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ABSTRACT

Itch, initiated by the activation of sensory newgpis frequently associated with dermatological
diseases. MrgprA3sensory neurons have been identified as one oh#jer itch-sensing

neuronal populations. Mounting evidence has dematest that peripheral pathological
conditions induce physiological regulations of segseurons, which is critical for the
maintenance of chronic itch sensation. Howeveruptigerlying molecular mechanisms are not
clear. Here we performed RNA sequencing of genétitabeled MrgprA3 neurons under both
naive and allergic contact dermatitis conditiongr f@sults revealed the unique molecular
signature of itch-sensing neurons and the distraaiscriptional profile changes that result in
response to dermatitis. We found enrichment of Mingpr family members and two histamine
receptors in MrgprA3neurons, suggesting that MrgprASeurons are a direct neuronal target
for histamine and Mrgprs agonists. In addition,Btpnd Pcdhl12 were identified as highly
selective markers of MrgprA3eurons. We also discovered that MrgpiAgurons respond to
skin dermatitis in a way that is unique from oteensory neurons by regulating a combination of
transcriptional factors, ion channels, and key muales involved in synaptic transmission. These
results significantly increase our knowledge offiitansmission and uncover potential targets for

combating itch.



INTRODUCTION

Chronic itch is a devastating symptom frequentgoagted with dermatological diseases such
as atopic dermatitis, psoriasis, and lichen plgiasipovitch and Bernhard, 2013). Itch
sensation is initiated by the activation of senswyrons whose cell bodies reside in the dorsal
root ganglion (DRG) or trigeminal ganglion (TG).isknnervating sensory neurons project their
peripheral and central axons to the skin and spioi@ respectively, providing a bridge for
information flow from the peripheral skin to thent&l nervous system. Cutaneous stimuli or
insults in the inflamed skin, such as pruritogems,transduced into neuronal activities in the

skin nerves to activate itch neural circuits andvay the signals to the brain (lkoma et al., 2006).

Three pruriceptive sensory neuron subtypes have ideatified by both functional studies and
single-cell RNA-seq analysis and named NP1-3, e&ghich expresses distinct itch receptor
combinations (Chiu et al., 2014, Hu et al., 2016p#&ri et al., 2019, Li et al., 2016, Sharma et al.,
2020, Usoskin et al., 2015, Zeisel et al., 201&)1Meurons are classified by the expression of
MrgprD (Liu et al., 2012), whereas NP2 neuronscassified by the expression of MrgprA3

and MrgprC11 (Han et al., 2013, Liu et al., 2008p.3 neurons express the most itch receptors,
including two co-receptors for IL-31 (lI31ra anchay, Cysltr2 (cysteinyl leukotriene receptor 2),
Htrlf (5-Hydroxytryptamine Receptor 1F) and S1sphingosine-1-phosphate receptor 1)
(Huang et al., 2018, Mishra and Hoon, 2013, Solieskl., 2019, Storan et al., 2015, Usoskin et

al., 2015).

Peripheral pathological conditions can profoundigrge the physiological properties of the
innervating sensory neurons and modulate the conuaiion of sensory neurons with second-
order spinal neurons by utilizing both transcripiband translational modifications (Basbaum et

al., 2009, Piomelli and Sasso, 2014, Waxman andofam2014). Indeed, our recent studies
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demonstrated that NP2 MrgprABeurons exhibit elevated itch receptor expresaiah
hyperinnervation in the skin in a mouse dry skirdeldZhu et al., 2017) and enhanced
excitability and spontaneous activities in a contirmatitis model (Qu et al., 2014). However,
the molecular mechanisms underlying those changesa clear. Our study presents extensive
transcriptional profiling of pruriceptive MrgprA2aind demonstrate distinct transcriptional

profile changes in both MrgprA2and MrgprA3 neurons following allergic contact dermatitis.
RESULTS:

MrgprA3" neurons are a distinct subpopulation of DRG sensory neurons

In our previous study we generatellegprA3°"“"line in which the expression of GFP-Cre is
controlled by theMrgprA3 promoter (Han et al., 2013). We treated the Idvesak skin of
MrgprA3° " mice to induce allergic contact dermatitis (ACD)e &lected the lower back
skin to minimize possible scratching-induced skiuiy since mice are not able to scratch their
lower back skin effectively. The treatment indupadakeratosis, dense inflammatory cell
infiltration in the skin (Figure 1A), and spontanscscratching behavior (Figure 1B). Thoracic
and lumbar DRGs (T11-L6) innervating the treateid sikea were isolated after treatment and
enzymatically dissociated. MrgprA8eurons and MrgprAdeurons were FACS purified based
on GFP fluorescence, and the total RNA was extdatteRNA-seq analysis. Principal
Components Analysis (PCA) showed clear segregaftidtrgprA3" and MrgprA3 neurons,

both before and after the ACD treatment (Figure, B@jnonstrating that MrgprA3ieurons are

a distinct subpopulation of DRG sensory neurong.qdantitatively evaluated the difference in
the transcriptome profiles of different groups, wged the support vector machine (svm)-based
classification model to classify control and ACBdtment samples (Cortes and Vapnik, 1995).

The area under the ROC (receiver operating charstatg curve (Fawcett, 2006) is clearly
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higher for the MrgprA3neuron samples (Figure 1D), suggesting that theoph&@ neurons
exhibited larger transcriptome profile change corapa the MrgprA3neurons after ACD
treatment. This data is consistent with the keg MtgprA3" neurons play in mediating ACD

itch.

Transcriptional profile of MrgprA3" neurons

We first compared the data from MrgprA@nd MrgprA3 populations in the control group. In
total 1,845 DEGs, including 584 upregulated gemes1a261 downregulated genes, were
identified in MrgprA3 neurons (Supplementary Table 1). Significant GOdjical Process
terms of the genes enriched in MrgpiA®urons include itch (Custom GO Term), membrane
hyperpolarization, and response to ATP, consistathit MrgprA3" neurons function as itch-
sensing neurons (Figure 1E). Conversely, GO tesssaated with genes enriched in MrgprA3
neurons include pain, thermal sensation, mechase@ation, and locomotion, which is
unsurprising because MrgprABeurons include pain sensors, touch sensors, rapdgceptors
(Figure 1F). GO terms such as neurogenesis, nalifferentiation, and ion transport are
associated with genes enriched in both groups,esiigg that the two neuronal populations
engage different gene sets to perform the samediaal process. Similar results were also
demonstrated by the GO Molecular Function analgsasmismembrane transporter activity and
cation channel activity). Many GO categories asstied with MrgprA3 neurons are related to
ion channels in GO-MF, suggesting that MrgptA@urons utilize distinct groups of ion

channels to perform neuronal functions.

We next examined the gene expression pattern oftkigenes that are important for sensory
neuron functions. The first group we analyzed wérgpr (mas-related G protein-coupled

receptor) family members (Meixiong and Dong, 20 gure 2A). Consistent with previous
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studies from our group and others, MrgprB4, MrgdrCand MrgprAl are enriched in
MrgprA3* neurons (Han et al., 2013, Li et al., 2016, Loalgt2015, Meixiong et al., 2019a).
Five other Mrgprs with unknown functions includiNygprA2b, MrgprA4, MrgprA7, MrgprA8,
and MrgprB5 are also highly enriched in MrgpfA8urons. It is interesting to see nine
members of the same family enriched in MrgprAgurons, which only constitute 8% of the

DRG sensory neurons.

We then analyzed 19 known genes that play an irapbrole in itch sensation (Figure 2B). Two
histamine receptors (Hrh1 and Hrh2) and3Blcan isozyme mediating histamine-induced
sensory neuron activation, are enriched in MrggrA@urons (Han and Dong, 2014, Han et al.,
2006). This is confirmed by the triple situ hybridization detecting histamine receptors (Hrh1
and Hrh2), PIB3, and MrgprA3 (Figure 4A-B). We found that ~14%QRG neurons express
both Hrh1l and P[&3, suggesting that they are histamine-sensing nsuiihe majority of
MrgprA3* neurons (82.9%) express both Hrh1 an@®®ISimilar results were observed for Hrh2.
We did not observe the expression of Hrh4 in DR@&sgy neurons. Neuromedian B (Nmb), a
neuropeptide required for scratching behaviors ¢edwby histamine, compound 48/80, and 5-
HT (Wan et al., 2017), is also enriched in MrgptA@&urons. The enrichment of these genes and
Mrgprs suggests that MrgprABeurons are important direct mediators of the Msggonists

and histamine-induced itch.

As MrgprA3 neurons include NP1 and NP3 populations (Usogkah. £2015), they are

similarly enriched for many itch receptors and itekated molecules including Nppb
(Natriuretic Peptide B) and Sst (somatostatin) hBmi-receptors for IL-31 (II31ra and osmr) are
highly expressed in both MrgprAznd MrgprA3 neurons, although MrgprABeurons are

more enriched for 131ra, suggesting that MrgpiAgurons are part of the neuronal population
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mediating II-31-induced itch. Lparl and Lpar3 (Lgbosphatidic acid receptors) are
downregulated in MrgprA3neurons (Kremer et al., 2010). The expressiorotf Bndothelin
receptors and endothelin converting enzyme 1 (E@€tlp-Nakahara et al., 2014) is relatively
higher in MrgprA3 population. Htr{5-Hydroxytryptamine Receptor 7) (Morita et al. 120 is

preferentially expressed in MrgprABeurons.

We next examined the expression patterns of sefaaralies that are key players in nociception,
which include TRP channels, purinergic receptorsstaglandin receptors, and acid-sensing ion
channels (Basbaum et al., 2009) (Figure 2C-D).drig TRP channel enriched in MrgprA3
neurons is TRPC3, whose function in itch sensasiorot yet clear (Figure 2C). Three other
genes are observed to be specifically enrichedrigpkA3" neurons including P2rx2 (ionotropic
purinergic receptor 2), P2ry2 (metabotropic pumgiereceptor 2), and Ptger4 (prostaglandin E
receptor 4, or EP4). The enrichments of P2rx2 ghgZraise the question if ATP plays a role in
itch induction, which has not been intensively istvgated yet. Previous studies have shown an
increased level of prostaglandin E2, an agonisEfe, in the skin of patients with atopic
dermatitis (Fogh et al., 1989). Consistently, bbb of PGE2 signaling reduced spontaneous
scratching behavior in a mouse model of dermdfmrick et al., 2018). Our analysis suggests

that PGE2 might activate MrgprA3ieurons via the activation of EP4.

Many markers for non-pruriceptive neurons are degulated in MrgprA3 neurons (Figure 2F)
including markers for large-diameter neurons (vGluidhb, Cavnalh, Sppl, and Fam19al),
markers for proprioceptors (Pvalb), and markeiGdow-threshold mechanoreceptors (TH and
vGlut3) (Usoskin et al., 2015). Nefm (neurofilamemedium chain) and Nefh (neurofilament
heavy chain) are enriched in MrgprA&urons. By contrast, Ina, an internexin neuronal

intermediate filament, is enriched in MrgprABeurons. Expression of neurotrophin receptors



has long been one of the criteria to classify sos&tsory neurons (Lallemend and Ernfors,
2012). MrgprA3 neurons are enriched for Gfral (GDNF receptoratphand Ntrk1 (TrkA,
neurotrophic receptor tyrosine kinase 1). Intenggyi, we also observed the enrichment of
Runx2 (runt related transcription factor 2), théydRunx family member that has not been

linked to somatosensory neurons differentiation famdtion, in MrgprA3 neurons (Figure 2E).

Similar to the previous single-cell RNA-seq anadysve found MrgprA3neurons are enriched
for Nmb (neuromedin B), CGRP (Calca, and Calclgitalin/calcitonin-related polypeptide,
alpha and beta), and Agrp (Agouti-related peptitlefddition, we found that MrgprAeurons
are enriched for Pcsk2 (Proprotein Convertase BibtKexin Type 2), and Pcskln (Proprotein
Convertase Subtilisin/Kexin Type 1 Inhibitor), bathwhich are involved in the processing of

neuropeptide and have never been linked to semsampn function (Figure 2G).

MrgprA3* neurons employ unique combinations of ion chantwetsaintain the resting
membrane potential and initiate the neuronal firirgr sodium channels (Figure 3A), Nav1.9
(Scnlia) is enriched in MrgprA3ieurons, which is in line with its known role tah sensation
(Salvatierra et al., 2018). The other two enricheinbers in MrgprA3neurons ar@ subunits

of voltage-gated sodium channels Scn2b and Scré&tnd2 is the only enriched voltage-gated
calcium channel in the MrgprAeurons (Figure 3B). Ttyh2 (Drosophila tweety htog®), a
calcium-activated chloride channel (Suzuki, 20@6highly enriched in MrgprA3neurons
(Figure 3C). We observed seven potassium channgthed in MrgprA3 neurons with

Kcnk18 as the only enriched leaky potassium chafifRESK, potassium channel, subfamily K,

member 18) (Figure 3D) (Sano et al., 2003).

To validate the enriched transcrijsvivo, we chose two genes (Ptpn6 and Pcdh12) identified

be highly enriched in MrgprA3neurons for RNAscopia situ hybridization analysis (Figure 4).
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83.3% (80/96) of PtprigProtein Tyrosine Phosphatase Non-Receptor Typme@ons are
expressing MrgprA3 (Figure 4A) and the majorityRaidh1Z (protocadherin 12) neurons
(69.9%, 93/133) coexpress MrgprA3. These resultsvghat the enriched genes identified by

our RNA-seq analysis also exigtvivo.

Transcriptional profile of MrgprA3" neurons was changed by atopic contact der matitis

ACD treatment significantly changed the expresgimfile of both MrgprA3 neurons and
MrgprA3” neurons, demonstrating the common neuro-immunsstatk between inflamed skin
and innervating sensory neurons. We have iden#f@lupregulated genes and 425
downregulated genes in MrgprABeurons (Figure 5A, Supplementary Table 2). Sityil292
upregulated genes and 420 downregulated genesdestgied in MrgprA3 neurons (Figure

5A, Supplementary Table 3). Inflamed skin causgdiScant damage to all of the innervating
sensory neurons, as demonstrated by the enrichoh&® terms such as programmed cell death
and cellular response to stress associated withrimairon types. However, the genes affected in
the two neuronal populations are largely non-oygilag (Figure 5A), which indicates that
MrgprA3* neurons respond to the dermatitis condition iery different way from other sensory
neuron subtypes. Indeed, unique GO terms are fahto be associated with the two neuronal

populations (Figure 5B).

A small percentage of affected genes (Figure 5pp&amentary Table 4) were changed in both
neuronal populations. Among them, we identifiedesalinteresting genes including those
related to inflammatory responses such as Ill1atarfeukin 17 receptor A), Tnfrsfla (tumor
necrosis factor receptor superfamily, member I&j,Rtgfr (prostaglandin F receptor); those
related to neuronal function such as Syt2 (synapgtatn Il), Syt7 (synaptotagmin Il), and

Slc12a2 (Sodium/Potassium/Chloride Transportemyt8dCarrier Family 12, Member 2); and
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those related to intracellular signaling transducin sensory neurons such as Pla2rl

(phospholipase A2 receptor 1) and Dgkz (diacylglgtkinase zeta).

Distinct sets of transcription factors were ideatifwithin the two neuronal populations (Figure
6A), the majority of which lack known sensory neufanction. Etv5, an essential molecule
regulating sensory neuron differentiation and akgnawth during development (Fontanet et al.,
2013), is upregulated in MrgprA3ieurons. Six4, a transcriptional factor requiractiie

survival of sensory neurons, is downregulated igA3" neurons (Konishi et al., 2006,

Moody and LaMantia, 2015, Yajima et al., 2014). Ruand Prdm12, both of which are
required for nociceptor specification, are downtatgd in MrgprA3 neurons (Bartesaghi et al.,

2019, Chen et al., 2006, Desiderio et al., 201@nkar et al., 2006, Liu et al., 2008).

We then focused our analysis on the genes relateersory neuron function (Figure 6B). Both
MrgprA3* and MrgprA3 neurons showed distinct gene change pattern/A@ér treatment.
Three itch receptors (Hrh2, lI31ra, and Lpar3) waranged in MrgprA3neurons, while we did
not observe any significant change of itch receptoMrgprA3 neurons. ASIC3 (acid-sensing
ion channel 3), P2rx5 (ionotropic purinergic recefd), and Ptges (prostaglandin E synthase)
were changed in MrgprA3heurons, while Bdkrb2 (Bradykinin receptor betaPrx6
(metabotropic purinergic receptor 6) and Ptges@daglandin E synthase 2) were changed in
MrgprA3 neurons. A TNF receptor (Tnfrsfla) and severarlatkin receptors (ll1r1, ll1ra, and
l117ra) were changed, indicating their involvemensensory neurons in response to skin
inflammation. Interestingly, we observed a sigm@fit increase of Ngfr (nerve growth factor
receptor, or P75) only in MrgprA%eurons, consistent with the role of NGF in prampt
chronic itch and sensory nerve sensitization (lketal., 2006, Mollanazar et al., 2016). Many

ion channels have been identified as well, indngathe change of electrophysiological
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properties of neurons (Figure 6C). Among them, @&adcalcium channel, voltage-dependent,
gamma subunit 5) shows the greatest changes inrkBgmeurons, while Kcne3 (potassium
voltage-gated channel, Isk-related subfamily, g&nghows the greatest change in MrgprA3

neurons.

Studies have shown that peripheral insults canteatianges in the sensory signal transmission
to spinal cord neurons and presynaptic regulatiothe local spinal circuits or descending fibers.
Indeed, we found significant changes in many neansimitter receptors (Figure 6D). Among
them, Gria2 (GIuR2) was increased in both Mrgpra8d MrgprA3 neurons. Many genes

related to synaptic transmission were also idedti{Figure 6E-F) including Syt2

(synaptotagmin Il), which was increased in bothroeuypes, Syt7 (synaptotagmin VII), which
was decreased in both neuron types, and Cart@@bium/Calmodulin Dependent Protein

Kinase Il Beta), which was decreased in MrgprA8urons.

We used real-time RT-PCR to validate the expressiamges of several genes (Figure 6F) that
represent the different categories we discussedeadad are interesting for future investigations.
Syt7 and Dgkz were selected since their functiarsensory neurons are unknown and they both
showed the same trend of change in both Mrgp@®1 MrgprA3 neurons in the RNAseq
analysis. Syt7 is a calcium sensor regulating syoapsicle release and its role in DRG sensory
neurons has never been explored (Bacaj et al.,, 200 &t al., 2014). Dgkz, a member of the
diacylglycerol kinase family that regulates intrbausignaling pathway involving lipid
messengers diacylglycerol and phosphatidic acikligisly expressed in sensory neurons with
unclear function (Shirai and Saito, 2014). Camkat Kcne3 were selected since they showed
strongest changes in the list of synaptic-relatueg and potassium channels respectively.

Runxl1 and II31ra were selected because they shsigeilicant changes only in MrgprA3
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neurons. Il31ra is one of the most studied itclepsars and is enriched in pruriceptive NP3
neurons (Li et al., 2016, Usoskin et al., 2015)nRlis a key transcription factor for nociceptor
specification and has an undiscovered role in it¢te investigation of both will help us to
understand the changes induced in Mrgpm&irons by the ACD treatment. Interestingly,
results of the real-time PCR analysis of all singgare consistent with the RNAseq analysis

(Figure 6F).

DISCUSSION

Analogous to the T2Rs bitter receptor family in gustation system and odorant receptor family
in the olfaction system (Secundo et al., 2014, Ydimsky et al., 2009), Mrgpr family contains a
large group of G protein-coupled receptors witliedldnt members detecting different
pruritogens. MrgprAl mediates substance P-induwdd(Azimi et al., 2017). MrgprA3
responds to anti-malaria drug chloroquine (Liuletz009). MrgprC11 mediate Bam8-22,
SLIGRL, cathepsin S, and cysteine protease Dengdeed itch (Liu et al., 2009, Liu et al.,
2011, Reddy and Lerner, 2017, Reddy et al., 204bije MrgprD is responsible f@-alanine-
induced itch (Liu et al., 2012). Consistently, ttuaman Mrgpr family member X1 and X4 have
been demonstrated to mediate itch sensation eumketloroquine and cholestasis respectively
(Liu et al., 2009, Meixiong et al., 2019b, Yu et @&019). In the olfactory system, each olfactory
receptor neuron within the olfactory epitheliumyakpresses a single odorant receptor. The
identity of odorants is encoded by a combinatogakptor code with each odorant receptor
responding to multiple odorants and each odorantadimg multiple receptors (Secundo et al.,
2014). This strategy allows the olfactory systerdigtinguish a massive number of odorant
molecules, which is critical for recognizing fogedators, and mates. In contrast, in the

gustation system, it is more important for biteste to reveal the safety of potential food than to
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identify different bitter compounds. Therefore, tiplé bitter taste receptors are co-expressed in
the same taste receptor cells and stimulate the sauoral circuits upon activation (Yarmolinsky
et al., 2009). Interestingly, we found that MrgpfAgurons are enriched for two histamine
receptors and eight other Mrgpr family membersuditig two identified itch receptors

MrgprAl and MrgprC11, and five other members: MigprMrgprA2b, MrgprA4, MrgprA7,

and MrgprA8. These results demonstrate that theasmansory system employs the same
strategy as the gustation system for detecting Ntlitiple itch receptors are highly enriched in
MrgprA3* neurons to ensure the detection of the somatosensmdality of the stimuli (itchy),
while the identity of each pruritogen, which is watical for the safety and survival of the
animals, can be ignored. Similarly, the pruriceptNP3 neurons also express multiple itch
receptors including l1I31ra, osmr, Cysltr2, HtrimgaS1prl. This expression pattern of itch
receptors supports the hypothesis that itch sensimgdiated by a labeled line in the peripheral

sensory neurons (Han and Dong, 2014).

Our sequencing analysis reveals the expressioniqtie combinations of GPCRs, neuropeptides,
neurotrophic factors, and ion channels in MrgprA8urons. The analysis of many genes is
consistent with previous single-cell RNA-seq analgsich as the enrichment of MrgprB4,

Rspol, and Gfral in MrgprA3ieurons and the enrichment of 1131ra, Nppb, S&t,lgpar3 in
MrgprA3 neurons (Li et al., 2016, Usoskin et al., 2015)r @nalysis also discovered several
genes that have not previously been identified iggvA3" neurons such as MrgprA4, MrgprA7,
Ptpn6, and Pcdh12. Understanding the functiona@delgenes in itch transmission will possibly

lead to a better understanding of the basic meshemnof itch transmission.

Chronic itch is induced by the generation of a Heylel of endogenous agonists for itch-sensing

neurons in pathological conditions. It can be esbdrand maintained by the abnormal function
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of sensory neurons, as well as changes in the sgrieansmission between sensory neurons and
spinal neurons. We did not observe any itch recegitange in MrgprA3neurons, suggesting
that skin inflammation does not regulate recepxpression to changes neuronal sensitivity.
However, we observed a change in the expressigerads in the following categories:
transcriptional factors (such as Etvb and Six4jinaugic receptor (such as P2rx5), ion channels
(such as ASIC3 and Cacng5), neurotransmitter recgef&ria2), and key molecules in synaptic
transmission (such as Syt2 and Syt7), all of winiety contribute to the generation of chronic
itch in dermatitis skin. The change in the TNF poe (Tnfrsfla) and interleukin receptors
(11r1, ll1lra, and lI17ra) also suggest one possiay that the sensory nerves respond to the
inflammatory condition in the skin. In MrgprA8eurons, we observed the upregulation of three
itch receptors Hrh2, 1131ra, and Lpar3 after ACBatment. Lpar3 and lI31ra are highly
expressed in pruriceptive NP1 and NP3 populatispaetively. These results suggest the

involvement of all three types of pruriceptive senysneurons in mediating ACD itch.

The mechanisms underlying these changes in tratiseral profiles might be distinct for
different types of genes. The inflammatory southsnACD skin contains molecules secreted by
all recruited immune cells and residential skiiscelich as keratinocytes, all of which might
play a role in controlling the gene expression desrnn the innervating sensory neurons. For
example, a classical molecule that is upregulatedopic dermatitis skin is NGF (Dou et al.,
2006), a growth factor that can be secreted bytikeeytes (Di Marco et al., 1991) and regulates
neuronal survival and nerve sprouting via transicnal regulation (Ikoma et al., 2006, Patel et
al., 2000, Tominaga et al., 2011). Consistentlyhaee observed the upregulation of Ngfr in
MrgprA3* neurons. Upregulation of IL-31, a cytokine prinhagroduced by Th2 cells that

activates multiple transcriptional factors withiaunons, is also observed in atopic dermatitis
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skin (Mollanazar et al., 2016). The increased esgiomn of 1131ra in MrgprA3neurons suggests

the involvement of IL-31 signaling in transcriptadmegulation.

In summary, our study reveals the distinct tramsicnal profile of pruriceptive MrgprA3
neurons and unique gene regulation in responseripheral allergic inflammation. Further
functional studies investigating the role of idéat genes in chronic itch will provide insights
into the basic molecular and cellular mechanismgchfand help to discover therapeutic targets

for relieving itch.
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MATERIALSAND METHODS:

Mice and contact der matitis tr eatment

All experiments were performed with approval frdme Georgia Institute of Technology Animal
Use and Care Committee. Mice were housed in thariam with a 12-hr-light/dark cycle, and
all the behavioral tests were performed from 9 d@onl p.m. in the light cycle. The housing
group was 5 at maximum with food and waaerlibitum. A mouse model of allergic contact
dermatitis was produced as described previousli @4tnonth old males (25 - 30g) C57BL/6
mice (Zhu et al., 2017). Briefly, on day 1-3, SADB&uaric acid dibutylester, 25ul, 0.5% in
acetone) was applied to the shaved abdomen onag. & days 8-12, SADBE was applied to
the shaved lower back skin to induce dermal inflatom. 5 mice were used in both the SADBE
treatment group and the control group. On day b3nals were first recorded for 60 min to
examine scratching behaviors and then thoraciclamibar DRGs (T11-L6, totally 16 DRGS)
innervating the treated skin area from every anwwexk isolated for FACS. We use T12 DRG as
the landmark to identify the axial level of all lmmted DRGs. T12 DRG is the ganglion
immediately caudal to the last rib of the animakdied skin was also collected for histological
analysis at the same time. Mice in the control graxere handled exactly the same way as the
mice in SADBE group by the experimenters, but wanéy treated with acetone which is the

solvent for SADBE.

RNA-seg and bioinfor matics analysis

MrgprA3* and MrgprA3 neurons from every animal were collected and sidsfeto FACS.
MrgprA3* neurons were collected based on GFP fluorescA@SHyating for MrgprA3cells

was selected to collect cells that have similarphotogical characteristics as the GFRlls in
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an effort to minimize contamination from other dgfpes such as satellite glial cells, Schwann
cells, and endothelial cells whose sizes are modiler than sensory neurons. RNA was
isolated using the RNeasy Micro Kits (Qiagen). @@D-A3" RNA sample was removed due
to low RNA quality. Therefore, 5 Ctrl-A35 Ctrl-A3, 4 ACD-A3’, and 5 ACD-A3RNA

samples were used for RNAseq analysis. Librarytcocison and RNA-seq were performed by
BGI Genomics. Briefly, polyadenylated mRNA libragi@ere generated for cDNA library
construction, amplification, and sequencing. RNA-s&s performed with the illumina HiS&4
4000 at a depth of 50 million single-end reads®bp. Clean reads are mapped to reference
genome by Bowtie2 (Langmead and Salzberg, 2018)treen mapped read counts were
normalized to the number of Fragments Per Kilolmdgeanscript per Million mapped reads
(FPKM). FPKM levels for all genes in all samples &sted in Supplementary Table S5. We
examined the expression levels of markers for reural cells in our results. We found that the
expression of markers for Satellite glial cellsg@®f, endothelial cells (Emcn, Ecscr, and Cdh5),
and Schwann cells (Mag and Pmp2) in all sampleg wery low (FPKM~0-0.2), suggesting that

the possible contamination of non-neural cells iisimmal.

Principal component analysis (PCA) was conduct@autie FPKM data. To classify ACD and
Ctrl conditions, we used support vector machinenjsmethod (Cortes and Vapnik, 1995,
Fawcett, 2006) to analyze the MrgprA@nd MrgprA3 samples, taking the top 11 PCs that
explain 99% of the transcriptome profile varianéf& used the DESeq?2 tool (Love et al., 2014)
to identify differentially expressed genes (DEG3ijiteria to identify DEGs in Ctrl-MrgprA3vs
Ctrl-MrgprA3” neurons comparison is FDR < 0.05 and fold chan$je85. Criteria to identify
DEGs in Ctrl-MrgprA3 vs ACD-MrgprA3 comparison is p < 0.05 and fold change > 1.3. All

DEGs (totally 584) enriched in MrgprA8eurons and top 700 DEGs enriched in MrgprA3
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neurons were identified and subjected for genelogyoGO) analysis using WEB-based GEne
SeT AnaLysis Toolkit (WebGestalt). All DEGs (8331gs in MrgprA3 neurons and 712 genes
in MrgprA3 neurons) in Ctrl-MrgprA3vs AEW-MrgprA3 neurons comparison were used for
ontology analysis. Heat-maps were generated ubmgadrmalized read counts per gene. To
enhance the visibility of the heat-maps, the reatts were normalized by subtracting the

median count per gene and divided by the mediaolatiesdeviation per gene.

In situ hybridization

Three 2-3 months old C57BL/6 mice were used foryedeuble or triplen situ hybridization
analysis. 6-8 lumbar ganglia were quickly colledi®in each mouse and frozen in dry-ice-
cooled OCT medium. DRGs were sectioned at a thekoé20um andin situ hybridization

was performed using the RNAscope fluorescent makigit (ACD Cat#320850) according to
the manufacturer’s instructions. The following peslwere used: Mm-MrgprA3-C2 (Cat#:
548161-C2), Mm-Ptpn6-C1 (Cat#: 450081), Mm-Pcdh12(Cat#: 489891), Mm-Hrh1-C1
(Cat#: 491141), Mm-Hrh2-C1 (Cat#: 517751), Mm-Pk&i3 (Cat#:498071-C3). 7000-8000
sensory neurons (about 30-40 lumbar DRG sectioas) €ach animal were counted to examine
the percentage of DRG sensory neurons that aregsipg each gene. Only cells containing
nuclei labeled by DAPI were counted to avoid repeticounting of the same cells in different

sections.

Real-time RT-PCR

Real-time RT-PCR analysis were performed to exartiaeggene expression changes in allergic
contact dermatitis model. The protocol to genefdi® model is describe in the “Mice and

contact dermatitis” section. 5 mice were used ithlwontrol and SADBE group and dorsal root
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ganglia (DRGSs) innervating the treated skin aredl(IL6) were collected from every animal.
T12 DRG, which is immediately caudal to the labtaf the animal, was used as the landmark to
identify the axial level of all collected DRGs. &RNA was extracted from the ganglia using
the RNeasy Micro Kits (Qiagen) according to the afanturer's protocol. cDNA were
generated using SuperScript® Il First-Strand Sgsith System (Invitrogen). Quantitative real-
time PCR was performed using a StepOnePlus Rea-P8R System (Thermo Fisher
Scientific) with the SYBR Green detection methoteTycle threshold (£ values were
analyzed by the®*'method to determine the normalized expression odttarget genes.
GAPDH expression level was used as the interndtabfhe intron-spanning primers used are
listed here: GAPDH Forward-FGACCTCAACTACATGGTCTACA-3, Reverse 5
CTTCCCATTCTCGGCCTT G-3Runx1 Forward 5-CAAATCCGCCACAAGTTGCC-3,
Reverse 5-GCCGCTCGGAAAAGGACAAA-3’; lI131ra Forwatsl-
GCCACGATCACATGGAAGGA-3’, Reverse 5'- CACTGCAGGGCATAEGAGTT-3'; Kene3
Forward 5-ATCCGGGGACTCAAGGAAGA-3’, Reverse 5'-
AGGAAAGGCCCAGAGCTAGA-3’; Syt7 Forward 5-GTCACTATCEGCCTCTGCGG-3',
Reverse 5’-GACAGGAGCGTGCCATTGAG-3’; Camk2b Forwardeverse; Dgkz Forward 5'-

GCACCTCAACTATGTGACGGA-3', Reverse 5'- TCTGGTCACGGTATGAG-3'.
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FIGURE LEGENDS

Figure 1. MrgprA3’ neurons are distinct itch-sensing neurons.

(A) Hematoxylin and eosin (H&E) staining of the slsections collected fromrgprA3®™ e

mice after SADBE or vehicle control treatments. 3tinduced contact dermatitis in the skin
evidenced by the parakeratosis and inflammatofy #fltration in the skin. (BMrgprA3®™

" mice developed robust scratching behavior aftemttergic contact dermatitis treatment. N =
5 mice for each group. (C) Principal componentsislshows distinct transcriptome
segregation of MrgprA3neurons and MrgprAdeurons. (D) Control and ACD conditions were
classified with SVM-based classification model. Hrea under the ROC curve (AUC) is clearly
higher for the MrgprA3neuron samples compare to MrgpiAgurons. (E-F) Gene ontology
(GO) Biological Process (E) and Molecular Functibhcategories analysis of enriched genes in
MrgprA3*" and MrgprA3 neurons. All -logy(P) >15 was defined as 15 to fit the graph.P <

0.005. Two-tailed unpaired Student’s t-test. Ebars represent s.e.m. Scale bar = 1190

Figure 2. Heat-maps showing the expression pattern of sensory neuron markersin

MrgprA3" and MrgprA3 neurons.

Differentially expressed Mrgprs (A), itch-relatedimcules (B), TRP channels (C), nociception-
related molecules (D), neurotrophin receptors ¢i)er sensory neuron markers (F), and

neuropeptides (G) were analyzed and plotted in-imegts. Columns are individual samples.
Figure 3. Heat-maps showing the expression patter n of ion channels.

Differentially expressed sodium channels (A), aaitichannels (B), chloride channels (C), and

potassium channels (D) were analyzed and plotté@at-maps. Columns are individual samples.
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Figure4. In situ hybridization validation of identified markersin MrgprA3* neurons.

(A-B) Fluorescenin situ hybridization and Venn diagrams showing the expogsoverlapping
of Hrhl (A), Hrh2 (B), PL@3 (A-B), Ptpn6 (C), and Pcdh12 (D) with MrgprA3.aebar = 20

um.

Figure5. MrgprA3" and MrgprA3 neurons ar e differentially affected by the allergic

contact der matitis condition.

(A) Venn diagram showing the minimal overlap of gechanged by ACD condition in
MrgprA3* and MrgprA3 neurons. Numbers inside of the circle indicaterthmber of genes
identified in the analysis. A3: MrgprA%eurons, N: MrgprA3neurons, ACD: allergic contact

dermatitis. (B) Gene ontology analysis of genesiged by the ACD treatment.

Figure 6. Heat-maps showing transcripts changed by ACD treatment in MrgprA3* and

MrgprA3 neurons.

Lists of transcription factors (A), nociceptionatdtd genes (B), ion channels (C),
neurotransmitter receptors (D), synapse-relatedgén) whose expression were changed by the
ACD treatment in MrgprA3and MrgprA3 neurons. For genes that were not significantly
changed by ACD (p>0.05), the value of 4fgpldchange) was defined as 0. (F) Real-time PCR
results showing the expression changes of six septative genes after ACD treatment. n =5
mice for each group. *P < 0.05, *P < 0.01, *P0<005. Two-tailed unpaired Student’s t-test.

Error bars represent s.e.m.

Supplementary Table 1: Differentially expressed genes in MrgprASeurons compared to

MrgprA3” neurons under naive condition.
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Supplementary Table 2: List of genes that were significantly changed byDA@ MrgprA3’

neurons.

Supplementary Table 3: List of genes that were significantly changed byDANG MrgprA3

neurons.

Supplementary Table 4: List of genes whose expression were changed by &Cioth

MrgprA3* and MrgprA3 neurons.

Supplementary Table5: FKPM values of all genes in all samples.
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