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The microtubule-stabilizing drug paclitaxel (PTX) is a chemotherapeutic
agent widely prescribed for the treatment of various tumor types. The main
adverse effect of PTX-mediated therapy is chemotherapy-induced peripheral
neuropathy (CIPN) and neuropathic pain, which are similar to the adverse
effects associated with other chemotherapeutic agents. Dorsal root ganglia
(DRG) contain primary sensory neurons; any damage to these neurons or their
axons may lead to neuropathic pain. To gain molecular and neurobiological
insights into the peripheral sensory system under conditions of PTX-induced
neuropathic pain, we used transcriptomic analysis to profile mRNA and non-
coding RNA expression in the DRGs of adult male C57BL/6 mice treated using
PTX. RNA sequencing and in-depth gene expression analysis were used to
analyze the expression levels of 67,228 genes. We identified 372 differentially
expressed genes (DEGs) in the DRGs of vehicle- and PTX-treated mice. Among
the 372 DEGs, there were 8 mRNAs, 3 long non-coding RNAs (IncRNAs),
16 circular RNAs (circRNAs), and 345 microRNAs (miRNAs). Moreover, the
changes in the expression levels of several miRNAs and circRNAs induced by
PTX have been confirmed using the guantitative polymerase chain reaction
method. In addition, we compared the expression levels of differentially
expressed miRNAs and mRNA in the DRGs of mice with PTX-induced
neuropathic pain against those evaluated in other models of neuropathic
pain induced by other chemotherapeutic agents, nerve injury, or diabetes.
There are dozens of shared differentially expressed miRNAs between PTX
and diabetes, but only a few shared miRNAs between PTX and nerve injury.
Meanwhile, there is no shared differentially expressed mRNA between PTX and
nerve injury. In conclusion, herein, we show that treatment with PTX induced
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numerous changes in MIRNA expression in DRGs. Comparison with other
neuropathic pain models indicates that DEGs in DRGs vary greatly among
different models of neuropathic pain.

paclitaxel, dorsal root ganglion, microRNA, circRNA, RNA sequencing

Introduction

Neuropathic pain can be caused by a lesion in, or disease of,
the somatosensory nervous system. Some of the most common
conditions involving peripheral neuropathic pain, listed in the
new classification criteria from the International Association
for the Study of Pain (IASP), include trigeminal neuralgia,
peripheral nerve injury, painful polyneuropathy, postherpetic
neuralgia, and painful radiculopathy (Scholz et al, 2019).
The toxicity of chemotherapeutic agents to the peripheral
nervous system can also induce peripheral neuropathy and
neuropathic pain (Liang et al., 2020a; Starobova et al., 2020).
Most patients with neuropathic pain report an ongoing or
intermittent spontaneous pain and pain evoked by light touch
or other stimuli (Finnerup et al, 2021). Ectopic activity in
injured nerves or dorsal root ganglia (DRG), and peripheral
and central sensitization, underlie spontaneous and evoked
pain in different neuropathic pain conditions (Finnerup et al.,
2021). Multiple mechanisms, including alteration in ion channel
activity, activation of immune cells, glial-derived mediators,
and epigenetic regulation in the peripheral sensory neurons,
contribute to the neurogenesis of neuropathic pain (Liang et al.,
2015; Finnerup et al., 2021). However, the various neuropathic
pain conditions involve different underlying mechanisms.

Paclitaxel (PTX) is a well-known chemotherapeutic agent
with a unique mechanism of action. PTX binds to microtubules
in the cytoskeleton and enhances tubulin polymerization,
resulting in cellular apoptosis (Jordan and Wilson, 2004).
Treatment using PTX can also lead to peripheral neuropathy,
which is similar to the adverse effects exerted by other
chemotherapeutic agents (Mao et al., 2019; Liang et al., 2020a;
Starobova et al.,, 2020; Kang et al., 2021). Previously, we have
reported on an epigenetic regulation mechanism in paclitaxel-
induced mouse model of neuropathic pain. In that study,
we described that DNA methyltransferase DNMT3a triggers
downregulation of K2p 1.1 expression in the DRG, which
contributes to paclitaxel-induced neuropathic pain (Mao et al,,
2019). To elucidate more potential mechanisms driving PTX-
induced neuropathic pain, herein we used high-throughput
RNA sequencing (RNA-Seq) and transcriptomic analysis to
evaluate gene expression changes in the DRGs of PTX-treated
mice. Previous studies have utilized transcriptomic analysis
conducted using high-throughput RNA-Seq or microRNA
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arrays to profile gene-expression changes in the DRGs of mice
with neuropathic pain induced by nerve injury (Wu et al., 2016),
diabetes (Zhang H. H. et al., 2020), or other chemotherapeutic
agents (Starobova et al.,, 2020). Hence, we further compared
PTX-induced differentially expressed miRNAs, circRNAs, and
mRNAs with those described in other neuropathic pain models.
RNA-Seq and in-depth gene expression analysis revealed that
345 microRNAs, 6 mRNAs, 3 IncRNAs, and 16 circRNAs
were differentially expressed in response to treatment utilizing
PTX. Nevertheless, there are only a few shared differentially
expressed genes in these neuropathic pain models. Gene
expression in the DRG varies depending on the type of insult
to these neurons or their axons. Although transcriptomic
gene expression profiling enhances our understanding of
pain mechanisms under various neuropathic pain conditions,
further investigations are needed to validate the potential
molecular targets to develop individualized treatment strategies
for patients with neuropathic pain.

Materials and methods

Animals

Adult male C57BL/6 mice (8-9 weeks old) were used in
this study. Mice were housed (up to five per cage) at 25°C and
maintained at a standard 12-h light/dark cycle, with water and
food available ad libitum. The animal housing facility and all
procedures involving animals were approved by the Institutional
Animal Ethics Committee of the Xi’an Jiaotong University
Health Science Center, and were conducted in accord with the
ethical guidelines put forth by the International Association
for the Study of Pain. All efforts were made to minimize
the suffering of laboratory animals and to reduce the number
of animals used in the study. All investigators performing
experiments were blinded to the group designation of the mice.

Treatment using paclitaxel
Paclitaxel was prepared and administered as described

previously (Liang et al., 2020a). Briefly, to prepare 1 mL of
PTX stock solution at 6 mg/mL concentration, PTX (6 mg;
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MedChemExpress, Monmouth Junction, NJ, United States) was
dissolved in a 1:1 solution of Cremophor EL (500 pL; Sigma-
Aldrich, St. Louis, MO, United States) and ethanol (500 jLL).
Prior to treatment, the PTX stock solution was diluted with
0.9% sterile sodium chloride (NaCl) to a final concentration
of 0.4 mg/mL. Each mouse was injected with PTX (4 mg/kg)
intraperitoneally (i.p.) every other day for a total of six times.
The control mice received vehicle solution (Cremophor EL:
ethanol, 1:1, diluted using 0.9% sterile NaCl solution) using the
same schedule as that used for PTX mice.

Behavioral tests

All mice were habituated to the testing environment for
3 days prior to baseline testing. Von Frey filaments (0.07
and 0.40 g; Stoelting Co., Wood Dale, IL, United States)
were used to evoke mechanical allodynia and hyperalgesia as
described previously (Liang et al., 2020a,b). Briefly, each mouse
was placed onto an elevated mesh screen within a Plexiglas
chamber and was allowed an accommodation period until
exploration and grooming behavior ceased. Each calibrated von
Frey filament was applied to the left or right hind paw for
approximately 1 s, and each trial was repeated 10 times at
intervals of 3 min between each application. A positive response
occurred when the mouse showed a strong paw withdrawal
response to the von Frey filament. Both positive and negative
responses were recorded in each trial and the number of positive
responses in the 10 times was expressed as percentage of paw
withdrawal frequency (PWF) [(number of paw withdrawals/10
times) x 100 = % PWF].

Evoked thermal hyperalgesia to noxious heat was assessed
using a Model 37,370 Analgesic Meter (UGO Basile, Comerio,
Italy) (Liang et al., 2020b,c). Briefly, each mouse was placed onto
a glass plate within a Plexiglas chamber, and radiant heat was
applied from below to the middle of the plantar surface of each
hind paw until paw withdrawal occurred. When the mouse lifted
its foot, the light beam was turned off automatically. The length
of time from the starting of the light beam and the foot lift was
defined as paw withdrawal latency (PWL). The cut-off time was
20 s to avoid tissue damage. Each trial was repeated five times
for one paw at 5-min intervals.

RNA-seq, bioinformatics, and pathway
analysis

Mice were euthanized and bilateral lumbar 3 (L3) to L5
DRGs were harvested and flash frozen in liquid nitrogen, and
then stored at —80°C. Bilateral L3-L5 DRGs obtained from
2 mice suffering from PTX or vehicle injection were pooled
and used as one biological replicate. Six independent biological
replicates collected from twelve mice in the vehicle and PTX
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groups (three biological replicates per group) were sent to BGI
Genomics Inc. (Wuhan, China) described previously (Liang
etal., 2020a). Briefly, total RNA from each sample was extracted
and purified using the TRIzol method. The quality of RNA
was estimated by an RNA Integrity Number (RIN) between
1 and 10 with 10 being the highest quality samples showing
the least degradation. The RIN scores of six samples were
shown in Supplementary Datasheet 1. The RIN score of each
sample is over 6, indicating that they are of sufficient quality to
produce a library for sequencing (Kukurba and Montgomery,
2015). Then, RNA sequencing was conducted on a BGISEQ500
platform (BGI Genomics). Ten samples were evaluated
using multiplexing, sequencing, differential gene expression
analysis, and transcriptomic expression analysis. Raw data were
quality controlled using SOAPnuke software (BGI Genomics)
(Cock et al, 2010) and clean reads were obtained after
filtering out reads with ribosome RNA (rRNA) and other
contaminations. Clean reads were mapped to Mus musculus
genome sequence (version GCF_000001635.26_GRCm38.p6)
from the National Center for Biotechnology Information
(NCBI) using hierarchical indexing for spliced alignment of
transcripts (HISAT; Center for Computational Biology, Johns
Hopkins University, Maryland, MD, United States), and to
Mus musculus gene sequence using Bowtie2 (Langmead and
Salzberg, 2012), to quantify mRNAs and long non-coding
RNAs. To quantify circRNAs, clean reads were mapped to
known M. musculus circRNAs. To detect small RNAs, clean
tags were mapped to an miRNA database and M. musculus
genome sequence, and then quantified. Mapped reads for each
gene were calculated to determine the expression levels for
that gene. Differential expression analysis was performed via
MA-plot software using the DEGseq method (Wang et al,
2010). All expression values were transformed into log, values.
Comparisons of gene expression levels between groups were
conducted using Student’s ¢-test. Differentially expressed genes
(DEGs) were designated as genes with adjusted P-values (Q-
values) less than 0.05. Log, fold changes (FC) in miRNA
expression were either more or less than 1. For analysis of DEG
mRNA, functional classifications and pathways were evaluated
using Gene Ontology (GO) Elite and DAVID Bioinformatics
Resources 6.7 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. All these data can be extracted manually
by utilizing Dr. Tom on-line analysis system provided by
BGI Genomics Inc.

Reverse transcription-polymerase
chain reaction for detection of
microRNA

Bilateral L3-L5 DRGs collected from each mouse were
pooled to obtain a sufficient amount of RNA. Tissues were
homogenized in, and total RNA was extracted using, Beyozol
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(Beyotime, Shanghai, China) according to the manufacturers’
protocol. For miRNA quantification, 200 ng total RNA was
reverse-transcribed into cDNA using a stem-loop primer
specific for each mature miRNA, and using an miRNA First
Strand ¢cDNA Synthesis kit (Stem-loop Method) (Sangon
Biotech, Shanghai,
instructions. Quantitative PCR was performed on a Real-time
Detection System (Agilent Mx3005P qPCR system, Santa Clara,
CA, United States) using Hieff® qPCR SYBR® Green Master
Mix (Yeasen Biotechnology, Shanghai, China), and forward

China) according to manufacturer’s

and reverse primers specific for each miRNA. All the primers
used in this procedure (Table 1) were designed and synthesized
by Sangon Biotech (Shanghai, China). PCR reactions were
performed as follows: initial 3-min incubation at 95°C, followed
by 40 cycles at 95°C for 10 s (s), 60°C for 30 s, 72°C for 30 s,
95°C for 5 s, 65°C for 15 s, and 95°C for 5 s. PCR products
were verified using agarose gel electrophoresis and analysis of
dissociation curve. U6 small nuclear RNA (Rnu6) was used as
endogenous control to normalize differences in miRNA levels
of each sample. Quantification was performed by normalizing
target gene cycle threshold (Ct) values to that of Rnu6 Ct.
The ratio of relative miRNA level in each sample to average
miRNA level in vehicle-group samples was calculated using the
27 A4 Ct method.

Reverse transcription-polymerase
chain reaction for detection of circRNA

For quantification of circRNA expression levels,
total RNA was reverse-transcribed using ThermoScript
reverse transcriptase and Random Hexamer Primer
(Invitrogen/Thermo Fisher Scientific). For quantitative

RT-PCR (qRT-PCR), each sample was run in triplicate using
20 pl reaction volume comprised of 10 pl Hieff® qPCR SYBR®
Green Master Mix, 20 ng cDNA, and 2 pL 250 nM forward

TABLE 1 The miRNA primers.

10.3389/fnmol.2022.990260

TABLE 2 The primers for circRNAs and the internal control gene.

CircRNAs Primers  Sequences (5'-3’)
mmu_circ_0009357 Forward ACCACGAGAATGCGAAGGAACAAG
Reverse CCTCCTGTCATCCTCCTCATCTCC
mmu_circ_0013069 Forward GGGGTGTAGAGGGCAAGGAGAG
Reverse TCTTGTTCTTCTTTCCTGCCTTCCC
mmu_circ_0006031 Forward GTGGAGGTGAGGCAGGAGAGTC
Reverse ACCTGAGGTGTCCCGCTTCTTG
mmu_circ_0001817 Forward ACCGGTCCTCCTCTATTCGG
Reverse CCAAACAAGCTCTCAAGGTCCA
mmu_circ_0011289 Forward GGAGACTGTGCCTGTGGTTGTG
Reverse TCAGTCCTCTCAGCCTCCATATTCC
Gapdh Forward TCGGTGTGAACGGATTTGGC
Reverse TCCCATTCTCGGCCTTGACT

and reverse primers. All the primers used in this procedure
(Table 2) were designed and synthesized by Sangon Biotech
(Shanghai, China). PCR reactions were run on an Agilent
Mx3005P qPCR system using the following conditions: initial
3-min incubation at 95°C, 40 cycles at 95°C for 10 s, 60°C for
30s, 72°C for 30 s, 95°C for 55, 65°C for 15 s, and 95°C for 5 s.
Agarose gel electrophoresis and analysis of dissociation curve
were used to verify PCR products. All data were normalized
to expression levels of Gapdh used as internal control. The
ratio of mRNA level in each sample to average mRNA level in
samples from the vehicle treatment group was calculated using
the 27 A2CT method.

Statistical analysis

For behavioral tests, 24 mice were randomly distributed into
the vehicle and PTX groups (12 mice/group). Data obtained
using behavioral tests are expressed as means =+ error of

MiRNAs Primers Sequences (5'-3")

mmu-miR-376b-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGTGG
Forward AAGCGCCTATCATAGAGGAACA
Reverse CAGTGCAGGGTCCGAGGT

mmu-miR-29¢-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAACCG
Forward AGCTGGACTAGCACCATTTGAAA
Reverse AGTGCAGGGTCCGAGGTATT

mmu-miR-532-5p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGGTC
Forward AACCTCCCATGCCTTGAGTG
Reverse CAGTGCAGGGTCCGAGGT

Rnu6 (Mus musculus) RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAAAT
Forward GAAGATTTAGCATGGCCCCTGC
Reverse CAGTGCAGGGTCCGAGGT

RT, reverse transcription.
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mean (SEM), and were statistically analyzed using two-way
repeated measure (RM) ANOVA followed by post hoc Tukey test
(SigmaPlot 12.5, San Jose, CA, United States). Three biological
repeats (two mice/repeat) were selected randomly from 10 mice
in each group and examined using RNA-Seq. Three to six
mice (one mouse/repeat) per group were examined using RT-
PCR and were statistically analyzed using two-tailed unpaired
t-test (SigmaPlot 12.5). P-values less than 0.05 were considered
statistically significant.

Results

Paclitaxel induces hypersensitivity to
pain

We have previously shown that intraperitoneal injection
of PTX induces pain hypersensitivity which peaks at
approximately 10-14 days after the first injection (Mao
et al,, 2019). Therefore, day 10 was selected as time point for
evaluation of PTX-induced transcriptomic changes in the DRG
using RNA sequencing. To ensure that all mice treated using
PTX showed pain hypersensitivity, paw withdrawal frequency
(PWF) in response to mechanical stimulation and paw
withdrawal latency (PWL) in response to thermal stimulation
were assessed on day 10 following the first PTX injection and
before the harvesting of DRGs (Figure 1A). In agreement
with results obtained in our previous studies (Mao et al., 2019;

10.3389/fnmol.2022.990260

Liang et al., 2020a), our present results show that treatment
using PTX led to a dramatic increase in PWF response to 0.07-
and 0.40-g von Frey filaments in both hind paws on day 10
compared with baseline response and that of the vehicle-treated
group (P < 0.05 for 0.07-g von Frey filament; P < 0.01 for
0.40-g von Frey filament; Figures 1B,C). Similarly, treatment
using PTX also induced thermal hyperalgesia in our mice, as
shown by decreased PWL response in both hind paws compared
with baseline response and that of the vehicle-treated group
(P < 0.01; Figure 1D). Treatment with vehicle did not induce
changes in either PWF or PWL of either hind paw compared to
their respective baseline response levels (Figures 1B-D).

Paclitaxel induces transcriptomic
changes in coding and non-coding
RNAs

RNA-Seq and in-depth gene expression analysis were used
to explore transcriptomic changes in mRNA and non-coding
RNA expression in PTX-induced DRGs. Our analyses identified
a total of 67,228 genes including 22,899 coding mRNAs,
24677 IncRNAs, 16127 circRNAs, 2959 microRNAs, and 554
pseudoRNAs. DEGs were first extracted based on their Q-values
of being less than 0.05. Our results indicate that 345 microRNAs
were differentially expressed in response to treatment using
PTX, while only 8 mRNAs, 3 long non-coding RNAs (IncRNAs),
and 16 circRNAs were extracted as DEGs after induction using
PTX (Figure 2A).

A Veh or PTX (4 mgkg)

Days -1 0 2 4

Behavioral tests

Baselin Day 10

FIGURE 1

two-way ANOVA followed by post hoc Tukey test.

1 e e o e

B 50- 0.07-g von Frey C 1001 0.40-g von Frey D 20+ Thermal

== Veh-left
40 7 Veh-right . 801 — 15 -

=8 PTX-left [ :E =

¢ = 10 g
=
| 1

A N g B

Mechanical allodynia and thermal hyperalgesia induced by paclitaxel (PTX) in mice. (A) A schematic of drug administrations and behavioral tests
showed that mice were intraperitoneally injected with PTX (4 mg/kg) or vehicle solution (200 pl) every other day for a total of six times. (B—D)
The paw withdrawal frequency (PWF) in response to a 0.07-g (B) and 0.40-g (C) von Frey filament, and the paw withdrawal latency (PWL), in
response to thermal stimulation (D), were assessed on day 10 after the first injection using PTX, and were compared with those of mice in the
vehicle (Veh)-treated group. n = 12/group. Results are presented as mean + SEM; *P < 0.05, **P < 0.01, compared with vehicle group by

8 10

A

Behavioral tests
Tissue harvesting

Day 10 Baseline Day 10
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FIGURE 2
Transcriptome profiling of miRNAs in paclitaxel (PTX)-treated mice. (A) Numbers of differentially expressed genes (DEGs) were determined using
transcriptome analysis. DEGs are genes having Q-values less than 0.05. (B) Volcano plot of differentially expressed miRNAs after PTX
administration shows the most highly upregulated [log(fold change, FC) > 1] or downregulated [log2(FC) < —1] genes. (C) Numbers of
upregulated and downregulated miRNA showing low (0-100), medium (100-1,000), or high (more than 1,000) expression levels, based on
respective expression level values in the vehicle group. (D) Hierarchical clustering analysis shows 253 differentially expressed miRNAs in vehicle
and PTX groups. (E) Numbers of differentially expressed miRNA shared among PTX, diabetic peripheral neuropathy (DPN), and spared nerve
injury (SNI) models. (F) Validation of PTX-induced downregulation of miR-376b-3p and miR-29c-3p expression as assessed using quantitative
polymerase chain reaction. Results are presented as mean + SEM of 3-6 independent experiments. *P < 0.05 compared with the vehicle group
by two-tailed unpaired t-test.

Differentially expressed miRNAs
induced by paclitaxel treatment

Next, we used threshold values log FC > 1 or log, FC < —1
to identify a total of 253 differentially expressed miRNAs that
comprised 70 upregulated and 183 downregulated miRNAs
(Figures 2B,C and Supplementary Datasheet 2). Hierarchical
clustering analysis revealed 253 differentially expressed miRNAs
in the vehicle and PTX groups (Figure 2D). We also defined
miRNA expression levels as low (0-100), medium (100-
1,000), or high (more than 1,000) based on their respective
levels in the vehicle group (Supplementary Datasheet 2). Our
results indicate that nearly equal numbers of miRNAs were
upregulated or downregulated in the low expression group.
However, PTX induced a downregulation in the expression
levels of most miRNAs in the medium and high expression
groups (Figures 2B,C). These findings suggest that miRNA basal
expression levels are an important factor in their expression
changes after treatment using PTX.

Of the identified 253 differentially expressed miRNAs,
the top 11 significantly upregulated and top 22 significantly
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downregulated miRNAs with medium or high expression levels
are listed in Table 3. We then searched studies in PubMED
(up to July 09, 2022) to investigate whether these miRNAs
have been previously reported in pain-related conditions. The
results of our search indicate that 10 miRNAs in the DRGs
were reported to be involved in pain regulation induced by
nerve injury, diabetes, or inflammation (Rau et al., 2010; Zhang
et al, 2011; Wang et al,, 2014; Sakai et al.,, 2017; Jia et al,
2018; Dai et al., 2019; Zhang and Wang, 2019; Xu et al., 2020;
Zhang Z. et al,, 2020; Li et al, 2021) (Table 3). However,
changes in the expression levels of some of these miRNAs
are opposite under different pain conditions. Because changes
in miRNA expression profiles have been reported in spared
nerve injury (SNI)-induced neuropathic pain (Dai et al., 2019)
and diabetic peripheral neuropathy (DPN) (Bali et al.,, 2021),
we then compared PTX-induced DEGs in the DRGs of our
mice with those in SNI-induced or diabetic neuropathic pain
models. Our results indicate that only one miRNA, mmu-miR-
532-5p, showed consistent changes in expression among these
neuropathic pain models (Table 4). PTX and DPN shared the
highest number of DEGs; among 46 DEGs in total, only 2
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were upregulated and the remaining 44 were downregulated.
PTX and nerve injury shared five differentially expressed
miRNAs, while DPN and nerve injury shared three DEGs
(Figure 2E and Supplementary Datasheet 3). The differentially
expressed miRNAs shared among these models may contribute
to neuropathic pain irrespective of causative origin. We then
used qPCR to validate the expression levels of mmu-miR-
29¢-3p, mmu-miR-376b-3p, and mmu-miR-532-5p shown in
Tables 3, 4, respectively. Our results indicate that PTX induced
a downregulation in the expression levels of mmu-miR-376b-
3p and mmu-miR-29¢-3p (Figure 2F), which agreed with our
results obtained using RNA-Seq. Nonetheless, qPCR indicated

10.3389/fnmol.2022.990260

that the expression level of mmu-miR-532-5p was not modified
by treatment using PTX (Figure 2F).

Differentially expressed circRNAs
induced by treatment using paclitaxel

CircRNAs, a type of non-coding RNAs, have been identified
as miRNA sponges that regulate the expression and function of
coding mRNAs, and are involved in various biological processes
including pain (Wang et al., 2018; Zhang et al., 2019; Lin et al,,
2020; Song et al, 2020; Zhang H. H. et al,, 2020). From our

TABLE 3 The top upregulated or downregulated miRNAs induced by paclitaxel treatment.

Rank  Genes Log2 (FC)  Expression level Validated target Changes under pain condition

1 mmu-miR-181a-2-3p 3.25 Medium

2 mmu-miR-323-5p 2.76 Medium

3 mmu-miR-485-5p 2.55 High Cdc42 and Racl (Zhang Z. et al., 2020); Nerve injury|, (Zhang Z. et al,, 2020);
ASIC1 (Xu et al., 2020) Inflammation pain| (Xu et al.,, 2020)

4 mmu-miR-191-3p 2.54 Medium

5 mmu-let-7d-3p 2.09 High Oprml (Li et al., 2021)

6 mmu-let-7e-3p 2.02 Medium

7 mmu-miR-138-1-3p 1.88 Medium

8 mmu-miR-211-5p 1.87 Medium

9 mmu-miR-615-3p 1.87 Medium

10 mmu-miR-139-3p 1.70 Medium

11 mmu-miR-369-5p 1.51 High

1 mmu-miR-362-3p —8.85 Medium

2 mmu-miR-466b-3p —7.60 Medium Nerve injury, (Rau et al., 2010)

3 mmu-miR-466¢-3p —7.60 Medium

4 mmu-miR-466p-3p —7.60 Medium

5 mmu-miR-107-3p —6.43 Medium

6 mmu-miR-19b-3p —6.13 High Potassium channels (Sakai et al., 2017) Nerve injury? (Sakai et al., 2017)

7 mmu-miR-339-5p —5.85 Medium Acupuncture| (Wang et al., 2014)

8 mmu-miR-365-3p —5.85 Medium

9 mmu-miR-1249-3p —5.74 Medium Nerve injury], (Dai et al., 2019)

10 mmu-miR-674-3p —5.71 Medium

11 mmu-miR-376b-5p —5.66 High

12 mmu-miR-30e-5p —5.47 High

13 mmu-miR-106b-5p —5.26 Medium

14 mmu-miR-29¢-3p —5.26 High PRKCI (Jia et al,, 2018) diabetic db/db micet (Jia et al., 2018)

15 mmu-miR-377-3p —5.26 Medium

16 mmu-miR-22-5p —5.24 High

17 mmu-miR-142a-3p —5.11 High

18 mmu-miR-144-5p —5.04 Medium Nerve injury| (Rau et al., 2010; Zhang

etal., 2011)

19 mmu-miR-17-5p —5.02 Medium Potassium channels (Sakai et al., 2017) Nerve injury? (Sakai et al,, 2017)

20 mmu-miR-29a-5p —4.99 Medium

21 mmu-miR-29a-3p —4.94 High

22 mmu-miR-33-5p —4.93 High GDNF (Zhang et al., 2019) Bupivacaine (Bv)-induced neural

apoptosist (Zhang et al., 2019); diabetic
peripheral neuropathy (Bali et al., 2021)
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TABLE 4 Shared differentially expressed miRNAs among neuropathic

10.3389/fnmol.2022.990260

TABLE 5 Differentially expressed circRNA induced by paclitaxel

pain models. treatment.

MiRNAs MiRNA changes Gene name Gene symbol Log2 (FC) Q-value

PTX DPN (Bali SNI (Dai et al., mmu_circ_0013334 Dgki —0.585 0.019

etal., 2021) 2019) mmu_circ_0012312 Trrap —0.485 0.043

mmu_circ_0006735 Tubb5 —0.413 0.030

miR-532-5p ¥ ' v mmu_circ_0009682 Stmn3 0.489 0.019

miR-132-5p 0 1 1 mmu_circ_0011019 Ssbp3 0.511 0.023

miR-376b-3p i i 1 mmu_circ_0008020 Coxsa 0.541 0.002

PTX, paclitaxel; DPN, diabetic peripheral neuropathy; SNI, spared nerve injury. mmu_circ_0006024 Arf3 0.609 < 0.001

mmu_circ_0002651 Sle25a39 0.658 < 0.001

mmu_circ_0005798 Grina 0.664 < 0.001

RNA-Seq data, 16 circRNAs were extracted as DEGs induced mmu_circ_0001817 None 0.832 < 0.001

by treatment using PTX (Figure 3A and Table 5). RT-PCR was mmu_circ_0008835 None 0.875 0.047

used to further validate several differentially expressed circRNAs mmu_circ_0006881 Tubb4 1012 < 0.001

showing high fold changes in expression or relative high mmu_circ_0006031 M2 1.276 0.001

expression levels. Our results show that the expression levels of mmu_circ_0013069 Ptms 1314 < 0.001

mmu_circ_0009357, mmu_circ_0013069, mmu_circ_0006031, mmu_circ_0009357 Prap 1.443 0.007

and mmu_circ_0001817 were increased by 1.37-, 1.33-, 1.40-, mmu_circ_0011289 Aridla 1773 0.025

and 1.50-fold, respectively, by PTX treatment compared with
their respective levels in control mice; these increases were
statistically significant (P < 0.05) (Figure 3B). The expression
level of mmu_circ_0011289 was also increased by 1.26-fold in
response to PTX treatment compared with its levels in control
mice, but this change did not reach statistical significance
(P =0.25) (Figure 3B).

Because circRNAs can function as miRNA sponges,
thereby reducing miRNA ability to target mRNAs (Song
et al, 2020), we used CircMIR software (BIOINE The
Affiliated Cancer Hospital of Nanjing Medical University,
Nanjing, China) to predict miRNAs that interact with
mmu_circ_0009357, mmu_circ_0013069, mmu_circ_0006031,

and mmu_circ_0001817 (Figure 4). The predicted miRNAs,
which were differentially expressed after induction using PTX,
are shown in Figure 4 and Table 6.

Analysis of differentially expressed
MRNAs

From our RNA-Seq data, eight mRNAs and three IncRNAs
were extracted as DEGs after treatment using PTX (Table 7).
Most of these mRNAs showed minor changes in expression

circ_0001817
circ_0008835
circ_0013069
circ_0006031
circ_0011289
. circ_0009357
circ_0013334
circ_0002651
circ_0006881
circ_0011019
circ_0012312
circ_0006735
circ_0008020
circ_0005798
circ_0009682
circ_0006024

1 2 3 1 2 3
Vehicle

FIGURE 3

two-tailed unpaired t-test.

Relative levels

circ, circ circ, circ

circ_ " = . o
0009357 0013069 0006031 0001817 0011289

Transcriptome profiling and validation of circRNA expression in paclitaxel (PTX)-treated mice. (A) Hierarchical clustering analysis shows 16
differentially expressed circRNAs in vehicle and PTX groups. (B) Validation of differentially expressed circRNAs using quantitative polymerase
chain reaction. Results are presented as mean + SEM of 4-5 independent experiments. *P < 0.05; **P < 0.01 compared with vehicle group by
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A mmu_circ_0009357

162 1

C mmu_circ_0006031

B mmu_circ_0013069

D mmu_circ_0001817

10.3389/fnmol.2022.990260

131 1

FIGURE 4

Prediction of miRNAs that interact with mmu_circ_0009357, mmu_circ_0013069, mmu_circ_0006031, and mmu_circ_0001817 by circMIR
software. (A) Predicted binding site for miR-7024-5p on mmu_circ_0009357. (B) Combination site for 10 miRNAs on mmu_circ_0013069.
(C) Predicted binding site for four miRNAs on mmu_circ_0006031. (D) Predicted binding site for let-7d-3p on mmu_circ_0001817.

(Table 7). The eight differentially expressed mRNAs upregulated
by treatment using PTX were as follows: encoding parathymosin
(Ptms); encoding cerebellar degeneration related protein 1
(Cdrl); encoding ribosomal protein L37, retrotransposed
(Rpl37rt); encoding period circadian regulator 2 (Per2);
encoding nuclear receptor subfamily 1 group D member
1 (Nrldl), also known as Gvin2; encoding GTPase, very
large interferon inducible, family member 2 (Gm4070);
encoding D-box binding PAR bZIP transcription factor (Dbp);
and encoding XK related X-linked (Xkrx) (Table 7 and
Figures 5A,B).

The GO enrichment analysis indicated that these DEGs
showed nucleus-, cytoplasm-, membrane-, and dendrite-
related functions (Figure 6A), and were also associated
with transcription-, translation-, and circadian rhythm-related
signaling (Figures 6B,C).

The KEGG pathway analysis was conducted to evaluate
the major pathways associated with these eight differentially
expressed mRNAs showing upregulated expression. Our results
indicate that among these eight mRNAs, Nr1d1 and Per2 were
important in the regulation of circadian rhythm and were
associated with environmental adaption (Figures 6D,E). Rpl37rt
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was enriched in ribosome and important in the regulation of
translation (Figures 6D,E). KEGG network analysis showed that
Nr1dl and Per2 were connected to others, indicating that they
may function jointly (Figure 6F). Protein-protein interactions
(PPI) analysis also showed that Nr1d1l, Per2, and Dbp shared a
common network (Figure 6G).

Starobova et al. (2020) recently described changes in
differential gene expression in the DRG following treatment
using vincristine, oxaliplatin, or cisplatin. Therefore, we
compared PTX-induced DEGs assessed in our present study
with those induced by oxaliplatin or cisplatin (Starobova
et al., 2020) (Supplementary Datasheet 4). Although five
genes (Alas2, Hbb-bt, Itgb2l, Ly6c2, and Nr4a3) were shared
among vincristine, oxaliplatin, and cisplatin (Starobova et al,,
2020), none of these genes showed significant changes in
expression following treatment with PTX. However, Dbp
mRNA showed significant changes in expression levels following
treatment using PTX or oxaliplatin (Supplementary Datasheet
4). Moreover, Cdrl mRNA also showed significant changes in
expression levels following treatment using PTX or cisplatin
(Supplementary Datasheet 4). We then compared our results
with those obtained in a previous study on cisplatin-induced
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TABLE 6 CircRNA and miRNA interaction predicted by CircMir
software.

PTX-induced
differentially expressed
circRNAs

PTX-induced
differentially expressed
miRNAs

mmu_circ_0009357 mmu-miR-7024-5p

mmu_circ_0013069 mmu-miR-326-3p
mmu-miR-6988-3p
mmu-miR-345-5p
mmu-miR-3544-3p
mmu-miR-6948-3p
mmu-miR-6991-3p
mmu-miR-615-3p
mmu-miR-7035-3p
mmu-miR-107-5p
mmu-miR-22-5p
mmu_circ_0006031 mmu-miR-6540-3p
mmu-miR-3544-3p
mmu-miR-339-5p
mmu-miR-107-5p

mmu_circ_0001817 mmu-let-7d-3p

gene expression changes in A/] mice (Lessans et al, 2019).
Our results show that Dbp was also a shared gene induced
by treatment using either PTX or cisplatin (Supplementary
Datasheet 5). Megat et al. (2019) also sequenced input mRNA,
equivalent to the DRG transcriptome, and translating ribosome
affinity purification (TRAP) mRNAs associated with translating
ribosomes in the Nav1.8 subset of DRG neurons (TRAP-seq)
from naive mice and mice with treatment using PTX (at day
10 after treatment). Input transcriptome analysis revealed that
only 4 genes were upregulated (Dpep2, Car3, Iahl, and Arhgef4)
and 1 was downregulated (Plcb3) in the DRG by treatment
using PTX (Megat et al., 2019). Yet, none of these genes were
overlapped with the eight differentially expressed mRNAs in
the current work.

We previously reported that nerve injury induces changes
in thousands of coding and non-coding RNA in injured DRGs
(Wu et al., 2016); therefore, in our present study, we compared
DEGs in the DRGs induced using PTX with DEGs in the DRGs
induced using nerve injury. Our results indicate that none of
PTX-induced DEGs showed significant expression changes in
the DRGs subjected to nerve injury (Supplementary Table 1).

Discussion

In this study, we used RNA-Seq and in-depth gene
expression analysis to explore gene expression profiles in the
DRGs of PTX-treated mice. Among the identified 67,228 genes,
345 microRNAs, 6 mRNAs, 3 IncRNAs, and 16 circRNAs
were differentially expressed in response to treatment using
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TABLE 7 Differentially expressed mRNA and IncRNA induced by
paclitaxel treatment.

Gene ID Gene name Type Log2 (FC) Q-value
100042856 Gm4070 mRNA 0.467 0.034
69202 Ptms mRNA 0.514 < 0.001
631990 Cdrl mRNA 0.627 < 0.001
18627 Per2 mRNA 0.710 0.023
217166 Nrld1 mRNA 0.911 0.001
13170 Dbp mRNA 1.096 0.002
331524 Xkrx mRNA 1.520 < 0.001
100502825 Rpl37rt mRNA 2.126 < 0.001
BGIG10090_45213 BGIG10090_45213 IncRNA  —0.566 0.023
105246404 Gm41696 IncRNA 0.701 < 0.001
BGIG10090_42549 BGIG10090_42549 IncRNA 2,515 < 0.001

PTX. Several previous studies have reported on DEGs in
different neuropathic pain models; therefore, we compared
DEG expression and summarized some of genes shared
in these neuropathic pain models. We also used RT-PCR
to validate the changes in the expression levels of several
miRNAs and circRNAs.

MiRNAs are important in regulating pain transmission,
and are, therefore, increasingly investigated for their emerging
therapeutic potential (Sakai et al, 2017; Dai et al, 2019;
Bali et al, 2021). In our present study, we identified 253
differentially expressed miRNAs (70 upregulated and 183
downregulated miRNAs) in PTX-treated mice. Among these
miRNAs, several have been shown to contribute to pain
regulation (Rau et al, 2010; Zhang et al.,, 2011; Wang et al,
2014; Sakai et al., 2017; Jia et al, 2018; Dai et al., 2019;
Zhang and Wang, 2019; Xu et al., 2020; Zhang Z. et al,
2020; Li et al, 2021). Sakai et al. (2017) reported that miR-
17-92 cluster members, including miR-17, miR-18a, miR-19a,
miR-19b, miR-20a, and miR-92a, are consistently upregulated
in primary sensory neurons after nerve injury, and that
the miR-17-92 cluster cooperatively regulates the function of
multiple voltage-gated potassium channel subunits, thereby
perpetuating mechanical allodynia. However, another study
reported that these miRNAs show unchanged expression levels
in rats with SNI-induced neuropathic pain (Dai et al., 2019).
Curiously, in our present study, most of these miRNAs
were downregulated by PTX treatment, as shown by our
RNA-Seq data. We then compared PTX induced-differentially
expressed miRNAs with DEGs reported in nerve injury and
diabetes induced-neuropathic pain models (Dai et al.,, 2019
Bali et al., 2021). Our results indicate that only mmu-miR-
532-5p showed consistently downregulated expression among
these three models of neuropathic pain. The shared differentially
expressed miRNAs may be important in pain pathogenesis and
warrant further investigation. Although the data obtained using
high-throughput screening RNA-Seq provide many crucial clues
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FIGURE 5
Transcriptome profiling of mRNAs in paclitaxel (PTX)-treated mice. (A) Hierarchical clustering analysis revealed eight differentially expressed
mMRNAs in vehicle and PTX groups. (B) Volcano plot of differentially expressed mRNAs following PTX administration.
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Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of eight differentially expressed
mRNAs in paclitaxel (PTX)-treated mice. (A) GO cellular component analysis. (B) GO molecular function analysis. (C) GO biological process
analysis. (D) KEGG pathway enrichment analysis. (E) KEGG pathway classification analysis. (F,G) Connection between Nr1d1, Per2, and Dbp
shown by KEGG network (F) and protein-protein interactions (PPI) analysis (G).

in the study of pain genesis, further validation studies are CircRNAs, a type of non-coding RNAs, can mediate the
necessary to elucidate the mechanisms involved in chronic functions of diverse molecules including non-coding RNAs,
pain development. mRNAs, DNA, and proteins. Thus, circRNAs play critical
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roles in tumor genesis and development, in sensitivity to
radiation and chemotherapy, and in pain (Wang et al., 2018;
Kristensen et al,, 2019; Zhang et al,, 2019; Lin et al., 2020;
Song et al,, 2020; Zhang H. H. et al,, 2020). In our present
study, we found that 16 circRNAs in the DRG showed
altered expression levels in response to treatment using PTX.
However, no overlapping circRNAs were found in comparing
these circRNAs with those dysregulated in mice with diabetes
mellitus (Zhang H. H. et al,, 2020). CircRNAs usually sponge
microRNAs to regulate the expression and function of coding
mRNA (Zhang et al, 2019). Our results also show that
PTX-induced differentially expressed circRNAs interacted with
one or several PTX-induced differentially expressed miRNAs.
Among these miRNAs, miR-339 shows upregulated expression
in acupuncture, indicating that miR-339 may be involved
in acupuncture analgesia (Wang et al, 2014). The miRNA
miR-15b plays a critical role in oxaliplatin-induced chronic
neuropathic pain via downregulation of BACE1 expression (Ito
et al,, 2017). Therefore, it is interesting to find out whether
a circRNA-miRNA regulatory pathway underlies PTX-induced
neuropathic pain.
Chemotherapy-induced  peripheral neuropathy and
neuropathic pain can be induced by numerous anticancer
agents, such as PTX, oxaliplatin, vincristine, and cisplatin,
although these drugs have diverse mechanisms of action
(Liang et al., 2020a; Starobova et al., 2020; Kang et al., 2021).
PTX, which is a chemotherapeutic agent belonging to the
taxane class, binds to cytoskeletal microtubules and enhances
tubulin polymerization (Jordan and Wilson, 2004). Vincristine
inhibits the assembly of B-tubulin (Gan et al., 2010). Platinum
derivatives oxaliplatin and cisplatin bind to DNA and interfere
with replication, transcription, and the cell cycle (Alcindor and
Beauger, 2011; Dasari and Tchounwou, 2014). Several studies
have reported on changes in differential gene expression in the
DRG following treatment with PTX, vincristine, oxaliplatin,
or cisplatin (Megat et al., 2019; Starobova et al., 2020; Kang
et al, 2021). Megat et al. (2019) explored the changes of
DRG transcriptome in the Nav1.8 subset of DRG neurons by
PTX treatment and five differentially expressed genes were
identified in the DRG by paclitaxel treatment. Sadly, none of
them were overlapped with the PTX-induced differentially
expressed mRNAs in the current study. In Dr. Megats work,
they gathered all DRGs from cervical, thoracic, and lumbar
levels while we precisely gathered lumbar DRGs. This might
be one of the reasons which cause the difference. In another
recent work by Sun et al. (2022), RNA-Seq research identified
384 differentially expressed mRNAs in the DRG of rats 14 days
after PTX injection. As a full list of 384 DEGs is not available,
it is not clear whether some mRNAs were overlapped in
these studies. Nevertheless, the genes Dbp and Cdrl were
shared between PTX and other chemotherapeutic agents by
comparison of the results obtained in our present study with
those obtained in other studies. Dbp encodes D site albumin
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promoter binding protein, which is a member of the Par bZIP
transcription factor family; this protein can bind DNA as a
homo- or heterodimer and is involved in the regulation of
several circadian rhythm genes (Lopez-Molina et al., 1997).
Cdr1 encodes cerebellar degeneration related antigen 1. Further
investigation is necessary to explore the role of these genes in
PTX-induced neuropathic pain.

Our present study had several limitations. In this study,
our RNA-Seq analysis revealed several differentially expressed
mRNAs following treatment with PTX. However, previous
studies have reported on expression changes in hundreds of
genes in PTX-induced DRGs (Zhang et al,, 2016; Li et al,
2017; Mao et al.,, 2019). Previously, we found that PTX induces
downregulation in the expression of K2p1.1 mRNA and protein
in DRG neurons (Mao et al., 2019). Downregulation of K2p1.1
mRNA in the DRG is also attributed to paclitaxel-induced
increase in DNMT3a expression levels in the DRG (Mao et al,,
2019). However, changes in the expression levels of these genes
were not observed in our present study. This is probably due to
the large differences among animals treated with PTX. We also
observed some miRNAs are oppositely regulated under different
pain conditions. The different causative origin may be one of the
reasons. On the other hand, the expression level of one miRNA
is probably different in the development and maintenance
of neuropathic pain. Finally, although transcriptomic analysis
of nervous tissue has greatly extended our understanding of
pain mechanisms and progression, validation and mechanistic
exploration of DEG expression are essential and warrant
further investigation.
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