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Spinal TAOK2 contributes to neuropathic
pain via cGAS-STING activation in rats

Hui Zhang,1,5 Ang Li,1,2,5 Yu-Fan Liu,1,5 Zhong-Ming Sun,1 Bing-Xin Jin,1 Jia-Piao Lin,1 Yan Yang,3,4,*

and Yong-Xing Yao1,6,*

SUMMARY

Thousand and one amino acid kinase 2 (TAOK2) is a member of themammalian sterile 20 kinase family and
is implicated in neurodevelopmental disorders; however, its role in neuropathic pain remains unknown.
Here, we found that TAOK2 was enriched and activated after chronic constriction injury (CCI) in the rat
spinal dorsal horn. Meanwhile, cyclic guanosine monophosphate-adenosine monophosphate synthase
(cGAS)-stimulator of interferon genes (STING) signaling was also activated with hyperalgesia. Silencing
TAOK2 reversed hyperalgesia and suppressed the activation of cGAS-STING signaling induced by CCI,
while pharmacological activation of TAOK2 induced pain hypersensitivity and upregulation of cGAS-
STING signaling in naive rats. Furthermore, pharmacological inhibition or gene silencing of cGAS-STING
signaling attenuated CCI-induced hyperalgesia. Taken together, these data demonstrate that the activa-
tion of spinal TAOK2 contributes to CCI-induced hyperalgesia via cGAS-STING signaling activation,
providing new molecular targets for the treatment of neuropathic pain.

INTRODUCTION

Neuropathic pain is defined as a disorder caused by injury or disease of the somatosensory nervous system and is commonly characterized by

spontaneous pain, hyperalgesia, or allodynia.1,2 Accounting for 15%–25% of chronic pain, neuropathic pain significantly affects the quality of

life and imposes a heavy burden on public health.3,4 Currently, the primary modality for treating neuropathic pain is the prescription of drugs,

including non-steroidal analgesics, tricyclic antidepressants, and opioids. Although new treatment methods, such as radiofrequency therapy,

electrical stimulation, or surgical musculofascial release, have emerged, they are far from satisfactory and sometimes exhibit side effects.5,6

Therefore, it is urgent to develop new therapeutic targets and strategies for clinical practice.

Although it has been considered that central and peripheral sensitization is the essential mechanism underlying the development of

neuropathic pain, its pathogenesis still remains elusive.7,8 Accumulating evidence demonstrates that the activation of protein kinase in the

central nervous system plays an indispensable role in the central sensitization and maintenance of neuropathic pain9–11; however, the cellular

and molecular mechanisms of protein kinase activation that contribute to the plasticity of neuronal cells and synaptic structural remodeling

remain to be further investigated.

The gene encoding thousand and one amino acid kinase 2 (TAOK2) is located at the locus 16p11.2. TAOK2 is a serine/threonine protein

kinase belonging to the mammalian sterile 20 kinase family.12 Studies have revealed that TAOK2 is involved in stress-sensitive kinase cas-

cades, mediates p38 activation, and is functionally implicated in cell division, cytoskeleton formation, apoptosis, and DNA damage.13–15

In mammals, TAOK2 is found to be expressed in cerebral cortex neurons and involved in the development of neurological diseases. For

example, TAOK2 may contribute to the development of autism by disturbing the formation of neuronal dendrites and the maturation of syn-

aptic structures in the developing brain.16–18 In addition, TAOK2 is considered to participate in accelerating the occurrence of Alzheimer’s

disease by promotingmicrotubule-associated protein phosphorylation, suggesting that TAOK2plays important roles in the process of neuro-

degenerative disorders.19,20 A recent study in Drosophila found that TAOK2 mediates the responsiveness of C4da neurons to mechanical

stimuli, indicating a potential perception function to noxious stimuli.21 However, the expression profile of TAOK2 in the mammalian spinal

cord and its potential role in pain modulation have not been investigated.

Recent studies have revealed that peripheral nerve injury results in cellular DNA damage in the spinal cord, which leads to increased DNA

fragmentation in the cytoplasm, and thus, promotes the initiation and development of neuropathic pain.22–24 However, the biological mech-

anisms of DNA damage, which is involved in the development of neuropathic pain, remain largely unknown.
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Located in the cytoplasm, cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS) detects the DNA fragments of

exogenous microorganisms or endogenous fragments produced by cell metabolism. The activated cGAS synthesizes the DNA sensor cyclic-

GMP-AMP and subsequently stimulates the production of interferon.25,26 On the other hand, stimulator of interferon genes (STING), upon

binding to the intact endoplasmic reticulum, promotes the formation of autophagosome or cytokine (such as interferon) release, thus main-

taining the homeostasis of the intracellular environment.27,28 Therefore, cGAS-STING is believed to be an important component of the natural

immune system. A recent study revealed that STINGmodulates physiological pain in themurine and primate spinal cord, and STINGactivity is

negatively correlated with pain perception.29 However, there are controversies on the role of STING in pain perception. Other reports have

found that STING is positively correlated with pain via regulating the inflammatory factor interleukin-6 or suppressing microglial polariza-

tion.30,31 Thus, the role of cGAS-STING signaling in the dorsal spinal cord in pain modulation requires further exploration.

In the present study, we explored the role of TAOK2 and the molecular mechanisms underlying its mediation of neuropathic pain. Our

findings revealed for the first time that spinal TAOK2 is expressed in afferent nerve endings and contributes to neuropathic pain via activation

of cGAS-STING signaling, suggesting a crucial role for TAOK2 in the development of neuropathic pain and providing new molecular targets

for drug development and clinical treatment of neuropathic pain.

RESULTS

Colocalization of TAOK2 with calcitonin gene-related peptide in the spinal dorsal horn

To explore the role of spinal TAOK2 in pain modulation, we first investigated the expression of TAOK2 in the spinal cord. Double immuno-

fluorescence staining showed that pTAOK2 was intensively expressed in the superficial layer of the spinal dorsal horn, where primary

Figure 1. The expression profile of TAOK2 in the spinal dorsal horn

Double immunofluorescence staining shows colocalization of pTAOK2 with CGRP, but not with NeuN, GFAP, or Iba1. CGRP, calcitonin gene-related peptide;

NeuN, neuron-specificnuclear protein;GFAP,glial fibrillary acidicprotein; Iba1, ionizedcalcium-bindingadaptormolecule-1.White arrows indicate colocalization.
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nociceptive afferents (C/Ad) terminate and colocalize with the afferent nerve-endingmarker calcitonin gene-related peptide, but not with the

neuronal marker NeuN, astrocyte marker GFAP, and microglial marker Iba1, suggesting that spinal TAOK2 was predominantly expressed on

C-fibers afferent nerve endings on the superficial dorsal horn (Figure 1).

Colocalization of cGAS with NeuN in the spinal dorsal horn

To detect the expression profile of cGAS-STING in the spinal cord, double immunofluorescence staining was used. The results showed that

cGASwas colocalizedwithNeuN and not with GFAP or Iba1, indicating that cGASwas primarily expressed in neurons in the spinal dorsal horn

(Figure 2).

Colocalization of STING with NeuN, Iba1, and cGAS in the spinal dorsal horn

Double immunofluorescence staining showed that STINGwas colocalized with NeuN and Iba1 but not with GFAP, demonstrating that STING

was not only expressed in neurons but also in microglia. Additionally, STING and cGAS colocalized well in the spinal dorsal horn (Figure 3).

CCI-induced behavioral hyperalgesia and activation of TAOK2 and cGAS-STING signaling

We conducted behavioral tests before and on day 7 after chronic constriction injury (CCI) to test the establishment of neuropathic pain. The

results showed no significant differences in the baseline mechanical withdrawal threshold (MWT) and acetone test score (ATS) among the

three groups. Compared to those in the sham group, the MWT significantly decreased, and ATS significantly increased in the CCI group

on day 7 after CCI (Figures 4A and 4B; ***p < 0.001, vs. Sham, one-way ANOVA, n = 7), indicating that the neuropathic pain model was suc-

cessfully established. Western blotting results showed that the expression of TAOK2 in the spinal dorsal horn was not significantly different

7 days after CCI (Figure 4C). However, the expression levels of phosphorylated TAOK2, cGAS, and STING in the ipsilateral spinal dorsal horn

increased significantly in the CCI group (Figures 4D–4F; **p < 0.01, ***p < 0.001, vs. Sham, one-way ANOVA, n = 4). These results suggest that

the TAOK2 and cGAS-STING signaling pathways are activated in the spinal dorsal horn during neuropathic pain.

Silencing TAOK2 reversed hyperalgesia and suppressed cGAS-STING upregulation induced by CCI

To further investigate the role of TAOK2 in neuropathic pain, siRNA was intrathecally used to knock down TAOK2 expression on days 7 and 8

after CCI (Figure 5A). Pilot experiments revealed that intrathecal application of TAOK2-siRNA (10 mg) for 2 consecutive days reduced TAOK2

Figure 2. Colocalization of cGAS with NeuN in the spinal dorsal horn

Double immunofluorescence staining showed that cGAS colocalized with NeuN but not GFAP or Iba1. NeuN, neuron-specific nuclear protein; GFAP, glial

fibrillary acidic protein; Iba1, ionized calcium-binding adaptor molecule-1. White arrows indicate colocalization.
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expression (�40%) in the spinal dorsal horn (Figure 5B; **p < 0.01, vs. Polyethylenimine (PEI), one-way ANOVA, n = 3). Therefore, TAOK2-

siRNA (10 mg) was used in the following experiments. Western blot and behavioral tests showed that, while the spinal TAOK2 expression

and phosphorylation were reduced by TAOK2-siRNA (Figures 5C and 5D; **p < 0.01, ***p < 0.001, vs. CCI+PEI, one-way ANOVA, n = 4),

the MWT significantly increased and ATS significantly decreased in the CCI+siRNA group from days 9 to 14 after CCI (Figures 5E and 5F;

*p < 0.05, **p < 0.01, ***p < 0.001, vs. CCI+PEI, two-way ANOVA, n = 7), compared with those in the CCI+PEI group, suggesting that

TAOK2 in the spinal dorsal horn plays an important role in the maintenance of neuropathic pain. To further investigate the molecular mech-

anism of TAOK2-mediated neuropathic pain, wemeasured the expression of cGAS and STING after intrathecal application of TAOK2-siRNA.

The results showed that compared with that in the CCI+PEI group, the expression of cGAS and STING significantly decreased in the CCI+-

siRNA group (Figures 5G and 5H; **p < 0.01, ***p < 0.001, vs. CCI+PEI, one-way ANOVA, n = 4), which demonstrated that the cGAS-STING

signaling pathway might be the downstream target of TAOK2-mediated neuropathic pain in the spinal dorsal horn.

TAOK2 activation induced hyperalgesia and activated cGAS-STING in naive rats

To explore the role of TAOK2 phosphorylation in neuropathic pain, nocodazole, a specific TAOK2 agonist, was injected intrathecally into

naive rats. Behavioral results showed that compared with those in the DMSO group, the MWT significantly decreased and ATS significantly

increased in the nocodazole group (Figures 6A and 6B; ***p < 0.001, vs. DMSO, one-way ANOVA, n = 7), which suggested that TAOK2 phos-

phorylation in the spinal dorsal horn contributed to hyperalgesia in naive rats. Western blot analysis showed no significant differences in the

expression of TAOK2 among the three groups (Figure 6C). Compared with those in the DMSO group, the phosphorylation level of TAOK2

and the expression of cGAS and STING significantly increased in the nocodazole group (Figures 6D–6F; **p < 0.01, ***p < 0.001, vs. DMSO,

Figure 3. Colocalization of STING with NeuN, Iba1, and cGAS in the spinal dorsal horn

Double immunofluorescence staining showed that STING colocalized with NeuN and Iba1 but not GFAP. STING also colocalized with cGAS. NeuN, neuron-

specific nuclear protein; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium-binding adaptor molecule-1. White arrows indicate colocalization.
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one-way ANOVA, n = 4). Moreover, the expression of cGAS and STING was reduced in the nocodazole + TAOK2-siRNA group compared to

that in the nocodazole + PEI group (Figures 6G and 6H; *p < 0.05, **p < 0.01, vs. nocodazole + PEI, one-way ANOVA, n = 3), ruling out the

direct activation of cGAS-STING by nocodazole. These data suggest that nocodazole activates TAOK2 and that the cGAS-STING signaling

pathway is the potential downstream target of TAOK2 activation-mediated hyperalgesia.

Inhibition of cGAS-STING reversed behavioral hyperalgesia induced by CCI

To further explore whether the cGAS-STING signaling pathway in the spinal dorsal horn plays an independent role in neuropathic pain, the

cGAS inhibitor RU.521 or STING inhibitor C-176 was injected intrathecally on days 7 and 8 after CCI. The behavioral test results showed that

both RU.521 and C-176 significantly increased the MWT and decreased the ATS induced by CCI when compared with those in the DMSO

group (Figures 7A and 7B; **p < 0.01, ***p < 0.001, C-176 vs. DMSO; ##p < 0.01, ###p < 0.001, RU.521 vs. DMSO, two-way ANOVA, n = 7),

suggesting that the inhibition of cGAS or STING alleviated hyperalgesia in CCI rats. These results indicated that the cGAS-STING signaling

Figure 4. CCI-induced behavioral hyperalgesia and activation of TAOK2 and cGAS-STING signaling

(A and B) The CCI group showed significantly lower MWT (A) and higher ATS (B) than did the sham group on the 7th day after surgery (***p < 0.001, one-way

ANOVA, n = 7).

(C) Western blotting showed that, compared to that in the sham group, the total abundance of TAOK2 did not change in the CCI group.

(D) Compared to that in the sham group, the phosphorylation level of TAOK2 was significantly increased in the ipsilateral spinal dorsal horn of the CCI group

(**p < 0.01, vs. sham, one-way ANOVA, n = 4).

(E and F) Compared to that in the sham group, the expression of cGAS (E) and STING (F) was significantly upregulated in the ipsilateral spinal dorsal horn of the

CCI group (**p < 0.01, ***p < 0.001, vs. Sham, one-way ANOVA, n = 4). Error bars represent the SEM.
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Figure 5. Silencing TAOK2 reversed the behavioral hyperalgesia and suppressed the upregulation of cGAS-STING induced by CCI

(A) A schematic diagram of the experiments.

(B) Compared with that in the PEI group, the expression level of TAOK2 was significantly decreased in the siRNA (10 mg) group (**p < 0.01, vs. PEI, one-way

ANOVA, n = 3).

(C and D) Compared to those in the CCI+PEI group, the total abundance of TAOK2 (C) and its phosphorylation level (D) were significantly decreased in the

CCI+siRNA group (**p < 0.01, ***p < 0.001, vs. CCI+PEI, one-way ANOVA, n = 4).

(E) Compared to that in the CCI+PEI group, the MWT significantly increased in the CCI+siRNA group from days 9 to 14 after CCI (**p < 0.01, ***p < 0.001, vs.

CCI+PEI, two-way ANOVA, n = 7).
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pathway in the spinal dorsal horn plays an independent role in neuropathic pain. Western blot results showed that compared with DMSO,

neither RU.521 nor C-176 had a significant effect on the expression level of TAOK2 or its phosphorylation and the expression of cGAS in

the spinal dorsal horn (Figures 7C–7E). However, STING expression significantly decreased in the RU.521 group (Figure 7F; **p < 0.01, vs.

DMSO, one-way ANOVA, n = 4). These results suggested that TAOK2 is the upstream target of cGAS-STING and that STING is the down-

stream molecule of cGAS in the spinal dorsal horn

Knockdown of STING impeded initiation of neuropathic pain after CCI

To further confirm the role of STING in neuropathic pain, we performed an intrathecal application of AAV-shRNA-STING to knock down the

expression of STING in the spinal dorsal horn. CCI surgery was performed 3 weeks after the intrathecal injection of AAV-shRNA-STING. The

ipsilateral spinal dorsal horn was harvested to detect the viral transfection efficiency and STING expression. The results showed that the

enhanced green fluorescent protein was expressed clearly in the spinal dorsal horn (Figure 8A), and compared with that in the AAV-control

group, the expression level of STING in the spinal dorsal horn in the AAV-STING group significantly decreased (Figure 8B; ***p < 0.001, vs.

CCI+AAV-Control, one-way ANOVA, n = 4), indicating the successful transfection and knockdown of STING protein. Behavioral tests showed

that, compared with those in the AAV-control group, the MWT significantly increased and the ATS significantly decreased on days 7, 8, and 9

after CCI (Figures 8C and 8D; *p < 0.05, **p < 0.01, ***p < 0.001, vs. CCI+AAV-Control, two-way ANOVA, n = 7), suggesting that STING in the

spinal dorsal horn played a promoting role in the development of neuropathic pain.

DISCUSSION

To the best of our knowledge, this study provides the first piece of evidence showing that spinal TAOK2 contributes to the development of

neuropathic pain via activation of cGAS-STING signaling. Consistent with the hyperalgesia induced by CCI, TAOK2, as well as the cGAS-

STING signaling pathway, was activated, while silencing TAOK2 or inhibiting cGAS-STING alleviated behavioral hyperalgesia and inhibited

protein expression, suggesting that spinal TAOK2 and cGAS-STING signaling are involved in the maintenance of neuropathic pain.

The spinal dorsal horn is the primary relay station and is responsible for processing nociceptive signals from peripheral sensation to the

central nervous system.32–34 Misregulation of neurotransmitter release and synaptic plasticity is critical for the initiation and development of

neuropathic pain.35,36 Studies revealed that TAOK2 plays an important role in cellular mitosis, cytoskeleton formation, tumor cell differenti-

ation,37 and is involved in the development of autism and schizophrenia.17,18,38,39 More importantly, a recent study demonstrated that TAOK2

modulates the responsiveness tomechanical stimuli by regulating the expression and localization ofmechanical stimulation-related receptors

in Drosophila neurons,21 providing a critical clue for its potential role in pain modulation in mammals. However, there are no reports on the

association of TAOK2 with hyperalgesia induced by neuropathic pain.

In the present study, gene silencing was employed to explore the role of spinal TAOK2 in a rat neuropathic pain model. Western blotting

showed that TAOK2-siRNA significantly reduced the expression and phosphorylation level of TAOK2 in the spinal dorsal horn. Meanwhile,

behavioral results showed that TAOK2-siRNA significantly alleviated mechanical and cold hyperalgesia in CCI rats, demonstrating that

TAOK2 plays an important role in the maintenance of neuropathic pain. Further experiment showed that after the administration of

TAOK2-siRNA, the protein expression of cGAS and STING in the spinal dorsal horn was significantly reduced, suggesting that the down-

stream molecular mechanism of TAOK2 involves the cGAS-STING signaling pathway in the spinal dorsal horn. To investigate whether acti-

vation of spinal TAOK2 sufficiently induces hyperalgesia as suggested in the literature,40,41 we injected a specific agonist of TAOK2, nocoda-

zole, into the subarachnoid space of naive rats.Western blotting showed that nocodazole had no significant effect on the total expression, but

notably increased the phosphorylation level of TAOK2. Meanwhile, behavioral tests showed that nocodazole induced hyperalgesia via both

mechanical and cold stimuli, suggesting that the activation of spinal TAOK2 sufficiently induces behavioral hyperalgesia. To rule out the pos-

sibility of direct activation of cGAS or STING by nocodazole, we used nocodazole in taok2-silenced animals. The results showed that TAOK2-

siRNA blocked the effect of nocodazole on cGAS and STING, implying that TAOK2 mediates nocodazole-induced cGAS-STING activation.

Previous studies have revealed that the cGAS-STING signaling pathway is involved in neurological degenerative disorders.42–44 Recent

studies reported that theactivity of STINGmediatesneuropathicpainby regulating the inflammatory factor interleukin-6, andpharmacological

inhibition of cGAS-STING signaling attenuated neuropathic pain by suppressing the activation of interferon regulatory factor 330,31. By

contrast, other studies have found that STING activity is negatively correlated with pain behaviors.29,45 In the present study, to further inves-

tigate the roleof cGAS-STINGsignaling inCCI-inducedneuropathic pain,weeither intrathecally injectedcGAS-or STING-specific inhibitors or

shRNA todownregulate the functionof cGAS-STINGsignaling. Behavioral results showed thatboth the cGASandSTING inhibitors and knock-

down of STING alleviated behavioral hyperalgesia, suggesting that the cGAS-STING signaling pathway in the spinal dorsal horn facilitates the

development of neuropathic pain. Western blotting results showed that intrathecal injection of cGAS or STING inhibitor did not change the

expression and phosphorylation levels of TAOK2, indicating that TAOK2 is an upstream signaling molecule of cGAS-STING signaling.

Figure 5. Continued

(F) Compared to that in the CCI+PEI group, the ATS significantly decreased in the CCI+siRNA group from days 9 to 14 after CCI (*p < 0.05, ***p < 0.001, vs.

CCI+PEI, two-way ANOVA, n = 7).

(G and H) Compared to that in the CCI+PEI group, the expression of cGAS (G) and STING (H) was significantly downregulated in the CCI+siRNA group

(**p < 0.01, ***p < 0.001, vs. CCI+PEI, one-way ANOVA, n = 4). Error bars represent the SEM.
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Figure 6. Activation of TAOK2 induced behavioral hyperalgesia and activated cGAS-STING in naive rats

(A and B) The nocodazole group showed significantly lower MWT (A) and higher ATS (B) after drug administration than did the DMSO group (***p < 0.001, one-

way ANOVA, n = 7).

(C) The expression of TAOK2 showed no significant differences among the three groups.

(D) Compared with that in the DMSO group, the phosphorylation level of TAOK2 significantly increased in the nocodazole group (***p < 0.001, vs. DMSO, one-

way ANOVA, n = 4).
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In the present study, we found that TAOK2 mediates neuropathic pain by regulating the cGAS-STING signaling pathway. However, the

exact mechanism remains to be investigated. Among a variety of neurotransmitters, glutamate is a vital excitatory neurotransmitter released

by afferent signals to transduce information.46–49 Disturbance of glutamate release or receptor dysfunction has been proven to be involved in

the development of neuropathic pain.50–52 It is reported that in hippocampal neurons, TAOK2 regulates NMDAR-mediated Ca2+ influx,36

while mitochondrial oxidative stress increases intracellular DNA fragments, which may contribute to the development of neuropathic

Figure 6. Continued

(E and F) Compared with that in the DMSO group, the expression of cGAS (E) and STING (F) was significantly upregulated in the nocodazole group (**p < 0.01,

***p < 0.001, vs. DMSO, one-way ANOVA, n = 4).

(G and H)Moreover, compared to that in the nocodazole + PEI group, the expression of cGAS (G) and STING (H) was significantly decreased in the nocodazole +

TAOK2-siRNA group (*p < 0.05, **p < 0.01, vs. nocodazole + PEI, one-way ANOVA, n = 3). Error bars represent the SEM.

Figure 7. Inhibition of cGAS-STING reversed behavioral hyperalgesia induced by CCI

(A) Compared with that in the CCI+DMSO group, the MWT significantly increased in the CCI+ RU.521 and CCI+C-176 groups on days 9 and 10 after CCI

(**p < 0.01, C-176 vs. DMSO; ##p < 0.01, ###p < 0.001, RU.521 vs. DMSO, two-way ANOVA, n = 7).

(B) Compared with that in the CCI+DMSO group, the ATS significantly decreased in the CCI+ RU.521 and CCI+C-176 groups on days 8, 9, and 10 after CCI

(***p < 0.001, C-176 vs. DMSO; #p < 0.05, ##p < 0.01, ###p < 0.001, RU.521 vs. DMSO, two-way ANOVA, n = 7).

(C and D) The expression of TAOK2 (C), phosphorylated TAOK2 (D), and cGAS (E) showed no significant differences in each group.

(F) The expression of STING was significantly lower in the CCI+RU.521 group than in the CCI+DMSO group (**p < 0.01, vs. DMSO, one-way ANOVA, n = 4). Error

bars represent the SEM.
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pain.53–56 Taken together, it might be inferred that the spinal cGAS-STING signaling pathway is activated by stress induced by CCI and then

activates downstream signaling to promote the development of neuropathic pain. However, further investigation is required to determine

whether spinal TAOK2 directly affects excitatory transmission and thereby activates the cGAS-STING signaling pathway to mediate neuro-

pathic pain.

In conclusion, the present study revealed that spinal TAOK2 mediates neuropathic pain by regulating the activity of the cGAS-STING

signaling pathway, suggesting a vital role for TAOK2 in the development of neuropathic pain and providing new molecular targets for basic

medicine and clinical treatment of neuropathic pain.

Limitations of the study

This study provided evidence for the critical role of spinal TAOK2 activation in themaintenance of neuropathic pain. However, the relationship

between spinal TAOK2 and neuronal cGAS-STING signaling activation remains to be further elucidated, which leads to an obvious limitation

in understanding the underlyingmechanism. Due to technical reasons, wewere unable to detect themRNA localization of thesemolecules by

in situ hybridization or perform neurotransmitter release studies, which are important for revealing or validating the link between signaling

molecules and obtaining a comprehensive understanding of the synaptic or cellular mechanisms underlying neuropathic pain.
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Figure 8. Knockdown of STING impeded the initiation of neuropathic pain after CCI

(A) Enhanced green fluorescent protein was expressed in the spinal dorsal horn 3 weeks after transfection.

(B) Compared to that in the CCI+AAV-Control group, the expression of STING significantly decreased in the CCI+AAV-STING group (***p < 0.001, vs. CCI+AAV-

Control, one-way ANOVA, n = 4).

(C) Compared with that in the AAV-control group, the MWT significantly increased on days 7, 8, and 9 after CCI (*p < 0.05, **p < 0.01, vs. CCI+AAV-Control, two-

way ANOVA, n = 7).

(D) Compared with that in the AAV-control group, the ATS significantly decreased on days 7, 8, and 9 after CCI (**p < 0.01, ***p < 0.001, vs. CCI+AAV-Control,

two-way ANOVA, n = 7). Error bars represent the SEM. EGFP, enhanced green fluorescent protein.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit-anti-TAOK2 GeneTex Cat# GTX111170; RRID: AB_10632858

Rabbit-anti-pTAOK2 GeneTex Cat# GTX82581; RRID: AB_11165606

Rabbit-anti-cGAS Cell Signaling Technology Cat# 79978; RRID: AB_2905508

Rabbit-anti-STING Cell Signaling Technology Cat# 13647; RRID: AB_2732796

Rabbit-anti-STING Proteintech Cat# CL647-80165; RRID: AB_2920332

Mouse-anti-tubulin Beyotime Biotechnology Cat# AF2827; N/A

Mouse-anti-GAPDH Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

Goat-anti-Iba1 Abcam Cat# ab5076; RRID: AB_2224402

Mouse anti-GFAP Cell Signaling Technology Cat# 3670; RRID: AB_561049

Mouse-anti-NeuN Abcam Cat# ab104224; RRID: AB_10711040

Mouse-anti-CGRP Abcam Cat# ab81887; RRID: AB_1658411

Chemicals, peptides, and recombinant proteins

FDbio-Femto ECL kit FDbio Science Biotech Co.,Ltd Cat# FD8030

BCA Protein Assay Kit FDbio Science Biotech Co.,Ltd Cat# FD2001

Polyethylenimine Polyplus Cat# 26032C1D

siRNA-TAOK2 Sangon Biotech Co. Ltd. Cat# N/A

RU.521 Selleck Cat# S6841

C-176 Selleck Cat# S6575

Nocodazole Selleck Cat# S2775

Dimethyl sulfoxide Sigma Cat# D2650

AAV-shRNA-STING Hanheng Biotechnology Co. Ltd. Cat# N/A

Experimental models: Organisms/strains

Rat: Sprague-Dawley N/A

Software and algorithms

GraphPad Prism V 8.0 GraphPad Software https://www.graphpad.com/

Image Lab V 5.2 Bio-Rad https://www.bio-rad.com/

Others

ChemiDoc MP System Bio-Rad https://www.bio-rad.com/

Olympus FV3000 Olympus https://www.olympus.com.cn/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male Sprague–Dawley rats (around 8 weeks; weight, 220G 20 g) were provided by the Experimental Animal Center of the Zhejiang Academy

of Medical Sciences. Rats were housed in a temperature-controlled environment (24 G 2�C), followed by a 12-h light–dark cycle, and were

randomly fed a standard diet and water. The rats were given one week to adapt to the new environment before the experiment and were

randomly allocated to each group. All animal experiments complied with the ARRIVE guidelines, internationally accredited guidelines,

and ethical regulations on animal research.57 The study protocol was approved by the Research Ethics Committee of the First Affiliated Hos-

pital of Zhejiang University. All efforts were made to minimize the number and suffering of animals.

METHODS DETAILS

CCI surgery

The rats were randomly allocated to the naive, sham, and CCI groups. The rats were anesthetized with isoflurane, as described in our previous

studies and a study by Bennett and Xie.58,59 A 1 cm incision was made, and the subsequent blunt dissection of muscles was performed in the

middle thigh to expose the left sciatic nerve. In the CCI group, following isolation, the sciatic nerve was ligated using three strands of 4-0

chromic gut sutures (Pudong Jinghuan Co. Ltd., Shanghai, China) 1 mm apart. Thereafter, the muscles and skin were closed with 4-0 sutures

layer by layer. In the sham group, the sciatic nerve was exposed yet not ligated. In the naive group, the rats did not undergo any surgical

procedures. The rats were administered a subcutaneous injection of 80,000 U penicillin (North China Pharmaceutical Co. Ltd., Hebei, China)

to prevent infection.

Intrathecal catheterization and drug administration

According to a previously described protocol,60 a PE-10 catheter (length, 12 cm) was implanted intrathecally under anesthesia with isoflurane.

Briefly, a 1 cm longitudinal incision was made above the L5–6 vertebrae. The subcutaneous fascia was removed with ophthalmic scissors to

fully expose the spine, and the erector spinae was bluntly separated on the right side of the spine using forceps. A 23-gauge needle was used

to puncture the ligamentum flavum in the intervertebral space. The catheter was pushed through the intervertebral space toward the head

until the suddenmovement of the tail or hindlimbwas observed and fixed with 4-0 sutures. The tip of the catheter was fixed at the neck area of

the rat through a subcutaneous channel. Catheter localization was verified by intrathecal injection of 2% 15 mL lidocaine, and catheterization

was successful if there was transient weakness in both hindlimbs. Rats were allowed to recover for 5 days after catheterization prior to further

experiments. Nocodazole, RU.521, and C-176 were purchased from Selleck (Houston, TX, USA) and dissolved in DMSO (10%) to 20 mg/10 mL.

PEI and TAOK2-siRNA were obtained from Sangon Biotech Co. Ltd. (Shanghai, China). AAV-shRNA-STING (131013 vg/mL) was purchased

fromHanheng Biotechnology Co. Ltd. (Shanghai, China). Nocodazole (20 mg a day) was injected for two consecutive days. The TAOK2-siRNA

(10 mg a day) was injected on days 7 and 8 after CCI. RU.521 and C-176 (20 mg a day) were injected on days 7 and 8 after CCI. AAV-shRNA-

STING (10 mL) was injected 3 weeks before the CCI.

Behavioral tests

All rats were acclimated to the climate in a plastic box (12 cm3 15 cm3 22 cm) on an elevated wiremesh for 3 consecutive days (30 min a day)

before experiments, and the behavioral experimenter was blinded to the experimental protocol.

The MWTwas assessed using von Frey filaments, according to our previous report.59 Briefly, the tip of filaments was placed on the plantar

surface of the left hind pawwith an increased stiffness of 0.4 g–26 g until a quick withdrawal or licking of the pawwas observed, and themagni-

tude of the filaments was recorded as theMWT. The test was repeated three times with an interval of 5min, and the average value was consid-

ered as the final MWT.

As described in our previous study,61 the ATS was measured using the same apparatus as the MWT test to denote cold allodynia. Briefly,

100 mL of acetonewas sprayed onto the left plantar surface, and responses were observed for 20 s after application. The results were scored on

a 4-point scale: 0, no response or startle response without paw withdrawal; 1, brief withdrawal of the paw; 2, prolonged withdrawal; and 3,

prolonged and repetitive withdrawal along with flinching or licking of the hind paw. The testing was repeated three times at an interval of

5 min, and the average value was considered as the final ATS.

Western blot analysis

TheWestern blot protocols were performed according to our previous studies.62 After deep anesthesia with pentobarbital sodium, rats were

decapitated, and lumbar enlargement of the spinal cord was quickly harvested and divided into four parts. The dorsal horns were selected

and homogenizedon ice using a lysis buffer containingprotease andphosphatase inhibitors. The tissue homogenates were separatedby 10%

SDS-PAGE and subsequently transferred to 0.45-mmPVDFmembranes. The membranes were blocked with 5% skimmedmilk at 24�C for 1 h.

Thereafter, membranes were incubated with the following primary antibodies for 24 h at 4�C: rabbit-anti-TAOK2 (1:500; GeneTex, TX, USA),

rabbit-anti-pTAOK2 (1:1000, GeneTex), rabbit-anti-cGAS (1:1000, Cell Signaling Technology, Mass, USA), rabbit-anti-STING (1:500, Cell

Signaling Technology), mouse-anti-tubulin (1:2000, Beyotime Biotechnology, Shanghai, China), and mouse-anti-GAPDH (1:10,000, Protein-

tech, IL, USA). After washing the primary antibody in TBST, the membrane was incubated with HRP-conjugated secondary antibody for

2 h at 24�C. The ChemiDoc MP System (Bio-Rad, Hercules, CA, USA) was used to detect the immune complex bands.
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Immunofluorescence assay

According to our previous report,63 after being deeply anesthetized with pentobarbital sodium, rats were transcardially perfused with 150mL

of 13 PBS (4�C) followed by 150 mL of 4% paraformaldehyde (4�C). Lumbar enlargement of the spinal cord was collected, postfixed in 4%

paraformaldehyde for 48 h at 4�C, and subsequently dehydrated with 30% sucrose for 3 days at 4�C. Subsequently, the spinal cord was

cut transversely into slices with a thickness of 30 mm. The sections were permeabilized with 0.3% Triton X-100 for 10 min and blocked with

10% sheep or donkey serum for 2 h at 24�C. Sections were incubated with the following primary antibodies for 48 h at 4�C: goat-anti-Iba1
(1:200, Abcam, Cambridge, UK), mouse anti-GFAP (1:500, Cell Signaling Technology), mouse-anti-NeuN (1:500, Abcam), rabbit-anti-pTAOK2

(1:100, GeneTex), rabbit-anti-cGAS (1:100, Cell Signaling Technology), and rabbit-anti-STING (1:100, Cell Signaling Technology). After

washing with 13 PBS, the sections were incubated with fluorescent secondary antibodies in the dark for 2 h at 24�C. Finally, the sections

were examined under a fluorescence microscope (FV3000; Olympus, Japan).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as themeanG SEM, and statistical analyseswere performedusing Prism 8.0 software (GraphPad, SanDiego, CA, USA).

Western blot data and behavioral tests at single time points were analyzed using one-way analysis of variance (ANOVA) followed by LSD.

Behavioral tests across different time points were analyzed using two-way ANOVA followed by Tukey’s multiple comparisons test. Statistical

significance was set at p < 0.05.
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