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ZBTB20 regulates nociception and pain sensation by modulating TRP channel
expression in nociceptive sensory neurons

An-Jing Ren'*, Kai Wangl’*, Huan Zhangl, Anjun Liu"?, Xianhua Ma', Qing Liangl, Dongmei Cao',John N. Wood®,
David Z. He*, Yu-Qiang Ding’, Wen-Jun Yuan®, Zhifang Xie'* & Weiping J. Zhang'

In mammals, pain sensation is initiated by the detection of noxious stimuli through specialized
transduction ion channels and receptors in nociceptive sensory neurons. Transient receptor potential
(TRP) channels are the key sensory transducers that confer nociceptors distinct sensory modalities.
However, the regulatory mechanisms about their expression are poorly defined. Here we show that the
zinc-finger protein ZBTB20 regulates TRP channels expression in nociceptors. ZBTB20 is highly
expressed in nociceptive sensory neurons of dorsal root ganglia. Disruption of ZBTB20 in nociceptors
led to a marked decrease in the expression levels of TRPV1, TRPA1 and TRPMS and the response of
calcium flux and whole-cell currents evoked by their respective specific agonists. Phenotypically, the
mice lacking ZBTB20 specifically in nociceptors showed a defect in nociception and pain sensation in
response to thermal, mechanical and inflammatory stimulation. Our findings point to ZBTB20 as a
critical regulator of nociception and pain sensation by modulating TRP channels expression in
nociceptors.

NATURE COMMUNICATIONS | 5:4984 | DOI: 10.1038/ncomms5984 |[www.nature.com/naturecommunications

In mammals, the perception of pain is initiated
by the detection of noxious thermal, mechanical
and chemical stimuli through the peripheral
nerve fibres from a specialized subpopulation of
primary sensory neurons, called nociceptors'™.
Nociceptors are highly diversified with different
sensory modalities. There are two major subsets
of small DRG neurons. One subset is peptidergic,
which expresses receptor tyrosine kinase TrkA,
the receptor of nerve growth factor, and
synthesizes  neuropeptides like  calcitonin
gene-related peptide (CGRP) and substance P.
The other is nonpeptidergic, which expresses the
c-Ret neurotrophin receptor, and responds to
glial-derived neurotrophic factor, as well as

neurturin and artemin. Most c-Ret-positive

neurons are capable of binding the isolectin 1B4
and express Mas-related G-protein-coupled
receptors (Mrgpr)’, and specific purinergic
receptor subtypes, notably P2X3.

Nociceptors are equipped with a diverse array
of ion channels that act as sensory transducer,
each specialized to only respond to particular
stimuli and initiate electrical activity. Among
them, transient receptor potential (TRP) ion
channels have emerged as a major sensory
transducer family, with many members involved
specifically in generating thermally and
chemically evoked painsensations®. For example,
TRPV1, TRPV2, TRPV3 and TRPV4 act as
thermal receptors’. TRPV1 and TRPV2 channels

display a temperature activation threshold of

'Department of Pathophysiology, Second Military Medical University, Shanghai 200433, China.” Department of Cell
Biology, Second Military Medical University, Shanghai 200433, China. * Biology Department, University College
London, Gower Street, London WCI1E 6BT, UK. * Department of Biomedical Sciences, Creighton University School of
Medicine, Omaha, Nebraska 68102, USA. ° Department of Anatomy and Neurobiology, Tongji University School of
Medicine, Shanghai 200092, China. ® Department of Physiology and Neurobiology, Key Lab of Ministry of Education in
Fertility Preservation and Maintenance, Ningxia Medical University, Yinchuan 750004, China. = These authors
contributed equally to this work. Correspondence and requests for materials should be addressed to Z.X. (email:
xiezf@smmu.edu.cn) or to W.J.Z. (email: wzhang@smmu.edu.cn).
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43 and 52°C, respectively, whereas TRPV3 and
TRPV4 are activated between 25 and 35°C
(ref. 2). TRPVI
unmyelinated,
(C-fibres) that express the neuropeptides
substance P, neurokinin A and CGRP and
~30-50% of all

i . 6
neurons within rodent sensory ganglia’. As an

marks a population of

slowly conducting neurons

constitute somatosensory
endogenous transducer of noxious heat, TRPV1
is essential for selective modalities of pain
sensation and tissue injury-induced thermal
TRPV2 is
subpopulation of Ad neurons that respond to
high-threshold noxious heat. Actually, TRPV3
and TRPV4

warmdetectors™’.

hyperalgesia’. expressed in a

‘innocuous’

TRPMS8 and
10,11

belong  to
Furthermore,
TRPAT1 putatively act as cold pain receptors
TRPMS is robustly expressed by ~15% of all
somatosensory neurons encompassing mostly
small-diameter, unmyelinated C-fibres, as well
as a minor cohort of lightly myelinated Ad fibres.
TRPMS is activated at cool temperatures (~26C)
and by the cooling compoundmenthol'®".
Mouse knockout studies have revealed that
TRPMS is required for cold sensation over a
broad range of innocuous and noxious cold
temperatures'> . TRPA1 is largely restricted to
TRPV1-positive neurons'’, and acts as a major
sensor for noxious cold and plays an important
role in chemonociception by serving as a
detector of chemical irritants that elicit acute and
inflammatory pain®'’.

Remarkably, many TRP channels are generally
expressed by nociceptors in a partially overlapping
or mutually exclusive fashion. For example,
TRPV1 and TRPMS8 segregate into different
classes of nociceptors in mouse DRG''
Therefore, nociceptors can also be distinguished
according to their differential expression of ion
channels that confer sensitivity to heat (TRPV1),
cold (TRPMS) and a host of chemical irritants
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(TRPA1) (ref. 19). Precise regulation of the
expression of these ion channels is crucial for
their sensory role in nociception. However, the

underlying mechanisms are still largely
unknown.
Several transcription factors have been

demonstrated to control the development and
differentiation of nociceptive sensory neurons.
The neuronal determination gene Neurogeninl
(Ngnl) is required for the formation of most
nociceptors”’. The homeobox gene Brn3a and

the zinc-finger gene KIf7 are required for the

expression of TrkA and the survival
. 21-23 .

ofnociceptors”™ . Runxl, a Runt domain

transcription factor, controls neuronal

diversification within Ngnl-dependent TrkA"
neurons by repressing CGRP expression and
coordinates the expression of many ion channels
and receptors in nociceptors, including TRP class
thermal receptors, Na'-gated, ATP-gated and
H'-gated channels, the opioid receptor MOR and

1824 Furthermore, the transcription factor

Mrgpr
TIx3 acts in combination with Runx1 to control
the development of a cohort of nociceptors,
thermoceptors, and pruriceptors in mice”. To
date, the transcription factors that specifically
differential
nociceptive TRP
identified.
Zinc-finger and BTB domain containing
protein 20 (ZBTB20, also known as DPZF, HOF

regulate  the expression  of

channels have not been

and Zfp288) belongs to a subfamily of
zinc-finger  proteins containing C2H2
Kriippel-type zinc fingers and BTB/POZ

domains®®*’. ZBTB20 is highly expressed in
central nervous system and plays a critical role in
hippocampal development and function®’ ', but
its function in peripheral nervous system is
rarely known. In the present study, we found that
ZBTB20 was highly expressed in nociceptive
neurons in DRG and

sensory mouse



of ZBTB20 in
nociceptors led to a robust decrease both in the
expression of TRPV1, TRPMS8 and TRPA1 and

the pain sensitivity to thermal, mechanical and

tissue-specific  ablation

inflammatory stimuli. These findings point to
ZBTB20 as
through specifically modulating TRP channels

a novel nociceptive regulator

expression in DRG.

Results

ZBTB20 is highly expressed in nociceptive
sensory  neurons. To
developmental regulation of ZBTB20 expression

characterize  the

in nociceptors, we first examined its expression
in the developing DRG at different embryonic
stages. Immunohistochemical analysis
demonstrated that ZBTB20 protein was first
detected in the DRG as early as embryonic day
13.5 (E13.5), and was increased by E14.5
(Supplementary Fig. 1). In the DRG of adult
mice, double immunostaining showed that
ZBTB20 was highly expressed in
peripherin-positive small neurons, but was hardly
detected in neurofilament (N200)-positive large
neurons (Fig. la,b). To further characterize its
expression in nociceptive sensory neurons, we
performed double immunostaining of ZBTB20
and Na,l.8, a
voltage-gated sodium channel expressed in
>85% of nociceptors®>*>. ZBTB20 protein was
detected in the majority (75.2% % 3.2%) of

Na,1.8-positive neurons (Fig. 1c). These data

sensory  neuron-specific

suggest that ZBTB20 is preferentially expressed
in nociceptive sensory neurons, and might be
involved in nociception.

Tissue-specific ablation of ZBTB20 in
nociceptors. To evaluate the potential role of
ZBTB20 in nociceptive neurons, we generated
peripheral nociceptor-specific ZBTB20 knockout
mice (hereafter referred to as PN-ZB20KO) by

crossing ZBTB20™* mice to Na,1.8-Cre
transgenic mice®’. This Cre transgenic line has
the capacity to mediate Cre/LoxP recombination
and gene deletion specifically in nociceptive
neurons, starting from as early as El4 as
demonstrated by LacZ reporter and X-Gal
staining®. Efficient deletion of ZBTB20 gene in
the DRG of PN-ZB20KOmice was confirmed at
the messenger RNA (mRNA) level by real-time
RT-PCR and at the protein level by immunoblot
analysis with an anti-ZBTB20 antibody 9A10
(Fig. 2a,b, and Supplementary Fig. 11). As
expected, the expression of ZBTB20 was
unchanged in the spinal cord or brain in
PN-ZB20KO mice compared with controls
(Fig. 2a). Double immunostaining showed that
ZBTB20 was only detected in the minority
(5.1%+0.3%) of Navl.8-positive neurons of
PN-ZB20KO mice,
decreased compared with control mice
(75.24£3.2%, P<<0.01) (Fig. 2c). These results
indicated that we

which was robustly

successfully  generated
tissue-specific knockout mice of ZBTB20 in

nociceptors.

Normal morphogenesis of DRG neurons in
PN-ZB20KO mice. Then we examined whether
genetic deletion of ZBTB20 in Na,1.8-positive
neurons could affect the development of DRG
neurons. As shown in Supplementary Fig. 2a, the
total number of neurons in the lumbar 4 (L4)
DRG was similar between adult PNZB20KO and
control mice. Moreover, percentages of
peripherin-positive small neurons (62.7+2.4% in
control mice versus 61.3%+2.0% in PN-ZB20KO
mice) and neurofilament-positive large neurons
(31.2+ 2.2% in control mice versus 33.24+2.5% in
PN-ZB20KO mice) were almost the same as those
of controls (Supplementary Fig. 2b), showing that
the generation of the two major components of

DRG neurons is normal in PN-ZB20KO mice.

59



Merged

Figure 1 | ZBTB20 expression in the adult DRG. (a—c) Double immunofluorescent staining showed ZBTB20

expression was undetected in large neurofilament-positive neurons (a), but present in most small peripherin-positive

neurons (b) and Na, 1.8-positive neurons (c). Double-labelled neurons are indicated by arrowheads. (Scale bar, 50 pm.)

We further investigated two major subsets of
small DRG neurons by immunostaining or in Situ
hybridization. In the DRG sections from L4 of
PN-ZB20KO mice, 1B4-binding non-peptidergic
neurons (29.6£2.8% in control mice versus
27.7£3.0% in PN-ZB20KO mice) and
CGRP-expressing peptidergic neurons
(23.242.7% in control mice versus 24.443.1% in
PN-ZB20KO mice) were present at normal
(Fig. 3a).
TrkA-positive neurons (30.2+3.1% in control
mice versus 28.842.9% in PN-ZB20KO mice)
and Ret-positive neurons (65.4+5.2% in control
mice versus 67.7+5.6% in PN-ZB20KO mice)
were not significantly different between the two
groups (Fig. 3b). These data indicated that
morphogenesis of DRG neurons was largely
normal in PN-ZB20KO mice.

The gene deletion mediated by Na,1.8-Cre

levels Similarly, percentages of

occurs at El4 in small-diameter neurons of
DRG”, a little lagging behind their early
expression of ZBTB20 at E13.5, thus we
reasoned that PNZB20KO mice might not reflect
the function of ZBTB20 in the early stage of
neuronal morphogenesis in DRG. To exclude this
60

possibility, we generated another conditional
knockout mice lacking ZBTB20 in nervous
system (hereafter NS-ZB20KO) using the
Nestin-Cre transgenic mice, which mediates
conditional gene deletion by E11 (ref. 36). In
the L4 DRG of adult NS-ZB20KO mice, the
total number of neurons (4,876+182 in control
mice versus 4,754+193 in NS-ZB20KO mice),
IB4-binding nonpeptidergic
(27.4%+2.5% in control mice versus
30.143.2% in NS-ZB20KO mice) and
CGRP-expressing peptidergic
(24.4£2.8% in control mice versus 22.1+2.6%
in NS-ZB20KO mice) were present at normal
and 4).
percentages of TrkA-positive

ncurons

neurons

levels (Supplementary Figs 3
Furthermore,
neurons (28.4+2.0% in control mice versus
30.5£2.3% in NS-ZB20KO mice) and
Ret-positive neurons (66.4+4.3% in control
mice versus 65.3+4.5% in NS-ZB20KO mice)
were almost the same as those of controls
(Supplementary Fig. 5). Taken together, our
results suggest ZBTB20 is dispensable for the

morphogenesis of DRG neurons.
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Figure 2 | Generation of PN-ZB20KO mice.
(a) Quantitative RT-PCR analysis for ZBTB20 mRNA in
DRG, spinal cord and brain from
andPN-ZB20KO mice. The RT-PCR was performed
twice (n=6, *P<0.01 versus control, Student’s t-test).
(b)Western blot analysis for ZBTB20 expression in DRG
from control and PN-ZB20KO mice. C, control.
KO:PN-ZB20KO (n=6, P < 0.01 versus control,
t-test).
Supplementary Fig. 11. () Efficient and specific deletion

control

Student’s Full-size Dblots are shown in
of ZBTB20 in Na,1.8-positive neurons demonstrated by
double immunofluorescence staining of ZTBT20 (red)
and Na,1.8 (green). Double-labelled neurons are marked
by arrowhead. (Scale bar, 50 pum) Values are the

meansts.e.m.

Altered TRP channels expression in DRG of
PN-ZB20KO mice. The expression of
high-threshold  ion defines the

specialized peripheral-receptive properties of

channels

nociceptor subclasses. To determine if ZBTB20
is required for the specification of different
transduction phenotypes, we analysed the
expression of nociceptive ion channels and
in PN-ZB20KO. In situ

hybridization showed that the percentage of

sensory receptors

TRPVI1-positiveneurons in lumbar DRG was
decreased from 34.2+4.1% in control mice to
17.5£2.8% in PN-ZB20KO mice, and the

percentage of TRPAIl-positive neurons also

decreased from 30.5+3.4% to 14.2+1.9%
(Fig. 4). The percentage of TRPMS&-positive
neurons was not significantly affected in the
DRG of PN-ZB20KO mice (13.8+1.7% versus
12.6+1.5%), but their signal intensity of TRPMS8
mRNA was significantly decreased compared
with control. Other nociceptive ion channels
and sensory receptors, including TRPV2, P2X3,
Na,1.7, Nayl.8, Na,1.9 and Mrgpr members
(Mrgprd, Mrgpr4 and Mrgpr5), did not show
significant difference by in situ hybridization
between control and PNZB20KO mice (Fig. 4,
and Supplementary Fig. 6). Furthermore,
immunostaining  also  demonstrated that
ZBTB20 deficiency led to a dramatic decrease
in the percentage of both TRPV1 neurons and
TRPA1 neurons in adult DRG (Fig. 5a,b).
Despite the unaffected percentage of total
TRPMS8 neurons in PN-ZB20KO DRG, their
percentage of TRPMS8 high-positive neurons,
together with TRPV1 high-positive neurons, was
robustly reduced compared with control group.
Western blot analysis showed that TRPVI,
TRPA1 andTRPMS levels  were
significantly decreased in the DRG of
PN-ZB20KO mice (Fig. 5¢, and Supplementary
Fig. 12). Despite these alterations of these TRP
channels, the expression of Runxl, which

protein

regulates a large cohort of ion channels and
receptors'®, was not affected in the DRG
neurons by the disruption of ZBTB20 (Fig. 4).
Taken together, these results suggest that ZBTB20
may regulate a subset of TRP channels in
nociceptors in a Runxl-independent manner.
Double immunohistochemical staining revealed
that ZBTB20 protein was detected in the majority
of adult TRPVl-positive, TRPAl-positive or
TRPMB&8-positive DRG neurons in wild-type mice
(Fig. 5d), suggesting that ZBTB20 may regulate
the expression of TRPV1, TRPA1 and TRPMS in

a cell-autonomous manner.
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To explore the mechanisms by which ZBTB20
regulates the expression of these TRP genes, we
examined the association of ZBTB20 protein
with their promoters individually by chromatin
immunoprecipitation (ChIP). ChIP assays were
performed with antibodies against ZBTB20,
acetylated histone 3 (positive control) or control
immunoglobulin G as negative control of
chromatin recovery, and the recovered chromatin
DNA was subjected to PCR analysis. As shown
in Supplementary Fig. 7, ZBTB20 did not bind
to the promoters of TRPV1, TRPA1 or TRPM8
genes. These results suggest that ZBTB20 most
likely regulates the expression of these channels
by indirect mechanisms.

Decreased calcium influx of TRP channels in
PN-ZB20KO DRG. To
electrophysiological properties of TRPV1, TRPA1
and TRPMS channels in PN-ZB20KO nociceptors,
we first measured calcium fluxes of primary adult

assess the

DRG neurons in response to the stimulation of
1 uM capsaicin (an agonist of TRPV1)’, 100 uM
mustard oil (MO, an agonist of TRPAI)"' and
250 pM menthol (an agonist of TRPMS) (ref. 14),
respectively. About 42% (76/182) of recorded
control DRG neurons showed capsaicin-evoked
increase of [Ca2'], while there was only
21% (39/186) in PN-ZB20KO DRG neurons
(Fig. 6a). In the responded DRG neurons, the
amplitude of the capsaicin-evoked responses was
diminished by about 65% in PN-ZB20KO mice
compared with control counterpart (Fig. 6b,c). We
observed similar phenomenon in PN-ZB20KO
DRG neurons when neurons were stimulated by
100 uM MO (Fig. 6d-f). Furthermore, about
8.6% (23/266) of recorded DRG neurons showed
menthol-evoked increase of [Ca2']; in control
mice. However, it was only 2.7% (7/258) in
PN-ZB20KO mice (Fig. 6g). In the responded
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DRG neurons, the amplitude of the
menthol-evoked responses was diminished by
about 55% in PN-ZB20KO mice compared with

that of control neurons (Fig. 6h,i).

Decreased currents of TRP channels in
PN-ZB20KO DRG. Considering TRPVI,
TRPA1 and TRPMS proteins are channels and
calcium-imaging data are not sufficient to prove
the function of these TRP channels, we further
investigated the function of these channels by
patch clamp. Whole-cell patch-clamp recordings
from acutely dissociated small and medium DRG
neurons have been performed in voltage-clamp
mode at a holding potential of -70 mV. Typical
1 uM capsaicin-evoked inward TRPV1 currents,
100 uM MO-evoked inward TRPA1 currents and
250 pM menthol-evoked inward TRPMS
currents have been represented as traces in
Fig. 7a,c,e. Average TRPVI, TRPA1 and
TRPMS currents densities (pA pF') have been
plotted in Fig. 7b,d,f. A significant decrease in
current density was observed in DRG neurons of
PN-ZB20KO mice. TRPV1, TRPA1 and TRPMS8
currents in DRG neurons significantly decreased
from -53.0+3.1 pA pF’', -18.120.9 pA pF ' and
-14.6£0.8 pA pF' in control mice to
-22.4+0.7 pA pF' (P<<0.01), -6.3+0.6 pA pF
(P<<0.01) and -5.240.5 pA PF' (P<<0.01) in
PN-ZB20KO mice, respectively. In other words,
TRPV1, TRPA1 and TRPMS currents in DRG
neurons of PN-ZB20KO mice decreased 57.8%,
65.3% and 64.7%, respectively.

Deficient nociception and pain sensation in
PN-ZB20KO mice. To investigate whether the
in PN-ZB20KO DRG are

accompanied by alterations in behavioural responses

molecular defects

to noxious stimuli, we assayed acute responses

to thermal and mechanical stimuli, as well as
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Figure 3 | Normal morphogenesis of DRG neurons in PN-ZB20KO mice. (a) DRG sections were labelled with lectin

IB4-biotin or anti-CGRP antibody. IB4-binding nonpeptidergic neurons and CGRP-expressing peptidergic neurons were

present at normal levels in DRG of PN-ZB20KO mice (Scale bar, 100 um). (b) In situ hybridization performed with

TrkA and Ret probes, and the numbers of neurons that express these markers were not significantly different between the

two groups (Scale bar, 100 um). About 9-12 DRG sections per animal (three animals of each genotype) were analysed.

Data were analysed by Student’s t-test. Values are the meants.e.m.
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Figure 4 | TRP channel mRNA expression is
decreased in DRG neurons from PN-ZB20KO mice.
In situ hybridization performed with TRPV1, TRPAI,
TRPMS8 or other probes (Scale bar, 50 um). The
percentage of TRPVI1-positive or TRPAIl-positive
neurons is significantly decreased (P <<0.01 versus
control, Student’s t-test). Although the percentage of
TRPMS8-positive neurons was not significantly changed
in the DRG of PN-ZB20KO mice, the signal intensity
was significantly weaker than control. About 9-12 DRG
sections per animal (three animals of each genotype)
were analysed ~P<0.01 versus control. Values are the
mean £ s.e.m.

inflammatory pain sensitivity. PNZB20KO mice
were healthy, fertile and apparently normal. They
showed no obvious differences from controls in
appearance and spontaneous behaviour. Motor
function was tested by rotarod studies and beam
walking, and there were no significant
differences in the time spent on the rod (Fig. 8a)
or the number of foot slips on trail of beam
walking (Supplementary Fig. 8) between control
and PN-ZB20KO mice.

In the hot plate, the paw was heated by contact
with a hot metal surface. PN-ZB20KO mice had
normal withdrawal latencies at temperatures 50
‘C, but had significantly longer withdrawal
latencies than  wild-type littermates  at
temperatures 52.5 and 55°C (Fig. 8b). Since
ZBTB20 is required for nociception in response
to thermal stimuli, we inquired whether knock
out of ZBTB20 in nervous system resulted in
more severe deficiency in the hot plate test.
latencies of

Expectedly, withdrawal
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NS-ZB20KO mice were extended further than
PN-ZB20KO mice at temperatures 52.5 and 55°C
(Supplementary Fig. 9). In the tail immersion test,
the distal portion of the tail was immersed in a

heated bath, and the time to tail flick was recorded.

PN-ZB20KOmice exhibited normal latencies at
< 50 'C, but significantly longer response
latencies than wild-type mice at temperatures
>50°C (Fig. 8c). Together, these results show
that PN-ZB20KO mice display robust deficits in
thermally evoked pain-related behaviour.
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Figure 5 | Decreased expression of pain-associated
channels or receptors in the DRG of PN-ZB20KO
mice. (@) DRG sections of PN-ZB20KO and control
mice were labelled with anti-TRPV1, anti-TRPA1 or
anti-TRPM8 antibodies. (b) The
TRPV1-expressing or TRPAl-expressing neurons was
significantly decreased in PN-ZB20KO mice (""P<0.01

versus control, Student’s t-test). Although the percentage

proportion  of
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of TRPMS-positive neurons was not significantly
changed in the DRG of PN-ZB20KO mice, the
fluorescence intensity was significantly weaker than
control. Four to seven independent L4 DRG were used
for each counting. (Scale bar, 50 pm). (c) Western blot
analysis showed that TRPV1, TRPA1 and TRPMS
protein levels were significantly decreased in the DRG of
PN-ZB20KO mice. Full-size blots are shown in
Supplementary Fig. 12. C, control mice. KO:PN-ZB20KO
mice (n=6;"P <0.01 versus control, Student’s t-test).
(d) Double labelling of ZBTB20 protein (red) and TRPV1
(green), TRPA1 (green) or TRPMS8 (green) on adult
wild-type DRG sections. Note that ZBTB20 was expressed
in the majority of neurons expressing TRPV1, TRPA1 or
TRPMS (green). Double-labelled neurons are marked by

arrowhead. (Scale bar, 50 um). Values are the mean+s.e.m.

Given that a previous study showed significant
sex-related differences on cold sensitivity®’, we
used male mice in two-plate choice test and cold
plate test. Two-plate choice test was used to
determine temperature preference of animals or
detection of particular temperature ranges'.
Cold plate (0°C) test was used to determine
nocifensive behaviours response to
noxioustemperature''. In the two-plate choice
and PN-ZB20KO mice
approximately equal time on both plates when
both plate surfaces were held at 30°C (Fig. 8d).

When the temperature of one plate was reduced,

test, control spent

control mice showed a clear preference for the
30°C side. PN-ZB20KO mice showed reduced
of the
temperature is between 25 and 15°C. However,

avoidance cooler side when the
PN-ZB20KO mice displayed normal preference
for 30°C side when the other side dropped
below 15°C, a demarcation between innocuous
cool and noxious cold in primates”®. These data
indicate that the behavioural response to
innocuous cold in two-plate choice test is
significantly impaired in PN-ZB20KO mice.
Considering that both TRPA1 and TRPMS8 may

be involved in cold sensing, to determine



whether TRPA1 is required for in the two-plate
choice test, we took advantage of the
TRPA1-specific blocker HC-030031. HC-030031
could not alleviate cold-induced behavioural
response of control mice (Fig. 8d). It is consistent
with the TRPAL” mice were
indistinguishable from control littermates when

results that

examined for behavioural responses to cold using
the two-plate choice test”’. These results suggest
that TRPA1 does not mediate temperature
preference. Furthermore, HC-030031 did not
abolish the difference of cold sensation between
control and PN-ZB20KO mice (Fig. 8d), which
suggest the deficit of behavioural response of
PN-ZB20KO mice to
two-plate choice test could not result from the
deficit of TRPAIl. Due to the lack of
TRPMS-specific blocker”, we could not do
similar experiments to address the role of

innocuous cold in

TRPMS in temperature preference.

In the cold plate test, PN-ZB20KO and control
mice were placed on a metal cold plate set at a
temperature of 0°C, and their behaviour was
PN-ZB20KO  mice

significantly less nocifensive behaviour (number

observed. displayed
of liftings) relative to the control mice when left
on the cold plate for a 2-min period (Fig. 8e). In
addition, 81.8% of control mice jumped during
2-minperiod on the cold plate, suggesting that
the cold plate induces significant pain. In
contrast, only 40.9% of PN-ZB20KO mice
jumped (Fig. 8f). Moreover, the total number of
jumps was significantly decreased in the
PN-ZB20KO mice (Fig. 8g). These data indicate
that the behavioural response to noxious cold is
significantly impaired in PN-ZB20KO mice in
the cold plate test. Furthermore, we found
HC-030031 significantly alleviated cold-induced
nocifensive behaviour of control mice, and
abolished the difference of cold sensation
between control and PN-ZB20KO mice (Fig.

8e-g). These results suggest TRPA1 is critically
involved in noxious cold sensing and the defect
in cold-evoked nociceptive behaviours of
PN-ZB20KO mice in the cold plate test.
Furthermore, we found HC-030031 significantly
alleviated cold-induced nocifensive behaviour of
control mice, and abolished the difference of
cold sensation between control and PN-ZB20KO
mice (Fig. 8e—g). These results suggest TRPATI is
critically involved in noxious cold sensing and
the defect in cold-evoked nociceptive behaviours
of PN-ZB20KO mice in the cold plate test.

The response to mechanical stimulation was
tested by
Randall-Selitto apparatus™. As shown in Fig. 8h,
PN-ZB20KO mice
significant increase of paw withdraw threshold

using von Frey hairs and

showed a statistically
for the von Frey assay. Similarly, application of
noxious pressure with Randall-Selitto apparatus
revealed a pronounced analgesia in the
PN-ZB20KO mice (Fig. 8i). TRPAl-specific
blocker HC-030031 did not affect paw withdraw
threshold to mechanical stimulus by von Frey
hairs or tail pressure thresholds to noxious
mechanical stimulus using Randall-Selitto test
(Fig. 8h,i). These results suggest that other
molecules than TRPA1 may be involved in the
defect in nociception of PN-ZB20KO mice in
response to mechanical stimulation.

We further investigated inflammatory pain
sensation by intraplantar injection of 20ul of
5% formalin, and the time spent licking or
biting the injected hindpaw in phase I
(1-10 min) and phase II (10-60 min) was
recorded®®. The first phase is thought to be due
to direct chemonociceptive effect of formalin,
while the second one is mainly mediated by

inflammatory reactions*". Surprisingly,
PN-ZB20KO

nociceptive responses to 5%

mice  displayed  similar
formalin as

controls (Supplementary Fig. 10). Considering
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formalin-induced pain behaviours such as

licking are positively correlated with formalin

concentration™, we speculated that 5% formalin

might be too high in concentration to produce the

behavioural

injection as described previously®. As expectedly,

difference between control
PN-ZB20KO mice. Therefore, we used the low
concentration of formalin (0.5%) for intraplantar
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Figure 6 | TRP channels agonist-evoked calcium flux responsiveness were impaired in DRG neurons from
PN-ZB20KO mice. Primary DRG neurons were isolated from adult control and PN-ZB20KO mice, stimulated with 1
UM capsaicin (TRPV1 agonist), 100 uM MO (TRPAL1 agonist) or 250 uM menthol (TRPMS agonist) and their calcium
flux was monitored. () Capsaicin-responsive neurons were significantly decreased in the DRG from PNZB20KOmice.
(b) Representative traces of Ca2" transients evoked by 1 pM capsaicin in DRG neurons of control and PN-ZB20KO
mice. A quantity of 80mMKCI was used to check the viability of the neurons at the end of the experiment. (c) The
response magnitude was significantly lower in the remaining capsaicin-responsive neurons from PN-ZB20KO DRG than
their control counterpart. (d) MO-responsive neurons were significantly decreased in the DRG from PN-ZB20KO mice.
(e) Representative traces of Ca2" transients evoked by 100 uM MO in DRG neurons of control and PN-ZB20KO mice.
A quantity of 80mM KCl was used to check the viability of the neurons at the end of the experiment. (f) The response
magnitude was significantly lower in the remaining MO-responsive neurons from PN-ZB20KO DRG than their control
counterpart. (g) In neurons from PN-ZB20KO mice, the percentage of menthol-responsive neurons was significantly less
than those seen in neurons from control mice. (h) Representative traces of Ca>" transients evoked by 250 uM menthol in
DRG neurons of control and PN-ZB20KO mice. A quantity of 80mM KCI was used to check the viability of the neurons
at the end of the experiment. (i) In neurons from PN-ZB20KO mice, the magnitude of remaining responses to menthol
was significantly less than those seen in neurons from control mice. The numbers of responsive and total neurons
(pooled from all experiments for each genotype) are indicated in (a,d,j). (a,c,d,f,g,i) Data were analysed by Student’s

t-test. "P<C0.01 versus control. Values are the mean=s.e.m.

control mice showed a significant reduction in of 5% formalin (Fig. 8j,k, and Supplementary
10). PN-ZB20KO  mice

displayed an impaired nociceptive response to

the first and second phases of the behavioural Fig. Importantly,
responses after injection of 20 ul of 0.5%

formalin compared with those injected with 20 pl 0.5% formalin compared with control mice
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(Fig. 8j,k). It is well known that TRPA1 mediates
nociception”. To  further
address the role of TRPAI in the attenuated
nociception of PN-ZBKO mice in response to
formalin, we used HC-030031 to block TRPA1
before

formalin-induced

formalin stimulation. Intraperitoneal
HC-030031

0.5% formalin injection significantly decreased

administration  of preceding

nociceptive  responses in  control and
PNZB20KO mice, importantly,
abolished the difference of 0.5% formalin-induced

response between these two groups (Fig. 8j,k).

and more

These results not only support the current notion
that TRPA1 is involved in formalin-evoked
nociceptive behaviours™, but also suggest that
decreased TRPA1 expression in nociceptors at
least  partly explain the defect in
formalin-induced  inflammatory  pain  of
PN-ZB20KO mice. Moreover, in another model
of 0.75% MO
intraplantarinjection’’, PN-ZB20KO mice also
exhibited a TRPA1-mediated

behavioural responses (Fig. 81). Taken together,

using 20ul solution for

deficit in

these data suggest that ZBTB20 in nociceptors is
required for nociception and pain sensation in
mechanical  and

response  to  thermal,

inflammatory stimuli.

Discussion
In this study, we examined the role of ZBTB20
in the primary somatosensory system. Our
findings for the first time establish ZBTB20 as a
critical regulator of nociception by modulating
the expression of a subset of TRP channels in
First, ZBTB20 is

expressed in the vast majority of nociceptive

nociceptors. specifically
sensory neurons in DRG. Second, disruption of
ZBTB20 decreases the expression of TRPVI,
TRPA1 and TRPMBS8 in DRG neurons, as well as

their responsiveness of calcium flux and currents.

Third, nociceptor-specific deletion of ZBTB20

results in a marked decrease in the pain
sensitivity in response to thermal, mechanical
and inflammatory stimuli.

Our findings suggest that ZBTB20 plays an
essential role in the generation of fully developed
nociceptors. Some transcription factors have been
identified to regulate nociceptor development.
Among them, Ngn1, Brna3 and KIf are critical for
the formation and survival of nociceptors during

20,2223

their early development , while Runxl is

mainly involved in nociceptor diversification

18,24
. In

during their later developmental stage
addition, Runxlalso regulates the expression of
many transduction ion channels and receptors by
nociceptors'®. ZBTB20 expression is initiated in
DRG neurons at E13.5, when Runx1 also starts to
express. Deletion of ZBTB20 gene either by
Nestin-Cre at as early as E11 or by Na,1.8-Cre at
later stage (E14) does not affect the formation,
survival or diversification of nociceptors, as
evidenced by normal number of small DRG
neurons and molecular phenotypes of peripherin,
TrkA, c-Ret, CGRP and IB4 in the mutant DRG.
Remarkably, nociceptor-specific deletion of
ZBTB20 leads to a robust decrease in the
expression of TRPV1, TRPA1 and TRPMS. As
a result, the corresponding nociceptive sensory
neurons, including TRPV1 neurons, TRPAI
neurons and TRPMS high-positive neurons, are
reduced in DRG by the loss of ZBTB20. In
contrast to Runx1, ZBTB20 does not affect the
expression of sodium channels (Na,1.7, Na,1.8,
Na,1.9), ATP-gated channel P2X3, ASIC, Mrgpr
members or TRPV2 in DRG neurons. These
findings suggest that ZBTB20 is a unique
transcription factor regulating the terminal
differentiation of a subset of nociceptors.

suggest that ZBTB20
regulates nociception and pain sensation most
the above TRP

channels in nociceptors. PN-ZB20KO mice show

Our findings also

likely through modulating
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deficits in pain sensitivity evoked by thermal,
mechanical and inflammatory stimulation. TRP
channels have been proposed to serve as thermal
sensors to temperatures ranging from noxious heat
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to noxious cold and thus are referred to as
thermo-TRPs*. Among them, TRPV1 (VR1) and
TRPV2 (VRL-1) respond to noxious heat, whereas
TRPMS8 and TRPA1 are activated by normally
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Figure 7 | Currents of TRP channels were impaired in DRG neurons from PN-ZB20KO mice. (a) Representative
traces of TRPV1 current evoked by 1 uM capsaicin in DRG neurons of control and PN-ZB20KO mice. (b) Current
density of capsaicin-activated TRPV1 current was significantly decreased in DRG neurons of PN-ZB20KO mice. (c)
Representative traces of TRPA1 current evoked by 100 uM MO in DRG neurons of control and PN-ZB20KO mice.(d)
Current density of MO-activated TRPA1 current was significantly decreased in DRG neurons of PN-ZB20KO mice. (€)
Representative traces of TRPMS current evoked by 250 uM menthol in DRG neurons of control and PN-ZB20KO mice.
(f) Current density of menthol-activated TRPMS current was significantly decreased in DRG neurons of PN-ZB20KO

mice. (b,d,f) Data were analysed by Student’s t-test. “"P<C0.01 versus control. Values are the meanzs.e.m.

innocuous  cooling and noxious cold,
respectively™'!. In the present study, we found
the expressions of TRPV1, TRPMS8 and TRPAL1
that are known to be critical in processing pain
behaviours in the DRG were decreased in the
PN-ZB20KO mice.

TRPV1
4445

serve as detectors of thermal

stimuli and mice lacking TRPV1 is impaired
in thermal nociception’. In the tail immersion
test, TRPV1” animals had significantly longer
(three- to fourfold) mean withdrawal latencies

than wild-type littermates at temperatures greater
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than 48°C, but normal latencies at temperatures
<48°C. In the hot plate test, TRPV1” mice
at 50 'C , but
significantly longer response latencies than
wild-type mice at temperatures greater than 50°C.
PN-ZB20KO mice, in which TRPVI1
decreased by 50%, exhibited
intermediate phenotype consistent with their
TRPV1 protein level.

Two cold-activated TRP channels have been

exhibited normal latencies

is

almost an

identified in sensory neurons as transducers of

cold stimulation. TRPMS8 is activated at



temperatures below ~23°C and chemicals such
as menthol and icilinw’lz, while TRPAI is
activated by temperatures below 16°C and was

proposed as a sensor for painful or noxious cold

stimuli'’. Behaviourally, TRPM8”" mice cannot
discriminate between a warm and a cold surface
over a wide range of temperatures that humans
consider to be innocuously cool (15-30°C) or

a b c d i
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Figure 8 | Nociceptive behavioural deficits in PN-ZB20KO mice. (a) Rotarod studies showed no motor deficits in
PN-ZB20KO mice. (b) Response latencies in the hot plate test. (C) Response latencies in the tail immersion test. (d) In
the two-plate choice test, PN-ZB20KO mice showed reduced avoidance of the cooler side when the temperature is
between 25 and 15°C. HC-030031 could not abolish the difference of cold sensation between control and PN-ZB20KO
mice. (€) Cold behaviour (number of liftings) was reduced in PN-ZBKO mice in the cold plate test. (f) Cumulative
probability plot showing the latency to the first jump off the cold plate in control and PN-ZB20KO mice. (g) Average
number of jumps during a 2-min period on a cold plate at 0°C. HC-030031 significantly alleviated cold-induced
nocifensive behaviour of control mice, and abolished the difference of cold sensation between control and PN-ZB20KO
mice (e-g). (h) PN-ZB20KO mice showed impaired behavioural response to the mechanical stimulus to the hind paw
when using von Frey hairs compared with control mice. (i) PN-ZB20KO mice showed profound analgesia to noxious
mechanical pressure when using the Randall-Selitto apparatus compared with control mice. HC-030031 did not affect
paw withdraw threshold to mechanical stimulus by von Frey hairs (h) or withdrawal force to noxious mechanical
stimulus using Randall-Selitto test (i). (j,K) Time spent licking/biting the injected hind paw in phase I (1-10 min) and
phase II (10-60 min) after intraplantar injection of 20 pl of 0.5% formalin was significantly decreased in PN-ZB20KO
mice. HC-030031 significantly decreased nociceptive responses and abolished the difference of formalin-induced
response between control and PN-ZB20KO mice. (1) Time spent licking/biting the injected hindpaw after intraplantar
injection of 20 ul of 0.75% MO was significantly decreased in PN-ZB20KO mice. HC-030031 significantly decreased
nociceptive responses and abolished the difference of MO-induced response between control and PN-ZB20KO mice. HC,
HC-030031. Data were analysed by Student’s t-test (a—C) or analysis of variance followed by post hoc comparisons
(d,e,g-i.k,1). “P<<0.05 versus control group; ~P<C0.01 versus control group; #P<<0.05 versus PN-ZB20KO group;
##P<<0.01 versus PN-ZB20KO group. Values are the mean+s.e.m.
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noxiously cold (<<15°C) in the two-plate choice
test”. In the present study, we found
PN-ZB20KO mice showed reduced avoidance of
the cooler side when the temperature between
25 and 15°C, which may be caused by the
decreased expression and function of TRPMS
but not TRPAI1, since HC-030031 could not
abolish the difference of cold sensation between
control and PN-ZB20KO mice. It is consistent
with the results that TRPAL” mice were
indistinguishable from control littermates when
examined for behavioural responses to cold
using the two-plate choice test'’, suggesting that
TRPA1 does not mediate temperature preference.
In the absence of well known and specific
blocker of TRPMS (ref. 39), it may not be fully
verified that the deficit of temperature preference
of PN-ZB20KO mice is resulted from the
decreased expression and function of TRPMS,
since there may be three general populations of
cold-sensitive sensory neurons in DRG: those
expressing TRPMS, those expressing TRPA1 and
also TRPV1 and those that use neither TRPMS
nor TRPA1 for detecting cold™.

The role of TRPA1 in noxious cold is still
controversial.  Some  independent
analysed the effect of TRPAI
behavioural responses to noxious cold, assessed

studies
deletion on

using cold plate(0 C ) and acetone tests.
Kwan et al. and Karashima et al.''*’ found
TRPAL”

nocifensive

mice showed significantly less

behaviour than control mice.
Bautista et al.‘”, however, found no difference
These
explained by difference in methodology,
different constructs for TRPA1 deletion and
difficulties in assessing cold-induced pain
behaviours as described by Foulkes et al.*® 1t is
worth noting that observation indexes are
different in the cold plate (0°C) test. Bautista et

al.*’” measured paw-withdrawal latency and time

from control. differences may be

to first shiver, and found responses were not
significantly different. Karashima et al."
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measured number of jumps, percent of mice with
jump and latency to first jump and found
TRPAL"

nocifensive

mice showed significantly less

behaviour.  Conceivably, the
phenotype reflects a contribution of TRPA1 to
cold sensitivity in the setting of tissue injury, but
Furthermore,

acute cold painz.

1
l.

not to
Karashima et a
difference in the latency to the first cold-related

did not observe a significant

response such as shivering/paw rubbing, which
is consistent with the result of Bautista et al.”’ In
the present study, we compared the total number
of jumps and percent of mice with jump between
control and PN-ZB20KO mice. PN-ZB20KO
mice displayed significantly less nocifensive
behaviour of jump relative to the control mice.
HC-030031
cold-induced nocifensive behaviour of control

Since significantly  alleviated
mice, and abolished the difference of cold
sensation between control and PN-ZB20KO
mice, we predict that TRPA1 is involved in
the defect in
cold-evoked  nociceptive  behaviours  of
PN-ZB20KO mice in the cold plate test.

The role of TRPA1 in mechanosensation is

noxious cold sensing and

also still controversial. Bautista et al. and
Petrus et al.*’*
mechanical thresholds in TRPAL” mice, whereas
Kwan et al.”” reported deficits. Whether and how
these differential physiological effects manifest

reported no change in

at the level of behaviour is unclear’. In the
present  study, = TRPAl-specific ~ blocker
HC-030031 did not affect mechanical thresholds
in control or PN-ZB20KO mice, which suggest
that TRPA1 is not involved in mechanosensation
in our study and the deficit in nociception of
PN-ZB20KO mice in response to mechanical
stimulation is not caused by the decreased
expression of TRPA1. Combined with the lack of
clear evidence of direct mechanical activation of
the recombinant mammalian TRPA1 (ref. 50),
these data raise the possibility that TRPA1 is not
intrinsically mechanically sensitive. So far, the



molecular basis of mammalian
mechanotransduction is far from clarified’.
Therefore, the exact mechanisms need future
known that
hyperpolarizing channels such as the TREK and
TRAAK channels of the K2P channel family

control pain produced by mechanical stimulation

study. For example, it is

and both heat and cold pain perception in mice
by opposing depolarization of the nociceptors’'.
The expression and function of these channels
and other molecules such as Na,1.7 and Ca,2.2
related with mechanosensation will be
investigated in the future study”***.

The formalin model is widely used for assessing
inflammatory pain and evaluating the effects of
analgesic compounds in laboratory animals.
Formalin-induced responses in TRPMS-deficient
mice at room temperature were similar to that of
wild-type mice’. The role of TRPV1 in
formalin-induced responses is controversial. Some
reports show TRPV1 antagonist significantly
B34 byt

indicating  that

decreased formalin- induced responses

there are some reports

formalin-induced responses in TRPVI-deficient
mice were similar to that of wildtype mice™ ",
However, at the behavioural level, pharmacologic
blockade or genetic ablation of TRPA1 produced
marked attenuation of the characteristic flinching,
licking and lifting responses resulting from
intraplantar injection of formalin®. These results
show that TRPAL is the principal site of formalin’s
pain-producing action in vivo. In the present study,
PN-ZB20KO mice showed a significant reduction
in 0.5% formalin-evoked pain behaviours, and
intraperitoneal administration of HC-030031
preceding  formalin

decreased nociceptive responses and abolished

injection  significantly
the difference of formalin-induced response
between control and PN-ZB20KO mice.
PN-ZB20KO mice had an
phenotype compared with mice treated with
HC-030031, suggesting that there may be a
dosage effect in formalin-induced nociceptive

intermediate

responses. At low doses (< 0.5%), formalin
interacts directly with the TRPA1 (refs. 43,57).
Furthermore, after intraplantar injection of
0.5% formalin, the expression of activating
transcription factor 3 (a reliable marker of nerve
injury) in DRG was significantly reduced in
TRPAL” mice, but higher doses of formalin
(2% or 5%) elicited the
transcription factor 3 response in WT and
TRPA1" mice®®. These results indicate that in WT
mice, high doses of formalin (>0.5%) recruit
both TRPA1- and non-TRPAl-expressing DRG
neurons™. So, we consider it might be better to

same activating

use low doses of formalin (< 0.5%) in the
experiments of formalin-evoked pain behaviours
involving TRPAT.

Channels or receptors in DRG are generally
expressed in a partially overlapping or mutually
exclusive fashion. In adult mice, TRPV1 and
TRPMS are distributed in different class neurons
of DRG', and TRPALI is largely restricted to
TRPV1-positive neurons'®. ZBTB20 protein is
distributed in the majority of DRG neurons that
express TRPV1, TRPA1 or TRPMS, suggesting
that ZBTB20 may regulate the expression of
these TRP channels in a cell-autonomous manner.
It has been reported that the expression of these
nociceptive ion channels is absent or
significantly decreased in Runx1” mice'®. In the
present study, we found the expression of Runx1
mRNA was not significantly altered, so the exact
mechanisms that link ZBTB20 to the expression
of these channels remain unknown. In the
previous studies, we have identified some direct
ZBTB20, such as

alpha-fetoprotein  in liver”,

target  genes  of
fructose-1,6,
-bisphosphotase 1 in pancreatic B cells® and
IkBa in macrophagesél, in which ZBTB20
function as transcriptional repressors. Logically,
decrease in expression of ZBTB20 should result
in increase of transcription of target genes.
However, in the present study, knockout of
ZBTB20 results in decreased expression of the

71



TRP channels. We speculate that ZBTB20 may
regulate these genes by indirect mechanisms,
which was supported by our ChIP results that
ZBTB20 did not bind to the promoters of TRPV1,
TRPAL or TRPMS genes.

In summary, our identification of ZBTB20 as a
critical regulator for the three key TRP channels
provides insight into the terminal maturation of
nociceptive sensory neurons, which will help to
unravel the cellular and molecular basis of
nociception and pain sensation.
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