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4E-BP1-dependent translation in nociceptors controls
mechanical hypersensitivity via TRIM32/type |
interferon signaling

Calvin Wong’, Diana Tavares-Ferreira?, Carolina Thorn Perez'3, Behrang Sharif*>, Sonali Uttam’,
Mehdi Amiri®’, Kevin C. Lister', Mehdi Hooshmandi', Vivienne Nguyen', Philippe Séguéla®?,
Nahum Sonenberg®’, Theodore J. Price?, Christos G. Gkogkas®*, Arkady Khoutorsky''%¢

Activation of the mechanistic target of rapamycin complex 1 (mTORC1) contributes to the development of
chronic pain. However, the specific mechanisms by which mTORC1 causes hypersensitivity remain elusive.
The eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) is a key mTORC1 downstream effector that repress-
es translation initiation. Here, we show that nociceptor-specific deletion of 4E-BP1, mimicking activation of
mTORC1-dependent translation, is sufficient to cause mechanical hypersensitivity. Using translating ribosome
affinity purification in nociceptors lacking 4E-BP1, we identified a pronounced translational up-regulation of
tripartite motif-containing protein 32 (TRIM32), an E3 ubiquitin ligase that promotes interferon signaling.
Down-regulation of TRIM32 in nociceptors or blocking type | interferon signaling reversed the mechanical hy-
persensitivity in mice lacking 4E-BP1. Furthermore, nociceptor-specific ablation of TRIM32 alleviated mechan-
ical hypersensitivity caused by tissue inflammation. These results show that mTORC1 in nociceptors promotes
hypersensitivity via 4E-BP1-dependent up-regulation of TRIM32/interferon signaling and identify TRIM32 as a
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therapeutic target in inflammatory pain.

INTRODUCTION

Chronic pain is caused by functional and structural reorganization
of peripheral and central nociceptive circuits. These processes
depend on the production of new proteins via de novo gene expres-
sion (I, 2). Regulation of mRNA translation by the mechanistic
target of rapamycin complex 1 (mTORCI1) is one of the key mech-
anisms that modulate gene expression, particularly in neurons
where local axonal and dendritic translation allows rapid changes
in the cellular proteome in response to external stimuli or activity
(3,4). mTORCI is a conserved serine/threonine kinase that is stim-
ulated by numerous signaling cascades in response to tissue injury
and disease (e.g., downstream of TrkA/TrkB, insulin receptor, epi-
dermal growth factor receptor/insulin-like growth factor 1, and N-
methyl-p-aspartate receptors) to regulate the translation of a subset
of mRNASs (5-7). In addition to mRNA translation, mTORC1 mod-
ulates other processes, including lipid metabolism, autophagy, and
ribosome biogenesis (5, 8). mTORCI1 is activated in sensory
neurons in models of chronic pain caused by tissue inflammation
and peripheral nerve injury (9-14) and pharmacological inhibition
of mTORCI1 alleviates the development of pain hypersensitivity (9,
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10, 15-22). The contribution of mMTORC1-dependent translation in
nociceptors, versus other mTORCI1-dependent processes, in
causing hypersensitivity and the identity of translationally regulated
mRNAs mediating the effect on neuronal excitability and hypersen-
sitivity are ill-defined.

The mTORCI stimulates the rate of mRNA translation by phos-
phorylating and inhibiting the family of translational repressor pro-
teins, eukaryotic initiation factor 4E (eIF4E)-binding proteins (4E-
BPs) (23) (Fig. 1A). 4E-BPs bind the mRNA cap-binding protein
eIF4E, preventing its interaction with the large scaffolding protein
elF4G and the RNA helicase eIF4A to form the eIF4F complex,
which is required for translation initiation. Deletion of 4E-BP re-
leases eIF4E from suppression and enhances eIF4F complex forma-
tion, mimicking increased mRNA translation downstream of
mTORCI1 (23). There are two main isoforms of 4E-BPs in the
nervous system: 4E-BP1 and 4E-BP2 (4E-BP3 expression levels
are very low), which have similar function but distinct tissue distri-
bution (24). We previously reported that 4E-BP1 is the main
isoform involved in nociception in mice as whole-body ablation
of 4E-BP1, but not 4E-BP2, causes mechanical hypersensitivity (24).

Here, we investigated the mechanism by which mTORCI—4E-
BP1-dependent translation contributes to mechanical hypersensi-
tivity in nociceptive sensory neurons. We revealed that selective de-
letion of 4E-BP1 in nociceptors causes robust mechanical
hypersensitivity and showed that the effect is mediated via en-
hanced translation of the E3 ubiquitin ligase, tripartite motif-con-
taining protein 32 (TRIM32), which promotes type I interferon
(IEFN) signaling. Moreover, down-regulation of TRIM32 or inhibi-
tion of type I IFN signaling alleviated inflammation-induced hyper-
sensitivity. Thus, mTORC1-4E-BP1-mediated induction of
TRIM32/type I IFN signaling contributes to mechanical hypersen-
sitivity after inflammation.
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Fig. 1. Nociceptor-specific deletion of 4E-BP1 causes mechanical but not thermal hypersensitivity. (A) Schematic of the mTORC1 pathway. (B) Generation of 4E-BP1
conditional knockout (cKO) mice. (C) Western blots and quantification showing decreased 4E-BP1 in DRG lysates of 4E-BP1 cKO mice (n =4 to 5 mice per group, Student’s t
test, two-tailed). Baseline testing showed increased mechanical hypersensitivity in the von Frey (D) and tail clip (E) tests but no difference in thermal sensitivity in the
radiant heat paw withdrawal (F), tail flick assay (G), and hot plate test (H) (n = 8 to 10 mice per group, Student's t test, two-tailed). Analysis revealed no main effects of sex
or interactions for (D) to (H). (I) Immunostaining of DRG from wild-type mice revealed increased total 4E-BP1 in nonpeptidergic nociceptors compared to peptidergic
nociceptors. (J) Quantification (n = 4 mice per group, Student'’s t test, two-tailed; scale bar, 100 um). All data are presented as mean + SEM. *P < 0.05; **P < 0.01, ***P <

0.001, ****P < 0.0001.

RESULTS

Deletion of 4E-BP1 in nociceptors induces mechanical
hypersensitivity

To study the role of peripheral 4E-BP1-dependent translation in
pain, we fgenerated mice lacking 4E-BP1 selectively in nociceptors.
Eif4ebp1™™ mice were crossed with mice expressing Cre recombi-
nase under the control of the Scn10a (Na,1.8) promoter to generate
eif4ebp1™™ Scn10a“" mice, hereafter referred to as 4E-BP1 condi-
tional knockout (4E-BP1 cKO) mice (Fig. 1, A and B). As expected,
4E-BP1 cKO mice displayed reduced expression of 4E-BP1 in dorsal
root ganglion (DRG) lysates (Fig. 1C). Behavioral analysis demon-
strated that 4E-BP1 cKO male and female mice exhibit mechanical
hypersensitivity, as measured in the von Frey (Fig. 1D) and tail clip
(Fig. 1E) tests, but show no alterations in thermal sensitivity, as as-
sessed in the radiant heat paw-withdrawal (Fig. 1F), tail flick
(Fig. 1G), and hot plate (Fig. 1H) assays. Immunostaining of
DRG sections revealed that 4E-BP1 is expressed at higher levels in
nonpeptidergic IB4" nociceptors compared to peptidergic CGRP*
nociceptors (Fig. 1, T and J). This finding might partially explain the
selective mechanical hypersensitivity phenotype in 4E-BP1 cKO
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mice, as nonpeptidergic neurons are predominantly involved in me-
diating mechanical nociception (25, 26).

The translational landscape of nociceptors lacking 4E-BP1

To understand how activation of 4E-BP1-dependent translation,
downstream of mTORCI, in nociceptors, induces mechanical hy-
persensitivity, we used the cell type—specific translating ribosome
affinity purification (TRAP) approach. TRAP identifies mRNAs
that are bound to ribosomes and therefore undergo active transla-
tion in a specific cell population (27, 28) (Fig. 2A). To label ribo-
somes in nociceptors, an adeno-associated virus (AAV)
expressing in a Cre-dependent manner a ribosomal subunit L10a
tagged with enhanced green fluorescent protein (eGFP; AAV2/9-
DIO-eGFP-L10a) was injected intraperitoneally into eif4ebp1™"
Scn10a“™ (4E-BP1 cKO) and control Scn10a“™ pups at postnatal
days 2 to 4. Colabeling of DRG sections with markers of peptidergic
(CGRP) and nonpeptidergic (IB4) nociceptors, as well as large-di-
ameter neurons (NF-200) showed that eGFP-L10a is predominantly
expressed in nociceptors (31.5% in peptidergic, 52% in nonpepti-
dergic, and 13.25% in large-diameter neurons; Fig. 2, B and C).
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Fig. 2. TRAP RNA-sequencing reveals differentially expressed genes and TRIM32 as translationally up-regulated mRNA. (A) Schematic of translating ribosome
affinity purification approach. (B) Immunostaining of DRG, from Scn10a Cre mice injected with AAV-eGFP-L10a, with I1B4, CGRP, and NF200 to confirm tagging of noci-
ceptors but not large-diameter neurons. (C) Quantification (n = 4 mice per group, Student's t test, two-tailed; scale bar, 200 um). (D) Neuronal markers are enriched and
nonneuronal markers are depleted in IP fractions. (E) Heatmap of the correlation coefficients between different samples (input, IN; immunoprecipitated, IP). (F) Dual-
flashlight plot depicting strictly standardized mean difference (SSMD) versus log, FC for genes in IP samples. Positive Log, FC indicates increased expression in 4E-BP1
cKO mice. Parameters for defining data as up-regulated or down-regulated in 4E-BP1 KO are indicated on the top.

To capture the eGFP-tagged ribosomes and ribosome-bound
mRNAs, we performed immunoprecipitation (IP) with eGFP anti-
body on DRG lysates from 8-week-old mice (three biological repli-
cates per genotype, DRGs pooled from three mice per replicate),
followed by RNA sequencing. IP input samples (IN) from DRG
lysates were also sequenced to normalize for mRNA transcription.
We observed a high correlation between the biological replicates (r >
0.96 for IN and r > 0.92 for IP; fig. S1, A and B), suggesting high
reproducibility across experiments. The immunoprecipitated
mRNA populations were enriched for neuronal markers (e.g.,
Prph, Trpvl, Scnl0Oa, and Calca; Fig. 2D) and depleted for
markers of nonneuronal cells (e.g., Gfap, Cx3crl, Mbp, and Mpz),
demonstrating the specificity of the approach.

A heatmap of the correlation coefficients for coding genes in dif-
ferent conditions showed differences between WT and 4E-BP1 cKO
mice in TRAP-seq samples, consistent with the role of 4E-B1 in
translational regulation (Fig. 2E). Analysis of ribosome-bound
mRNA revealed a subset of mRNAs with altered ribosome occupan-
cy in 4E-BP1 cKO nociceptors (Fig. 2F and data S1). The mRNA
encoding for the E3 ubiquitin ligase TRIM32 was among the two
most up-regulated mRNAs (10.11-fold increase, Fig. 2F). After nor-
malization to mRNA levels, Trim32 showed substantial increase in
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IP/IN ratio (9.41-fold increase; fig. S1, C and D), demonstrating its
translational up-regulation. We further confirmed the increase in
TRIM32 protein levels in lumbar DRG lysates of 4E-BP1 cKO
mice using Western blotting (Fig. 3A). To study whether increased
expression of TRIM32 contributes to the mechanical hypersensitiv-
ity of 4E-BP1 ¢KO mice, we knocked down TRIM32 selectively in
nociceptors. To this end, Scn10a“™ and eif4ebp1™™ Scn10a™ mice
were injected (intraperitoneally, postnatal days 2 to 4) with an AAV
expressing sShRNAmir against TRIM32 in a Cre-dependent manner
(AAV9-CAG-DIO-GFP-mTRIM32-shRNAmir, referred to as
TRIM32-shRNA) or control scrambled sequence (scr-shRNA,
Fig. 3B). We confirmed that this approach corrected the increased
levels of TRIM32 in 4E-BP1 cKO mice (Fig. 3C). Down-regulation
of TRIM32 reversed the mechanical hypersensitivity in 4E-BP1 ¢cKO
animals (Fig. 3D), whereas control animals were not affected. To-
gether, these data show that TRIM32 is translationally up-regulated
in 4E-BP1 cKO mice and demonstrate that increased TRIM32 ex-
pression contributes to mechanical hypersensitivity.
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Fig. 3. Down-regulation of TRIM32 alleviates mechanical hypersensitivity in 4E-BP1 cKO. (A) Western blots and quantification showing increased TRIM32 in DRG
lysates of 4E-BP1 cKO mice (n = 4 to 5 mice per group, Student's t test, two-tailed). (B) Schematic of AAV-DIO-TRIM32-shRNAmir intraperitoneal injections. (C) Western
blots and quantification showing corrected TRIM32, IFN-a, and IFN-f in DRG lysates of 8-week-old 4E-BP1 cKO mice that received AAV-DIO-TRIM32-shRNAmir (intraper-
itoneally, postnatal days 2 to 4, n = 4 mice per group, one-way ANOVA followed by Bonferroni’s post hoc comparison). (D) Mechanical hypersensitivity in the von Frey test
was rescued in 8-week-old 4E-BP1 cKO mice that received AAV-DIO-TRIM32-shRNAmir (n = 13 to 21 mice per group, one-way ANOVA followed by Bonferroni's post hoc
comparison). (E) Mechanical hypersensitivity in the von Frey test was corrected in 4E-BP1 cKO mice that received IFNAR1 neutralizing antibody (n = 12 mice per group,
two-way ANOVA followed by Bonferroni's post hoc comparison). Analysis revealed no main effects of sex or interactions for (D) and (E). (F) 4E-BP1 cKO and Scn10a Cre
control mice were injected intraperitoneally with AAV-CAG-Flex-tdTomato at P2 to P4 and their DRGs were collected 8 weeks later and cultured for 24 hours. Cultured
neurons were stained with IB4 to identify nonpeptidergic nociceptors and incubated in either immunoglobulin G (IgG) control or IFNAR1 neutralizing antibody for 60 min
before recordings. Representative traces are shown for 200 pA ramp current injection. (G) 4E-BP1 cKO receiving IgG control had increased number of action potentials at
100 pA and 200 pA ramp intensities (n = 10 to 13 cells from six animals per group, one-way ANOVA followed by Bonferroni's post hoc comparison). (H) Individual data
points for 100-, 200-, and 400-pA stimulations are shown. All data are presented as mean + SEM. *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001.

TRIM32-mediated type | IFN signaling causes
hypersensitivity

TRIM32 plays central roles in innate immunity and antiviral re-
sponses by stimulating type I IFN induction via nonproteolytic
ubiquitination of the stimulator of interferon genes (STING) (29).
Consistent with the elevated levels of TRIM32 in 4E-BP1 c¢KO mice
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and the important role of TRIM32 in type I IFN induction, semi-
quantitative in situ hybridization (RNAScope) showed an increased
abundance of interferon-a (IFN-a; Ifnas) and IFN-B (Ifnbl)
mRNAs in scnl0a’ nociceptors of 4E-BP1 cKO mice (fig. S2). Ac-
cordingly, Western blot analysis demonstrated increased protein
levels of type I IFN-a and IFN-f in 4E-BP1 cKO DRG lysates
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compared to control mice (Fig. 3C). The increased protein levels of
IFN-a and IFN-f were normalized in 4E-BP1 ¢KO animals injected
with AAV expressing shRNAmir against TRIM32 (Fig. 3C). To
assess the physiological role of enhanced type I IFN signaling in me-
diating mechanical hypersensitivity in 4E-BP1 cKO mice, we used a
neutralizing antibody for the interferon alpha and beta receptor
subunit 1 (IFNARI1) (30). Inhibition of IFN signaling with
IFENARI neutralizing antibodies (intraperitoneally) reversed the
mechanical hypersensitivity in 4E-BP1 ¢KO mice (Fig. 3E), indicat-
ing that the enhanced activation of this receptor substantially con-
tributes to the hypersensitivity.

4E-BP1 cKO nociceptors exhibit hyperexcitability, which is
attenuated by inhibition of IFN signaling

Interferon promotes the excitability of sensory neurons (31).
Because IFN signaling is enhanced in 4E-BP1 ¢KO mice, we as-
sessed the excitability of DRG nociceptors isolated from 4E-BP1
cKO mice. Because 4E-BP1 ¢KO mice exhibit mechanical but not
thermal hypersensitivity, we recorded from nonpeptidergic noci-
ceptors that are thought to predominantly mediate mechanical hy-
persensitivity (25, 26). To identify nonpeptidergic nociceptors, we
injected eif4ebp1™™ Scn10a“" and control Scn10a“" mice at post-
natal days 2 to 4 with AAV expressing tdTomato in a Cre-dependent
manner (AAV2/9-CAG-DIO-tdTomato) to label Na,1.8" neurons
and applied fluorescent IB4 (Alexa Fluor 488), a marker of nonpep-
tidergic neurons, to the extracellular solution for 2 min before re-
cording. Recording from 4E-BP1 ¢KO nonpeptidergic nociceptors
(positive for tdTomato and IB4) revealed an increase in the number
of action potentials in response to ramp current injection (100 pA
and 200 pA) as compared to controls (Fig. 3, F to H). Incubation of
cultured neurons for 1 hour with IFNARI neutralizing antibody
reduced the number of stimulation-induced action potentials in
4E-BP1 ¢KO nociceptors (Fig. 3, F to H). Thus, ablation of 4E-
BP1 in nociceptors increases their excitability and enhanced type
I IEN signaling contributes to this effect.

Down-regulation of TRIM32 alleviates inflammatory pain
mTORCI1 is activated in nociceptors in models of neuropathic and
inflammatory pain (9-14) and mTORCI inhibition alleviates the
hypersensitivity in both conditions (9, 10, 15-22). Thus, we tested
the prediction that mTORC1-4E-BP1-mediated expression of
TRIM32 and type I IFN signaling contribute to pain hypersensitiv-
ity in models of chronic pain. We first confirmed previous reports
that mTORCI is activated peripherally in neuropathic and inflam-
matory pain conditions (9-14). We subjected mice to a model of
neuropathic [spared nerve injury (SNI)] and inflammatory [intra-
plantar injection of complete Freund's adjuvant (CFA)] pain, and
measured mTORCI activation in DRG by assessing the phosphor-
ylation of S6 (p-S6), which is the mTORC1 downstream effector and
most commonly used readout of its activity. Consistent with prior
studies showing sustained mTORCI activation in DRG after pe-
ripheral tissue injury (32, 33), p-S6 levels were increased in DRG
lysates from SNI animals (day 4 post-surgery, fig. S3A) compared
with sham controls, and in CFA-injected animals (day 1 post-injec-
tion) compared with vehicle controls (Fig. 4A). Concomitant with
the increase in p-S6, phosphorylation of 4E-BP1 at Thr37/46 was
also elevated in CFA-injected animals (Fig. 4A). Notably, protein
levels of TRIM32, as well as IFN-a and IFN-f, were up-regulated
in the DRG of SNI (fig. S3A) and CFA (Fig. 4A) animals.
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To investigate whether TRIM32 plays a role in mediating pain
hypersensitivity, we down-regulated TRIM32 in nociceptors by in-
jecting Scn10a“™ pups with AAV9-CAG-DIO-GFP-mTRIM32-
shRNAmir or control virus (AAV9-CAG-DIO-GFP-scrambled) at
postnatal days 2 to 4 and subjected them to SNI and CFA pain
models at 8 weeks of age. We found that whereas mechanical hyper-
sensitivity caused by peripheral nerve injury was not affected by the
down-regulation of TRIM32 in nociceptors (fig. S3B), it was allevi-
ated in a model of inflammatory pain (Fig. 4B). CFA intraplantar
injection in control mice caused mechanical and thermal hypersen-
sitivity (Fig. 4, B and C). However, in mice with down-regulation of
TRIM32 in nociceptors, CFA-induced mechanical hypersensitivity
was reduced whereas thermal hyperalgesia was not affected (Fig. 4,
B and C). Consistent with this finding, intraperitoneal administra-
tion of IFNARI neutralizing antibodies selectively alleviated the
CFA-induced mechanical hypersensitivity (Fig. 4, D and E).
Overall, our results describe a signaling cascade in nociceptors,
via mTORCI1-4E-BP1-dependent translation of TRIM32 and up-
regulation of type I IEN signaling, in mediating mechanical hyper-
sensitivity (Fig. 5).

DISCUSSION
Here, we found that stimulation of 4E-BP1-dependent translation
selectively in nociceptors engenders mechanical hypersensitivity.
Furthermore, we showed that 4E-BP1 ablation induces mechanical
hypersensitivity via enhanced translation of TRIM32 and increased
type I IFN signaling. Targeting TRIM32/type I IFN alleviates me-
chanical hypersensitivity in a model of inflammation-induced pain.
It is well established that mTORCI1 is activated in DRG neurons
after tissue injury and its inhibition alleviates pain hypersensitivity;
however, the specific cell types and proteins mediating this effect are
not well defined. Moreover, previous studies have used mTORC1
pharmacological inhibitors, such as rapamycin and rapalogs, to
study its function in pain. Inhibition of mTORCI affects numerous
mTORCI-dependent processes in addition to mRNA translation,
such as lipid and nucleotide biosynthesis, autophagy, and glucose
metabolism (5). Therefore, using this approach, it is challenging
to study the selective contribution and mechanisms of mTORCI1-
dependent translation in the development of pain, which is the
focus of the current study. To address these important questions,
we generated mice with specific ablation of 4E-BP1 in nociceptors,
mimicking hyperactivation of mTORC1-eIF4E-dependent transla-
tion. Activation of mMTORCI1-eIF4E translation in nociceptors elic-
ited pronounced mechanical hypersensitivity, without affecting
heat sensation, consistent with the mechanical hypersensitivity phe-
notype in whole-body 4E-BP1 KO mice (24). Using the TRAP
methodology, we defined the translational landscape in nociceptors
lacking 4E-BP1 and identified a substantial translational up-regula-
tion for the mRNA encoding an E3 ubiquitin ligase TRIM32 (9.41-
fold increase in IP/IN ratio), which is involved in responses to viral
infection. TRIM32 stimulates type I IFN signaling by targeting
STING for K63-linked nonproteolytic type of ubiquitination (29)
in vitro and in vivo under viral infections characterized by DNA
virus—triggered induction of type I IFN (34-36). To study the role
of TRIM32 in pain, we down-regulated TRIM32 selectively in noci-
ceptors and found that it corrects mechanical hypersensitivity of
4E-BP1 cKO mice, demonstrating its importance in mediating the
mTORCI1-elF4E—-dependent  mechanical  hypersensitivity.
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Fig. 4. Down-regulation of TRIM32 alleviates CFA inflammatory pain. (A) Western blots and quantification showing increased TRIM32, IFN-q, IFN-B, p-S6, and p-4E-
BP1 in DRG lysates of animals 1 day after CFA intraplantar injection compared to vehicle control (n = 4 to 5 mice per group, Student's t test, two-tailed). Animals that
received AAV-DIO-TRIM32-shRNAmir showed alleviated mechanical (B) but not thermal (C) hypersensitivity compared to scrambled controls after intraplantar injection of
CFA (n =8to 10 mice per group, two-way ANOVA followed by Bonferroni's post hoc comparison). Animals that received IFNAR1 neutralizing antibody showed alleviated
mechanical (D) but not thermal (E) hypersensitivity compared to IgG controls after intraplantar injection of CFA (n = 6 to 8 mice per group, two-way ANOVA followed by
Bonferroni's post hoc comparison). All data are presented as mean + SEM. *P < 0.05; **P < 0.01.

Consistent with the role of TRIM32 in inducing type I IFN, we also
found that both IFN-a and IFN-{ were up-regulated in 4E-BP1 cKO
mice and revealed that inhibition of IFN signaling, using IFNAR1
neutralizing antibodies, alleviated the mechanical hypersensitivity
in 4E-BP1 cKO animals. Finally, we assessed the role of TRIM32
and IFN in models of chronic pain. Down-regulation of TRIM32
and inhibition of IFNARI with neutralizing antibodies alleviated
the mechanical but not thermal hypersensitivity in response to pe-
ripheral inflammation. Down-regulation of TRIM32, however, had
no effect on neuropathic pain, likely because nonnociceptive
neurons and spinal mechanisms predominantly mediate the me-
chanical hypersensitivity caused by peripheral nerve injury.
Translational control via the mTORCI1-4E-BP1 axis plays
crucial roles in antiviral resistance. Deletion of 4E-BP1 in mouse
embryonic fibroblasts enhanced IFN signaling (37) and potentiated
viral immunity (29). Our findings of increased levels of IFN-a and
IEN-p in 4E-BP1 cKO mice establish the role of the mTORC1—4E-
BP1 axis in the regulation of IFN signaling in the pain pathway,
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demonstrating that this mechanism is shared between antiviral re-
sponses and chronic pain.

Our work shows the involvement of TRIM32 in inflammatory
pain and reveals TRIM32 as a potential therapeutic target in inflam-
matory pain conditions. We found that selective down-regulation of
TRIM32 in nociceptors alleviates mechanical but not thermal hy-
persensitivity induced by CFA injection. Although the mechanism
underlying the modality specificity of TRIM32 is not completely
understood, intraplantar administration of IFN elicited mechanical
hypersensitivity by increasing the excitability of DRG neurons, with
no effect on thermal sensitivity (31). Our findings are consistent
with these results as 4E-BP1 cKO mice demonstrated enhanced
IEN levels in DRG and exhibited nociceptor hyperexcitability and
selective mechanical hypersensitivity. The selective mechanical hy-
persensitivity observed in 4E-BP1 cKO mice is likely mediated by
both the preferential expression of 4E-BP1 in nonpeptidergic
fibers, which mediate noxious mechanical sensation (25, 26), and
the specific impact of peripheral type I IFNs on mechanical sensi-
tivity (31). Collectively, this study enhances the understanding of
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Fig. 5. Proposed model. Ablation of 4E-BP1, mimicking the hyperactivation of the
mTORC1 pathway, in DRG nociceptors, results in increased elF4E-dependent
mMRNA translation, including of TRIM32 mRNA. TRIM32 promotes type | IFN signal-
ing by nonproteolytic ubiquitination of STING. Increased production of type I IFN
and its autocrine signaling enhances nociceptor excitability, resulting in mechan-
ical hypersensitivity.

the mechanisms through which mTORCI promotes pain hypersen-
sitivity, unveiling the role of the mTORCI1-4E-BP1-IFN axis in reg-
ulating mechanical hypersensitivity after peripheral inflammation.

In our study, we focused on the translational up-regulation of
TRIM32 in 4E-BP1 KO nociceptors as it was the second-ranked
mRNA exhibiting an increase in ribosome occupancy in 4E-BP1
KO nociceptors, and one of the most highly up-regulated mRNAs
after normalization to transcript levels. Furthermore, we took into
consideration the established link between TRIM32-mediated IFN
signaling and mechanical hypersensitivity (31). However, the roles
of other 4E-BP1-dependent mRNAs identified in nociceptors,
which could potentially contribute to increased excitability and hy-
persensitivity, remain to be determined in future studies.

The increase in the IP/IN ratio for TRIM32 mRNA in 4E-BP1
cKO mice in the TRAP analysis (9.41-fold increase) was higher
than the increase in TRIM32 protein levels in total DRG lysates (in-
crease of 36 to 65%). The IP/IN ratio was assessed in 4E-BP1 KO
nociceptors using IP of tagged ribosomes, whereas protein levels
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of TRIM32 were evaluated in total DRG lysates, where the presence
of nonnociceptive neuronal and nonneuronal cells likely dilutes the
effect. Moreover, an increase in translational efficiency typically
does not yield an equivalent increase in protein levels, especially
in chronic models, due to phenomenon of translational buffer-
ing (38).

In summary, our study uncovered the peripheral inflammation-
induced and mTORCI-4E-BPl-mediated up-regulation of
TRIM32, which acts to promote type I IFN signaling, neuronal ex-
citability, and mechanical hypersensitivity. Our work advances the
understanding of translational control mechanisms by which
mTORCI1 promotes pain and highlights TRIM32 as a potential
therapeutic target for conditions characterized by inflammation-
induced mechanical hypersensitivity.

MATERIALS AND METHODS

Animals

Eif4ebp1™™ mice were crossed with mice expressing Cre recombi-
nase under the control of the Scn10a (Na,1.8) promoter to generate
the cKO animals: Eif4ebp1™™ Scn10a™ (referred to as 4E-BP1
cKO). Control animals used were Scn10a®™. Mice were weaned at
the third postnatal week, and ear samples were collected for geno-
typing using polymerase chain reaction (PCR). eIF4E-BP1 mutant
and wild-type alleles were detected using PCR assay in which
primer eIFAE-BP1 F (5-CACATTTCAGGGAGAGGGTGATG-3)
and primer eIF4E-BP1 R (5-GCTGGGTTCTAAGAGTGGTACT
TT-3') amplified a 250-base pair (bp) fragment (wild type) and a
347-bp fragment (Exon 2 of the eIF4E-BPI conditional allele).
Cre expression was detected by PCR with primers CreF (5'-GATC
TCCGGTATTGAAACTC-3') and CreR (5'-GCTAAACATGCTT
CATCGTC-3'), which amplify a 650-bp fragment. All
experiments were conducted on 8- to 12-week-old male and
female mice of the C57BL/6 background. To assess for the presence
of main effects of sex or interactions of sex with experimental ma-
nipulations, key datasets (Figs. 1, D to H, and 3, D and E) were an-
alyzed using sex as a factor. In no cases were any main effects of sex
or interactions observed, so data were collapsed for all reported
analyses. Food and water were available ad libitum. Mice were
kept on a 12-hour light/dark cycle (lights on at 0700). Behavioral
experiments were conducted during the light phase of the cycle
(0900 to 1700). All procedures complied with the Canadian
Council on Animal Care guidelines and International Association
for the Study of Pain, and were approved by the McGill University's
downtown Animal Care Committee.

Animal model of neuropathic pain

All animals were 8 weeks of age when undergoing surgical proce-
dures. Neuropathic pain was induced by performing SNI, as de-
scribed previously (39, 40). The lateral surface of the thigh skin
was shaved and incised, the left sciatic nerve was isolated, and the
tibial and common peroneal branches were ligated using 7-0 sili-
cone coated silk (Covidien, S-768 K) and a 3-mm portion of each
branch was sectioned and removed distal to the ligation point. The
muscle and skin were closed with 6-0 Vicryl suture (Ethicon J489G).

Animal model of inflammatory pain
CFA and incomplete Freund's adjuvant were mixed (1:1; both from
Sigma-Aldrich, St. Louis, MO) to produce an emulsion, 20 pl of

7 of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

which was delivered under the skin of the left hind paw
(intraplantar).

Reagents and materials

The IFN1AR neutralizing antibody (MAR1-5A3) was purchased
from Thermo Fisher Scientific. Animals were injected intraperito-
neally with a dose (2.5 mg/kg) consistent with reduced IFN activity
in vivo (30).

Western blotting

Samples were homogenized in ice-cold lysis buffer consisting of 200
mM Hepes, 50 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM
EDTA, 50 mM NaF, 2 mM Na;VO,, 25 mM B-glycerophosphate,
and EDTA-free complete ULTRA tablet. A total of 30 pg of
protein per sample was resolved on SDS—polyacrylamide gel electro-
phoresis (12%), transferred onto nitrocellulose membranes, and
imaged using a ChemiDoc Imaging System (Bio-Rad).

Primary antibodies for Western blotting are p-4E-BP1, 4E-BP1I,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), p-S6
(1:1000; #28558, #9644S, #2118S, and #4060S, respectively, Cell Sig-
naling and Technology Laboratories, Danvers, MA), TRIM32, IFN-
a, and IFN- (1:1000; #10326-1-AP, #XL3766809, and #XE3598743,
respectively, Thermo Fisher Scientific) raised in Rabbit and t-S6
(1:1000; #4691S, Cell Signaling and Technology Laboratories,
Danver, MA) raised in mouse. Secondary antibodies for Western
blotting are anti-rabbit and anti-mouse horseradish peroxidase
(1:5000, #RPN4301, GE Healthcare).

Behavioral testing

The experimenters were blind to the genotype and drug treatments
for all behavioral tests. In the von Frey assay, mice were habituated
in individual transparent custom Plexiglas cubicles (5 cm by 8.5 cm
by 6 cm) set above a perforated steel floor for 1 hour before testing.
Nylon monofilaments were applied firmly to the plantar surface of
the ipsilateral and contralateral hind paws for 3 s. The up-down
method of Dixon (41) was applied to estimate the 50% withdrawal
threshold (average of two measurements).

In the tail clip assay, a clip exerting a force of 155¢ or 248¢ was
applied 1 cm from the base of the tail. Animals were placed in an
enclosure (15 cm by 25 cm), and the latency to attacking the clip was
measured. The cutoff for responses was set at 60 s.

In the radiant heat paw-withdrawal assay, mice were habituated
in individual transparent custom Plexiglas cubicles (5 cm by 8.5 cm
by 6 cm) set above a transparent glass floor for 1 hour before testing.
A focused beam of high-intensity light was aimed at the plantar
surface of both hind paws. An average of four measurements
were taken.

In the tail flick assay, animals were restrained in a cloth restrain-
er, and the tail was placed into a temperature-controlled water bath
of either 47° or 49°C. The latency to the animal flicking its tail was
measured. The cutoff for response was set at 30 and 15 s,
respectively.

In the hot plate test, we used a hot plate apparatus (Columbus
Instruments) set at either 50° or 53°C. Animals were placed on
the hot plate enclosed within an open Plexiglas cylindrical tube,
and latency to demonstrating any nocifensive responses—
jumping, hind paw licking, or rapid fluttering/shaking of the hind
paw—was measured. The cutoff for response was set at 90 and 60 s,
respectively.
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Immunohistochemistry, confocal microscopy, and image
analysis

Animals were perfused via the left cardiac ventricle with 10 ml of
0.1% NaNO, perfusion buffer [64 g of NaCl, 2 g of KCI, 4 g of
NaHCOj;, 400 ml of 0.2 M phosphate buffer (PB) in 8 liters of
ddH,0], followed by 100 ml of 4% paraformaldehyde (PFA) in
0.1 M PB. The lumbar 3 to 5 DRGs were extracted and postfixed
in the same fixative solution at 4°C. DRGs were transferred to a
cryoprotectant solution 24 hours later consisting of 30% sucrose
in 0.1 M PB. DRGs were embedded in OCT (optimal cutting tem-
perature compound, Thermo Fisher Scientific), sectioned at 14 um
using a Leica cryostat, and collected directly onto gelatin-subbed
histological slides.

Three 10-min washes using 0.2% phosphate-buffered saline
(PBS)-Triton X-100 (PBS-T) were conducted on DRG sections
and incubated for 24 hours at 4°C in rabbit anti-4E-BP1 (1:500;
#2855S, Cell Signaling and Technology Laboratories, Danvers,
MA), rabbit anti-CGRP (1:500; #C89198, Sigma-Aldrich,
St. Louis, MO), mouse anti-NF200 antibody (1:500; #N5389,
Sigma-Aldrich, St. Louis, MO), and IB4 conjugated to Alexa
Fluor 568 (1:500; #121411, Thermo Fisher Scientific) in 0.2%
PBS-T. The next day, after several washes with 0.2% PBS-T, sections
were incubated in goat secondary antibodies (Alexa Fluor, 1:500;
Thermo Fisher Scientific) in 0.2% PBS-T for 2 hours at room tem-
perature. Sections were then washed once for 10 min using 0.2%
PBS-T followed by two 10-min washes using PBS and cover-
slipped using Aqua Poly/Mount (Polysciences Inc.).

For high-resolution imaging, DRG sections were imaged using
an LSM 880 confocal microscope with Airyscan (Zeiss); the Airy-
Scan mode was conducted using Zeiss 63/1.40 Oil DIC f/ELYRA
objective and the AiryScan super-resolution module with a 32-
channel hexagonal array GaAsP detector for LSM (Zeiss) using
651-nm lasers. Stacks of 20 to 30 optical sections (170-nm step)
were acquired and AiryScan super-resolution image stacks were re-
constructed using ZEN Black software (Zeiss).

Images were analyzed using ImageJ (NIH) software. For quanti-
fication, we analyzed four to six sections per animal, for a total of n =
4 animals.

Translating ribosome affinity purification

4E-BP1 cKO and Cre-positive control postnatal day 2 to 4 pups were
injected intraperitoneally with 5 ul of AAV2/9-FLEX-eGFP-L10a
(Canadian Neurophotonics Platform Viral Vector Core Facility
RRID:SCR_016477), and TRAP-sequencing was performed on 8-
to 10-week old mice, as previously described (27, 42).

Briefly, animals were decapitated and the cervical, thoracic, and
lumbar DRGs were dissected and transferred into ice-cold dissec-
tion buffer [1x Hanks' balanced salt solution (HBSS), 2.5 mM
Hepes-NaOH (pH 7.4), 35 mM glucose, and 5 mM MgCl,; cyclo-
heximide (100 ug/ml) and emetine (0.2 mg/ml) were added just
before use]. Once all the DRGs were collected, they were homoge-
nized in lysis buffer [20 mM Hepes-NaOH (pH 7.4), 12 mM MgCl,,
and 150 mM KCI in RNase-free water; 0.5 mM dithiothreitol
(DTT), Protease Inhibitors Cocktail (1 ul/ml; Roche), cyclohexi-
mide (100 pg/ml), emetine (20 pg/ml), RNasin (40 U/ml;
Promega), and TURBO DNase (2 U/ml; Invitrogen) were added im-
mediately before use] using a Minilys Personal High Power Tissue
Homogenizer (Bertin Technologies) on medium speed for 10 s for a
total of eight times at 4°C. DRG homogenates were centrifuged at
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2000g for 5 min at 4°C to prepare a post-nuclear fraction (S2). Next,
NP-40 (AG Scientific) and DHPC (1,2-diheptanoyl-sn-glycero-3-
phosphocholine, Cat# 850306, Avanti Polar lipids) were added to
the S2 fraction at a final concentration of 1% and incubated for 5
min at 4°C, followed by centrifugation at 15,000¢ for 15 min at 4°
C to generate a post-mitochondrial fraction (S20). A 200-pl sample
of S20 was removed for use as “input”, and 1 pl of TURBO DNase
was added to 800 pl of S20 and was incubated with protein-washed
G-coated Dynabeads (Invitrogen) bound to 50 pg of anti-GFP an-
tibodies (HtzGFP-19F7 and HtzGFP-19C8 antibodies were ac-
quired from Sloan Memorial Kettering Center) for 3 hours at 4°C
on an end-over-end mixer. Subsequently, the beads were collected
using a magnetic stand and 200 pl of the “unbound’ fraction was
saved for further processing. The beads were washed four times
with high salt buffer [20 mM Hepes-NaOH (pH 7.4), 12 mM
MgCl,, 0.35 M KCl, and 1% NP-40 (AG Scientific) in RNase-free
water; cycloheximide (100 pug/ml) and 0.5 mM DTT were added
just before use] to collect the “immunoprecipitated (IP)" fraction.
RNA was extracted by adding 300 ul of TRIzol to the beads ("IP”
fraction) and 600 pl of TRIzol to the “input” fractions and incubated
for 10 min at room temperature. RNA was eluted from all the
samples using a Direct-zol RNA kit (Zymo Research) using the
manufacturer’s protocol. RNA yield was quantified using a Nano-
Drop Spectrophotometer ND-1000 (NanoDrop Technologies Inc.)
and RNA quality was determined by a 2100 Bioanalyzer (Agilent
Technologies).

Library generation and sequencing

We sequenced the following samples: three immunoprecipitated
(IP) replicates paired with three input replicates, which were ob-
tained from pooling three mice per replicate, for each group (4E-
BP1 cKO and Cre-positive controls). Each replicate consisted of
three mice of the same sex, two replicates are male and one replicate
is female for both groups. Total RNA quality check, library gener-
ation, library quality check, and sequencing were carried out at the
Génome Québec Innovation Centre (McGill University, Montréal,
Canada) as per their internal platform protocols. Briefly, rRNA was
depleted from total RNA using the QIAseq FastSelect-Human/
Mouse/Rat kit (Qiagen) using the manufacturer’s recommended
protocol with slight modifications. The shearing time was reduced
from 15 to 8 min. Next, cDNA was synthesized using the NEB Next
RNA First Strand Synthesis and NEB Next Ultra Directional RNA
Second Strand Synthesis Modules (New England BioLabs). The re-
maining steps of library preparation were done using the NEB Next
Ultra IT DNA Library Prep Kit for Illumina (New England BioLabs).
Adapters and PCR primers were purchased from New England
BioLabs. Libraries were quantified using the KAPA Library Quan-
tification Kits - Complete kit (Universal) (Kapa Biosystems).
Average size fragment was determined using a LabChip GX (Perki-
nElmer) instrument.

The normalized and pooled libraries (3 nM) were denatured and
neutralized using 0.05 NaOH and HT1 buffer (Illumina) respective-
ly. Subsequently, ExAMP reagent cocktail (Illumina) was added and
360 pM of pooled libraries were loaded on a cBot (Illumina) and the
flowcell was run on HiSeq 4000 (Illumina) for 1 x 50 cycles in
single-end mode to generate 50-bp, single-end reads and expected
sequencing depth of 50 M reads/sample. A phiX library was used as
a control and mixed with libraries at the 1% level. The Illumina
control software was HCS HD 3.4.0.38, and the real-time analysis
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program was RTA v. 2.7.7. Program bcl2fastq2 v2.20 was then
used to demultiplex samples and generate fastq reads.

Bioinformatics and statistical analysis

Mapping and TPM quantification

The quality of fastq files was checked using FastQC (Babraham Bio-
informatics, https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). The reads were trimmed based on the Phred score and
per-base sequence content. Trimmed reads were then aligned
against the mouse reference genome and transcriptome (Gencode
vM16 and GRCm38.p5) using STAR v2.2.1 (43). We obtained the
relative abundances in transcripts per million (TPM) for every gene
of every sample using StringTie v1.3.5 (44). We removed the non-
coding genes and mitochondrial genes before proceeding with
downstream analysis (based on Gencode annotation) and the
TPMs for coding genes were re-normalized to sum to 1 million.
Order statistics and re-normalization of expression data
Downstream analysis of the TRAP dataset was done as previously
described (42). Briefly, we calculated the percentile ranks for each
coding gene for each sample with the aim of identifying a set of con-
sistently expressed genes in the transcriptome (INPUT) samples.
We conservatively identified 15,129 genes that were above the
30th percentile in each INPUT sample, for at least one group, to
be in the set of genes considered consistently detected in the tran-
scriptome. Quantile normalization was then performed based on
the set of all coding genes.

The IP (translatome) analysis was only performed for the 15,129
consistently transcriptome-expressed genes. To identify a set of
consistently expressed genes in the translatome (IP) samples, we
calculated the percentile ranks on TPM:s for each of the 15,129 con-
sistently transcriptome-expressed coding genes for each sample. We
then identified 12,553 genes out of those 15,129 genes to be consis-
tently detected in the translatome based on whether their expression
was on or above the 15th percentile (out of 15,129 genes) in each IP
sample, for at least one group.

The percentile thresholds for choosing consistently transcrip-
tome-expressed and translatome-expressed genes were conserva-
tively estimated by identifying thresholds that would eliminate
genes with consistently low or no detected reads.

Differential expression analysis

Differential expression (DE) analysis was done as previously de-
scribed (42). We first calculated the log,-fold change (based on
median TPMs) for each consistently transcriptome-expressed
coding gene in the INPUT, and for each consistently translatome-
expressed coding gene in the IP. We used strictly standardized mean
difference (SSMD) (42, 45) to discover genes with systematically
altered expression percentile ranks between the WT and 4E-BP1-
cKO groups. SSMD is the difference of means controlled by the var-
iance of the sample measurements. We used SSMD as a measure of
effect size because it is appropriate for smaller sample sizes while
simultaneously controlling for within-group variability. To deter-
mine whether a gene is differentially expressed between WT and
cKO, we also calculated the Bhattacharyya distance (46). This
measure is used to calculate the amount of overlap in the area
under the curve of the two sample distributions (corresponding
to each group). In contrast to SSMD, BD does not make assump-
tions of equal variance in the two compared samples and, thus, is
useful for comparing distributions of gene relative abundance (in
TPMs). The Bhattacharyya coefficient BC(Q)i ranges between 0
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(for totally nonoverlapping distributions) and 1 (for completely
identical distributions) and is derived from the Bhattacharyya dis-
tance. In our analysis, we used a modified form of the Bhattacharyya
coefficient that ranges between 0 (for completely identical distribu-
tions) and +1 or —1 (for totally nonoverlapping distributions, sign
defined by the log-fold change value). DE genes were identified if
the absolute value of SSMD was higher than or equal to 0.97, the
absolute value of BC was higher than or equal to 0.5, and fold
change is higher than or equal to 1.5. Coding for bioinformatics
analysis and data visualization was done in Python (version 3.7
with Anaconda distribution).

Whole-cell patch recording in acutely dissociated mice

DRG neurons

DRG cell culture preparation

Before whole-cell recordings, 4E-BP1 cKO and Cre-positive control
postnatal day 2 to 4 pups were injected intraperitoneally with
AAV2/9-CAG-FLEX-tdTomato (Canadian Neurophotonics Plat-
form Viral Vector Core Facility). DRGs were extracted from male
and female 8- to 10-week-old animals and incubated in HBSS con-
taining dispase (1.37 mg/ml, GIBCO) and collagenase II (1.08 mg/
ml, GIBCO) for 30 min at 37°C. After two washes in complete
medium [Ham's F-12 Nutrient Mixture, 10% (vol/vol) fetal
bovine serum, 2 mM L-glutamine, and 1% penicillin-streptomycin],
DRGs were mechanically dissociated using three fire-polished
Pasteur pipettes with sequentially decreasing diameters. The cells
were concentrated by centrifugation (1,000 rpm for 2 min), resus-
pended in culture medium, and plated on the glass bottom of the
35-mm dish precoated with a mixture of poly-p-lysine (100 pg/ml)
and laminin (10 pg/ml) in HBSS.

To identify nonpeptidergic cells, neurons were incubated with
IB4 Alexa Fluor 488 (3 pg/ml; Thermo Fisher Scientific) for 5
min and rinsed before recording. For experiments with IFNAR1
neutralizing antibody (Thermo Fisher Scientific) or a mouse I1gG1
kappa isotype control antibody (Thermo Fisher Scientific), anti-
bodies were incubated in the bath for at least 45 min at a concentra-
tion of 10 ug/ml (47).

Current clamp recordings

Recordings were performed from Na,1.8 tdTomato", IB4", and
<25-um-diameter dissociated DRG neurons, up to 48 hours after
plating. Whole-cell membrane voltages were recorded using a Mul-
ticlamp 700B amplifier (Molecular Devices) at room temperature
(24 £ 2°C). Data were sampled at 20 kHz and low pass filtered at
500 Hz. Patch pipettes (4 to 8 megohms) were pulled from borosi-
licate glass capillaries and fire polished. The intracellular solution
contained 130 mM K-gluconate, 10 mM Hepes, 5 mM EGTA, 3
mM Mg-ATP, and 0.4 mM GTP (pH 7.3). The extracellular solution
contained 150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 10
mM Hepes, and 10 mM p-glucose. pH and osmolarity were adjusted
to 7.4 and 300, respectively. Command current protocols were gen-
erated with a Digidata 1550B A/D interface (Molecular Devices).
Data were digitized using pCLAMP 10.3 (Molecular Devices).
Data analysis was performed using Clampfit 10.7 software.

Neurons were recorded under current clamp conditions and
held at —60 mV. Resting membrane potential (RMP) was obtained
at zero current, and cells with RMP less than —40 mV or those in
which the access resistance changed more than 25% from its initial
value during the recordings were excluded from analysis. Only cells
that responded to the current ramp test (at least one spike at 600 pA)
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were considered for future analysis. The liquid junction potential
(calculated to be +5.6 mV) was not corrected. A series of depolar-
izing square current injections (500 ms with a 2-s interval and 25-
PA increments) were used to measure action potential parameters
measured from the first action potential evoked. Input resistance
and the sag were measured by separate hyperpolarizing square
pulses at —20 pA and —80 pA, respectively. Number of spikes was
measured by injecting 1-s ramp currents from baseline up to
600 pA.

Fluorescent RNA in situ hybridization using RNAScope

Animals were perfused via the left cardiac ventricle with 10 ml of
0.1% NaNO, perfusion buffer, followed by 100 ml of 4% PFA in
0.1 M PB. The lumbar 3 to 5 DRGs were extracted and postfixed
in the same fixative solution at 4°C for 24 hours. DRGs were trans-
ferred to a cryoprotectant solution 24 hours later consisting of 10%
sucrose in PBS for 18 hours, followed by 20% sucrose in PBS for 18
hours, and lastly 30% sucrose in PBS for 18 hours. DRGs were em-
bedded in OCT (Thermo Fisher Scientific), sectioned at 14 um
using a Leica cryostat, and collected directly onto gelatin-subbed
histological slides. The RNAScope Multiplex Fluorescent V2
Assay (ACD Biosystems) was performed according to the ACD pro-
tocol for fixed-frozen tissue. DRG sections were hybridized with
three mRNA probes: Scnl0a (426011), Ifnbl (406531), and Ifnas
(471691). The fluorophores TSA Vivid 520, 570, and 650 were
used for labeling probes. DAPI (4’,6-diamidino-2-phenylindole)
was used for nuclear counterstaining, and slides were mounted
with ProLong Gold Antifade mounting medium (Life Technolo-
gies). Images were acquired on an LSM 880 confocal microscope
with 63/1.40 Oil DIC f/ELYRA. Stacks of 12 to 18 optical sections
(0.8-um step intervals) were reconstructed using ZEN Black soft-
ware (Zeiss). Images were analyzed using ImageJ (NIH) software.
For quantification, the number of puncta clusters corresponding
to overlapping mRNA molecules was counted for Ifnbl and Ifnas
probes. We analyzed 8 to 12 cells per animal (using the Scnl0a
probe marker for nociceptors), for a total of # = 3 animals per group.

Preparation of AAV9-CAG-DIO-GFP-mTRIM32-shRNAmir
AAV9-shRNA viral particles were prepared by Vector Biolabs. The
validated sequence targeting TRIM32 was 5'-GCT GTTCAGTGAA
GGACTCCATGCAGTTTTGGC CACT GACTGACTGCATGGA
CCTTCACTGAA CAG-3'.

Statistical analysis

All experimenters and data analysts were blinded to genotype and
treatment. No nested data were collected; only one observation per
research object. Student’s f test and two-way analysis of variance
(ANOVA) were used to analyze behavioral, immunohistochemistry,
electrophysiology, and Western blot experiments. All data are re-
ported as mean + SEM and analyzed using GraphPad Prism 8
(GraphPad Prism Software Inc., USA). The level of significance
was set a priori at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
< 0.0001.

Supplementary Materials
This PDF file includes:

Figs. S1to S3

Legend for data S1
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