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A peptide encoded within a 59 untranslated region
promotes pain sensitization in mice
Paulino Barragan-Iglesiasa,b, Nikesh Kunderc, Andi Wanghzoua, Bryan Blackd, Pradipta R. Raya, Tzu-Fang Louc,
June Bryan de la Peñac, Rahul Atmaramanid, Tarjani Shuklac, Joseph J. Pancraziod,e, Theodore J. Pricea,e,
Zachary T. Campbellc,e,*

Abstract
Translational regulation permeates neuronal function. Nociceptors are sensory neurons responsible for the detection of harmful
stimuli. Changes in their activity, termed plasticity, are intimately linked to the persistence of pain. Although inhibitors of protein
synthesis robustly attenuate pain-associated behavior, the underlying targets that support plasticity are largely unknown. Here, we
examine the contribution of protein synthesis in regions of RNA annotated as noncoding. Based on analyses of previously reported
ribosome profiling data, we provide evidence for widespread translation in noncoding transcripts and regulatory regions of mRNAs.
We identify an increase in ribosome occupancy in the 59 untranslated regions of the calcitonin gene-related peptide (CGRP/Calca).
We validate the existence of an upstream open reading frame (uORF) using a series of reporter assays. Fusion of the uORF to a
luciferase reporter revealed active translation in dorsal root ganglion neurons after nucleofection. Injection of the peptide
corresponding to the calcitonin gene-related peptide–encoded uORF resulted in pain-associated behavioral responses in vivo and
nociceptor sensitization in vitro. An inhibitor of heterotrimeric G protein signaling blocks both effects. Collectively, the data suggest
pervasive translation in regions of the transcriptome annotated as noncoding in dorsal root ganglion neurons and identify a specific
uORF-encoded peptide that promotes pain sensitization through GPCR signaling.

Keywords: uORF, Nociceptor plasticity, Calca/CGRP, Pain, Translational control, Peptide

1. Introduction

Translational regulation pervades neuronal plasticity.21,51

mRNAs possess 2 untranslated regions that flank the coding
sequence—the 59 and 39 untranslated region (UTR). Both
serve as repositories for regulatory information that influence
every aspect of mRNA function. The 59 UTR is a key
determinant of translational efficiency.62 Secondary struc-
tures present in the 59 UTR can inhibit ribosome scanning
preventing efficient formation of the preinitiation complex.4,47

A subset of mRNAs contain upstream open reading frames
(uORFs) in their 59 UTRs.36 Translation of uORFs generally
comes at the expense of the main reading frame, although
reinitiation has been observed.2,5,29,83 Utilization of uORFs
influences translation of oncogenic mRNAs and immune
genes.71,74,82 Far less is known regarding the role of uORFs in
neuronal plasticity.

Inflammatory mediators that promote pain can also in-
fluence translation.57 For example, nerve growth factor (NGF)
activates the mammalian target of rapamycin (mTOR) kinase in
nociceptors. Because mTOR indirectly controls the availability
of the cap-binding protein eIF4E, NGF increases translation
specifically at the step of initiation.33 Cytokines such as
interleukin 6 (IL-6) promote nociceptor sensitization through
the mitogen-activated protein kinase (MAPK) pathway.56

Interleukin 6 stimulates MAP kinase-interacting kinases
(MNK1/2) that in turn phosphorylate eIF4E at a single site
(serine 209).59 Pharmacologic reduction or genetic elimination
of eIF4E phosphorylation yields insensitivity to pain-associated
behaviors caused by NGF or IL-6.59 Thus, NGF and IL-6
collectively shape nascent protein synthesis through distinct
mechanisms that converge on eIF4E.56 It is unclear if nascent
translation in noncoding transcripts or regions of mRNA is
impacted by inflammatory mediators that cause nociceptor
sensitization.

Signaling peptides are prominent in pain and are meticu-
lously controlled. Particularly relevant to this work is the

calcitonin gene-related peptide (CGRP). Alternative splicing

of the Calca gene gives rise to processed mRNAs encoding
either calcitonin in the thyroid or the CGRP in the nervous
system.1,63 Calcitonin gene-related peptide is among the
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most intensely studied peptide neurotransmitters. Calcitonin
gene-related peptide is predominantly located in Ad and C-
afferent fibers and is exocytosed in response to noxious
stimuli.24,25,32,49,65 In addition to its role in the somatosen-
sory system, CGRP is a potent vasodilator.11,65 Calcitonin
gene-related peptide receptors are Gs-protein coupled and
are located primarily in the central nervous system, vascula-
ture, and macrophages.6,65 Anti-CGRP antibodies have
emerged as therapeutics for migraine.79 This underscores
the importance of CGRP as a nociceptive mediator.

We previously applied ribosome profiling39 to dorsal root
ganglion (DRG) neurons isolated from adult mice.8 Here, we
comprehensively identify dynamic sites of translation in
noncoding RNAs and regulatory regions of mRNA. We find
a unique set of uORFs that are differentially used in cultured
DRG neurons. We focus on a single uORF encoded by Calca.
The uORF is repressive with respect to a downstream coding
sequence (CDS). The uORF is translated in the context of the
endogenous 59 sequence context when fused to a luciferase
gene. We find that a novel peptide corresponding to the
CGRP uORF promotes mechanical hypersensitivity and
sensitization of nociceptors. Intriguingly, inhibition Ga2q
signaling blocks the nociceptive action of CUP. This suggests
that the relevant but unknown receptor is a GPCR. Collec-
tively, these findings uncover a role for uORF translation in
nociceptor plasticity and suggest novel targets for the
disruption of pain signaling in the periphery.

2. Methods

2.1. Experimental model and subject details

In vitro (ribosome profiling and reporter assays) and behavioral
experiments were performed using wild-type male Swiss
Webster mice (4-6 and 8-12 weeks old, respectively) purchased
from Taconic laboratories. Moreover, multielectrode array (MEA)
recording experiments were performed using 4- to 6-week-old
ICR/CD1 mice. Animals were housed with a 12 hours light/dark
cycle and had food and water available ad libitum. All animal
procedures were approved by Institutional Animal Care and Use
Committee at the University of Texas at Dallas and were in
accordance with the International Association for the Study of
Pain guidelines.

2.2. Ribosome profiling cultures, library generation,
and sequencing

The library generation and sequencing were previously
performed.8 Dorsal root ganglia (C1-L5) were excised from
10 Swiss Webster mice per replicate and placed in chilled
Hanks’ balanced salt solution (HBSS; Invitrogen, Waltham,
MA). After dissection, DRG were enzymatically dissociated
with collagenase A (1 mg/mL, Roche, Basel, Switzerland) for
25 minutes and collagenase D (1 mg/mL, Roche) with papain
(30 U/mL, Roche) for 20 min at 37˚C. Dorsal root ganglia were
then triturated in a 1:1 mixture of 1 mg/mL of trypsin inhibitor
(Roche) and bovine serum albumin (BioPharm Laboratories,
Bluffdale, UT), then filtered through a 70 mm cell strainer
(Corning). Cells were pelleted, then resuspended in DRG
culture media: DMEM/F12 with GlutaMAX (Thermo Fisher
Scientific, Waltham, MA) containing 10% fetal bovine serum
(FBS; Thermo Fisher Scientific), 1% penicillin and

streptomycin, 5 ng/mL of NGF, and 3 mg/mL of 5-
fluorouridine with 7 mg/mL of uridine to inhibit mitosis of
nonneuronal cells. Cells were evenly distributed in 3 poly-D-
lysine-coated culture dishes (100 mm diameter) (BD Falcon,
Bedford, MA) and incubated at 37˚C in a humidified 95% air/
5% CO2 incubator. DRG culture media was changed every
other day, and cells were treated with NGF (20 ng/mL) and IL-
6 (50 ng/mL) at day 6 for 20 minutes, followed by addition of
emetine (50 mg/mL) for 1 minute to protect the ribosome
footprints.

2.3. Library generation and sequencing

Library generation and sequencing Libraries consisting of

ribosome bound RNA fragments were generated as de-

scribed with minor adjustments in the composition of the

polysome lysis buffer (20 mM Tris-HCl, pH 7.5, 250 mM

NaCl, 15 mM MgCl2, 1 mM DTT, 0.5% (vol/vol) Triton X-100,

2.5 U/mL DNase I, 40 U/mL RNasin, and 50 mg/mL

emetine).37,39 MicroSpin S-400 columns (GE Healthcare,

Chicago, IL) were used to isolate ribosome bound RNAs.

After rRNA was removed using the RiboCop rRNA depletion

kit (Lexogen, Vienna, Austria), footprints were dephosphory-

lated then size selected (28-34 nt) by PAGE on 15% TBE-

Urea gels (Bio-Rad, Hercules, CA). Footprints were gener-

ated by SMARTer smRNA-Seq kit for Illumina (TaKaRa). RNA

abundance was quantified using the QuantSeq 3ʹ mRNA-

Seq library kit (Lexogen). The concentrations of purified

libraries were quantified using Qubit (Invitrogen), and the

average size was determined by a fragment analyzer with

high sensitivity NGS fragment analysis kit (Advanced

Analytical Technologies Inc, Orangeburg, NY). Libraries

were then sequenced on an Illumina NextSeq 500 sequencer

using 75-bp single-end high output reagents (Illumina). After

sequencing, files were downloaded from a BaseSpace

onsite server. An Initial quality check was conducted using

FastQC 0.11.5 (Babraham Bioinformatics, Cambridge,

United Kingdom). Adapters were subject to trimming based

on adapter sequences. Mapping was conducted with

TopHat 2.1.1 (with Bowtie 2.2.9) to the mouse reference

genome (NCBI reference assembly GRCm38.p4) and refer-

ence transcriptome (Gencode vM10). Strand orientation was

considered during the mapping process. Processed bam

files were quantified for each gene using Cufflinks 2.2.1 with

gencode.vM10 genome annotation. Read counts were not

normalized by length by using the Cufflinks option—no–

length–correction. Relative abundance for the ith gene was

determined by calculating transcripts per million (TPM)

values as follows:

TPMi ¼ 106 3
ai

+j

�
aj
�;

where aj is the Cufflinks reported relative abundance. Finally,
TPM values were normalized to upper decile for each biological
replicate, and upper decile TPM (udTPM) values were used for
analysis,34 to provide uniformprocessing for sampleswith varying
sequencing depth.
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2.4. Fragment length organization similarity scores

All of the samples from either the control group (4 replicates) or
plasticity treatment group (4 replicates) were pooled to increase
sequencing depth (GEO accession number: GSE117043).
Fragment length organization similarity scores (FLOSSs) were
calculated according to the following equation defined by40:

where Distribution1read length refers to the FLOSS distribution for a
given region or transcript class. Distribution2read length is the
distribution of the CDS regions in aggregate and serves as the
reference sample for coding potential. The cutoff for the CDS
FLOSS was interpolated from the 95th percentile of the FLOSSs
(using a slottedwindowbetween 0 and 3.9with increments of 0.3).

2.5. Upstream open reading frame detection

To define uORFs, the gencode mouse genome mm10
(GRCm38) was scanned for the standard (ATG) and de-
generate start codons (NTG) with in frame stop codons 4 to 50
amino acids downstream. Three criteria were used to filter
uORFs. First, the sum of the base-wise coverage (SBWC) for a
given uORF had to exceed 0.01% of the total mapped reads in
the corresponding condition. Second, to account for unifor-
mity of the read distribution at the initiation site, the base-wise
coverage for the first 15 bp of the uORF was constrained to be
between 50% and 150% of the average base-wise coverage of
these 15 bp. Finally, because ribosomes accumulate at the 59
end of bona fide initiation sites, the SBWC within 15 bp of the
initiation site was constrained to a minimum of 33% of the
SBWC of the uORF.

2.6. Reporter assays

TheCalca 59UTRwas cloned upstream of a firefly luciferase gene
using Gibson assembly in a PGL4.13 vector (Promega, Madison,
WI).31 Site-directed mutagenesis was used to generate uORF
mutants that lacked coding potential with the following primer set
(59 accgcttcgcaagcaccccctggctccatcaggatc and 59 gatcctgatg
gagccagggggtgcttgcgaagcggt).

The entire uORF sequence with a CTG/TGA start codon and a
mutated stop codon (GGG) was fused to a firefly luciferase gene
having a mutated start codon (GGG). The entire insert was Gibson
cloned into a pCDNA3—9XMyc vector. Before electroporation,
DRG from the C1-L5 spinal segment were excised aseptically and
placed in chilled HBSS (Invitrogen). Dorsal root ganglia were
enzymatically digested and triturated as described above. Cells
were then pelleted through centrifugation, counted on a hemocy-
tometer using trypan blue, and then resuspended in DRG culture
media. The P3—Primary Cell 4D—Nucleofector X Kit (Lonza) was
used to nucleofect the firefly luciferase and renilla luciferase
constructs into DRG neurons per manufacturer’s instructions. The
nucleofected cellswere thenplated on to a poly-D-lysine-coated 96-
well plate inDRGculturemedia.Cultureswere incubated at 37˚C in a
humidified 95% air/5% CO2 incubator for 2 days. The Dual-
Luciferase Reporter 1000 Assay Systems (Promega) was used to
assay luciferase activity on a luminometer (Turner Biosystems). The

media was then removed, and cells were washed with 1X PBS to
remove residualmedia. To eachwell, 60mL of 1X passive lysis buffer
was added and incubated at room temperature for 15 minutes on a
shaker. To 20 mL of cell lysate, 50 mL of LAR II was mixed and
luminescence for the firefly luciferase (fluc) was measured. Samples
were vortexed and 50 mL of Stop & Glo Reagent was used to
determine Renilla luciferase (rluc) activity.

2.7. Dorsal root ganglion dissociation and multielectrode
array culture seeding

Dorsal root ganglia were collected from 4- to 6-week-old ICR/CD1
mice. Young ICR/CD1 mice cultures produce detectable sponta-
neous and evoked extracellular spikes using a 12-well recording
plate (Axion Biosystems, Atlanta, GA) over a time course of 3 to 13
days after plating.13 Dorsal root ganglia were placed in enzymatic
dissociation solution containing 2 mg/mL of collagenase in HBSS.
Dorsal root ganglia were incubated for 45 minutes at 37˚C.
Dissociation solution was then supplemented with 0.025% trypsin
for 5 to 10 additional minutes at 37˚C. The remaining tissue was
mechanically triturated using a fire-polished Pasteur pipette until
solution appeared homogeneous. Dissociated cell solution was
passed through a 70 mm sieve and then centrifuged at 3003g for 5
minutes topurify andcollect sensory neurons.Neuronswere seeded
on 12-well MEA plates (Axion Biosystems), which had been
previously treated with 0.1% PEI and 20 mg/mL laminin at 10,000
neurons/well. Wells were subsequently flooded with 600 mL of
culture medium, as described in the ribosome profiling culture
section, supplemented with 5 ng/mL GDNF. Dorsal root ganglion-
MEA cultures were maintained in cell culture incubators at 37˚C,
10% CO2, and 95% humidity.

2.8. Multielectrode array recordings and analysis

Spontaneous and evoked extracellular recordings were performed
using an Axion Maestro recording system and 12-well recording
plates (Axion Biosystems) as previously described.13 Briefly, filtered
continuous recordings were collected from all 12 wells (768 total
electrodes) simultaneously at 12.5 kHz sampling rate. Extracellular
spikeswere defined as filtered continuous data crossing an adaptive
threshold of 65.5s based on 1-second snapshots of root mean
squared noise. Active electrodes were defined as those exhibiting a
minimum of 1 spike/min during baseline spontaneous extracellular
recordings and were used in further analyses. Spontaneous
neuronal activity was recorded every alternate day beginning day-
in-vitro (DIV) 3 to confirm viable culture conditions and to detect
stable spontaneous baselines similar to those previously
reported.13,59 Upstream open reading frame experiments were
conducted between DIV 11 and 13 on cultures exhibiting at least 4
spontaneously active electrodes per well. Environmental conditions
(37˚C, 10% CO2, and 95% humidity) were maintained throughout
the recording duration unless otherwise noted (ie, during
temperature-evoked activity recordings).

For each uORF concentration, experiments consisted of 4
periods. (1) After baseline recordings, (2) Scramble or CGRP uORF
peptide (henceforth referred to as CUP) was added to previously
active wells, and all cultures were replaced in the cell culture
incubator for 2.5 hours. (3) Cultures were removed from the cell

FLOSS ¼
+read lengthjDistribution 1read length 2Distribution 2read lengthj

2
;
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incubator, placed in the Axion recording system, and allowed to
acclimate for 30 minutes. Spontaneous activity was then recorded
for 15 minutes. (4) Immediately after the spontaneous activity
recording, temperature responsivenesswas evaluatedby subjecting
cultures to a temperature increase (37-42˚C) through Axion’s base
plate temperature control. Temperature-responsive electrodeswere
defined as electrodes that exhibited a minimum of 2-fold increase in
activity during the heating period as compared to baseline activity.
This process was immediately repeated for 10 and 100 nM
concentrations using the same cultures. This process was sub-
sequently repeated forCUP (100 nM) in the presence of YM-254890
(100 nM). The median spontaneous firing rates were calculated for
each well, excluding inactive electrodes. Fold change in the median
firing rate was calculated as the ratio of spontaneous activity at each
treatment concentration to initial, untreated spontaneous activity. In
thecaseofCUPvsScramble treatments, outcomeswerecompared
across concentrations using a two-way analysis of variance,
followed by a two-sample t test, with P , 0.05 indicating statistical
significance. Using a two-sample t test, 100 nM concentrations,
including YM-254890, were also compared pairwise. Treatments
were compared at each concentration using a two-sample test of
proportions, with P, 0.05 indicating statistical significance.

2.9. Thermal and mechanical behavioral testing

Mice were randomized to groups frommultiple cages to avoid using
mice from experimental groups that were cohabitating. At the time of
the testing, 2 experimenters were blinded to the experimental
conditions. Tomeasure themechanical sensitivity, mice were placed
in acrylic boxes with wire mesh floors, and baseline plantar
mechanical sensitivity was measured after habituation for 1 h using
the up-down method.17 Briefly, calibrated von Frey filaments
(Stoelting, Wood Dale, IL) were applied to the plantar surface of the
hind paw for 1 to 3 seconds, and the up-downmethod was used to
estimate the withdrawal mechanical threshold in grams (g). To
measure thermal sensitivity, we used the Hargreaves test to
determine the pawwithdrawal latency in a separate group of mice.35

Mice were placed on a glass floor and a focused beam of high-
intensity light was aimed at the plantar surface of the hind paw. The
light intensity was set to 40% following manufacturer’s instructions
(IITC Model 390) with a cutoff value of 20 seconds. To decrease the
experimental variability between groups, the hind paw withdrawal
latency was measured in triplicate with each trial being separated by
at least 10minutes. After determiningbaselinewithdrawal thresholds,
we sought to characterize the nociceptive actions of the uORF-
encoded peptides, we tested mechanical and thermal sensitivity at
various time points after intraplantar hind paw administration of either
Scramble or CUP (GL Biochem) at 3 mg. The dose of CUP was
chosen based on previous pilot studies where we found that
nanogram doses do not produce a statistically significant increase in
mechanical or thermal pain responses in mice when injected
intraplantarly.

When animals returned to their original baseline thresholds at
day 9, priming was revealed by an intraplantar injection of PGE2,
and the mechanical hypersensitivity was again assessed at 24
hours after PGE2 administration.

2.10. Statistical analysis

Behavioral testing data are shown as means 6 SEM of at least 6
animals per group. For behavior experiments, the sample size was
estimated as n 5 6 usingG*power for a power calculationwith 80%
power, expectations of 50% effect size, with a set to 0.05. Graph

plotting and statistical analysis used GraphPad Prism version 7.0
(GraphPad software). The Student t test was used to compare 2
independent groups. Statistical evaluation for 3 independent groups
or more was performed by one-way or two-way analysis of variance,
followed by post hoc Bonferroni, and the a priori level of significance
at 95% confidence level was considered at P , 0.05. Specific
statistical tests used are described in figure legends. The significance
of gene expression level changes before and after the treatment was
calculated using a 2-tailed Student t test assuming unequal
variances.

3. Results

3.1. Noncanonical sites of translation are used in dorsal root
ganglion neurons

We previously conducted ribosome profiling on cultured DRG
neurons subjected to either a vehicle or a plasticity treatment
consisting of a combination of NGF and IL-6.8 Here, we focus on
translation in noncoding and untranslated regions of mRNA. To
identify bona fide sites of translation, we set out to discriminate true
ribosome footprints from contaminants. Ribosomes arrested during
translation possess a characteristic footprint length.41 Fragment
length organization similarity score provides a quantitative means to
compare distributions of ribosome-protected footprint sizes for a
transcript vs an ideal footprint distribution derived from the mRNA
coding region (Figs. 1A–C).40 Coding regions yield a normal
distribution centered on an average of 30 base pairs in the presence
of emetine. The more closely a transcript or class of transcript
resembles the ideal distribution, the FLOSS valuewill approach zero.
The accuracy of FLOSS measurements is related to the number of
reads for a given gene (Fig. 1D). For CDS regions with many reads,
FLOSSs for coding regions approach zero, whereas genes with
CDS regions with few reads show a broad distribution of FLOSSs.
The FLOSS cutoff (Fig. 1D) indicates coding potential based on
mRNACDSvalues. To calculate the curve, a slidingwindow for each
read count was used to determine outlier values. We consider
transcripts below the curve as having passed the FLOSS threshold
for exclusion. We examined FLOSSs for the following: noncoding
(0.18 vehicle, 0.12 treated, Figs. 1A and B), long noncoding (0.27
vehicle, 0.16 treated), and mitochondrial mRNAs (0.27 vehicle, 0.28
treated). Unlike noncoding and mitochondrial transcripts, long
noncoding RNAs (lncRNAs) displayed large changes in aggregate
FLOSS after plasticity treatment (Figs. 1B and C).

The fidelity of translation termination is subject to dynamic
control.22 Decoding of the stop codon is essential for numerous
processes such as incorporation of amino acid recoding of
selenocysteine,67 viral replication,10,27,46 suppressionof pathological
consequences of deleterious phenotypes caused by premature
termination codons, and extension of the carboxy-terminus. Read-
through is a conserved process across humans, yeast, and
Drosophila but is not well characterized in mice.23 Bypass of the
stop codon can change key aspects of protein function such as
changes in subcellular localization and protein aggregation.23

Indeed, drugs that promote readthrough of premature termination
codons such as gentamicin also cause cellular toxicity.38,52 In the
mouseDRG,we observemany instances of ribosome occupancy in
the 39 UTR (FLOSS 5 0.34 vehicle and 0.26 treated, Figs. S1A-C,
available at http://links.lww.com/PAIN/B258). Ribosome footprints
are prominent after the stop codons of Rps28 and Eif4a2 and are
sensitive to the plasticity treatment (Figs. S1D-E, available at http://
links.lww.com/PAIN/B258).42 Readthrough of the termination co-
don in Rps28 has also been reported in human fibroblasts
suggestive of broad conservation across mammals.23
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3.2. A upstream open reading frame-encoded peptide that is
linked to pain

We observed pervasive ribosome occupancy in 59 UTRs (FLOSS
5 0.05 vehicle and 0.03 treated, Figs. 1D–H). FLOSS values for
many 59UTRs are similar to those of CDS regions. Yet, when
FLOSS scores are...are aggregated for all genes, 59 UTRs

undergo a small shift that increases their similarity to CDS (Figs.
1E–H, S2A-D). Many of these events seem to be tissue specific

because only 30% of uORFs detected in the DRG are also used in

mouseembryonic stemcells (Fig. 1I, Supplemental Table 1, available

at http://links.lww.com/PAIN/B259).42 We found that the FLOSS

value of theCalca 59UTR are beneath the FLOSS cutoff indicative of

Figure 1. Ribosome profiling identifies uORFs in 59 untranslated regions of mRNA in cultured DRG neurons. (A) A schematic illustrates the calculation of FLOSS
values based on the discrepancy (solid green) between a transcript, region of a transcript, or transcript class (noncoding RNA blue) vs the coding region of mRNA
(grey). The FLOSS equation is provided. (B and C) Read length distributions for transcript sequences of CDS (grey), lncRNAs (green), mitochondrial mRNAs
(magenta), and noncoding RNAs (blue) after vehicle or plasticity treatments. (D–F) FLOSS distributions for coding regions (grey) of all protein-coding genemRNAs
overlaid with 59 (blue) and 39 (orange) UTRs under baseline conditions (E) or after addition of the plasticity treatment (F). The 59UTR of Calca is highlighted in (E) and
(F). The FLOSS cutoff is indicated as a dashed line and indicates regions of the plot with a high potential for being coded. (G and H) Read length distribution for
protein coding sequence (grey), 59 UTR (blue), and 39 UTR (orange) after an exposure to vehicle or after plasticity treatment, respectively. (I) Venn diagrams depict
the number of uORFs detected in DRG cultures treated with vehicle or plasticity treatment vs those found in mouse embryonic stem cells.42 CDS, downstream
coding sequence; DRG, dorsal root ganglion; FLOSS, fragment length organization similarity score; uORF, upstream open reading frame; UTR, untranslated
region.
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a high probability of ribosome occupancy (Figs. 2A–B, available at
http://links.lww.com/PAIN/B258). Mutations in Calca are linked to
visceral, neuropathic, headache, and inflammatory pain.3,28,45,73

The FLOSS values for the Calca 59 UTR overlap with those
corresponding to coding transcripts with similar read counts (Figs.
1E–F). This led us to ask if the Calca 59 UTR encodes a uORF.

To probe the Calca uORF, a series of chimeric luciferase
constructs were generated and introduced into primary DRG
neurons by nucleofection (Fig. 2C). TheCalca 59UTRwas cloned
upstream of a firefly reporter construct. In the reporter and the
endogenous context, the translation of the uORF is discontinuous
from the primary ORF. The reporter constructs encoded either

Figure 2. Translation in untranslated regions occurs on transcripts linked to pain. (A) Ribosome-protected footprints situated in the 59 UTR of Calca. (B) A
schematic of dual-luciferase reporters for the translational modulation of downstream coding regions by theCalca uORF. TheCalca 59UTRwas cloned upstream
of a firefly luciferase construct. Translation from the Calca uORF is discontinuous to that from the downstream luciferase ORF. Vectors were electroporated into
primary DRG cultures before the quantification of reporter gene activity. (C) Dual-luciferase assays for the Calca uORF. The Calca uORF represses downstream
translation of the main ORF by 20%. This repression is eliminated through mutation of the Calca uORF start codon (CUG) to (CCC). Data are plotted as mean 6
SEM. The Student unpaired t test: CGRP wild-type uORF vs mutant uORF: *P5 0.0135. n5 12 cultures. (D) Detection of uORF translation through the use of a
translational fusion to a luciferase reporter. The Calca uORF was cloned in a frame with luciferase. To eliminate the utilization of the start codon (ATG) of the
luciferase reporter, it was mutated to GGG. Vectors were electroporated into primary DRG cultures before luciferase quantification. (E) Dual-luciferase assays for
uORF translation. Luciferase activity is observed in the presence of the uORF start codon (CUG) indicating translation of the Calca uORF. Luciferase activity was
abolished onmutating the start codon (CUG) to stop codon (UGA). n5 12 cultures. Data are plotted asmean6SEM. The Student unpaired t test:Calcawild-type
leader vsmutant leader sequence: *P5 0.00,001. CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglion; uORF, upstream open reading frame; UTR,
untranslated region.
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the wild-type uORF start codon (CUG) or a mutant (CCC). A
second luciferase vector encoding Renilla luciferase was used as
an internal control. To test for translation of each uORF, we
assayed the ratio of the 2 reporters with or without start sites. We
found that the uORF results in approximately 20% repression of
the downstream reading frame (Fig. 2D). An effect size of 20% is
consistent with previous studies on uORF repression.16,19,44,72

This effect was dependent on the presence of a near-cognate
start site (CUG) as mutations to that eliminate coding potential
(CCC) abrogated repression. To test if the uORF is translated, the
Calca uORFwas cloned in a frame with a firefly luciferase reporter
(Fig. 2E). To ensure that the start codon of the firefly reporter was
not used, it was mutated to GGG. In this series of assays,
translation of the uORF with its natural start site (CUG) was
compared with mutants with a stop codon (UGA) mutation in
place of the start site. We find that translation driven by the Calca
uORF is robust and requires a near-cognate start site (Fig. 2F).

3.3. A pronociceptive peptide encoded by the Calca
upstream open reading frame

Because the 59 UTR has emerged as a potential source of
functional peptides,74 we asked if the CUP peptide encoded by

Calca is biologically active. Extracellular recordings of DRG
neurons were collected using MEAs (Figs. 3A–C). Peptides
(CUP: LPGSIRIPAGSAPRHRSPGEP or Scramble: RISLPGPS-
GIARAPRSHEPPG) were incubated for 3 hours before recording.
Addition of 10 and 100 nM CUP enhanced spontaneous firing
rates (Fig. 3D). Importantly, the scrambled peptide had no effect.
Furthermore, at 100 nM concentration, CUP sensitized nocicep-
tors to thermal stimulation in the noxious range (Fig. 3E). The
scrambled peptide again had no effect. Given that many
neuroactive peptides increase nociceptor excitability by acting
on GPCRs that stimulate Gq, we hypothesized that the uORF-
encoded peptide might also function through Gq-mediated
GPCR signaling. Therefore, we examined if nociceptors were
sensitized by CUP (100 nM) in the presence of the Gq inhibitor
YM-254890 (100 nM). We found that spontaneous firing was
reduced to baseline levels and temperature responsiveness was
similarly decreased (Figs. 3D–E). These data indicate that CUP-
induced neuronal hyperexcitability is mechanistically linked to a
Gq-signaling pathway.

To characterize the potential role of CUP in vivo, we
evaluated mechanical allodynia using von Frey filaments. We
injected either CUP or a scramble peptide into the hind paw of
mice and assayed mechanical sensitivity (Fig. 4). We found

Figure 3. CUP promotes sensory neuron excitability. (A) A schematic of the multielectrode array system. White scale bar corresponds to 50 mm. (B) Baseline
recordings of spontaneous activity for 3 individual electrodes. (C) Activities after addition of 100 nM of Scramble (E1) peptide, CUP (E2), or the combination of CUP
in the presence of YM-254890 (E3) after a three-hour incubation. (D) CUP (1-100 nM) peptide led to increased spontaneous firing rates after a three-hour
incubation. A spontaneous firing rate is attenuated in the presence of the Gq inhibitor YM-254890. Two-way ANOVA: F(2, 4)5 3.48, P5 0.03. The Bonferroni test.
*P 5 0.032. Scramble vs CUP at 10 nM: #P 5 0.031. CUP vs CUP 1 YM-254890 at 100 nM: *P 5 0.045. (E) CUP (100 nM) increased the percentage of
temperature-responsive MEA channels. The percentage of temperature-responsive MEA channels is decreased in the presence of YM-254890. The two-sample
test of proportions. Scramble vs CUP at 100 nM: *P 5 0.026. CUP vs CUP 1 YM-254890 at 100 nM: ***P , 0.001. ANOVA, analysis of variance; CUP, CGRP
uORF peptide; MEA, multielectrode array.
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that intraplantar administration of CUP, but not the scrambled
peptide, produced mechanical hypersensitivity that lasted for
at least 6 hours (Fig. 4A). However, there was no effect on
mechanical withdrawal thresholds when the animals were
subsequently challenged with a subthreshold dose of PGE2
(Fig. 4B). Hyperalgesic priming refers to a model where the
initial sensitization is allowed to resolve after which point a
second subthreshold stimulus is injected.61 Stimuli promote
plasticity in the nociceptive system prime animals such that the
second stimulus results in prolonged sensitivity to sensory
inputs. This event is frequently associated with the process
underlying the transition from acute to chronic pain.61 Our
results indicate that CUP promotes acute sensitization but
does not induce hyperalgesic priming. CUP increased thermal
sensitivity slightly 1 hour after injection; the difference between

vehicle-injected paws and those that received CUP was
significant but not at the 3-hour time point (Fig. 4C). Finally,

to probe how CUP functions in vivo, we again blocked Gq

signaling. Injection of YM-254890 did not produce significant

changes in mechanical hypersensitivity (Supplementary Fig. 3,

available at http://links.lww.com/PAIN/B258). However, me-

chanical allodynia caused by CUP was attenuated by co-

administration with YM-254890 (1 mg) (Fig. 4D). Taken

together, these results suggest that a uORF-encoded peptide

can promote rapid changes in nociceptor excitability (Fig. 5A).

We favor the model that this is likely through GPCR signaling,

resulting in pain-like behavioral responses to mechanical

stimulation in vivo (Fig. 5B). In addition, we found modest

differences in thermal responsiveness after the injection of

Figure 4.CUP induces pronociceptive responses tomechanical and thermal stimulation. (A) Intraplantar administration of CUP at 3mg, but not scrambled peptide
at the same dose, induces mechanical hypersensitivity. Two-way repeated measures (RM) ANOVA: F(1, 22) 5 13.56, P 5 0.0013. The Bonferroni multiple
comparison test. Scramble vs CUP at 1 hour: **P5 0.0018, at 3 hours: *P5 0.0370, at 6 hours: **P5 0.0062. (B) Intraplantar administration of CUP (3mg) did not
induce changes in mechanical sensitivity at day 9 after the injection of prostaglandin E2 (PGE2, 100 ng, i.pl.). (C) Changes in pain sensitivity to thermal stimulation
are detected after i.pl. scramble or CUP administration. Two-way RM ANOVA with RM: F(1, 11) 5 6.30, P 5 0.0215. The Bonferroni multiple comparisons test:
vehicle vs CUP at 1 hour: *P 5 0.0467. (D) Intraplantar administration of YM-254890 (a Gq inhibitor; 1 g) attenuates CUP-induced mechanical hypersensitivity.
Two-wayRMANOVA: F (1, 22)5 6.130,P5 0.0215. The Bonferroni multiple comparisons test. CUP vsCUP1YM-254890 at 1 hour: *P5 0.0467; at 3 hours: *P5
0.0280. ANOVA, analysis of variance; CUP, CGRP uORF peptide.
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CUP in vivo and sensitized thermal responses at higher
concentrations in vitro (Fig. 5B).

4. Discussion

Ourdata support 4 key findings. First, noncodingRNA is resplendent
with potential sites of translation in DRGneurons. Second, the uORF
utilization is broadly distinct in the DRG. Third, a newly identified
uORF present in Calca encodes a peptide that promotes
sensitization of nociceptors. Finally, sensitization by this peptide
seems to involve Gq signaling. We discuss each finding in turn.

We describe the landscape of nascent translation in the DRG in
response to a plasticity treatment. To the best of our knowledge,
this work constitutes one of the first reports to use ribosome
profiling in this context. A related experiment used this approach
to profile translational landscapes as a function of spared nerve
injury in the DRG and spinal cord.78 This landmark report
established the feasibility of tissue experiments and identified
changes in translational efficiencies of mRNA that could be the
result of activated ERK signaling. Parallel investigations used
ribosome pull-down and mass spectrometry approaches to
profile translation, adding to our understanding of translational
control of mRNA.54,55,64 The union of nociceptor-specific
ribosome pull down with ribosome profiling could greatly improve
the specificity of the approach and enable more precise
measurements in vivo. Unlike related experiments in the brain,
obtaining sufficient starting material remains a significant
obstacle.37

Regulated protein biosynthesis is required for nociception; we
propose that noncoding RNA regions may yield functionally
relevant polypeptides.26,48,51We identified instances of ribosome
occupancy in multiple classes of noncoding RNA. We have
examined a single case where a noncoding region is translated to
produce a signaling peptide. Yet, there are hundreds of uORFs
that are distinct from embryonic stem cells.40 Understanding their
biological roles is crucial. Many uORFs and lncRNAs yield
peptides that regulate proliferation in cell lines.18 The role of
uORF-encoded peptides in biology is continually expanding. For
example, ribosome profiling in tumors revealed the presence of a
functional uORF in programmed-death-ligand 1 (PD-L1).82 The
PD-L1 uORF is efficiently translated in cells. Mutation of the uORF
increased PD-L1 abundance and metastatic potential in vivo.
Although this work underscores the importance of a uORF in
cancer, it does not elucidate a biological function of the peptide
encoded by the uORF—a key focus of our work. The uORF-
encoded peptides play prominent roles in immunity. Upstream
ORF translation in the binding immunoglobulin protein (BiP)
mRNA is initiated from a non-AUG codon.74 Intriguingly, stress
triggers presentation of uORF-encoded peptides throughMHC-I.
Although the dynamics of uORF translation have been in-
vestigated in the nervous system, our understanding of their
biological functions remains tenuous.15,62 This work elevates the
importance of untranslated regions of mRNAs in nociception and
extends the role of uORF translation into an in vivo context.

Injection of CUP triggered mechanical hypersensitivity. What is
the cellular specificity of CUP? We favor DRG neurons as the
targeted cell type because of the restricted pattern of expression
of Calca and the definitive electrophysiological effects on these
neurons in our experiments. An unambiguous means to de-
termine where the peptide acts in vivo could involve direct
visualization with immunohistochemistry. Our attempts to gen-
erate peptide antibodies have been unsuccessful, possibly

Figure 5. Schematic of Calca translation and potential mechanisms of
nociceptive sensitization by CUP. (A) A uORF present in Calca results in the
production of a peptide termed CUP. The utilization of the uORF represses the
translation of the primary reading frame. (B) Potential mechanisms of
sensitization by CUP. CUP sensitizes the nociceptive system through Gq
signaling. First, the activation of Gq results in phosphorylation and sensitization
of TRPV1.12 Gq signaling promotes phospholipase C (PLC) activation.80

Phospholipase C generates diacylglycerol (DAG) and inositol trisphosphate
(IP3). A key consequence of these secondary messengers is the activation of
protein kinase C (PKC). Protein kinase C stimulates multiple pathways
includingMAPK signaling.69 Protein kinaseC activates Raf that activatesMEK,
ERK, and ultimately MNK. MNK phosphorylates eIF4E and promotes
nociception.59 Conversely, Gq also stimulates the Rho kinase.20 Rho activates
the Rho-associated protein kinase (ROCK). ROCK activates PTEN, a key
upstream regulatory component of PI3K/mTOR signaling.50 PTEN controls
Akt that ultimately stimulates mTOR. Mammalian target of rapamycin
promotes cap-dependent translation through the negative regulation of
4EBPs that sequester eIF4E. CUP, CGRP uORF peptide;mTOR, mammalian
target of rapamycin; MAKP, mitogen-activated protein kinase; uORF,
upstream open reading frame.
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because of poor immunogenicity. In addition, we have examined
mass spectrometry data, but because of the small size of tryptic
peptides resulting from trypsin digests of CUP, the small size of
the fragments (;700 Da or less) greatly complicates their
detection. Although neurogenic inflammation is driven by CGRP
release that acts on blood vessels, it remains unclear which cells
are responsive to CUP. Given that sensitization occurred in
culture conditions lacking blood vessels, and the limited survival
of immune cells, our results are consistent with a neuronal
mechanism but do not discount the possibility that CUP acts on
other cell types as well.

Gq signaling has been implicated in nociception and is also
required for sensitization mediated by the CUP peptide.77,81

There are several potential mechanisms through which the CUP
peptide might function (Fig. 5B). We provide 2 lines of evidence
in support of the idea that Gq signaling is critical. First, the
inhibition of Gq signaling with YM-254890 blocks sensitization
by CUP in vivo and in vitro. Second, the modest, yet significant,
effect on thermal sensitivity parallels numerous ligands, such as
substance P, PGE2, PGI2, UTP, serotonin, and bradykinin, all of
which use protein kinase C (PKC)/Gq signal-
ing.7,9,53,58,60,66,68,70,75,76,84,85 A relevant target of PKC signal-
ing is the capsaicin and heat-responsive cation channel TRPV1.
Activated Gaq/11-coupled receptors causes PLC to hydrolyze
phosphatidylinositol 1,4, bisphosphate (PIP2) into inositol 1,4,5
trisphosphate (IP3) and diacylglycerol (DAG). PKC activity is
stimulated by DAG and it directly stimulates TRPV1 through
phosphorylation.9 Injection of the CUP peptide resulted in a
small increase in sensitivity to thermal stimuli at an early time
point consistent with a mechanism of action that involves PKC.
Although our data do not discount the involvement of additional
pathways downstream of CUP, they add to the broad
assortment of nociceptive mediators that require Gq signaling.
CUP evokedmore substantial changes in mechanical sensitivity
than thermal in vivo. There are numerous pathways through
which sensitization could occur. For example, activation of Rho
would trigger increased mTOR signaling.30,43 Alternatively,
PLC/PKC signaling stimulates MAPK signaling.14,59 Either
mechanism could mediate biosynthesis of proteins that pro-
mote sensitization.

In conclusion, protein biosynthesis is key to the activity of
nociceptors. The application of ribosome profiling to the DRG
enables newopportunities to identify noncoding transcripts subject
to dynamic changes in translation after the addition of a plasticity
treatment. We find that a peptide encoded by a 59UTR is sufficient
to trigger sensitization andmechanical hypersensitivity in vivo. This
result suggests a new repository for sequences that may encode
neurotransmitters and opens the door to additional regulatory
complexity. This is an important nuance that suggests additional
regulatory complexity with a high degree of tissue specificity.
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