
A nociceptor-specific RNAi screen in
Drosophila larvae identifies RNA-binding
proteins that regulate thermal nociception
Amber Dyson1, Gita Gajjar2, Katherine C. Hoffman1, Dakota Lewis1,
Sara Palega1, Erik Rangel Silva1, James Auwn1 and Andrew Bellemer1

1 Department of Biology, Appalachian State University, Boone, North Carolina, United States
2Department of Biochemistry and Molecular Biology, East Carolina University, Greenville, North
Carolina, United States

ABSTRACT
Nociception is the process by which sensory neurons detect and encode potentially
harmful environmental stimuli to generate behavioral responses. Nociceptor neurons
exhibit plasticity in which their sensitivity to noxious stimuli and subsequent ability
to drive behavior may be altered by environmental conditions, injury, infection, and
inflammation. In some cases, nociceptor sensitization requires regulated changes in
gene expression, and recent studies have indicated roles for post-transcriptional
mechanisms in regulating these changes as an aspect of nociceptor plasticity. The
larvae of Drosophila melanogaster have been developed as a powerful model for
studying mechanisms of nociception, nociceptor plasticity, and nociceptor
development. Diverse RNA-binding proteins regulate the development and
morphology of larval nociceptors, implying important roles for post-transcriptional
regulation of gene expression in these neurons, but the importance of these
mechanisms for nociceptive behavior has not been investigated systematically. In this
study, we conducted a nociceptor-specific RNAi screen of 112 candidate
RNA-binding protein genes to identify those that are required for normal sensitivity
to noxious thermal stimuli. The screen and subsequent validation experiments
identified nine candidate genes (eIF2a, eIF4A, eIF4AIII, eIF4G2, mbl, SC35, snf,
Larp4B and CG10445) that produce defects in nociceptive response latency when
knocked down in larval nociceptors. Some of the genes identified have
well-understood roles in the regulation of translation initiation and regulation of
nociceptor sensitization in vertebrate and invertebrate animal models, suggesting an
evolutionarily conserved role for these mechanisms in regulating nociceptor
sensitivity. Other screen isolates have previously described roles in regulating
nociceptor morphology and mRNA processing, but less clear roles in regulating
nociceptor function. Further studies will be necessary to identify the mechanisms by
which the identified RNA-binding proteins regulate sensory neuron function and the
identities of the mRNAs that they target.
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INTRODUCTION
Nociception is the process by which the nervous system detects and encodes noxious
sensory stimuli to generate behavioral and physiological responses. A common feature of
nociception across genera is plasticity of sensory neuron responses to environmental
stimuli. For example, nociceptors may become sensitized and increase their sensitivity to
noxious stimuli following injury or inflammation. This process of nociceptor sensitization
is observed in vertebrates, arthropods, cephalopods, nematodes, and mollusks (Illich &
Walters, 1997; Babcock, Landry & Galko, 2009; Basbaum et al., 2009; Harris et al., 2010;
Crook, Hanlon & Walters, 2013; Sneddon, 2018). In many cases, changes in nociceptor
sensitivity depend on regulated changes in gene expression in nociceptors. Experimental
evidence increasingly points to important roles of post-transcriptional control of gene
products that regulate the sensitivity of nociceptors at the level of RNA processing and
protein synthesis (Geranton et al., 2009; Melemedjian et al., 2010; Zhao et al., 2010;
Melemedjian et al., 2013; Barragán-Iglesias et al., 2018).

Regulation of translation initiation is one of several post-transcriptional mechanisms
that regulate nociceptor sensitivity (Khoutorsky & Price, 2018). The eukaryotic initiation
factor 4F (eIF4F) complex assembles at the 5′ cap of mRNA molecules as the activating
step in the initiation of cap-dependent translation (Merrick, 2015). Assembly of the eIF4F
core subunits (eIF4E, eIF4A, and eIF4G) is regulated by multiple factors including
phosphorylation of the eIF4E subunit, which increases translation of selected transcripts
(Pyronnet et al., 1999; Walsh & Mohr, 2004). In rodent and Aplysia models, preventing
eIF4E phosphorylation blocks nociceptors from becoming sensitized following injury
(Moy et al., 2017; Mihail et al., 2019). These changes in nociceptor sensitivity presumably
arise from changes in the translation of pro-nociceptive gene products, exemplified by the
mRNA for brain-derived neurotrophic factor (bdnf) (Moy et al., 2018). The bdnf-201
mRNA isoform is upregulated following sensory neuron injury and requires eIF4E
phosphorylation to efficiently associate with ribosomes (Kim, Lee & Cho, 2001; Uchida,
Matsushita & Ueda, 2013; Moy et al., 2018). Concurrent experiments found that
activity-dependent translation of BDNF in the dorsal root ganglia of mice injected with a
PAR2 agonist required eIF4E phosphorylation, although it is possible that other bdnf
mRNA isoforms are responsible for this effect.

An additional translation initiation mechanism known to regulate nociception is the
phosphorylation of the a subunit of eukaryotic initiation factor 2 (eIF2). This
phosphorylation event occurs during cellular stress responses and leads to a global
reduction in protein synthesis, but also enhanced translation of select transcripts (Harding
et al., 2000; Donnelly et al., 2013). In a chronic inflammation mouse model, eIF2a
phosphorylation was enhanced in dorsal root ganglia neurons, while transgenic mice
lacking normal levels of eIF2a phosphorylation displayed reduced thermal nociception
sensitivity as compared to wild-type controls (Khoutorsky et al., 2016).

In addition to translation initiation, other modes of post-transcriptional regulation
control the sensitivity of nociception. For example, the Poly(A)-binding protein (PABP) is
a major regulator of mRNA stability and translation initiation (Gorgoni & Gray, 2004).
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Inhibition of PABP function with a PABP-sequestering RNA mimic in mice led to a
decrease in allodynia produced by nerve growth factor or interleukin-6 as well as a loss of
capsaicin-mediated inflammatory pain (Barragán-Iglesias et al., 2018). As another
example, the CWC22 spliceosomal protein is needed for efficient mRNA splicing, to
support alternative splicing, and to enhance the deposition of the exon-junction complex
(EJC) on spliced mRNAs via its interactions with eIF4AIII (Alexandrov et al., 2012;
Steckelberg et al., 2012; Song et al., 2023). In a mouse inflammatory pain model, CWC22
was required for thermal hyperalgesia and mechanical allodynia, while CWC22
overexpression induced nociceptive hypersensitivity in the absence of tissue damage (Song
et al., 2023). Finally, pseudouridine synthase enzymes are responsible for
post-transcriptional RNA modification via the isomerization of uridines in the RNA
strand (Hamma & Ferré-D’Amaré, 2006). In a larval Drosophila nociception model,
pseudouridine synthase enzymes in the RluA family are required to maintain normal
nociceptor sensitivity, as loss of RluA-1 or RluA-2 function causes hypersensitive
nociception phenotypes (Song, Ressl & Tracey, 2020). Taken together, these studies suggest
that multiple modes of post-transcriptional regulation target mRNAs to regulate the
sensitivity of nociception. These include translation initiation, mRNA stability/decay,
splicing, and RNA modification but may also include other modes of regulation.

Class IV multidendritic (mdIV) neurons are the polymodal nociceptors of Drosophila
larvae and are required for nociceptive behavioral responses to thermal, mechanical, and
UV stimuli (Hwang et al., 2007; Xiang et al., 2010; Zhong, Hwang & Tracey, 2010). Upon
stimulation of the mdIV neurons, Drosophila larvae execute a series of 360� rolls around
their long body axis (Tracey et al., 2003). This behavior has been termed nocifensive escape
locomotion (NEL) and has been developed as an experimental paradigm for studying the
mechanisms of nociception, as manipulations of nociceptor function cause predictable
changes in the latency of the NEL responses, allowing manipulations of nociceptor
function to be quantitatively evaluated. While the roles of RNA-binding proteins and
post-transcriptional regulation in mdIV function are not well understood, their roles in
mdIV development and morphological plasticity are numerous and varied (Ye et al., 2004;
Olesnicky et al., 2014; Rode et al., 2018). A genome-wide nociceptor-specific RNAi screen
identified 88 RNA-binding protein genes whose knockdown resulted in defects in the
morphology of nociceptor dendrites, suggesting widespread roles of post-transcriptional
regulation in nociceptor morphogenesis (Olesnicky et al., 2014). An RNAi screen in the
Drosophila S2 cell line identified 47 RNA-binding proteins that regulate the splice-isoform
abundance of alternatively spliced mRNAs required for normal nociceptor development
and function, including the cell-adhesion molecule gene, Dscam, and the voltage-gated
sodium channel gene, para (Park et al., 2004). Finally, an analysis of the nociceptor
dendrite remodeling during metamorphosis identified the eIF4A helicase as an essential
post-transcriptional regulator of the neuronal plasticity gene, mical (Rode et al., 2018).

The goal of this study is to identify the functional roles of RNA-binding proteins and
post-transcriptional regulation mechanisms in regulating Drosophila larval nociception.
To accomplish this, we have conducted a nociceptor-specific candidate RNAi screen to
identify genotypes that show significant defects in thermal nociception. The candidates
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identified in this screen were then subjected to additional validation studies to produce a
panel of post-transcriptional regulators as candidates for further study as nociception
regulatory factors.

METHODS
Drosophila stocks and husbandry
The nociceptor-specific driver line used in this study (ppk1.9-GAL4; UAS-dicer2) was
obtained from the laboratory of Dr. Dan Tracey. UAS-RNAi lines were generated by the
Drosophila Transgenic RNAi Project (TRiP), Vienna Drosophila Resource Center (VDRC)
RNAi project, and the National Institute of Genetics-Japan (NIG). Lines were obtained
from the Bloomington Drosophila Stock Center (BDSC), the Vienna Drosophila Resource
Center, and from the laboratory of Dr. Liz Gavis. A list of all RNAi lines used in RNAi
screen is provided in Table S1.

Larvae used for behavioral experiments were raised on a premixed cornmeal-molasses
medium (Nutri-Fly M; Genesee Scientific, El Cajon, CA, USA) at 25 �C on a 12:12 h light:
dark cycle.

Thermal nociception assays
Thermal nociception assays were conducted using established protocols (Tracey et al.,
2003; Herman, Willits & Bellemer, 2018). Briefly, third-instar larvae were washed from
vials using distilled water. Larvae were placed in glass petri dishes along with ~10 mg of dry
baker’s yeast to reduce surface tension, and then sufficient water was removed to leave only
a thin layer of water across the entire surface of the plate. Larvae were allowed to recover
until they resumed peristaltic locomotion and then individually stimulated along the
lateral body wall at the midpoint between the anterior and posterior ends using a thermal
probe consisting of a soldering iron filed into a ∼6 mm chisel shaped tip plugged into a
Variac Variable Transformer (Part No. ST3PN1210B) (ISE, Inc., Cleveland, OH, USA) to
control probe temperature. In each trial, the large, flat surface of the probe tip was pressed
against the larva, while the narrow chisel tip was pressed against the petri dish. Probe
temperature was measured before and after each animal tested using an IT-23 or IT-1E
thermistor and BAT-12 digital thermometer (Physitemp, Clifton, NJb). Trials in which the
probe temperature varied from the desired value by more than 0.5 �C were not included in
further analysis. Trials were recorded at 30 frames per second using a digital video camera
mounted on a dissecting microscope and then analyzed using Adobe Premier Pro to
determine the latency between probe contact with the larvae and the completion of a 360�

rotation. Larvae that did not roll within 10 s were scored as having a latency of 11 s. Larval
genotypes were anonymized during behavioral trials and scoring. In the screen,
approximately 35 animals were tested per RNAi genotype, although a small number of
genotypes had as few as 12 or as many 68 trials. During the screen, negative and positive
control genotypes (e.g., no RNAi and para RNAi) were included in every day of testing. For
validation experiments, at least 35 animals were tested for each genotype. For each
validation experiment, a similar number of larvae from each genotype were included in
each day of testing.
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Statistical analysis
All thermal nociception assays were analyzed using the two-sided permutation t-test to
determine P values for comparisons between RNAi knockdown groups and transgenic
control groups. Effect size was calculated for each comparison by calculating Cliff’s delta
along with a bootstrap 95% percent confidence interval, as previously described (Ho et al.,
2019). Venn diagrams were constructed using tools developed by the Bioinformatics &
Evolutionary Genomics group at Ghent University (https://bioinformatics.psb.ugent.be/
webtools/Venn/).

RESULTS
A genetic screen for RNA-binding protein genes that regulate noci-
ceptor function
To identify RNA-binding protein genes that regulate nociceptor sensitivity, we performed
a candidate RNAi screen of 112 genes that were selected based on their previously
established roles in regulating nociceptor morphology, controlling splice isoform
abundance of nociceptor-expressed mRNAs (i.e., Dscam, para, and Adar), or their
predicted roles in translation initiation (Park et al., 2004; Olesnicky et al., 2014).
UAS-RNAi lines targeting each gene were crossed to a nociceptor-specific ppk-GAL4;
UAS-dicer2 driver line, and cross progeny larvae were tested with a 46 �C thermal probe to
determine their thermal nociception response latency relative to GAL4-only
negative-control genotypes and positive-control larvae with nociceptor specific
knockdown of the para voltage-gated sodium channel mRNA (Figs. 1A, 1B).

During the screening process, we also compared the nociceptive response latency
among the negative-control genotypes, which were produced by crossing lines sharing the
genetic backgrounds of the UAS-RNAi lines (VDRC isow, VDRC yw; attP, TRiP yv; attP2,
TRiP yv; attP40, and NIG w1118) with ppk-GAL4; UAS-dicer2. Interestingly, we found that
the yv; attP2 negative control larvae showed a significantly shorter response latency than
the other four negative-control genotypes, which were all statistically indistinguishable
(Fig. 1C). For this reason, UAS-RNAi lines with VDRC, TRiP yv; attP40, and NIG w1118

genetic backgrounds were analyzed together (Fig. 1A), while UAS-RNAi lines with the
TRiP yv; attP2 background were analyzed separately (Fig. 1B).

To identify thermal nociception-defective genotypes from the screen, we calculated a
population mean and standard deviation for all of the larvae tested in each group of RNAi
lines. RNAi knockdown genotypes with a response latency two standard deviations longer
than the population mean were considered to be nociception-defective candidates. Using
this approach, seven candidate genes (eIF2a, eIF4A, eIF4AIII, eIF4G2, mbl, SC35, and snf)
were identified as potential nociception regulators.

Validation of candidate regulators of nociceptor function
In order to validate the candidate nociception genes identified in the RNAi screen, we
subjected RNAi knockdown larvae to a round of validation testing featuring increased
sample sizes and comparisons to both GAL4-only and UAS-RNAi-only negative controls.
Knockdown of eIF2a using the TRiP GLC01598 UAS-RNAi transgene and the ppk-GAL4;
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UAS-dicer2 driver line produced a significant longer response latency (5.8 s) than GAL4-
only and UAS-only control genotypes (3.1 and 2.8 s) (Fig. 2A). Knockdown of eIF4A
(VDRC GD14111) also caused larvae to display a significantly longer response latency
(5.3 s) than GAL4-only and UAS-only control genotypes (1.8 and 3.6 s) (Fig. 2B). Similar
thermal nociception phenotypes were observed for: eIF4AIII RNAi (TRiP HMS00442;
6.2 s) compared to its GAL4-only and UAS-only controls (2.7 and 2.9 s) (Fig. 2C), eIF4G2

Figure 1 A nociceptor-specific RNAi screen identifies multiple RNA-binding proteins as candidate regulators of thermal nociception. (A, B)
Candidate RNAi lines from the VDRC RNAi collection, NIG RNAi collection, and the TRiP collection display a wide range of thermal nociception
response latencies. Control genotypes are indicated by black bars, while knockdown genotypes are indicated by blue and orange bars. Orange bars
indicate knockdown genotypes that showed a mean response latency more than two standard deviations greater than the population mean. Error
bars indicate standard deviation (n ≥ 20 for all groups). (C) The yv; attP2 control genotype shows a significantly shorter thermal nociception
response latency than other control genotypes. The vertical bars to the right of each swarm show the mean latency value (indicated by the gap in each
bar) and standard deviation (indicated by the height of each bar around the mean). An asterisk (*) indicates p ≤ 0.0001 compared to the VDRC isow
control group by permutation t-test. Full-size DOI: 10.7717/peerj.18857/fig-1
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RNAi (TRiP GL00469; 6.0 s) compared to its GAL4-only and UAS-only controls (3.0 and
4.1 s) (Fig. 2D), a second eIF4G2 RNAi line (TRiP HMS02360; 5.0 s) compared to its
GAL4-only and UAS-only controls (3.0 and 4.1 s) (Fig. 2E), mbl RNAi (TRiP JF03264;
4.2 s) compared to its GAL4-only and UAS-only controls (2.1 and 2.2 s) (Fig. 2F), SC35
RNAi (TRiP HMC06150; 4.8 s) compared to its GAL4-only and UAS-only controls (2.8
and 2.7 s) (Fig. 2G), and for snf RNAi (TRiP HMC03197; 8.8 s) compared to its GAL4-only
and UAS-only controls (3.2 and 3.6 s) (Fig. 2H). The lengthened thermal nociception
response latency observed for each of the nociceptor-specific knockdown genotypes tested
in these validation studies was consistent with the lengthened response latency observed in
the primary screen (Figs. 1A and 1B).

We also tested a small number of RNAi knockdown genotypes (Cpsf6, Larp4B,
CG10445) for candidates that fell between one and two standard deviations greater than
the population latency in order to ensure that a two standard deviation cutoff was not too
stringent. Knockdown of Cpsf6 using the VDRC KK108487 UAS-RNAi transgene and the
ppk-GAL4; UAS-dicer2 driver line produced a thermal nociception response latency (2.1 s)
that was significantly different from the latency of the UAS-only genotype (2.7 s), but not
significantly different from the latency of the GAL4-only genotype (2.2 s) (Fig. 3A).
Knockdown of CG10445 (TRiP HMC04382; 5.2 s) produced a thermal nociception
response latency that was significantly longer than the latencies of GAL4-only and
UAS-only controls (2.7 and 2.9 s) (Fig. 3B), and a similar pattern was observed following
knockdown of Larp4B (TRiP HMC05810; 7.6 s), which caused a significantly lengthened
response latency compared to GAL4-only and UAS-only controls (3.6 and 3.5 s) (Fig. 3C).
The lengthened thermal nociception response latency for two out of three candidates from
this less stringent pool (CG10445 and Larp4B, but not Cpsf6) were consistent with the
phenotypes observed in the primary screen.

RNA-binding protein genes have varied roles in nociceptor morphol-
ogy and function
The RNAi screen for nociception defects and subsequent validation studies ultimately
identified nine RNA-binding protein genes (eIF2a, eIF4A, eIF4AIII, eIF4G2, mbl, SC35,
snf, Larp4B, and CG10445) that are required for normal thermal nociception. To
understand how this thermal nociception phenotype correlated with previously described
morphology and splice isoform-abundance phenotypes (Park et al., 2004; Olesnicky et al.,
2014), we constructed a Venn diagram showing the knockdown phenotypes related to
nociception behavior, nociceptor morphology, and splicing of all genes screened (Fig. 4).
Two nociception screen isolates (SC35 and CG10445) have been previously shown to
produce a splice isoform-abundance phenotype when knocked down. Three screen isolates
(Larp4B, mbl, and eIF2a) have been previously shown to produce a nociceptor
morphology defect when knocked down. Two screen isolates (eIF4A and snf) have been
previously shown to produce splicing and morphology phenotypes. Two screen isolates
(eIF4AIII and eIF4G2) have not been identified as producing either splicing or morphology
phenotypes, although it should be noted that eIF4G2 was not tested in the previously
described splicing screen (Park et al., 2004).
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Figure 2 Validation studies confirm that seven RNA-binding proteins are required for normal thermal nociception sensitivity. (A–H) Larvae
with nociceptor-specific knockdown of 2σ screen candidates show significantly increased thermal nociception latency when compared to controls. In
each panel, the left graph displays raw latency data for GAL4-only, UAS-RNAi-only, and RNAi knockdown genotypes. The vertical bars to the right
of each swarm show the mean latency value (indicated by the gap in each bar) and standard deviation (indicated by the height of each bar around the
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DISCUSSION
We conducted a candidate RNAi screen for RNA-binding protein genes that produce
thermal nociception defectives phenotypes upon nociceptor-specific knockdown.
Candidate genes for this screen were selected based on their previously described
knockdown phenotypes that included nociceptor morphology defects and changes in
splice isoform abundance of nociceptor mRNAs or based on their annotation as
translation initiation factors (Park et al., 2004; Olesnicky et al., 2014). The primary RNAi
screen identified seven candidate genes (eIF2a, eIF4A, eIF4AIII, eIF4G2, mbl, SC35, and
snf), and all seven of these candidates, along with two additional genes that reached a less
stringent one standard deviation cutoff (Larp4B and CG10445) produced thermal
nociception defects when knocked down in the nociceptors during validation experiments.
One candidate that reached the one standard deviation cutoff (Cpsf6) did not replicate the
thermal nociception defect observed in the primary screen during validation studies. These
validation data indicate that the two standard deviation screening criterion was
appropriate for avoiding false-positive screen hits, but our validation of some candidates
below the cutoff suggests that additional validation experiments could potentially identify
additional candidates. Due to the number of genotypes tested in the primary screen and
the relatively small number of animals tested for each genotype, it is also likely that the
screen data contain some false negative results. As such, the absence of a nociception defect
for any RNAi line tested in the screen should not be strongly interpreted. Finally, we note
that the knockdown phenotype of one candidate (eIF4G2) was further confirmed using a
non-overlapping RNAi line. Future studies of each candidate should include phenotypic
confirmation with multiple non-overlapping RNAi lines or mutants to confirm the
robustness of the nociception phenotype and eliminate the possibility of false positives due
to off-target RNAi effects.

For some of the genes that were confirmed to have thermal nociception defective
knockdown phenotypes, we can suggest mechanisms of action based on previously
published studies. For example, eIF2a encodes a component of the ribosomal translation
initiation complex that is phosphorylated during cell-stress responses to suppress most
translation but boost the translation of specific proteins (Harding et al., 2000). Studies of
this process in mouse models show that genetic and pharmacological manipulations that
reduce eIF2a phosphorylation reduce thermal nociception sensitivity and nociceptor
sensitization (Khoutorsky et al., 2016). These results suggest that eIF2a phosphorylation
may increase the translation of one or more pro-nociceptive gene products or suppress the
translation of one or more antinociceptive gene products, and our results showing that
eIF2a knockdown produces a defect in thermal nociception would suggest a homologous

Figure 2 (continued)
mean). The right graph in each panel shows the Cliff’s delta effect-size measure for each comparison between the experimental group and control
groups. The mean difference is shown as a bootstrap sampling distribution with the mean difference represented by a dot and the 95% confidence
interval represented by vertical bars. An asterisk (*) indicates p ≤ 0.0001 compared to GAL4-only group and p ≤ 0.005 compared to UAS-RNAi-only
group by permutation t-test. Two asterisks (**) indicate p ≤ 0.0005 compared to GAL4-only group and p ≤ 0.0001 compared to UAS-RNAi-only
group by permutation t-test. Three asterisks (***) indicate p ≤ 0.0001 compared to GAL4-only group and UAS-RNAi-only group by permutation t-
test. Full-size DOI: 10.7717/peerj.18857/fig-2
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Figure 3 Validation studies support the screen threshold criterion and identify additional
nociception regulators. (A–C) Larvae with nociceptor-specific knockdown of some 1σ screen candi-
dates show significantly increased thermal nociception latency when compared to controls. In each panel,
the left graph displays raw latency data for GAL4-only, UAS-RNAi-only, and RNAi knockdown geno-
types. The vertical bars to the right of each swarm show the mean latency value (indicated by the gap in
each bar) and standard deviation (indicated by the height of each bar around the mean). The right graph
in each panel shows the Cliff’s delta effect-size measure for each comparison between the experimental
group and control groups. The mean difference is shown as a bootstrap sampling distribution with the
mean difference represented by a dot and the 95% confidence interval represented by vertical bars. Three
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mechanism functions in Drosophila nociception. Further studies to investigate eIF2a
phosphorylation in larval nociceptors would be warranted to investigate this potential
mechanism more fully.

eIF4A encodes an RNA helicase that makes up part of the eIF4F translation initiation
complex. Previous studies in murine models have demonstrated that eIF4F assembly at the
5′ end of mRNAs is essential for sensitization of nociceptors in multiple experimental
paradigms and identified that the mRNA encoding bdnf is specifically targeted for
increased translation by eIF4F assembly during nociceptor sensitization (Moy et al., 2017,
2018; Mihail et al., 2019). The sensitivity of bdnf to post-transcriptional regulation by
eIF4F is likely due to the complexity of the RNA secondary structure found in its 5′ UTR
that may be unwound by eIF4A’s RNA helicase activity. In Drosophila nociceptors, eIF4A
function is required for normal nociceptor dendrite branching and for dendrite
remodeling during metamorphosis (Olesnicky et al., 2014; Rode et al., 2018). Our
observation that eIF4A knockdown in the nociceptors causes significant defects in the
thermal nociception is consistent with a model in which the morphological defects

Figure 3 (continued)
asterisks (***) indicate p ≤ 0.0001 compared to GAL4-only group and UAS-RNAi-only group by per-
mutation t-test. A number sign (#) indicates p ≥ 0.05 compared to GAL4-only group and p ≤ 0.0001
compared to UAS-RNAi-only group by permutation t-test.

Full-size DOI: 10.7717/peerj.18857/fig-3

Figure 4 Identified nociception regulators have diverse roles in regulating nociceptor morphology
and nociceptor mRNA splicing. The Venn diagram shows phenotypes observed for RNAi knock-
down of RNA-binding protein genes in this study and in previous studies of mdIV neuron morphology
and splice-isoform abundance of neuronal transcripts. Full-size DOI: 10.7717/peerj.18857/fig-4
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produced by eIF4A knockdown result in impaired nociceptor function or with a model in
which there are pro-nociceptive mRNAs that require the RNA helicase activity of eIF4A
for full expression. A role of the eIF4F complex in nociceptor function may also explain the
identification of the eIF4G2 gene in the screen, which encodes a protein with sequence
similarity to the mammalian proteins EIF4G1 and EIF4G3 that act as structural subunits of
the complex. However, genes encoding other eIF4F subunits (e.g., eIF4E1, eIF4E3, eIF4G1)
were not identified by the screen, suggesting that there may be some additional complexity
in eIF4F assembly and its relationship to thermal nociception in Drosophila larvae.

For other genes identified in the screen, direct links to nociceptor function are less clear,
but some interesting hypotheses may arise from their nociception defective phenotypes.
For instance, mbl encodes Muscleblind, a zinc-finger RNA-binding protein that regulates
muscle, eye, and neural development (Begemann et al., 1997; Artero et al., 1998; Irion,
2012; Li & Millard, 2019). Previous studies have shown that mbl knockdown in the
nociceptors results in defective dendritic morphology (Olesnicky et al., 2014). In
photoreceptors and lamina neurons, Muscleblind is required for splicing of mRNAs
encoding the cell-adhesion molecule, Dscam2, and for normal dendritic arborization (Li &
Millard, 2019). This would be consistent with a hypothesis that the mbl nociception
phenotype may arise from defects in nociceptor development.

snf encodes a protein component of the spliceosome that regulates sex-specific
alternative splicing of the sex lethal mRNA during sex determination (Albrecht & Salz,
1993; Flickinger & Salz, 1994; Cline et al., 1999). Previous reports have indicated that snf
knockdown produces defects in nociceptor dendrite morphology and dscam1 splice
isoform abundance (Park et al., 2004; Olesnicky et al., 2014), but further studies are needed
to identify the mechanisms by which it affects nociceptor function.

SC35 encodes a splicing factor of the serine-arginine rich family that regulates
alternative splicing (Fu, 1993; Wu & Maniatis, 1993; Park et al., 2004) but has not been
previously described as being involved in any nociceptor phenotypes. eIF4AIII encodes a
protein component of the EJC that is required for regulated subcellular localization of
mRNAs and nonsense-mediated decay (Palacios et al., 2004). Although specific neuronal
roles of eIF4AIII have not been described in Drosophila, its role in mRNA localization may
have important consequences in highly arborized neurons like the larval nociceptors.
Furthermore, genetic manipulations that likely inhibit EJC deposition have been observed
to reduce nociceptor sensitivity in vertebrate models (Song et al., 2023). Larp4B encodes an
RNA-binding protein that acts as a negative regulator of organ size and dMyc translation,
but is otherwise incompletely characterized (Funakoshi et al., 2018). CG10445 encodes a
putative chromatin remodeling complex subunit that regulates the abundance of para
splice isoforms (Park et al., 2004; Schneiderman et al., 2009), but is otherwise poorly
characterized. Further investigation of each of these screen candidates is needed to
understand their potential roles in nociceptor function.

The results of this screen raise some important questions about the mechanisms of
RNA-binding protein function in the nociceptors and the relationship between nociceptor
morphology and function. Although widespread roles for RNA-binding proteins have
been described for regulation of nociceptor morphology in Drosophila larvae and for
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nociceptor function in murine models, the RNA targets of these proteins and the
mechanisms by which they regulate nociceptor form and function are largely unknown,
with mRNAs such as bdnf serving as an exception. There are, however, examples of
nociceptor genes that undergo regulation at the level of translation initiation or alternative
splicing. The para voltage-gated sodium channel gene is regulated post-transcriptionally to
regulate channel abundance and sodium currents in Drosophila motor neurons (Muraro
et al., 2008). It is also required for nociception behavior under the control of larval
nociceptors (Zhong, Hwang & Tracey, 2010). Thus, it is possible that the translational
regulators identified in this screen may share the para mRNA as a target to regulate
nociceptor function. The dTrpA1 gene, which encodes a heat-activated ion channel
required for nociceptor function, is alternatively spliced to produce isoforms with differing
functional properties (Neely et al., 2011; Zhong et al., 2012; Gu et al., 2019). Thus, it is
possible that regulated alternative splicing of the dTrpa1 mRNA by any of the candidates
identified in this screen could have important functional consequences for nociceptor
sensitivity.

Our results also suggest that the relationship between nociceptor morphology and
function is complex. For example, when the eIF4A gene is knocked down in the
nociceptors, it produces significant defects in dendrite morphology and thermal
nociception behavior. This might suggest a causal relationship between these two
phenotypes in which morphological defects prevent the neuron from functioning properly.
However, other genes (e.g., RpS3,miB2) were previously characterized as producing severe
dendrite morphology defects when knocked down (Olesnicky et al., 2014) but were
apparently dispensable for thermal nociception behavior in our screen. Furthermore, genes
such as SC35, CG10445, eIF4AIII, and eIF4G2 were identified here as producing severe
nociception defects upon knockdown, but had not been identified as required for normal
nociceptor morphology in previous genome-wide RNAi screens. This suggests that
significant defects in nociceptor morphology may not always lead to obvious changes in
behavior. Understanding the relationship between morphology and behavior may require
more comprehensive studies that examine a wider range of morphological and behavioral
parameters.

CONCLUSIONS
This study used a nociceptor-specific screening approach to identify RNA-binding
proteins that are required for normal sensitivity of Drosophila larvae to noxious thermal
stimuli. Nine RNA-binding protein genes (eIF2a, eIF4A, eIF4AIII, eIF4G2, mbl, SC35, snf,
Larp4B and CG10445) were identified that produced a thermal nociception defective
phenotype when knocked down specifically in the nociceptors, and there was strong
correspondence between phenotypes observed in the primary screen and subsequent
validation studies. Multiple genes identified in the screen are known regulators of
translation initiation with previously characterized roles in regulation of nociception
(eIF2a, eIF4A, and eIF4G2), suggesting that translation initiation is an evolutionarily
conserved mechanism for regulating nociceptor sensitivity. Additional genes identified in
the screen have been previously described for their roles in regulating nociceptor
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morphology and mRNA splicing. Further studies are suggested to identify the mechanisms
by which post-transcriptional regulation controls nociceptor function.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
. Amber Dyson conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

. Gita Gajjar performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

. Katherine C. Hoffman performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the article, and approved the final draft.

. Dakota Lewis performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

. Sara Palega performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

. Erik Rangel Silva performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

. James Auwn analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

. Andrew Bellemer conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the article, and approved the final
draft.

Data Availability
The following information was supplied regarding data availability:

The raw behavioral data are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.18857#supplemental-information.

REFERENCES
Albrecht EB, Salz HK. 1993. The Drosophila sex determination gene snf is utilized for the

establishment of the female-specific splicing pattern of Sex-lethal. Genetics 134(3):801–807
DOI 10.1093/genetics/134.3.801.

Dyson et al. (2025), PeerJ, DOI 10.7717/peerj.18857 14/18

http://dx.doi.org/10.7717/peerj.18857#supplemental-information
http://dx.doi.org/10.7717/peerj.18857#supplemental-information
http://dx.doi.org/10.7717/peerj.18857#supplemental-information
http://dx.doi.org/10.1093/genetics/134.3.801
http://dx.doi.org/10.7717/peerj.18857
https://peerj.com/


Alexandrov A, Colognori D, Shu M-D, Steitz JA. 2012. Human spliceosomal protein CWC22
plays a role in coupling splicing to exon junction complex deposition and nonsense-mediated
decay. Proceedings of the National Academy of Sciences of the United States of America
109(52):21313–21318 DOI 10.1073/pnas.1219725110.

Artero R, Prokop A, Paricio N, Begemann G, Pueyo I, Mlodzik M, Perez-Alonso M,
Baylies MK. 1998. The muscleblind gene participates in the organization of z-bands and
epidermal attachments of drosophila muscles and is regulated bydmef2. Developmental Biology
195(2):131–143 DOI 10.1006/dbio.1997.8833.

Babcock DT, Landry C, Galko MJ. 2009. Cytokine signaling mediates UV-induced nociceptive
sensitization in Drosophila larvae. Current Biology 19(10):799–806
DOI 10.1016/j.cub.2009.03.062.

Barragán-Iglesias P, Lou T-F, Bhat VD, Megat S, Burton MD, Price TJ, Campbell ZT. 2018.
Inhibition of Poly(A)-binding protein with a synthetic RNA mimic reduces pain sensitization in
mice. Nature Communications 9(1):10 DOI 10.1038/s41467-017-02449-5.

Basbaum AI, Bautista DM, Scherrer G, Julius D. 2009. Cellular and molecular mechanisms of
pain. Cell 139(2):267–284 DOI 10.1016/j.cell.2009.09.028.

Begemann G, Paricio N, Artero R, Kiss I, Pérez-Alonso M, Mlodzik M. 1997. muscleblind, a
gene required for photoreceptor differentiation in Drosophila, encodes novel nuclear Cys3His-
type zinc-finger-containing proteins. Development 124(21):4321–4331
DOI 10.1242/dev.124.21.4321.

Cline TW, Rudner DZ, Barbash DA, Bell M, Vutien R. 1999. Functioning of the Drosophila
integral U1/U2 protein Snf independent of U1 and U2 small nuclear ribonucleoprotein particles
is revealed by snf+ gene dose effects. Proceedings of the National Academy of Sciences of the
United States of America 96(25):14451–14458 DOI 10.1073/pnas.96.25.14451.

Crook RJ, Hanlon RT, Walters ET. 2013. Squid have nociceptors that display widespread
long-term sensitization and spontaneous activity after bodily injury. The Journal of Neuroscience
33(24):10021–10026 DOI 10.1523/JNEUROSCI.0646-13.2013.

Donnelly N, Gorman AM, Gupta S, Samali A. 2013. The eIF2a kinases: their structures and
functions. Cellular and Molecular Life Sciences 70(19):3493–3511
DOI 10.1007/s00018-012-1252-6.

Flickinger TW, Salz HK. 1994. The Drosophila sex determination gene snf encodes a nuclear
protein with sequence and functional similarity to the mammalian U1A snRNP protein. Genes
& Development 8(8):914–925 DOI 10.1101/gad.8.8.914.

Fu XD. 1993. Specific commitment of different pre-mRNAs to splicing by single SR proteins.
Nature 365(6441):82–85 DOI 10.1038/365082a0.

Funakoshi M, Tsuda M, Muramatsu K, Hatsuda H, Morishita S, Aigaki T. 2018.Overexpression
of Larp4B downregulates dMyc and reduces cell and organ sizes in Drosophila. Biochemical and
Biophysical Research Communications 497(2):762–768 DOI 10.1016/j.bbrc.2018.02.148.

Geranton SM, Jimenez-Diaz L, Torsney C, Tochiki KK, Stuart SA, Leith JL, Lumb BM,
Hunt SP. 2009. A rapamycin-sensitive signaling pathway is essential for the full expression of
persistent pain states. The Journal of Neuroscience 29(47):15017–15027
DOI 10.1523/JNEUROSCI.3451-09.2009.

Gorgoni B, Gray NK. 2004. The roles of cytoplasmic poly(A)-binding proteins in regulating gene
expression: a developmental perspective. Briefings in Functional Genomics and Proteomics
3(2):125–141 DOI 10.1093/bfgp/3.2.125.

Dyson et al. (2025), PeerJ, DOI 10.7717/peerj.18857 15/18

http://dx.doi.org/10.1073/pnas.1219725110
http://dx.doi.org/10.1006/dbio.1997.8833
http://dx.doi.org/10.1016/j.cub.2009.03.062
http://dx.doi.org/10.1038/s41467-017-02449-5
http://dx.doi.org/10.1016/j.cell.2009.09.028
http://dx.doi.org/10.1242/dev.124.21.4321
http://dx.doi.org/10.1073/pnas.96.25.14451
http://dx.doi.org/10.1523/JNEUROSCI.0646-13.2013
http://dx.doi.org/10.1007/s00018-012-1252-6
http://dx.doi.org/10.1101/gad.8.8.914
http://dx.doi.org/10.1038/365082a0
http://dx.doi.org/10.1016/j.bbrc.2018.02.148
http://dx.doi.org/10.1523/JNEUROSCI.3451-09.2009
http://dx.doi.org/10.1093/bfgp/3.2.125
http://dx.doi.org/10.7717/peerj.18857
https://peerj.com/


Gu P, Gong J, Shang Y, Wang F, Ruppell KT, Ma Z, Sheehan AE, Freeman MR, Xiang Y. 2019.
Polymodal nociception in drosophila requires alternative splicing of TrpA1. Current Biology
29(23):3961–3973.e3966 DOI 10.1016/j.cub.2019.09.070.

Hamma T, Ferré-D’Amaré AR. 2006. Pseudouridine synthases. Chemistry & Biology
13(11):1125–1135 DOI 10.1016/j.chembiol.2006.09.009.

Harding HP, Novoa I, Zhang Y, Zeng H,Wek R, Schapira M, Ron D. 2000. Regulated translation
initiation controls stress-induced gene expression in mammalian cells. Molecular Cell
6(5):1099–1108 DOI 10.1016/S1097-2765(00)00108-8.

Harris G, Mills H, Wragg R, Hapiak V, Castelletto M, Korchnak A, Komuniecki RW. 2010. The
monoaminergic modulation of sensory-mediated aversive responses in Caenorhabditis elegans
requires glutamatergic/peptidergic cotransmission. Journal of Neuroscience 30(23):7889–7899
DOI 10.1523/JNEUROSCI.0497-10.2010.

Herman JA, Willits AB, Bellemer A. 2018. Gaq and Phospholipase Cβ signaling regulate
nociceptor sensitivity in Drosophila melanogaster larvae. PeerJ 6:e5632 DOI 10.7717/peerj.5632.

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. 2019. Moving beyond P values: data
analysis with estimation graphics. Nature Methods 16(7):565–566
DOI 10.1038/s41592-019-0470-3.

Hwang RY, Zhong L, Xu Y, Johnson T, Zhang F, Deisseroth K, Tracey WD. 2007. Nociceptive
neurons protect Drosophila larvae from parasitoid wasps. Current Biology 17(24):2105–2116
DOI 10.1016/j.cub.2007.11.029.

Illich PA, Walters ET. 1997.Mechanosensory neurons innervating Aplysia siphon encode noxious
stimuli and display nociceptive sensitization. The Journal of Neuroscience 17(1):459–469
DOI 10.1523/JNEUROSCI.17-01-00459.1997.

Irion U. 2012. Drosophila muscleblind codes for proteins with one and two tandem zinc finger
motifs. PLOS ONE 7(3):e34248 DOI 10.1371/journal.pone.0034248.

Khoutorsky A, Price TJ. 2018. Translational control mechanisms in persistent pain. Trends in
Neurosciences 41(2):100–114 DOI 10.1016/j.tins.2017.11.006.

Khoutorsky A, Sorge RE, Prager-Khoutorsky M, Pawlowski SA, Longo G, Jafarnejad SM,
Tahmasebi S, Martin LJ, Pitcher MH, Gkogkas CG, Sharif-Naeini R. 2016. eIF2alpha
phosphorylation controls thermal nociception. Proceedings of the National Academy of Sciences
of the United States of America 113(42):11949–11954 DOI 10.1073/pnas.1614047113.

Kim DS, Lee SJ, Cho HJ. 2001. Differential usage of multiple brain-derived neurotrophic factor
promoter in rat dorsal root ganglia following peripheral nerve injuries and inflammation.
Molecular Brain Research 92(1–2):167–171 DOI 10.1016/S0169-328X(01)00154-1.

Li JSS, Millard SS. 2019. Deterministic splicing of Dscam2 is regulated by Muscleblind. Science
Advances 5(1):eaav1678 DOI 10.1126/sciadv.aav1678.

Melemedjian OK, Asiedu MN, Tillu DV, Peebles KA, Yan J, Ertz N, Dussor GO, Price TJ. 2010.
IL-6- and NGF-induced rapid control of protein synthesis and nociceptive plasticity via
convergent signaling to the eIF4F complex. The Journal of Neuroscience 30(45):15113–15123
DOI 10.1523/JNEUROSCI.3947-10.2010.

Melemedjian OK, Khoutorsky A, Sorge RE, Yan J, Asiedu MN, Valdez A, Ghosh S, Dussor G,
Mogil JS, Sonenberg N, Price TJ. 2013.mTORC1 inhibition induces pain via IRS-1-dependent
feedback activation of ERK. Pain 154(7):1080–1091 DOI 10.1016/j.pain.2013.03.021.

Merrick WC. 2015. eIF4F: a retrospective. Journal of Biological Chemistry 290(40):24091–24099
DOI 10.1074/jbc.R115.675280.

Mihail SM, Wangzhou A, Kunjilwar KK, Moy JK, Dussor G, Walters ET, Price TJ. 2019.MNK-
eIF4E signalling is a highly conserved mechanism for sensory neuron axonal plasticity: evidence

Dyson et al. (2025), PeerJ, DOI 10.7717/peerj.18857 16/18

http://dx.doi.org/10.1016/j.cub.2019.09.070
http://dx.doi.org/10.1016/j.chembiol.2006.09.009
http://dx.doi.org/10.1016/S1097-2765(00)00108-8
http://dx.doi.org/10.1523/JNEUROSCI.0497-10.2010
http://dx.doi.org/10.7717/peerj.5632
http://dx.doi.org/10.1038/s41592-019-0470-3
http://dx.doi.org/10.1016/j.cub.2007.11.029
http://dx.doi.org/10.1523/JNEUROSCI.17-01-00459.1997
http://dx.doi.org/10.1371/journal.pone.0034248
http://dx.doi.org/10.1016/j.tins.2017.11.006
http://dx.doi.org/10.1073/pnas.1614047113
http://dx.doi.org/10.1016/S0169-328X(01)00154-1
http://dx.doi.org/10.1126/sciadv.aav1678
http://dx.doi.org/10.1523/JNEUROSCI.3947-10.2010
http://dx.doi.org/10.1016/j.pain.2013.03.021
http://dx.doi.org/10.1074/jbc.R115.675280
http://dx.doi.org/10.7717/peerj.18857
https://peerj.com/


from Aplysia californica. Philosophical Transactions of the Royal Society B: Biological Sciences
374(1785):20190289 DOI 10.1098/rstb.2019.0289.

Moy JK, Khoutorsky A, Asiedu MN, Black BJ, Kuhn JL, Barragan-Iglesias P, Megat S,
Burton MD, Burgos-Vega CC, Melemedjian OK, Boitano S, Vagner J, Gkogkas CG,
Pancrazio JJ, Mogil JS, Dussor G, Sonenberg N, Price TJ. 2017. The MNK-eIF4E signaling
axis contributes to injury-induced nociceptive plasticity and the development of chronic pain.
The Journal of Neuroscience 37(31):7481–7499 DOI 10.1523/JNEUROSCI.0220-17.2017.

Moy JK, Khoutorsky A, Asiedu MN, Dussor G, Price TJ. 2018. eIF4E phosphorylation influences
Bdnf mRNA translation in mouse dorsal root ganglion neurons. Frontiers in Cellular
Neuroscience 12:29 DOI 10.3389/fncel.2018.00029.

Muraro NI, Weston AJ, Gerber AP, Luschnig S, Moffat KG, Baines RA. 2008. Pumilio binds
para mRNA and requires Nanos and Brat to regulate sodium current in Drosophila
motoneurons. The Journal of Neuroscience 28(9):2099–2109
DOI 10.1523/JNEUROSCI.5092-07.2008.

Neely GG, Keene AC, Duchek P, Chang EC, Wang QP, Aksoy YA, Rosenzweig M, Costigan M,
Woolf CJ, Garrity PA, Penninger JM. 2011. TrpA1 regulates thermal nociception in
Drosophila. PLOS ONE 6(8):e24343 DOI 10.1371/journal.pone.0024343.

Olesnicky EC, Killian DJ, Garcia E, Morton MC, Rathjen AR, Sola IE, Gavis ER. 2014. Extensive
use of RNA-binding proteins in Drosophila sensory neuron dendrite morphogenesis. G3
4(2):297–306 DOI 10.1534/g3.113.009795.

Palacios IM, Gatfield D, St Johnston D, Izaurralde E. 2004. An eIF4AIII-containing complex
required for mRNA localization and nonsense-mediated mRNA decay. Nature
427(6976):753–757 DOI 10.1038/nature02351.

Park JW, Parisky K, Celotto AM, Reenan RA, Graveley BR. 2004. Identification of alternative
splicing regulators by RNA interference in Drosophila. Proceedings of the National Academy of
Sciences of the United States of America 101(45):15974–15979 DOI 10.1073/pnas.0407004101.

Pyronnet S, Imataka H, Gingras AC, Fukunaga R, Hunter T, Sonenberg N. 1999. Human
eukaryotic translation initiation factor 4G (eIF4G) recruits mnk1 to phosphorylate eIF4E. The
EMBO Journal 18(1):270–279 DOI 10.1093/emboj/18.1.270.

Rode S, Ohm H, Anhauser L, Wagner M, Rosing M, Deng X, Sin O, Leidel SA, Storkebaum E,
Rentmeister A, Zhu S, Rumpf S. 2018. Differential requirement for translation initiation factor
pathways during ecdysone-dependent neuronal remodeling in drosophila. Cell Reports
24(9):2287–2299.e2284 DOI 10.1016/j.celrep.2018.07.074.

Schneiderman JI, Sakai A, Goldstein S, Ahmad K. 2009. The XNP remodeler targets dynamic
chromatin in Drosophila. Proceedings of the National Academy of Sciences of the United States of
America 106(34):14472–14477 DOI 10.1073/pnas.0905816106.

Sneddon LU. 2018. Comparative physiology of nociception and pain. Physiology 33(1):63–73
DOI 10.1152/physiol.00022.2017.

Song W, Ressl S, Tracey WD. 2020. Loss of pseudouridine synthases in the RluA family causes
hypersensitive nociception in drosophila. G3 10(12):4425–4438 DOI 10.1534/g3.120.401767.

Song Y, Wang Z-Y, Luo J, Han W-C, Wang X-Y, Yin C, Zhao W-N, Hu S-W, Zhang Q, Li Y-Q,
Cao J-L. 2023. CWC22-mediated alternative splicing of spp1 regulates nociception in
inflammatory pain. Neuroscience 535:50–62 DOI 10.1016/j.neuroscience.2023.10.006.

Steckelberg A-L, Boehm V, Gromadzka AM, Gehring NH. 2012. CWC22 connects pre-mRNA
splicing and exon junction complex assembly. Cell Reports 2(3):454–461
DOI 10.1016/j.celrep.2012.08.017.

Dyson et al. (2025), PeerJ, DOI 10.7717/peerj.18857 17/18

http://dx.doi.org/10.1098/rstb.2019.0289
http://dx.doi.org/10.1523/JNEUROSCI.0220-17.2017
http://dx.doi.org/10.3389/fncel.2018.00029
http://dx.doi.org/10.1523/JNEUROSCI.5092-07.2008
http://dx.doi.org/10.1371/journal.pone.0024343
http://dx.doi.org/10.1534/g3.113.009795
http://dx.doi.org/10.1038/nature02351
http://dx.doi.org/10.1073/pnas.0407004101
http://dx.doi.org/10.1093/emboj/18.1.270
http://dx.doi.org/10.1016/j.celrep.2018.07.074
http://dx.doi.org/10.1073/pnas.0905816106
http://dx.doi.org/10.1152/physiol.00022.2017
http://dx.doi.org/10.1534/g3.120.401767
http://dx.doi.org/10.1016/j.neuroscience.2023.10.006
http://dx.doi.org/10.1016/j.celrep.2012.08.017
http://dx.doi.org/10.7717/peerj.18857
https://peerj.com/


Tracey WD Jr., Wilson RI, Laurent G, Benzer S. 2003. painless, a Drosophila gene essential for
nociception. Cell 113(2):261–273 DOI 10.1016/s0092-8674(03)00272-1.

Uchida H, Matsushita Y, Ueda H. 2013. Epigenetic regulation of BDNF expression in the primary
sensory neurons after peripheral nerve injury: implications in the development of neuropathic
pain. Neuroscience 240:147–154 DOI 10.1016/j.neuroscience.2013.02.053.

Walsh D, Mohr I. 2004. Phosphorylation of eIF4E by Mnk-1 enhances HSV-1 translation and
replication in quiescent cells. Genes & Development 18(6):660–672 DOI 10.1101/gad.1185304.

Wu JY, Maniatis T. 1993. Specific interactions between proteins implicated in splice site selection
and regulated alternative splicing. Cell 75(6):1061–1070 DOI 10.1016/0092-8674(93)90316-I.

Xiang Y, Yuan Q, Vogt N, Looger LL, Jan LY, Jan YN. 2010. Light-avoidance-mediating
photoreceptors tile the Drosophila larval body wall. Nature 468(7326):921–926
DOI 10.1038/nature09576.

Ye B, Petritsch C, Clark IE, Gavis ER, Jan LY, Jan YN. 2004. Nanos and Pumilio are essential for
dendrite morphogenesis in Drosophila peripheral neurons. Current Biology 14(4):314–321
DOI 10.1016/j.cub.2004.01.052.

Zhao J, Lee MC, Momin A, Cendan CM, Shepherd ST, Baker MD, Asante C, Bee L, Bethry A,
Perkins JR, Nassar MA, Abrahamsen B, Dickenson A, Cobb BS, Merkenschlager M,
Wood JN. 2010. Small RNAs control sodium channel expression, nociceptor excitability, and
pain thresholds. The Journal of Neuroscience 30(32):10860–10871
DOI 10.1523/JNEUROSCI.1980-10.2010.

Zhong L, Bellemer A, Yan H, Honjo K, Robertson J, Hwang RY, Pitt GS, Tracey DW. 2012.
Thermosensory and nonthermosensory isoforms of Drosophila melanogaster TRPA1 reveal
heat-sensor domains of a thermoTRP channel. Cell Reports 1(1):43–55
DOI 10.1016/j.celrep.2011.11.002.

Zhong L, Hwang RY, Tracey WD. 2010. Pickpocket is a DEG/ENaC protein required for
mechanical nociception in Drosophila larvae. Current Biology 20(5):429–434
DOI 10.1016/j.cub.2009.12.057.

Dyson et al. (2025), PeerJ, DOI 10.7717/peerj.18857 18/18

http://dx.doi.org/10.1016/s0092-8674(03)00272-1
http://dx.doi.org/10.1016/j.neuroscience.2013.02.053
http://dx.doi.org/10.1101/gad.1185304
http://dx.doi.org/10.1016/0092-8674(93)90316-I
http://dx.doi.org/10.1038/nature09576
http://dx.doi.org/10.1016/j.cub.2004.01.052
http://dx.doi.org/10.1523/JNEUROSCI.1980-10.2010
http://dx.doi.org/10.1016/j.celrep.2011.11.002
http://dx.doi.org/10.1016/j.cub.2009.12.057
http://dx.doi.org/10.7717/peerj.18857
https://peerj.com/

	A nociceptor-specific RNAi screen in Drosophila larvae identifies RNA-binding proteins that regulate thermal nociception
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


