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Abstract

The dorsal root ganglia is a key structure in nggion and chronic pain disorders. Several gene
expression studies of dorsal root ganglia in preiaal pain models have been performed, but it is
unclear if consistent gene changes are identifiAbke, therefore, compared several recent RNA-
Seq datasets on the whole dorsal root gangliadanmomodels of nerve injury. Contrary to previous
findings, we show hundreds of common differentiaikpressed genes and high positive correlation
between studies, despite model and species ditfeseiVe also find, in contrast to prior studies,
that 60% of the common rodent gene response ajtewiis likely to occur in nociceptors of the

dorsal root ganglia. Substantial expression chaagesbserved at a one-week time-point, with



smaller changes in the same genes at a latertthfear-week time-point. However, a subset of
genes shows a similar magnitude of changes atdawtir and late time-points, suggesting their
potential involvement in the maintenance of chrquam. These genes are centred around
suppression of endogenous opioid signalling. Redefsthis suppression could allow endogenous
and exogenous opioids to exert their analgesictimme and may be an important strategy for
treating chronic pain disorders. Currently usedydrisuch as amitriptyline and duloxetine, do not
appear to appropriately modulate many of the alifi@in genes and indeed may transcriptionally

suppress endogenous opioid signalling further
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1. Introduction

The mechanisms of neuropathic pain are complexvamdvary considerably depending on the
nature of the original nerve injury. These mechasi®ave been investigated through different
preclinical pain modelse(@., injury or immune pain) and in different specieg( mouse and rat)

[3; 17; 36]. Multiple groups of genes, includingunepeptides, ion channels and genes involved in
neuro-immunity, stress and regeneration are expdassthe peripheral nervous system (dorsal root
ganglia PRG)) and central nervous system (spinal cord anchpeaid have been implicated in
neuropathic pain. However effective therapies feurnpathic pain remain elusive, perhaps due to
differences in pain mechanisms between human antbén Additionally, tissue heterogeneity
increases the complexity of interpreting neuroagiain gene signatures. Thus, only 10-15% of
DRG cells are sensory neurons, with the rest bgliagand other cell types [27; 39], such that pain-
specific expression change in nociceptors may kskath Furthermore, pain-related genes,
including ion channels, may be expressed at lowlévequiring sensitive methods for their

detection, such as deep RNA-Seq [31].



Changes in expression of DRG genes related to pathic pain have been extensively studied in
rodent models using microarrays and subject to +ae#dysis, providing early data on the
transcriptional response to nerve injury [17]. Hoem microarray analysis has limited coverage in
comparison to RNA-Seq and to explore further thagcriptional signatures of neuropathic pain we
compared several recently published RNA-Seq datagét used rodent data on nerve injuries that
were shown to have robust and reproducible chrpain behaviours [15]. We chose the datasets
where raw data was available and the sequencinghigggdcoverage, aiming to assess whether a
common gene response in neuropathic pain was dvidénfound a highly consistent differential
expression of DRG genes after nerve injury andaepl functional classification of the common
genes and their network. Also, we used the prelyodeveloped pain interactome approach to
explore the protein-protein interactioRRl) networks of pain-related genes [16]. We then $ecu

on a subset of genes with similar magnitude okd#fitial expression at early (one-week) and later
(three to four-weeks) time-points after the nemjerny. This revealed a highly connected network
centred around opioid signalling. Furthermore, sesved a substantial overlap between rodent
pain network genes and human genes involved innahimain, suggesting potential usefulness of
the large collection of rodent signatures in exgory analysis and clinical applications to human
neuropathic pain. Finally, we were able to usertitent signatures to identify potential repurposing

candidate drugs for the treatment of neuropathiic. pa

2. Materialsand methods

2.1.Analysis of differential gene expression
We analysed four rodent DRG RNA-Seq datasets orerigjury: two mouse dataseC-(from
Cobos at.al., 2018, [9]) ar®l (from Baskozos at. al., 2019, [5]) and two ratdats - P (from
Perkins et. al. 2014, ) and Br (from Baskozoslat2819, [5]). In these datasets two injury models
were used: spared nerve injuBN]) for mouse datasets and spinal nerve transecidm ) for rat

datasets. The data were analysed from raw SRA(ftait&€, P datasets) or from reported counts (for



B, Br datasets). The raw RNA-Seq data consistezhwéd-end 69 bp reads for C and single-end 34
bp reads for P. After trimming adapters with cufadd1. Martin,

https://doi.org/10.14806/e].17.1.200) C and P sasiphd mean sequencing quality (Phred) scores

per base between 31.4 and 40.3. The reads wereech&pthe references genomes (mm210 for
mouse; rn5 for rat) using STAR aligner [10]. 79% &6% of reads in all samples were uniquely
mapped for C and P. The mapped reads were coumgghes using the FeatureCounts function of
the Subread package [19]. Differential expressias analysed using DESeq2 package in R [23].
Only genes with common names were retained fofuttiber comparison between the datasets. In
all cases the false discovery rate (FDR) adjuBtedlues for multiple-hypothesis testing with the
Benjamini-Hochberg method were0.05 and absolute value of log2 fold changagfc> 0.5. C
and P datasets had three samples per each confumed and control animals; C - one animal
per sample; P - four pooled animals per samplebo€samples had four runs each (17 millions
reads) and these technical replicates were coligipse the total sums of counts after the mapping;
the samples from other rodent DRG datasets (PyE)d&l deep coverage (~50 millions reads). B
dataset (bulb mouse strain) had six samples faraloand four for injured animals (each sample -
one animal); Br dataset had four samples (threéedamimal each) for both conditions. All
datasets were based on male animals, except Bydhaoth male and female mouse. Two outlier
samples (one injured and one control) were reménggd the analysis of the Br dataset based on
the principle component analysRGA) plot of the Br samples. The retained samplesj(8ed and

3 controls in both rat datasets) showed clear séiparbetween injured and control groups (Fig. S1
A, available at http://links.lww.com/PAIN/A972). #dr the outlier removal, all rat samples were
analysed together using Deseq2 (similarly, mousgkss were analysed together, Fig. S1 B,
available at http://links.lww.com/PAIN/A972).

The technical variations between rat or mouse dtédmtches were minimized by Deseq2 package,
using the design formula ~ batch + condition. Tdagection of technical variations was visualized

(Fig. S1, S2, available at http://links.lww.com/WA972) by using the removeBatchEffect



function from the limma package [35] on varianagizing transformed counts (using vst
function). The expression values correlated betvirches for both control and injured samples,
which was improved after the correction of techhi@aiations (Fig. S2 C,D). The correction had
little effect on the correlation between controtianjured conditions. Unsurprisingly, given the
greater number of DEGs in the rat chronic pain mdte correlation in gene expression between
control versus injured samples is slightly lowerfat than for mouse datasets (DEGs are red dots
on Fig. S2 C, D, available at http://links.lww.cétIN/A972). The genes, which are differentially
expressed upon injury had high correlation betweg#fc for both rat and mouse datasets (red dots
on Fig. S2 E, F, available at http://links.lww.cétMN/A972). However, genes not identified as
differentially expressed showed a greater disper@aack dots), which was especially pronounced
in mouse datasets due to the lower proportion dEB i the whole transcriptome and the
prevalence of non-DEGs with highly variable folcholyes between datasets (Fig. S2 E,F).

To demonstrate the significance of the overlaps/éen gene lists we performed permutation tests
without replacement, using all genes with non-zsqoression in at least one sample in any of the
tested conditions. Thus, 19,312 expressed genaeswsed in the permutation test for mouse
datasets and 13,940 genes for rat datasets. Tleeedies in numbers of expressed genes between
the datasets might be related to library compaosiied differences between species/models.PThe
value of the overlap was calculated using a hypmrgtric distribution.

Nociceptor-related genes were identified in the wi2RG datasets using reported results of single
cell RNA-Seq analysis of DEGs in DRG sensory nesiguring SNT injury in mice ([14], log2fc
<1). The comparison of log2fc in expression of neptor-related DEGs between single cell and
bulk datasets demonstrated nearly - proportionahghs between datasets, supporting nociceptor
origin of the expression of these genes (Fig. 8)mitigate the differences in gene expression
between bulk and single cell datasets, we rankeddmes by the expression changes in single cell
dataset multiplied to the differences in expressioainges between single cell and the whole DRG

dataset (Fig. S3A). This ranking resulted in neamlynotonous curves for the expression changes in



both datasets, allowing visual comparison. We atss the above pipeline to analyse bulk RNA-
Seq data on pooled DRG neurons during SNI injumypice [14]. The pooled neurons dataset had
six samples per condition. After trimming of adapiehe mean quality scores were between 30 and

40.3, with ~85% of the reads being uniquely mapped.

2.2.Enrichment and PPI analysis

The analysis of significantly enriched GO (Genel®tdgy) terms over-represented amongst DEG
lists was done with the ClusterProfiler packagR if#2]. The significance of the overlap between
DEG sets from the top GO terms was calculated usimgpergeometric distribution. This analysis
demonstrated significant differences between mb#teotop DEG sets. The functional annotation
clustering was performed with the TopGO package irsing conservative Elim algorithm, which
minimizes false positive results by removing antettayenes from ancestor GO terms [1]. The
genefilter package was used to find background gyeih expression similar to DEGs. The list of
pain genes was constructed based on PainNetwodkBanGene databases [18; 32] and literature
curation. A PPI network was drawn using R packagaph based on the list of reported 1002 PPIs
involved in pain [16]. Single edges not connectethe main network were removed. The list of
pain-associated human genes was constructed basked GWAS catalogue [7] and recent review
on genetic association studies [46]. The enrichroétite orthologous rat genes with pain-related
PPl human networks was analysed using the OMIMrebd library of human genetic diseases

from the Enrichr web server [8].



2.3.Analysis of differential genes against cellular responses to perturbation using Connectivity

Map

The gene expression signatures of amitriptylineduldxetine across the cell lines available on
CMAP (kidney, liver, epithelial, and others), faffdrent doses and exposure times, were exported
as gct files from the Touchstone database usingltieeio online service [37]. In-house R scripts
were then used to import the saved gct files anmbwe all Z-scores that were not statistically
significant (an absolute Z-score approximately ggmethan 1.65). The 37 rat persistent genes were
extracted from cell lines treated with i of each drug of interest. Each gene was scoréd wi
either 1 for an anti-correlated gene expressioection, -1 for a correlated gene expression
direction, or O if the gene was missing from thanbination of dose and cell line or the Z-score
was not significant. The magnitude of gene expogssias not taken into account. The correlation

results were filtered further for an exposure-tagdtime of six hours.

3. Results
3.1.Highly correlated gene signatures in four different rodent RNA-Seq DRG datasets of nerve

injury models

We first examined two recent RNA-Seq datasets o DiBsues derived from mouse spared nerve
injury (SNI) model of neuropathic pain. In theséasats DRGs were collecteddaty seven (Cobos
(C) dataset, [9]) anday 28 (BaskozosB) dataset, [5]) after the onset of the injury. Taeations
related to the technical differences between BG@udtasets were corrected during the differential
expression analysis using the Deseq2 packageTio Risualize the effect of technical variation,

we used the removeBatchEffect function from theriapackage [35]. Plotting the gene loadings
before the correction showed clear separation i@ PC1 and PC2 genes (Fig. S1 C, Table
S1, available at http://links.lww.com/PAIN/A972)h& genes with highest PC1 loadings are mainly

related to technical variations (Fig. S1 A, avddadt http://links.lww.com/PAIN/A972) and 497



out of 500 top PC1 genes were not present among$op 500 PC1 genes after the correction (Fig.
S1 D, left, available at http://links.lww.com/PAINB72). Noticeably, the top PC2 genes related to
the effect of injury before the correction becorme top 500 PC1 genes after the correction (Fig. S1
D, right; Fig S1 A, available at http://links.lwvam/PAIN/A972). The PCA plot showed clear
separation between control and injured groups wipéas (Fig. 1A; Fig. S1A, available at
http://links.lww.com/PAIN/A972). Differential expssion analysis was performed with DESeq2,
using FDR adjusteB < 0.05 and log2fe 0.5, identifying 966 differentially expressed gene
(DEGS) for C and 474 for B. The Venn diagram of. Bi§ demonstrates a substantial overlap
between the datasets, with 233 common genes (B&)|esignificantly larger than expected by
chance (Fig. S2 A). We found, that changes in diffgal expression (log2fc of the mean) of the
common DEGs were highly positively correlated betwthe datasets (Fig. 1C, R ~ (% 2.210

19, Similarly, there was a high correlation (R ~3).B < 2.210°) between log2fc calculated using
the spread of log2fc between replicates (Fig. SZG¢. correlation of log2fc between the genes
identified as DEGs in at least one dataset wereld® ~ 0.6, Fig. S2 I), therefore we used only
overlapping DEGs for downstream analysis. The ¢atioe across all genes was even lower (R ~

0.4, Fig. S2 E), with many genes having high fdidriges in early (C), but not in a late (B) dataset.

We next examined RNA-Seq data from two independpimial nerve transection (SNT) nerve
injuries in rats. In these datasets DRG tissueg wellected on day seven (Perki3 dataset,

[31]) and day 21 (Baskozos r&r() dataset, [5]) post injury. For differential expseon analysis we
used the same criteria as for the mouse datasktsi{@dlP < 0.05; log2fc> 0.5). After the removal

of technical variations (Fig. S1 B,C,E; Table Siaikble at http://links.lww.com/PAIN/A972),

PCA plots again showed a clear separation betwesinat and injured group of samples (Fig. 1D,
Fig. S1 B). The total numbers of DEGs were 295@foand 5154 for P; with 2421 common genes
between the datasets (Fig. 1E; Table S3, avaikiiétp:/links.lww.com/PAIN/A972). The size of
the overlap between the rat datasets was significemger than would be expected by chance (Fig.

S2 B). There was again a very high positive coti@ia R ~ 0.9) between expression changes of the



common rat DEGs (Fig. 1F, Fig. S2 H,J, availabletgt://links.lww.com/PAIN/A972). The
correlation between expression changes of the whascriptome was lower (Fig. S2 E, F,
available at http://links.lww.com/PAIN/A972), due the effect of non-differentially expressed
genes. The ~10 times higher number of DEGs ingatpared to mouse datasets leaded to higher
proportion of DEGs in the whole genome, and hehigher correlation for all genes in rat
compared to mouse (Fig. S2 E,F). The higher nurmbBEGs in rat datasets was possibly related
to differences in the technical variations betwkdys, the injury models or less likely species

differences.

The comparison of mouse and rat DEGs showed thatiB8f 233 common mouse genes were also
differentially expressed in both rat datasets (@&), with 655 genes being present in at least one
mouse and one rat datasets (Table S5). The expnessanges of the common 655 mouse/rat genes
were linearly correlated (R ~ 0.P,< 2.210": Fig. 1G). Interestingly, the changes in gene
expression were more drastic in rat compared tosequossibly due to more severe SNT trauma.
Between rat and mouse models 68 of the 655 geés)(iad opposite changes in gene expression
(Fig. 1G, Table S5). The STRING analysis of thesgatively correlated genes identified several
connections between them, involving Calbl, Gabrgd Siclal and, interestingly, hormonal

regulatory genes (Crh, Mc4r, Tshr) (Fig. S4).

3.2. Nerve injury DRG differentially expressed genes are enriched for ion channels and

neuronal membrane function

To further characterize the functional propertiethe common rodent DEGs (655 genes from
Table S5), we performed an enrichment analysisiadlogy terms. The analysis of the functional
clusters using ClusterProfiler showed over-repregem of neuron- and membrane-related GO
terms in the top GO category of the Cell Comporié) (Fig. 2A, Fig. S5 E). The inflammatory

response, response to wounding, blood circulatensory and membrane processes were amongst



the highly represented GO terms in the categothi@Biological Processes (BP) (Fig. 2B, Fig. S5
F). Also, functional annotation clustering using hopGO package with the more conservative
Elim algorithm [1] showed that the top GO categ®iieclude the integral component of membrane,
extracellular space, neuron cell body and plasmalnane (Fig. 2C, Table S7). The common
mouse (Fig. S5 A,B,G,H) or common rat (Fig. S5 G, DEGs were also enriched in neuronal-
and membrane-related GO terms in the CC categatpaitesses related to membrane transport,
immunity, cell motility and secretion in the BP egbry. We concluded that rodent DRG signatures
are enriched in neuron- and membrane-related genagreement with previous observations [9;

40].

3.3. Mouse DRG genes, which are differentially expressed after nerveinjury arelargely

expressed in nociceptors

The DRG is a complex tissue constituted by sewslatypes including sensory neurons,
fibroblasts, immune cells, satellite glial cellgd&chwann cells, with neurons only representing
~10-15% of DRG cells [27; 39]. This poses a quessbout the relative contribution of nociceptor
cells in the whole DRG transcriptome. The transwiml responses of sensory neurons to SNT
injury (day 3) were recently characterised in misang single cell RNA-Seq [14] on individually-
isolated DRG neurons; where neurons of differezgssivere manually isolated and further
classified based on the expression of the knowrkensyr In this study 2386 DEGs were reported
(with log2fc>1) for 3 main subtypes of DRG sensory neurons: lsmaalpeptidergic nociceptors
(NP); medium peptidergic nociceptoBEP); and large myelinated sensory neurohd/§. We

used this data to estimate the numbers of gena#®deio nociceptive and sensory neurons amongst
the common DEGs we identified above. We found 586 of the common 233 mice DEGs from
Table S2 were nociceptor (NP or PEP) - relatedgbifes represented the largest group (118
genes), followed by PEP (55 genes), with many gbe&mging to several types of neurons (Fig.

3A). Only a small number of differentially expredsgenes (29) belong to LM sensory neurons

10



(Fig. 3A), consistent with predominant role of NRIEPEP nociceptors in neuropathic pain [14;
38]. Furthermore, the expression changes of notceplated genes in the whole DRG datasets
correlated with the reported expression changewdinidually-isolated nociceptor neurons (Fig.

3B, [14]), supporting a significant contribution dciceptors to the whole DRG transcriptomic
response to injury. The STRING network analysithefgenes differentially expressed in each type
of sensory neurons showed an interconnected netwig&nes implicated in nerve injury and
regenerationdgg., Atf3, Sox11, Jun, Npy, Gal) (Fig 3C; Table Slaitable at
http://links.lww.com/PAIN/A972). The interactions PEP- and LM-related genes involved less

genes (Fig. 3D,E), but were centred around theetslug the same genes (Gal, Atf3, Nts, Csfl).

For the 2421 common rat DEGs, the proportion okgéhat were nociceptor-related (by mouse
classification) seems to be substantially sma#ie25%. However, neuron-related GO terms were
enriched amongst the remaining 74% of the rat Da@swere not present in the single cell
analysis of mouse neuronal DEGs after nerve infEry. S6, Table S8). Unsurprisingly, 62% of the
core 89 DEGs (common for all four rodent datasetske related to nociceptors (Table S4). Hence
overall, our analysis demonstrates that nocicemoreurons significantly contribute to the
transcriptomic response to injury, even though oesirepresent only 10-15% of DRG cells [27;

39].

3.4. Most of the differentially expressed DRG genes show consistent changes at early and late

time points after nerve injury

On the PCA plots, the separation between pain antta conditions was more pronounced for
early time points (day seven) compared to the tates points (day 21 or 28; Fig. 1A,D).
Examining the magnitude of expression changes legtwarly and late time points, we found that
in most cases the absolute fold change of the gepession was higher at early time points (Fig.

1C,F), in agreement with the PCA plots. Interedjing subset of DEGs showed a similar

11



magnitude of expression changes at the early aadtime points (|log2fc| at later time point >=
[log2fc| at early time point). We found that thgsesistent’ gene sets were different for the mouse
and rat datasets - 40 out of 233 common mouse @ak349 out of 2421 common rat genes,
which might be attributed to the more severe SN a@jury. In most cases, genes were down-
regulated (22 for mouse and 662 for rat). 50% efrtftouse and 22% of the rat persistent genes
were classified as neuronal by the mouse classdic§l4]. The enrichment analysis of the
remaining 78% of rat persistent genes showed ligatop DEGs (|log2fc|>=1) are enriched in
neuron-related GO terms (Fig. 4), while the DEG#hwnore modest expression changes
(0.5<=|log2fc|<1) are enriched in mitochondriahter(Fig. S7, Table S8). Only six genes showed
persistent expression in all four rodent datasets.upregulated genes - Lipn (a lipase) and Ms4a7
(potentially involved in signal transduction) araaif downregulated genes - Slca5al (an organic
anion transporter), Frmpd4 (a positive regulatoderidritic spine morphogenesis), Vsnll (a
neuronal calcium sensor) and Glb1I2 (a galactosid&verall, however, it seems that the mouse

SNI and rat SNT persistent gene changes are diverge

3.5. Downregulation of the endogenous opioid systemis a central feature in the rat pain model.

To explore the pain-related protein-protein intéoac(PPI1) network, we used the previously
published pain interactome - a PPI network of Gitériconnected pain-related proteins [16].
Examining all common rat DEGs revealed an intereated network of 257 genes (Fig. S8),
including several hub genes related to immuni®y, (li1a, Cx3crl) that were mainly up-regulated
at day seven, but lower at day 21, which may beistent with a time-dependent decrease of
inflammation. Several regenerative hub genes sfrieiwork also show an initial increase followed
by a decrease with time. This includes galanin \Gagdrrla, Adcyapl; transcription factors Jun,
Fos and Sox11 and Avp (vasopressin growth fac{ded)les S1, S2, available at
http://links.lww.com/PAIN/A972). Temporally upregied DEGs also include Pdyn - a precursor

of x-opioids, having anti-nociceptive functions in arfimatory, but not in neuropathic pain [24].

12



Likewise, transcription factor Atf3 is up-regulatedly at the early, but not late time point (Table
S4). In a contrast, we found that persistently doagulated genes include Oprml (u-opioid
receptor) and Penk (proenkephalin, encodHogioids), both having anti-nociceptive effects in
neuropathic pain [24; 46]), as well as up-regul&elt (cholecystokinin, encoding the opioid-
antagonizing peptide). Importantly, Oprm1, Penk @a#l were the key hub genes (Fig. S8) in this
network.

We next investigated the 949 persistent rat genddaund that this core network consists of 148
genes, including 37 persistent DEGs (13 up- andd¥n-regulated) (Fig. 5), linking to a further
111 interaction partners (19 of the partners were persistent DEGs, Table S9). The key hub
genes of this network were again Oprm1, Penk arkd i@@ddition to the global downregulation of
the opioid system, the persistent network incluskegeral other pro-nociceptive changes, such as
down-regulation of anti-nociceptive glutamate reéoepubunit Grin3a [26] and potassium channel
regulators Kcnip3 and Kcnj3 [12; 25]. However, mamanges in the persistent genes from the pain
network involved anti-nociceptive mechanisms, saghip-regulation of anti-nociceptive
adrenergic and dopamine receptors Adra2a and kd2fl] and down-regulation of pro-
nociceptive sodium channels Scn9a, Scnl10a, Sc&thd@a [4], glutamate receptors Gria2 and
Grm7 [13; 29], aquaporin Agpl [6], ephrin recedgmhbl [20], tachykinin Tacl [45] and vascular
growth factor Vegfa [22]. Therefore, both anti- gard-nociceptive changes were involved in the

rat pain network based on the persistent/chromesgie

3.6. Rat genes with persistent changes are involved in human neuropathic pain

To explore the potential relevance of rat gendsutoan pain, we analysed several different sources
of information about human pain genes. Firstly fatend that 16 orthologues of the rat persistent
genes and their neighbours on the pain networksseciated with human pain in the GWAS
catalogue (Table 1, top; [7]). These include niassgtent DEGs and seven neighbour genes on the

pain network (3 DEGs and 4 non-DEGSs). Secondlyfoued that 20 rat orthologues (seven

13



persistent, three non-persistent and 10 neighbaweshvolved in the human PPI pain network,
based on the OMIM-extended library in EnrichR (Bab) middle; [8]). Thirdly, five orthologous
genes (four persistent and one non-persistent) fwarel to be associated with monogenic
disorders with mutations implicated in human neatbjz pain (Table 1, bottom; [46]). And finally,
two rat genes DRD2 and KCNJ3 were present amohgstix pain-associated genes, which were
recently re-confirmed using the UKBiobank coho][4n total, 42 orthologous rat genes (20

persistent) are implicated in human neuropathino.pai

3.7. Drugs used in human neuropathic pain modulate rodent chronic pain genes

We next explored the effect upon our identifiedsgstent pain genes to drugs currently used for
treatment of neuropathic pain in humans, such asiptyline and duloxetine. Since nociceptor
specific transcriptomic drugs responses are nadtadle, for this analysis we used the gene
expression reference dataset Touchstone and time@hli.io toolset to examine drug effect in nine
available non-neuronal cell lines. The 37 rat [sesit genes were isolated from these Touchstone
expression signatures and partitioned by whetleedthg response was correlated or anti-correlated
(Fig. S9-S12, available at http://links.lww.com/PAR972) to the rat persistent gene expression
(Fig. 6). Both amitriptyline and duloxetine demaagtd consistent correlated expression to many
of the down-regulated rat genes including thoseeggethat may have an anti-nociceptive effect
when down-regulated (Scn10a, Scnlla, Scn9a, TaffaVGria2, Grm7, Aqpl, Ephbl). These
drugs on the other hand were anti-correlated tagheegulated rat persistent genes. The direction
of the drug effects on the expression of the pensigenes was similar for most of the cell lines

(Fig. 6), suggesting consistent responses, thatatsayoccur in nociceptors.

We next attempted to identify other drugs that &iacnti-correlated signature to the rat pain gene
expression changes. We first removed the 12 géésve considered as having pain ameliorating

effects (marked by * on Fig. 6) as we wanted tanid drugs that ideally did not modify these
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genes. Several drugs were identified including mlmer that increased endogenous opioid
signalling, such as daunorubicin, doxorubicin atiters (Fig. S13, available at
http://links.lww.com/PAIN/A972). However, all thoskugs that increased opioid signalling genes
also increased pro-nociceptive genes, particukotium channels. Future experiments on drug
effects on nociceptor cell lines would allow verédtion of our computational predictions and screen

for drugs upregulating opioid related genes, biifano-nociceptive genes

4. Discussion

Neuropathic pain is a highly disabling disorder,vidnich therapies are inadequate, and puts a
considerable economic burden on society and thighrarvice. Drug discovery efforts are costly
and high risk owing to a lack of clear understagdhthe mechanisms of the development and
maintenance of pain [4]. Transcriptomic studiesena@come a common approach to understand
diseases and drug mechanisms, but direct appisatibtranscriptomics to study human pain are
hindered by the inaccessibility of relevant ceftsl issuesdg., DRGSs). Preclinical animal models,
therefore, have become an important tool for stuglyieuropathic pain, but the reproducibility of

findings and the relevance to human mechanism éas talled into question.

Previous comparison of transcriptional changesuropathic pain models has been performed
based on microarray studies utilising differentpaiodels €.g., nerve injury and inflammatory) [3;
17]. A meta-analysis [17] suggested only a narretnvo§ common DEGs, dominated by the immune
genes [3; 17]. Furthermore, there was a minimaletation between gene expression in different
models and species (rat/mouse) [17]. Although mffeation may represent an essential component
of neuropathic pain, many other studies indicatergrortant role for changes in neuronal function
after nerve injury [34; 40]. Moreover, genome-waksociation and related genetic studies
implicate genes involved in neurotransmission, im@tam and other non-immune functions in
human neuropathic pain [46]. In agreement withelstadies, we found that transcriptome changes

involve a major neuronal component underlying npatbic pain following nerve injury.
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As far as we are aware, we present the first stinatycompares multiple RNA-Seq datasets on
DRG gene expression after nerve injury. Contramhé&analysis of microarray data, we find a
substantial similarity in transcriptional signatsiig injury pain in rodents, suggesting common
mechanisms. Thus, 233 genes were common betweemitteamodes of the SNI injury and 2421
genes were common between two rat models of theiBjNiy. The larger overlap in rat datasets
was related to larger number of DEGs and large ¢bkhges, which is likely related to species
differences and also differences between modetsiuse SNT injury is more severe compared to
SNI. To verify the cell type origin of the idengfi DEGs, we used previously published data on
gene expression in individual DRG neurons aftevaanjury [14]. We should note that this
classification is based upon relative enrichmergasticular genes and as such is dependent on the
analytical method and the fold-change cut-off. Nthadess, the Hu et. al., 2016 assignments do

appear to be consistent with other published ssudie

Genes identified as differentially expressed malf laeeshared between neurons and other cell
types. However, post-injury changes in the exposssft neuronal genes show strong correlation
between whole DRG and individually isolated noctoemeurons (Fig. 3B), with a relatively stable
ratio of expression changes between these dai{@sgisS3), supporting a largely nociceptor origin

of the gene expression changes in neuropathic phaan~ 5-fold reduction of the magnitude of
expression changes in the whole DRG relative tglsineurons is probably related to the “diluting”
effect of other cell types. Overall, our resultsndastrate that the majority of overlapping DEGs
across datasets seem to be driven by neuronalnesgpadespite neurons representing less than 15%
of DRG cells [27; 39]. This suggests that targeth@RG peripheral neurons is a relevant strategy

for developing protective therapies after nervanyjand for neuropathic pain treatments [33].

We find that early changes at one-week after inargypronounced and affect genes involved in
neuronal function, nerve regeneration and immupitgsumably as a protective transcriptional
response to injury, in agreement with previous oleg®n [9; 14]. Interestingly, however, we

found that expression changes in most of thesesgeane much lesser magnitude after three to four
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weeks of injury. It seems likely that many of thésmsiently altered genes are not involved in
chronic pain, but are the appropriate responseiteennjury. Since each of the studies we
examined had only one time-point, it is possibkd the differences between the early and later
time-points are simply technical differences betvstidies. However, it is notable that the greater
magnitude of gene changes at the early time-paiate evident in both mouse and rat studies and
it is biologically plausible that nerve injury inces dramatic gene expression changes early, which

then declines after the initial response.

Genes that show persistent changes at later wéeksrgury may be more relevant to chronic pain
mechanisms. Further studies with multiple time poafter nerve injury are now required to
explore this further. Noticeably, the immune geridsteceptor antagonist (ll1rn) and 1116,
blocking cell cycle progression in resting T-celte present amongst the upregulated persistent
genes as well as Nfkbia and Rela, suggesting tHaast these immune genes may have relevance
to later stages after injury. These genes mightwelved in neuro-immune interactions, which are
known to be important in neuropathic pain [4]. hesingly, we find many of these persisting
genesge.g. sodium channels Snc9a, Scnl0a, Scnlla and gleaetaptors Gria2 and Grm7 have
previously been implicated in pro-nociceptive paiechanism. Down-regulation of these genes
suggest an anti-nociceptive, protective transaiyai response. This highlights a challenge when
interpreting this data, since in some cases it beaglifficult to distinguish protective from
deleterious changes. Anti-nociceptive genes ofid@mnalling (- and-opioid receptors Oprm1
and Oprdl; and Penk, codifgppioids) are persistently down-regulated, whilsk@Gncoding
opioid-antagonising peptides is persistently uplagd. The down-regulation of the opioid
analgesic system agrees with multiple observatonisick of efficacy of exogenous opioids in the
treatment of human neuropathic pain [2]. Our analgkthe rat pain network suggests that
suppression of opioid signalling is central in tlework, with Oprm1 being a top hub gene (Fig.
5). The mechanism of down-regulation of Oprm1 eggi@n has been shown to be dependent on

methylation of its promoter by Dnmt3a methyltramage, which in turn is dependent on decreased
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expression of mMiIRNA-134 [41; 44]. Consistently, fivel Dnmt3a expression is upregulated after
nerve injury in the two rat datasets (log2fc = @07@3 for Br/P; [41]). Additionally, histone
methylation by Suv39h1 methyltransferase was shiovire involved in Oprm1 silencing [43] and
again we find increased expression in two rat @dsa$og2fc = 0.54/0.9 for Br/P). Therefore,
several epigenetic mechanisms likely participatthendown-regulation of Oprm1 in nerve injury
models. The degree of network connections of opadalling system might be partially
exaggerated due to the opioid system being wellistli However, the down-regulation of opioid
signalling in neuropathic pain is biologically ptable [46] and aligns with the clinical experience
that opioids are not effective in neuropathic pain.

We identified a number of genes from the rat SNih patwork that are implicated in human pain
and genetic studies. Several of these genes hategt locations on the rat pain network,
representing hub (SCN10A, OPRD1, FOS; IL6, TNFALNGF, DLG2) or bottleneck (SCN11,
OPRD1, DRD?2) genes (Fig. 5, Fig. S8). Notably,@n analysis of DRG samples from operated
cancer patients with neuropathic pain [28] ideatifdown-regulation af-opioid receptor Oprk1.
Therefore, drugs upregulating expression of opreldted genes and their upstream regulators

might represent strong candidates for the treatmemeuropathic pain.

Finally, we explored transcriptional drug signatuoé two commonly prescribed therapeutics for
neuropathic pain, duloxetine and amitriptyline. Bdtugs were shown to drive changes in pain-
related genes, but mostly they downregulate praeeptive geneseg(g., Scnlla) that are already
driven in the appropriate direction to reduce pasponses after nerve injury in the rodent models.
Interestingly, these drugs are able to revert #rsigtently upregulated neuropathic pain genes
identified in our preceding analysis, including threnune-related genes, in most of the cell lines
evaluated. However, they do not appear to upregaioid signalling. Further studies are now
required to assess whether these drugs have s#ffigats on DRG cells. Collectively the analysis

suggests at a transcriptional level these drugsotigeem ideal to counter the peripheral nerve gene
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expression changes and this may explain why theg haited benefit in neuropathic pain

disorders.

Our attempt to identify other drugs that might msecthe rat persistent pain signature proved to be
challenging. Although we found that drugs, sucklasnorubicin and doxorubicin, increased
endogenous opioid genes, they did so at the castidasing sodium channels, which may,
therefore, attenuate any pain-relieving effectss Blaggests that sodium channel and opioid
receptors may be co-regulated. Indeed, multiplgezpétic mechanisme.(., histone acetylation)
have been found to be involved in silencing of apreceptorsd.g., Oprm1) and sodium channels
(e.g., Scnl10a) in neuropathic pain [30]. Further effars required to investigate potential
therapeutic approaches that can upregulate thegendas opioid pathway in the DRG without
increasing pro-nociceptive molecules such as veltgged sodium channel expression. We
conclude that information derived from animal prackl models of neuropathic pain can provide
useful insights and relevance to human pain digeraled suggest therapeutic strategies to help

alleviate this disabling disorder.
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Figuresand Table legends

Figure 1. Comparison on the common DEGsin rodent DRG datasetson theinjury pain. A.
PCA plot of variance-stabilized transformed codntamouse: Cobos (C)-day 7 and Baskozos (B)-
day 28.D. PCA plot of variance-stabilized transformed casubot rat: Perkins (P)-day 7 and
Baskozos (Br)-day 21. To illustrate the correctodnechnical variations between the datasets,
which was done internally by Deseq2, the PCAs wereerated after applying the
removeBatchEffect function from thienma packageB,E. Venn diagrams of DEG numbers in
mouse (B) and rat (E) datasets, showing the nundfergerlapping gene€,F. Linear correlation
between log2fc in expression levels relative totmimon-injured DRG for the common genes
(adjusted? < 0.05) in mouse (C) and rat (F) datasétsLinear correlation of the expression
changes in common genes between at least one rapndsat dataset (Jlog2fe|0.5; adjustedP <
0.05). The sets of the common genes were splitdoielated and anti-correlated groups as

indicated in the legend.

Figure 2. The GO enrichment analysis of the common rat/mouse DEGsin nerveinjury models
(Table S5). A,B. The ClusterProfiler analysis of significantly efwed GO terms within the cell
component (A) and biological processes (B) categofDR adjuste® < 0.05.C. TopGO analysis
of the common genes with Elim method. The top caieg with FDR adjuste <0.01 are shown

in bright colours.

Figure 3. Sensory neurons genes are differentially expressed in mouse DRG during nerve
injury. The set of 233 common mouse DEGs from Table S2amalysed for nociception-related
genes using reported lists of mouse DEGs in DRG@gmeurons [14]A. Venn diagram of the
DEG numbers related to NP, PEP and LM sensory msushown in blue, magenta and green
respectivelyB. Linear correlation of the whole DRG expressioarges in the nociception genes
with those in individual sensory neurons (NP, PBER) during nerve injury [14]C-E. PPI analysis
of biological interactions within common mouse DE@kted to NP (C), PEP (D) or LM (E)

neurons. The analysis was done with STRING, usigly bonfidence of interactions (score 0.7) and
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not more than five interactors in the first sh&he line colour indicates the type of interaction
evidence. The nodes were clustered using the M@arighm. Those genes that did not have a

direct partner in the network are not shown.

Figure 4. Enrichment analysis of the persistent rat DEGs with pronounced expression

changes, which are not present in mouse dataset of sensory neurons. ClusterProfiler analysis of
significantly enriched GO terms amongst DEGs wab3fc| at 28 days (dataset Brihan at seven
days (dataset P). Only highly differentially exmed genes (|log2fc|>=1; 304 genes total) were

used. GO terms are shown within the CC (A) and BRcategories; FDR adjustéd< 0.05.

Figure 5. The pain-related PPl network of the persistent rat DEGs. The network was built
based on the pain interactome [16], using rat D&(#s persistent expression changes, together
with neighbours from the pain interactome netw®@EGs and non-DEGS). The coloured arrows
mark the type and direction of interactions; codalinodes mark the expression changes in rat

datasets (up/down/persistent/non-persistent/non-p&@er), as explained in the legend.

Figure 6. Cell-lineresponsesto 10 um amitriptyline and duloxetinefor 6 hoursrelativeto the
differential gene expression of rat. For each rat gene, the number of anti-correlateldcarnrelated
cell line responses from the drugs amitriptyling &éd duloxetine (B) were collated. Genes in the
rodent model whose changes are expected to haveamnteptive effects are indicated with an

asterisk.
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Table 1. Persistent rat genes and their neighbours on the pain networ k implicated in chronic

pain conditionsin human. The Table shows genes with persistent chang@séand their
neighbours on the pain network of Fig. 5, whichiax®lved in chronic pain in human. The rat
gene names are shown together with orthologous hurames. The persistent genes are shows by
black bold, non-persistent neighbour genes - bgikaten-bold and non-DEG neighbours - by grey
letters. The top part of the Table shows genescaged with pain in the GWAS catalogue. The
next part of the Table shows enrichment of theyeates with pain-associated human PPI networks,
based on OMIM-extended library of EnrichR. The ngextts of the Table show rat genes present
amongst monogenic-disease genes and in geneticiasso studies, confirmed with the UK

biobank data [46].
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Table 1. Persistent rat genes and their neighbours on the pain networ k implicated in chronic

pain conditionsin human. The Table shows genes with persistent changes in time and their

neighbours on the pain network of Fig. 5, which are involved in chronic pain in human. The rat

gene names are shown together with orthologues human names. The persistent genes are shows by

black bold, non-persistent neighbour genes - by black non-bold and non-DEG neighbours - by grey

letters. Top part of the Table shows genes associated with pain in the GWAS catalogue. The next

part of the Table shows enrichment of the rat genes with pain-associated human PPl networks,

based on OMIM-extended library of EnrichR. The next parts of the Table show rat genes present

amongst monogenic-disease genes and in genetic association studies, confirmed with the UK

biobank data[45].
Based on GWAS catalogue
human rat description chronicpain | pval | log2fc | log2fc | PubMed
gene gene condition Br P ID
CBLN4 | Cbln4 | cerebellin4 Migraine 810° | -581| -2.71 | 23793025
precursor without aura
GDAP1 | Gdapl | ganglioside-induced | Dysmenorrheic | 7-107 | -1.39 | -1.38 | 27454463
differentiation- pain
associated-protein 1
GPD2 | Gpd2 |glyceral-3- NP* injoint 310°| -054| -0.52 | 28051079
phosphate replacement
dehydrogenase 2 surgery for
osteoarthritis
HJURP | Hjurp | Holliday junction Migraine 310°| 1.23| 1.11] 27322543
recognition protein
ILIRN | Hirn interleukin 1 Dysmenorrheic | 7107 | 2.37 | 1.82 | 27454463
receptor antagonist | pain
MPPE | Mpped | metallophosphoester | Migraine 4-10° | -1.58]-1.49 | 27322543
D2 2 ase domain
containing 2
RB1CC | Rblccl | RB1-inducible Dysmenorrheic | 410° | -0.65 | -0.62 | 29855537
1 coiled-coil 1 pain
SCN11 | Scnlla | sodium voltage- Migraine 810° | -4.41]-2.77 | 23793025
A gated channel apha
subunit 11
ZMYN | Zmynd | zinc finger, MYND- | Migraine 410° | 0.76|0.75 | 27182965




D8 8 type containing 8
DLG2 Dlg2 discslarge MAGUK | Migraine 1-10 -0.56 | -0.86 | 28952330
scaffold protein 2 without aura | *2
IL1A ll1la interleukin 1 alpha | Dysmenorrheic | 2-:10° 1.85| 8.63 | 29855537
pain 16
IL1IR1 1rl interleukin 1 Ppaininhead | 3-10° 1.16 | 1.91 | 27670397
receptor type 1 and neck
squamous cell
carcinoma
GRIN2 | Grin2a | glutamateionotropic | Dysmenorrheic | 1-10” < - 29855537
A receptor NMDA pain
type subunit 2A
IL1B 111b interleukin 1 beta Dysmenorrheic | 2:10° - - 29855537
pal n 16
PRKCA | Prkca | protein kinase C NPinjoint 410° | - - | 28051079
alpha replacement
surgery for
osteoarthritis
REST | Rest RE1 silencing Migraine 3107 | - - | 27322543
transcription factor
Based on OMIM extended library of EnrichR
pain overlap | p adj genes
condition
rheumatoid 18/90 6.9-10™ | IL10;0PRD1;HSP90AAL;FUS;STAT3:CSNK2A2;
arthritis PTPRK;FOS;IK3R1;NFKB1;EGFR;RELA;RUNX1;ILS;
CREB1;PRKACA;DRDZ2;JAK?2
migraine 17/93 9.73:10” | OPRD1;HSP90AA1;FUS;STAT3;CSNK2A2:PTPRK;
FOS,PIK3R1L; TNF;NFKB1L,EGFR;RELA;CREB],
PRKACA;DRDZ2;JAK2 ;SCN1A
Genes causing monogenic NP (based on Zorina 18)
rodent | human description chronic pain log2fc | log2fc | PubMed ID
gene gene conditions Br P
GLA | Gla galactosidase, alpha | Small fibre -1.07 -0.92 26866599
neuropathy
SCN1 | Scnl0a | sodium voltage- Idiopathic painful -3.28 -2.35 26711856,
0A gated channel apha | smal fibre 23115331,
subunit 10 neuropathies 23986244
SCN1 | Scnlla | sodium voltage- Idiopathic painful -4.41 -2.77 25791876,
1A gated channel apha | smal fibre 24776970,
subunit 11 neuropathies 28298626,
24036948,




26746779

SCN9 | Scn9a | sodium voltage- Peripheral -1.46 -1.26 14985375,
A gated channel alpha | neuropathy, 18945915,
subunit 9 Radicular pain, 17145499,
DNP, 15958509,
Erythromelalgia 17167479,
20635406,
21094958
IL6 116 interleukin 6 Radicular pain 2.38 5.72 18321738,
15733644,
29240606
NP-associated genes supported by BioBank data (based on Zorina 18)
rodent | human description chronic pain log2ic | log2fc | PubMed ID
gene gene conditions Br P
DRD2 | Drd2 | dopaminereceptor | Neuropathic pain 1.33 0.65 | 25180011,
D2 29240606
KCNJ | Kcnj3 | potassium voltage- | Cancer pain -161 | -1.61 | 24392765,
3 gated channel 29240606
subfamily J
member 3

*NP-neuropathic pain
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rat/mouse common
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membrane raft- & —_—
transporter complex 1 @
ion channel complex @
receptor complex @
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postsynaptic membrane - & ® 10
dendritic spine @ ® 20
extracellular matrix component+ @ ® 0
synaptic cleft - ® «
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GeneRatio
Count
inflammatory response ® . o
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sensory organ development - @ ®
blood circulation [ 3
regulation of ion transmembrane transport @ @ «
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mouse nociceptors
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presynaptic process involved in chemical synaptic transmission -

negative regulation of cyclic nucleotide metabolic process -

rat persistent not in mouse nociceptor DEGs
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