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Development/Plasticity/Repair

The RNA-Binding Protein HuR Is Integral to the Function
of Nociceptors in Mice and Humans
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HuR is an RNA-binding protein implicated in RNA processing, stability, and translation. Previously, we examined protein
synthesis in dorsal root ganglion (DRG) neurons treated with inflammatory mediators using ribosome profiling. We found
that the HuR consensus binding element was enriched in transcripts with elevated translation. HuR is expressed in the soma
of nociceptors and their axons. Pharmacologic inhibition of HuR with the small molecule CMLD-2 reduced the activity of
mouse and human sensory neurons. Peripheral administration of CMLD-2 in the paw or genetic elimination of HuR from
sensory neurons diminished behavioral responses associated with NGF- and IL-6-induced allodynia in male and female mice.
Genetic disruption of HuR altered the proximity of mRNA decay factors near a key neurotrophic factor (TrkA). Collectively,
the data suggest that HuR is required for local control of mRNA stability and reveals a new biological function for a broadly
conserved post-transcriptional regulatory factor.
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Nociceptors undergo long-lived changes in excitability, which may contribute to chronic pain. Noxious cues that promote
pain lead to rapid induction of protein synthesis. The underlying mechanisms that confer specificity to mRNA control in noci-
ceptors are unclear. Here, we identify a conserved RNA-binding protein called HuR as a key regulatory factor in sensory neu-
rons. Using a combination of genetics and pharmacology, we demonstrate that HuR is required for signaling in nociceptors.
In doing so, we report an important mechanism of mRNA control in sensory neurons that ensures appropriate nociceptive
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responses to inflammatory mediators.

J

Introduction

Post-transcriptional regulation of mRNA permeates neuronal
plasticity (Wang and Tiedge, 2004; Costa-Mattioli et al., 2009).
mRNAs possess two untranslated regions (UTRs) on opposing
ends of the transcript. UTRs serve critical functions as reposito-
ries of information that is encoded by specific sequences and
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structural elements. RNA-binding proteins and regulatory RNAs
decode this information to enact precise control of mRNA export,
localization, translation, and stability. The biological functions of
RNA-binding proteins are pervasive. Their roles in pain associated
plasticity are increasingly expansive (Price et al., 2007; Bogen et al.,
2012; Sanna et al., 2015; Fong et al., 2016; Iida et al., 2016; Moy et
al., 2017; Sanna et al., 2017; Barragan-Iglesias et al., 2018; de la
Pefia and Campbell, 2018; Loerch et al., 2018; de la Pena et al,
2019; Borgonetti and Galeotti, 2021; Chase et al., 2022).

HuR is a paradigmatic RNA-binding protein. It was discov-
ered in Drosophila and designated embryonic lethal abnormal
vision (ELAV; Hinman and Lou, 2008). In mammals, it has been
implicated in a broad array of biological functions that span im-
munity, neurodegeneration, neurogenesis, and microglial activa-
tion following nerve injury (Diaz-Mufoz et al., 2015; Skliris et
al., 2015; Borgonetti and Galeotti, 2021; Osma-Garcia et al,
2021). HuR governs the cytoplasmic fate of specific transcripts
(Srikantan and Gorospe, 2012). It binds to AU-rich elements sit-
uated primarily in 3'UTRs. It generally promotes translation and
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mRNA stability (Lopez De Silanes et al., 2004; Lebedeva et al,,
2011; Mukherjee et al.,, 2011). Multiple mechanisms have been
reported to account for the regulatory effects of HuR. They
include modulation of miRNA-mediated repression, epigenetic
editing of transcripts, and regulated changes in shuttling between
the nucleus and the cytoplasm (Abdelmohsen et al., 2007; Hyeon
et al., 2009; Lafarga et al., 2009; Masuda et al., 2011; Filippova et
al.,, 2012; Al-Khalaf and Aboussekhra, 2014; Wang et al., 2014).
HuR is present in neurons and accumulates in dendrites follow-
ing seizure or cocaine treatment (Tiruchinapalli et al., 2008).
It associates physically with specific transmembrane receptors
linked to activity-dependent protein synthesis (Koppers et al.,
2019). An unresolved question is whether HuR plays a major
role in local translation.

Inflammatory mediators have profound effects on nascent
translation. Interleukin-6 (IL-6) and nerve growth factor (NGF) are
integral to inflammation-associated pain in humans and rodents
(Melemedjian et al., 2010; Barker et al., 2020; Sebba, 2021).
Peripheral administration of either is sufficient to induce pain-
associated behaviors (Melemedjian et al., 2010). Pharmacologic
inhibition of translation blocks pain amplification by both medi-
ators. Mechanistically, NGF and IL-6 increase translation and
stimulate the mammalian target of rapamycin (mTOR) and
mitogen-activated protein kinase (MAPK) pathways, albeit to
slightly different degrees (Melemedjian et al., 2010). We recently
applied ribosome profiling to primary DRG neurons treated
with NGF and IL-6 for 20 min (de la Pena et al., 2021a). Among
the hundreds of mRNAs with increased ribosome density were
Arc and Fos, two immediate early genes implicated in plasticity
(Bullitt, 1990; Lyford et al., 1995; Steward et al., 1998; Zhang et
al., 2006; Minatohara et al., 2015). Their induction hinges on the
activity of the downstream mTOR target ribosomal protein S6
kinase 1 (de la Pefia et al., 2021Db). These results provide a glimpse
into the mechanisms that underlie induced translation in sensory
neurons. Yet, it is unclear if information present in UTRs shapes
the translational response to inflammatory mediators.

We examined our prior ribosome profiling data for enrich-
ment of motifs in the 3'UTR of preferentially translated mRNAs
(de la Pena et al., 2021a). We focus on this region given its pervasive
involvement in the specification of mRNA fate. We found enrich-
ment of a U-rich element. Parallel efforts revealed the binding speci-
ficity of HuR using an unbiased functional genomics approach.
HuR binding elements are enriched in mRNAs whose translation is
increased by NGF and IL-6. HuR is expressed in most populations
of DRG neurons and is present in the soma and axons of nocicep-
tors. Pharmacologic inhibition of HuR decreased firing of mouse
DRG or human stem-cell-derived sensory neurons. Deletion of
HuR from sensory neurons blocked acute and persistent changes
in mechanical hypersensitivity following an inflammatory insult.
Similar results were obtained with a small molecule inhibitor.
Finally, genetic ablation of HuR diminished the amount of RNA
decay factors near the NGF receptor, TrkA (Wiesmann et al., 1999).
This observation suggests that HuR may ensure that localized popu-
lations of mRNA are maintained at appropriate levels required for
long-lived changes in nociceptor activity. Collectively, this work
reveals a role for HuR in the persistence of pain-associated behavior
triggered by inflammatory cues.

Materials and Methods

Experimental animals. All experimental procedures and animal care
were authorized by the Institutional Animal Care and Use Committee at
the University of Texas at Dallas and the University of Wisconsin—
Madison and were conducted according to the guidelines of the
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International Association for the Study of Pain. Swiss Webster (catalog
#Tac:SW, Taconic Biosciences) and C57BL/6 (catalog #C57BL/6NTac,
Taconic Biosciences) mice of both sexes were used. The HuR floxed
mice were obtained from The Jackson Laboratory (catalog #021431;
Ghosh et al., 2009). The Pirt cre mice were previously described (Kim et
al., 2008). Animals were provided with food and water ad libitum and
were housed in a humidity- and temperature-regulated vivarium.

Molecular cloning. The complete open reading frame of mouse HuR
(NP_034615.2) was amplified from ¢cDNA using Phusion DNA Poly-
merase (catalog #F-530XL, Thermo Fisher Scientific) using the following
PCR cycling conditions: an initial denaturation step (98°C for 360 s), subse-
quent denaturation steps (98°C for 30 s), annealing (55°C for 30 s), exten-
sion (72°C for 30 s), and a final extension step (72°C for 240 s). The core
iterative cycle was repeated for 30 cycles. The resulting fragment was sub-
cloned into the pGEX-4T vector (catalog #GE28-9545-49, Millipore Sigma)
at the Xhol site (catalog #R0146S, New England BioLabs) using Gibson as-
sembly (Gibson et al., 2009). The following primers were used for amplifica-
tion and recombination with pGEX-4T: 5'-GGATCTGGTTCCGCGTG
GATCCCCGGAATTCCCGGGTCGACTCATGTCTAATGGTTATGAAG
ACCACATG and 5'-GTCAGTCACGATGCGGCCGCTCATGAT
GATGATGATGATGCTCTTTGTGGGACTTGTTGGTTTTGAA. The
ligation was conducted at 50°C degrees for 1 h. The ligated products
were then transformed into cold-competent DH5« cells. Individual col-
onies were isolated based on ampicillin resistance and subject to valida-
tion using Sanger sequencing (Eurofins Genomics).

Protein purification. The BL21 codon plus strain of Escherichia coli
was transformed with pGEX-4T-HuR and grown on solid media supple-
mented with ampicillin and chloramphenicol at 37°C for 12 h. Individual
colonies were used to inoculate 5 ml starter cultures, which were grown to
saturation at 37°C for 14-16 h in media supplemented with ampicillin
and chloramphenicol. A 1.0 ml aliquot of the Lysogeny Broth (LB) starter
was used to inoculate 1.0 L of LB media supplemented with ampicillin
and chloramphenicol. The large-scale cultures were initially grown at 37°
C with shaking at 225 rpm for 4.5 h to an optical density of 0.5 at 600 nm.
The cultures were then incubated at 15°C for 1 h before induction of pro-
tein expression with the addition of IPTG (isopropylthio- 3 -galactoside)
to a final concentration of 0.5 mm (catalog #12481C, GoldBio). Expression
was continued for 16 h at 15°C with shaking at 200 rpm. Cells were har-
vested by centrifugation at 7500 x g for 30 min. The bacterial pellets were
resuspended in 35 ml of resuspension buffer containing 50 mm Tris-HCI,
pH 8.0 (catalog # MFCD00004679, Research Products International), 500
mum NaCl (catalog #523025-500.0, Research Products International), 5
mu dithiothreitol (DTT; catalog #DTT10, GoldBio), 0.2% NP-40 (catalog
#85124, Thermo Fisher Scientific), 5% glycerol (catalog 15514011, Thermo
Fisher Scientific), 1.0 mm EDTA (catalog #327211000, Thermo Fisher
Scientific), 20 mm B -mercaptoethanol (catalog #125470100, Thermo
Fisher Scientific), 1.0 mg/ml lysozyme (catalog #L-040-1, GoldBio),
1.0 mm phenylmethylsulfonyl fluoride (PMSF; catalog #P-470-10,
GoldBio), and Pierce Protease Inhibitor (catalog #A32963, Thermo
Fisher Scientific). The resuspended pellets were sonicated on ice with the
following settings: amplitude 70%, pulse on/off cycle for 3 s each for a
total time of 2 min. The lysate was then centrifuged at 28000 x g for
20 min at 4°C to obtain a clear supernatant. This was then layered on top
of 2.0 ml of pre-equilibrated glutathione S-transferase (GST) agarose
resin (catalog #G-250-5. GoldBio) in a polypropylene chromatography
column (catalog #7311550, Bio-Rad). The supernatant was allowed to
flow through the resin by gravity at 4°C. The columns were then washed
with 100 ml of wash buffer (50 mm Tris-HCl, pH 8.0 (catalog
#MFCDO00004679, Research Products International), 1 M NaCl (cata-
log # $23025-500.0, Research Products International), 5 mm DTT (cata-
log #DTT10, GoldBio), and 5% glycerol (catalog #15514011, Thermo
Fisher Scientific). Proteins were eluted in 4.0 ml of buffer containing
reduced glutathione (50 mm Tris-HC, pH 8.0; catalog # MFCD00004679,
Research Products International), 300 mm NaCl (catalog #523025-500.0,
Research Products International), 5 mm DTT (catalog #DTTI10,
GoldBio), 30 mM reduced glutathione (catalog #G-155-25, GoldBio),
and 5% glycerol (catalog #15514011, Thermo Fisher Scientific).
Dialysis of the eluted protein was done using snakeskin tubing (cata-
log #88245, Thermo Fisher Scientific) in 2 L of dialysis buffer (20 mm
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Tris-HCI, pH 8.0 (catalog # MFCD00004679, Research Products
International), 300 mm NaCl (catalog #523025-500.0, Research
Products International), 0.1 mm PMSF (catalog #P-470-10, GoldBio),
and 5% glycerol (catalog #15514011, Thermo Fisher Scientific).
Purified protein was concentrated to ~10 mg/ml using concentrator
columns (catalog #UFC901024, Millipore Sigma).

In vitro selection and high-throughput sequencing and sequence spec-
ificity landscapes. In vitro selection and high-throughput sequencing
and sequence specificity landscapes (SEQRS) was conducted using puri-
fied mouse HuR protein as described (Campbell et al., 2012; Lou et al,,
2017). Briefly, an initial RNA library was generated using AmpliScribe T7-
Flash Transcription Kit (catalog #NC1559453, Fisher Scientific) from 1.0 pg
of double-stranded DNA. Turbo DNase (catalog #AM2238, Thermo Fisher
Scientific) was used to remove the DNA template from the RNA library.
Two hundred nanograms of RNA was added to HuR (~100 nmole), im-
mobilized onto magnetic GST resin (catalog #78601, Thermo Fisher
Scientific). Binding reactions were conducted in 100 ul of SEQRS
buffer containing 50 mm HEPES, pH 7.4 (catalog #H4034-100G,
Millipore Sigma), 2 mm EDTA (catalog #327211000, Thermo Fisher
Scientific), 150 mm NaCl (catalog #523025-500.0, Research Products
International), 0.1% NP40 (catalog #85124, Thermo Fisher Scientific), 1.0
mum DTT (catalog # DTT10, GoldBio), 200 ng tRNA competitor (catalog
#AM7119, Thermo Fisher Scientific), and 0.1 U RNase inhibitor (catalog
#N2611, Promega). The combined samples were incubated for 30 min at
22°C before magnetic isolation of protein-RNA complexes. The resin was
subjected to four washes of 200 ul SEQRS buffer. After the final wash step,
the beads were incubated in elution buffer (1.0 mm Tris, pH 8.0; catalog
# MFCD00004679, Research Products International) containing 10 pmol of
the reverse transcription primer. Samples were heated to 65°C for 10 min
and then cooled on ice. The ImProm-II Reverse Transcription kit (catalog
#A3800, Promega) was used to obtain single-stranded DNA (ssDNA). The
ssDNA was amplified using GoTaq 2X Master Mix kit (catalog #M7123,
Promega). After sequencing, logos were generated using the MEME suite
(Bailey et al., 2015). To calculate the area under the curve, two likelihood
distributions were used. Data were partitioned into test and training sets.
The training sets were used to learn the data likelihood function. Using the
learned likelihoods and the test dataset, the receiver operating characteristic
(ROC) curve was formed for each fold. Finally, the ROCs were averaged
over the 10 folds. The total area under the curve was calculated based on a
trapezoidal approximation. Frequency distributions of SEQRS sequences in
cross-linking immunoprecipitation (CLIP) data were determined based on
histograms of cumulative distributions surrounding sites of productive
cross-linking across the genome as described (Campbell et al., 2014). The
CLIP was obtained from a previous work (Lebedeva et al., 2011).

Primary DRG culture. Swiss Webster mice (4-6weeks old) were
anaesthetized using isoflurane and euthanized via decapitation.
DRG were collected aseptically and placed in ice-cold HBSS (catalog
#14170112, Thermo Fisher Scientific). The collected tissue was enzymati-
cally dissociated with collagenase A (1.0 mg/ml; catalog #10103578001,
Millipore Sigma) for 25min at 37°C followed by collagenase D
(1.0 mg/ml; catalog #11088858001, Millipore Sigma) with papain
(30 U/ml; catalog #10108014001, Millipore Sigma) for 20 min at
37°C. DRGs were then triturated in a 1:1 mixture of 1.0 mg/ml
trypsin inhibitor (catalog #10109878001, Millipore Sigma) and
bovine serum albumin, then filtered through a 70 pm cell strainer (cat-
alog #431751, Corning). Cells were pelleted and resuspended in DMEM/
F12 with GlutaMAX (catalog #10565018, Thermo Fisher Scientific) con-
taining 10% fetal bovine serum (catalog #26140079, Thermo Fisher
Scientific) and 1.0% penicillin and streptomycin (catalog #15140122,
Thermo Fisher Scientific). A combination of 3 pg/ml 5-fluorouridine (cata-
log #F5130-100MG, Millipore Sigma) and 7 pig/ml uridine (catalog #U3750-
100G, Millipore Sigma) was added to the growth media to prevent prolifera-
tion of non-neuronal cells. The resuspended cells were evenly distributed
onto culture plates coated with poly-p-lysine (PDL; catalog #P6407-5MG,
Millipore Sigma) and incubated at 37°C in a humidified 95% air/5% CO,
incubator.

Human-induced pluripotent stem cell cultures and treatments. The
culture conditions for human-induced pluripotent stem cell (hiPSC)
sensory neurons and astrocytes were previously described (Chase et al.,
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2022). In brief, hiPSC astrocytes (catalog #BX-0600, BrainXell) were sub-
cultured in PDL-treated T75 flasks (catalog #156499, Thermo Fisher
Scientific) for 10d to allow for maturation. They were maintained in
DMEM/F-12 (Thermo Fisher Scientific, catalog #11330032), GlutaMAX
(catalog #35050061), neurobasal medium (catalog #21103049, Thermo
Fisher Scientific), N2 supplement catalog #17502048, Thermo Fisher
Scientific), fetal bovine serum (catalog #26140079, Thermo Fisher
Scientific), and astrocyte supplement (catalog #BX-0600, BrainXell).
hiPSC sensory neuron progenitors (catalog #ax0555-kit, Axol Bioscience)
were cocultured simultaneously with matured astrocytes on 0.1% polye-
thylenimine (PEL; catalog #408727-100ml, Sigma-Aldrich) and 25 pig/ml
laminin (catalog #L4544-100ul, Sigma-Aldrich) pretreated 48-well
multielectrode array (MEA) plates (catalog #M768-tMEA-48W, Axion
Biosystems) according to the Axol seeding protocol. Cultures were sub-
jected to 50% medium exchange every other day for 43 d using Axol
Neuronal Maintenance Medium supplemented (catalog #ax0031a,
Axol Bioscience) with NGF, NT-3, BDNF, GDNF, 1x penicillin-strep-
tomycin (catalog #15140122, Thermo Fisher Scientific), and ROCK in-
hibitor (Y27632; catalog #Y0503-1mg, Sigma-Aldrich).

Multielectrode arrays. MEA experiments were performed as de-
scribed previously with minor modifications (Barragan-Iglesias et
al., 2021). MEA plates (48 wells; catalog #M768-tMEA-48W, Axion
Biosystems) coated with 0.1% PEI (catalog #408727-100ml, Sigma-
Aldrich) and 20 pg/ml laminin (catalog #L4544-100ul, Sigma-Aldrich)
were used to support the growth of DRG neurons. Neuronal cells were
seeded onto these plates at 40,000 neurons per well in growth medium
supplemented with 5ng/ml GDNF (catalog #NBP2-61336-10ug, Novus
Biologicals). Cultures were grown at 37°C, 5% CO,, and 95% humidity.
Spontaneous extracellular recordings were conducted using an Axion
Maestro recording system (Axion Biosystems). Continuous recordings
were simultaneously collected from all 48 wells at a 12.5 kHz sampling
rate. Extracellular spikes were classified as filtered continuous data that
exceeded an adaptive threshold of =5.5 o based on 1 s snapshots of
root mean square (rms) noise. Active electrodes were defined as those
that recorded a minimum of one spike per minute during baseline
spontaneous extracellular recordings. Spontaneous neuronal activity
was recorded on alternate days. On the fifth day, neuronal activity was
recorded to confirm viability and obtain a stable spontaneous base-
line. MEA recordings were conducted on cultures with at least one
spontaneously active electrode per well between day in vitro 9 and 15.
Cultures were maintained at 37°C, 5% CO,, and 95% humidity
throughout the recording. Before the inclusion of any drugs, a 30 min
baseline recording was collected. For subsequent tests, only wells with
spontaneously activate electrodes were used. Following drug treat-
ment, samples were allowed to rest for 10 min before collecting 30
min recordings. Mean firing rates of each treatment group were nor-
malized to its baseline firing rate and presented as relative to the vehi-
cle group. For the hiPSC samples, spontaneous baseline recordings
were captured every alternate day to determine a stable activity base-
line for experiments. This was defined as three consecutive recordings
exhibiting no statistically significant change in either active electrode
yield or mean firing rate. For each new recording session, MEAs were
allowed to acclimate for 30 min with stage-top CO, and temperature
control. Extracellular action potential (EAP) recordings were con-
ducted for all electrodes and all wells simultaneously at a 12.5kHz
sampling rate. EAPs were detected using an adaptive threshold set to
5.5 o relative to the rms noise band. Threshold crossing time stamps
and associated waveforms were captured for further analysis. Mean
firing rates were calculated using Axion Neural Metric Tool software
and normalized to their respective baselines, acquired immediately
before treatment.

Immunocytochemistry. Cultured primary DRG neurons were plated
on eight-well chambered slides (catalog #12-565-8, Fisher Scientific).
Cultures were rinsed with ice-cold 1x PBS and fixed in ice-cold 4% PFA
(catalog #28906, Thermo Fisher Scientific) in 1x PBS for 20 min. The
cells were washed three times with 1x PBS under gentle agitation. Cells
were permeabilized with 0.3% Triton X-100 (catalog #T8787-250ml,
Millipore Sigma) in 1x PBS for 10 min. After three consecutive washes
with 1x PBS, slides were blocked with 10% NGS (catalog #005-000-121,
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Jackson ImmunoResearch) and 1% BSA (catalog #J10856.22, Thermo
Fisher Scientific) in 1x PBS for 1 h at room temperature. Primary anti-
bodies were diluted in blocking solution: peripherin (1:1000; catalog
#NBP1-05423, Novus Biologicals), GW182 (1:200; catalog #sc-56314,
Santa Cruz Biotechnology), and DCP1 (1:300; catalog #sc-100706, Santa
Cruz Biotechnology). Cells were incubated with primary antibodies at 4°
C, overnight in a humidified chamber. Following three consecutive
washes with 1x PBS, appropriate secondary antibodies were diluted in
blocking solution (Alexa Fluor, Invitrogen) and were applied for 1 h at
room temperature. Following additional 1x PBS washes, coverslips
were mounted with ProLong Glass (catalog #P36984, Thermo Fisher
Scientific).

Immunohistochemistry. Mice were anesthetized with isoflurane and
killed by cervical dislocation. Tissues (dorsal root ganglion, sciatic nerve,
and spinal cord) were flash frozen in Tissue-TeK optimal cutting tem-
perature compound (catalog #NC9806257, Fisher Scientific) on dry ice.
The tissues were processed into 20 um sections using a cryostat and
mounted onto SuperFrost Plus slides (catalog #22-037-246, Fisher
Scientific). Tissue sections were fixed with ice-cold 4% PFA (catalog
#28906, Thermo Fisher Scientific) in 1x TBS for 20 min at room tem-
perature. Following three consecutive washes with wash buffer (1x
TBS plus 0.025% Triton X-100), sections were permeabilized with 0.3%
Triton X-100 (catalog #T8787-250ml, Millipore Sigma) in 1x TBS for
10 min. Samples were then washed three times with wash buffer and
blocked for 2 h with Goat Anti-Mouse Fab Fragment (catalog #115-007-
003, Jackson ImmunoResearch) in 1x TBS in a humidified chamber at
room temperature. Sections were washed twice with wash buffer to
remove unbound Fab Fragments. The slides were blocked with 10%
NGS and 1% BSA in 1x TBS for 2 h in a humidified chamber at room
temperature. Primary antibodies were diluted in 10% NGS (catalog
#005-000-121, Jackson ImmunoResearch) and 1% BSA (catalog
#]10856.22, Thermo Fisher Scientific) in 1x TBS; ELAVL1 (1:100;
catalog #A-21277, Invitrogen), peripherin (1:1000; catalog #NBP1-
05423, Novus Biologicals), NF-200 (1:750; catalog #N4142, Sigma-
Aldrich), NeuN (1:1000; catalog #266004, Synaptic Systems), CGRP
(calcitonin gene related peptide polyclonal; 1:200; catalog #BML-
CA1134-0100, Enzo), Isolectin B4 (1:1000; catalog #121412, Invitrogen),
Beta-III-Tubulin (1:1000; catalog #302304, Synaptic Systems), GFAP
(1:1000; catalog #pa5-16291, Invitrogen), and IBA1 (1:500; catalog
#234009, Synaptic Systems). Slides were incubated with primary anti-
bodies at 4°C overnight in a humidified chamber. The slides were
washed three times with wash buffer. Appropriate secondary antibod-
ies (Alexa Fluor, Invitrogen) were diluted in blocking solution and
applied for 1 h at room temperature. Following additional 1x TBS
washes, coverslips were mounted with ProLong Glass (catalog #P36984,
Thermo Fisher Scientific).

Proximity ligation assay (PLA). Cultured primary DRG neurons
were plated on eight-well chambered slides (catalog #12-565-8,
Fisher Scientific). Proximity ligation assays were conducted using the
Duolink Proximity Ligation Assay kit (catalog #DU092101-1KT,
Thermo Fisher Scientific). Cultures were rinsed with ice-cold 1x PBS
and fixed in ice-cold 4% PFA (catalog #28906, Thermo Fisher Scientific) in
1x PBS for 20 min. The cells were washed three times with 1x PBS under
gentle agitation. Cells were permeabilized with 0.3% Triton X-100 (catalog
#T8787-250ml, Millipore Sigma) in 1x PBS for 10 min. After three consec-
utive washes with 1x PBS, cells were blocked with kit-provided blocking so-
lution for 1 h at 37°C. Primary antibodies were diluted in kit-provided
antibody diluent containing the following: ELAVL1 (1:100, catalog #A-
21277, Invitrogen), TrkA (1:200; catalog #06-574, Millipore Sigma), GW182
(1:200; catalog #sc-56314, Santa Cruz Biotechnology), DCP1 (1:300; catalog
#sc-100706, Santa Cruz Biotechnology) and peripherin (1:1000; catalog
#NBP1-05423, Novus Biologicals). The cells were incubated with pri-
mary antibodies overnight at 4°C. The subsequent steps for the assay fol-
lowed the guidelines from the manufacturer. On completion of the
assay, cells were stained with DAPI (1:5000) in 1x PBS, and coverslips
were mounted on the slides using ProLong Glass (catalog #P36984,
Thermo Fisher Scientific).

Image acquisition and data analysis. All images were acquired using
an Olympus FV3000 Laser Scanning confocal microscope on a 40x
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plus 1.5% (zoom) or 20X objective for imaging cells or tissues, respec-
tively. Z-projections for immunocytochemistry and proximity ligation
assay (PLA) images were obtained with FluoView (Olympus) software.
Image analysis was done using Fiji. PLA puncta were quantified for indi-
vidual cells. For quantification purposes, a region of interest was man-
ually drawn surrounding the soma of a peripherin-positive cell.
Background signal was subtracted using a rolling ball radius of six. A
threshold was applied before the image was converted to a mask. The
Analyze Particles tool was then used to count PLA puncta larger than
0.1 pm? with circularity >0.6. Florescence intensity was quantified using
the corrected total cell florescence method. Colocalization was calculated
using the plug-in JaCoP, and Pearson’s coefficient of correlation was
used.

NGF and IL-6 models of hyperalgesic priming. To investigate the role
of HuR in pain-associated behavior, we used the mouse model for hyper-
algesic priming originally developed by Reichling and Levine (2009).
In brief, calibrated von Frey filaments (catalog # 37450-275, Ugo
Basile) were used to measure the mechanical hypersensitivity of
mice. Mice were habituated in acrylic boxes with wire mesh floors
for 30 min. Von Frey filaments were applied on the hindpaw of
mice for 3 s, and using the up-down method, withdrawal thresh-
olds were calculated (Chaplan et al., 1994). Animals were injected
with either NGF (50 ng) or IL-6 (1.25ng) in 25 pl saline into the
right hindpaw. Measurements were made at various time points
post-NGF and IL-6 administration. On day nine, priming was
evoked with a subthreshold dose of PGE-2 (100 ng) by intraplantar
(i.pl.) injection into the ipsilateral hind paw (Kandasamy and
Price, 2015). All assignments of treatments and the measurements
were fully randomized. All behavioral observations were made by
experienced experimenters who were blinded to the experimental
conditions.

Data and statistical analysis. The data and statistical analysis comply
with the recommendations on experimental design and analysis in phar-
macology (Curtis et al., 2018). Data are presented as mean = SEM of at
least six animals per group. The sample size was estimated as n = 6 using
G*power (RRID:SCR_013726) for a power calculation with 80% power,
expectations of 50% effect size, with « set to 0.05. Exact numbers of sam-
ples per group are shown in the figure legends. GraphPad Prism version
9.0 (GraphPad Software, RRID:SCR_002798) was used for graph plot-
ting and statistical analysis. The Student’s ¢ test was used to compare two
independent groups. Statistical evaluation for three or more separate
groups was performed by one-way or two-way ANOVA, followed by
Sidak’s multiple-comparisons test, and the a priori level of significance
at 95% confidence level was considered at p < 0.05. Appropriate diag-
nostic statistics were conducted to ensure valid use of parametric
statistics.

Results

Preferentially translated transcripts harbor U-rich elements
Previously, we examined translation of mRNAs after a brief
treatment containing NGF and IL-6 (de la Pena et al,, 2021a).
Among the transcripts with increased translation, we performed
motif discovery in the 3'UTR using the MEME suite (Bailey et
al., 2015). We found that a U-rich element was significantly
enriched (Extended Data Fig. 1-1). The next challenge was to
identify factors that might decode this information in sensory
neurons. We elected to focus on HuR as a potential trans-acting
factor for three reasons. First, HuR has been implicated in the
stabilization and translational enhancement of targeted mRNAs
(Peng et al,, 1998; Mazan-Mamczarz et al,, 2003; Kumar et al.,
2021). Second, it generally binds to U-rich sequences situated in
the 3'UTR (Lebedeva et al., 2011; Mukherjee et al., 2011; Nadar
et al.,, 2011; Matoulkova et al., 2012). Third and finally, HuR has
been implicated in certain forms of plasticity in the CNS (He et
al,, 2019).

To define the specificity of HuR in an unbiased manner,
we capitalized on an in vitro selection and high-throughput
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Figure 1. An AU-rich element (ARE) recognized by HuR is enriched in the 3’UTR of transcripts preferentially translated by NGF and IL-6. A, A schematic of the SEQRS strategy. An RNA library
is generated from T7 transcription of a randomized DNA 20-mer (purple). The library is incubated with HuR immobilized to magnetic resin (solid green circles). RNA-protein complexes are iso-
lated following consecutive wash steps, and bound RNAs are eluted. The eluted RNA is reverse transcribed, and the T7 promoter is reintroduced through PCR. This process is
repeated for five rounds before Illumina-based high-throughput sequencing. B, A sequence logo generated from MEME (Bailey et al., 2015) using reads obtained
through SEQRS. €, A sequence specificity landscape plot for an enriched AU-rich motif obtained from SEQRS. All the data in the experiment were fit to the consensus
element UUWRUU. The inner ring represents perfect matches to that element in the observed data with concentric rings outward representing one mismatch per ring. The lack of
data in outer rings suggests that the consensus motif is highly enriched. D, Enrichment of the 300 most enriched 10-mer sequences for either HuR (green) or a set of random sequen-
ces (purple) in HuR CLIP binding sites (Lebedeva et al., 2011). The statistical comparison was made using the Wilcoxon—Mann—Whitney rank sum test. E, Receiver operating charac-
teristic curve analyses of the HuR motif. F, Enrichment of motifs in mRNAs with increased translation in response to inflammatory cues (de la Pefa et al., 2021a). A motif containing
poly(U) obtained from the prior ribosome profiling dataset is provided in Extended Data Figure 1-1. HuR (dark green) compared with a scramble motif (light green). Halo tag motif is
a motif-obtained protein tag only (control sample) from SEQRS. A motif obtained from mRNAs with increased translation.

sequencing method called SEQRS (Fig. 1A). This approach ~ LeGendre et al, 2013; Campbell et al., 2014; Weidmann et al,,
has been used to examine individual proteins, protein com-  2016; Lou et al., 2017; Barragan-Iglesias et al., 2018; Zhou et
plexes, and structured RNA elements and in defining the al, 2018; Qiu et al, 2019; Wolfe et al., 2020). In brief,
effects of mutations on specificity (Campbell et al, 2012;  recombinant HuR was immobilized on beads and incubated
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Figure 2.  HuR is expressed in most populations of sensory neurons. 4, HuR (yellow) is highly expressed in sensory neurons found in the DRG and colocalizes with NeuN (green), a pan-neuro-
nal marker. It also colocalizes with other neuronal markers that include NF-200 (a marker of large, myelinated neurons, cyan), CGRP (a marker of peptidergic neurons. red), peripherin (a marker
of unmyelinated neurons, magenta), and IB4 (a marker of nonpeptidergic neurons, blue). B, HuR (yellow) is highly expressed in the sciatic nerve and colocalizes with 3 -lll-tubulin (green), a
pan-neuronal marker. ¢, HuR (yellow) is also expressed in various cell populations found in the dorsal horn of the spinal cord. It colocalizes with NeuN (a pan-neuronal marker, green), GFAP
(a marker of astrocytes, cyan), and IBA1 (a marker for macrophages and microglia, magenta). The Pearson’s correlation coefficients are reported in the bottom right comer (4, B). Scale bars:
100 pum for full size image and 20 pum for zoomed image.
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10 Vehicle [ 0.01 uM 0.1 uM E1pM E10UM  NGF and IL-6 (de la Pefia et al., 2021a).

A search was conducted for the HuR
consensus or a mutant where the U bases
are switched to A bases. As additional
specificity controls, a background motif
found after sequencing RNAs found on
empty resin or a permutation of that
motif were used as search models. Both
the HuR motif and the U to A version of
that motif were enriched in transcripts
with increased translation following treat-

Analysis Baseline CMLD-2

Washout ments with NGF and IL-6 (Fig. 1F). This

Figure 3.  (MLD-2 causes a reduction in neuronal firing in hiPSC-derived sensory neurons. A, A schematic representation indicates that the 3'UTRs are A/U rich,
of the MEA experiment. Sensory neurons derived from hiPSCs are cultured on plates embedded with electrodes. Basal mean  consistent with their known composition.
firing rates were assessed, followed by treatments. Data were processed using the Axion Maestro software. B, Raster plots ~ Additionally, the HuR motif was highly
for representative single-electrode recordings of neuronal firing for baseline, CMLD-2 treated, and postwashout of (MLD-2  enriched, which is suggestive of a biochemi-
over a T min period in hiPSC-derived sensory neurons. The drug was washed out with a complete media exchange. , Drug a3l potential for regulatory interactions.
treatments consisted of either CMLD-2 (0.01, 0.1, 1, or 10 pm) or vehicle (0.1% DMS0). CMLD-2 inhibits baseline neuronal fir-

ing rates in hiPSC-derived sensory neurons in a dose-dependent manner. CMLD-2 at 10 um silenced firing, which was
restored on drug washout. Data represented are individual values with mean = SEM; n = 4; **p << 0.01, one-way ANOVA
followed by Tukey's post hoc test. Data obtained from murine DRG sensory neurons is provided in Extended Data Figure 3-1.

with a library containing a 20-nucleotide random region.
After incubation, unbound mRNAs were removed through
buffer exchange. The enriched pool was then reverse tran-
scribed and amplified so that the T7 promoter sequence was
reintroduced. The library was then transcribed again, and the
selection process was repeated for five rounds. Sequencing
was conducted using the Nextseq 500 Illumina platform. The
consensus binding element for HuR was generated from the top
300 most enriched 10-mer sequences using MEME (Fig. 1B; Bailey
et al,, 1995). It contains a U-rich element with modest enrichment
of a purine at position +4 in the five-base motif. This is reminiscent
of motifs reported previously (Ray et al., 2009; Lebedeva et al., 2011).
To visualize the enrichment of the consensus binding element to all
the 10-mers observed in our experiment, we generated a specific-
ity landscape (Fig. 1C). In this plot, all sequence permutations
that contain the HuR consensus (UUURUU) are plotted in the
inner ring. The outer rings contain increasing numbers of mis-
matches to the innermost seed sequence; that is, sequences with
up to three mismatches are depicted. The z-axis indicated the
number of reads for a given sequence normalized to the initial
library. The distribution of the data indicates that the consensus

HuR is expressed in most populations
of sensory neurons in the DRG

We sought to characterize the distribu-
tion of HuR throughout the Peripherial
Nervous System (PNS). We examined
the DRG, sciatic nerve, and spinal cord using immunohisto-
chemistry (Fig. 2). HuR is present in DRG neurons that
immunoreact with NeuN (Fig. 2A4). HuR also colocalized with
peripherin, a marker for small and medium diameter unmyeli-
nated sensory neurons that are mostly nociceptors (Crawford and
Caterina, 2020; Deshmukh et al,, 2016). HuR is also expressed in
CGRP-positive nociceptors, which are medium-diameter thinly
myelinated A fibers. HuR colocalized with NF200, a marker of
large diameter neurons with myelinated AB fibers and involved
in proprioception (Perry et al, 1991; Ishikawa et al, 2005;
Crawford and Caterina, 2020). HuR weakly colocalized with IB4,
a marker of nonpeptidergic neurons (Silverman and Kruger,
1990; Stucky and Lewin, 1999; Crawford and Caterina, 2020). In
the sciatic nerve (Fig. 2B), HuR colocalized with IB4 and CGRP.
We included an additional neuronal marker, B -III Tubulin, which
is useful for identification of afferent fibers. It was also colocalized
with HuR. This is notable as the existence of HuR within the sciatic
nerve fibers suggests that it might be involved in mRNA control at
local sites of protein synthesis. In the spinal cord, HuR is expressed
in neurons that immunoreacts with a NeuN antibody, (Fig. 2C) as
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well as astrocytes that express GFAP and
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microglia that express IBA1 (Ahmed et al,, M Vehicle
2007). The data indicate that HuR is [CINGF + Vehicle [CINGF + CMLD-2 (0.3ug)  [C]1L-6 + Vehicle [ IL-6 + CMLD-2 (0.3ug)
broadly expressed and is present in the [INGF + CMLD-2 (1pg)  IINGF + CMLD-2 (3pg) [ IL-6 + CMLD-2 (1pg) [ IL-6 + CMLD-2 (3ug)
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Pharmacological inhibition of HuR
leads to silencing of neuronal firing
To determine what role, if any, HuR
plays in nociceptor function, we capi-
talized on an inhibitor of HuR, CMLD-
2, that prevents its physical association
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The inclusion of the latter improves the
stability, activity, and differentiation of the

sensory neurons. Spontaneous firing in  Figure 4.
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Inhibition or conditional knockout of HuR alleviates NGF or IL-6 induced mechanical hypersensitivity. NGF or IL-6

human sensory neurons correlates with
pain in humans (Kleggetveit et al., 2012;
North et al., 2022). The modest sponta-
neous activity observed in the hiPSC
model was reduced by CMLD-2 in a
dose-dependent manner (Fig. 3B,C).
Interestingly, CMLD-2 at a concentra-
tion of 10 um leads to a dramatic reduc-
tion in firing. We found that this was
reversable, as activity did not signifi-
cantly differ from the vehicle-treated

was injected into the hindpaw of mice. Mice were habituated, and withdrawal threshold was determined using calibrated von
Frey filaments at various time points postinjection. After recovery of baseline threshold, a subthreshold dose of PGE-2, i.pl., was
injected into the hindpaw of mice. Withdrawal threshold was again measured for various time points postinjection. A, CMLD-2
attenuated NGF (left), and IL-6 (right) induced mechanical hypersensitivity during the acute and priming phase in male mice.
CMLD-2 was coinjected with NGF or IL-6. Data are presented as means = SEM; n = 10 animals per group; *p << 0.05, **p <
0.01, ***p << 0.001, ****p < 0.0001, two-way ANOVA with Sidak's multiple-comparisons test (NGF data, vehicle vs CMLD-2,
Fis.409 = 14.77, p < 0.0001; IL-6 data, vehicle vs CMLD-2, Fg 405 = 22.27, p << 0.0001). B, Genetic ablation of HuR from sen-
sory neurons attenuated NGF (left), and IL-6 (right) induced mechanical hypersensitivity during the acute and priming phase in
male mice. Data are presented as means = SEM; n = 6/8 animals per group; *p << 0.05, **p << 0.01, ***p << 0.001,
**¥p < 0.0001, two-way ANOVA with Sidak’s multiple-comparisons test (NGF data, wild-type vs HuR KO, F(3163) = 89.93,
p < 0.0007; IL-6 data, wild-type vs HuR cKO, Fiy163) = 79.39, p << 0.0001). Data are provided for female mice in Extended
Data Figure 4-1. Validation of the HuR conditional knockout is provided in Figure 4-2.

group following washout of the CMLD-

2. We repeated these experiments in pri-

mary cultures obtained from murine DRGs and observed qualita-
tively similar results (Extended Data Fig. 3-1A,B). Collectively,
these data indicate that the responsiveness of sensory neurons to
HuR inhibition is similar between mice and human models.

Disruption of HuR reduces mechanical hypersensitivity in
mice

A standard approach for assessment of allodynia in mice and
humans involves quantification of mechanical withdrawal
thresholds after application of a von Frey filament. In our assays,
filaments of various thickness are applied to the hindpaw until
paw flinching is observed. A sufficient amount of force is applied
to induce bending of the filament. Based on the gauge of the fila-
ment, the amount of force required to elicit a behavioral response
can be quantified. Under baseline conditions (no stimuli), ~1.0-
1.5 g of pressure is required to trigger a withdrawal. Noxious
cues can result in heightened sensitivity. When paired to ei-
ther pharmacologic or genetic perturbations, changes in
withdrawal threshold can be interpreted as either analgesic

(increased withdrawal threshold) or allodynic (decreased withdrawal
threshold). Intraplantar injections to the hindpaw with inflammatory
mediators (NGF and IL-6) lead to a reduction in withdrawal thresh-
old and increased mechanical hypersensitivity. After resolution of
the initial stimuli, a subthreshold injection of PGE-2 (100 ng) results
in prolonged hypersensitivity. A similar treatment has only a tran-
sient effect in naive mice. This is referred to as hyperalgesic priming
and is used as a model of the transition from acute pain to chronic
pain (Ferrari et al., 2015; Kandasamy and Price, 2015).

To determine whether transient inhibition of HuR diminishes
priming, CMLD-2 was injected with either NGF or IL-6. In both
cases, we found that mechanical hypersensitivity was decreased
in a dose-dependent manner in male mice with a peak effect at
3 ug (Fig. 4A). We repeated these experiments in female mice at
the 3 pg dose and observed a similar outcome with both stimuli
(Extended Data Fig. 4-1A). In both sexes, we found that CMLD-
2 caused significant reduction in mechanical hypersensitivity in
both the acute and primed phase. This suggests that an HuR in-
hibitor diminishes nociceptive responses to inflammatory media-
tors and is not sexually dimorphic.
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Figure 5. Assodiation of HuR with the TrkA receptor in cultured mouse DRG neurons decreases TrkA interactions with DCP1a and
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localize proteins of interest. Oligo-conjugated secondary antibodies bind their primary targets. Ligation is used to generate a replica-
tion template for rolling circle replication. Dye-conjugated DNA probes hybridize the amplified products and enables quantification of
protein—protein proximity. B, Genetic loss of HuR increases TrkA—GW182 association in peripherin-positive neurons. Peripherin is
strained in magenta and DNA stained with DAPI is shown in blue. Yellow indicates the PLA signal. Scale bars: 10 zem. €, Genetic
loss of HuR increases TrkA—DCP1a association in peripherin-positive neurons. D, Quantification of PLA puncta per square micrometer
among TrkA and Ago2, GW182, or DCP1a in wild-type and HuR cKO cultured mouse DRG neurons. Each data point is the total num-
ber of PLA puncta within one cell. Data are presented as means == SEM; n = 34-37 cells per group; **p << 0.01 ***p << 0.001,
two-tailed Student’s ¢ test with Welch's correction (GW182 data, wild type vs HuR KO, t = 3.390, df = 61.48; D(P1a data, wild
type vs HuR KO, t = 3.518, df = 60.04). Quantification of the HuR-TrkA interaction by PLA and total levels for GW182 and DCP1a
are provided in Extended Data Figure 5-1.

We next asked whether neuronal HuR is important for be-
havioral responses to noxious stimuli. To address this question,
we generated a mutant animal where a floxed HuR is deleted
from sensory neurons using expression of Cre recombinase
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driven by the DRG neuron-specific Pirt
promoter (Kim et al., 2008; Ghosh et al.,
2009). We refer to the resulting strain as
the HuR conditional knockout (cKO).
To validate the HuR ¢KO, immunohisto-
chemical analyses were conducted on DRG
tissues. The amount of HuR reactivity was
diminished significantly (Extended Data
Fig. 4-2). Next, we examined whether me-
chanical hypersensitivity was reduced in
these animals. Indeed, hyperalgesic priming
by NGF and IL-6 was disrupted following
removal of HuR from sensory neurons in
both male (Fig. 4B) and female (Extended
Data Fig. 4-1B) mice. These results suggest
that HuR expressed specifically in sensory
neurons contributes to mechanical hyper-
sensitivity induced by inflammatory media-
tors in both sexes.

Loss of HuR alters the proximity of
repressive factors and TrkA

To better understand the mechanistic
basis for insensitivity of HuR ¢KO mice
to inflammatory mediators, we asked
whether factors that repress mRNA sta-
bility and translation are abnormally
distributed. We reasoned that because
HuR antagonizes factors involved in
mRNA repression, their accumulation
near sites of receptor proximal transla-
tion might be altered in the absence of
HuR (Kundu et al., 2012). We focused
specifically on TrkA because it is the re-
ceptor for NGF and colocalizes with
HuR (Extended Data Fig. 5-1A). To
quantify the interaction between TrkA
and RNA-binding proteins, we make use
of PLAs (Soderberg et al., 2006; Fig. 5A).
In these experiments, interactions between
proteins within 40 nm are detected using a
pair of antibodies. We examined two fac-
tors implicated in mRNA destabilization
and translational repression—GW182 and
Dcpla. HuR displaces the miRNA-in-
duced silencing complex (miRISC; Kundu
et al, 2012). GW182 is a component of
the miRSC. It represses translation and
stimulates shortening of the poly(A)
tail (Braun et al., 2011; Chekulaeva et
al.,, 2011). An important consequence
of deadenylation is decapping (Behm-
Ansmant et al, 2006; Chekulaeva et al,
2011). The latter is catalyzed by the Dcpl/
Dcp2 complex. We found that the amount
of GW182 and Dcpla near TrkA was sig-
nificantly increased following genetic loss
of HuR (Fig. 5B-D). Importantly, loss of
HuR did not change the total abundance
of either GW182 or Dcpla (Extended

Data Fig. 5-1B-D). Collectively, these results suggest that HuR
antagonizes mRNA repression near TrkA.
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Discussion

Four major findings emerged from this work. First,
HuR is broadly expressed in the DRG and is pres-
ent in the soma and axons of nociceptors. Second,
inhibition of HuR reduces nociceptor activity in

Kunder, de la Pefia et al. @ HuR Contributes to Nociception

NGF NGF

‘ ‘
URREBEEEE TrkA RIWEEED UWREGEEEE kA RIVREEE
—

both human and mouse sensory neurons. Third, GW182 m
genetic elimination or transient inhibition of ™
HuR robustly attenuates pain associated behav- < GW182
Y P @— CDS — ——AAA @— DS — ——AAA

iors in male and female mice. Fourth and finally,
the localization of mRNA repressive factors near
TrkA is abnormal following loss of HuR. We dis-
cuss the implications of each observation in turn.

Plasticity in nociceptors hinges on precise con-
trol of translation. RNA-binding proteins play inte-
gral roles in the control of mRNA fate. Nociceptors
are an attractive system for probing the role of RNA-binding
proteins in activity-dependent mRNA control. Afferent nerve
fibers are among the largest in the human body, and long-lived
changes in their excitability evoked by noxious cues hinge on
de novo protein synthesis (Melemedjian et al., 2010; Ferrari et
al., 2013; Barragan-Iglesias et al., 2018; Chase et al., 2022). We
previously examined translation in DRG neurons treated with
inflammatory mediators using ribosome profiling and noted
enrichment of a U-rich sequence the 3" UTRs of preferentially
translated mRNAs (de la Pefia et al, 2021a). In parallel, we
identified a consensus binding element for HuR using selection
and high-throughput sequencing that is similarly enriched in
uridines. This suggested that HuR might play a role in post-
transcriptional responses to inflammatory cues. A major caveat
to these observations is the fact that multiple RNA-binding pro-
teins recognize a similar element. For instance, there are three
members of the Hu family (HuB/Hel-N1, HuD, and HuC) that
are present in neurons and bind AU rich elements (Park et al.,
2000). HuR has been linked to the production of inflammation
mediators in a neuropathic pain model (Sorge et al., 2022). Yet,
its roles in peripheral neurons are unclear. A major goal of this
work was to ask specifically whether HuR is present in nocicep-
tors and if it is important to their function.

HuR is expressed in most populations of sensory neurons and
nerve fibers. HuR was highly expressed in the nucleus of sensory
neurons. It was also present in the cytoplasm and in the sciatic
nerve. A key question moving forward is if HuR localization is
modulated by noxious cues in nociceptors. There are several
pathways that could potentially affect HuR localization and func-
tion. Phosphorylation of HuR by p38 MAPK results in increased
cytoplasmic retention and stabilization of mRNA targets
(Lafarga et al., 2009). NGF stimulates p38 MAPK (Ji et al.,,
2002). The translational targets of p38 MAPK are largely
unknown with the notable exception of TRPV1. Inhibition
of p38MAPK diminishes inflammation-induced thermal
hypersensitivity in rodents and neuropathic pain with an
inflammatory component in humans (Melemedjian et al.,
2010; Anand et al., 2011). Is HuR a mechanistically relevant
target of p38 MAPK for pain? Although we do not know the
answer, our HuR conditional knock-out model provides a
means to test this hypothesis.

Sensory neurons are pivotal to nociceptive sensitization.
Local protein synthesis in either the terminals of nociceptors or
distal axons appears to be essential for long-lived changes in their
excitability (Obara et al.,, 2012). These changes are believed to
underlie hypersensitivity to mechanical and thermal cues, a hall-
mark of acute and chronic pain. Despite the importance of mal-
adaptive nociceptive plasticity, the underlying mechanisms are

Figure 6.

A model for the mechanism of HuR in sensory neurons. HuR is found near TrkA. We propose that
one function of HuR is to prevent the association of repressive factors such as DCP1a and GW182 with receptor
proximal transcripts. Deletion of HuR results in increased amounts of repressive factors with TrkA and may trig-
ger precocious repression or destabilization of a subset of receptor proximal mRNAs.

poorly understood. Structural features ubiquitously present on
mRNA, specifically the m7G cap and poly(A) tail, appear to be
critical (Ferrari et al., 2013; Moy et al., 2017; Barragan-Iglesias et
al., 2018; Ashraf et al., 2019). Astonishingly little is known about
post-transcriptional regulatory factors in this context. An excep-
tion is the cytoplasmic polyadenylation element binding protein
(CPEB1). It is involved in stimulation of translation via recog-
nition of cis-acting elements situated in the 3'UTR and has
been linked to nociceptive pain (Bogen et al., 2012). Another is
DICER, a dsRNA ribonuclease that is required for the matura-
tion of most miRNAs. Loss of DICER results in diminished me-
chanical sensitivity to inflammatory insults (Zhao et al., 2010).
The data we present on HuR contributes to a growing body of
literature that identifies factors involved in mRNA control as
important for pain signaling (Wistrom et al., 2022). An exciting
area of pharmacology is the growth of compounds that act on
RNA-binding proteins. This work capitalizes on one such com-
pound and underscores the potential utility in disrupting RNA-
binding proteins for reduction of inflammation-associated pain
(Wu et al., 2015; de la Peiia and Campbell, 2018). We also iden-
tify HuR as important for the activity of hiPSC-derived noci-
ceptors. This is, to the best of our knowledge, the first example
of an RNA-binding protein that regulates nociceptor activity in
humans. A key question moving forward is understanding if
the targets of HuR are similarly maintained.

A major feature of local protein synthesis is engagement of
receptors by extracellular cues and subsequent stimulation of
translation. Intriguingly, there is significant variation in the
identity of RNA-binding proteins near different receptor
types (Koppers et al., 2019). These couplings might provide a
means to localize specific populations of mRNA to the sites
where they will eventually be translated. Another potential
outcome from variation in receptor-RNA-binding protein
interactions is precise regional control of mRNA stability
and translational efficiency. We found that deletion of HuR
from sensory neurons led to an increase in GW182 and Dcpl
near the NGF receptor, TrkA (Wiesmann et al., 1999). We
propose a model for HuR function where it protects pronoci-
ceptive mRNAs near sites of local translation (Fig. 6). In the
absence of HuR, abnormal repression may prevent nocicep-
tive plasticity and abnormal behavioral responses. This raises
the logical question of what are the relevant transcripts? HuR
binds ~3500 targets in HeLa cells (Lebedeva et al., 2011). A
major challenge moving forward will be mapping these inter-
actions in nociceptors with the ultimate goal of understand-
ing which are biologically important.

In summary, we have identified a conserved RNA-binding
protein that plays an important role in nociceptor activity and
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pain-associated behavioral responses. Given the paucity of infor-
mation regarding the identity and function of RNA-binding pro-
teins in nociceptive neurons, this work contributes new insights
into the complex and vital roles of post-transcriptional control in
pain signaling.
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