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Abstract  
 
Nociceptors, sensory neurons in the dorsal root ganglion (DRG) that detect damaging 

or potentially damaging stimuli, are key drivers of neuropathic pain. Injury to these 

neurons causes activation of translation regulation signaling including the mechanistic 

target of rapamycin complex 1 (mTORC1) and mitogen activated protein kinase 

interacting kinase (MNK) eukaryotic initiation factor (eIF) 4E pathways. This is a 

mechanism driving changes in excitability of nociceptors that is critical for the 

generation of chronic pain states, however, the mRNAs that are translated to lead to 

this plasticity have not been elucidated. To address this gap in knowledge, we used 

translating ribosome affinity purification (TRAP) in male and female mice to 

comprehensively characterize mRNA translation in Scn10a-positive nociceptors in 

chemotherapy-induced neuropathic pain (CIPN) caused by paclitaxel treatment. This 

unbiased method creates a new resource for the field, confirms many findings in the 

CIPN literature and also find extensive evidence for new target mechanisms that may 

cause CIPN. We provide evidence that an underlying mechanism of CIPN is sustained 

mTORC1 activation driven by MNK1-eIF4E signaling. RagA, a GTPase controlling 

mTORC1 activity, is identified as a novel target of MNK1-eIF4E signaling. This 

demonstrates a novel translation regulation signaling circuit wherein MNK1-eIF4E activity 

drives mTORC1 via control of RagA translation. CIPN and RagA translation are strongly 

attenuated by genetic ablation of eIF4E phosphorylation, MNK1 elimination or 

treatment with the MNK inhibitor eFT508. We identify a novel translational circuit for the 

genesis of neuropathic pain caused by chemotherapy with important implications for 

therapeutics. 

Significance Statement 



Neuropathic pain affects up to 10% of the population but its underlying mechanisms 

are incompletely understood leading to poor treatment outcomes. We used TRAP 

technology to create a comprehensive translational profile of DRG nociceptors in naïve 

mice and at the peak of neuropathic pain induced by paclitaxel treatment. We reveal 

new insight into how mTORC1 is activated in neuropathic pain pointing to a key role of 

MNK1-eIF4E-mediated translation of a complex of mRNAs that control mTORC1 

signaling at the surface of the lysosome. We validate this finding using genetic and 

pharmacological techniques. Our work strongly suggests that MNK1-eIF4E signaling 

drives CIPN and that a drug in human clinical trials, eFT508, may be a new therapeutic 

for neuropathic pain. 

 
 
 
 
  



Introduction 
 
 Neuropathic pain is a devastating disease with extraordinarily poor treatment 

outcomes. Existing first-line treatments produce only 30% pain relief in the majority of 

patients (Finnerup et al., 2015). Neuropathic pain is associated with important neuron-

immune interactions (Ji et al., 2016) and neuronal plasticity in the peripheral (PNS, 

(Campbell and Meyer, 2006; Gereau et al., 2014; Price et al., 2018; Price and Gold, 

2018)) and central nervous systems (CNS, (Denk et al., 2014)). Compelling evidence 

from animal models and human studies indicates that PNS-driven, sensory neuronal 

input to the CNS is required for neuropathic pain (Haroutounian et al., 2014; Vaso et al., 

2014; Haroutounian et al., 2018). This has led to the view that peripheral pain sensing 

neurons, called nociceptors, are a critical cellular origin of pain caused by 

neuropathies (Campbell and Meyer, 2006; Gold and Gebhart, 2010; Haroutounian et 

al., 2014; Vaso et al., 2014; Yang et al., 2014; Haroutounian et al., 2018; Price and Gold, 

2018). Recent studies employing optogenetic methods support this view (Daou et al., 

2016; Cowie et al., 2018).  There are many different causes of neuropathic pain 

including trauma to peripheral nerves, metabolic disease and toxicities produced by 

drug treatment.  As advances in cancer treatment efficacy have transformed 

treatment of this diverse disease, incidence and duration of chemotherapy-induced 

peripheral neuropathy (CIPN) have increased (Seretny et al., 2014; Ma et al., 2018). 

CIPN is the primary dose-limiting side effect of cancer treatment and no drugs are 

approved to treat this form of neuropathic pain (Ma et al., 2018). A primary aim of the 

work described here was to understand the regulatory changes in nociceptors that 

could contribute to CIPN using an unbiased, translational profiling method. 



The dynamics of nociceptor-specific gene expression in vivo in a neuropathic 

pain model have not been described at a genome wide scale.  Several studies have 

used RNA sequencing technology to gain insight into the dorsal root ganglion (DRG) 

transcriptome and how it changes in neuropathic pain models (Manteniotis et al., 2013; 

Thakur et al., 2014; Hu et al., 2016; Lopes et al., 2017a; Ray et al., 2018).  These studies 

have provided important details on immune cell infiltration into the DRG after 

peripheral nerve injury and how this may provide insight into sexually dimorphic 

mechanisms of neuropathic pain (Lopes et al., 2017b). Other studies have used single 

neuron sequencing on the DRG after nerve injury to provide insight into mechanisms 

driving neuropathic pain (Hu et al., 2016). These invaluable resources fail to capture the 

translational status of a given transcript. This is important because translation regulation 

plays a critical role in sensitization of nociceptors in response to a broad variety of 

factors, including nerve injury (Khoutorsky and Price, 2018). Ribosome tagging (Heiman 

et al., 2008) and ribosome profiling (Ingolia et al., 2012) methods have been developed 

to overcome this technical challenge on a genome-wide scale. Ribosome profiling was 

recently used in a neuropathic pain model on the DRG and spinal cord (Uttam et al., 

2018) but this method does not afford cell-type specificity.  We employed the 

translating ribosome affinity purification (TRAP) technology (Heiman et al., 2008), using 

the Nav1.8Cre mouse to achieve sensory neuron-specific ribosome tagging with 

enrichment in the nociceptor population. We used these Nav1.8-TRAP mice to identify 

transcripts associated with ribosomes specifically expressed in Nav1.8-positive neurons, 

most of which are nociceptors, isolated from animals with or without paclitaxel-induced 

CIPN. This tool pinpoints pathology in a translation signaling network that centers 

around RagA and mechanistic target of rapamycin complex 1 (mTORC1) that is driven 



by mitogen activated protein kinase interacting kinase (MNK) and eukaryotic initiation 

factor (eIF) 4E-driven translation of the Rraga mRNA encoding the RagA protein. Using 

mouse genetics and pharmacology, we demonstrate how this insight provides new 

strategies for the potential development of disease-modifying agents for neuropathic 

pain treatment, a debilitating and pervasive clinical problem. 

  



Materiel and Methods 

Antibodies for TRAP (HtzGFP-19F7 and HtzGFP-19C8) were obtained from Sloan 

Memorial Kettering Centre, after establishing Material Transfer Agreements (MTAs) with 

the laboratory of Prof. Nathaniel Heintz at The Rockefeller University. All animal 

procedures were approved by the Institutional Animal Care and Use Committee of 

University of Texas at Dallas. 

Transgenic animals  

Nav1.8cre/Rosa26fsTRAP mice 

Rosa26fsTRAP mice were generated as described previously (Zhou et al., 2013) and 

purchased from Jackson Laboratory (Stock number: 022367). Transgenic mice 

expressing Cre recombinase under the control of the Scn10a (Nav1.8) promoter were 

obtained initially from Professor John Wood (University College London) but are 

commercially available from Infrafrontier (EMMA ID: 04582). The initial characterization 

of these mice demonstrated that the introduction of the Cre recombinase in 

heterozygous animals does not affect pain behavior, and their DRG neurons have 

normal electrophysiological properties (Stirling et al., 2005). Nav1.8cre mice on a 

C57BL/6J genetic background were maintained and bred at the University of Texas at 

Dallas. Upon arrival, Rosa26fsTRAP mice were crossed to Nav1.8cre to generate the Nav1.8-

TRAP mice that express a fused EGFP-L10a protein in Nav1.8 expressing neurons. All 

experiments were carried out using male and female littermates aged 8 to 12 weeks 

old. Mice were group housed (4 maximum) in non-environmentally enriched cages with 

food and water ad libitum in a 12h light-dark cycle. Room temperature was maintained 

at 21 ± 2°C.  



eIF4ES209A and Mnk1-/- mice 

eIF4ES209A mice on a C57BL/6J background were generated in the Sonenberg 

laboratory at McGill University, as described previously (Furic et al., 2010), and bred at 

The University of Texas Dallas to generate experimental animals. All animals were 

genotyped using DNA from ear clips taken at the time of weaning and all animals were 

backcrossed to C57BL/6J background for at least 10 generations prior to experiments. 

Behavioral experiments using eIF4ES209A and WT mice were performed using mice 

between the ages of 8 and 12 weeks.  

Mnk1-/- mice on a C57BL/6J background were provided by the Sonenberg 

laboratory at McGill University and generated as described previously (Ueda et al., 

2004).  

Translating Ribosome Affinity Purification (TRAP) 

Nav1.8-TRAP male and female mice were decapitated and dorsal root ganglia 

(DRG) rapidly dissected in ice-cold dissection buffer (1X HBSS (Invitrogen 14065006), 2.5 

mM HEPES, 35 mM Glucose, 4 mM NaHCO3, 100 g/ml cycloheximide, 0.001V 2 mg/ml 

emetine). DRGs were transferred to ice-cold polysome buffer (20 mM HEPES, 12 mM 

MgCl2, 150 mM KCl, 0.5 mM DTT, 100 g/ml cyclohexamide, 20 g/ml emetine, 40U/ml 

SUPERase IN (Promega), 1 l DNAse and protease inhibitor and homogenized using a 

dounce homogenizer.  Samples were centrifuged at 3,000 x g for 10 min to prepare 

post-nuclear fraction (S1). Then, 1% NP-40 and 30 mM DHPC were added to the S1 

fraction and then centrifuged at 15,000 x g for 15 min to generate a post-mitochnodrial 

fraction (S20). A 200 l sample of S20 was removed for use as Input, and 800 l of S20 

was incubated with protein G-coated Dynabeads (Life Technologies) bound to 50 g



of anti-GFP antibodies (HtzGFP-19F7 and HtzGFP-19C8, Memorial Sloan Kettering 

Centre) for 3 hrs at 4°C with end-over-end mixing. Anti-GFP beads were washed with 

high salt buffer (20 mM HEPES, 5 mM MgCl2, 350 mM KCl, 1% NP-40, 0.5 mM DTT and 

100 g/ml cyclohexamide) and RNA was eluted from all samples using a Direct-zol kit 

(Zymo Research) according to the manufacturer’s instructions. RNA yield was 

quantified using a Nanodrop system (ThermoFisher Scientific) and RNA quality was 

determined by a fragment analyzer (Advanced Analytical Technologies Inc.). 

 

Library generation and sequencing  

Libraries were generated from 100 ng to 1 g of total RNA using Quantseq 3

mRNA-Seq library kit (Lexogen) with RiboCop rRNA depletion kit (Lexogen) treatment 

according to the manufacturer’s protocols. The endpoint PCR amplification cycle 

number for each sample was determined by quantitative PCR (qPCR) assay with PCR 

Add-on kit for Illumina (Lexogen). The cycle number was selected when the 

fluorescence value reached 33% of the maximum for each sample. Purified libraries 

were quantified by Qubit (Invitrogen) and the average size was determined by 

fragment analyzer (Advanced Analytical Technologies Inc.) with high sensitivity NGS 

fragment analysis kit. Libraries were then sequenced on an Illumina NextSeq500 

sequencer using 50-bp single-end reads. 

Sequence files generated by the Illumina NextSeq500 sequencer were 

downloaded from BaseSpace. An Initial quality check using FastQC 0.11.5 (Babraham 

Bioinformatics) was done on the sequencing files and then trimming was performed on 

the server with the FASTQ Toolkit. Sequences were trimmed with optimized parameters 

(13 bases from 3’-end, 17 bases from 5’-end, and any poly-adenine longer than 2 bases 



from the 3’ side). Trimming parameters were optimized based on FastQC results and 

mapping rate, as well as manually checking high reads or abundant chromosomal 

regions with IGV 2.3.80. The trimmed sequencing samples were then processed using 

TopHat 2.1.1 (with Bowtie 2.2.9) and mapped to the mouse reference genome (NCBI 

reference assembly GRCm38.p4) and reference transcriptome (Gencode vM10) 

generating files in .bam format. We filtered reads such that uniquely mapped reads 

were processed for further analysis (Table 1). Processed .bam files were then quantified 

for each gene using Cufflinks 2.2.1 with gencode.vM10 genome annotation. Since 

reads only mapped to the 3’UTR of the gene, read counts were not normalized by 

length by the using the Cufflinks option -- no–length–correction. Relative abundance for 

the ith gene was determined by calculating TPM (transcripts per million) values as follow: 

, where aj is the Cufflinks reported relative abundance. Finally, TPM 

values were normalized to upper decile for each biological replicate and udTPM 

(upper decile TPM) were used for analysis (Glusman et al., 2013), to provide uniform 

processing for samples with varying sequencing depth and because of varying number 

of genes in the transcriptome and translatome. 

Antibodies and chemicals 

The peripherin and neurofilament 200 (NF200) antibodies used for 

immunohistochemistry (IHC) were obtained from Sigma Aldrich (St. Louis, MO). Isolectin 

B4 (IB4) conjugated to Alexa-Fluor 568 and secondary Alexa-Fluor antibodies were from 

Life Technologies (Grand Island, NY). Calcitonin gene-related peptide (CGRP) antibody 

was purchased from Peninsula Laboratories International, Inc. (San Carlos, CA). The 

phospho- and total-eIF4E, 4EBP1, ERK, Akt, RagA, Actin, S6 and GAPDH antibodies were 



obtained from Cell Signaling Technology (Danvers, MA). The phospho-eIF4E antibody 

used for immunohistochemistry (IHC) was purchased from Abcam (Cambridge, UK). 

AZD8055 was obtained from LC Laboratories (Woburn, MA) and eFT508 was provided 

by eFFECTOR (San Diego, CA) under an MTA agreement with the University of Texas at 

Dallas. See Table 2 for additional details on antibodies and chemicals used in this study. 

Thermal and mechanical testing 

 Mice were housed on 12-hr light-/dark cycles with lights on at 7:00 AM. Mice had 

food and water available ad libitum. All behavioral experiments were performed 

between the hours of 9:00 AM and 6:00 PM. Mice were randomized to groups from 

multiple cages to avoid using mice from experimental groups that were cohabitating. 

Sample size was estimated as n < 6 using a power calculation with 80% power, 

expectations of 50% effect size, with alpha set to 0.05. The number of animals used in 

each experiment was based on available animals of the appropriate sex and age but 

was at least n = 5 for experiments. Standard deviation for power calculations was 

based on previously published data using similar models. Mice were habituated for 1 hr 

to clear acrylic behavioral chambers before beginning the experiment. Mechanical 

paw withdrawal thresholds were measured using the up-down method (Chaplan et al., 

1994) with calibrated Von Frey filaments (Stoelting Company, Wood Dale, IL). Thermal 

latency was measured using a Hot/Cold plate setting the temperature at 49, 50 and 

52oC.  For intrathecal (i.t.) injections 10 g of AZD8055 was injected in a volume of 5 L

via a 30 ½ -gauge needle. eFT508 for systemic injection was made up in 10% DMSO and 

90% polypropylene glycol in water and injected intraperitoneally in a volume of 100 l

and adjusted based on the weight. Mice of both sexes were used in most experiments 



and no significant differences between sexes were noted for drug or genotype in any 

experiments. The experimenter was blinded to the genotype of the mice and drug 

condition in all experiments.  

Conditioned Place Preference (CPP)

We used a modified conditioned place preference (CPP) procedure adapted 

from (Yang et al., 2014). A homemade CPP box was constructed with three chambers 

with equal levels of dim illumination. The box was made with one black and one white 

end chamber connected by a striped chamber. On day 1 of testing (Day 7 after the 

first injection of paclitaxel), each mouse was permitted to explore the striped and black 

(but not white) chambers. Conditioning trials occurred on days 2– 4. Each morning, 0.1 

ml of vehicle (saline) was injected intraperitoneally 10 min before confinement in the 

black chamber for 30 min. Three hours later, the same mouse was injected with 

retigabine (Alomones Labs, Jerusalem) (10 mg/kg in 0.1 ml of saline, (5)). Ten min before 

confinement in the white chamber for 30 min. On day 5, each mouse was placed in the 

striped chamber with unrestricted access to all chambers for 10 min. Data are 

presented as the difference in time spent in the retigabine-paired (white) chamber 

minus time in the vehicle-paired (black) chamber during the drug-free day 5 test.  

Co-Immunoprecipitation (Co-IP) 

DRGs were transferred to ice-cold polysome buffer (20 mM HEPES, 12 mM MgCl2,

150 mM KCl, 0.5 mM DTT and protease inhibitor and homogenized using a dounce 

homogenizer, and samples were centrifuged at 3,000 x g for 10 min to prepare the post-

nuclear fraction (S1). Then, 1% NP-40 and 30mM DHPC were added S1 was centrifuged 

at 15,000 x g for 15 min to generate a post-mitochondrial fraction (S20). A 200 l sample 

of S20 was removed for use as Input, and 800 l incubated with protein G-coated 



Dynabeads (Life Technologies) bound to anti-GFP antibodies (HtzGFP-19F7 and HtzGFP-

19C8, Memorial Sloan Kettering Centre) for 3 hrs at room temperature with end-over-

end mixing. Anti-GFP beads were washed with high salt buffer (20 mM HEPES, 5 mM 

MgCl2, 350 mM KCl, 1% NP-40) and proteins were eluted from all samples using RIPA 

buffer and heated up to 55° C for 5 min. The samples were then run on a 10% SDS-PAGE 

gel and immunoblot for L10a. 

Quantitative reverse transcriptase – polymerase chain reaction (qRT-PCR) 

            Lumbar DRGs were isolated from 4 male mice per genotype and flash-frozen on 

dry ice and stored at -80° C until ready to be processed. Tissues were homogenized 

using a pestle and total RNA was extracted using RNAqueous Total RNA Isolation kits 

(ThermoFisher Scientific). RNA was subsequently treated with TURBO DNase 

(ThermoFisher Scientific) according to the manufacturer’s instructions. RNA 

concentration was measured on a NanoDrop 2000 (ThermoFisher Scientific). cDNA was 

synthesized using iScript Reverse Transcriptase (Bio-Rad). qRT-PCR was done using a 

Applied Biosystems Lightcycler 7500 real time PCR system using iTaq Universal SYBR 

Green Supermix (Bio-Rad) according to the manufacturer’s instructions with 3 technical 

replicates per biological replicate (averages of the technical replicates per biological 

replicate are reported) using primers pairs: Gapdh forward 5’- 

GACAACTTTGGCATTGTGGA -3’ & Gapdh reverse 5’- CATCATACTTGGCAGGTTTCTC - 

3’, Rraga forward 5’-ACGTCCGATTCTTGGGGAAC -3’ & Rraga reverse 5’-

TACGGAAGATGTTGTCCCGC -3’, Primers were made by Integrated DNA Technologies 

(Coralville, IA). Data were analyzed as 2- C  and normalized as shown in Results.  

Measurement of Protein Synthesis 



Eight to 12-week-old wild-type and eiF4ES209A mice were injected with puromycin 

(10 mg/kg via the intraperitoneal route, i.p.), and 1 hr later, DRGs were collected and 

processed for Western blotting using anti-puromycin monoclonal antibody (PMY-2A4, 

KeraFast). DRGs from mice injected with eFT508 (10 mg/kg i.p, injected 1 hr before 

puromycin) or vehicle were processed in parallel and used as controls. Protein synthesis 

was determined by measuring total lane signal from 250–15 KDa and subtracting 

unlabeled protein control. Signals were quantified using Image Lab (BioRad, Hercules, 

CA). 

Immunohistochemistry (IHC)  

 Animals were anesthetized with isoflurane (4%) and euthanized by decapitation 

and tissues were flash frozen in O.C.T. on dry ice. Spinal cords were pressure ejected 

using chilled 1X phosphate buffered saline (PBS). Sections of DRG (20 m) were 

mounted onto SuperFrost Plus slides (Thermo Fisher Scientific, Waltham, MA) and fixed in 

ice-cold 10% formalin in 1X PBS for 45 min then subsequently washed 3 times for 5 min 

each in 1X PBS. Slides were then transferred to a solution for permeabilization made of 

1X PBS with 0.2% Triton X-100 (Sigma Aldrich). After 30 min, slides were washed 3 times for 

5 min each in 1X PBS. Tissues were blocked for at least 2 hrs in 1X PBS and 10% heat-

inactivated normal goat serum. DRG slices were stained with peripherin and NF200 and 

Immunoreactivity was visualized following 1 hr incubation with goat anti-rabbit, goat 

anti-mouse, and goat anti-guinea pig Alexa-Fluor antibodies at room temperature. All 

IHC images are representations of samples taken from 3 animals per genotype. Images 

were taken using an Olympus FluoView 1200 confocal microscope. Analysis of images 

was done using ImageJ Version 1.48 for Apple OSX (National Institutes of Health, 

Bethesda, MD). 



Acute dissociation of mouse DRG neurons 

Thirty mice were deeply anesthetized with isoflurane and the bilateral C4-5, T3-5, 

and L4-5 ganglia were surgically exposed and removed. The ganglia were placed in a 

flask containing trypsin (6.25 g/mL, Hyclone) and type IA collagenase (0.25 mg/mL, 

Sigma-Aldrich) in DMEM and shaken for 50 min in a heated (37°C) bath. After the cells 

were washed and mechanically dispersed with a fire polished Pasteur pipette, they 

were plated on poly-L-lysine-coated glass sheets and held in culture dishes with DMEM 

(10% FBS) until use within 6 hours after plating.  

Whole-cell patch recording of spontaneous and evoked action potential in acutely 

dissociated mice DRG neurons 

A previously described protocol was used (Li et al., 2017)(Li et al., 2017)(Li et al., 

2017)(Li et al., 2017) for current-clamp recording. The internal solution contained 135 

mM K-gluconate, 5 mM KCl, 5 mM Mg-ATP, 0.5 mM Na2GTP, 5 mM HEPES, 2 mM MgCl2, 5 

mM EGTA, and 0.5 mM CaCl2 adjusted to pH 7.4 with KOH and the bath ACSF solution. 

DRG neurons were held at 0 pA, and the action potential current threshold was evoked 

using a series of 300-ms depolarizing current injections in 10-pA steps from -50 pA. The 

current that induced the first action potential that was defined as 1X rheobase. Only 

neurons with a resting membrane potential of at least -40 mV, stable baseline 

recordings, and evoked spikes that overshot 0 mV were used for further experiments 

and analysis. The DRG neurons were then held at 0 pA to record spontaneous action 

potential for 5 min. The different times rheobase injections for 500 ms was applied to 

induce action potential spike-burst responses. Series resistance (Rs) was compensated 

to above 70% for the recorded DRG neurons. All recordings were made at room 

temperature.



Western blotting 

 Male and female mice were used for all Western blotting experiments and were 

sacrificed by decapitation following anesthesia and tissues were flash frozen on dry ice. 

Frozen tissues were homogenized in lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM 

EDTA pH 8.0, and 1% Triton X-100) containing protease and phosphatase inhibitors 

(Sigma Aldrich), and homogenized using a pestle. In vitro studies consisted of cultured 

primary DRG neurons from ~ 4 week-old mice. Mice were anesthetized with isoflurane 

and euthanized by decapitation. DRGs were dissected and placed in chilled Hank’s 

Balanced Salt Solution (HBSS, Invitrogen) until processed. DRGs were then digested in 1 

mg/mL collagenase A (Roche) for 25 min at 37° C then subsequently digested in a 1:1 

mixture of 1 mg/mL collagenase D and papain (Roche) for 20 min at 37° C. DRGs were 

then triturated in a 1:1 mixture of 1 mg/mL trypsin inhibitor (Roche) and bovine serum 

albumin (BioPharm Laboratories, LLC), then filtered through a 70 m cell strainer 

(Corning). Cells were pelleted, then resuspended in Dulbecco’s Modified Eagle’s 

Medium (DMEM) / F12 + Glutamax (Life Technologies) containing 10% fetal bovine 

serum (FBS, Life Technologies), 1% penicillin and streptomycin, and 3 g/ml 5-

fluorouridine with 7 g/ml uridine to inhibit mitosis of non-neuronal cells and distributed 

evenly in a 6-well plate coated with poly-D lysine (Becton Dickenson [BD]). DRG 

neurons were maintained in a 37° C incubator containing 5% CO2 with a media 

change every other day. On day 5, DRG neurons were treated as indicated in the 

results section, and cells were rinsed with chilled 1X PBS and harvested in lysis buffer 

containing protease and phosphatase inhibitors (Sigma-Aldrich), and then sonicated 

for 10 sec. To clear debris, samples were centrifuged at 14,000 rpm for 15 min at 4° C. 

Fifteen g of protein was loaded into each well and separated by a 10-12% SDS-PAGE 



gel. Proteins were transferred to a 0.45 m PVDF membrane (Millipore, Billierca, MA) at 

25 V overnight at 4° C. Subsequently, membranes were blocked with 5% non-fat dry 

milk (NFDM) in 1X Tris buffer solution containing Tween 20 (TTBS) for 3 hrs. Membranes 

were washed in 1X TTBS 3 times for 5 min each, then incubated with primary antibody 

overnight at 4° C. The following day, membranes were washed 3 times in 1X TTBS for 5 

min each, then incubated with the corresponding secondary antibody at room 

temperature for 1 hr. Membranes were then washed with 1X TTBS 5 times for 5 min each. 

Signals were detected using Immobilon Western Chemiluminescent HRP substrate 

(Millipore). Bands were visualized using film (Kodak; Rochester, NY) or with a Bio-Rad 

(Hercules, CA) ChemiDoc Touch. Membranes were stripped using Restore Western Blot 

Stripping buffer (Thermo Fisher Scientific), and re-probed with another antibody. Analysis 

was performed using Image Lab (Bio-Rad).  

Motif analysis  

For each gene in the upregulated translation gene list, we created one 5'UTR 

sequence per gene. For each gene, this was done by first extracting 5' UTR sequences 

from all isoforms based on the Gencode annotation. Isoforms with 5' UTRs shorter than 

20 bases, or with sequence that is part of an ORF in another isoform were discarded. 

The remaining isoforms were collapsed into a single sequence in order of their location 

in the genome, with overlapping regions present exactly once in the sequence. Based 

on the set of 5'UTRs, the motif finding tool MEME 

(https://www.ncbi.nlm.nih.gov/pubmed/19458158)  was used to identify motifs of length 

6 to 12 bps, having at least 10 instances in our set of sequences. The background 

sequence set was simulated by MEME based on a 0th order model of nucleotide 

composition based on the 5'UTRs to avoid motifs identified as a result of nucleotide 



compositional biases, the 3 statistically significantly enriched motifs identified are shown, 

along with the genes they occur in, as well as the e values (expected number of 

instances for the motif, statistical significance threshold for e - value used is 0.01).  

Statistics 

 All data are represented as mean ± standard error of the mean (SEM). All 

analysis was done using GraphPad Prism 6 v 6.0 for Mac OS X. For qPCR and WB 

experiments significant outliers (> 2 SD from the mean) were removed using one-sided 

Dixon’s test at a significance (p < 0.05). Single comparisons were performed using 

Student’s t-test and multiple comparisons were performed using a one-way ANOVA 

with post-hoc tests for between group comparisons. For behavioral experiments, two-

way ANOVA (time X treatment) was used to measure effects across time between 

different groups. If significant effects were found by ANOVA, post hoc analyses were 

performed.  Multiples comparisons between/within groups were performed using 

Bonferroni correction. Statistical results can be found in the figure legends. 

Electrophysiological recordings were analyzed using an unpaired t-test. DRG 

intracellular current injection neurophysiology data were analyzed with 2-way ANOVA 

(treatment X rheobase times) followed by Bonferroni post hoc tests (corrected P < 0.05). 

P< 0.05 was considered statistically significant. 

Statistics for RNA sequencing 

Differential expression analysis was performed using Matlab scripts. Briefly, TPM 

(transcripts per million) values were normalized to their 90th percentile to generate 

udTPM and the probability density function of the udTPM was used to set the threshold 

value for further analysis. Genes showing consistent expression above the set threshold 

across biological replicates were then used to generate lists of differential expressed 



genes. Standard t-test was first performed assuming unequal variances between 

experimental groups generating p-values for each gene as follow. A q-value for the ith

test was then calculated using Benjamini-Hochberg correction for multiple comparisons 

as follows:        where N is the number of tests. 

Finally, the cumulative density function of the fold change was plotted and used to set 

the fold change for the input and TRAP fraction. Gene set enrichment analysis were 

performed with Enrichr (Kuleshov et al., 2016) using the Gene Ontology molecular 

function (2015) and biological process (2015) and the Reactome (2015) libraries.  

Data and software availability 

Raw RNA sequencing data are available through GEO number: GSE113941. All raw 

data and code is available upon request. 

Results 

To generate nociceptor-enriched ribosome-tagged mice, Nav1.8cre mice were 

crossed with Rosa26fs-TRAP (Zhou et al., 2013), to express eGFP fused to the ribosomal L10a 

protein in Nav1.8-positive neurons (Fig. 1A). To ensure the specificity of our approach, 

we characterized expression of the transgene in the DRG. We found that eGFP-L10a-

positive neurons primarily co-localized with small diameter peripherin-positive neurons 

(81% ± 3.1) while a smaller proportion of eGFP-labelled neurons co-expressed NF200, a 

marker of large diameter neurons (40.1% ± 2.8) (Fig. 1B,C). The percentage of eGFP-

L10a-positive neurons was equally distributed between non-peptidergic (86.7% ± 2.3) 

and peptidergic neurons (78.7%± 2.7) (Fig.1C). We did not observe eGFP-L10a 

expression in non-neuronal cells in the DRG. Thus, this approach specifically labels 



sensory neurons including a substantial subset of neurons that are involved in 

nociception.  We refer to these mice as Nav1.8-TRAP mice because they express 

tagged ribosomes specifically in the Nav1.8 population of DRG neurons. 

We then used Nav1.8-TRAP mice to preliminarily characterize the translatome of 

DRG neurons that express Nav1.8 using mRNAs isolated with immunoprecipitation (IP) of 

translating ribosomes (Heiman et al., 2014). First, we determined that IP of eGFP-L10a 

from DRGs of control and Nav1.8-TRAP mouse strains yielded a specific IP of eGFP-L10a 

using eGFP antibodies (Fig. 1-1A). We also used IP combined with RT-qPCR for several 

mRNAs that are known to be enriched in nociceptors (Corder et al., 2017) to 

demonstrate integrity of the IP-mRNA complex (Fig. 1-1B-D). These experiments 

demonstrate that the Nav1.8-TRAP approach can be used to tag ribosomes and 

capture mRNAs from nociceptive DRG neurons.  

One outcome of these characterization experiments was the realization that a 

large amount of starting material is required to successfully isolate ribosome-associated 

mRNAs from Nav1.8-TRAP cells. We determined that DRGs from cervical, thoracic and 

lumbar levels from 4 animals were minimally required for a single biological replicate for 

accurate TRAP-seq in this tissue. Since a goal of our experiments was to assess the 

nociceptor translatome using RNA sequencing (Nav1.8-TRAP-seq) in neuropathic pain, 

this prompted us to utilize a neuropathy model where all DRGs are affected by the 

treatment. Paclitaxel-induced CIPN is a common form of neuropathic pain with 

devastating consequences for patients (Ma et al., 2018). The common descriptions of 

this form of CIPN include a “stocking and glove” distribution (Seretny et al., 2014; Ma et 

al., 2018) questioning whether pathology is found at all DRG levels from the drug 

treatment. Given that this would have obvious consequences for our experimental 



approach, we sought to assess whether electrophysiological changes were found at all 

DRG levels in mice treated with paclitaxel. We treated Nav1.8-TRAP mice with the 

commonly used chemotherapeutic agent, paclitaxel (4 mg/kg) every other day, 

intraperitoneally, for a total of 8 days. We isolated cervical, thoracic and lumbar DRGs 

on day 10 after initiation of treatment from mice treated with vehicle or paclitaxel and 

performed patch clamp electrophysiology. Paclitaxel treatment caused spontaneous 

activity and increased nociceptor excitability (Fig. 2A-C) at all DRG levels.  

Having determined that paclitaxel affects nociceptors in all DRGs, we pooled 

samples from 4 mice (2 male and 2 female) per treatment, per biological replicate for 

high-throughput sequencing. Subsequent behavioral and biochemical experiments 

were carried out in males and females (Table 3). On day 10 after the start of paclitaxel 

or vehicle treatment, we collected eGFP-L10a IPs from Nav1.8-TRAP mice for RNA 

sequencing. From all biological replicates we sequenced input mRNA, equivalent to 

the DRG transcriptome, and TRAP mRNAs associated with translating ribosomes in the 

Nav1.8 subset of DRG neurons (TRAP-seq). This approach allowed us to make 

comparisons of transcriptional and translational changes in response to paclitaxel in a 

cell-type specific fashion. We observed strong correlation coefficients between 

biological replicates for the Input and TRAP samples demonstrating high reproducibility 

across experiments (Fig. 3A). Principal component analysis did not distinguish between 

treatment conditions in input samples whereas robust differences were found in the 

TRAP-seq samples suggesting that the key differences driving neuropathic pain 

generated by paclitaxel are happening at the translational level in Nav1.8-positive 

neurons (Fig. 3B-D).



As an additional control for the specificity of our approach, we analyzed a 

subset of genes that are known to be enriched in different cell populations in the DRG. 

This analysis demonstrated that TRAP-seq allowed the isolation of translating mRNAs in a 

cell-type specific manner. Neuronal mRNAs such as Calca (CGRP ), Calcb (CGRP ) or 

Scn10a (Nav1.8) were enriched in TRAP fractions whereas glial markers (Aldh1l1, Gfap)

and endothelial specific genes (Cldn5, Esam) were depleted. (Fig. 4A). For subsequent 

genome wide analysis, gene expression values (transcripts per million (TPMs)) were 

normalized to the 90th percentile for each biological replicate and the empirical 

probability density function (PDF) of the normalized expression level (upper decile 

(ud)TPM) was plotted for the input and TRAP fractions (Fig. 4B).  The PDF function 

displayed 2 peaks (Fig. 4B) and the inflexion point was used to set the threshold 

expression values according to the sequencing depth. After further filtering, based on 

consistent expression among biological replicates, we included a total of 8270 genes in 

the final analysis. We then plotted the cumulative frequency distribution as a function of 

the log 2-fold change for each of these genes in vehicle- versus paclitaxel-treated 

biological replicates and the 95th percentile was used to set the threshold fold change 

values for the input and TRAP fractions (Fig. 4C). Input transcriptome analysis revealed 

that only 4 genes were up-regulated (Dpep2, Car3, Iah1 and Arhgef4) and 1 was 

down-regulated (Plcb3) in the DRG by paclitaxel treatment when looking at the whole 

transcriptome of the DRG at day 10 after treatment (Fig. 4D and Fig. 4-1). This finding 

suggests that at this time point there are relatively few transcription changes induced 

by paclitaxel treatment in the whole DRG. In stark contrast, and consistent with the 

notion that transcriptional and translational changes are frequently decoupled (Liu et 

al., 2016), which is shown graphically for our dataset in Fig 4E, we detected 230 genes 



up-regulated (Fig. 4D and 4E and Fig. 4-2) and 222 down regulated (Fig. 4D and E and 

Fig. 4-3) by paclitaxel treatment in the TRAP-seq data set. These differences between 

transcriptome and translatome demonstrate the utility of the TRAP approach for 

identifying changes in gene expression that cannot be accounted for with traditional 

transcriptomic analysis. 

We then investigated what classes of genes were significantly enriched in the up 

and down regulated mRNA TRAP-seq dataset using the EnrichR tool (Kuleshov et al., 

2016). First, validating that this approach can identify pathological changes in 

nociceptors that have already been linked to CIPN (Bennett et al., 2014), reactive 

oxygen species and mitochondrial dysregulation signatures were significantly enriched 

in the paclitaxel-treated TRAP-seq dataset. Likewise, several translationally up-regulated 

mRNAs found in our dataset have already been identified in the CIPN literature using 

independent methods, such as caspase 6 (Berta et al., 2017). We also found a 

significant enrichment of genes involved in the regulation of cap-dependent 

translation, the lysosomal complex and mTORC1 signaling (Fig. 4F).

Combining this dataset with single cell RNA sequencing from existing data 

sources (Usoskin et al., 2015; Hu et al., 2016) allowed us to infer translation efficiencies 

(TEs) for all mRNAs translated in Nav1.8 neurons creating a rich resource for 

understanding steady state translation of mRNAs expressed in nociceptors 

(https://www.utdallas.edu/bbs/painneurosciencelab/sensoryomics/cipntrap/browse.ht

ml). We strictly limited ourselves to calculating TEs for mRNAs that are found in the 

Nav1.8 population of neurons as defined by single cell RNA sequencing because high 

expression in other cell types would bias TEs toward less translation efficiency because 

our translating ribosome associated mRNA sequencing is restricted to the Nav1.8 



population (Fig. 5A). We examined families of genes for any systematic differences in 

TEs for mRNAs expressed in Nav1.8-positive neurons (e.g. ion channels, G-protein 

coupled receptors and kinases). Interestingly we observed that ion channels and 

GPCRs tended to show higher TEs compared to other families such as kinases, RNA-

binding proteins or transcription factors. When, we looked at specific genes in each 

family we found a clear increase in TE for Trpv1 (Fig. 5B), which has been shown to be 

up-regulated after paclitaxel (Li et al., 2015) and translationally upregulated by p38 

signaling in the DRG in an inflammatory pain model (Ji et al., 2002). Also, we observed a 

decrease in TE for Chrna6 associated with an increase in TE for P2rx2 after CIPN (Fig. 5B).

Interestingly, previous studies have demonstrated that Chrna6 is a negative regulator of 

P2rx2 and that Chrna6 mutations that decrease this functional inhibition are correlated 

with chronic pain (Wieskopf et al., 2015). Therefore, decreased Chrna6 expression in 

CIPN may sensitize nociceptors to ATP released from a variety of different sources via 

enhanced function of P2X2/P2X3 receptors. 

 Having established alterations in the nociceptor translatome with paclitaxel 

treatment, we then sought to examine whether there were motifs in the 5’ untranslated 

regions (UTRs) of mRNAs up-regulated after CIPN. We found a clear enrichment in 3 

motifs.  Most prominent among them was a TOP-like element (Fig. 6). TOP elements are 

found in the 5’UTRs of mRNAs that are regulated by mTORC1 signaling (Thoreen et al., 

2012). This finding is consistent with our gene ontology results (Fig. 4F) and reinforces the 

concept that mTORC1-regulated mRNA translation is a critical component of neuronal 

plasticity after paclitaxel treatment. We also found an enrichment in an AG-rich motif 

with unknown function and a G-quartet-like motif (Fig. 6). The G-quartet motif suggests 

translation control by the RNA helicase, eIF4A (Wolfe et al., 2014). Interestingly, a 



specific eIF4A isoform, eIF4a3, was found as being highly translated after CIPN (Fig 4-2)

and Mtor, which was also translationally increased by CIPN (Fig. 7A), contains a G-

quartet-like motif in its 5’UTR. This suggests that the RNA helicase eIF4A could regulate 

the translation of the Mtor mRNA.  

We then turned to biochemical methods to validate selected TRAP-seq results. 

We confirmed changes in steady state protein levels with paclitaxel treatment for 

proteins including mTOR (Fig. 7B), and Esyt1 (Fig. 7-1). The concordance between 

measurements indicates that TRAP-seq can reliably predict increases in protein 

expression in DRG after CIPN. Based on increased mTOR protein levels we also 

examined downstream and associated targets of mTOR where we noted increases in 

p-4EBP1 expression (Fig. 7B) but no differences in phosphorylation or total protein levels 

for ERK, AKT or, surprisingly, ribosomal protein S6 (Fig. 7-2). We also found that eIF4E 

phosphorylation was increased with paclitaxel treatment (Fig. 7B). These findings 

suggest a selective increase in signaling via a subset of proteins that control translation 

of genes involved in neuronal plasticity (Gkogkas et al., 2014; Moy et al., 2017). To test 

this hypothesis, we asked if mTOR inhibition or genetic loss of the phosphorylation site for 

MNK on the cap-binding protein eIF4E (eIF4ES209A) would impair CIPN. 

We used the ATP competitive mTORC1/2 inhibitor AZD8055 to examine the 

influence of mTOR inhibition on paclitaxel-induced pain. While a robust reduction in 

mechanical hypersensitivity occurred with the first intrathecal injection of AZD8055, the 

magnitude of this effect was decreased upon subsequent treatments (Fig. 7C). We 

attribute this rapid onset, tolerance-like effect to the known phenomena of feedback 

signaling in the mTOR pathway (Melemedjian et al., 2013; Soares et al., 2015). Although 

we see clear signs of augmented mTORC1 signaling in this CIPN model, this limited 



efficacy with repeated dosing makes mTORC1 a less attractive target for therapeutic 

intervention in CIPN.  

We then turned to a genetic approach to examine the possibility of targeting 

MNK-eIF4E signaling in CIPN. Our previous work on this target suggests a key role in 

certain types of pain sensitization but effects in the spared nerve injury model of 

neuropathic pain were not as compelling (Moy et al., 2017; Moy et al., 2018). Given that 

our TRAP-seq data points to a clear role of altered translation regulation signaling in 

nociceptors in CIPN, we hypothesized that MNK-eIF4E signaling may play a crucial role 

in this model. In support of this hypothesis, mice harboring a mutation at the MNK 

phosphorylation site on eIF4E (eIF4ES209A mice) treated with paclitaxel showed 

decreased mechanical (Fig. 7D) and thermal hypersensitivity (Fig. 7E) compared to 

their WT littermates. While this suggests decreased CIPN pain in the absence of eIF4E 

phosphorylation, we determined this empirically using the conditioned place 

preference (CPP) paradigm (King et al., 2009) with retigabine as the conditioning 

agent, as has been described previously (Yang et al., 2014). Importantly, WT mice had 

a clear preference for the retigabine-paired chamber demonstrating relief of 

spontaneous pain. On the other hand, eIF4ES209A mice showed no preference for the 

retigabine-paired chamber. This indicates an absence of spontaneous pain in these 

mice (Fig. 7F).

Given the strong behavioral phenotype of eIF4ES209A mice in CIPN, we turned to a 

clinical candidate drug, eFT508 (Reich et al., 2018), that is a potent MNK1/2 inhibitor 

and blocks eIF4E phosphorylation in vitro and in vivo. We used this compound to 

examine whether targeted blockade of the MNK-eIF4E signalling axis inhibits and/or 

reverses paclitaxel-induced pain. We first tested the effect of eFT508 on cultured DRGs 



neurons. Treatment with eFT508 reduced eIF4E phosphorylation by 90% (Fig. 8A). Neither

loss of eIF4E phosphorylation in eIF4ES209A mice nor eFT508 treatment reduced bulk 

translation in the DRG in vivo (Fig. 8-1). This parallels previous findings that Mnk1/2 

signaling to eIF4E phosphorylation controls the translation of a specific subset of mRNAs 

(Gkogkas et al., 2014; Silva Amorim et al., 2018). Paclitaxel-treated mice given eFT508 

(10 mg/kg) after full development of CIPN showed a reversal of mechanical (Fig. 8B) 

and thermal hypersensitivity (Fig. 8C). We tested the specificity of the effect of eFT508 

with dosing to WT and eIF4ES209A mice. We also used this experiment to assess the 

potential development of tolerance to repeated dosing of eFT508. eFT508 (1 mg/kg) 

produced robust relief of mechanical hypersensitivity at this lower dose, and the effect 

was completely absent in eIF4ES209A mice demonstrating the specificity (Fig. 8D). No 

signs of tolerance were observed in this experiment. Consistent with a key role for this 

signaling pathway in nociceptors, 80% of eGFP-L10a+ neurons exhibited strong p-eIF4E 

signal (Fig. 8F and 8G). No signal for the p-eIF4E antibody was observed in the eIF4ES209A

mice, indicative of the specificity of the antibody (Fig. 8-2).

Our findings suggest a link between increased translation of mTOR complex 

proteins and MNK-mediated eIF4E phosphorylation as a causative factor in paclitaxel-

induced neuropathy. However, mechanisms through which eIF4E phosphorylation 

might control mTOR signaling are not established. A possible connection between these 

parallel pathways (Richter and Sonenberg, 2005) is reciprocal translational regulation of 

mRNAs that encode signaling factors of the RagA-Ragulator complex mediated by 

MNK-dependent eIF4E phosphorylation. The RagA-Ragulator complex controls mTORC1 

activity in response to amino acid flux across the lysosomal membrane (Sancak et al., 

2010; Wolfson and Sabatini, 2017) and requires activity of the RagA, but not the RagB, 



GTPase (Efeyan et al., 2013; Efeyan et al., 2014). RagA exists in a complex with RagC 

while RagB forms a complex with RagD (Efeyan et al., 2013; Efeyan et al., 2014). Our 

TRAP-seq comparison demonstrates that genes corresponding to the components of 

the RagA-Ragulator-mTORC1 complex are preferentially translated after paclitaxel 

treatment (Fig. 9A). In particular, there was a 3.5-fold increase in the number of 

normalized reads mapping to the Rraga mRNA, encoding the RagA GTPase amino 

acid sensor for mTORC1 (Fig. 9B-C).

Other components of the RagA-Ragulator-mTORC1 complex including Lamtor5, 

Lamp2, Atp6v1a, Fkbp1a, Fkbp1b, Ywhaq and Mtor also showed a consistent increase 

in translation with paclitaxel treatment (Fig. 9A-D). Interestingly, known negative 

regulators of mTORC1 including Akt1s1, encoding PRAS40, and the  subunit of AMPK 

(Prkag2) showed decrease translation efficiency (Fig. 9A and D). These findings indicate 

a fundamental change in the mTORC1 signaling network in Nav1.8 expressing neurons 

in CIPN that could be indicative of altered protein biosynthesis or related to other 

functions of mTORC1, such as lipid homeostasis (Saxton and Sabatini, 2017). Given the 

behavioral observations with eIF4ES209A mice, the effect of eFT508 in CIPN, we further 

focused on translation regulation mechanisms as the key causative factor in paclitaxel-

induced neuropathic pain.  

We validated that RagA protein levels were increased in DRG by paclitaxel 

treatment (Fig. 9E). We also found that RagA protein expression was significantly lower 

in eIF4ES209A mice compared to WT mice, although mRNA levels were equal in the two 

strains of mice (Fig. 9F). These findings suggested that eIF4E phosphorylation controls 

RagA translation in CIPN. To test this, we treated eIF4ES209A mice with paclitaxel and 

failed to observe an effect from paclitaxel on RagA protein in DRGs from these mice 



(Fig. 9G). Moreover, the MNK1/2 inhibitor eFT508 decreased RagA protein levels both in 

cultured DRG neurons (Fig. 10A) and in vivo (Fig. 10B). 4EBP1 phosphorylation was also 

decreased in the DRG of eFT508-treated mice linking altered RagA translation to 

downstream mTORC1 activity (Fig. 10B).

 Two MNK isoforms are known to phosphorylate eIF4E, however, MNK2 shows 

constitutive kinase activity while MNK1 is induced by cellular stimuli (Ueda et al., 2004). 

We reasoned that MNK1-mediated phosphorylation of eIF4E might control RagA protein 

expression and regulate paclitaxel-induced CIPN. MNK1-/- mice showed a 40% 

reduction in RagA protein levels in DRG compared to WT and a significant reduction in 

eIF4E phosphorylation while upstream signaling pathways were unchanged (Fig. 10C, 

Fig. 10-1). When we co-examined eIF4E phosphorylation with RagA expression in mouse 

DRG we observed correlated expression for RagA and p-eIF4E.  This was increased by 

paclitaxel treatment and strongly suppressed by eFT508 with an 80% correlation 

coefficient indicating that increases or decreases in eIF4E phosphorylation can reliably 

influence the level of RagA translation (Fig. 10D). We then assessed paclitaxel-induced 

CIPN in MNK1-/- mice and observed a profound deficit in the development of 

mechanical hypersensitivity (Fig. 10E) consistent with observations in eIF4ES209A mice. 

Finally, we examined whether transient MNK1/2 inhibition could decrease spontaneous 

activity in DRG neurons taken from paclitaxel treated mice. These neurons showed 

robust spontaneous activity that was strongly suppressed by eFT508 treatment (Fig 10F).

Approximately 20 min of treatment with eFT508 was needed to reduce spontaneous 

activity in most neurons and this effect was reversible, indicating that eFT508 is not toxic 

to DRG neurons in vitro.

Discussion 



We used Nav1.8-positive neuronal translational profiling in the paclitaxel model 

of CIPN pain to comprehensively characterize the nociceptor translatome in mice with 

and without neuropathic pain. The data provide a unique resource for probing 

translational control in pain plasticity and reveal high quality targets for the potential 

generation of disease modifying therapies for a currently intractable disease (Seretny et 

al., 2014; Ma et al., 2018). Our work demonstrates broad changes in regulation of the 

mTORC1 and MNK-eIF4E signaling network in CIPN that reveals a complex interplay 

between eIF4E-mediated translation control of RragA mRNA and mTORC1 function (Fig. 

10G). Our experiments support a model wherein MNK1-mediated phosphorylation of 

eIF4E controls the translation of RragA mRNA creating a previously unknown link 

between these distinct signaling pathways. In the context of CIPN, increased eIF4E 

phosphorylation leads to enhanced Rraga mRNA translation and RagA protein levels 

driving mTORC1 activation and neuropathic pain. Our findings demonstrate that MNK 

and eIF4E phosphorylation can be targeted genetically or with eFT508 (also known as 

Tomivosertib), a drug in late phase clinical trials as a means to prevent or reverse CIPN 

pain.  These discoveries can potentially be used to enhance the efficacy of cancer 

chemotherapy treatment by reducing the primary dose-limiting side effect of 

chemotherapy (Seretny et al., 2014; Ma et al., 2018). Our findings could also improve 

the quality of life of people who suffer from CIPN that continues after treatment since 

we have shown that blocking MNK-eIF4E signaling plays a role in initiating and 

maintaining CIPN. 

The global profile we report of translation provides an independent confirmation 

for a variety of findings in the CIPN and chronic pain literature. This speaks to the 

powerful nature of the use of the TRAP-seq technique to gain insight into disease 



mechanisms in a cell-type specific fashion. In our gene ontology analysis, we identified 

both reactive oxygen signaling (Doyle et al., 2012; Duggett et al., 2016) and 

mitochondrial function as key changes occurring in CIPN.  Both of these are well known 

mechanisms of CIPN with a great deal of recent focus in the field placed on 

mitochondrial dysfunction (Flatters and Bennett, 2006; Flatters, 2015; Griffiths and 

Flatters, 2015). Our work provides a comprehensive snapshot of changes in translation 

of mRNAs that regulate mitochondrial function in CIPN.  We also confirm the 

upregulation of translation of several mRNAs that have also been linked to functional 

pathology in CIPN.  Chief among these are Trpv1 (Li et al., 2015), an ion channel well 

known to contribute to many different types of pain, and caspase 6, an enzyme that 

has been linked to many different types of chronic pain where it seems to regulate 

tumor necrosis factor  signaling via an extracellular mechanism (Berta et al., 2014). Our 

TRAP-seq findings independently support the conclusion that enhanced nociceptor 

translation of caspase 6 contributes to CIPN (Berta et al., 2017). 

CIPN has traditionally been viewed as a length-dependent neuropathy that 

primarily affects the hands and feet, mainly in the glabrous skin areas (Seretny et al., 

2014). There is support for distinct mechanisms of altered excitability in nociceptors that 

innervate glabrous skin caused by chemotherapy treatment that potentially explain this 

relatively selective pain phenotype (Yilmaz and Gold, 2016). However, several recent 

clinical studies have demonstrated that pain is more widespread in CIPN, although 

usually more intense in the hands and feet (Eckhoff et al., 2015; Ventzel et al., 2016). 

These studies also indicate that this widespread pain is persistent in many people who 

continue to suffer from CIPN more than a year after cessation of treatment (Eckhoff et 

al., 2015). We examined DRG neuron excitability in mice treated with paclitaxel at all 



DRG levels, including thoracic DRGs that innervate the trunk. Consistent with the clinical 

studies cited above, we found that DRG neuron excitability is increased at all vertebral 

levels with paclitaxel treatment. Moreover, our TRAP-seq data with DRGs taken from all 

levels showed strong changes in translation regulation in DRG nociceptors. If only a 

subset of DRG neurons were influenced by paclitaxel treatment alteration in ribosome 

bound mRNAs in CIPN would likely not have been detectable with our experimental 

approach. Our studies were undertaken soon after the cessation of paclitaxel 

treatment. In future work it will be interesting to assess whether these 

electrophysiological and translatome changes persist at later stages of CIPN. 

Nevertheless, our work supports the conclusion that the effects of chemotherapy on 

DRG neurons are widespread and not limited to the longest axons. 

Translation regulation is a key contributor to chronic pain (Jimenez-Diaz et al., 

2008; Geranton et al., 2009; Obara et al., 2012; Moy et al., 2017; Barragan-Iglesias et al., 

2018; Khoutorsky and Price, 2018). Our findings offer unprecedented insight into how 

translation regulation signaling is enhanced in Nav1.8-positive neurons in neuropathic 

pain.  Previous studies have shown that peripheral nerve injury enhances mTORC1 

signaling in sensory neurons (Geranton et al., 2009; Melemedjian OK, 2011), and a very 

recent study demonstrates that local translation of the Mtor mRNA is a key regulatory of 

the intrinsic neuronal response to DRG neuron axonal injury (Terenzio et al., 2018).  Our 

previous work demonstrated that MNK-eIF4E signaling is important for many types of 

pain sensitization (Moy et al., 2017; Moy et al., 2018). However, in the spared nerve injury 

model of neuropathic pain, MNK-eIF4E signaling primarily contributes to cold 

hypersensitivity with a substantially smaller effect on mechanical hypersensitivity (Moy et 

al., 2017). Here we show a strong impact of MNK-eIF4E signaling on mechanical and 



heat hypersensitivity. Additionally, we show a contribution to spontaneous pain, a 

clinically relevant consideration that can be readily reversed in the paclitaxel model of 

CIPN. A key aspect of our current work is the demonstration of an integrated signaling 

network of mTORC1 and MNK-eIF4E that is persistently activated in CIPN. An important 

remaining question is how this signaling network is driven. We discovered a large 

number of translationally upregulated mRNAs that compose the interface of mTORC1 

signaling with the lysosome (Efeyan et al., 2012; Bar-Peled and Sabatini, 2014) (Fig 10G).

This identifies lysosomal amino acid efflux as a likely contributor to CIPN and 

demonstrates how this fundamental cellular process is linked to changes in gene 

expression that drive increased DRG neuron excitability in this form of neuropathic pain.  

Importantly, we identify many ion channels (TRPV1, 6 nicotinic receptors (down-

regulated), P2X2), GPCRs (Mrgprd) and enzymes (caspase 6) that are translationally 

regulated in Nav1.8-positive neurons by paclitaxel treatment providing a link between 

enhanced mRNA translation and neuronal excitability.   

Our electrophysiological findings demonstrate that eFT508 suppresses nociceptor 

spontaneous activity in DRG neurons isolated from mice treated with paclitaxel within 

approximately 20 min. Nociceptor spontaneous activity has been linked to 

spontaneous pain, which is a key behavioral manifestation of neuropathic pain in 

humans and preclinical models (Price and Gold, 2018). Consistent with our 

electrophysiological findings, we did not observe signs of CIPN-induced spontaneous 

pain using the CPP model in mice lacking eIF4E phosphorylation. The rapid onset of 

effect of eFT508 in electrophysiological and behavioral experiments could point to an 

effect of MNK signaling on factors other than eIF4E phosphorylation. However, we do 

not think this is the case because there were no additional effects of eFT508 when it was 



given to eIF4E phosphorylation mutant mice. Our findings suggest that nociceptor 

excitability is controlled by the translation of a subset of mRNAs that encode proteins 

with short half-lives. We hypothesize that these plasticity-mediating proteins may be 

scaffolding proteins that regulate rapid trafficking of ion channels to and from the cell 

membrane (Jeske, 2012, 2015). Identifying these proteins will be a goal moving ahead. 

Importantly, our TRAP-seq datasets identify a number of candidates including Arl6, Dlg2

and Ywhaq genes. 

The key finding emerging from our work is that inhibiting MNK-eIF4E signaling 

disrupts a novel translational circuit driving enhanced mTORC1 activity and nociceptor 

excitability in neuropathic pain. We propose a model wherein this circuit is driven by 

MNK1-eIF4E mediated translation of Rraga mRNA. Since MNK inhibitors are in phase II 

clinical trials (Reich et al., 2018), this could provide a path for rapid development of a 

neuropathic pain therapeutic. 
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Figure legends  

Figure 1. Expression of the fused EGFP-L10a protein in Nav1.8-positive nociceptors  

(A) Schematic representation of TRAP shows isolation of translating ribosomes (IP) from 

Input using anti-eGFP-coated beads. (B-C) Immunostaining for CGRP, IB4, NF200, and 

TRPV1 on L4-DRG sections from Nav1.8cre / TRAPfloxed mice.  A total of 9528, 8258 and 

8526 neurons were counted for CGRP, NF200 and Prph staining, n = 3 mice/group. Scale 

bars, 100 m. Extended data 1-1 shows additional validation of TRAP mice. 

Figure 2. Paclitaxel treatment elicits increased excitability in cervical, thoracic and 

lumbar mouse DRG neurons  (A) DRG neurons from mice treated with paclitaxel show 

hyper-amplitude of cell membrane oscillation. Left column shows representative 

recordings of the spontaneous activity (SA) observed in vehicle-treated mice DRG 

neurons from cervical (top trace), thoracic (middle trace) and lumbar (bottom trace) 

level. Right column shows representative recordings of the SA observed in DRG neurons 

from paclitaxel-treated mice at different vertebral levels. Neurophysiological activity 

was recorded from 247 small diameter (<22 m) neurons at day 10 after paclitaxel 

treatment including 129 cells from vehicle-treated control mice (49, 43 and 37 cells for 

cervical, thoracic and lumbar respectively) and 118 cells from paclitaxel-treated mice 

(41, 37 and 40 cells for cervical, thoracic and lumbar respectively). (B) (C)

Representative action potential responses evoked at 1X, 5X, 8X rheobase in DRG 

neurons from vehicle and paclitaxel-treated mice. DRG neurons from paclitaxel-treated 

animals showed that the mean number of action potentials evoked at 3X to 8X 

rheobase was significantly higher. *p <0.05, **p < 0.01, and ***p < 0.001.  



Figure 3. Principal component analysis (PCA) reveals specific transcriptomic and 

translatomic signatures of CIPN (A) Linear correlation plot shows high correlation 

coefficient between biological replicates for the TRAP and Input fractions. (B) Absolute 

variances calculated for the first 5th principal components. (C) Principal component 

analysis shows that the first principal component (PC1) differentiates between Input 

(Transcriptome) and TRAP (Translatome). (D) Heatmap showing the PCA distances 

between each biological replicate. Related to Figure 1 

Figure 4. TRAP-seq identifies differentially translated mRNAs in Nav1.8-positive 

nociceptors  

(A) DRG-TRAP-seq is enriched in neuronal markers such as Calca (CGRP) or Camk2a

while glial (Aldh1l1, Gfap), endothelial (Cldn5, Fit1) and microglial (Cxcr3, Aif1) markers 

are depleted. (B) The probability density function of the upper decile (ud)TPM 

distribution for the Input and TRAP fraction where the inflexion point was used to set the 

expression threshold for further analysis.  (C) The threshold effect size is set using the 

cumulative distribution of the log2 fold change for the Input and TRAP fractions showing 

a significant shift towards high fold change in the TRAP fraction (Kolmogorov-Smirnov, 

****p<0.0001). Related to Figure 1. (D) Volcano plot reveals 4 genes up-regulated and 

1down-regulated in the transcriptome while more widespread changes are observed in 

the translatome (TRAP). (E) Heatmap shows the fold change of differentially expressed 

genes in each biological replicate of vehicle- and paclitaxel-treated animals (TRAP and 

Input fractions). (F) EnrichR analysis of the up-regulated genes in paclitaxel TRAP-seq 

samples. Extended Figure 4-1 shows differentially expressed genes in the transcriptome 

after CIPN. Extended Figure 4-2 shows genes differentially expressed upregulated in the 



CIPN TRAP-seq dataset and Extended Figure 4-3 shows downregulated genes in the 

CIPN TRAP-seq dataset. 

 

Figure 5.  Translation efficiencies of Scn10a-enriched genes show reliable changes in 

expression level for GPCR and ion channels.

(A) The list of genes in the TRAP-seq dataset is first filtered based on expression level (see 

Fig. 4) and the remaining 8270 genes were used for further analysis. Separately, we used 

available RNA sequencing dataset from magnetic sorted cell to generate a list of 881 

genes expressed in Scn10a-positive neurons as well as an interactome dataset built in 

the laboratory that contains a total of 5347 genes. A final list of 221 of Scn10a-enriched 

genes was used to calculate the respective translation efficiencies (TE) in vehicle- or 

paclitaxel conditions. The Interactome analysis shows higher translation efficiencies for 

genes encoding ion channels and GPCR. (B) Gene-by-gene analysis reveals that 

multiple channels have high TE after CIPN such as P2rx2 (Multiple T-tests with correction 

for multiple comparisons: *p = 0.039 and q < 0.1) or TRPV1 (Multiple T-tests with 

correction for multiple comparisons: *p = 0.0059 and q < 0.1) while Mrgrpd is the only 

GPCR showing a significant increase in TE after CIPN (Multiple T-tests with correction for 

multiple comparisons: *p = 0.0049 and q < 0.1) 

Figure 6. TOP-and G-quartet like elements are enriched in the up-regulated genes 

identified with TRAP-seq. The motif analysis was performed on the list of up-regulated 

genes identified with TRAP-seq after CIPN. We show that 3 motifs are significantly 

enriched in the 5’UTR among them a TOP-like element which consists in a “C” or “T” 

followed by a stretch of 5 to 15 pyrimidines. Also, the analysis clearly reveals an 

enrichment in G-quartet like motif as well as in an AG-rich motif. 



 

Figure 7. Enhanced eIF4E signaling in nociceptors is responsible for evoked and 

spontaneous pain in paclitaxel-induced neuropathic pain  

(A) Volcano plot showing an increase in mTOR mRNA translation in the DRGs after CIPN. 

(B) Immunoblotting shows an up-regulation of p-eIF4E, p-4EBP1,and mTOR after 

paclitaxel treatment (p-eiF4E: Veh = 100 ± 5.39, Pac = 158 ± 10.57, **p = 0.0026, n = 4-5; 

p-4EBP1: Veh = 100 ± 9.8, Pac = 152 ± 11.27, *p = 0.012, n = 4-5; p-mTOR: Veh = 100 ± 

10.8, Pac = 131 ± 20.27, p = 0.23, n = 4-5; mTOR: Veh = 100 ± 24.54, Pac = 195 ± 25.27, *p 

= 0.025, n = 4-5). (C)  Intrathecal injection of the mTOR kinase inhibitor AZD8055 relieves 

mechanical allodynia compared to vehicle-treated animals after the first injection (Two 

way ANOVA: F(7,88) = 3.93;  post-hoc Bonferroni: at 1hr: ****p<0.0001, 3hrs: *p = 0.043, 

5hrs: **p = 0.0059) but no significant effects were observed after the second injection. 

(D) eIF4ES209A mice show a deficit in development of paclitaxel-induced mechanical 

allodynia compared to WT animals. Two way ANOVA: F(4,44) = 3.14, p = 0.023 with a post-

hoc test: at day 7: *p = 0.045; at day 9: ***p = 0.0003; at day 11: **p = 0.0081 eIF4ES209A vs 

WT, n = 7.  (E) eIF4ES209A mice also exhibit a deficit in paclitaxel-induced thermal 

hyperalgesia compared to WT animals at 49oC (One-way ANOVA: F = 8.39, p = 0.005; 

post-hoc Bonferroni; Veh WT vs Pac WT:** p = 0.005, Veh WT vs Pac eIF4ES209A:  *p = 0.071, 

Veh WT vs Veh eIF4ES209A: *p = 0.054), at 50 oC (One-way ANOVA: F =6.23, p = 0.0032; 

post-hoc Bonferroni; Veh WT vs Pac WT: **p = 0.0044, Veh WT vs Pac eIF4ES209A:  p > 0.99, 

Veh WT vs Veh eIF4ES209A: p > 0.99, Pac WT vs Pac eIF4ES209A: *p = 0.024) and 52 oC (One-

way ANOVA: F =7.78, p = 0.0010; post-hoc Bonferroni; Veh WT vs Pac WT: **p = 0.0021, 



Veh WT vs Pac eIF4ES209A:  p > 0.99, Veh WT vs Veh eIF4ES209A: p > 0.99, Pac WT vs Pac 

eIF4ES209A: *p = 0.045).  Extended data 7-1 shows validation of Esyt1 data and Extended 

data 7-2 shows additional Western blot controls. 

Figure 8. The specific MNK inhibitor, eFT508, reverses CIPN 

(A) WT paclitaxel-treated mice show signs of ongoing pain in the CPP paradigm 

compared to WT vehicle (One way ANOVA: F= 4.36, p = 0.012, post-hoc Bonferroni Veh 

WT vs Pac WT: *p = 0.048) and eIF4ES209A mice treated with paclitaxel, which did not 

show signs of spontaneous pain (One way ANOVA: F= 4.36, p = 0.012, post-hoc 

Bonferroni Veh WT vs Pac WT: *p = 0.019).  (B) eFT508 significantly reduced the level of 

eIF4E phosphorylation at 0.1 and 1 M after 1 hr (One way ANOVA: F = 205.2, p<0.0001; 

post-hoc Tukey: **** p< 0.0001), without affecting other signaling pathways in cultured 

mouse DRG neurons. (C) Acute treatment with eFT08 relieves mechanical allodynia 

compared to vehicle after the 1st (Two way ANOVA: F(7,63) = 14.53, post-hoc Bonferroni 

at 1 and 3 hrs: ****p<0.0001) and the 2nd injection (Two way ANOVA: F(7,63) = 14.53, post-

hoc Bonferroni at 1hr: *** p<0.001 and 3hrs: ****p<0.0001). (D) Acute treatment with 

eFT508 did not significantly attenuate thermal hyperalgesia at 3 hrs (Two way ANOVA: 

F(1,38) = 8.46, post-hoc Sidak: p = 0.14) but a significant effect was observed at 24 hrs 

(Two way ANOVA: F(1,38) = 8.46, post-hoc Sidak: *p < 0.05). E) eIF4ES209A mice showed a 

deficit in the development of CIPN compared to WT mice (Two way ANOVA: F(4,39) = 4.86, p = 

0.0028 with post-hoc test at day 3 WT vs eIF4ES209A:  *p = 0.019, WT vs eIF4ES209A (eFT508): **p = 

0.0065 and day 5 WT vs eIF4ES209A: * *p = 0.0018, WT vs eIF4ES209A (eFT508): * p = 0.0003, n = 6). 

Chronic treatment with 1 mg/kg eFT508 reverses established CIPN without inducing tolerance in 

WT mice (Two way ANOVA: F(2,26) = 9.9, p = 0.0006 with post-hoc test day 10:  (BL vs 2h, ***p =  

0.004) , day 11: (BL vs 2h, *p =  0.0157) and day 12: (BL vs 2h, *p =  0.0497)) but was completely 



without effect in eIF4ES209A mice. # p<0.05, D10/D11/D12 vs 2h for WT. F) G) p-eIF4E is highly 

expressed in Nav1.8-positive DRG neurons and approximatively 80% of the eGFPe signal 

co-localizes with p-eIF4E. Extended data 8-1 shows SuNSET assay on DRG neurons and 

Extended data 8-2 shows validation of anti-p-eIF4E antibody. 

Figure 9. Increased translation of RagA-Ragulator-mTORC1 complex mRNAs in CIPN.  

(A) Volcano plot shows an increase in translation efficiency for mRNAs encoding 

proteins associated with the Rag-Ragulator-mTORC1 complex. (B) Distribution of the 

normalized reads on the RagA gene (Rraga) showing a prominent peak in the TRAP 

fraction after CIPN compared to Veh while no changes are observed in the Input 

fraction. (C) Normalized TPM for the Rraga mRNA shows no differences in the input 

(RagA: Veh = 1.65 ± 0.71, Pac: 2.04 ± 0.17 p = 0.62) while a significant increase is 

observes in the TRAP fraction (RagA: Veh = 1.004 ± 0.26, Pac: 3.6 ± 0.51 p = 0.0043). (D)

Heatmap showing increased or decreased translation of the mRNAs encoding proteins 

of the Ragulator-RagA-mTORC1 complex after CIPN. (E) Immunoblot showing an 

increase in RagA protein levels in DRGs after CIPN compared to Veh (RagA: Veh = 100 

± 10.33, Pac = 181 ± 15.35, **p = 0.0043, n = 4-5). (F) Immunoblot showing a decrease in 

RagA protein levels in the eIF4ES209A mice compared to WT (RagA: Veh = 100 ± 5.05, Pac 

= 84.6 ± 4.32, *p = 0.035, n = 9) while no differences were observed in mRNA levels 

(RagA : Veh = 1.007 ± 0.067, Pac = 1.176 ± 0.01, p = 0.084, n = 4) (G) Immunoblot 

showing no differences in the DRG level of RagA protein between eIF4ES209A vehicle- 

and paclitaxel-treated mice (RagA : Veh = 100 ± 8.567, Pac = 75 ± 8.46, *p = 0.095, n = 

4).  

Figure 10. The MNK1-eIF4E axis controls the translation of the RagA GTPase in CIPN   



(A) Immunoblot showing a decrease in RagA protein level after treatment with eFT508 

at 1 M for 1 hr (One way ANOVA: F= 4.55, p = 0.040, post-hoc Sidak Veh WT vs: 1 M *p 

= 0.042). (B) Immunoblot showing a significant decrease in the level of p-eIF4E and 

RagA after eFT508 treatment in DRGs in vivo (p-eIF4E: Veh = 100 ± 2.33, eFT508: 10 ± 2.43, 

****p<0.0001, n = 4; p4EBP1: Veh = 100 ± 16.03, eFT508 = 53.12 ± 7.03, *p<0.05; RagA: Veh 

= 100 ± 11.03, eFT508: 67 ± 6.02, *p<0. 042, n = 4 (C) Immunoblot showing a significant 

decrease in the level of p-eIF4E (Veh = 100 ± 8.63, MNK1-/-: 64.98 ± 3.63, **p<0.0094, n = 

4) and RagA (Veh = 100 ± 2.54, MNK1-/-: 67 ± 5.70, *p<0. 0010, n = 4) in MNK1-/- mice 

compared to WT. (D) Co-expression level of RagA and p-eIF4E in vehicle-, paclitaxel- 

and eFT508-treated mice shows high correlation between DRG samples. (E) MNK1-/-

show a deficit in development of paclitaxel-induced mechanical allodynia compared 

to WT animals ((Two way ANOVA: F(5,45) = 13.45, p < 0.0001 with a post-hoc test: at day 3, 

5, 7, 9 ****p<0.0001 MNK1-/- vs WT, n = 7). (F) eFT508 treatment decreases spontaneous 

activity found in DRG neurons after paclitaxel treatment in a reversible fashion. (G) 

Summary diagram showing proposed MNK1-eIF4E regulation of RagA translation and its 

influence on mTORC1 activity. Extended data 10-1 shows additional Western blot data. 

Extended Figure legends 

Figure 1-1. Immunoaffinity purification of the transgene EGFP-L10a capture various 

translating mRNA in DRG neurons (A) Co-immunoprecipitation of the fused protein 

EGFP-L10a in Nav1.8-TRAP and Rosa26fsTRAP mice.  (B)(C) DRGs were isolated from 4 

different animals (2 males and 2 females) and the tissue was homogenized as 

described in the Methods section. RNA was then extracted from the Input and TRAP 



fractions and transformed  in cDNA as described in Methods section and qRT-PCR were 

run using different set of gene-specific primers such as TRPV1, BDNF, Actin and aPKC 

using primers pairs: TRPV1 forward 5’- CCCGGAAGACAGATAGCCTGA 

 -3’ & TRPV1 reverse 5’- TTCAATGGCAATGTGTAATGCTG; Actin forward 5’ - 

GGCTGTATTCCCCTCCATCG 

& Actin reverse 5’- CCAGTTGGTAACAATGCCATGT- 3’; BDNF forward 5’- 

TCATACTTCGGTTGCATGAAGG-3’& BDNF reverse 5’- AGACCTCTCGAACCTGCCC-3’; 

Prkcz forward 5’- GCGTGGATGCCATGACAAC-3’ & Prkcz reverse 5’- 

AATGATGAGCACTTCGTCCCT-3’. Agarose gels show an absence of DNA 

contamination in the Input and TRAP fractions (noRT) as well as an absence of PCR 

product in the Rosa26fsTRAP animals. The 100kb represents the presence of the amplicon 

 100 bp in the Input and TRAP fraction for different genes tested. (D) Fragment 

analyzer trace shows the RNA quality for the Input and IP fractions.  

Figure 4-1. Table of 5 differentially expressed genes identified genes in the 

transcriptome after CIPN. 

Figure 4-2. Table of 230 identified genes significantly upregulated in Nav1.8-TRAP after 

paclitaxel (Log2 Fold Change (FC) > 1.7). 

Figure 4-3: Table of 222 identified genes significantly downregulated in Nav1.8-TRAP 

after paclitaxel (Log2FC < -1.2). 

Figure 7-1. Increased translational efficiency in TRAPseq reliably predicts increase in 

protein level in the DRG . (A) Volcano plot showing an increase in Esyt1 mRNA 

translation in the DRGs after CIPN. (B) Distribution of the normalized reads on the Esyt1 

gene showing a prominent peak in TRAP fraction after CIPN compared to Veh. (C)

Immunoblot showing expression of Esyt1 protein in the DRG after CIPN induction (Esyt1: 



Veh = 100 ± 29.96, Pac = 230 ± 18.30, **p = 0.0060, n = 4-5). n = number of animals per 

group.

Figure 7-2. CIPN is not associated with an increase of Akt or Ribosomal protein S6 

phosphorylation 

(A) Immunoblots showing expression of S6, Akt and ERK with and without 

phosphorylation on day 10 after induction of CIPN (B) Quantification of the 

immunoblots in opposing panel (p-S6: Veh = 100 ± 20.22, Pac = 134 ± 24.47, p = 0.34, n = 

6; S6: Veh = 100 ± 14.15, Pac = 133 ± 24.54, p = 0.22, n =6; p-Akt: Veh = 100 ± 6.08, Pac = 

96.86 ± 6.63, p = 0.73, n = 6; p-ERK1/2: Veh = 100 ± 13.33, Pac = 107 ± 14.94, p = 0.72, n 

=6).  

Figure 8-1. CIPN is not associated with an increase in overall protein synthesis in the 

DRG (A-B) General translation is not altered after CIPN as assessed by puromycin 

incorporation in the DRG and is also not influenced by a single dose of eFT508 (10 

mg/kg). Finally, there was also no change in general translation in eIF4ES209A mice 

compared to any of the other groups (one way ANOVA: F(3,20) = 0.46, p = 0.71, n =6)). 

Figure 8-2. Absence of p-eIF4E staining in the eIF4ES209A mice   

(A) Immunostaining of GFP, p-eIF4E and eIF4E showing an absence of p-eIF4E staining in 

the eIF4ES209A mice.  

Figure 10-1. MNK1-/- mice do not show a decrease in ERK and 4EBP1 expression   

(A) Immunoblots showing the expression of 4EBP1 and ERK between WT and MNK1-/- ice 

(4EBP1: WT = 100 ± 12.22, MNK1-/- = 126 ± 8.79, p = 0.13, n = 4; ERK: WT = 100 ± 9.71, MNK1-

/- = 93 ± 4.4, p = 0.53, n =4).  

Table 1: Details of each biological replicate showing the next generation assay type, 
input / immunoprecipitation pairing between replicates, number of mice used and their 



sex, and alignment quality statistics (number of mapped reads and number of reads 
mapping to many (>20) places in the genome) 

 



Table 2: Antibodies and chemicals used in the study 

Reagent or Ressources Source Identifier 
Antibodies   

Anti-Akt produced in rabbit Cell Signalling  9272
Anti-p-Akt produced in rabbit Cell Signalling 4060
Anti-mTOR produced in rabbit Cell Signalling 2972
Anti-p-mTOR produced in rabbit Cell Signalling 5536
Anti-p-eiF4E produced in rabbit Cell Signalling 9741
Anti-eiF4E produced in rabbit Cell Signalling 9742
Anti-p-4EBP1 produced in rabbit Cell Signalling 2855
Anti-4EBP1 produced in rabbit Cell Signalling 9452
Anti-ERK1/2 produced in rabbit Cell Signalling 4695
Anti-p-ERK1/2 produced in rabbit Cell Signalling 4366
Anti-S6 produced in rabbit Cell Signalling 2217
Anti-p-S6 produced in rabbit Cell Signalling 5364
Anti-RagA produced in rabbit Cell Signalling 4357
Anti-RPL10a produced in rabbit Abcam Ab174318  
Anti-Atp6v1a produced in rabbit Thermo Fisher PA5-29191 
Anti-CGRP produced in rabbit Peninsula Laboratories S3006.0001 
Anti-Peripherin produced in rabbit Sigma-Aldrich SAB4502419 
Isolectin B4 Thermo Fisher  I21413
Anti-NF200 produced in mouse Sigma-Aldrich N5389 
Anti-p-eIF4E produced in rabbit Abcam AB76256 
Htz-GFP produced in mouse Memorial Sloan Kettering 19F8 
Htz-GFP produced in mouse Memorial Sloan Kettering 19C7 
Anti-rabbit IgG, HRP linked antibody Jacskon Laboratories 111-035-003 
Anti-mouse IgG, HRP linked antibody Jacskon Laboratories 115-035-003 
Anti- Puromycin  DSHB PMY2A4 
Chemicals, Drugs
AZD8055 LC Laboratories A-2345 
eFT508 eFFECTOR MTA
Paclitaxel Sigma-Aldrich  Y0000598 
Retigabine Alomone Labs R-100
Emetine Sigma-Aldrich E-2375
Cycloheximide  Sigma-Aldrich C7698
Commercial Assays 
Direct-zol RNA MicroPrep  Zymo Research R2062
Quantseq 3  mRNA-Seq library kit Lexogen 047
RiboCop rRNA depletion kit Lexogen 042.08 
Qubit Lexogen Q32854
iScript cDNA synthesis kit  Bio-Rad 1708890
SybR Green Supermix  Bio-Rad  1725270
Clarity ECL Substrate  Bio-Rad 
Immobilion Western Chemiluminescent Millipore WBKLS0500 
Deposited Data
RNA sequencing data This paper GEO…… 



 

Table 3: Sex of animals by genotype in behavioral experiments in this study  
Test WT 

Males
WT 
Females

eIF4ES209A

Males
eIF4ES209A

Females
MNK1-/-

Males
MNK1-/-

Females

von Frey (Fig. 
3C) 

4 2 2 5 - -

von Frey (Fig 
3D)

6 - 6 - - -

Hot plate 
(Fig. 3E) 

2 4 3 3 - -

CPP (Fig. 3F) 10 5 8 7 - -

von Frey (Fig 
4B)

5 7 - -

Hot plate 
(Fig. 4C) 

5 7 - - - -

von Frey (Fig. 
5E) 

- 6 2 3

 
 
 

Experimental Model: Organism/Strains
Rosa26fsTRAP Jackson Laboratory 022367
Nav1.8Cre EMMA Infrafrontier EM04582 
eIF4ES209A Nahum Sonenberg N/A
Mnk1-/- Nahum Sonenberg N/A
Oligonucleotides 
GACAACTTTGGCATTGTGGA IDT GAPDH-F 
CATCATACTTGGCAGGTTTCTC IDT GAPDH-R 
ACGTCCGATTCTTGGGGAAC IDT Rraga -F 
TACGGAAGATGTTGTCCCGC IDT Rraga -R 
Software and Algorythms  
GraphPad Prism v.6 GraphPad Software N/A
TopHat 2.1.1 with Bowtie 2.2.9 Linux N/A
GRCm38.p4 (genecode annotation .vM10) Linux N/A
Samtools 1.3.1  Linux N/A
Cufflinks 2.2.1 Linux N/A
FastQ 0.11.5 Linux N/A






















