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Abstract

Background: Neuropathic pain, a type of chronic pain as a result of direct central or peripheral nerve damage, is associated with
significant quality of life and functionalimpairment. Its underlying mechanisms remain unclear. We investigated whether ROR2,
a member of the receptor tyrosine kinase-like orphan receptor (ROR) family, participates in modulation of neuropathic pain.
Methods: Thermal hyperalgesia and mechanical allodynia were measured using radiant heat and von Frey filament
testing. Immunofluorescence staining was used to detect expression of ROR2 in neuronal nuclei. Fos expression was
determined by immunocytochemistry. Phosphorylation status was detected by western blot and immunoprecipitation.
Small interfering RNA was used to knock down ROR2 expression.

Results: ROR2 was upregulated and activated in spinal neurones after chronic constriction injury (CCI) in mice [1.3 (0.1) to
2.1 (0.1)-fold of sham, P<0.01] from Day 1—21. CCI induced significant demethylation of the CpG island in the ROR2 gene
promoter [0.37 (0.06) us 0.12 (0.03)% CpG methylation, P<0.001]. Knockdown of ROR2 in the spinal cord prevented and
reversed CCI-induced pain behaviours and spinal neuronal sensitisation [Fos expression: 130 (12) vs 81 (8) cells, P<0.05;
120 (11) vus 70 (7) cells, P<0.05]. In contrast, activation of spinal ROR2 by intrathecal injection of Wnt5a induced pain
behaviours and spinal neuronal sensitisation [Fos expression: 11 (1) vs 100 (12) cells, P<0.001] in wild-type mice.
Furthermore, ROR2-mediated pain modulation required phosphorylation of N-methyl-D-aspartate receptor 2B subunit
(GluN2B) at Ser 1303 and Tyr1472 by pathways involving protein kinase C (PKC) and Src family kinases. Intrathecal in-
jection of GIuN2B, PKC, or Src family kinase-specific inhibitors significantly attenuated Wnt5a-induced pain behaviours.
Conclusions: ROR2 in the spinal cord regulates neuropathic pain via phosphorylation of GluN2B, suggesting a potential
target for prevention and relief of neuropathic pain.
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Editor’s key points

e The molecular mechanisms underlying neuropathic
pain remain obscure, hampering development of new
drugs.

The receptor tyrosine kinase (RTK) system in the spinal
cord has been implicated in the development of
neuropathic pain and spinal central sensitisation by
modulation of N-methyl-D-aspartate receptor expres-
sion and plasticity.

The RTK-like orphan receptor (ROR), ROR2 was shown
to be critical to pain hypersensitivity and spinal
neuronal sensitisation in several mouse models of
neuropathic pain.

Roles for ROR2 promoter methylation and N-methyl-D-
aspartic acid receptor phosphorylation were identified
and provide novel therapeutic opportunities for
neuropathic pain.

Receptor tyrosine kinases (RTKs), a family of cell-surface re-
ceptors that have an intrinsic protein tyrosine kinase activity,
are widely expressed in the CNS and involved in a variety of
neurophysiological and neuropathological processes,
including neuronal development, synaptic plasticity, and CNS
diseases.? RTKs and their downstream signal transduction
pathways play an important role in the development and
persistence of neuropathic pain. For example, peripheral
nerve injury induces activation and expression of the nerve
growth factor/tropomyosin receptor kinase A,* brain-derived
neurotrophic factor/tropomyosin receptor kinase B,* and
glial cell line-derived neurotrophic factor/Ret® RTK systems in
the spinal cord. Intrathecal injection of inhibitors of these
signalling pathways prevents and reverses neuropathic
pain.®’” Previous studies have demonstrated that activation of
the ephrinB/EphB RTK system in the spinal cord is associated
with development of neuropathic pain and spinal central
sensitisation by interacting with N-methyl-D-aspartate
(NMDA) and toll-like receptors.®® These findings suggest that
activation of RTKs is a critical mechanism underlying the
pathogenesis of neuropathic pain.

The receptor tyrosine kinase-like orphan receptors (RORs)
are a conserved RTK family that is essential for cell migra-
tion, skeletal and nervous systems development, and onco-
genesis.'%'! There are two homologous ROR genes expressed
in mammalian cells: ROR1 and ROR2. ROR1 lacks tyrosine
kinase activity and is a pseudokinase. In contrast, ROR2 has
an active tyrosine kinase domain and most likely functions
as a genuine RTK.'? ROR2, but not ROR1, is expressed at
excitatory synapses of hippocampal neurones and enhances
NMDA receptor-mediated synaptic currents, suggesting that
ROR2 plays an important role in synaptic plasticity.’>'*
Dysfunction of ROR2 expression is implicated in a variety
of CNS diseases, such as neuronal injury, ischaemia, and
Alzheimer’s disease.’® Moreover, ROR2 is upregulated in
several pain models, including in neuropathic pain.’®'
However, the role of ROR2 in controlling this process is not
well understood. Here, using a chronic constriction injury
(CCI) of the sciatic nerve model, we examined the correlation
between expression of ROR2 and neuropathic pain and the
molecular mechanism of how ROR2 modulates neuropathic
pain.

Methods

Additional details are provided in the Supplementary
Methods.

Pain models

Adult male ICR mice were obtained and housed in the centre of
Experimental Animals of Nanjing Medical University. All
experimental procedures were approved by the Animal Care
and Use Committee of Nanjing Medical University and were in
keeping with the International Association for the Study of
Pain guidelines. CCI, L5 spinal nerve ligation, and spared nerve
injury models of neuropathic pain were performed as
described.'® For sham-operated mice, the nerve was exposed
but without ligation or transection.

Drugs and reagents

ROR2 small interfering RNA (siRNA) (5'-CGUACGCGUGGAA-
CUGUGUTT-3) and its scrambled negative control (5'-
GUAUGCGCGUCGUAGAGUCTT-3') were designed and syn-
thesised by Shanghai GenePharma (Shanghai, China). The
NMDA receptor antagonist MK801, selective NR2B inhibitor
ifenprodil, PKC inhibitor calphostin C, Src family kinase (SFK)
inhibitor SU6656, c-Jun N-terminal kinase (JNK) inhibitor
SP600125, protease inhibitor cocktail, and phosphatase in-
hibitor cocktails 2 and 3 were purchased from Sigma (St.
Louis, MO, USA). Recombinant mouse Wnt5a protein was
purchased from R&D Systems (Minneapolis, MN, USA). An-
tibodies against ROR2, Fos, NeuN, phosphotyrosine, phos-
phoserine, GIuN1, GIluN2A, GluN2B, GluN2B—Ser 1303,
GluN2B—Ser 1323, GIluN2B-Tyr1336, and GluN2B-Tyr1472
were purchased from Millipore (Billerica, MA, USA). Anti-
body against f-actin and horseradish peroxidase (HRP)-
linked goat anti-rabbit and goat anti-mouse secondary anti-
bodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). Alexa Fluor 488- or 594-conjugated goat
anti-rabbit secondary antibodies were purchased from Mo-
lecular Probes (Eugene, OR, USA). Intrathecal injection was
performed with a 28 G stainless steel needle between the L5
and L6 vertebrae to deliver drugs to the subarachnoid
space.'® siRNAs were mixed with Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA) before intrathecal injection.

Experimental protocol

Mice were randomised to each model on Day 0. ROR2 expression
was assessed on Days 1, 3, 7, 14, and 21. ROR2/neuronal nuclei
double label and methylation status of the ROR2 promoter were
assessed on Day 7. ROR2 siRNA was administrated daily for 3
days before surgery or on Days 7, 8, and 9 after surgery. Pain
behavioural testing was assessed on Days 2—15. Spinal Fos
expression was determined on Days 7 and 11. Phosphorylation
of NMDA receptors was investigated on Day 11.

Behavioural testing

Paw withdrawal latency (PWL) to thermal stimulus and paw
withdrawal threshold (PWT) to mechanical stimulus were
performed as described.'® For PWL, mice were placed on a
glass plate in a plastic box and allowed to adapt for 1 h. The
plantar surface of the hind paw was exposed to radiant heat
through the glass. Baseline values were adjusted to 12—15 s
and an automatic 25 s cutoff was used to prevent injury.
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Values were averaged over three tests at intervals of 5 min. For
PWT, mice were placed in a plastic box with a metal mesh
floor. The plantar surface was stimulated, in ascending order
of strength, with a series of von Frey filaments (starting with
0.31 g and ending with 4.0 g). Results were analysed using the
Dixon up-and-down method.?° Behavioural testing was per-
formed in a blinded manner.

Real-time quantitative polymerase chain reaction

Total RNA was extracted and reverse transcribed into cDNA
using Trizol and oligo (dT) primers. Polymerase chain reaction
(PCR) was performed with the Real-Time Detection System
using SYBR Green I dye detection (Takara, Dalian, Liaoning,
China). Data were analysed with the 27ACT method.”!
Primers for the selected genes were as follows: ROR1: for-
ward 5-TGAGCCGATGAATAACATCACAA-3, reverse 5-CAGG
TGCATCATTCTTGAACCA-3'; ROR2: forward 5-ATCGACACC
TTGGGACAACC-3/, reverse 5-AGTGCAGGATTGCCGTCTG-3;
glyceraldehyde 3-phosphate dehydrogenase: forward 5-
AGGTCGGTGTGAACGGATTTG-3, reverse 5-TGTAGACCATGT
AGTTGAGGTCA-3.

Western blot and immunoprecipitation

Protein samples, prepared as described,’ were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes.
After blocking with non-fat milk, blots were incubated with
primary antibodies against ROR2, phosphotyrosine, phospho-
serine, GluN1, GluN2A, GluN2B, GluN2B—Ser 1303, GluN2B—Ser
1323, GluN2B-Tyr1336, GluN2B-Tyr1472, and B-actin overnight
at 4°C. Blots were extensively washed and further incubated
with HRP-conjugated secondary antibody at room temperature
for 2 h, with immune complexes detected by using chem-
iluminescence (Pierce, Dallas, TX, USA). The intensity of each
band was determined using Image ] software (National In-
stitutes of Health, Bethesda, MA, USA). For immunoprecipita-
tion, the solubilised protein samples were preincubated with
protein G/A-agarose for 6 h at 4°C and then incubated with
50 ml of protein G/A-agarose precoupled to antibody against
primary antibodies for at least 3 h. The mixtures were then
washed, boiled, and subjected to western blot procedures.

Immunofluorescence and immunocytochemistry

Mice were deeply anaesthetised and transcardially perfused
with 4% paraformaldehyde. The spinal cord was quickly
removed, postfixed with 4% paraformaldehyde, cryoprotected
in 30% sucrose, and cut into 30 um sections. After blocking and
membrane permeabilisation with (phosphate buffer saline
containing 5% normal goat serum and 0.3% Triton X-100),
sections were incubated with antibodies against ROR2 and
NeuN overnight at 4°C. On the following day, Alexa Fluor 488-
and 594-conjugated secondary antibodies were added and
incubated at room temperature for 2 h. Controls omitted the
primary or secondary antibodies. Sections were subsequently
washed and mounted for confocal imaging. Fos immunocy-
tochemistry was performed as reported.??

Analysis of CpG islands and bisulfite sequencing

CpG (cytosine guanine dinucleotide) islands, CpG
dinucleotide-rich regions, were predicted using Methprimer

(http://www.urogene.org/methprimer/). Genomic DNA from
the spinal cord was isolated using the QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany). Bisulphite treatment was carried
out according to the manufacturer’s recommendations (EZ
DNA Methylation-Gold kit, Zymo, Orange, CA, USA). After PCR
amplification, PCR products were purified and cloned into the
pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA), and 20
clones from each mouse were randomly chosen for DNA
sequencing. The primers for PCR were as follows: forward (5'-
GTTTTTGATGGTGGGTGGTAATA-3) and  reverse  (5-
CAAAAAACAAAATCCCCAACTC-3)).

Statistical analysis

Data were expressed as mean (standard deviation), and
P<0.05 was considered significant. Differences between two
groups were analysed using unpaired two-tailed Student’s t-
test. Differences between more than two groups were ana-
lysed using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. Behavioural data were compared by
two-way repeated measures ANOVA followed by Tukey’s
post hoc test. Statistical analysis of differences between
groups in our experiment were based on a normality test of
the data.

Results

Increase of ROR2 expression and activation in the
spinal cord in neuropathic pain models

To investigate whether spinal RORs are involved in the
modulation of neuropathic pain, we first examined their
expression in a CCl-induced neuropathic pain model. The
results from gqPCR revealed that ROR2, but not ROR1, mRNA
concentration was significantly increased on Day 7 after CCI
[13.4 (1.5)-fold of sham, P<0.001, Fig 1a]. This increase in
spinal ROR2 mRNA was also observed following sciatic nerve
ligation (SNL) or sciatic nerve injury (SNI) by 11.9 (1.1)- and
11.2 (1.7)-fold of sham, respectively (P<0.001, Fig 1b). Based on
the change of ROR2 mRNA induced by peripheral nerve
injury, we analysed the time course of ROR2 expression in the
spinal cord after CCI or sham surgery. Expression of ROR2
protein was significantly increased from Day 3—21 in CCI
mice, but not in sham-operated mice by 1.3 (0.1)- to 2.1 (0.1)-
fold of sham (P<0.01, Fig. 1c and e). We analysed tyrosine
phosphorylation of ROR2 to indicate ROR2 activation by CCI
causes in the spinal cord. Tyrosine phosphorylation of ROR2
was significantly increased on Day 7 after CCI [3.5 (0.1)-fold of
sham, P<0.001, Figs 1d and f]. Immunofluorescence studies
found that ROR2 was colocalised with NeuN (a neuronal
marker) in the spinal cord and that ROR2 expression was
increased in CCI mice compared with sham control mice (Fig
1g).

DNA methylation has recently been implicated in regula-
tion of ROR2 expression,”®?* so we investigated possible
aberrant epigenetic regulation of ROR2 in neuropathic pain.
Our analysis of the 2000 bp upstream sequence of the ROR2
gene revealed a typical CpG island (Fig 1h). By bisulfite
sequencing, we found that this CpG island was significantly
demethylated in CCI mice compared with the sham group
[37.1 % (6.0 %) vs 12.2% (3.7 %), P<0.001, Fig 1h]. These results
indicate that epigenetic modification of spinal ROR2 expres-
sion may be involved in the pathogenesis of neuropathic pain.
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Fig 1. Alterations in receptor tyrosine kinase-like orphan receptor (ROR) expression after chronic constriction injury (CCI). () ROR mRNA
expression in the spinal cord on Day 7 after CCI or sham surgery. ***P<0.001, n=6. (b) ROR2 mRNA expression in the spinal cord on Day 7
after sciatic nerve ligation (SNL) or sciatic nerve injury (SNI). **P<0.001, n=6. (c and e) time course of ROR2 protein expression in the spinal
cord after CCI or sham surgery; representative western blots are shown in (c) and quantitative data are shown in (e). **P<0.01, **P<0.001,
n=6. (d and f) ROR2 activation on Day 7 after CCI or sham surgery; representative western blots are shown in (d) and quantitative data are
shown in (f). *P<0.05, **P<0.001, n=6. IP, immunoprecipitation; p-Tyr, tyrosine phosphorylation. (g) Combined ROR2 and NeuN (a neuronal
marker) immunofluorescence staining in the spinal cord on Day 7 after CCI or sham surgery. Scale bar, 25 pm. (h) CpG island methylation
status of ROR2 promoter. Black line indicates the GC% of input sequence; Blue line indicates the observed/expected CpG ratio (O/E) of input
sequence. Left y-axis scale pertains to black line; and right y-axis scale pertains to blue line. White and black dots represent demethylated
and methylated CpG dinucleotide, respectively. Each line indicates an individual sequence.
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Fig 2. Manipulation of receptor tyrosine kinase-like orphan receptor ROR2 in the spinal cord regulates pain behaviours and neuronal
sensitisation. (a) Validation of ROR2 small interfering RNA (siRNA) transfection efficiency in vivo. ***P<0.001, n=6. (b and c) effect of ROR2
siRNA (10 pg in 0.5 pl) on development of CCI-induced thermal hyperalgesia (b) and mechanical allodynia (c). *P<0.01, ***P<0.001, Scramble
siRNA-Sham vs Scramble siRNA-CCI; #P<0.05, #P<0.01, ##P<0.001, Scramble siRNA-CCI us ROR2 siRNA-CCI; n=8. (d and e) Effect of ROR2
siRNA (10 pg in 0.5 pl) on maintenance of CCl-induced thermal hyperalgesia (d) and mechanical allodynia (e). *P<0.01, **P<0.001, Sham-
Scramble siRNA vs CCI-Scramble siRNA; *P<0.05, #P<0.01, ##P<0.001, CCI-Scramble siRNA vs CCI-ROR2 siRNA; n=8. (f and g) Fos expression
after intrathecal injection of ROR2 siRNA (10 pg in 0.5 pl) or scramble siRNA in CCI mice; representative immunocytochemical staining is
shown in (f) and quantitative data are shown in (g). Dotted lines in the above behaviour test figures indicate Fos evaluation times. *P<0.05,
***P<0.001, n=6. (h) Tyrosine phosphorylation of ROR2 after spinal administration of Wnt5a (0.5 pgin 0.5 ul). *P<0.05, ***P<0.001, n=6. (i and j)
Effect of Wnt5a (0.5 pg in 0.5 pl) on the thermal hyperalgesia (i) and mechanical allodynia (j) in naive mice. *P<0.01, **P<0.001, Scramble
siRNA-Saline vs Scramble siRNA-Wnt5a; #P<0.05, #P<0.01, *#P<0.001, Scramble siRNA-Wnt5a vs ROR2 siRNA-Wnt5a; n=8. (k) Fos
expression after intrathecal injection of Wnt5a (0.5 pg in 0.5 pl) or saline in naive mice. Fos was assessed 2 h after Wnt5a injection.
***P<0.001, n=6.
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in 0.5 pl) or saline injection. *P<0.05, **P<0.01, n=6. (k) Effect of pretreatment with MK801(2.5 pg in 0.5 ul) and ifenprodil (0.5 pgin 0.5 pl) on
thermal hyperalgesia and mechanical allodynia induced by Wnt5a. *P<0.05, *P<0.01, Saline-Wnt5a vs MK801-Wnt5a; *P<0.05, *#P<0.01,
Saline-Wnt5a vs Ifenprodil-Wnt5a; n=8. Ifen, ifenprodil. (I) Effect of posttreatment with MK801 (2.5 pg in 0.5 pl) and ifenprodil (0.5 pg in
0.5 pl) on thermal hyperalgesia and mechanical allodynia induced by Wnt5a. *P<0.05, *P<0.01, **P<0.001, Wnt5a-Saline vs Wnt5a-MK801;
#P<0.05, #P<0.01, ##P<0.01, Wnt5a-Saline vs Wnt5a-Ifenprodil; n=8.
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Knockdown of ROR2 inhibited and reversed CCI-
induced pain behaviours and spinal neuronal
sensitisation

To determine whether increased ROR2 expression in the spinal
cord contributes to pain behaviours and spinal neuronal sensi-
tisation induced by CCI, we pre- or posttreated mice with ROR2
siRNA to silence ROR2 gene expression before or after CCI. The
efficacy of intrathecal injection of ROR2 siRNA on protein
expression was validated by western blot [0.34 (0.06)-fold of
scrambled siRNA, P<0.001, Fig 2a]. Spinal administration of ROR2
siRNA, but not of scrambled control siRNA, for 3 consecutive
days significantly inhibited and reversed CCI-induced thermal
hyperalgesia (P<0.05, ROR2 siRNA-CCI vs scrambled siRNA-CCI;
P<0.01, CCI-ROR2 siRNA vs CCI-scrambled siRNA, Fig. 2b and d)
and mechanical allodynia (P<0.01, ROR2 siRNA-CCI vs scram-
bled siRNA-CCI; P<0.05, CCI-ROR2 siRNA vs CCI-scrambled
siRNA, Fig. 2c and e). To further determine the effect of ROR2
knockdown on CCI-induced spinal neuronal sensitisation, we
evaluated spinal Fos expression as a marker of neuronal sensi-
tisation after ROR2 siRNA or scrambled control siRNA injection.
Intrathecal injection of ROR2 siRNA, but not of scrambled siRNA,
significantly inhibited the CCI-induced increase in Fos expres-
sion [126 (12) vs 81 (8) cells, P<0.05; 120 (11) us 70 (7) cells, P<0.05;
120 (11) us 70 (7), P<0.05, Fig. 2f and g].

Activation of ROR2 produced pain behaviours and
spinal neuronal sensitisation

Because knockdown of spinal ROR2 attenuated pain behav-
iours and spinal neuronal sensitisation induced by CCI, we
questioned whether activation of ROR2 could reproduce this.
Wnt5a, a non-canonical Wnt ligand, is capable of activating
ROR2%° and is upregulated in the spinal cord after peripheral
nerve injury.’®' Activation of ROR2 by Wnt5a was validated
by immunoprecipitation [1.9 (0.2)-fold of control, P<0.01, Fig
2h]. Activation of ROR2 by intrathecal injection of Wnt5a, but
not saline, produced a significant decrease in thermal pain
latency and mechanical pain threshold (P<0.01, scrambled
siRNA-saline vs scrambled siRNA-Wnt5a, Fig. 2i and j) and
increased spinal Fos expression [11 (1) us 10 (12) cells, P<0.001,
Fig 2k] in naive mice. Furthermore, Wnt5a-induced thermal
hyperalgesia, mechanical allodynia (P<0.05, scrambled siRNA-
Wnt5a vs ROR2 siRNA-Wnt5a, Fig. 2i and j) and Fos expression
[89 (11) vs 9 (1) cells, P<0.001, Fig 2k] were prevented by pre-
treatment with ROR2 siRNA, suggesting that Wnt5a-induced
pain behaviours are mediated by the ROR2 receptor.
Together, these findings indicate that ROR2 in the spinal cord
contributes to the modulation of neuropathic pain processing.

ROR2 modulated neuropathic pain via
phosphorylation of the GluN2B subunit

ROR2, as a non-canonical Wnt receptor, colocalises with the
NMDA receptor and upregulates synaptic NMDA receptor cur-
rents.’>'* Phosphorylation of the NMDA receptor at serine and
tyrosine residues regulates the electrophysiological properties
of the NMDA receptor.?® To determine whether spinal ROR2
modulates neuropathic pain via phosphorylation of the NMDA
receptor, we treated the mice with ROR2 siRNA or scrambled
siRNA after CCI and examined alterations of NMDA receptor
phosphorylation. Serine phosphorylation of the GluN1, GIuN2A,
and GluN2B subunits was significantly increased on Day 7 after

CCI [by 1.6 (0.1)-, 2.2 (0.2)-, and 1.8 (0.2)-fold of sham-Scr, P<0.05,
Figs 3a—d]; however, only increased serine phosphorylation of
the GIuN2B subunit was reversed by ROR2 siRNA [1.8 (0.2) vs 1.2
(0.1), P<0.05, Fig 3b]. Similarly, CCI increased tyrosine phos-
phorylation of the GluN1, GluN2A, and GluN2B subunits in the
spinal cord on Day 7 after CCI [by 1.9(0.3)-, 1.6 (0.1)-, 2.2 (0.2)-fold
of sham-Scr, P<0.05, Figs 3e—h], while the increase in tyrosine
phosphorylation of the GluN2B subunit was reversed by
knockdown of ROR2 [2.2 (0.2) vs 1.5 (0.1), P<0.05, Fig 3g].

The GIuN2B subunit has several serine and tyrosine
phosphorylation sites, of which Ser 1303, Ser 1323, Tyr1472,
and Tyr1336 are involved in pathologic pain and contribute to
modulation of NMDA receptor function.”’ To identify the
phosphorylation sites involved in GluN2B subunit phos-
phorylation, we assessed phosphorylation of the GluN2B
subunit at these four sites using phospho-site-specific anti-
bodies. CCI-induced phosphorylation at Ser1303 and Tyr1472
were markedly decreased by intrathecal injection of ROR2
siRNA. In contrast, no significant alterations were found in
phosphorylation at Ser1323 and Tyr1336 [0.7 (0.1)-, 0.6 (0.1)-
fold of CCI-scrambled siRNA, P<0.05, Fig 3i]. Phosphorylation
at Ser1303 and Tyrl472 was increased after activation of
ROR2 by intrathecal injection of Wnt5a in naive mice [1.3
(0.1)-, 1.7 (0.2)-fold of saline, P<0.05, Fig 3j]. Finally, behav-
ioural testing showed that thermal hyperalgesia and me-
chanical allodynia induced by Wnt5a were inhibited and
reversed by pre- or posttreatment with the NMDA receptor
antagonist MK-801 or the GluN2B subunit selective inhibitor
ifenprodil (P<0.05, MK801-Wnt5a vs saline-Wnt5a, Wnt5a-
MK801 vs Wnt5a-saline, Figs 3k and 1). Together, these results
suggest that phosphorylation of the GIuN2B subunit at
Ser1303 and Tyrl1472 is required for modulation of neuro-
pathic pain by ROR2 in the spinal cord.

Involvement of PKC and Src family kinases in
phosphorylation of GluN2B

ROR2 exerts its effects by activating several downstream sig-
nalling kinases, such as Src family kinases (SFKs)?® or non-
canonical Wnt signalling components, including PKC? and
JNK.?° To investigate the signalling pathways that are involved
in phosphorylation of the GIuN2B subunit by ROR2, we pre-
treated mice with various protein kinase inhibitors. Phos-
phorylation at Ser 1303, but not at Tyr1472, was significantly
decreased by inhibition of PKC with calphostin C [0.4 (0.1)-fold
of saline-Wnt5a, P<0.001, Fig 4a)]. In contrast, pretreatment
with the SFK inhibitor SU6656 significantly decreased phos-
phorylation at Tyr1472, but not at Ser1303 [0.3 (0.1)]-fold of
saline-Wnt5a, P<0.001, Fig 4c]. No significant alteration in
phosphorylation of Ser1303 or Tyr1472 was observed by inhi-
bition of JNK with SP600125 [0.9 (0.1)-fold of saline-Wnt5a,
P>0.05, Fig. 4b]. Consistent with inhibition of PKC and SFKs,
behavioural testing showed that thermal hyperalgesia and
mechanical allodynia induced by intrathecal injection of
Wnt5a were reversed by calphostin C or SU6656 (P<0.05, us
saline-Wnt5a, Fig 4d and e). However, intrathecal injection of
Wnt5a-induced thermal hyperalgesia and mechanical allody-
nia were also reversed by inhibition of JNK with SP600125
(P<0.05, us saline-Wnt5a, Fig. 4d and e). Collectively, these re-
sults suggest that phosphorylation of the GIuN2B subunit
related to ROR2 in the spinal cord is dependent on PKC and
SFKs.
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Discussion

We show that demethylated ROR2 in the spinal cord is impli-
cated in the regulation of neuropathic pain and neuronal
sensitisation via phosphorylation of GluN2B. The major find-
ings are: 1) long-term activation and increased expression of
ROR2 participates in the development and maintenance of
neuropathic pain and spinal neuronal sensitisation; 2) signif-
icant demethylation of a CpG island in the ROR2 gene pro-
moter is induced by CCI; 3) an increase in phosphorylation of
GluN2B mediates regulation of neuropathic pain by ROR2 in
the spinal cord; and 4) PKC and SFKs are critical to ROR2-
mediated increased phosphorylation of GluN2B. These find-
ings demonstrate a novel mechanism for the modulation of
neuropathic pain by ROR2 in the spinal cord.

ROR2, a member of the receptor tyrosine kinase-like orphan
receptor family, plays an important role in neuronal develop-
ment and neuronal plasticity.’® In cultured hippocampal neu-
rons, ROR? is essential for regulation of neurite outgrowth and
axonal branching, possibly via microtubule-associated protein-
mediated microtubule remodeling.®! Activation of ROR2 by
Wnt5a enhances Disheveled 2 (DVL2) phosphorylation and

polymerisation, neuronal progenitor cell self-renewal and dif-
ferentiation, and peripheral target innervation of sympathetic
neurones.>” >* Moreover, overexpression of ROR2 in hippo-
campal neurones increases NMDA receptor-mediated synaptic
currents, and its knockdown decreases NMDA-mediated syn-
aptic transmission.!®> Using a CCl-induced neuropathic pain
model, we found that activation and expression of ROR2 were
upregulated in the spinal cord in neuropathic pain models.
Moreover, knockdown of ROR2 could prevent and reverse CCI-
induced increase in spinal Fos protein expression and pain
behaviour. Activation of ROR2 by intrathecal injection of Wnt5a
induced pain behaviour and spinal Fos protein expression in
naive mice. These findings demonstrate that ROR2 expressed in
the spinal cord contributes to modulation of neuropathic pain,
which expands knowledge about the functional role of ROR2 in
the CNS.

Central sensitisation, which is characterised by an increase
in neuronal excitability, is considered a major mechanism that
contributes to neuropathic pain.* Induction and maintenance
of neuronal sensitisation are largely dependent on activation
of the NMDA receptor and its downstream signalling
pathway,*® which are critical to development of neuronal
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Fig 4. Involvement of protein kinase C (PKC) and Src in regulation

of GluN2B phosphorylation related to receptor tyrosine kinase-like

orphan receptor ROR2. (a) Effect of the PKC inhibitor calphostin C (0.2 pg in 0.5 pl) on phosphorylation of GluN2B-Ser 1303 and GluN2B-
Tyr1472 induced by Wnt5a. **P<0.001, n=6. (b) Effect of JNK inhibitor SP600125 (0.5 pg in 0.5 pl) on phosphorylation of GluN2B-Ser1303
and GIluN2B-Tyr1472 induced by Wnt5a. n=6. (c) Effect of Src family kinase (SFK) inhibitor SU6656 (0.5 pg in 0.5 pl) on phosphorylation
of GluN2B-Ser1303 and GluN2B-Tyr1472 induced by Wnt5a. **P<0.001, n=6. (d and e) effect of calphostin C (0.2 pg in 0.5 pl), SP600125 (0.5 pg

in 0.5 pul), and SU6656 (0.5 pgin 0.5 pl) on thermal hyperalgesia (d) and

mechanical allodynia (e) induced by Wnt5a. *P<0.05, **P<0.01, Saline-

Wnt5a us calphostin C-Wnt5a; #P<0.05, #P<0.01, Saline-Wnt5a vs SP600125-Wnt5a; $p<0.05, ¥¥p<0.01, Saline-Wnt5a us SU6656-Wnt5a; n=8.

Calp, calphostin C; SP, SP600125; SU, SU6656.
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sensitisation in the spinal cord during neuropathic pain.*’
However, the regulatory mechanisms of the NMDA receptor
in the spinal cord underlying neuropathic pain remain un-
clear. We found that activation of ROR2 increased phosphor-
ylation of the GluN2B subunit, but not the GluN1 subunit, in
the spinal cord. Knockdown of ROR2 inhibited CCI-induced
increase in phosphorylation of GluN2B. We found that ROR2
mediates phosphorylation of the GluN2B subunit at Ser 1303
and Tyr1472. These findings suggested that ROR2-mediated
phosphorylation of the GluN2B subunit could be an impor-
tant mechanism for central sensitisation in the spinal cord
during neuropathic pain.

Phosphorylation of GluN2B is a major regulatory mecha-
nism for plastic changes in the NMDA receptor.”’ Various
protein kinases can phosphorylate GluN2B, such as PKA, PKC,
and SFKs.”” Activation of ROR2 increases the activity of PKC
and JNK in hippocampal neurones of juvenile mice,’>'* and
activation of ROR2 plays an important role in recruiting and
activating SFKs.?® We found that PKC and SFKs, but not JNK,
contribute to increased ROR2-mediated phosphorylation of
the GluN2B subunit. Phosphorylation of GluN2B at Ser 1303 by
PKC enhances NMDA receptor currents>®; however, phos-
phorylation at Tyr1472 by SFKs increases surface expression of
GluN2B.*>*° Interestingly, inhibition of JNK did not change
phosphorylation of GluN2B, but significantly reversed Wnt5a-
induced thermal hyperalgesia and mechanical allodynia.
Phosphorylation of synaptic scaffolding proteins by JNK is
essential for anchoring the NMDA receptor at synaptic sites.*!
We propose that JNK mediates modulation of neuropathic
pain by ROR2 in an NMDA receptor trafficking-dependent
manner.

Our findings revealed upregulation of ROR2 activation and
expression after CCI, leading to increased activation of
downstream SFK and PKC, which results in increased phos-
phorylation of GluN2B at Ser 1303 and Tyr1472 in the spinal
cord. Upon phosphorylation of GIuN2B, the electrophysiolog-
ical properties of the NMDA receptor are changed to induce
and maintain spinal neuronal sensitisation, accompanied by
decreased withdrawal responses to mechanical and thermal
stimuli after surgery for CCI in mice. Knockdown of ROR2 or
intrathecal injection of GluN2B, SFK, and PKC-specific in-
hibitors attenuated pain behaviours in mice.

Activation of microglial cells in response to nerve injury
has been implicated in the development of neuropathic pain.*?
Co-culture of spinal neurones with microglia significantly
upregulated ROR?2 signaling.*® Therefore, it is possible that
there is a cross-talk between the ROR2 signalling pathway and
microglia under neuropathic pain conditions. Neuro-
inflammation may contribute to modulation of spinal noci-
ceptive information related to ROR2. The underlying
mechanisms need to be explored further.

Our study is not without limitations. The effect of ROR2
siRNA on pain behaviours was only investigated 15 days after
CCI, and remains to be studied at the later time points of
increased ROR2 expression (up to 21 days). Second, our data
only showed demethylation of the CpG island in the ROR2
gene promoter induced by CCI. It is difficult to conclude
whether the observed increase of ROR2 expression was
because of direct effects of the demethylation of ROR2 gene
promoter based on our data.

In conclusion, we identified an important role for a member
of the receptor tyrosine kinase-like orphan receptor family,
ROR2, in the development and persistence of neuropathic

pain. Our findings may lead to novel targeted drug discovery
for the treatment and relief of neuropathic pain.
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