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Development/Plasticity/Repair

Tlx3 and Runx1 Act in Combination to Coordinate the
Development of a Cohort of Nociceptors, Thermoceptors,
and Pruriceptors

Claudia Lopes,">* Zijing Liu,"* Yi Xu,"* and Qiufu Ma!
'Dana-Farber Cancer Institute and Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115, and 2Laboratory of Molecular Cell
Biology, University of Porto, 4200-319 Porto, Portugal

Neurons in the mouse dorsal root ganglia (DRGs) are composed of a variety of sensory modalities, such as pain-related nociceptors,
itch-related pruriceptors, and thermoceptors. All these neurons are derived from late-born neurons that are initially marked by the
expression of the nerve growth factor receptor TrkA. During perinatal and postnatal development, these TrkA lineage neurons are
globally segregated into Ret-expressing and TrkA-expressing subtypes, and start to express a variety of sensory receptors and ion
channels. The runt domain transcription factor Runx1 plays a pivotal role in controlling these developmental processes, but it remains
unclear how it works. Here we showed that the homeodomain transcription factor Tlx3, expressed broadly in DRG neurons, is required to
establish most RunxI-dependent phenotypes, including the segregation of TrkA-expressing versus Ret-expressing neurons and the
expression of a dozen of sensory channels and receptors implicated in sensing pain, itch and temperature. Expression of Runx1 and Tlx3
is independent of each other at prenatal stages when they first establish the expression of these channels and receptors. Moreover,
overexpression of Runx1 plus Tlx3 was able to induce ectopic expression of sensory channels and receptors. Collectively, these studies
suggest that genetically TIx3 acts in combination with Runx1 to control the development of a cohort of nociceptors, thermoceptors, and

pruriceptors in mice.

Introduction

Neurons in the DRGs involved in sensing pain, itch, and temper-
ature are derived from embryonic neurons initially marked by
the expression of TrkA, the nerve growth factor receptor (Liu and
Ma, 2011; Lallemend and Ernfors, 2012). For simplicity, “TrkA
lineage neurons” are used here to include all sensory neurons
initially expressing TrkA. In the past decade, a number of tran-
scription factors have been identified that control distinct aspects
of TrkA lineage neuron development (Liu and Ma, 2011; Lalle-
mend and Ernfors, 2012). Genesis of TrkA lineage neurons is
dependent mainly on the proneural protein Neurogl, but also
partly on Neurog2 in caudal DRGs (Ma et al., 1998, 1999; Bachy
et al., 2011). The homeodomain proteins Brn3a and Isletl are
critical for making the transition from neurogenesis to neuronal
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differentiation, and they also control sensory neuron identities
(Eng et al., 2004; Sun et al., 2008; Lanier et al., 2009; Dykes et al.,
2010, 2011; Zou et al., 2012). The zinfic protein KLF7 acts syner-
gistically with Brn3a to control TrkA expression (Lei et al., 2006).
The homeobox protein Cux2 might be involved with the devel-
opment of the thinly myelinated A-6 subset of TrkA lineage sen-
sory neurons (Bachy et al., 2011).

The runt domain protein Runx1 also plays pivotal roles in con-
trolling TrkA lineage neuron development (Liu and Ma, 2011).
Runxl is initially expressed in most newly born TrkA-expressing
cells, and both Runxl and TrkA expression then undergoes
dynamic changes during perinatal and postnatal development
(Liu and Ma, 2011; Lallemend and Ernfors, 2012). RunxlI is re-
quired for proper development of ~50% of those TrkA lineage
neurons that are going to switch off TrkA and activate the Ret
receptor tyrosine kinase (Chen et al., 2006; Yoshikawa et al.,
2007). Conversely, the other 50% of TrkA lineage neurons retain
TrkA and switch off Runx1, most of which become peptidergic
neurons marked by the expression of the calcitonin gene-related
peptide (CGRP) and substance P (SP) (Chen et al., 2006). A
subset of Runx1-dependent neurons are also peptidergic (Liu and
Ma, 2011; Lallemend and Ernfors, 2012). In mice with a condi-
tional knock-out of RunxI in sensory precursors, Ret ™ sensory
neurons switch to become TrkA * neurons (Chen et al., 2006;
Yoshikawa et al., 2007). Within Ret * sublineage neurons, RunxI
is necessary for the expression of dozens of channels and recep-
tors involved in sensing pain, itch, and/or temperature (Chen et
al., 2006; Abdel Samad et al., 2010; Liu and Ma, 2011).
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However, it remains unclear how Runxl coordinates such
diverse phenotypes within the Ret ™ subset of TrkA lineage neu-
rons. The homeodomain protein TIx3 plays a pivotal role in con-
trolling relay somatic sensory neuron development in the dorsal
spinal cord and hindbrain (Qian et al., 2002; Cheng et al., 2004; Li
etal.,2006; Xu etal., 2008). Here, we report that in DRG neurons,
TIx3 is required to establish most Runx1-dependent sensory phe-
notypes, and Runx1 and TIx3 operate at different developmental
stages to establish distinct sensory modalities.

Materials and Methods

Animals. The generation and genotyping of TIx3 complete null mice,
Runxl conditional knock-out mice, Wntl-Cre mice, and Nav1.8-Cre
mice have been previously described (Danielian et al., 1998; Shirasawa et
al,, 2000; Qian et al., 2001; Agarwal et al., 2004; Growney et al., 2005;
Chen etal., 2006). Male and female embryos and mice were equally used
for the analyses. The morning the vaginal plugs were observed was con-
sidered as embryonic day 0.5 (E0.5). All animal procedures are within
protocols reviewed and approved by the Animal Care Committees at the
Dana Farber Cancer Institute, Harvard Medical School.

Generation of Tlx3 conditional null mice. Schematics in Figure 2 (see
below) illustrate our strategy to generate mice carrying a conditional null
allele of TIx3. The targeting vector was constructed partly by using the
recombination system developed by Liu et al. (2003). The 5" LoxP DNA
sequence (the recognition site for the Cre recombinase) was inserted into
the first intron at the site 0.135 kb 5’ to the second exon; a EcoRV site was
added 5’ to this LoxP site, which was used for identification of embryonic
stem cell clones with successful gene targeting (see Fig. 2). The FRT-Neo-
FRT-LoxP positive selection cassette, which drives the expression of the
aminoglycoside phosphotransferase that will confer G418 resistant, was
inserted into the second intron at 0.3 kb 3’ to the second exon. This neo
cassette is flanked with two FRT sites, which can be recognized and
cleaved by the Flipase recombinase (Flpe), and ends with the second LoxP
site at the 3" end. The 9.4 kb 5’ recombination arm starts at the endoge-
nous EcoR1 site at the 5" end and ends right next to the first Loxp site
(0.235 kb 3’ to the first exon). The 3.1kb 3’ recombination arm starts
right after the neo cassette (0.3 kb 3’ to the second exon) and ends with
the endogenous Sall site (see Fig. 2). The DTA cassette, which drives the
expression of the Diphtheria Toxin A (DTA) for negative selection, is
placed 3’ to the short recombination arm (see Fig. 2). Upon linearization,
this targeting vector was electroporated into the J1 embryonic stem (ES)
cell line (derived from 129Sv/] mouse strain), with G418 included in the
culture medium for positive selection. Southern hybridization on genomic
DNA was performed, using a 0.889 Sall-Xholl genomic fragment (3’ to the
short recombination arm; see Fig. 2) as the probe, which produced a 15.3 kb
EcoRV fragment for the wild-type allele, and a 10.5 kb fragment for the
targeted allele (see Fig. 2). Greater than 80% of ES clones showed successful
targeting, and the targeted ES cells were injected into the blastocysts derived
from C57BL/6] females. Chimeric male mice were mated with C57BL/6]
females to generate heterozygous mice carrying the targeted allele. These
mice were mated with the Flpe deleter mouse line (Rodriguez et al., 2000), to
remove the neo cassette, leading to the creation of the mice carrying the TIx3
floxed allele, referred to as Tlx3" (see Fig. 2). TIx3" mice were then mated
with Nav1.8-Cre mice to remove the second exon, leading to the creation of
the null allele and generation of conditional knock-out mice (TIx3"%;
Nav1.8") (see Fig, 2). The genotyping for the conditional knock-out mice
after crossing Tlx3"" mice with Nav1.8-Cre mice was performed with the
following set of primers: (1) for Nav1.8-Cre allele, 5-AGACTAATCGCCAT
CTTCCAGC-3 and 5'-TATCTCACGTACTGACGGTG-3’, and (2) for
Tlx3 wild-type and floxed allele, 5'-TGTTTCGCCTCCTTTGCTCG-3" and
5'-GTTGGATGGAAGCAAAGATAG-3', with the floxed allele showing a
larger DNA band after gel electrophoresis.

In situ hybridization and immunostaining. In situ hybridization and the
probes used in this study (Mrgprd, Mrgpra3, Mrgprb4, Mrgprb5,
TRPA1, TRPMS, TRPV1, Navl.9, Ret, P2X3, Runxl, Tlx3) have been
described previously (Ma et al., 1999; Qian et al., 2001; Chen et al., 2006;
Liu et al., 2008; Abdel Samad et al., 2010). Collection of E16.5 and post-
natal day 0 (P0) embryos was done in ice-cold PBS, fixed overnight in 4%
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paraformaldehyde in PBS (PFA-PBS), and saturated in 20% sucrose in
PBS, also overnight at 4°C. For P30 mice, after perfusion with 4% PFA-
PBS, lumbar and thoracic DRGs were dissected and continued to be fixed
in 4% PFA-PBS for 2 h and saturated in 20% sucrose overnight at 4°C.
For immunohistochemistry studies, the following antibodies were used:
rabbitand guinea pig anti-Tlx3 (a gift from C. Birchmeier, Max Delbriick
Center for Molecular Medicine, Berlin, Germany), rabbit anti-RunxI (a
gift from T. Jessell, Columbia University, New York, NY), P2X3 (1:1000,
Neuromics), IB4-biotin (10 ug/ml, Sigma), rabbit anti-CGRP (1:500,
Peninsula), and rabbit anti-TrkA (1:500, a gift from L. Reichardt, Uni-
versity of California, San Francisco). Ret in situ hybridization combined
with IB4 immunostaining was performed as previously described (Abdel
Samad et al., 2010).

Cell counting. To quantify neurons expressing different molecular
markers, L4 and L5 (or T12 when mentioned) DRGs were dissected from
3 different mice, and these DRGs were sectioned into eight adjacent sets
with 12 wm in thickness. Each set was used for in situ hybridization with
aspecific probe or for immunostaining with a specific antibody. For each
molecular marker, at least three DRGs from different mice were in-
cluded. Only cells showing clear nuclei were counted. Average and SEM
were calculated, and the difference between wild-type and mutant mice
was subjected to a Student’s ¢ test, with p < 0.05 considered significant.

Electroporation on spinal cord explants. Full-length mouse Runx1 and
TIx3 cDNAs were subcloned into the replication-competent retroviral
vector RCASBP (Morgan and Fekete, 1996), with resulting plasmids re-
ferred to as RCASBP-TIx3 and RCASBP-Runx1 and used for electropo-
ration. The parental empty vector RCASBP was used for control. E12.5
mouse embryonic spinal cords were dissected, and cut into 4-mm-long
pieces along the rostrocaudal axis. The dorsal midline was cut to make
flat open-book explants as shown below in Figure 6. The explants were
placed onto the filter membrane (Millipore catalog #AABP02500). Plas-
mid (1 ul) was added onto the surface of each spinal explant, and the
explants were then electroporated with BTX #ECM 830 electroporator.
Electroporation conditions were as follows: 15 V, 50 ms, 5 pluses. For
single plasmid electroporation, 1 ul of (2 ug/ul) of the plasmid was used.
For Runx1 plus TIx3 electroporation, 1 ug/ul of each plasmid was used.
After electroporation, the explants were cultured on the floating filter
membranes, using the neural basal medium (Invitrogen 21103049) sup-
plemented with the nerve growth factor NGF (Invitrogen 13257-019) at
25 ng/ml, 1X Glutamax (Invitrogen 35050-061), and 1X B27 (Invitro-
gen 17504). After 3 d of culture, the explants were fixed with 4% PFA-
PBS and then processed for in situ hybridization.

Results

Broad Tlx3 expression in TrkA lineage DRG neurons

TIx3 is expressed broadly in developing sensory neurons in DRGs
atembryonic stages (Shirasawa et al., 2000; Qian et al., 2002), and
its expression was also detected at adult stages (Fig. 1 A). In lum-
bar DRGs at P30, TIx3 was expressed in a majority of small and
medium diameter neurons (Fig. 1A, arrows), but was excluded
from a subset of large and small diameter neurons (Fig. 1 A, ar-
rowheads). The TrkA lineage neurons involved with pain, itch,
and/or temperature sensations are divided into two subpopula-
tions, the peptidergic neurons marked by persistent expression of
TrkA and the neuropeptide CGRP, and nonpeptidergic neurons
marked by the expression of Ret and partly by the binding of the
isolectin IB4, although a small subset of Ret * neurons is also
peptidergic (Snider and McMahon, 1998; Bachy et al., 2011; Liu
and Ma, 2011). In P30 lumbar DRGs, TIx3 was detected in 78%
(319/408) of TrkA* neurons, 76% (170/225) of CGRP * neu-
rons, and in 92% (532/577) of IB4 ™ neurons, albeit at variable
levels (Fig. 1 B—D). Nearly all neurons that persistently expressed
Runx1 also coexpressed TIx3 (99%, 612/618) (Fig. 1E), and
Runxl was expressed in a subset of TIx3 " neurons (Fig. 1E).
Thus, persistent T1x3 expression is broadly associated with both
peptidergic and nonpeptidergic neurons within the TrkA lineage
neurons.
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Figure1.  Broad TIx3 expression in small and medium diameter DRG neurons. A, TIx3 immu-
nostaining on a lumbar DRG section of a P30 wild-type mouse. Note detectable Tx3 expression
in small and medium diameter neurons (small and large arrows, respectively), but not in some
large and small neurons (large and small arrowheads, respectively). B—E, Double immunostain-
ing of Tix3 (green) with indicated markers (red). Arrows indicate double-positive cells. Arrow-
heads in B and Cindicate neurons expressing TrkA or CGRP, but not TIx3, and the arrowhead in
Eindicates cells expressing TIx3 but not Runx1. Scale bars, 50 m.

We have reported previously that in the dorsal spinal cord,
TIx3 and its related protein TIx1 determine the excitatory over
the inhibitory neuronal cell fate, by activating VGLUT2, the ve-
sicular transporter that packages the glutamate into excitatory
vesicles, and suppressing GABAergic neuron markers (Cheng et
al., 2004). Mechanistically, T1x3 acts to suppress the activity of the
homeobox protein Lbx1; in the genetic background lacking Lbx1,
TIx3 would be no longer required for VGLUT2 expression
(Chengetal., 2005). DRG neurons are glutamatergic (Yoshimura
and Jessell, 1990; Brumovsky et al., 2007; Lagerstrom et al., 2010;
Liu et al., 2010). Consistent with a lack of Lbx1 expression in
DRG neurons (Gross et al., 2002; Miiller et al., 2002), Tlx3 and
TIx1 are not involved in controlling glutamatergic differentiation
in DRG neurons, as indicated by normal VGLUT2 expression
and no derepression of GABAergic neuron markers in mice lack-
ing both TIx3 and TixI (data not shown).

Generation of Tlx3 conditional knock-out mice

Tlx3 conventional null mice die at birth (Shirasawa et al., 2000),
which precludes their usage for a detailed analysis of Tlx3 func-
tions in controlling sensory neuron development and matura-
tion. To overcome this, we have generated mice carrying a
conditional null allele of Tlx3, referred to as TIx3%, in which the
second exon encoding part of the homeobox domain was flanked
with two loxP sites and can thereby be removed by the Cre DNA
recombinase (Fig. 2A-E). We next crossed Tlx3" mice with
Nav1.8-Cre mice, with the resulting conditional null mice re-
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ferred to as TIx3"F;Nav1.8°** (Fig. 2F,G). Nav1.8-Cre was ex-
pressed selectively in 81% of total DRG neurons (Liu et al., 2010),
including IB4 ™ and CGRP * subsets of TrkA lineage neurons
(Agarwal et al., 2004). Consistently, TIx3 expression in DRGs was
markedly reduced in TIx3"F;Nav1.8““" mice, but not com-
pletely eliminated (Fig. 2G). The TIx3"*;Nav1.8“"* mice sur-
vived to adulthood, allowing us to examine the roles of TIx3 in
controlling sensory neuron development and maturation, as de-
scribed below.

Impaired segregation of TrkA * versus Ret * sensory neurons
A key event in TrkA lineage neuron development is perinatal/
postnatal segregation of these neurons into 1) CGRP * peptider-
gic neurons that retain TrkA expression versus 2) [B4 © neurons
that switch off TrkA and activate Ret (Bennett et al., 1996; Mol-
liver et al., 1997; Chen et al., 2006; Luo et al., 2007). We found that
in P30 lumbar DRGs of TIx3"F;Nav1.8“"" conditional knock-
out mice, the levels of Ret expression in IB4 © neurons were re-
duced, but not fully lost (Fig. 34, data not shown), with 1B4 "
neurons expressing high level Ret reduced from 69% (272/397) in
control littermates (TIx3"* or TIx3"" mice that did not carry
Nav1.8-Cre) to 18% (64/365) in TIx37F;Nav1.8°"* mice. Mean-
while, TrkA expression failed to be extinguished in IB4 * neurons
(Fig. 3B), with IB4 " cells expressing TrkA increased from 13%
(56/435) in wild-type mice to 92% (532/577) in TIx3E;
Nav1.8“"’* mice. Moreover, for those double-positive cells,
TrkA expression levels in IB4 * neurons were low in wild-type
mice, but medium or high in TIx3"";Nav1.8"" mice (Fig. 3B,
arrows). In contrast to the dramatic expansion of TrkA expres-
sion in IB4 ™" neurons, CGRP expression was, however, only
modestly expanded (Fig. 3C), with percentages of IB4 * neurons
expressing CGRP increased from 7.7% (49/637) in wild-type
mice to 22% (118/506) in Tix3"F;Nav1.8“"* mice. Thus, Tlx3 is
required to elevate Ret expression and to switch off TrkA, even
though most of these neurons (100 - 22 = 78%) retained the
nonpeptidergic identity.

This change in molecular identities in IB4 * neurons could be
further visualized in the dorsal spinal cord. In wild-type control
mice, CGRP " and IB4 * sensory afferents project to distinct lam-
inae, with 1) CGRP ™ fibers mainly in the lamina I and the outer
layer of lamina II (Ilo), and 2) IB4 ™ fibers in the inner layer of
lamina IT (I1i) (Fig. 3D) (Snider and McMahon, 1998). We found
that lamina-specific innervations by CGRP* and IB4 * fibers
were largely unchanged in TIx3"";Nav1.8“** mice (Fig. 3D).
TrkA immunostaining, which labeled CGRP ™ fibers in laminae I
and Ilo in control mice (Fig. 3E), was expanded ventrally to co-
label B4 " fibers in lamina ITi in TIx3"™";Nav1.8“" mice (Fig.
3E), thereby confirming the failed extinguishment of TrkA in
B4 * neurons. The vesicular glutamate transporter VGLUT1 was
enriched in mechanoreceptors that innervate in laminae III-V,
ventral to IB4 ™ fibers in control mice (Fig. 3F), and the same
innervation pattern was observed in TIx3"";Nav1.8“"" mice
(Fig. 3F), further suggesting that primary afferent innervations in
the dorsal spinal cord is largely unchanged in Tlx3"*;Nav1.8°**
mice.

Loss of Runx1-dependent ion channels and sensory receptors
in TIx3"";Nav1.8“" mice

The impaired segregation of TrkA™ versus Ret”™ neurons in
Tlx3"";Nav1.8"/* mice is reminiscent of the mutant phenotype
observed in RunxI conditional knock-out mice (Chen et al,
2006; Yoshikawa et al., 2007). Runx1 is additionally required for
the expression of dozens of sensory channels and receptors (Chen
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etal., 2006; Abdel Samad et al., 2010). To determine whether Tlx3
is involved in regulating sensory channels/receptors, we per-
formed a series of in situ hybridization on sections through lum-
bar or thoracic DRGs from P30 Tlx3"";Nav1.8"" and control
mice. Remarkably, expression of virtually every RunxI-
dependent gene examined thus far was either eliminated or
markedly reduced in TIx3"";Nav1.8““" mice (Fig. 4). As de-
scribed below, these genes encode sensory channels and receptors
involved with pain, itch and/or temperature sensation.

Mrgprd, a mas-related G-protein coupled receptor (GPCR), is
a marker for a large group of polymodal nociceptors that repre-
sent 30% of total DRG neurons, innervate exclusively the skin

Generation of Tlx3 conditional null mice. A, The wild-type Tlx3 genomic allele, with solid boxes indicating coding
exons (1,2,and 3).E, EcoR1; RV, EcoRV; S, Sal1. B, The targeting vector, with 9.4 kb long and 3.1 kb short recombination arms. The
firstLoxPsite (left triangle, the recognition site for the Cre recombinase) and an exogenous EcoRV (RV) site were introduced into the
first intron (between exons 1 and 2). Neo represents the Neo expression cassette for the G418 drug-resistant selection (see
Materials and Methods), flanked with two FRT sequences (recognition sites for the Flipase recombinase) and the second LoxP site,
as indicated in the schematics. DTA, The expression cassette that drives the expression of DTA for negative section. C, The targeted
Tlx3 allele after successful homologous recombination. D, Genomic Southern hybridization revealing three of four selected embry-
onic stem cell clones undergoing successful targeting. Using the 3" probe indicated in C, EcoRV digestion generated a 15.3 kb
genomic fragment for the wild-type allele (see A), and a 10.5 kb fragment for the targeted allele (see C). E, The floxed Tix3 allele,
afterremoval of the neo cassette by Flipase-mediated DNA recombination (see Materials and Methods). F, The Tlx3 conditional null
allele upon removal of the second coding exon through Cre-mediated DNA recombination. G, Inmunostaining showing a loss of
Tx3 expression in most P30 lumbar DRGs in T/x3 conditional knock-out mice, or Tlx3™/;Nav1.8“* mice (arrowhead), in compar-
ison with that in control littermates (left, arrow). Only few neurons in Tix3”":Nav1.87* mice retained Tix3 expression (right,

tors, including Ret, Mrgprd, Mrgprb5,
P2X3, and Nav1.9.

Another Mrgpr class GPCR, Mrgpra3,
mediates histamine-independent itch
(Liu et al., 2009). Its expression in lumbar
DRGs was eliminated in Tx3"%;
Nav1.8“" mice (Fig. 4 B). Expression of
Mrgprb4, which marks a group of sensory
neurons that innervate the hairy skin and
are hypothesized to mediate pleasant
touch (Liu et al., 2007), was also elimi-
nated in P30 TIx3"";Nav1.8““" mice
(Fig. 4C). Thus, TIx3 is necessary for the
expression of most members of Mrgpr
class GPCRs, as RunxI does (Chen et al.,
2006; Liu et al., 2008).

The transient receptor potential (TRP)
channels are involved with pain, itch, and
thermal sensations (Basbaum et al., 2009;
Patel and Dong, 2011), whose expression
is partially dependent on RunxI (Chen et
al., 2006). TRPA1 is involved in sensing chemical pain (Basbaum
et al., 2009) and histamine-independent itch (Wilson et al.,
2011). In wild-type mice, high level TRPAl expression
(TRPA1M8") was enriched in cervical and thoracic DRGs (data
not shown), whereas a lower level of TRPA1 expression was de-
tected in lumbar DRGs (Fig. 4 D) (Abdel Samad et al., 2010). We
found that no TRPAL1 expression in lumbar DRGs was detected in
P30 TIx3"";Nav1.8“"* mice (Fig. 4D), as the situation seen in
Runx] mutant mice (Abdel Samad et al., 2010). TRPA1 expres-
sion in thoracic DRGs was also greatly reduced, but not com-
pletely eliminated (data not shown). Neurons expressing
TRPMS, a cold-sensing receptor (Basbaum et al., 2009), was re-
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Figure3. Impaired segregation of Ret ™ versus TrkA ™ neurons in Tlx3™"Nav1.87¢ " mice.
A-C, A combination of IB4 binding (red) with Ret mRNA (4, green) detected by in situ hybrid-
ization, or the TrkA protein (B, green), or the CGRP peptide (C, green) detected by immunostain-
ing on P30 lumbar DRG sections. Arrows in A indicate high-level Ret expression in both panels,
and the arrowhead indicates reduced Ret expression in 1B4 * neurons in Tx3";Nav1.85¢*
mice. In B, the arrow and arrowhead in the left panel indicate low and nondetectable TrkA
expression in 1B4 ™ neurons in control mice, and the arrow in the right panel indicates elevated
TrkA expression in Tx3”*:Nav1.8“* mice. In €, arrows and arrowheads indicate neurons with
detectable and nondetectable CGRP expression, respectively. D—F, A combination of IB4 bind-
ing (red) with immunostaining against CGRP, TrkA, or VGLUT1 (green) on transverse sections
through P30 spinal cords. I/llo, Lamina | and the outer layer of lamina ll; Ili, inner layer of lamina
I1. Scale bars, 50 m in length.

duced by 45% (Fig. 4 D), from 74 =+ 3.3 per set of DRG sections in
control mice to 41 * 5.4 in TIx3"*;Nav1.8“"* mice at P30 (p <
0.005). As described below, the reduction of TRPMS expression
was more complete in Tlx3 complete null mice.

TRPV1 is a polymodal receptor that senses warm, heat, itch,
acid, and other chemicals (Woolf and Ma, 2007; Shim and Oh,
2008; Basbaum et al., 2009). Approximately 10% of TRPV1 *
neurons express extremely high levels of TRPV1 (TRPV1™sh)
(Chen et al., 2006; Abdel Samad et al., 2010), and these neurons
selectively innervate the skin epidermis and sense warm and mild
heat (Kiasalari et al., 2010). Runxl is required to establish
TRPV1"¢" expression, but dispensable for low levels of TRPV1
expression (Chen et al.,, 2006). Maintenance of a portion of
TRPV1 high expression is, however, independent of RunxI, as in-
dicated by a partial loss of TRPV1"&" neurons in late Runxl
conditional knock-out mice using Navl.8-Cre that removed
Runxl around E17 (Abdel Samad et al., 2010). In Tix37%;
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Nav1.8“* conditional knock-out mice using the same Nav1.8-
Cre, we still observed TRPV1M8" neurons (Fig. 4D, arrow),
although it remains unclear whether the number was reduced. As
described below, TRPV1 ™" neurons were, however, nearly com-
pletely eliminated in TIx3 complete null mice. Low or medium
levels of TRPV1 expression were unaffected in either TIx3™%;
Nav1.8“™’* mice at P30 (Fig. 4D, arrowhead) or Tlx3 complete
null mice at PO (see below), as the case seen in early and late
RunxI knock-out mice (Chen et al., 2006; Abdel Samad et al.,
2010).

In Figure 3, we have shown that Tlx3 does not have a positive
role in controlling the expression of two RunxI-independent (or
actually Runx1-suppressed) peptidergic neuron markers, TrkA
and CGRP. Expression of other RunxI-independent genes was
also unaffected (if not increased) in Tlx375;Nav1.8" mice,
including DRASIC encoding an acid sensing channel and Tacl
(the preprotachykinin 1 gene) encoding the neuropeptide SP (Fig.
4E). All together, TIx3 is required selectively to establish RunxI-
dependent molecular phenotypes, despite of its broad expression
in TrkA lineage neurons.

TIx3 and Runx1 are independently regulated

To gain insight into how TIx3 and Runx1 establish sensory phe-
notypes, we next analyzed and compared TIx3 and Runx] mutant
mice at E16.5 or in newly born mice, when the expression of a few
Tlx3- and RunxI-dependent receptors has just been established
in wild-type mice (Chen et al., 2006). For this analysis, the TIx3
complete null mice (Shirasawa et al., 2000) were used such that
the TIx3 activity was eliminated from the very beginning. Mean-
while, mice with a conditional knock-out of RunxI in sensory
precursor using Wnt1-Cre (RunxI™;Wnt1°*) were used for a
comparison. We had previously reported that expression of Mrg-
prd and TRPMS is eliminated in Runx1™";Wnt1“" mice at
E16.5 (Chen etal., 2006). Here we found that Mrgprd expression
was also eliminated in TIx3 complete null mice at E16.5 (Fig. 5A).
Expression of TRPMS8 was, however, still detected at E16.5, but
greatly reduced at PO in Tlx3 null DRGs, suggesting that Tlx3 is
required to maintain, but not to initiate, TRPM8 expression. It
should be noted that neurons with weak expression of TRPM8
were still observed in TIx3 null DRGs (Fig. 5A, arrow), indicating
that at least a portion of TRPM8-expressing neurons survived,
which in turn suggests a requirement of Tlx3 for elevated TRPM8
expression. For TRPV1, TRPV1 ™" expression was eliminated in
Tlx3 null mice (Fig. 5A, arrows), whereas low and medium levels
of TRPV1 expression were unaffected (Fig. 5A, arrowheads), as
the situation seen in early Runxl knock-out mice (Chen et al.,
2006; data not shown).

Importantly, expression of Runx1 itself was grossly unaffected
in TIx3 null mice at E16.5 (Fig. 5B) or at PO (data not shown).
Conversely, TIx3 expression was unchanged in Runx1™*;Wnt1-
Cre mice at PO (Fig. 5C). Thus, during the period when both TIx3
and Runxl are required to establish Mrgprd and TRPV1"¢" ex-
pression, expression of Tlx3 and Runx1 appears to be indepen-
dently regulated, suggesting that genetically, these two
transcription factors might act in combination to control the expres-
sion of sensory channels and receptors, although their action modes
can be different (see below, Discussion).

Overexpression of TIx3 and Runx1 was able to induce

sensory channels/receptors

We next asked whether overexpression of TIx3 and Runxl,
singly or in combination, was able to activate sensory channels
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Figure 4.  Loss of expression of sensory receptors and ion channels in Tlx3”/;Nav1.8“®* mice compared with littermate control. A-E, In situ hybridization with indicated probes on sections
through lumbar DRGs (A, B, D, E) or thoracic DRGs (€), with the exception of TRPV1in D, which was detected by immunostaining. Arrow in D indicates extremely high-level TRPV1 expression, and

arrowheads indicate low or medium levels of expression. Scale bars, 50 m in length.

and receptors in heterologous systems. To do this, we per-
formed gain-of-function analyses, using electroporation onto
the ventricular zone of the “open-book” explants of the E12.5
mouse spinal cord (Fig. 6A). After electroporation, the
explants were cultured for 3 d on floating membranes with
neural basal medium containing the nerve growth factor. Elec-
troporation of the Tlx3 or Runxl expression plasmid led to a
robust expression of exogenous Tlx3 (Fig. 6 B) or Runx1 (data
not shown) on the surface of the explants. We then found that
electroporation of the control vector RCASBP was unable to
induce any of molecules examined (Fig. 6C). Electroporation
of the TIx3 expression vector alone was able to induce Mrg-
prA3, but not Mrgprd, TRPMS8, P2X3, Ret or Nav1.9. Electro-
poration of the Runxl expression vector was able to induce
MrgprA3, Mrgprd, TRPMS8, P2X3 and Ret, albeit at variable
levels, but unable to induce Nav1.9 (Fig. 6C). Electroporation
of TIx3 plus Runx1 resulted in robust induction for all these
six molecules. Thus, when expressed at exceedingly high levels
following electroporation, exogenous Runxl1 is able to induce
a subset of sensory channels and receptors, but a combination
of Runx1 and TIx3 is generally more efficient in doing so.
However, it needs to be pointed out that when expressed at the
physiological level or in the context of developing DRG neu-
rons, both Runx1 and TIx3 are needed to establish most sen-
sory channels and receptors, as indicated by the loss or
reduced expression of these molecules in RunxI or TIx3 defi-
cient mice.

Furthermore, in the absence of the nerve growth factor in the
cultured medium, TIx3 plus Runx1 was unable to induce any of

these ion channels and receptors (data not shown), consistent
with the reported requirement of the TrkA signaling for the es-
tablishment of most RunxI-dependent genes (Luo et al., 2007).

Discussion

TIx3 controls proper segregation of Ret * versus TrkA *
subpopulations of somatic sensory neurons

The homeodomain protein TIx3 is broadly expressed in somatic
sensory neurons, including both RunxI-dependent Ret ™ non-
peptidergic neurons (a majority of them can be labeled by 1B4),
and RunxI-independent peptidergic neurons marked by the ex-
pression of TrkA and CGRP (Fig. 1). Both populations are de-
rived from embryonic TrkA-expressing neurons, collectively
referred to as TrkA lineage neurons. Despite of the broad expres-
sion, the genetic data presented here suggest that Tlx3 appears to
be required selectively for the development of the RunxI-
dependent Ret * subset of TrkA lineage neurons.

First, during segregation of the TrkA lineage neurons into
Ret *5IB4 ™ versus TrkA ";CGRP ™ subtypes, both RunxI and
TIx3 are required to drive a high level of Ret expression and to
switch off TrkA, with a knock-out of either TIx3 or RunxI leading
to a concurrent reduction of Ret and an expansion of TrkA in
IB4 ™ neurons. It should, however, be noted that TIx3 is only
partially involved in controlling this segregation process. While
in RunxI knock-out mice CGRP is dramatically derepressed in
IB4 " neurons (Chen et al., 2006; Abdel Samad et al., 2010), only
amodest CGRP derepression occurs in T/x3 mutant mice (Fig. 3).
Furthermore, Runxl is required for IB4 ™ neurons to innervate
lamina IIi in the dorsal spinal cord; in both early (using Wnt1I-
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Control

Figure5.  Changesin sensory receptor expression in Tlx3 complete null mice at embryonic or
neonatal stages and independent regulation of Tix3 versus Runx1. A, B, In situ hybridization
with indicated probes on sections through E16.5 or PO lumbar DRGs of wild-type control or Tlx3
null mice. For TRPM8 panels, the small arrow indicates neurons with weak TRPM8 expression in
Tlx3 null mice. For TRPV1 panels, arrows indicate neurons with extremely high levels of
TRPV1 expression in the control DRGs, and such neurons are absent in the Tlx3 null DRGs.
Arrowheads indicate neurons with medium or low levels of TRPV1 expression. C, Un-
changed Tlx3 expression in lumbar DRGs of PO control mice versus Runx7 conditional
knock-out mice (Runx1™%;Wnt17¢/*). Scale bars, 50 m.

Cre) and late (using Nav1.8-Cre) RunxI knock-out mice, these
fibers switch to innervate the more superficial laminae (Chen et
al., 2006; Abdel Samad et al., 2010). In contrast, no obvious
switch on lamina-specific innervations was observed in TIx3 con-
ditional knock-out mice (Fig. 3). Thus, Runx! uses both Tlx3-
dependent and TIx3-independent pathways to control molecular
and anatomical segregation of two TrkA lineage sensory neuron
subtypes, Ret ;1B4 * versus TrkA *;CGRP .

Second, TIx3 is required for the expression of virtually all
known RunxI-dependent sensory receptors and ion channels
that are enriched in Ret ™ neurons, such as Ret, the entire Mrgpr
family of GPCRs, P2X3, and Nav1.9. In contrast, expression of a
set of RunxI-independent genes that are enriched in TrkA ™ pep-
tidergic neurons, including those encoding TrkA, CGRP, and SP,
is either expanded or unchanged in TIx3 mutants. Notably, Tlx3
and Runx1 appear to be independently regulated at perinatal and
neonatal stages when they first establish the expression of a set of
sensory channels and receptors, and overexpression of Runx1
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plus Tlx3 is sufficient to induce robust ectopic expression of these
molecules. Collectively, these observations suggest that Runx1
acts in combination with TIx3 to control the molecular identities
of the Ret ™ subset of TrkA lineage neurons.

Two other broadly distributed homeobox proteins, Brn3a and
Isletl, also play pivotal roles in controlling sensory neuron devel-
opment (Huanget al., 1999; Ma et al., 2003; Eng et al., 2004; Lei et
al., 2006; Sun et al., 2008; Lanier et al., 2009; Dykes et al., 2010,
2011; Zou et al., 2012). Both Brn3a and Islet] are necessary for the
expression of a set of Runx1/TIx3-dependent sensory channels
and receptors, and they act partly by controlling Runx1 expres-
sion (Sun et al., 2008; Dykes et al., 2010). However, Brn3a and
Runx1 can have opposing activities. During segregation of Ret *
versus TrkA * neurons, Brn3a acts to promote TrkA and suppress
Ret (Ma et al., 2003; Lei et al., 2006; Zou et al., 2012), exactly
opposite to what Runx1 and TIx3 do: activating Ret and suppress-
ing TrkA (Chen et al., 2006; Yoshikawa et al., 2007). How exactly
Brn3a positively and negatively interfaces with Runx1 (and Tlx3)
in establishing distinct aspects of sensory neuron identities re-
mains to be investigated.

Distinct control modes used by Runx1 and Tlx3 in
establishing distinct somatic sensory modalities

One key question in studying sensory neuron development is to
understand how distinct sensory modalities are specified. Neu-
rons expressing TIx3/RunxI-dependent channels and receptors
are composed of multiple sensory modalities, including 1) pain-
related nociceptors (such as Mrgprd * polymodal nociceptors for
mechanical pain and TRPA1 ™ nociceptors for sensing noxious
chemical and possibly cold pain), 2) thermoceptors (TRPM8 *
cold-sensing neurons and TRPV1"&" warm/heat-sensing neu-
rons), and 3) pruriceptors (MrgprA3 ™ itch-sensing neurons)
(Basbaum et al., 2009; Kiasalari et al., 2010; Patel and Dong,
2011). Interestingly, Runx1 and Tlx3 appear to use distinct action
modes in establishing distinct sensory modalities.

First, Runx1 and TIx3 operate at different times in controlling
the development of Mrgpra3 * itch-sensing pruriceptors. Expres-
sion of Mrgpra3 was absent in early RunxI conditional knock-
out, in which RunxI was removed in sensory precursors by using
Whntl-Cre mice (Chen et al., 2006). However, when RunxI was
removed at a later stage (around E17) by using the Nav1.8-Cre
mice, expression of Mrgpra3 was no longer affected (Abdel Sa-
mad etal., 2010). In fact, Runx1 makes a switch from acting as an
activator to a repressor in regulating Mrgpra3 expression (in ge-
netic terms); as a result, Mrgpra3 expression can only be sus-
tained in neurons with transient Runx1 expression (Liu et al.,
2008). In contrast, Mrgpra3 expression is still eliminated in TIx3
CKO mice using the same Nav1.8-Cre, suggesting that TIx3 ac-
tivity operates beyond E17 to control the development of these
pruriceptors (Fig. 4). We propose the following temporal control
model: Runx1 operates before E17 to establish a competent state
for subsequent Tlx3-mediated activation of Mrgpra3 at perinatal
and neonatal stages. This control mechanism is analogous to the
sequential involvement of Runx1 and Pax5 in controlling mb-1
expression in the developing B cells of the immune system (Maier
et al., 2004). It also suggests that when two transcription factors
genetically act in combination, they do not have to form a protein
complex, but could also operate through sequential events.

Second, the development of TRPM8 * cold-sensing thermo-
ceptors is also subjected to a complex temporal control. Runxl1,
but not TIx3, is required to initiate TRPMS8 expression at E16.5,
and TIx3 activity is required to maintain elevated TRPMS expres-
sion after E16.5. Surprisingly, while TRPMS expression levels are
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Figure6.

Ectopicinduction of sensory channels and receptors by Tix3 and/or Runx1. 4, Schematics showing electroporation and culture of embryonic (E12.5) spinal cord explants. f.p., Floor plate;

+ and —, direction of electric current during electroporation; floating m., filter membrane floating on the surface of the cultured medium; expl., spinal cord explant. B, Electroporation of the
RCASBP-TIx3 expression plasmid (TIx3 under the line), but not the control RCASBP plasmid (Control), led to robust expression of exogenous TIx3 mRNA (arrow) detected by in situ hybridization on
the surface of the explant (after 3 d culture). With a short period of color development following in situ hybridization, endogenous TIx3 mRNA was only weakly detected (arrowhead). C, Mrgpra3,
Mrgprd, TRPM8, P2X3, Ret, and Nav1.9 mRNAs were detected by in situ hybridization following electroporation on the explants with the control plasmid (Control), or the plasmid expressing TIx3

(TIx3) or Runx1 (Runx1), or mixed plasmids expressing both TIx3 and Runx1 (TIx3 + RunxT).

greatly reduced in Tlx3 complete null mice at PO, strong TRPM8
expression is observed in a conditional knock-out of Tlx3 using
Nav1.8-Cre (removing TIx3 around E17), even though the num-
ber of neurons is reduced. This finding suggests that persistent
presence of Tlx3 per se is not required to maintain TRPMS8 ex-
pression in a subset of TRPM8 * sensory neurons; rather Tlx3
activity before E17 is required to establish a competent state for
other factors to maintain TRPM8 expression at later stages.
TRPMS expression is also absent in Brn3a null mice and partially
lost in Islet] conditional knock-out mice (Sun et al., 2008), and
further studies are needed to determine how exactly Runx1, Tlx3,
Brn3a, and Islet] establish and maintain TRPMS expression.
Third, TRPV1 ™" neurons have been recently shown to sense
warm and mild heat, but not noxious heat (Kiasalari et al., 2010).
TRPV1"#" neurons are absent in both Tlx3 complete null mice

(Fig. 5) and early RunxI knock-out mice using Wnt1-Cre (Chen
et al., 2006), but a portion of them is still observed in either late
TIx3 (Fig. 4) or late RunxI (Abdel Samad et al., 2010) conditional
knock-outs using the same Nav1.8-Cre. Thus, early Runx1 and
TIx3 activity is necessary for proper development of TRPV1 ™"
neurons, but neither RunxI nor Tlx3 is required to maintain a
portion of these thermoceptors. Isletl appears to play a more
prominent role in controlling TRPV 1 expression, as suggested by
the apparent loss of both TRPV1"€" and TRPV1'°" expression in
Islet] deficient mice (Sun et al., 2008), but it remains unknown
how exactly Isletl interfaces with Runx1 and TIx3 in controlling
TRPV1"e" expression.

Finally, Runx1 and TIx3 exhibit similar temporal activities in
controlling the development of a large group of polymodal noci-
ceptors marked by the coexpression of Mrgprd, Mrgprbs,
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Navl1.9, and P2X3. The development of these neurons is impaired
in mice following a conditional knock-out of either RunxI (Abdel
Samad et al., 2010) or Tlx3 (Fig. 4) by using the same Nav1.8-Cre
mice, suggesting that both Runx1 and TIx3 operate beyond E17
to establish and/or maintain the expression of this set of genes.
Collectively, our studies suggest that T1x3 and Runx1 use distinct
action modes to control the development of distinct somatic sen-
sory modalities within the Ret * subset of TrkA lineage neurons.
Future studies will be directed to determine how such dynamic
Runx1 and TIx3 activities are regulated during development.
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