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Prdm12 modulates pain-related behavior by
remodeling gene expression in mature nociceptors
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Sampurna Chakrabartic, Gerard Callejoc, Simon Desiderioa, Orr Shomronid, Maren Sitted, Sadia Krichaa,
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Laurence Risb, Eric J. Bellefroida,*

Abstract
Prdm12 is a conserved epigenetic transcriptional regulator that displays restricted expression in nociceptors of the developing
peripheral nervous system. In mice, Prdm12 is required for the development of the entire nociceptive lineage. In humans, PRDM12
mutations cause congenital insensitivity to pain, likely because of the loss of nociceptors. Prdm12 expression is maintained in
mature nociceptors suggesting a yet-to-be explored functional role in adults. Using Prdm12 inducible conditional knockout mouse
models, we report that in adult nociceptors Prdm12 is no longer required for cell survival but continues to play a role in the
transcriptional control of a network of genes, many of them encoding ion channels and receptors. We found that disruption of
Prdm12 alters the excitability of dorsal root ganglion neurons in culture. Phenotypically, we observed that mice lacking Prdm12

exhibit normal responses to thermal andmechanical nociceptive stimuli but a reduced response to capsaicin and hypersensitivity to
formalin-induced inflammatory pain. Together, our data indicate that Prdm12 regulates pain-related behavior in a complex way by
modulating gene expression in adult nociceptors and controlling their excitability. The results encourage further studies to assess the
potential of Prdm12 as a target for analgesic development.
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1. Introduction

Nociception is an evolutionarily conserved mechanism crucial for
survival and well-being.45 Nociceptors, sensory neurons special-
ized to detect noxious stimuli, are highly diverse and can be
subdivided according to several features such as the stimuli they
detect, their underlyingmolecular characteristics, and innervation

patterns. The ability of nociceptors to detect various specific
noxious stimuli is conferred by the combinatorial expression of
specific ligand and voltage-gated ion channel receptors. An
important property of nociceptors is that they can be sensitized
after tissue injury or inflammation, which contributes to chronic
pain,18,39 or desensitized after transient receptor potential

vanilloid type 1 (TRPV1) activation.48 Sensitization of nociceptors
involves dysregulation of receptor and ion channel expression
and/or modulation of their activity.18 However, the mechanisms
controlling changes in expression and function of ion channels
and receptors in nociceptors are still largely unknown.

Prdm12 is an evolutionarily conserved epigenetic regulator of
the PRDM (PRDI-BF1 & Riz1 homology domain) family of putative
histone methyltransferases. In frog, chicken, and mouse em-
bryos, Prdm12 expression is restricted to the developing nervous
system.26,52,64 In the developing mouse peripheral nervous
system, within the trigeminal ganglia (TG), superior-jugular
ganglia (SJG) and accessory ganglia in the head region, and

the dorsal root ganglia (DRG) in the body region, Prdm12 is
restricted to the nociceptive lineage, where it is expressed from
neural crest or placodal progenitors to differentiating postmitotic
neurons.3,14 This high degree of conservation and restricted
expression pattern suggest that Prdm12 may play important
function(s) in nociceptors. Indeed, in the frog, Prdm12 knock-
down and gain of function experiments lead to altered sensory

neurogenesis.9,41,42 Inmice, constitutive deletion ofPrdm12 or its
conditional deletion during neurogenesis (from E13.5, in differ-
entiating post-mitotic cells) results in the selective loss of the
entire nociceptive lineage.3,14 Such neuronal loss is most likely
because of increased cell death linked to downregulation of the
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A. Latragna and A. Sabaté contributed equally to this work.

L. Ris and E. J. Bellefroid also contributed equally to this work.

a ULB Neuroscience Institute (UNI), Université Libre de Bruxelles (ULB), Gosselies,
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expression of neurotrophic receptor tyrosine kinase 1 (TrkA,
encoded by Ntrk1) that binds nerve growth factor (NGF) and is
required for nociceptor survival.14 In humans, mutations in
PRDM12 have been found in patients with congenital insensitivity
to pain (CIP). These patients with CIP are unable to feel pain since
birth, although their mechanosensation and proprioception are
unaffected. Consequently, PRDM12 CIP patients all present
severe injuries, mainly because of automutilation and unnoticed
trauma. In these CIP patients, skin biopsies have revealed a loss
of nociceptive nerve endings in the epidermis, suggesting that,
like in mouse embryos, PRDM12 is required for nociceptor
development in humans.9 Single-cell RNA-seq studies and
immunostaining we performed on mouse DRG neurons have
shown that Prdm12 remains expressed at adulthood,9,14,55,65

but its role in mature nociceptors has not yet been characterized.
In this study, using Prdm12 inducible conditional knockout

(icKO) mouse models, we demonstrate that in adults, Prdm12
plays a role in the control of the expression of a set of genes
encoding receptors, channels, and neurotransmitters in noci-
ceptors and therefore modulates their functionality.

2. Materials and methods

2.1. Mice

All miceweremaintained on aC57BL/6J background andmice of
both sexes were used. Mice were housed at room temperature
with a 12-hour light/dark cycle in standard cageswith litter, water,
and food ad libitum. Air circulation in the facility was filtered and
temperature monitored at a steady 20˚C. Cages were also
provided with cottons and cardboard rolls for enrichment. The
experimental protocols were approved by the CEBEA (Comité
d’éthique et du bien-être animal) of the IBMM-ULB and are
conform to the European guidelines on the ethical care and use of
animals; experiments conducted in Cambridge were regulated
under the Animals (Scientific Procedure) Act 1986, Amendment
Regulations 2012, and all protocols were approved by a U.K.
Home Office project license (P7EBFC1B1) and reviewed by the
University of Cambridge AnimalWelfare and Ethical ReviewBody.
The following mouse strains were used: Prdm12LacZ/1 and
Prdm12fl/fl,14 Rosa26 LSL-tdTomato (Ai14, JAX#007908),40

AdvillinCreERT2 (JAX#026516),31 and Rosa26CreERT2 (JAX#
008463).56 Polymerase chain reaction (PCR) genotyping was
done as follows: for Prdm12 floxed allele, using primers forward
59-GCTGATCGAGTCCAGGAGAC-39 and reverse 59-CCAAA-
CATCCACAACCTTCA-39; for AdvillinCreERT2, using primers for-
ward 59-GACAGATTATCTGCAATCTCTCTAAG-39and reverse
59-GTTCCTGATGTTCCTGGCATCTGTC-39; for Rosa26 LSL-
tdTomato, using primers forward 59-AAGGGAGCTGCAGTG-
GAGTA-39 and reverse 59-CCGAAAATCTGTGGGAAGTC-39;
and for Rosa26CreERT2, using primers forward 59-CGTGATCTG-
CAACTCCAGTC-39 and reverse 59-AGGCAAATTTTGGTG-
TACGG-39 to detect the Cre and forward 59-CTGGCTTCTG
AGGACCG-39 and reverse 59-CCGAAAATCTGTGGGAAGTC-39
to detect the wild-type allele.

Tamoxifen (TAM) dissolved in corn oil has been administrated
(1.9 mg/25 g body weight) intraperitoneally (i.p.) in more than 56-
day-old AdvillinCreERT2;Prdm12fl/fl mice 2 times in a week, and 4
times in a week in the case of Rosa26CreERT2;Prdm12fl/fl mice.
Injected animals were killed 28 to 35 days after the last TAM
injection for analysis. For tissue recovery, mice were anesthetized
with Domitor (1 mg/kg, i.p.) and Ketamine (75 mg/kg, i.p.) or with
Ketamine (75 mg/kg, i.p.) and Rompun (1 mg/kg, i.p.). Whole-
mount X-gal staining of dissected brain and cranial ganglia of

Prdm12LacZ/1mice was performed as described.14 For retrograde
labelling studies, intra-articular injectionsof FastBlue (1.5mL, 2% in
0.9% saline; Polysciences) and complete Freund adjuvant (CFA)
(7.5 mL, 10 mg/mL; Chondrex) were conducted in mice under
anesthesia (ketamine, 100 mg/kg and xylazine, 10 mg/kg, i.p.).

2.2. Immunohistochemistry

For immunostainings, after intracardiac perfusion with ice cold
phosphate-buffered saline (PBS) (13), dissected DRG, TG, or SJG
were fixed in 4% paraformaldehyde for 15 minutes, rinsed several
times in cold PBS, then cryoprotected overnight in sucrose 30%
(dissolved in PBS) at 4˚C before embedding in freshly prepared
gelatin 7.5%–sucrose 15% (dissolved in PBS at 40˚C), and stored at
280˚. The frozen blocks were then cryostat sectioned to obtain 16-
mm sections and stored at 220˚C until use for immunostainings.
Primary antibodies used were as follows: homemade rabbit and
guinea pig anti-PRDM12 (1:5000 and 1:2000, respectively), chicken
anti-peripherin (1:1000, Abcam, Cambridge, United Kingdom,
ab106276), goat anti-calcitonin gene related peptide (CGRP) (1:
200, Abcamab36001), rabbit anti-Nav1.8 (1:400, Abcamab63331),
rabbit anti-Trpv1 (1:1000, Abcam ab31895), and mouse anti-bIII-
Tubulin (1:200, Covance MMS-435P). Isolectin B4 conjugated to
Alexa Fluor 594 (Invitrogen, Waltham, MA; I21413) was used at 1:
1000 dilution. Secondary antibodies usedwere as follows: goat anti-
rabbit Alexa Fluor 594 (1:800, InvitrogenA11012), donkey anti-rabbit
Alexa Fluor 488 (1:1000, InvitrogenA21206), donkey anti-goat Alexa
Fluor 594 (1:2000, Invitrogen A11058), goat anti-guinea pig Alexa
Fluor 488 (1:2000, Invitrogen A11073), donkey anti-guinea pig Alexa
Fluor 488 (1:800, Bio connect), donkey anti-chicken Alexa Fluor 488
(1:1000, Bio connect–Jackson), and goat anti-mouse Alexa Fluor
594 (1:1000, Invitrogen A11017). Immunostainings were performed
as described.52 Images collection and analysis were performed
using a wide-field fluorescencemicroscope Zeiss Axio Observer Z1,
a laser-scanning confocal microscope Zeiss LSM 710 using the
Zeiss Zen microscopy software or a stereo microscope Olympus
SZX16/Olympus BX51 and the softwares Cell^F or CellSens Entry
V2.1. Image analysis was performed using ImageJ/Fiji andMicrosoft
Excel 2020 and GraphPad version 9. Cell counts were conducted
with at least 8 DRG sections analysed per animal with an N$ 3.

2.3. RNA-seq and next-generation sequencing data analysis

Before tissue collection, mice were deeply anesthetized with
Ketamine (75 mg/kg, i.p.) and Rompun (1 mg/kg, i.p.) and
intracardiacally perfused with ice-cold RNAse-free (RF) PBS. Dorsal
root ganglia or TG from inducible knockout animalswereharvested4
weeks after the last TAM injection. Controls were TAM injected
Prdm12fl/fl or Prdm12fl/1 mice with no Cre transgene; corn
oil–injected, Cre-expressing Prdm12fl/fl mice; or TAM-injected,
Cre-expressing Prdm121/1. Tissues were microdissected in ice-
cold RFPBSand stored at280˚C in 1mL TRIZOL (Thermofisher; ref
15596026). RNAwas extracted using the illustra RNAspinMini RNA
isolation kit fromGEHealthcare (25-0500-70). Quality and integrity of
RNA was assessed with the Fragment Analyzer from Advanced
Analytical by using the standard sensitivity RNA Analysis Kit (DNF-
471). RNA-seq libraries were performed using 100 ng total RNA of a
nonstranded RNA Seq, massively parallel mRNA sequencing
approach from Illumina (TruSeq RNA Library Preparation Kit v2,
Set A; 48 samples, 12 indexes,Cat. N˚RS-122-2001). Librarieswere
prepared on the automation (Beckman Coulter’s Biomek FXP
workstation). For accurate quantitation of cDNA libraries, a
fluorometric-based system, the QuantiFluordsDNA System from
Promega (Madison, WI) was used. The size of final cDNA libraries
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was determined by using the dsDNA 905 Reagent Kit (Fragment
Analyzer fromAdvancedBioanalytical) exhibiting a sizing of 280bp in
average. Libraries were pooled and sequenced on the Illumina
HiSeq 4000 (SE; 50 bp; 30 Mio reads/sample). Sequence images
were transformed to BCL files with the Illumina software BaseCaller
software, which were demultiplexed to fastq files using bcl2fastq
v2.20.0.422. Sequencing quality was asserted using FastQC
software (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/)(version 0.11.5). Sequences were aligned to the reference
genome Mus musculus (mm10 version 9104, https://www.
ensembl.org/Mus_musculus/Info/Index) using the STAR aligner
software version 2.7.8a,16 allowing for 2 mismatches within 50
bases. Subsequently, read counting was performed using featur-
eCounts version 2.0.1.34 Read counts were analyzed in the R/
Bioconductor environment version 3.6.1 (www.bioconductor.org)
using theDESeq2package version 1.32.0.37 Candidate geneswere
selected as those with an FDR-corrected P-value #0.05. Genes
were annotated using the M musculus GTF file mm10 version 104
used to quantify the reads within genes. RNA-seq data have been
deposited at Gene Expression Omnibus (GEO) under accession
GSE166062 and GSE182904.

Gene ontology (GO) and pathway analysis was performed in
RStudio using Bioconductor version 3.12 selecting all differen-
tially expressed gene (DEG) with an FDR-adjusted p value,0.05
or filtering them by log2 fold-change, using as cut-off the fold-
changes associated to some identified DEG considered as likely
relevant Prdm12 targets. ClusterProfiler and enrichGOwere used
for GO using enrichKEGG.23–25 Analysis and sensory neuron
classification of deregulated geneswas performed using the gene
expression visualization tools developed by Usoskin et al., 2015
(linnarssonlab.org) and Zeisel et al., 2018 (mousebrain.org).
Deregulated genes were manually classified as “Neuronal” if they
had significant expression in at least one neuronal cell type.
Deregulated genes were manually classified as “Not neuronal” if
they had unknown expression pattern, no significant expression
at least in one neuronal cell type, or significant expression at least
in one nonneuronal cell type. Volcano plots were created using
ggplot2 function of the tidyverse package.59

2.4. Real-time quantitative polymerase chain reaction

Dorsal root ganglia were dissected individually in cold RF PBS
and kept at 280˚C until RNA extraction. RNA extraction and
purification were performed using the Monarch Total RNA
Miniprep kit (Ref: T2010S) following the manufacturer’s instruc-
tions. RNA (400 ng) was transcribed to cDNA using the iScript
cDNA Synthesis kit (Cat #1708891; BioRad). The obtained cDNA
(40-50 ng) was then amplified using the GoTaq qPCRMaster Mix
(Cat #A6001; Promega) following the manufacturer’s instruc-
tions. All qPCR lectures were performed using the CFX96 Dx In
Vitro Diagnostics real-time PCR systems (Bio Rad, Hercules, CA).
The comparative 22DDCT method36 was used to determine
relative gene expression, comparing with the level observed in
control tissue, normalizing to GADPH. The tailed Student T test (a
5 0.05) was used to define statistical significance. Error bars
showSDof between 4 and 9 biological replicates. The sequences
of the primers are listed in the Appendix (available as supple-
mentary digital content at http://links.lww.com/PAIN/B535).

2.5. In situ hybridization

For in situ hybridization (ISH), dissected DRG attached to the spinal
cord were fixed in 4% PFA (dissolved in RF PBS) overnight and
cryopreserved in 30% sucrose (in RF PBS) overnight. Afterward, the

tissuewas embedded in 15%sucrose/7.5%gelatine (dissolved inRF
PBS at 40˚C), put at 4˚C for .3 hours and stored at 280˚C. In situ
hybridization was then performed on 20-mm cryosections. Plasmids
used for generating probes for Prdm12, Ntrk1, and Trpm8 were
described elsewhere.14 Chrna6, Grik1, Mrgprb5, and Cysltr2 cDNA
used for probe generation were obtained by RT-PCR from RNA
extracted from mouse embryonic DRG using the following primers:
Chrna6, forward 59-TTCCAGGTCGAAGGCAAGAC-39 and reverse
59-TTGGCAGGCCTCTTGGTATG-39; Grik1, forward 59-GAATGA-
CAAAGGGGAGTGGA-39 and reverse 59-AAGGTCATTGTC-
GAGCCA-39; Mrgprb5, forward 59-CCATCAGTGTTGAGCGCTCT-
39 and reverse 59-GTCCTGCATGGCTCTCTGAA-39; Cysltr2, for-
ward 59-GATATTTGGGGACTTGGCCTG-39 and reverse 59-
GCTTTGAAATTCTCCCCAGCA-39. The obtained PCR products
were cloned into the pCR4-Topo vector and the riboprobe
synthetized (NotI, T3). In situ hybridization experiments were
performed as previously described using antisense digoxygenin-
labeled riboprobes.52

2.6. Pain behavior assays

For all behavioral tests, Cre-negative Prdm12fl/fl mice or Cre-
expressing mice, either Prdm121/1 (WT) or Prdm12fl/1, all
injected with TAM, were used as controls. Experimenter was
blind to the genotype of themice. For the formalin test, mice were
habituated for 5 minutes the day before the test in a plexiglass
cage with 3 mirrors on the walls and litter covering the floor. The
day after, the mouse was injected with 25 mL of a 3% formalin
solution in the right hind paw and directly after observed for 30
minutes. From the time of injection, licking time of the injected
pawwas recorded during 5-minute periods up to 30minutes after
formalin injection.

For the thermal place preference test, we used the BIOSEB
BIO-T2CT device that is composed of 2 joined thermal plates and
is equipped with a camera to follow the transitions of the mouse
from one plate to another and monitor the time spent on each
plate. The day before the test, mice were habituated for 180
seconds on the device and both plates were set at 30˚C, the
reference temperature for all tests. Mice were recorded for 180
seconds for each temperature tested. The temperatures of 22,
10, 43, and 52˚C have been tested sequentially, with a day off in
between hot and cold temperatures. Each day, the reference and
the test plates were reversed.

Regarding the capsaicin test, mice were habituated for 5
minutes the day before the test in a plexiglass cage such as for the
formalin test. On the day of the test, micewere injectedwith 10mL
of a 0.35 mg/mL capsaicin solution (0.9% saline, 10% ethanol,
10% Tween-20). Mice were recorded for 15 minutes after
injection and the licking time of the injected paw was measured.

Tail flick response to heat was also tested in mice using the
BIOSEB device BX-TF. Mice were restrained in a cylinder with the
tail outside of the cylinder in a notch and the tail was subjected to
a radiant heat source. The focus 30 was selected for this test
meaning that the temperature applied on the tail was at 50˚C after
5 seconds and at 60˚C after 10 seconds. The withdrawal latency
to the heat stimulus applied to the tail was therefore measured. In
total, 3 measurements were carried out with a rest time of 15
seconds between measurements.

A cold plantar assay was used to evaluate the cold sensitivity
in mice.4 Mice were habituated in small cages on a 3-mm-thick
glass plate for 20 minutes. A 5-mL syringe cut at the end and
filled with powdered dry ice was applied under the hind paw
against the glass plate and the withdrawal latency was
measured. Three measurements were taken per paw and both
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paws were tested with a time interval of 5 minutes between
measurements.

The mechanical conflict avoidance test was used to evaluate
the response to mechanical stimuli.20 For the habituation, mice
were placed on the device for 5 minutes and were free to move
around the different parts of the box. For the test, mice were
placed in the first part which had a separation with the second
part, the light was turned on after 10 seconds, and the separation
was removed after 15 seconds. Mice went through the second
part of this box, which is covered with nails, to get to the last part,
which was dark. The time took for eachmouse to cross half of the
part with nails was measured. Two heights of nails were tested: 2
and 5 mm on 2 different days and 3 measurements were taken
per height with a rest time of 30 minutes between each
measurement.

For the LTC4-induced itch assay, mice were habituated in the
same way as for the formalin and the capsaicin tests. On the day
of the test, mice were injected in the right cheek with 0.75 mg of
LTC4 solution (Santa Cruz, sc-205407). Mice were placed in the
cage and recorded for 40 minutes after injection. Number of
scratchings was then measured.50

An open-field assay was used to analyse the activity of mice
and their exploratory behaviour. Mice were placed for 10 minutes
in a plexiglass cage (443 44 cm) with a camera placed above the
cage and the behaviour was analysed with a Noldus software.
Several parameters have been measured, such as the distance
travelled, the velocity, the time moving, and the time spent in the
centre and on the borders.

For motor coordination in mice, we used the beam walking
test. Micewere habituated the day before to walk across a narrow
beam fromone side to the other. On the day of the test, the time to
cross half of the beam was measured and 3 measurements were
done per animal. Statistical analysis was conducted with the
Student t test. All graphs were processed with GraphPad.

2.7. Dorsal root ganglia neuron culture

Mice (3- to 7-month-old) were deeply anesthetized with a mixture
of Domitor (1 mg/kg, i.p.) and Ketamine (75 mg/kg, i.p.) and an
intracardiac perfusion with PBS was performed. Dorsal root
ganglia from thoracic and lumbar levels were collected and then
digested for 35 minutes at 37˚C in an enzyme mixture containing
Collagenase (12.5 mg/mL) and Dispase (3 mg/mL). Dorsal root
ganglia were quickly centrifuged at 150g after digestion and then
the enzyme mix was removed and replaced by DMEM/F12.
Dissociation using a P1000 was carried out and the cell
suspension was then filtered through a 0.2-mm filter followed by
a 7-minute centrifugation at 150g. Cells were then resuspended
in complete medium containing DMEM/F12, 10% of fetal bovine
serum, and 1% of penicillin-streptomycin. Cells were plated in 4-
well plates on glass coverslips coated with 0.1 mg/mL of poly-L-
lysine and 10 mg/mL of laminin and kept in complete medium
at 37˚C.

2.8. Electrophysiology

Patch-clamp recordings were conducted at room temperature
using an amplifier A-M system, INC Model 2400 controlled by
WIN WCP software V5.52. Small DRG neurons (diameter
,30 mm) were selected for current-clamp recording. In TAM-
injected AdvillinCreERT2;Rosa26Ai14;Prdm12fl/fl mice, icKO neu-
rons were identified by the presence of red Tomato signal
(Olympus IX70 Inverted microscope equipped with Led fluores-
cence system). Electrodes were fabricated from 1.6 mm outer

diameter borosilicate glass micropipettes (G86150T-4; Warner
Instruments) using a Sutter Instruments P-97. Piezoelectric
Burleigh micromanipulator was used to lower the electrode on
cells. Liquid junction potential was not corrected. Cells were
excluded from analysis if the resting membrane potentials were
more positive than 240 mV. Neurons were recorded within 24
hours of culture to prevent neurite outgrowth that degrades
space clamp.

For current-clamp recordings, electrodes had a resistance of
2.5 to 3.5 MVwhen filled with the pipette solution of the following
composition (in millimolor): 140 K-Aspartate, 10 NaCl, 10 EGTA,
1 MgCl2, 10 HEPES, pH 7.20, with KOH (290 6 5 MV). The
extracellular solutionwas composed of (inmillimolor): 150NaCl, 5
KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose, pH 7.40, with
NaOH (290 6 5 MV). Whole-cell configuration was obtained in
voltage-clamp mode before proceeding to the current-clamp
recording mode.

Three variables were assessed in each neuron: resting
membrane potential, threshold current, and action potential
frequency. Threshold current was determined by the first action
potential elicited by a series of depolarizing current injections (300
ms) that increased in 20 pA increments. Action potential
frequency was determined by quantifying the number of action
potentials elicited in response to depolarizing current injections (2
seconds, 1500 pA). Any modification in basal excitability will be
evidenced by change in the threshold current and/or action
potential frequency.

3. Results

3.1. Prdm12 expression in mature dorsal root ganglia
nociceptors is dispensable for their survival

To visualize Prdm12 expression in adult mouse CNS, we
performed X-gal staining on dissected neural tissues from
Prdm12LacZ/1 mice. Figure 1A shows that Prdm12 remains
expressed in all trunk and cranial ganglia containing somatosen-
sory nociceptors. Sections of the brains reveal that Prdm12 is
only detected in a few specific cells in the olfactory region and in
some brain nuclei, such as the lateral septal nucleus, lateral
hypothalamic area, and in the A13 dopaminergic nucleus of the
incerto-hypothalamic area (Fig. 1B). Double immunostainings on
transverse sections of TG, SJG, and DRG showed that in these
distinct ganglia, Prdm12 is absent from mechanoreceptors and
proprioceptors (TrkB1, TrkC1) and is expressed in both
peptidergic (TrkA1, CGRP1) and nonpeptidergic (Ret1) nocicep-
tors (NaV1.8

1, TrpV11), as well as in some itch-mediating
somatostatin (Sst1) neurons and c-fiber low-threshold mecha-
noreceptors (C-LTMRs) expressing tyrosine hydroxylase (TH1)
(Fig. 1C).

Altered epigenetic mechanisms are known to contribute to
inflammation-induced pain hypersensitivity.13 Injection of CFA
into the knee joint produces acute and inflammatory pain in mice
that models human arthritis.10 To determine whether Prdm12

expression is modulated in such an inflammatory condition, we
performed unilateral knee injections of CFA, 7 days after
retrograde labeling of knee-innervating neurons with Fast Blue.
Twenty-four hours after CFA injection, immunostaining was
performed using anti-Prdm12 and anti-Trpv1 antibodies on
whole DRG sections (Fig. 1D). Comparing the ipsilateral (CFA
injected) and contralateral (control) sides of the injected mice, we
observed a statistically significant decrease in the number of
knee-innervating neurons that express Prdm12 while the number
of Trpv11 neurons was increased as expected6 (Fig. 1E).

4 A. Latragna et al.·00 (2021) 1–15 PAIN®



Figure 1. Prdm12 is expressed in nociceptors of adult mice and is downregulated upon CFA-induced inflammation. (A) X-Gal staining of the brain (ventral view)
with attached trigeminal ganglia (TG) of an adult Prdm12LacZ/1mouse. Superior jugular ganglia (SJG) and spinal cord (SC) with attached dorsal root ganglia (DRG)
are shown on the right. (B) Coronal sections at levels indicated in (A) showing that Prdm12 expression in the brain is restricted to specific nuclei such as the lateral
septal nucleus (LSN), lateral hypothalamic area, and the diencephalic A13 nucleus. Scale bar in insets 5 100 mm. (C) Double immunostainings on transverse
sections of TG, SJG, and DRG of adult mice with the indicated markers. (D) Triple staining showing Prdm121 neurons, TrpV11 neurons, and FastBlue (FB)
retrolabelled knee-innervating neurons in L3 to L4 DRG of CFA-injected mice. Inset shows a knee-innervating DRG neuron coexpressing Prdm12 and TrpV1. (E)
Percentage of Prdm12- and TrpV1-positive cells counted from the contralateral (Ctrl) and CFA-injected sides (n 5 4, .300 neurons counted in each condition,
scale bar 5 50 mm). *P , 0.05, **P , 0.01, paired t test. CFA, complete Freund adjuvant; SJG, superior jugular ganglia.

Month 2021·Volume 00·Number 00 www.painjournalonline.com 5

www.painjournalonline.com


To gain insight into the role of Prdm12 in mature nociceptors in
adult mice, females carrying Prdm12 floxed alleles were crossed
with AdvillinCreERT2 TAM-inducible Cre driver males that express
Cre specifically in somatosensory neurons.31Rosa26CreERT2mice
that express Cre ubiquitously after treatment with TAM were also
used given the breeding issues we have had with the
AdvillinCreERT2 line, the inheritance of the Cre being no longer
Mendelian. To ensure efficient excision of the floxed alleles, mice
with 2 Rosa26CreERT2 alleles were used.47 The resulting condi-
tional knockout offspring AdvillinCreERT2;Prdm12 fl/fl mice and
Rosa26CreERT2;Prdm12 fl/fl mice are here designated Avil icKO
and Rosa26 icKO. By immunostaining, we validated the TAM-
induced loss of Prdm12 in the DRG of both Avil icKO and Rosa26
icKO mice (Sup. Fig. 1, http://links.lww.com/PAIN/B535).

In contrast to Prdm12 ablation during development, we found no
evidence for neuronal loss in DRG of Avil icKO and Rosa26 icKO
mice. Using antibodies against peripherin as a general marker of
peripheral neurons, NF200 as a mechano-proprioceptive marker,
NaV1.8 marking all nociceptors, CGRP labeling peptidergic
nociceptors, and performing isolectin B4 (IB4) staining to visualize
nonpeptidergic nociceptors, no significant difference in theabsolute
number of cells positive with these markers was observed in DRG
betweenmutant and control mice (Fig. 2A). No difference was also
detected in the proportion of CGRP1 or IB41 neurons among
peripherin1 cells (Fig. 2B) nor in the proportion of DRG neurons
positive for NaV1.8

1 and NF2001 (Fig. 2C). Moreover, in Avil icKO
mice, in which a Cre-dependent tdTomato reporter was used to
mark Advillin-expressing cells, counting analyses revealed a similar
number (;50%) of tdTomato1 cells in DRG of both icKO and
control mice (Sup. Fig. 1, http://links.lww.com/PAIN/B535).

Given that CIP patients show a loss of intraepidermal nerve
endings, we also performed immunohistochemical analysis of
hind paw skin sections from both Avil icKO and Rosa26 icKO
mice using bIII-Tubulin, a marker of intraepidermal nerve fibers.32

In both mutant mice, normal epidermal bIII-Tubulin1 innervation
was observed (Fig. 2D; data not shown). Thus, loss of Prdm12
appears dispensable for nociceptor survival in adult mice.

3.2. Loss of Prdm12 affects gene expression in nociceptors
of adult mice

To determine whether Prdm12 plays a role in the control of gene
expression in mature nociceptors, we performed a transcriptomic
analysis by bulk RNA-seq on dissected lumbar DRG of both Avil and
Rosa26 icKO models and control mice 1 month after TAM injection.
Using an FDR-adjusted P-value #0.05 and an absolute log2 fold-
change cut-off of $0.449 (based on the fold-change of Ntrk1,
recently reported as reduced in adult Prdm12 knockout mice30) we
obtained a list of 140 candidate genes in Avil icKO mice and 134 in
Rosa26 icKO mice that are dysregulated in the absence of Prdm12
(Fig. 3A and Sup. Tables 1 and 2, http://links.lww.com/PAIN/B535).

Comparing the 2 datasets, we identified 71 transcripts common
to both models, suggesting that despite the rather small log2 fold-
changes observed, they are biologically relevant DEGs. Among
them, 39 were downregulated and 33 upregulated by the loss of
Prdm12 (Fig. 3B and Sup. Data Table 1 and 2, http://links.lww.
com/PAIN/B535). Most (87%) of these common DEGs are
neuronal genes (Fig. 3C). Gene expression distribution analysis
of these common DEGs in the major different DRG nociceptors
revealed that many of them are characteristic nociceptive genes or
genes expressed in TH1C-LTMRsbut that somegenes expressed
in neurofilament neurons are also found (Fig. 3D). Gene ontology
analysis based on molecular function of these common DEGs
revealed that many downregulated DEGs encode channel

proteins, transmembrane receptors, and other membrane pro-
teins, whereas some of the upregulated genes encode neuro-
transmitter receptors (Fig. 3E). Further GO analysis based on all
categories indicates enrichment in genes involved in catechol-
amine transport, detection of stimulus, detection/sensory percep-
tion of temperature stimulus, and positive regulation of ion
transport and blood vessel diameter (Sup. Fig. 2A, http://links.
lww.com/PAIN/B535). KEGG pathway analysis revealed that the 3
most significantly deregulated pathways are neuroactive ligand–
receptor interaction, Ca21 signaling and cholinergic synapse (Sup
data Fig. 2B, http://links.lww.com/PAIN/B535). Focusing on the
neuroactive ligand–receptor interaction category, 6 genes appear
upregulated while 3 appear downregulated (Sup. Fig. 2C, http://
links.lww.com/PAIN/B535).BesidesPrdm12, among thecommon
DEGs are genes encoding membrane proteins, such as the NGF
receptor TrkA,12 the sensory MAS-related specific G protein-
coupled receptor,member 5 (Mrgprb5),35 thea 6 anda 7 subunits
of the nicotinic acetylcholine receptor (Chrna6 and
Chrna7),1,44,51,60 the ionotropic glutamate receptor kainate 1
(Grik1/Glur5),27 the cysteinyl-leukotriene receptor 2 (Cysltr2),50 the
neuronal-specific leucine-rich protein 4 (Lrrn4), and the
glycosylphosphatidylinositol-anchored protein otoancorin.68 Other
DEGs encode ion channel proteins such as the cold-activated
transient receptor potential cation channel, subfamilyM,member 8
(Trpm8),15 the K1 large conductance calcium-activated channel,
subfamilyM,betamember1 (Kcnmb1) and voltage-gated channel,
subfamily G, member 1 (Kcng1),49 extracellular proteins such as
the secreted glycoprotein cellular repressor of E1A-stimulated
genes 229 and the secretory neuropeptide calcitonin-related
polypeptide beta (Calcb),61 and enzymes such as alpha 1,3-
galactosyltransferase 2 (A3galt2) and the methyltransferase like
7A3 (Mettl7a3) that are strongly expressed in sensory neurons and
serine/threonine kinase 32A (Stk32a) that is highly expressed in
sympathetic neurons (mousebrain.org). The differential expression
of some of these genes was confirmed by RT-qPCR and ISH on
DRGsections fromAvil icKOmice (Fig. 4) andbyRT-qPCRalone in
Rosa26 icKO mice (Sup. Fig. 3, http://links.lww.com/PAIN/B535).

As TG have amore complex embryonic origin than DRG, being
derived from both neural crest and placodal cells, we also
performed bulk RNA-seq analysis on TG samples from TAM-
injected Rosa26 icKO and control mice. Using an FDR-adjusted
P-value#0.05 and an absolute log2 fold-change cut-off of$0.31
(based on the fold-change of Mrgprb5 that appears as true DEG
in DRG), we identified 125 DEGs, with 35 upregulated and 95
downregulated genes (Fig. 5A and Sup. Table 3, http://links.lww.
com/PAIN/B535). As in DRG, most of these DEGs are
nociceptive neuronal genes, with many of them encoding
proteins with channel activity (Fig. 5B). Comparing the 2 list of
DEG identified in DRG and TG of Rosa26 icKOmice, we found 41
common dysregulated transcripts (Fig. 5C). These transcripts
common to both ganglia, designed here as Prdm12 core DEGs,
are listed in Figure 5D. Together, these results strongly support a
role for Prdm12 in mature nociceptors in the transcriptional
regulation of a battery of genes essential for their function.

3.3. Loss of Prdm12 affects dorsal root ganglia
neuron excitability

To determine whether the molecular defects observed in sensory
neurons of icKO lead to changes in neuronal excitability, current-
clamp recordings were performed on cultured small diameter DRG
neurons (ie, putative nociceptors) from Avil icKO (marked by
tdTomato1 fluorescence) and control mice. Measurements were
done 24 hours after mechanical dissociation, which is known to
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Figure 2. Loss of Prdm12 in nociceptor of adult mice does not alter diversity of DRG neuronal subpopulations. (A) Representative images of DRG sections of Avil
icKO and Rosa26 iKO mice injected with tamoxifen or with corn oil as control immunolabelled for Peripherin, CGRP, Nav1.8, and NF-200 or stained with IB4-
Alexa594, with quantification showing that the number of cells positive for the different markers is similar in DRG sections of icKO and control mice. Scale bar:
100 mm, inset scale bar: 25 mm. (B) Proportion of CGRP1 neurons and of IB41 neurons among Peripherin1 neurons in DRG are similar in both icKO and control
mice. (C) Proportions of DRG neurons positive for Nav1.8 andNF200 are unchanged in DRG sections of both icKO. (D) Left panel, bIII-Tubulin immunostainings on
skin tissue of TAM-injected Rosa26 icKO and control mice. Arrows point skin epidermis innervation (E5 epidermis; D5 dermis). Scale bar: 50 mm. Right panel,
Quantification showing the percentage of labelled sensory terminals invading the epidermis in TAM-injected Rosa26 icKO mice compared to controls. In all
experiments, n$ 3 for both genotypes. All quantifications were submitted to the 2 tailed student’s t test or two-way ANOVA test. Values are represented as mean
6 SD. DRG, dorsal root ganglia; icKO, inducible conditional knockout.
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Figure 3. Transcriptomic analysis of the consequences of Prdm12 depletion in DRG of adult mice. (A) Volcano plots showing the –log10 adjusted P-value as a
function of the log2 fold-changes of deregulated genes in DRGofAvil icKOmice (icKOmice, n5 5 vs control mice, n5 4) andRosa26 icKOmice (icKOmice, n5 6
vs control mice, n5 6) 1month after tamoxifen injection. The genes were identified by bulk RNA-seq and selected based on adjusted P-value,0.05. Geneswith a
log2 fold-change.0.449 are indicated in red, genes below the threshold are in light grey. (B) Venn diagram showing the overlap between the DEGs identified inAvil
icKO andRosa26 icKOmice. (C) Proportion of neuronal genes among the commonDEGs. Neuronal genes upregulated and downregulated by the loss ofPrdm12
are indicated in blue and red, respectively. (D) Classification of the common DEGs based on their expression in the major different subtypes of DRG neurons, with
downregulated genes in red and upregulated genes in blue. (E) Gene ontology classification of the DEGs. The graph shows the enriched biological molecular
function associated with downregulated and/or upregulated genes. DRG, dorsal root ganglia; icKO, inducible conditional knockout.
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induce hyperexcitability in DRG neurons67 by mechanisms that may
present common points with in vivo inflammation-induced hyperex-
citability.33 Representative action potential traces from control and
Avil icKO DRG neurons in response to depolarizing current steps
showed that an action potential was elicited at a threshold of 1310
and 750 pA, respectively (Fig. 6A). The mean current threshold for
action potential firing in Avil icKO neurons was significantly lower
compared with control DRG neurons (control, 14206 161 pA, n5
19; Avil icKO, 850 6 109 pA, n 5 30; Fig. 6B). Moreover, the
absence of Prdm12 doubled the maximal number of action
potentials evoked by a 1-sec-current step in small DRG neurons
(Fig. 6C). There was no significant difference in resting membrane
potential for DRG neurons isolated from control or Avil icKO mice
(Fig. 6D). Thus, loss of Prdm12 alters DRG neuronal excitability and,
in the experimental conditions used, results in hyperexcitability of
DRG neurons.

3.4. Conditional loss of Prdm12 alters sensitivity to capsaicin
and formalin

To determine whether loss of Prdm12 in mature nociceptors of
adult mice alters pain sensation, pain behavior assays were
performed on icKO and control mice 1 month after TAM

injection. Given the difficulties encountered to generate Avil
icKO mice because of non-Mendelian transmission of the Cre
and based on the consistency of the transcriptional changes
observed in DRG using the 2 mouse models, both Avil icKO and
Rosa26 icKOmicewere used. All behavior tests were performed
using both male and female mice. To evaluate thermal
nociception, we performed a thermal place preference test in
Avil icKOmice and tail flick and cold plantar tests inRosa26 icKO
mice. Mechanical nociception was evaluated in Rosa26 icKO
mice using the mechanical conflict avoidance test. Using these
tests, no difference between mutant and control mice was
observed in mechanosensation and thermosensation. How-
ever, mutant mice did show a trend not reaching significance (P
5 0.07), of greater heat sensitivity in the temperature place
preference assay, in the 52˚C vs 30˚C condition (Figs. 7A–D). In
addition, as a control for motor behavior, we also tested Rosa26

icKO and control mice in the open-field and beam walking tests
(Sup. Fig. 4A,B, http://links.lww.com/PAIN/B535). Similarly, no
difference was found between the 2 groups.

Based on the upregulation of the Cysltr2 receptor that
mediates cysteinyl leukotriene C4-driven itch,57 we investigated
itch behavior of Rosa26 icKO mice. Therefore, we injected LTC4
into the cheek of control and mutant mice and measured their

Figure 4. Validation of some of the identified DEGs as Prdm12 targets in DRG of Avil icKOmice. (A) RT-qPCR analysis of the expression of the indicated DEGs. (B)
ISH analysis of the expression of the indicated genes. *, **, ***, and **** indicate respectiveP values,0.05,,0.01,,0.001, and,0.0001 (Student t test,a5 0.05).
DRG, dorsal root ganglia; icKO, inducible conditional knockout; ISH, in situ hybridization.
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scratching behavior as described. Unexpectedly, no differences
were observed between control and icKO mice (Fig. 7E).

We next tested the response of Rosa26 icKO mice to
capsaicin, the active component of chili that, by binding to its

receptor TRPV1, leads to nociceptor activation. Capsaicin was
injected subcutaneously in the hind paw and the time mice spent
licking the injection site was recorded for 15 minutes after
injection. We observed that the response of icKO mice was

Figure 5. Transcriptomic analysis of the consequences of the loss of Prdm12 in TG of adult mice. (A) Volcano plots showing the –log10 adjusted P-value as a
function of the log2 fold-changes of deregulated genes in TG of Rosa26 icKOmice (icKOmice, n5 6 vs control mice, n5 6) 1month after tamoxifen injection. The
genes were identified by bulk RNA-seq and selected based on adjusted P-value,0.05. Genes with a log2 fold-change.0.31 are indicated in red, genes below
the threshold are in light grey. (B) Gene ontology classification of the DEGs. The graph shows the enriched biological molecular function associated with
downregulated and/or upregulated genes. (C) Venn diagram showing the overlap between the DEGs identified in TG and DRG of Rosa26 icKO mice. (D) List of
common DEGs in TG and DRG of Rosa26 icKO. DRG, dorsal root ganglia; TG, trigeminal ganglia; icKO, inducible conditional knockout.
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significantly reduced in comparison with control mice (Fig. 7F),
suggesting a downregulation of TRPV1-related pain transmission
in adult nociceptors lacking Prdm12.

Given our observation that Prdm12 expression is decreased in a
model of joint inflammation, we hypothesized that loss of Prdm12
might lead to changes in inflammation-related nociceptive behavior
of adult mice. We thus examined behavior responses of Avil icKO
mice in the formalin test, a common model for tissue injury-induced
pain,whichproducespawswellingandan inflammatory response.11

This acute inflammation is caused by cell damages that induce the
production of endogenous mediators and subsequently the release
of inflammatorymediators in thepaw. In this test, 2 distinct periodsof
high licking activity of the injected paw can be identified: an early,
short-lasting phase of intense licking caused by the direct chemo-
nociceptive effect of formalin on nociceptors followed by a short
pause and a second prolonged phase of continuous tonic licking
induced, at least in part, by inflammatory responses caused by
formalin-induced cellular damages.53 As shown in Figure 7G, Avil
icKO mice showed similar responses to control animals during the
first phase. However, they spent more time licking when compared
with control mice during the second phase. Behavioral responses of
Rosa26 icKOmice have been also examined in the formalin test. An

increase in sensitivity in the secondphase of the phenotypewas also
observed (Sup data Fig. 4C, http://links.lww.com/PAIN/B535).
These results suggest a role for Prdm12 in inflammatory pain. Thus,
adult-onset ablation of Prdm12 modulates in a complex way pain-
related behaviors.

4. Discussion

In this study, we show that in adult mice, Prdm12 remains
strongly expressed in mature nociceptors and that in the CNS, it
is only found in a few specific brain nuclei. In a recent report,
Prdm12 has been shown to be enriched in hypothalamic POMC
neurons where it plays a role in their development.8,19 In addition,
our data suggest that CFA-induced peripheral inflammation
decreases Prdm12 expression in mature nociceptors. Deregu-
lated expression of Prdm12 has also been observed in response
to nerve injury30 and in itch-sensitive neurons in response to
dermatitis.63 Whether this deregulation of Prdm12 expression
plays a causative role in the transcriptional changes that occurs in
these conditions remains unknown.

The consistency of the RNA-seq data obtained analysing DRG
of both Avil icKO and Rosa26 icKO mice and TG of Rosa26 icKO

Figure 6. Loss of Prdm12 leads to increased DRG neuron excitability. (A) Representative traces from a control DRG neuron, showing subthreshold responses and
subsequent action potential induced by injection of 1310 pA (top), and action potential frequency induced by a 1-second 1500 pA step (bottom). (B) The same
protocol was applied to anAvil icKODRGneuron. The current threshold was 750 pA for this neuron. Arrows indicate the current amplitude used to elicit the labeled
response. (C) Comparison of current threshold in control (n5 19) andAvil icKO (n5 30) DRG neurons. (D) Maximal number of action potentials evoked in response
to external current stimuli of 1 second, up to 1500 pA in control (n5 19) andAvil icKO (n5 30) DRGneurons. (E) Restingmembrane potential in control (n5 19) and
Avil icKO (n 5 30) DRG neurons. Each column represents mean 6 SEM. *P , 0.05, **P , 0.01 (Student t test). DRG, dorsal root ganglia; icKO, inducible
conditional knockout.
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Figure 7. Conditional knockout of Prdm12 in mature nociceptors does not alter thermal and mechanical nociception but affects responses to formalin and
capsaicin. (A)Avil icKOand controlmice spent similar time on the test side in a 2-temperature choice assay. (B)Rosa26 icKO (n5 11) and control mice (n5 9) show
similar withdrawal latency in the tail flick test using a focus 30. (C) Rosa26 icKO (n5 10) and control mice (n5 12) show no difference in withdrawal latency in the
cold plantar assay. (D) Rosa26 icKO and control mice show the same behavior in themechanical conflict avoidance test. They spent the same time to cross half of
the second chamber with nails on the floor. Results obtained with 2 different nail heights (2 and 5 mm) are shown. (E) Intradermal cheek injection of N-met LTC4
elicits scratching bouts that are not significantly different between Rosa26 icKO and control mice. (F) Rosa26 icKO mice (n5 10) spent less time licking their paw
than control mice (n 5 12) after capsaicin injection (P 5 0.011). (G) Time course of the nocifensive response (licking time in seconds) of Avil icKO (n 5 11) and
control mice (n5 14) until 30 minutes after formalin injection. Response of individual Avil icKO and control mice in the first (0-5 minutes after formalin injection) and
second phase (15-30minutes after formalin injection) is shown on the right. Note that Avil icKOmice spentmore time licking their pawwhen comparedwith control
mice during the second phase (P5 0.001). Values are represented as mean6 SEM. *P, 0.05, **P, 0.01 (Student t test, a5 0.05). icKO, inducible conditional
knockout.
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mice strongly support a role for Prdm12 in mature nociceptors in
the transcriptional regulation of a battery of genes important for
their functional properties. We found both upregulated and
downregulated DEGs in DRG and TG of Prdm12 mutant mice.
Landy and colleagues recently published the results of bulk RNA-
seq analysis of DRGs of adult Prdm12 knockout mice, generated
as we have done by crossing AvilCreERT2 mice to Prdm12 fl/fl

mice.30 In contrast to our results, they found that almost all DEGs
were decreased in mutant mice. Comparing their transcriptomic
data to our list of DEGs identified in DRG, surprisingly, only 1
common gene was found, Chrna6. Besides differences in the
RNA-seq approach used (ie, choice of fold-change cut-off), one
possible explanation for these discrepancies is that in the
conditional knockout mouse model they used, only the last exon
of Prdm12 (exon V) is deleted. In this knockout, a transcript
composed of exons I to IV is still detected. This transcript encodes
a truncated protein with the conserved PR domain but lacking the
zinc fingers. As it is thought that Prdm12 does not bind directly to
DNA, this truncated protein may thus potentially retain some
activity. Whether Prdm12 acts as an activator, a repressor, or
both in mature nociceptors remains unknown. The identification
of its direct targets will be a crucial step towards a better
understanding of its mechanism of action.

Despite the effects of Prdm12 deficiency on transcription, we
found that mice lacking Prdm12 exhibit normal thermosensation
and itch response. Unaltered response to noxious cold is
somehow surprising given the fact that we found that Trpm8
expression is reduced in Prdm12 icKO mice, as observed by
Landy et al. (2021). This unaltered response to acute noxious cold
may be because of the fact that Trpm8 expression is reduced but
not abolished in DRG neurons of icKO mice. It also likely reflects
the complexity of the cold-sensing mechanisms in mouse DRG
that involve other molecular candidates apart from Trpm8,39 such
as TrpA1,62 that is not deregulated in icKO DRG. Unchanged itch
behavior was also unexpected, given the increased expression of
Cysltr2, a sensor of mast cell–induced itch,50 although it should
be noted that the increased expression was measured in lumbar
DRG and the behavioral paradigm used activates TG neurons.
Mechanical nociception was also unaltered in icKOmice, a result
in accordance with the absence of modification of the expression
of the TRPA1, TRPV4, and Piezo2 channels involved in
mechanical pain.21

In contrast, we found that icKO mice spent less time licking
their paw than control mice after capsaicin injection. This reduced
sensitivity is at first glance surprising because TRPV1 expression
is not modified. This could, however, be because of differences
between icKO and controls in the localization of TRPV1 receptors
that is rapidly internalized after stimulation. Indeed, capsaicin can
be used as analgesic and has been shown to reduce lesion or
inflammation-induced pain by triggering receptor endocyto-
sis48,58 or nerve retraction.17,22,43 It could also be because of
posttranscriptional modifications of TRPV1, its activity being
modulated by kinases such as calmodulin-dependent protein
kinase (CaMKII), protein kinase C (PKC) and protein kinase A
(PKA), and phosphatases (calcineurin) as well as lipids such as
PIP2,46 themselves regulated by G protein-coupled membrane
receptors. Nerve growth factor plays a role in the sensitization of
nociceptors via different mechanisms, including through the
control of trafficking of TRPV1 channels to the plasma mem-
brane.66 The downregulation ofNtrk1 encoding the TrkA receptor
may thus play a role in the decreased response to capsaicin of
icKO mice.

In addition, we also found that icKO mice develop increased
sensitivity to formalin-induced inflammatory pain. Our gene

expression analysis of DRG of mutant mice revealed that the
loss of Prdm12 dysregulates a set of genes known to contribute
to formalin-induced nociceptor sensitization. Among them
Trpm8, Ntrk1, and Grik1 are downregulated and Chrna6 and
Cysltr2 are upregulated in the absence of Prdm12 in basal
conditions. The upregulation of Chrna6 is unexpected because
its overexpression is protective against tactile allodynia associ-
ated with inflammatory injuries.60 The downregulation of Grik1
and Ntrk1 was also unpredicted because Grik1 deletion reduces
inflammatory pain27 and NGF acts as a mediator of inflammatory
pain.2,12,54 However, the deregulation of Trpm8may play a role in
the observed hypersensitivity of icKO mice. Indeed, previous
studies have shown that formalin-evoked pain can be alleviated
by cooling analgesia through Trpm8-dependent receptor activa-
tion.15 Moreover, recent studies indicate that activation of Trpm8
primarily affects late, but not early, phases of DRG neuron activity
after formalin injection.7 The upregulation of Cysltr2 may also
contribute to the hyperalgesia. Indeed, Cysltr2 is a known
mediator of inflammatory reactions.50 As this gene expression
analysis was done on noninflamed DRGs and the increase of
sensitivity was observed upon inflammation, we wanted to
assess changes in gene expression because of the loss of
Prdm12 in inflammatory conditions. Therefore, we performed
unilateral injections of formalin in the hind paw of TAM-injected
Avil icKO and control mice, dissected L4 to L6DRGof the injected
and uninjected sides of mutant and control mice 24 hours after
formalin injection, and analysed their transcriptome by bulk RNA-
seq. A highly overlapping list of DEGs was identified in basal
(comparing uninjected sides of icKO and controls) and in-
flammatory (comparing formalin-injected sides of icKO and
controls) conditions (Sup data Fig. 5). However, comparing
injected vs noninjected sides of mice and performing the analysis
without a cut-off on the log2 fold-change, a number of significant
DEGs were observed in icKO mice but not in control mice. Gene
ontology analysis revealed an enrichment in genes encoding
proteins involved in transport, regulation, and secretion of
neurotransmitters and synapse organization and maturation
(Sup data Fig. 6). These results further suggest a role for Prdm12
in inflammatory pain. Although our RNA-seq work does not
provide mechanical insights into the formalin phenotype, the
increased excitability of cultured DRG neurons from icKO mice
may provide an initial explanation for their hypersensitivity in the
formalin test. The downregulation of some K1 channel genes,
such as Kcnmb1, Kcnj11, and Kcng1, could be involved in this
increased excitability, as it was shown for Kcnn4.38

Taken together, our results show that Prdm12 remains closely
linked to NGF at adulthood, as observed during embryogenesis.
Like NGF, unlike in development, Prdm12 is not required
anymore for the maintenance of adult nociceptors but plays a
role in the excitability properties of nociceptors and affects pain
behavior in adulthood. In their recent report, Landy and
colleagues found that the knockout of Prdm12 exon V does not
substantially modify pain sensitivity. A tendency not reaching
significance to a reduction of the licking time is, however,
apparent in their exon V Prdm12 knockout model after capsaicin
injection. In the formalin test, although they conclude thatPrdm12
exon V icKO mice show no differences in their response to
formalin,27 a transient increase of licking time of the icKO mice is,
however, observed 20 minutes after injection. We posit that the
retention of exon II to IV in their knockout models, absent in our
exon II Prdm12 knockout model,14 may be the cause of this
milder phenotype. Although this article was under revision,
Kokotovic and colleagues also reported that Prdm12 is required
for nociceptor function in adult mice.5,28 Further studies are
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obviously needed to better understand the complex mechanisms
by which Prdm12 controls nociceptive neuron properties.
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