGGAC GCATCTACAAATGCACGGGCGAA

Wnt2b ACACCAGTTCCGTCATCACC CCCGAGTGATAGCATGGACC

Wnt3 ACCTGGAGAAGGCTGGAAAT ATGTGATCCAGGATGGTCGT

Wnt3a TGCAAATGCCACGGACTATC AGACTCTCGGTGTTTCTCTACC

Wnt4 CTGGAGAAGTGTGGCTGTGA GGACTGTGAGAAGGCTACGC

Wnt5a TGGCCACATTTTTCTCCTTC GCAGAGAGGCTGTGCTCCTA

Wnt5b GCAGGGTCATGCAGATAGG CGGTAGCCATACTCCACGT

Wnt6 GCGGTCACTCAGGCCTGTT GGGTGCCTGACAACCACACT

Wnt7a CCCGAACCCTCATGAACTTA TGTGGTCCAGCACGTCTTAG

Wnt7b AGCCAACATCATCTGCAACA GGCATTCATCGATACCCATC

Wnt8a CCTGGGAGCGGTGGAACT CCTGGTGTGGGTTGAAAACTG

Wnt8b GTGGCTGTGATGACTCCCGA AACTGCTTGGAAATTGCCTCTC

Wnt9a TCTAACCCTGGAGACCGAGG GGAACTGGTACTGGCACTCC

Wnt9b CACCCATGTGGGCATCAA CCATGACACTTGCAGGTTGTTC

Wnt10a TCACTCCGACCTGGTCTACTT CTCAGTGATGCGGCATTCTTC

Wnt10b CCTCAAGCGCGGTTTCC CAGCAGCCAGCATGGAGAA

Wnt11 GGGAGTCAGCCTTCGTGT GGTTGTCCGCACATCCTC

Wnt16 TGGCTGTAACCTCCTCTGCT GAGGCAATCTCATGCTAGGC

Hprt1 TCTTTGCTGACCTGCTGGAT CCCCCGTTGACTGGTCATTA
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Statistical Analyses

Data were summarized as means with standard errors or stan-
dard deviation for behavioral testing, Western blot analysis,
and qRT-PCR. The data were analyzed using GraphPad Prism
6 software and two-way repeated measures analyses of vari-
ance with one repeated factor (time), followed by the Tukey
post hoc test for behavioral testing or the Mann-Whitney U
test for Western blot analysis and qRT-PCR. In all cases,
P < 0.05 was considered statistically significant.

Results

Phosphoproteomic Analysis of PAC-Treated Rat DRG

In the phosphoproteomic experiments from rat DRG
(Fig. 1(a)), the data included 18,197 distinct phosphopeptides
(22,701 phosphosites) that were mapped on 5878 phospho-
proteins. Phosphorylation (STY) sites of DRG are shown in
supplemental Table S1. PAC upregulated 1410 phosphoryla-
tions and downregulated 1006 phosphorylations (n = 3 for the
PAC and vehicle groups, p < 0.1) (Fig. 1(b, c)). A gene set
enrichment analysis (GSEA) using phosphorylations (p ≤ 0.1)
showed marked enrichment in Wnt signaling pathway (n = 3
for the PAC and vehicle groups, p ≤ 0.05) (Fig. 1(d)).
Intriguingly, PAC upregulated the phosphorylation of many
canonical Wnt signaling components, including Camk2D,
Apc, Csnk1d, Csnk1e, Csnk1g2, GSK3β, and Axin1, and
downregulated the phosphorylation of Apc (S2609) (Fig.
1 ( e ) ) . Of no t e , S9 and Y216 o f GSK3β were
hyperphosphorylated in PAC-treated DRG (Fig. 1(f)). The
data suggest that PAC upregulated the phosphorylation of
the canonical Wnt signaling pathway.

Analgesic Effects of Pharmacological Blockers

In pain behavioral testing, sedation produced false analgesic
effects. All rats treated with XAV939, LGK-974, and iCRT14
or vehicle had a score of 0 on the basis of both the posture and
righting reflex scales, indicating that they did not produce

sedation. In addition, XAV-939 did not affect the overall in-
tegrity of the small intestine, crypts, liver, and skin (Fig. S1).

A single injection of XAV-939 significantly increased the
mechanical threshold in rats at doses of 0.3, 1, and 3 mg/kg
(n = 6, p < 0.05, Fig. 2(a)). The 3 mg/kg significantly in-
creased the mechanical threshold (6.8 g at 1.5 h, p < 0.05)
compared with VEH, but the threshold had returned to the
baseline at 4 h (n = 6). The repeated injections of XAV-939
(3 mg/kg twice daily on days 16–19) significantly increased
the mechanical threshold on days 17–20 (p < 0.05), and the
threshold returned to the baseline on day 21 (n = 6, Fig. 2(b)).
These results indicate that the inhibitor of β-catenin stabiliza-
tion produces analgesic effects.

A single injection of LGK-974 significantly increased the
mechanical threshold in rats at doses of 0.5 and 2 mg/kg (n =
6, p < 0.05, Fig. 2(c)). Two milligrams/kilogram of LGK-974
significantly increased the threshold (7.6 g at 1.5 h, p < 0.05)
compared with the VEH group, but the threshold had returned
to the baseline at 4 h (n = 6). The repeated injections of LGK-
974 (2 mg/kg twice daily on days 16–19) significantly in-
creased the threshold on days 17–20 (p < 0.05), and the
threshold returned to the baseline on day 21 (n = 6, Fig.
2(d)). These results indicate that the inhibitor of Wnt ligand
secretion produces analgesic effects.

A single injection of iCRT14 significantly increased the
threshold in rats at doses of 10 and 30 mg/kg (n = 6, Fig.
2(e)). Thirty milligrams/kilogram of iCRT14 significantly in-
creased the threshold (5.0 g at 1.5 h, p < 0.05) compared with
the vehicle group (n = 6). These data indicate that the inhibitor
of β-catenin-mediated transactivation produces analgesic
effects.

Preventative Effects of Pharmacological Blockers

The VEH decreased the mechanical threshold from normal on
day 6; it reached the lowest mechanical threshold (~ 1 g) on
day 14 (Fig. 2(f)). However, XAV-939 (3 mg/kg twice daily
from analgesic effects, on days 6–14) did not change the me-
chanical threshold (more than 10 g) by day 40 (n = 6, p < 0.05,
Fig. 2(f)). In addition, LGK-974 (2 mg/kg twice daily on days
6–14) did not change the mechanical threshold by day 40 (n =

Table 2 Intraperitoneal injections of XAV-939, LGK-974, and iCRT14 in rats

Name Vehicle Purpose Dose and schedule

XAV-939 3% DMSO in 1% sodium carboxymethyl-cellulose (CMC) in PBS Single analgesic effects 0.3, 1, and 3 mg/kg on day 16

Extended analgesic effects 3 mg/kg twice daily on days 16–19

Preventive effects 3 mg/kg twice daily on days 6–14

LGK-974 1% DMSO in 1% CMC in PBS Single analgesic effects 0.5 and 2 mg/kg on day 16

Extended analgesic effects 2 mg/kg twice daily on days 16–19

Preventive effects 2 mg/kg twice daily on days 6–14

iCRT14 10% DMSO in 1% CMC in PBS Single analgesic effects 10 and 30 mg/kg on day 16
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6, p < 0.05, Fig. 2(g)). These results strongly suggest that the
inhibitor ofβ-catenin stabilization and inhibitor ofWnt ligand
secretion prevent PINP.

PAC-Induced Activation of Wnt/β-Catenin Signaling in
the DRG

This injection of PAC (2 mg/kg on days 0, 2, 4, and 6) in rats
did not significantly affect microtubule assembly in the DRG
(Fig. 3(a, b)). However, DRG neuronal cells from PAC rats
exhibited active β-catenin, as represented by the overall in-
creased level and nuclear localization of active β-catenin (n =
3, p < 0.05, Fig. 3(c, d)). XAV-939 decreased PAC-increased
active β-catenin level (n = 3, Fig. 3(c, d)).

PAC injection increased Axin2-LacZ expression in Axin2-
Lacz mice, as visualized by β-catenin in vivo by X-gal stain-
ing (n = 3, Fig. 3(e, f)) [24]. Consistently, PAC administration
upregulated rAxin2, as determined by qRT-PCR, which was
restored by the intraperitoneal injection of XAV939 (n = 3,
Fig. 3(g)). PAC induced neuropathic pain behavior
in Axin2-LacZ mice (n = 3 for PAC and n = 2 for vehicle,
Fig. 3(j)) in a similar manner to that in rat PINP models
(Fig. 2).

Furthermore, the expression of canonical Wnt ligands, in-
cluding rWnt3, rWnt3a, and rWnt10a, was higher in PAC-

treated DRG than in VEH samples (n = 3, Fig. 3(h)).
Similarly, PAC-treated primary cultured DRG neuronal cells
significantly increased the level of rWnt3a (N = 3, p = 0.0008)
and rWnt10a (n = 3, p = 0.0105, Fig. 3(i)). These results indi-
cate that PAC activates Wnt/β-catenin signaling, including
Wnt3a, Wnt10a, and β-catenin in the DRG.

PAC-Induced Inflammatory Cytokines in the DRG

The levels of phosphorylated nuclear factor-κB (phospho-
NF-κB), monocyte chemoattractant protein-1 (MCP-1), and
interleukin-1β (IL-1β) in the PAC group were 2.5, 1.9, 1.5,
and 1.5 times higher, respectively, than were those in the VEH
group, as determined by a Western blot analysis (n = 3,
p < 0.05, Fig. 3(k–m)). The subsequent administration of
XAV-939 decreased the protein levels of phospho-NF-κB,
MCP-1, and IL-1β in the PAC group (n = 3, Fig. 3(k–m)).
These data indicate that the protein levels of inflammatory
cytokines in the DRG were increased by PAC and decreased
by XAV-939.

Co-localization of β-Catenin in Rat DRGs

Active β-catenin was expressed in the L5 DRGs of both
vehicle- and PAC-treated rats (VEH for Fig. 4(a–d), PAC

Fig. 1 Phosphoproteomics profiling of DRG. Paclitaxel (PAC, 2 mg/kg,
n = 3) or vehicle (4% dimethyl sulfoxide and 4% Tween 80 in saline,
1 ml/kg, n = 3) was injected intraperitoneally on days 0, 2, 4, and 6 in
the PAC and vehicle groups. (a) Overall scheme describing sample prep-
aration, phosphor-proteome profiling, and data analysis. On day 16 after
the first PAC or vehicle injection, the L1-6 DRG were obtained, homog-
enized, lysed, digested with trypsin, and labeled with TMT. TMT-labeled
peptides were fractioned, immobilized, enriched with metal-affinity

chromatography phosphopeptide, and analyzed with LC-MS/MS sys-
tems. DR, dorsal root; VR, ventral root; DH, dorsal horn; and VH, ventral
horn. (b) Of the 22,701 phosphopeptides identified, 2416 were differen-
tially expressed, with statistical significance (n = 3, p ≤ 0.1). (c) Volcano
plot for all phosphorylated proteins (n = 3). (d) Enrichment plot of the
Wnt signaling pathway (n = 3). (e) Phosphorylated sites of canonicalWnt
signaling-related proteins (n = 3). (f) The graph shows the position of the
phosphorylated GSK3β
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for Fig. 4(e–p)). The intensity of β-catenin in PAC was
higher than that in VEH (n = 3, p < 0.05, Fig. 4(a, e, q)).
The expression of β-catenin in PAC was localized with the
neuron (Fig. 4(h)), including the CGRP-expressing neuron

(Fig. 4(l)) and GFAP-expressing satellite cells (Fig. 4(p)).
These data indicate that β-catenin was co-localized in rat
DRG neurons, including CGRP-expressing cells and satellite
cells.
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Co-localization of β-Catenin in Human DRGs

An immunohistochemical analysis revealed that the expres-
sion of active β-catenin in the painful area was expressed in
neurons (Fig. 5(d)), especially in CGRP-expressing neurons
(Fig. 5(l)) and GFAP-expressing satellite cells (Fig. 5(t)). The
intensity of β-catenin in painful DRG was higher than that in
unpainful DRG (103.2 ± 27.9 of painful DRG vs 41.8 ± 16.9
of unpainful DRG, mean ± standard deviation, n = 3 sections,
p < 0.05, Fig. 5(a) vs 5(e)). These data indicate that β-catenin
was co-localized in human DRG neuron cells, including
CGRP-expressing cells and satellite cells.

Discussion

In this study, we showed that XAV-934 and LGK-974 pro-
duced preventive and analgesic effects by inhibiting the

release of Wnt3a, Wnt10a, and active β-catenin in the DRG.
In addition, PAC increased the expression of Axin2 in Axin2-
LacZ mice. Furthermore, active β-catenin was co-localized
with DRG neurons, including CGRP-expressing neurons
and satellite cells in human and rat DRG.

The results of previous studies of neuropathic pain and the
Wnt pathway indicated that nerve injury–induced neuropathic
pain in spinal nerve ligation and chronic constriction injury
model was decreased by (1) overexpression of secreted
Frizzled-related protein 1 in the spinal cord, (2) the suppres-
sion of the non-canonical signaling pathway, and (3) intrathe-
cal injection of Wnt/β-catenin pathway inhibitor and tran-
scription factor 4 small interfering RNA [10–12, 25–28].
Recently, intrathecal injections of pharmacologicalWnt inhib-
itors, including LGK974, NSC668036, and PNU76454,
showed analgesic effects in PAC-induced neuropathy by
inhibiting inflammation in rats [28]. PAC cannot penetrate
the blood-brain barrier, accumulate in DRGs, and cause dam-
age to the sciatic nerve, nerve endings, and DRGs during the
development of pain behavior [29, 30]. Therefore, DRG may
be a major site for the induction of CINP. Our study is the first
to report the preventive effects of the systemic administration
of canonical Wnt blockers and that Wnt3a, Wnt10a, and β-
catenin may be major modulators for the induction of CINP in
the DRG.

In our study, among 19 Wnt ligands, PAC increased the
release of the Wnt ligands Wnt3a and Wnt10a. We recently
found that PAC increases reactive oxygen species (ROS) in
the rat DRG [15]. Furthermore, ROS-activated hypoxia-in-
ducible factors directly transactivate Wnt2b for β-catenin sta-
bilization in the regenerating intestine [31], indicating that
PAC increases canonical Wnt ligands via the ROS-activated
hypoxia-inducible factors axis in the DRG. In addition, β-
catenin was co-localized with DRG neuron cells, CGRP-
expressing neuron cells, and satellite cells in human and rat
DRG. PAC increased the protein levels of phospho-NF-κB,
MCP-1, and IL-1β in the DRG. Furthermore, phospho-
NF-κB, an activated form of NF-κB, was translocated into
the nucleus from the cytosol and produced various inflamma-
tory cytokines and chemokines, such as TNF-α, IL-1β, and
MCP-1, which can produce pain behaviors [32]. MCP-1 was
expressed in the DRG, spinal cord, and astrocytes; was bound
to chemokine CC motif receptor-1 in microglia, astrocytes,
and the spinal cord; and was upregulated in the spinal cord
in various pain conditions, including spinal nerve ligation,
spinal cord contusion injury, and bone cancer pain [33–35].
We observed reductions in PAC-upregulated TNF-α, IL-1β,
MCP-1, Wnt3a, and Wnt10a by XAV-939, which indicates
that β-catenin contributes to the PAC-induced expression of
these inflammatory cytokines. β-Catenin was found to
transactivate TNF-α, IL-1β, and MCP-1 in the spinal cord,
chondrocytes, and human bronchial epithelial cells [36–38].
Thus, it is highly likely that it mediates the PAC-induced

�Fig. 2 Analgesic and preventive effects of Wnt/β-catenin blockers on
PINP in rats. (1) Analgesic effects of pharmacological Wnt blockers. (a)
PAC was injected intraperitoneally on days 0, 2, 4, and 6, and the me-
chanical threshold was measured. Each blocker was dissolved in DMSO
and then suspended in 1% CMC in PBS (vehicle). On day 16, 24 rats
were divided into four groups that received an injection of vehicle, 0.3, 1,
or 3 mg/kg of XAV-939 (n = 6, arrow). Note that the 3 mg/kg of XAV-
939 significantly increased the mechanical threshold for 3 h (n = 6,
p < 0.05). (b) On day 16, 12 rats were divided into two groups that re-
ceived an injection of vehicle or 3 mg/kg of XAV-939 twice daily for
4 days during days 16–19 (n = 6). The multiple injections of XAV-939
significantly increased the mechanical threshold on day 17, and the
threshold remained considerably higher than that in the vehicle group
for 4 days (n = 6, p < 0.05). (c) On day 16, 18 rats were divided into three
groups that received an injection of vehicle, 0.5, or 2 mg/kg of LGK-974
(n = 6, arrow). The 2 mg/kg of LGK-974 significantly increased the me-
chanical threshold for 3 h compared with that in the vehicle group (n = 6,
p < 0.05). (d) On day 16, 12 rats were divided into two groups that re-
ceived an injection of vehicle or 2 mg/kg of LGK-974 twice daily for
4 days during days 16–19 (n = 6). The multiple injections of LGK-974
significantly increased the mechanical threshold on day 17, and the
threshold remained considerably higher than that in the vehicle group
for 4 days (n = 6, p < 0.05). (e) On day 16, 18 rats were divided into three
groups that received an injection of vehicle, 10, or 30 mg/kg of iCRT14
(n = 6, arrow). The 30 mg/kg of iCRT14 significantly increased the me-
chanical threshold for 3 h compared with that in the vehicle group (n = 6,
p < 0.05). (2) Preventive effects of pharmacological Wnt blockers. (f) On
day 6, 12 rats were divided into two groups that received an intraperito-
neal injection of vehicle or XAV-939 (3 mg/kg) twice daily on days 6–14
(hatched box) during the pain development period by PAC (n = 6). The
multiple injections of XAV-939 prevented the induction of PINP by day
40 (n = 6, p < 0.05). (g) On day 6, 12 rats were divided into two groups
that received an intraperitoneal injection of vehicle or LGK-974 (2mg/kg)
twice daily on days 6–14 (hatched box) during the pain development
period by PAC (n = 6). The multiple injections of LGK-974 prevented
the induction of PINP by day 40 (n = 6, p < 0.05). The data are expressed
as the means and standard errors of the means. The asterisks indicate
values that are significantly different (n = 6, p < 0.05) from the corre-
sponding values for the vehicle group, as determined by a two-way re-
peated-measures analysis of variance with one repeated factor (time),
followed by the Tukey post hoc test
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upregulation of inflammatory cytokines. Our results suggest a
model for the induction of CINP. Chemotherapy released
Wnt3a and Wnt10a and then released active β-catenin, which
induced CINP. Wnt blockers, including XAV-939 and LGK-
974, prevented CINP.

In our study, active β-catenin was expressed in CGRP-
expressing neurons in the painful DRG in rats and humans.
Most CGRP-expressing DRG neurons are small, but some are

medium and a few are large, indicating that while most CGRP
afferent axons are unmyelinated, some are myelinated.
Therefore, the major CGRP-expressing DRG neurons are C
fiber and some are Aβ and Aδ fibers [39–42]. In addition,
CGRP is reported to co-localize with various pain-related pep-
tides, including substance P, galanin, cholecystokinin, and
vasoactive intestinal polypeptide in the DRG [43, 44].
Neuropathic pain is reported to be involved in C, Aβ, and

Fig. 3 Paclitaxel (PAC)-activated Wnt/β-catenin signaling and inflam-
matory mediators. (a) No changes in tubulin dynamics after treatment
with PAC. (b) Immunofluorescent staining of the L5 DRG (vehicle con-
trol vs. PAC). Thick tubule bundles were observed in PAC-injected DRG.
DAPI: nuclear counterstaining. PAC-activated β-catenin in the DRG.
Immunofluorescent staining of the L5 DRG for active β-catenin. Active
β-catenin (green) was located in the nucleus of neurons and satellite cells
in the rat DRG. (c) PAC-Western blot analysis of the L5 DRG for active
β-catenin. (d) Quantification of active β-catenin in the DRG. Note that
PAC increased the levels of active β-catenin in the DRG and XAV-939
subsequently decreased the protein levels (n = 3, p < 0.05). (e, f) X-gal (5-
bromo-4-chloro-3-indolyl-β-D-galacto-pyranoside) staining of Axin2-
LacZ mice (vehicle vs. PAC, n = 3). Whole-mount staining (e);
cryosectioned staining of X-gal and nuclear FastRed (f). (g)
Upregulation of rAxin2 by PAC. Semi-QT-RT-PCR of rat DRG for
rAxin2 expression analysis. (h) Upregulation of canonical Wnt ligands

by PAC in rat L4-6 DRG, as determined by semi-QT-RT-PCR analysis.
(i) Release of rWnt3a and rWnt10a in the primary DRG cell culture by
PAC (n = 3). (j) PAC was injected intraperitoneally on days 0, 2, 4, and 6
in Axin2-LacZ mice, and the mechanical threshold was measured. Note
that PAC increased the paw withdrawal response in mice (n = 2 or 3). (k–
m) Western blot analysis showing the expression of phospho-NF-kB,
MCP-1, and IL-1β in L1-6 DRGs after the injection of vehicle or PAC
on day 17. XAV-939 was intraperitoneally injected twice daily on day 16
and injected in the morning on day 17. The DRGs of PAC+XAV939
were collected 1–2 h after the last injection on day 17. Quantification of
phospho-NF-κB (65 kDa), MCP-1 (12 kDa), and IL-1β (17/31 kDa) in
DRG. PAC increased the levels of phospho-NF-κB (k), MCP-1 (l), and
IL-1β (m) in the rat DRG (n = 3, p < 0.05); XAV-939 decreased these
protein levels. Data are the means with standard deviations for three rats,
and asterisks indicate significant differences (n = 3, p < 0.05) compared
with the vehicle group, as determined by the Mann-Whitney U test
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Aδ fibers [45]. Therefore, β-catenin is likely to associate with
CINP through its presence in C, Aβ, and Aδ fibers and its
interaction with other peptides.

There are currently no Food and Drug Administration–
approved regimens for CINP prevention; thus, our results
may shed light on the development of promising therapeutic

applications for CINP. In addition, many studies reported the
anti-tumorigenic effects of XAV-939, LGK-974, and iCRT14
on Wnt signaling–associated human cancers [46–49]. Several
clinical studies have focused on the therapeutic impact of
LGK-974 in melanoma and squamous cell, triple-negative
breast, head and neck, pancreatic, cervical, esophageal, and

Fig. 4 Co-localization of β-catenin in neurons, including CGRP-
expressing neurons and satellite cells, in rat DRG. Paclitaxel (PAC,
2 mg/kg) or vehicle (VEH, 4% dimethyl sulfoxide and 4% Tween 80 in
saline, 1 ml/kg) was injected intraperitoneally on days 0, 2, 4, and 6 in the
PAC group (n = 3) and VEH group (n = 3). On day 16 after the first PAC
or vehicle injection, the L5 DRGwas obtained, post-fixed, cryoprotected,
cryosectioned, and mounted on slides. (a) DRG was isolated from the
VEH group. Note that the DRG neurons from the VEH group expressed
β-catenin (green) as a canonical Wnt signaling marker. (b) NeuN (red) in
the DRG from the VEH group. (c) DAPI (blue) in theDRG from theVEH
group. (d) β-Catenin (green), NeuN (red), and DAPI (blue) in the DRG
from the VEH group. Note that β-catenin was expressed in neurons in the
DRG. Arrow indicates β-catenin with NeuN in DRG. Scale bar in the
inset was 100μm. (e)β-Catenin (green) in the DRG from the PAC group.
(f) NeuN (red) in the DRG from the PAC group. (g) DAPI (blue) in the
DRG from the PAC group. (h) β-Catenin (green), NeuN (red), and DAPI
(blue) in the DRG from the PAC group. Note that β-catenin was
expressed in neurons in the DRG. Arrow indicates β-catenin with

NeuN in DRG. Scale bar in the inset was 100 μm. (i) β-Catenin (green)
in the DRG from the PAC group. (j) CGRP (red) in the DRG from the
PAC group. (k) DAPI (blue) in the DRG from the PAC group. (l) β-
Catenin (green), CGRP (red), and DAPI (blue) in the DRG from the PAC
group. β-Catenin was expressed in CGRP-expressing neurons in the
DRG. Arrow indicates β-catenin with CGRP in the DRG. Scale bar in
the inset is 100 μm. (m) β-Catenin (green) in the DRG from the PAC
group. (n) GFAP (red) in the DRG from the PAC group. (o) DAPI (blue)
in the DRG from the PAC group. (p)β-Catenin (green), GFAP (red), and
DAPI (blue) in the DRG from the PAC group. β-Catenin was expressed
in satellite cells in the DRG. Arrow indicates β-catenin with GFAP in the
DRG. Scale bar in the inset was 100 μm. (q) The intensity ofβ-catenin in
the DRG from the VEH and PAC groups. PAC increased the intensity of
β-catenin in the rat DRG (n = 3, p < 0.05). Data are the means with stan-
dard deviations for three rats. Asterisks indicate significant differences
(n = 3, p < 0.05) compared with the vehicle group, as determined by the
Mann-Whitney U test. Scale bars, 200 μm
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lung cancers (www.clinicaltrials.gov). Therefore, Wnt
signaling blockers, in combination with other neuropathic
pain–inducing chemotherapeutic drugs, may decrease the in-
tensity, duration, and prevalence of pain and anticancer

effects, which is the best choice for cancer patients and survi-
vors. Thus, targeting of Wnt/β-catenin signaling may be an
effective regimen for both CINP and Wnt signaling–
associated cancer; this should be addressed in future studies.
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This study has clear limitations. First, we did not measure
pain in tumor-bearing animals. CINP animal models have
been developed using normal animals by the injection of che-
motherapeutic drugs. Therefore, we developed a CINP model
of tumor-bearing animals. Second, we used PAC as chemo-
therapy. The mechanisms of CINP vary greatly on the basis of
several factors, especially chemotherapy type.

Recently, sex dimorphism has been reported in various
CINP models, including rats and mice. Stockstill et al. report-
ed that sphingosine-1-phosphate receptor subtype 1 antago-
nists and A3 adenosine receptor subtype agonists mitigate
paclitaxel- and oxaliplatin-induced neuropathic pain in male
and female rodents but failed to block or reverse bortezomib-
induced neuropathic pain in females [50]. Ferrari et al. also
reported that sexual dimorphism contributes to the depen-
dence of paclitaxel-induced hyperalgesia on the two main
neuroendocrine stress axis mediators, corticosterone and

epinephrine, acting on nociceptors at their cognate receptors
(β2-adrenergic and glucocorticoid, respectively) [51]. In addi-
tion, Luo et al. reported that macrophage Toll-like receptor 9
signaling promotes paclitaxel-induced neuropathic pain in on-
ly male mice, not female mice, and resolvin D5 inhibits
paclitaxel-induced neuropathic pain and inflammatory pain
in only male mice, not female mice [52, 53]. We will identify
analgesia of Wnt blockers in CINP in female mice in our next
project.

We conclude that Wnt3a, Wnt10a, and β-catenin play a
crucial role in the induction and maintenance of CINP, and
Wnt/β-catenin signaling blockers show preventive and anal-
gesic effects in CINP rats. In addition, β-catenin was co-
localized with DRG neurons, CGRP-expressing DRG neuron,
and satellite cells in human and rat DRG. Therefore, Wnt/β-
catenin signaling may be an important target for both CINP
and cancer.
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