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The somatic sensory neurons in dorsal root ganglia (DRG) detect and transmit a diverse array of sensory modalities, such as pain, itch, cold,
warm, touch, and others. Recent genetic and single-cell RNA sequencing studies have revealed a group of DRG neurons that could be particularly
relevant for acute and chronic itch information transmission. They express the natriuretic peptide type B (NPPB), as well as a cohort of receptors
and neuropeptides that have been implicated in chronic itch manifestation, including the interleukin-31 receptor A (IL-31ra) and its coreceptor
oncostatin M receptor (Osmr), the cysteinyl leukotriene receptor 2 (Cysltr2), somatostatin, and neurotensin. However, how these neurons are
generated during development remains unclear. Here we report that Runx1 is required to establish all these molecular features of NPPB�

neurons. We further show that while early embryonic Runx1 activity is required for the formation of NPPB� cells, at later stages Runx1 switches
to a genetic repressor and thus its downregulation becomes a prerequisite for the proper development of these pruriceptors. This mode by Runx1
is analogous to that in controlling another group of pruriceptors that specifically express the chloroquine receptor MrgprA3. Finally, behavioral
studies using both sexes of mice revealed marked deficits in processing acute and chronic itch in Runx1 conditional knock-out mice, possibly
attributable to impaired development of various pruriceptors.
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Introduction
The somatosensory neurons in dorsal root ganglia (DRG) detect
and transmit distinct modalities of sensory information, such as

pain, itch, cold, warm, and touch, and their individual subtypes
can be determined by differential expression of molecular mark-
ers. Three molecularly defined DRG neuron subtypes have been
implicated in pruritogen-evoked itch sensation (Liu et al., 2009,
2012; Han et al., 2013; Mishra and Hoon, 2013; Stantcheva et al.,
2016), and their molecular profiles have been revealed by recent
large-scale single-cell RNA sequencing (Chiu et al., 2014; Usoskin
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Significance Statement

Our studies reveal a generalized control mode by Runx1 for pruriceptor development and consolidate a hierarchical control mechanism
for the formation of sensory neurons transmitting distinct modalities. Among dorsal root ganglion neurons that initially express the
neurotrophin receptor TrkA, Runx1 is necessary for the proper development of those neurons that innervate tissues derived from the
ectoderm such as skin epidermis and hair follicles. These Runx1-dependent cutaneous sensory neurons are then divided into two groups
based on persistent or transient Runx1 expression. The Runx1-persistent group is involved in transmitting mechanical and thermal
information, whereas the Runx1-transient group transmits pruriceptive information. Such hierarchical control mechanisms may pro-
vide a developmental solution for the formation of sensory circuits that transmit distinct modalities.
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et al., 2015; Li et al., 2016). Neurons expressing the G-protein-
coupled receptor MrgprD (MAS-related GPR family member D),
referred to as the NP1 or C5/C6 clusters of DRG neurons (Uso-
skin et al., 2015; Li et al., 2016), transmit a specific form of chem-
ical itch evoked by �-alanine, although a major function of these
neurons is to transmit light punctate mechanical information
(Cavanaugh et al., 2009; Rau et al., 2009; Liu et al., 2012). Neu-
rons expressing MrgprA3 (MAS-related GPR family member
A3), referred to as the NP2 or C4 cluster of DRG neurons, are
dedicated to itch (Liu et al., 2009; Han et al., 2013; Usoskin et al.,
2015; Li et al., 2016). Ablation of NP2 neurons markedly reduces
scratching responses to a range of chemical agents while retaining
pain sensitivity (Han et al., 2013). The third subtype, referred to
as the NP3 or C2 cluster of DRG neurons (Usoskin et al., 2015; Li
et al., 2016), also emerges to play a crucial role for the transmis-
sion of itch information. These NP3 neurons are labeled by the
expression of natriuretic peptide type B (NPPB), which serves as
a neurotransmitter to signal itch information to spinal cord relay
neurons (Mishra and Hoon, 2013; Usoskin et al., 2015). Removal
of the NPPB gene causes almost complete loss of behavioral re-
sponses to a range of itch-inducing agents (Mishra and Hoon,
2013). Thus, and surprisingly, inputs from two nonoverlapped
populations of pruriceptors, NP2 and NP3, are jointly required to
transmit itch evoked by many common pruritogens (Han et al.,
2013; Mishra and Hoon, 2013; Usoskin et al., 2015).

In addition, NP3 neurons specifically express the interleukin-31
receptor A (IL-31ra) and its coreceptor oncostatin M receptor
(Osmr), as well as the cysteinyl leukotriene receptor 2 (Cysltr2),
all of which have been implicated in chronic allergic itch mani-
festation (Dillon et al., 2004; Taylor-Clark et al., 2008; Usoskin et
al., 2015). Furthermore, NP3 neurons express several other neu-
ropeptides and peptide receptors, such as somatostatin (Sst),
neurotensin (Nts), and the neuropeptide Y receptor Y2 (Npy2r;
Usoskin et al., 2015; Li et al., 2016). Sst-Cre marks a subset of NP3
neurons, and their ablation causes a reduction of scratching be-
havior evoked by interleukin-31 (Stantcheva et al., 2016), further
consolidating a role for NP3 neurons in transmitting both acute
itch and possibly chronic itch as well.

A major question in developmental neurobiology is to under-
stand how these somatic sensory neuron subtypes are specified
and segregated during development. We have reported previ-
ously that the runt-domain transcription factor Runx1 is neces-
sary for the specification of MrgprD� NP1 and MrgprA3� NP2
neurons (Chen et al., 2006; Liu et al., 2008; Lou et al., 2013) as well
as several other classes of sensory neurons associated with the
transmission of thermal and mechanical information (see Fig. 7,
summary). Here, we performed both loss-of-function and gain-
of-function studies, showing that Runx1 is required to establish a
unique molecular program associated with NPPB� NP3 neu-
rons. Our studies also reveal a generalized hierarchical control
mechanism that allows pruriceptors to be segregated from other
sensory modalities.

Materials and Methods
Animals. The generation of mice carrying the floxed Runx1 allele (RRID:
MGI:4358522), Wnt1-Cre and SNS-Cre transgenic mice, has been de-
scribed previously (Jiang et al., 2000; Agarwal et al., 2004; Growney et al.,
2005). Rosa26 LSL-tdTomato mice were purchased from The Jackson
Laboratory. The morning that vaginal plugs were observed was consid-
ered embryonic day 0.5 (E0.5). For immunohistochemical studies, mice
at postnatal day 30 (P30) were used. For behavioral analyses, 1- to
2-month-old mutant and control littermates of either sex were used. All
behavioral test protocols were approved by the Institutional Animal Care
and Use Committee at Hangzhou Normal University.

Generation of Runx1 conditional knock-in mice. To target the Rosa26
locus, the Rosa26 acceptor was constructed, which contained a CAG-
Loxp-PGK-Neo-poly(A)-Loxp cassette flanked with 5� and 3� homology
arms, as well as a diphtheria toxin cassette for negative selection. The
cDNA containing a complete open reading frame of Runx1 was then
inserted between the second Loxp site and the 3� homology arm. The
final targeting vector was linearized and electroporated into the 129Sv/J
J1 ES cell line. G418-resistant ES cell clones were selected and screened by
Southern hybridization. Genomic DNA digested with EcoRV was ana-
lyzed with a 0.7 kb probe (immediately upstream of the 5� arm). Chime-
ric mice were generated from positive ES cell clones following standard
procedures. By mating with C57BL/6J mice, the germline transmission
was obtained and confirmed by both Southern blot and PCR. The geno-
typing PCR was performed using the following set of primers: 5�-GAG
TTC TCT GCT GCC TCC TGG-3�, 5�-CGA GGG CAG CCA TAG CAA
CTC-3�, and 5�-CGA GGC GGA TCA CAA GCA ATA-3�, with wild-type
allele showing a 300 bp band and the Runx1 knock-in allele showing a
600 bp band by agarose gel electrophoresis.

In situ hybridization and immunofluorescence. Mice were anesthetized
with CO2 and perfused with 4% paraformaldehyde in PBS, pH 7.4, at
4°C. Spinal cords and DRG were dissected and postfixed at 4°C for 16 –18
h. Tissues were cryoprotected in 25% sucrose, embedded with O.C.T.,
and stored at �80°C before use. The procedures for in situ hybridization
(ISH) and probe preparation have been described previously (Chen et al.,
2006). The primer information for preparing all probes was from http://
www.brain-map.org. The primary antibodies used in immunofluores-
cence (IF) staining include rabbit anti-Runx1 monoclonal antibody (1:
500; catalog #ab92336, Abcam RRID:AB_2049267) and rabbit anti-c-Fos
(1:1000; catalog #ABE457, Millipore; RRID:AB_2631318). FITC-conjugated
Isolectin B4 (IB4) was purchased from Sigma-Aldrich. The secondary anti-
bodies were from Life Technologies. The ISH/IF double staining was per-
formed as previously described (Liu et al., 2008).

Behavioral studies. All itch behavioral tests were performed as previ-
ously described with minor modifications (Shimada and LaMotte, 2008;
Liu et al., 2010). Briefly, pruritic compounds were subcutaneously in-
jected into the nape of the neck, or the left cheek of the animal for the
cheek injection, after animal acclimatization. Both males and females
mice were used for the studies. For the allergy itch model, 50 �g of
ovalbumin and 2 mg of Inject Alum dissolved in PBS were administered
intraperitoneally twice, separated by 10 d. One week after the second
sensitization, 50 �g of ovalbumin was injected to monitor itch responses.
Behavioral responses were recorded for 30 min, and the video was re-
played to count the number of scratching bouts with the hindpaw di-
rected toward the injection site. Investigators who performed these
behavioral analyses are blinded to genotypes.

c-Fos induction in the spinal cord. One- to two-month-old Runx1F/F;
Wnt1-Cre and Runx1F/F mice were anesthetized with isoflurane. Eighteen
micrograms of IL-31 in 10 �l of saline was injected into the left planta.
Two hours later, the L4 –L5 spinal cords were dissected and treated as
previously described (Liu et al., 2010). Frozen spinal cord sections
(14 �m) were immunostained for c-Fos according to the manufacturer
instructions.

Cell counting and statistical analysis. L4 or L5 lumbar DRG were dis-
sected from two to three pairs of mutant and control mice. Three to four
mutant or control DRG were used to prepare six sets of adjacent sections
at 12 �m thickness. Each set was processed for immunostaining or was
used for ISH with the probe of the gene of interest. The data obtained
with a Superior Cervical Ganglion 10 (SCG10) probe were presented as
the total number of neurons on one set of sections, and that of other
probes were normalized accordingly. Only cells containing nuclei and
showing levels of expression or staining clearly above background were
counted. Representative data are from experiments that were replicated
biologically at least three times with similar results. For itching behav-
ioral tests, averages and SEMs of scratching bouts were calculated for
each group, and the difference between control and mutant samples was
subjected to a two-tailed, unpaired Student’s t test, with p � 0.05 con-
sidered to be significant. To determine the Runx1 expression level, 8 bit
grayscale images of DRG sections stained with Runx1 antibody and a
fluorescence-conjugated secondary antibody were analyzed using ImageJ
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(RRID:SCR_003070) and Adobe Photoshop (RRID:SCR_014199). The
images were inverted, and the average grayscales (K value) of signals in
individual nuclei were measured for all cells within a given DRG section.
The highest density of Runx1 signal was set as 100%, and the relative
intensity of signal (RIS) in other cells was calculated. The normalized RIS
was used to categorize the differential expression level of Runx1. � 2 tests
were performed using SPSS (RRID:SCR_002865), with p � 0.05 consid-
ered to be significant.

Results
Impaired development of NPPB � NP3 pruriceptors in Runx1
conditional knock-out mice
We first used ISH to examine the expression patterns of NP3
markers in wild-type DRG at different developmental stages. We
found that NPPB expression was initiated at P7 (6.4 � 0.6% of
total DRG neurons) in lumbar DRG (Fig. 1A), the extent of which
peaked at P10 (10.2 � 0.5%; data not shown) and remained

stable at young adult stages (P30; 11.4 � 0.9%; Fig. 2A, left).
Similarly, the expression of IL-31ra, Cysltr2, and Sst in DRG
emerged at P7 and was also detectable at P30 (Figs. 1B–D,
2B,D,F, left panels). The synchronized onset of these NP3 neu-
ron markers suggested the existence of a selector-like transcrip-
tional program that coordinates NP3 neuron development. In
contrast to the relatively late onset of NP3 neuron markers, ex-
pression of the NP1 marker MrgprD was initiated at E16 and the
expression of the NP2 marker MrgprA3 started at P0 (Fig. 1E;
Chen et al., 2006; Abdel Samad et al., 2010).

We reported previously that the runt domain transcription
factor Runx1 is necessary for the development of NP1 and NP2
neurons (Chen et al., 2006; Liu et al., 2008). To determine
whether Runx1 was involved with the specification of NP3 neu-
rons, we generated Runx1 conditional knock-out (CKO) mice by
crossing Runx1F/F mice with Wnt1-Cre. In the resulting Runx1F/F;
Wnt1-Cre mice, Runx1 was removed in all neural crest cells in-
cluding sensory precursors (Jiang et al., 2000; Chen et al., 2006).
We next performed ISH and found that the expression of NP3
markers, including NPPB, IL-31ra, Osmr, Cysltr2, Npy2r, Sst,
and Nts, was all abolished in P30 DRG from Runx1F/F;Wnt1-Cre
mice (Fig. 2A–G, middle panels). As previously reported (Chen et
al., 2006), the expression of NP2 marker MrgprA3 was also lost in
Runx1F/F;Wnt1-Cre DRG (Fig. 2H, middle), indicating that
Runx1 coordinates the development of two principle populations
of pruriceptors, NP2 and NP3. Regarding Npy2r, it should be
noted that single-cell sequencing reveals the strong expression in
NP3 neurons as well as the weak expression in myelinated neu-
rons (Chiu et al., 2014; Usoskin et al., 2015; Li et al., 2016), and
this weak expression was not detected by our ISH in P30 DRG
(data not shown). A recent study shows that DRG neurons
marked by the transgenic Npy2r::Cre, which are distinct from
neurons labeled by transgenic Npy2r::GFP (Li et al., 2011), are
required to sense pinprick-evoked mechanical pain (Arcourt et
al., 2017). Development of these myelinated Npy2r� neurons is
likely independent of Runx1 since pinprick-evoked pain remains
intact in Runx1F/F;Wnt1-Cre mice (Chen et al., 2006).

To gain insight into what developmental stages Runx1 activity
is required to control NP3 neuron development, we created a
different line of Runx1 CKO mice by crossing Runx1F/F mice with
the transgenic SNS-Cre mice, in which Cre is driven from a
genomic fragment derived from the SNS/Nav1.8 promoter region
and Cre expression starts at �E16.5 (Agarwal et al., 2004; Abdel
Samad et al., 2010). The resulting CKO mice were referred to as
Runx1F/F;SNS-Cre. We found that the expression of NPPB, IL-
31ra, Osmr, Cysltr2, Npy2r, Sst, and Nts was still eliminated in
Runx1F/F;SNS-Cre mice (Fig. 2A–G, right panels). Consistent
with our previous report (Abdel Samad et al., 2010), the expres-
sion of the NP2 marker MrgprA3 was, however, retained in
Runx1F/F;SNS-Cre mice (CKO, 8.5 � 0.1%; control, 11.3 � 0.2%;
n 	 3 for each group; p 	 0.15; Fig. 2H, right). Thus, while Runx1
activity before E16.5 is needed to establish a competent state for
the specification of NP2 pruriceptors, Runx1 needs to operate
beyond E16.5 to specify NP3 pruriceptors.

Attenuated acute chemical itch in conditional Runx1-null
mice
Both NP2 and NP3 neurons have been implicated to play a major
role in transmitting itch information (Han et al., 2013; Mishra
and Hoon, 2013; Stantcheva et al., 2016). To further confirm
impaired specification of these neurons in Runx1F/F;Wnt1-Cre
mice, we examined itch responses evoked by a range of chemical
pruritogens. To do this, we performed intradermal injections of a

Figure 1. DevelopmentalonsetofNP3andNP2markers inDRG.A–E, ISHwithindicatedprobesof
NP3 markers, including NPPB (A), IL-31ra (B), Cysltr2 (C), and somatostatin (Sst) (D), and NP2 marker
MrgprA3 (E) were performed on sections through lumbar DRG from Runx1F/F control mice at indicated
developmental stages. Arrowheads indicate positive cells. Scale bars, 50 �m.
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series of pruritogenic agents into the nape region and recorded
the scratching responses. We found that scratching bouts evoked
by Compound 48/80, an agent indirectly activating histamine-
dependent itch pathway (Sugimoto et al., 1998), were reduced in

Runx1F/F;Wnt1-Cre CKO mice in comparison with Runx1F/F

control mice (CKO, 191 � 54; control, 415 � 21; n 	 4 for both
groups; p 	 0.0085; Fig. 2I). Chloroquine (CQ) evokes hist-
amine-independent itch (Liu et al., 2009). In Runx1F/F;Wnt1-Cre

Figure 2. Impaired NP3 neuron development and diminished acute and chronic itch responses in Runx1 mutant mice. A–H, ISH with indicated probes of NP3 markers, including NPPB (A), IL-31ra
(B), Osmr (C), Cysltr2 (D), Npy2r (E), somatostatin (F ), and neurotensin (G), and NP2 marker MrgprA3 (H ) were performed on sections through lumbar DRG from P30 Runx1F/F control mice and
Runx1F/F;Wnt1-Cre or Runx1F/F;SNS-Cre mutant mice. Note the differential time window requirements of Runx1 for the development of NP3 versus NP2 neurons. Arrowheads indicate positive cells.
Scale bar, 50 �m. I–O, Runx1F/F;Wnt1-Cre mice (column in black) exhibited remarkable scratching defects after intradermal injection of Compound 48/80 (n 	 4; I ), CQ (n 	 7; J ), �-Me-5HT (n 	
4; K ), �-alanine (n 	 5; L), IL-31 (n 	 5; M ), and LTD4 (n 	 5; N ), and diminished allergic chronic itch responses in an ovalbumin-induced allergic itch model (n 	 5; O) compared with Runx1F/F

control mice (column in white). Error bars represent the SEM. Significant differences were determined by using Student’s t test: **p �0.01, ***p �0.001. P, Q, Double stainings with c-Fos antibody
and Isolectin B4 were performed on sections through L4 –L5 spinal cord from adult Runx1F/F;Wnt1-Cre and Runx1F/F control mice pretreated with intraplantar injection of IL-31. Significantly reduced
c-Fos signals (arraw) in the superficial dorsal horn from Runx1F/F;Wnt1-Cre mice suggested impaired itch sensitivity in Runx1 mutant mice. Scale bar, 50 �m.
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CKO mice, CQ-evoked scratching responses were dramatically
diminished (CKO, 50 � 12; control, 224 � 34; n 	 7 for both
groups; p 	 0.0005; Fig. 2J). In addition, the injection of
�-methyl-serotonin (�-Me-5HT), a serotonin derivative (Imamachi et
al., 2009), elicited reduced scratching in Runx1F/F;Wnt1-Cre mice
(68 � 8 bouts) compared with that in control littermates (143 �
14 bouts; n 	 4 for both groups, p 	 0.0034; Fig. 2K). Similarly,
intradermal injection of �-alanine in the cheek evoked robust
scratching responses in control mice, but nearly none in Runx1F/F;
Wnt1-Cre mice (CKO, 5.2 � 2.0; control, 84 � 11; n 	 5 for each
group; p 	 0.00008; Fig. 2L), attributable to the loss of its receptor
MrgprD, a marker for NP1 cells (Liu et al., 2012; Usoskin et al.,
2015). These data indicated that acute itch sensitivity to multiple
pruritogens is attenuated or virtually abolished following the
constitutive loss of Runx1 function in developing DRG neurons.

Impaired chronic itch in conditional Runx1-null mice
IL-31 and leukotriene D4 (LTD4) are two endogenous mediators
associated with chronic inflammatory itch through the receptors
IL-31ra/Osmr and Cysltr2, respectively (Dillon et al., 2004;
Taylor-Clark et al., 2008). Strikingly, the injection of IL-31 and
LTD4 scarcely induced an itching response in Runx1F/F;Wnt1-
Cre CKO mice (IL-31: 2.3 � 1.3 in CKO vs 112 � 32 in control,
n 	 5 for both groups, p 	 0.009; LTD4: 12 � 5 in CKO vs 89 �
18 in control, n 	 5 for both groups, p 	 0.0037; Fig. 2M,N),
which is coincident with the loss of IL-31ra and Cysltr2 expres-
sion in DRG from Runx1F/F;Wnt1-Cre mice. We next analyzed
the chronic itch responses in Runx1F/F;Wnt1-Cre mice. In a
mouse model of ovalbumin-induced allergic itch (Krajnik and
Zylicz, 2001), we found that the spontaneous scratching bouts
were dramatically reduced in Runx1F/F;Wnt1-Cre mice (41 � 6
bouts), compared with that in Runx1F/F control mice (212 � 34
bouts; n 	 5 for both groups; p 	 0.004; Fig. 2O), suggesting that,
in addition to acute chemical itch, chronic allergic itch sensitivity
is also greatly attenuated in the absence of Runx1.

Impaired itch information transmission in the spinal cord of
conditional Runx1-null mice
Using c-Fos expression as a marker for the activation of spinal
neurons (Hunt et al., 1987; Gao and Ji, 2009), we next examined
itch information transmission from the skin to the spinal cord. In
Runx1F/F control mice, intraplantar injection of IL-31 induced
robust c-Fos expression in Laminar II of the ipsilateral dorsal
spinal cord (Fig. 2P, left). In the spinal segment innervated by L4
and L5 DRG neurons, 2013 � 149 c-Fos� neurons were detected.
In contrast, only 307 � 26 c-Fos� neurons were observed in the
L4 –L5 segment of the spinal cord from Runx1F/F;Wnt1-Cre mice
(Fig. 2P, right), representing an 85% reduction (n 	 3 for both
groups; p 	 0.00035; Fig. 2Q). Thus, consistent with marked behav-
ioral deficits, transmission of itching information from the skin to
the spinal cord is compromised in Runx1F/F;Wnt1-Cre mice.

Transient Runx1 expression in NPPB � NP3 neurons
We next examined how Runx1 controls NP3 neuron develop-
ment. We reported previously that Runx1 uses two distinct
modes in controlling the development of MrgprD� NP1 and
MrgprA3� NP2 neurons (Liu et al., 2008; Usoskin et al., 2015).
Runx1 is genetically a constitutive activator for MrgprD, and,
accordingly, Runx1 expression is persistent in most MrgprD�

NP1 neurons (Liu et al., 2008), as also shown below. In contrast,
Runx1 switches from an activator at early embryonic stages to
a repressor at postnatal stages (in genetic terms) in regulating
MrgprA3 expression. As such, Runx1 expression needs to be

downregulated in prospective MrgprA3� NP2 neurons before
MrgprA3 expression is established at neonatal stages (Liu et al.,
2008). To determine what mode is used by Runx1 to control NP3
neuron development, we examined Runx1 expression patterns in
developing NPPB� NP3 neurons using double staining of Runx1
protein and NPPB mRNA and then compared the results with
Runx1 expression in MrgprD� NP1 and MrgprA3� NP2 cells.
We first confirmed the specificity of the rabbit anti-Runx1 mono-
clonal antibody by showing the complete loss of Runx1 immu-
nostaining signals in the nuclei of DRG neurons from Runx1F/F;
Wnt1-Cre mice (Fig. 3A). Because of variable Runx1 expression
levels from cells to cells, we determined the RIS for all individual
cells within a given DRG section. We found the following three
major categories of Runx1 expression: (1) negative (RIS �20%
for barely detectable expression); (2) low (with RIS within the
range of 20% to 60%); and (3) high (with RIS 
60%). NPPB�

NP3 neurons largely display negative or low levels of Runx1 ex-
pression at every stage examined, including P7, when NPPB ex-
pression is initiated (negative, 25.7%; low, 72.1%; high, 2.2%;
Fig. 3B,F), and P30 (negative, 22.6%; low, 74.0%; high, 3.4%;
Fig. 3C,G). MrgprA3� NP2 neurons also show negative and low
levels of Runx1 expression (negative, 73.4%; low, 26.2%; high,
0.4%; Fig. 3D,H), although the negative category is more dom-
inant (73.4%, 204 of 278 neurons) in comparison with NPPB�

NP3 neurons (22.6%, 47 of 208 neurons; � 2 test, p � 0.001). In
contrast, most of the MrgprD� NP1 neurons showed high levels
of Runx1 expression (negative, 3.9%; low, 36.0%; high, 60.1%;
Fig. 3E, I). The percentage of MrgprD� NP1 neurons with high
Runx1 expression at P30 (60.1%, 668 of 1112 neurons) is signif-
icantly different from that of NPPB� NP3 neurons (3.4%, 7 of
208 neurons; � 2 test, p � 0.001) or MrgprA3� NP2 neurons
(0.4%, 1 of 278 neurons; � 2 test, p � 0.001). We reported previ-
ously that at E12.5–E14.5, Runx1 is highly expressed in most, if
not all, TrkA lineage sensory neurons (Chen et al., 2006), and
these TrkA� neurons give rise to all small-diameter unmyeli-
nated sensory neurons that NP1–3 cells belong to (Ma et al., 1999;
Patel et al., 2000; Zylka et al., 2005; Han et al., 2013; Mishra and
Hoon, 2013; Usoskin et al., 2015). Thus, Runx1 expression is
either eliminated or downregulated in prospective NP2 and NP3
neurons by the time NP2/3 neuron markers are established.

Genetic prevention of Runx1 downregulation impaired
NPPB � neuron development
We next asked whether the downregulation of Runx1 is necessary
for the development of NPPB� NP3 neurons. To test this, we
constructed a new conditional Runx1 knock-in mouse line,
Rosa26-lox-STOP-lox-Runx1, which is referred to as R26Runx1, in
which Runx1 expression is driven by the constitutive Rosa26
promoter once the “STOP” cassette is removed through Cre-
mediated recombination (Fig. 4A). This mouse line was origi-
nally created for the purpose of studying nociceptor plasticity
following nerve injury, which normally turns off Runx1 expres-
sion (data not shown). This injury-induced Runx1 extinguish-
ment can be prevented by using the Rosa26 promoter to drive
ectopic Runx1 expression, whereas gene expression driven from
the Tau promoter is still downregulated following nerve injury
(data not shown). By crossing R26Runx1 mice with SNS-Cre and
R26tdTomato reporter mice, we generated R26Runx1/tdTomato;SNS-
Cre mice, in which the expression of exogenous Runx1 and
tdTomato occurred in most nociceptors with the expression of
Cre recombinase driven from the SNS/Nav1.8 promoter (Agar-
wal et al., 2004). We found that, compared with 68.5 � 1.6% of
tdTomato� DRG neurons labeled by Runx1 antibody in P30
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R26�/tdTomato;SNS-Cre control mice, 94.8 � 0.6% of tdTomato�

DRG neurons were Runx1� in P30 R26Runx1/tdTomato;SNS-Cre
mice (n 	 3 for each group; p 	 0.0004; Fig. 4B,C). Thus, Runx1
expression became constitutive in most, if not all, SNS-Cre-
marked DRG neurons.

We next analyzed the phenotypes in R26Runx1/�;SNS-Cre
mice. Using the pan-neuronal marker SCG10, we detected com-
parable total numbers of neurons on each set of L4 DRG sections

between R26Runx1/� control mice (1020 � 53) and R26Runx1/�;
SNS-Cre mice (1069 � 79; n 	 4 for each group; p 	 0.64; Fig.
4D, I), indicating that the expansion of Runx1 expression in
R26Runx1/�;SNS-Cre DRG did not cause cell death. Using adja-
cent sections, the counting of NPPB� and IL-31ra� neurons
revealed a marked reduction in R26Runx1/�;SNS-Cre DRG (NPPB:
from 13.1 � 1.1% in control mice to 4.7 � 0.3% in mutants, n 	
4 for each group, p 	 0.0017; IL-31ra: from 12.9 � 0.2% in

Figure 3. Runx1 expression patterns in NP1, NP2, and NP3 subtypes of DRG neurons. A, Immunohistocompatibility staining on DRG sections from P30 Runx1F/F control (left) and Runx1F/F;Wnt1-
Cre (right) mice demonstrated the sensitivity and specificity of the anti-Runx1 antibody used in this study. Scale bar, 100 �m. B–E, ISH with indicated probes combined with Runx1 immunostaining
was performed on DRG sections from P7 (B) or P30 (C–E) wild-type mice. A low level of Runx1 expression (arrowhead) or none (sunken arrowhead) was detected in NPPB-expressing NP3 (B, C) and
MrgprA3-expressing NP2 (D) neurons, while most MrgprD � NP1 neurons maintained high levels of Runx1 expression (E, arrow). Scale bar, 50 �m. F–I, Quantification of NPPB � (n 	 136 cells for
P7 and 208 cells for P30), MrgprA3 � (n 	 278 cells), and MrgprD � (n 	 1112 cells) neurons based on their relative intensity of Runx1 signal (negative, �20%; low, 20% to �60%; high, 
60%).
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control mice to 4.4 � 0.2% in mutants, n 	 4 for each group, p 	
0.0001; Fig. 4E,F,J). Similarly, the percentage of MrgprA3� NP2
neurons was reduced from 11.2 � 0.3% in control mice to 1.5 �
0.1% in R26Runx1/�;SNS-Cre mice (n 	 4; p 	 0.0002; Fig. 4G,J).

In contrast, a statistically significant, albeit slight, increase in
MrgprD� neurons was observed in R26Runx1/�;SNS-Cre mice
(control mice: 34.8 � 0.7%; R26Runx1/�;SNS-Cre mice: 41.1 �
0.3%; n 	 4; p 	 0.0015; Fig. 4H, J).

Figure 4. Compromised NP3 and NP2 pruriceptor development and impaired itch responses to pruritogens in mice with constitutive Runx1 expression in DRG. A, Diagram showing the generation
of a Rosa26-Loxp-STOP-Loxp-Runx1 knock-in mouse line. The open reading frame of Runx1, following a STOP cassette (Neo) flanked by two LoxP sites, was insert into the Rosa26 locus, which could
offer constitutive Runx1 expression upon removal of the STOP cassette by Cre-mediated recombination. B, C, Runx1 immunostaining on DRG sections from P30 R26�/tdTomato;SNS-Cre control and
R26Runx1/tdTomato;SNS-Cre mice and quantitative data shown to the right demonstrated the constitutive Runx1 expression in SNS-Cre-marked DRG neurons in the Runx1 gain-of-function mice used
in this study. Arrows indicate Runx1 �;Tomato � cells. Scale bar, 100 �m. D–H, ISH with indicated probes, including SCG10 (D), NPPB (E), IL-31ra (F ), MrgprA3 (G), and MrgprD (H ), was performed
on sections through L4 or L5 lumbar DRG from P30 R26Runx1/�;SNS-Cre and R26Runx1/� control mice. Note the impaired expression of NP2 and NP3 markers in the DRG with constitutive Runx1
expression. Scale bar, 50 �m. I, J, Quantification of positive cells detected by the probe of SCG10 (I ) and NP1–3 neuron markers (J ). Note that while the total number of DRG neurons remained intact,
the development of NP2 and NP3 neurons was compromised in R26Runx1/�;SNS-Cre mice. K–O, Intradermal injection of Compound 48/80 (n 	 4; K ), CQ (n 	 4; L), IL-31 (n 	 4; N ), and LTD4 (n 	
5; O) induced attenuated itch responses in R26Runx1/�;SNS-Cre mice, while �-alanine injection in the cheek caused comparable bouts of scratching (n 	 5; M ). Error bars represent the SEM.
Significant differences were determined by using Student’s t test: **p � 0.01, ***p � 0.001. ns, Not significant.
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We further analyzed mice in which exogenous Runx1 was
introduced into both Rosa26 alleles, referred to as R26Runx1/Runx1;
SNS-Cre mice. Again, the total number of neurons per set of L4
DRG sections remained comparable between R26Runx1/Runx1 mice
(1000 � 38 neurons) and R26Runx1/Runx1;SNS-Cre mice (1120 �
88 neurons; n 	 3 for each group; p 	 0.28; Fig. 5A,F). Strikingly,
the expression of NPPB, IL-31ra, and MrgprA3 was virtually
completely lost (Fig. 5B–D,G). Meanwhile, the proportion of

MrgprD� neurons in lumbar DRG was increased to 50.1 � 1.1%
in R26Runx1/Runx1;SNS-Cre mice, and this percentage is signifi-
cantly larger than that in R26Runx1/Runx1 control mice (29.1 �
3.3%; n 	 3; p 	 0.0037; Fig. 5E,G) or in R26Runx1/�;SNS-Cre
heterozygous mice (41.1 � 0.3%; n 	 4; p 	 0.012). The recep-
tor tyrosine kinase Ret is expressed in MrgprD� and other
Runx1-dependent neurons (Chen et al., 2006), and the percent-
age of DRG neurons expressing Ret was also increased, from

Figure 5. Complete loss of NP3 and NP2 pruriceptors in DRG with exogenous Runx1 expression driven from both Rosa26 alleles. A–M, ISH with indicated probes on sections through L4 or L5
lumbar DRG from R26Runx1/Runx1;SNS-Cre and R26Runx1/Runx1 control mice (A–E, H–L) and quantification of positive cells (F, G, M ) showed comparable total numbers of DRG neurons (A, F ), a
complete loss of NP2 and NP3 neurons (B–D, G), as well as an increase in MrgprD-expressing neurons (E, G) when exogenous Runx1 expression was introduced in both Rosa26 alleles. As expected,
in R26Runx1/Runx1;SNS-Cre DRG, the expression of Ret was increased (H, M ), while TrkA expression was dramatically diminished (I, M ). In contrast, no significant expression changes were observed
for TrkB, TrkC, and PV (J–M ), suggesting that the development of myelinated DRG neurons was largely unaffected in R26Runx1/Runx1;SNS-Cre mice. Scale bars, 100 �m. Error bars represent the SEM.
Significant differences were determined by using the Student’s t test: **p � 0.01, ***p � 0.001. ns, Not significant.
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47.2 � 0.6% in R26Runx1/Runx1 control mice to 66.6 � 0.6% in
R26Runx1/Runx1;SNS-Cre mice (n 	 3; p � 0.0001; Fig. 5H,M). We
reported previously that Runx1 can suppress the expression of
the nerve growth factor receptor TrkA (Chen et al., 2006), and
consistently the percentage of DRG neurons expressing TrkA was
decreased, from 27.4 � 0.2% in R26Runx1/Runx1 control mice to
3.3 � 0.2% in R26Runx1/Runx1;SNS-Cre mice (n 	 3; p � 0.0001;
Fig. 5 I,M), analogous to the situation when ectopic Runx1 ex-
pression is driven from the Tau promoter (Abdel Samad et al.,
2010). The net loss of TrkA� neurons (27.4% � 3.3% 	 24.1%)
nearly matches the net increase in MrgprD� neurons (50.1% �
29.1% 	 21.0%) or Ret� neurons (66.6% � 47.2% 	 19.4%),
suggesting the possibility that a subset of TrkA� neurons had
been converted into MrgprD� neurons. In contrast, no signifi-
cant changes in the expression of TrkB (the receptor of the
brain-derived neurotrophic factor; control mice, 5.2 � 0.4%;
R26Runx1/Runx1;SNS-Cre mice, 4.9 � 0.6%; n 	 3; p 	 0.70; Fig.
5 J,M), TrkC (the receptor of neurotrophin-3; control mice,
7.1 � 0.6%; R26Runx1/Runx1;SNS-Cre mice, 7.1 � 1.0%; n 	 3; p 	
0.977; Fig. 5K,M), and parvalbumin (PV; control mice, 7.1 �
0.8%; R26Runx1/Runx1;SNS-Cre mice, 7.9 � 0.8%; n 	 3; p 	 0.46;
Fig. 5L,M) were observed between R26Runx1/Runx1;SNS-Cre and
R26Runx1/Runx1 control mice.

Altogether, these results suggest that while early Runx1 activ-
ity is required to establish a competent state for later activation of
NP2 and NP3 neuron markers, as indicated by their loss in
Runx1F/F;Wnt1-Cre CKO mice, at later stages Runx1 itself switches
to become a repressor (genetically), and Runx1 downregulation
becomes a prerequisite for the proper development of NP2 and

NP3 pruriceptors. In R26Runx1/Runx1;SNS-Cre mice in which
Runx1 expression becomes constitutive, the loss of MrgprA3�

NP2 and NPPB� NP3 neurons is accompanied by an increase in
MrgprD� NP1 neurons, although it remains to be determined
whether the prospective NP2 and NP3 neurons, or other DRG
neurons, are converted into MrgprD� neurons.

With marked reduction in the expression of NP2 and NP3
markers, we next assessed how R26Runx1/�;SNS-Cre mice re-
sponded to different pruritogens. We found that, compared with
R26Runx1/� control littermates, R26Runx1/�;SNS-Cre mutant mice
showed a significant reduction in scratching bouts evoked by
nape injection of Compound 48/80 (control mice, 343 � 42
bouts; mutants, 91 � 13 bouts; n 	 4 for both groups; p 	 0.0012;
Fig. 4K), CQ (control mice, 275 � 19 bouts; mutants, 107 � 19
bouts; n 	 4 for both groups; p 	 0.0008; Fig. 4L), IL-31 (control
mice, 201 � 35 bouts; mutants, 29 � 2 bouts; n 	 4 for both
groups; p 	 0.0025; Fig. 4N), or LTD4 (control mice, 125 � 24
bouts; mutants, 29 � 15 bouts; n 	 5 for both groups; p 	 0.0009;
Fig. 4O). In contrast, cheek injection of �-alanine evoked scratch-
ing bouts in R26Runx1/�;SNS-Cre mice (79 � 8 bouts), which is
comparable to that in R26Runx1/� littermates (79 � 15 bouts; n 	
5 for both groups; p 	 0.98; Fig. 4M), suggesting that the increase
in MrgprD expression in R26Runx1/�;SNS-Cre mice is insufficient
to cause an augmentation in �-alanine-evoked itching responses.

Differential impact on NP2 versus NP3 markers following
deletion of Runx1 C-terminal repression domain
The above studies showed that a dynamic change in Runx1 ex-
pression and activity is crucial for the proper development of NP2

Figure 6. Differential impact on NP2 versus NP3 markers following the deletion of Runx1 C-terminal repression domain. A–D, ISH with MrgprA3 (A, B) or NPPB (C, D) probes combined with IB4
staining was performed on DRG sections from P30 �446/�446 and wild-type control mice. Arrows indicate MrgprA3 �;IB4 � neurons. Sunken arrowheads indicate cells with single ISH signals.
Scale bar, 50 �m. E, Quantitative analysis showed the expansion of MrgprA3 expression in both IB4 � and IB4 � populations, as well as intact NPPB expression, in �446/�446 DRG in which the
C-terminal Groucho-interacting repression domain of Runx1 was removed. Significant differences were determined by using a Student’s t test: **p � 0.01, ***p � 0.001. ns, Not significant. Error
bars represent the SEM. F, Schematic suggests different control modes used by Runx1 in regulating the development of MrgprA3-expressing NP2 versus NPPB-expressing NP3 neurons.
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and NP3 pruriceptors, with Runx1 switching from an activator at
an early stage to a genetic repressor at late stages. We reported
previously that the C-terminal repression domain of Runx1,
which binds to the Groucho repressor complex (Durst and
Hiebert, 2004; Nishimura et al., 2004), is necessary for Runx1-
mediated suppression of MrgprA3 (Liu et al., 2008). Indeed, in
homozygous �446/�446 mice in which the C-terminal repres-
sion domain VWRPY is deleted, MrgprA3 expression was dra-
matically expanded (Fig. 6A,B). Within IB4� neurons of lumbar
DRG, the percentage of MrgprA3� neurons was increased from
9.0 � 1.2% in wild-type control mice to 63.7 � 2.9% in �446/
�446 mice (n 	 3 for each group; p 	 0.00006; Fig. 6E). Expan-
sion in IB4� neurons was also observed, from 8.6 � 1.3% in
control mice to 27.6 � 2.8% in �446/�446 mice (n 	 3 for each
group; p 	 0.0034; Fig. 6E). In contrast, no obvious expansion of
NPPB was observed (control mice, 9.0 � 0.3%; �446/�446 mice,
10.1 � 0.8%; n 	 3 for each group; p 	 0.27; Fig. 6C–E), suggest-
ing distinct modes by Runx1 in controlling molecular features
associated with NP2 versus NP3 pruriceptors (Fig. 6F).

Discussion
Runx1 coordinates pruriceptor development
In this study, we showed that Runx1 plays a pivotal role in the
development of NP3 neurons, as indicated by the requirement
of this transcription factor for the expression of a cohort of NP3-
specific markers, including NPPB, IL-31ra, Osmr, Cysltr2, Npy2r,
Nts, and Sst. Runx1 is also necessary for the development of
MrgprD� NP1 neurons and MrgprA3� NP2 neurons (Chen et
al., 2006; Liu et al., 2008). Several studies show that NP2 cells and
NPPB expressed in NP3 cells mediate itch evoked by most known

pruritogens, including histamine-dependent and histamine-inde-
pendent itch, and NP1 neurons mediate itch evoked by a more
specific form of pruritogen, �-alanine (Liu et al., 2009, 2012; Han
et al., 2013; Mishra and Hoon, 2013; Stantcheva et al., 2016).
Recently, it was reported that DRG neurons marked by Sst-Cre,
which represent a subset of NPPB�/SST� NP3 neurons (data not
shown), led to attenuated itching responses evoked by IL-31 and
serotonin (Stantcheva et al., 2016), further supporting an essen-
tial role of NP3 cells in mediating itch. Thus, Runx1 coordinates
the development of these molecularly defined pruriceptors. Con-
sistently, both acute chemical itch and chronic allergic itch are
greatly attenuated or abolished following the loss of Runx1
expression.

Our studies suggest an incoherent feedforward control mecha-
nism that can be generally applied to pruriceptor development, in
which Runx1 has two opposing branches of activity. For the positive
branch, Runx1 operates at early developmental stages to establish
unknown downstream events (Fig. 6F, X for NP2 and Y for NP3),
which is necessary for NP2/3 specification. For the negative branch,
Runx1 itself serves as a genetic repressor that suppresses molecular
features associated with NP2/3 pruriceptors. The repressor branch is
apparently dominant; as a result, once the positive events “X” and
“Y” are established, Runx1 downregulation becomes a prerequisite
for the emergence of molecular features belonging to NP2/3 neu-
rons. Accordingly, both Runx1 knockout at an early developmental
stage and a genetic prevention of Runx1 downregulation at late
stages lead to the impairment of NP2/3 neuron development.

Despite the shared incoherent feedforward control mecha-
nisms, there is a notable difference regarding how Runx1 controls

Figure 7. Hierarchical control of somatic sensory neuron development. The transcription factor Runx1 executes a master role in the development of TrkA lineage sensory neurons, as reflected by
anatomical and functional subdivision of these neurons.
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the development of NP2 versus NP3 pruriceptors. First, the tim-
ing of Runx1 activity in these two populations is different, with
NP2 neurons requiring Runx1 before E16.5 and NP3 neurons
requiring Runx1 beyond E16.5. Second, C-terminal Groucho-
interacting repression domain of Runx1 is necessary to restrict
MrgprA3 expression to NP2 cells, as suggested by the remarkable
expansion of MrgprA3 expression in �446/�446 mice in which
this repression domain is deleted. In contrast, no expansion of the
NP3 neuron marker NPPB is observed in �446/�446 mice. There
are two possible interpretations for the lack of NPPB expansion.
Since Runx1 alone is insufficient to activate all Runx1-dependent
genes (based on nonoverlapped expression of many Runx1-
dependent genes), one possibility is that only prospective NP3
neurons contain the necessary cofactors for the expression of
NP3 neuron markers; as a result, removal of the C-terminal re-
pression domain alone is insufficient for other DRG neurons to
turn on NP3 markers. Alternatively, Runx1 may use different
repression domains (Durst and Hiebert, 2004; Telfer et al., 2004)
or activate an unknown downstream transcriptional repressor to
suppress NP3 markers. It should be noted that while MrgprA3�

neurons innervate the epidermis within the hairy skin (Han et al.,
2013), NPPB� NP3 neurons innervate the border area between
dermis and epidermis in both hairy and glabrous skin (Stantcheva et
al., 2016), raising the possibility that the segregation of NP2 versus
NP3 pruriceptors might be controlled by signals derived from dif-
ferent target cells.

Our studies raise a major unsolved question about itch infor-
mation transmission. Although an earlier study (Mishra and
Hoon, 2013) highlighted the coexpression of NPPB with “Mrg-
prA,” several other studies have demonstrated nonoverlapped
expression between MrgprA3 and NPPB (Usoskin et al., 2015; Li
et al., 2016). Nonetheless, either ablation of MrgprA3 neurons
(Han et al., 2013) or removal of the NPPB gene (Mishra and
Hoon, 2013) leads to profound deficits in scratching responses
evoked by a common set of pruritogens. Thus, transmitters re-
leased from two nonoverlapped pruriceptors, NP2 and NP3, may
somehow act in an integrative manner to transmit itch informa-
tion in the spinal cord.

Hierarchical developmental organization of somatic
sensory neurons
Our developmental studies provide a hierarchical control mech-
anism in specifying distinct populations of DRG neurons (Fig. 7).
Somatic sensory neurons are formed mainly during two waves
(Frank and Sanes, 1991). The early wave produces propriocep-
tors and myelinated low-threshold mechanoreceptors (LTMRs),
whose genesis is dependent mainly on proneural gene neuroge-
nin 2 and minorly on neurogenin 1 (Ma et al., 1999). The late
waves produce most of the neurons of TrkA lineage, which coex-
press Runx1 at E12.5–E14.5 (Ma et al., 1999; Chen et al., 2006),
although a small subset of thinly myelinated TrkA lineage neu-
rons is produced during the early wave (Bachy et al., 2011). The
dynamic change in Runx1 expression during neonatal and post-
natal development then leads to a broad segregation of TrkA
lineage neurons into two groups (Chen et al., 2006; Abdel Samad
et al., 2010; Yang et al., 2013). The first group switches off Runx1
and retains TrkA, giving rise to “classic” peptidergic sensory neu-
rons that express neuropeptides calcitonin gene-related peptide
(CGRP) and/or substance P (Chen et al., 2006; Usoskin et al.,
2015). Development of most of these peptidergic neurons is not
only independent of Runx1 but also requires Runx1 extinguish-
ment during prenatal and postnatal stages since Runx1 acts ge-
netically as a repressor of TrkA, CGRP, and hundreds of genes

expressed in these neurons (Chen et al., 2006; Abdel Samad et al.,
2010; Yang et al., 2013). The second group of TrkA lineage neu-
rons includes MrgprD� NP1, MrgprA3� NP2, NPPB� NP3,
TH� C-LTMRs, TRPM8� cold-sensing neurons, and warm/
heat-sensing neurons with the highest TRPV1 expression (repre-
senting �10% of total TRPV1� neurons), all of which depend on
Runx1 for proper development (see above; Zylka et al., 2005;
Chen et al., 2006; Li et al., 2011; Delfini et al., 2013; Han et al.,
2013; Knowlton et al., 2013; Lou et al., 2013; Mishra and Hoon,
2013; Pogorzala et al., 2013; Usoskin et al., 2015). These Runx1-
dependent neurons are then divided into two subgroups (Fig. 7).
One expresses Runx1 persistently, including MrgprD� NP1
neurons, TH� C-LTMRs, cold-sensing TRPM8� neurons, and
warm-sensing TRPV1 highest neurons, and a further segregation of
MrgprD� versus TH� neurons is achieved by selective expres-
sion of the zinc finger protein 521 (Zfp521) in TH neurons (Chen
et al., 2006; Lou et al., 2013; Lou et al., 2015). The other Runx1-
dependent subgroup includes MrgprA3� NP2 and NPPB� NP3
pruriceptors, the development of which requires both early
Runx1 activity and subsequent Runx1 downregulation (see
above; Liu et al., 2008). Since Runx1 acts to activate Ret and to
suppress TrkA and CGRP, Runx1-persistent neurons, such as
MrgprD� neurons, express Ret but not TrkA/CGRP (Chen et al.,
2006), whereas Runx1 downregulation in NP2 and NP3 neurons
might explain why these neurons express low levels of Ret and
also display detectable TrkA and CGRP expression (Han et al.,
2013; Usoskin et al., 2015; Li et al., 2016; Stantcheva et al., 2016).

This hierarchical organization also reflects anatomical
and/or functional subdivision of TrkA lineage somatosensory
neurons (Fig. 7). First, the broad segregation of Runx1-depenent
and Runx1-independent subpopulations correlates with a bodily
organization of sensory afferent innervation. Runx1-dependent
neurons, including NP1, NP2, NP3, TH �, TRPM8 �, and
TRPV1 highest neurons, all innervate predominantly, if not exclu-
sively, superficial tissues derived from the ectoderm or in regions
right next to ectodermal tissues, such as epidermis, hair follicles,
and the border region between epidermis and dermis (Zylka et
al., 2005; Christianson et al., 2006; Takashima et al., 2007; Li et al.,
2011; Malin et al., 2011; Han et al., 2013; Lou et al., 2013; Yang et
al., 2013; Stantcheva et al., 2016). In contrast, Runx1-indepen-
dent TrkA�/CGRP� neurons innervate throughout the body,
with particularly high representation for neurons innervating
deep mesodermal and endodermal tissues (McMahon et al.,
1994; Bennett et al., 1996; Castañeda-Corral et al., 2011; Yang et
al., 2013). Second, among six Runx1-dependent subtypes, the
Runx1-persistent group (MrgprD� NP1, TH�, TRPM8�, and
TRPV1 highest) is required to transmit mechanical and thermal
sensory information (even though NP1 also play a minor role in
sensing itch evoked only by �-alanine; Cavanaugh et al., 2009;
Rau et al., 2009; Seal et al., 2009; Liu et al., 2012; Knowlton et al.,
2013; Pogorzala et al., 2013; François et al., 2015), whereas the
Runx1-transient group (NP2 and NP3) acts as pruriceptors (Han
et al., 2013; Mishra and Hoon, 2013; Fig. 7). We hypothesize that
persistent versus transient expression of Runx1 might partially
provide a developmental solution for different DRG neurons to
be connected to spinal neurons that transmit different sensory
modalities, such as pain versus itch.
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