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Introduction: The transmembrane channel-like (TMC) protein family contains
eight members, TMC1-TMC8. Among these members, only TMC1 and TMC2
have been intensively studied. They are expressed in cochlear hair cells and are
crucial for auditory sensations. TMC6 and TMC8 contribute to epidermodysplasia
verruciformis, and predispose individuals to human papilloma virus. However, the
impact of TMC on peripheral sensation pain has not been previously investigated.

Methods: RNAscope was employed to detect the distribution of TMC6 mRNA in
DRG neurons. Electrophysiological recordings were conducted to investigate the
effects of TMC6 on neuronal characteristics and M channel activity. Zn®*
indicators were utilized to detect the zinc concentration in DRG tissues and
dissociated neurons. A series of behavioural tests were performed to assess
thermal and mechanical sensation in mice under both physiological and
pathological conditions.

Results and Discussion: We demonstrated that TMC6 is mainly expressed in small
and medium dorsal root ganglion (DRG) neurons and is involved in peripheral
heat nociception. Deletion of TMC6 in DRG neurons hyperpolarizes the resting
membrane potential and inhibits neuronal excitability. Additionally, the function
of the M channel is enhanced in TMC6 deletion DRG neurons owing to the
increased quantity of free zinc in neurons. Indeed, heat and mechanical
hyperalgesia in chronic pain are alleviated in TMC6 knockout mice,
particularly in the case of heat hyperalgesia. This suggests that TMC6 in the
small and medium DRG neurons may be a potential target for chronic
pain treatment.
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1 Introduction

Nociception is a sensory physiological early warning mechanism
that is essential for sensing and avoiding contact with noxious
stimuli (Woolf, 2010), whereas chronic pain is a debilitating
disease characterised by anxiety, insomnia, depression, and other
mental illnesses (Pitzer et al., 2019), which is also an unmet clinical
problem with vast individual, societal, and economic impacts.
Chronic pain conditions feature remarkably in the top ten causes
of disability and are the leading cause of disease burden globally
(Mills et al,, 2019). The pathological activity of the peripheral
somatosensory afferents is a major driver of chronic pain. The
dorsal root ganglion (DRG) participates in sensory transmission and
adjustment, including pain transduction, and carries sensory
messages from peripheral receptors to the central nervous system
(Esposito et al., 2019). Under pathological conditions, sensory
neurons in the DRG generate spontaneous electrical activity,
which can be used as a target for chronic pain treatment. Many
ion channels, receptors, and signaling proteins in DRG neurons
are involved in generating chronic pain (Basbaum et al., 2009; Du
et al., 2014; Basso and Altier, 2017; Du et al., 2017; Moran and
Szallasi, 2018). Our previous studies demonstrated that voltage
gated potassium channel KCNQ2 and KCNQ3 were the
predominantly expressed KCNQs in DRG neurons, and formed
the heteromeric tetramer called “M channel” (Delmas and Brown,
2005), conducting low-threshold, tardily activating, and non-
inactivating currents. KCNQ2 and KCNQ3 channels negatively
regulate neuronal resting membrane potential (RMP) and
excitability in the DRG and represent important therapeutic
targets for chronic pain (Zhang et al, 2011; Du et al, 2014;
Taura et al,, 2021).

In mammals, the transmembrane channel-like (TMC) family
comprises eight members, TMC1-TMC8 (Yue et al., 2019), with
approximately ten transmembrane domains and a conserved TMC
domain. Members of the TMC family are reportedly associated with
several diseases; for instance, TMCS8 is a potential biomarker for
hepatocellular carcinoma (Lu et al., 2017); TMC5 promotes prostate
cancer cell proliferation (Zhang et al., 2019) and is upregulated in
pancreatic adenocarcinoma (Gan et al, 2023); and TMC1/
TMC2 localising in mouse inner ear hair bundles and converting
the mechanical signals of sound into electrical signals, is related to
deafness (Jia et al., 2020). Previous studies have reported that TMC is
associated with proprioception (Guo et al., 2016; He et al., 2019) and
texture discrimination in Drosophila sensory systems (Wu et al.,
2019). However, the overall contribution of TMC to the
development of chronic peripheral pain remains unclear.

In the present study, we found that the TMC6 gene, which is
associated with epidermodysplasia verruciformis (EV) (Shimizu
et al, 2023), and cervical cancer (Castro et al., 2012) was highly
expressed and widely distributed in DRG tissues especially in small
and medium neurons (Usoskin et al., 2015). We showed that the
TMC6 gene affected mouse thermal behaviour by regulating the
neuronal RMP and cell excitability, and restrained the function of
the KCNQ channel. After TMC6 knockout, the emergence of more
negative RMP, inhibited neuronal excitability, and enhanced KCNQ
channel function collectively contributed to the alleviation of
peripheral thermal pain sensation. These results suggest that
TMC6 may be a new target for analgesia in clinical applications.
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2 Materials and methods
2.1 Experimental animals

Conventional knockout mice of TMC6 gene were purchase from
Cyagen Biosciences Company. The mice strain used in this article
were C57BL/6. The genotyping strategy that exon 5-exon
10 knockout were applied in the wildtype allele. All the animal
experiments were implemented in the Animal Care and Ethical
Committee of Hebei Medical University and were in conformity to
the International Association for the Study of Pain guidelines for the
animal used.

2.2 Mouse genotyping

Genomic DNA of mouse could be extracted from 0.5 cm clipped tail
specimen by the 100 uL lysed (50 mM NaOH), incubating with a water
bath at 95°C for 30 min. Added 30 pL Tris-HCI (1 M, pH = 7.2) per
specimen. PCR reaction conditions: 94°C for 3 min; 35 cycles of 94°C for
30, 60°C for 35's, 72°C for 35 s; 72°C for 5 min. The primers of TMC6
were Fl: 5'-TTGTTACAAGAGTGGATTGGGTGG-3, Rl: 5'-TAA
AGAGGCTCAGGCCATACATC-3', R2: 5'-GGTATTAGAGAGGAG
GAAGGGGAC-3'. The expected product sizes were 585 bp
(Homozygotes), 585 bp/450 bp (Heterozygotes), 450 bp (Wildtype allele).

2.3 Behavioural experiments

Behavioural tests were performed with male or female mice of
TMC6-KO and littermate controls (WT), which were approximately
8-week-old. All the animals put in the test room for 30 min before
experiments to acclimate. The experimenters were blinded to the
genotype of the mice.

2.4 The thermal withdrawal latency

Thermal withdrawal latency was measured using the Hargreaves
test (PL-200, Taimeng Co., Chengdu, China). The intensity of the
radiant heat source was maintained at 10% + 0.1%. Mice were placed
individually into Plexiglas cubicles positioned on a transparent glass
surface. A light beam emitted from a radiant heat lamp situated
beneath the glass was directed towards the plantar surface of the
hind paw. The time from the onset of radiant heat stimulation to the
withdrawal of the hind paw was recorded. To ensure accuracy and
reliability, three trials were conducted for each mouse, with a 5 min
interval between each trial. The scores obtained from these three
trials were then averaged.

2.5 Mechanical withdrawal threshold

The mechanical withdrawal threshold was measured using Von
Frey test (Stoelting Co.) with a calibrated range of bending force
(0.16,0.4, 0.6, 1, 1.4, 2 g). Each mouse was placed into a plastic cage
with a wire mesh bottom. A single filament was applied
perpendicularly to the plantar surface of hind paw for a total of
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five times, with an interval of 5 min between each application. A
positive response was defined as at least 3 clear withdrawal responses
out of 5 applications. Filaments were applied in an up-and-down
order based on the mouse’s response. If there was a negative
response, indicating no withdrawal, the next filament with a
higher bending force was applied. Conversely, if there was a
positive response, indicating withdrawal, the next filament with a
lower bending force was used.

2.6 Cold/Hot plate test

The mice were placed in a plexiglass bucket on the metal plate
precisely set at 2, 46, 48, 50, 52, 54°C. Time of the nociceptive
response (clicking the hind paw or jumping) was recorded. To
prevent skin scalding, the time of cut-off was 60 s.

2.7 Tail-immersion test

The mice were placed in fixators that allowed the tail to move
freely. One-third of the tail was immersed in the water bath that set
as 46, 48, 50°C. Time of the nociceptive response (flicking the tail)
was recorded. To prevent acute tail damage, the time of cut-off
was 60 s.

2.8 Chronic pain models

The surgery of chronic constriction injury (CCI) as the
pathological pain model was performed with aseptic
environment. First of all, mice were anesthetized with 0.2 mL 1%
Pentobarbital dissolved in saline solution. The mice’s right hind legs
were shaved, and sterilized with 75% ethanol. An incision below the
femur was made and exposed the sciatic nerve. Four ligatures
(4-0 chromic gut) were tied, 1.0-1.5 mm apart, near the sciatic
nerve trifurcation. The skin was sutured, and the animal was
transferred to a recovery cage. To induce chronic inflammatory
pain, complete Freund’s adjuvant (CFA, 25 pL) was injected into the
plantar surface of the right hind paw of the mice.

2.9 In vivo knockdown and overexpression
of mTMC6 gene

Knockdown mTMC6 gene of WT mice and re-express TMC6 of
TMC6-KO mice in the L4 DRG were achieved by affecting the DRG
with AAV9 virus, and were produced from Genechem Co., Ltd
(Shanghai, China). The mTMC6 DNA sequence referred to NCBI
(GenBank: NM_145439). Vectors construction was GV466 (hSyn
promoter-MCS-EGFP-3FLAG-SV40 PolyA). AAV9-mTMC6-cDNA
(229 x 10" v. g/mL), AAV9-control 323 (1.8 x 10 v. g/mL);
AAV9-mTMC6-shRNA (233 x 10" v. g/mL), target sequence:
CCTGCATCATTCTGGTATA, AAV9-control 533 (1.08 x 10" v.
g/mL). Diluted virus to 5 x 10" v. g/mL before using. Mice were
anesthetized with 0.2 mL 1% Pentobarbital dissolved in saline solution.
The above-mentioned AAVY virus were injected into the DRG (right
L4). Mice were anaesthetized with 1% pentobarbital sodium and
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ganglions were exposed surgically. Viral solution was diluted with
equal volume PBS and injected into the exposed DRG at a rate of
0.2 mL/min (2 mL per DRG) with a glass micropipette connected to a
Hamilton syringe controlled by a microsyringe pump controller
(78-8,130, KD Scientific, United States). The glass micropipette was
removed after 5 min, then the skin was sutured, the animal was
transferred to a recovery cage.

2.10 Quantitative real-time RT-PCR

The total RNA from L4 DRGs of WT mice that infected AAV9-
viruses carrying TMC6-shRNA and control to knockdown TMC6 or
TMC6-KO mice that infected AAV9-viruses carrying TMC6-cDNA
and control to re-express TMC6 was extracted using a commercial
RNA isolation kit (RNAiso, Takara) after chronic pain models
behavioural experiments. In this experiment, the isolated RNA was
dissolved in 20 pL of diethyl pyrocarbonate (DEPC)-treated water.
Then, reverse transcription was carried out using a PrimeScriptRT™
reagent kit from Takara and a thermal cycler (Mastercycler, Eppendorf).
For the quantitative PCR reaction, SYBR Premix Ex TaqlI from Takara
was used. The fluorescent DNA produced during the reaction was
detected and quantified using an FQD-48A (A4) system from BIOER.
The primers used in standard RT-PCR experiments were: mTMC6-F:
5'-GTCTTCCTCACCTTGCTCTGCTTC-3'; mTMC6-R: 5'- GAC
CGTGCCTGCTTCATACATGG-3'.

2.11 RNAscope combined with
immunofluorescence co-detection

RNAscope (Advanced Cell Diagnostic, ACD; CA) probes
targeted mTMC6 (ACD, 1190011-Cl) on DRG neuron slides,
referring to manufacturer’s workflow. Prepared the fresh frozen
DRG neuron tissue sections, embedding DRG neuron tissue into
Cryo-embedding medium (OCT) and removed the slide to
the —80°C overnight. Then fixed and dehydrated the tissue.
Applied Hydrogen Peroxide for 10 min at room temperature
(RT). Slides were incubated with primary antibodies NF200
(Sigma, NO142), Periferin (Abcam, ab39374), KCNQ2 (sigma,
ZRB1299), KCNQ3 (Abcam, ab302782) at 4°C overnight. Placed
slides in 10% neutral buffered formalin (NBF) for 30 min at RT.
Added the Protease III to each section for 30 min at RT. Slides were
hybridized with the RNAscope probes targeting mTMC6 and
incubated in the pre-warmed HybEZ oven for 2.5h at 40°C. The
RNA of TMCE6 signals were amplified with TSA Plus fluorophores
and incubated in the pre-warmed HybEZ oven for 30 min at 40°C.
Stained Secondary antibody for 30 min at RT. Finally, the slides were
redyed with DAPI and mounted with coverslip.

2.12 Exogenous expression system

The HEK293 cell lines (Kunming Cell Bank, KCB2000408Y]) have
been widely utilized in fundamental ion channel research due to their
ease of cultivation, efficient transfection, and expression capabilities.
Initially, HEK293 cells were seeded into a 24-well plate. When the cell
density reached 80%-90% the following day, the cells were transfected
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with 500 ng/plasmid of pReceiver-CMV-TMC6-GFP, pcDNA3.1-
CMV-KCNQ2, and pcDNA3.1-CMV-KCNQ3 using 0.5 pL/plasmid
of DNA transfection reagent (Neofect, TF20121201) diluted with 50 pL/
plasmid of Opti-MEM (Thermo, 31985-070). The mixed reagents were
left to stand for 30 min at RT before being added to one well of the 24-
well plate. On the third day, the cells were digested and transferred onto
a 10 mm microscope cover glass, which could then be used for
electrophysiological recordings.

2.13 Electrophysiological recordings

Whole-cell patch-clamp recorded with thin-walled borosilicate
glass capillaries that were pulled as electrodes (resistance 3-5 MQ),
both on HEK293 cells transfected with the desired plasmids and mouse
DRG neurons. The pipette was filled with solution containing (in mM):
140 KCl, 1 MgCl,, 5 EGTA, 10 HEPES, pH 7.2-7.4 adjusted with KOH.
The extracellular solution contained the following (in mM): 140 NaCl,
3 KCl, 2 CaCl,, 1.5 MgCl,, 10 HEPES, and 10 glucose (pH 7.4),
pH 7.2-7 4 adjusted with NaOH. The Axon Patch 700B amplifier, Digi-
data 1440A system and Clamp 10.0 software were applied in this article.
Current-clamp was used for detecting membrane potential and
neuronal excitability. The current-clamp’s ramp protocol was from
0 to 1 nA (1,000 ms duration), which measured the firing characteristic
of action potential (AP). Voltage-clamp was holding at —60 mV, the
one step protocol was single voltage stimulation up to 0 mV, and the
multiple-step protocol was voltage stimulation from —100 to 100 mV
with gap level of 20 mV.

2.14 (6-methoxy-8-quinolyl)-p-toluene-
sulfonamide (TSQ) stain

stain

(TSQ)

was used in this experiment. The dorsal root ganglion (DRG)

(6-methoxy-8-quinolyl)-p-toluene-sulfonamide

were extracted and immediately transferred to liquid nitrogen for
rapid freezing. The DRG tissue was embedded in Tissue-Tek O.C.T.
compound (Sakura, United States) and stored at —80°C overnight.
The embedded tissue block was cut into 8 pm thick slices using a
microtome (Leica, Germany), and the slices were washed with
phosphate-buffered saline (PBS). To prepare the working solution
for TSQ staining, a diluent containing 0.019 g sodium acetate and
0.029 g sodium barbital was dissolved in 1 mL of water. The
resulting solution had a concentration of 0.1 mM TSQ (Keygen
Biotech, KGAF027). The slices were then incubated with the TSQ
working solution for 30 min, followed by washing with PBS. Images
of the stained slices were captured using a Leica confocal microscope
system with an excitation wavelength of 334 nm.

2.15 FluoZin-3 measurements in cell culture

The DRG neurons were extracted from both WT and TMC6-KO
mice and digested using collagenase to obtain individual cells. The cells
were then cultured in a 35 mm confocal dish (Biosharp, BS-15-GJM)
using DMEM culturing media supplemented with 10% BSA, 1%
penicillin and streptomycin mixture. The dish was placed in an
incubator set at 37°C with 5% CO,. After 2 days, the dishes were
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washed three times with PBS. The DRG neurons were then incubated
with 10 uM FluoZin-3 a.m. (Thermo Fisher, F24195) and 0.02% F-127
(diluted 1:1000) for 30min at 37°C in the dark. Following the
incubation, the cells were washed twice with PBS. Finally, images of
the DRG neurons were obtained using the Leica confocal microscope
system with an excitation wavelength of 488 nm.

2.16 Western blot

The tissue of DRG were dissected with a homogenizer in enhanced
RIPA lysis buffer added to the phenylmethylsulfonyl fluoride (PMSF)
protease inhibitor, standing for 30 min at ice-cold. The lysis buffer was
centrifuged for 25 min at 10,000 rpm and 4°C. The supernatant of the
lysate was mixed with x5 SDS sample buffer for 10 min at 95°C.
Proteins were separated by SDS-PAGE then transferred to membranes
of PVDF. Primary antibody rabbit anti-TRPV1 (Abcam, ab305299) was
added at a dilution of 1:1000 for overnight at 4’C. Secondary alexa fluor-
conjugated antibodies (Invitrogen) for 2h at RT. Imaging was
performed using Odyssey software.

2.17 Statistics

All data were given as mean + SEM. The statistical analyses were
performed with IBM SPSS Statistics 21.0 and OriginPro 2018.
Differences between groups were assessed by independent two
sample t-test (parametric test) or Mann-Whitney U test
(nonparametric test). The repeated measurement data were
assessed by two-way repeated ANOVA with Tukey post-test.
Comparison rates between groups were assessed by Pearson’s
chi-square test. Significant difference was considered at p < 0.05.
*or #, % or ##, *** or ### indicated significant difference from the
appropriate control with p < 0.05, p < 0.01, or p < 0.001.

3 Results

3.1 The expression pattern of TMC6 mRNA in
DRG neurons

The expression of TMC6 in the dorsal root ganglion (DRG) of
6-8 week-old wild-type (WT) mice was examined using RNAscope in
situ hybridization (the positive and negative controls were shown in
Supplementary Figure SI). It is shown that TMC6 mRNA partially
overlapped with markers for myelinated large neurons (NF200)
(Figure 1A,
(peripherin) (Figure 1A, lower panel), which are involved in

upper panel) and unmyelinated small neurons
conveying somatosensory and nociceptive signals, respectively. In
Figure 1B, the upper panel (left) displays the results for DRG neurons
labelled with NF200 (n = 231) and TMC6 (1 = 265), with 50 neurons co-
expressing both TMC6 and NF200. The upper panel (right) displays the
results for DRG neurons labelled with peripherin (# = 321) and TMCé
(n = 287); and 251 neurons co-expressing both TMC6 and peripherin.
The lower panel of Figure 1B represents the percentage of TMC6-positive
neurons among NF200-positive, peripherin-positive, or all neurons,
respectively. We observed that TMC6-positive neurons accounted for
up to 66% in peripherin-positive neurons, while only 22% in NF200-
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FIGURE 1

The distribution of TMC6 mRNA in DRG neurons and behavioural effect of TMC6 deletion on thermal and mechanical sensitivities. (A) DRG slices

stained by TMC6 mRNA using RNAscope probe (red) and antibodies against NF200 (green) and peripherin (green). The co-localization of TMC6 mRNA
and the tested protein markers was indicated by arrows. Scale bars, 50 pm. (B) The pie diagram illustrates the distribution of DRG neurons expressing
NF200 or peripherin (green), and the number of DRG neurons expressing TMC6 (red). The upper panel of the figure demonstrates the co-expression

of NF200 or peripherin with TMC6 mRNA, represented by the yellow area. Lower panel provides the percentage of TMC6-positive neurons among
NF200-positive, peripherin-positive, or all neurons, respectively. The analyse was obtained from 3 or 4 DRG slices. (C) Distribution of TMC6-positive DRG
neurons and all DRG neurons across different somatic diameters. (D) Diagram of gene knockout strategy for the TMC6-KO mice. (E) RNAscope images of
TMC6 mRNA in WT and TMC6-KO DRG, TMC6 mRNA (red) and DAPI (blue). Scale bars, 50 um. (F) Withdrawal latencies of TMC6-KO and WT male mice in
the cold/hot plate at 2, 46, 48, 50, 52, and 54°C, respectively. WT mice n = 13; TMC6-KO mice n = 12. (G) Withdrawal latencies of TMC6-KO and WT male
mice in the tail-flick assays at 46, 48, and 50°C, respectively. WT mice n = 12; TMC6-KO mice n = 15. (H) Baseline thermal withdrawal latencies and
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FIGURE 1 (Continued)

mechanical thresholds of the right hind paw were measured in male TMC6-KO mice and their littermate control WT mice using Hargreaves and Von
Frey tests. Data are shown as mean + SEM, two-way repeated ANOVA with the Tukey post-test was used for comparison of behavioural measurements
within the corresponding temperature points (F,G), t-test or Mann-Whitney U test (H). *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significant.
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FIGURE 2

Effects of TMC6 deletion gene on chronic inflammatory or neuropathic pain. (A) Schematic diagram of Complete Freund's adjuvant (CFA, 25 pL) and

chronic constriction injury (CCI) model. Hargreaves and Von Frey tests were performed on the baseline and on the 1st, 3rd, 5th, 7th, 10th, 14th days after
CFA or CCl operations. A comparison was made between TMC6-KO male mice and their WT littermates regarding chronic inflammatory pain (B,C) and
neuropathic pain (D,E) behaviors. Heat analgesia induced by CFA (B) and CCI (D) were significantly alleviated in TMC6-KO. The mechanical allodynia

was only marginally alleviated in CFA (C) and CCI (E) models. Data are shown as mean + SEM. two-way repeated ANOVA with the Tukey post-test was

used for comparison of behavioural measurements within the corresponding time points: *p < 0.05, **p < 0.01, ***p < 0.001.

positive neurons. The proportion of TMC6-positive neurons among all
neurons was 51%. Figure 1C shows the distribution of TMC6-positive
neurons across different somatic diameters in the DRG neurons. All of
the above result indicated that TMC6 expression was preferentially
localized in small and medium DRG neurons.

3.2 Generally knocking out of TMC6 affects
heat sensitivity in mice
Due to the abundant expression of TMC6 mRNA in DRG

neurons, we investigated the potential involvement of TMC6 in
peripheral sensory transmission. To this end, we generated TMC6-
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KO mouse line via knocking out the exon region from E5 to E10 of
TMC6 gene (Figure 1D). TMC6 mRNA was abundantly expressed
in the DRG neurons of wild-type (WT) mice, but absent in TMC6-
KO mice, as determined by RN Ascope (Figure 1E). To evaluate the
effect of TMC6 deletion on basal thermal and mechanical
sensitivities, we performed a series of behavioural tests in WT
and TMC6-KO male mice. The results of the cold/hot plate test, as
shown in Figure 1F, indicated that TMC6-KO male mice exhibited
a significantly elevated thermal threshold at 46°C and 48°C
compared to their WT littermates. In the tail flick test, TMC6-
KO mice exhibited a pronounced increase in the latency period for
the abrupt flailing of their tails, when approximately one-third of
the tail was immersed in a water bath at 46°C and 48°C (Figure 1G).
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TMC6 in DRG modulates heat sensitivity of mice. (A) Schematic diagram depicts the design of viruses. TMC6 knock-down with AAV9-mTMC6-

shRNA in male WT mice; TMC6 gene overexpression with AAV9-mTMC6-cDNA in TMC6-KO male mice and their respective control. (B) Schematic
diagram depicts the sites (L4 DRG) for the injections of designed viruses in mice. (C) Confirmation of EGFP (green) expression in L4 DRG of the WT male
mice received AAV9-mTMC6-shRNA virus and TMC6-KO male mice received AAV9-mTMC6-cDNA virus viral infection. Scale bars, 50 um. (D-G)

The Hargreaves test (D,F) and Von Frey test (E,G) were performed after injection the AAV9-mTMC6-shRNA and AAV9-mTMC6-cDNA virus. (H-K) The
comparison of chronic inflammatory pain induced by CFA injection between TMC6-KO male mice and their WT littermates. Hargreaves (H,J) and Von
Frey tests (I,K) were used to assay the chronic pain behaviours. Data are shown as mean + SEM. two-way repeated ANOVA with the Tukey post-test was
used for comparison of behavioural measurements within the corresponding time points: *p < 0.05, **p < 0.01, ***p < 0.001.
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The reaction time of both WT and TMC6-KO male mice was
dramatically decreased when the temperature exceeds 48°C, and no
significant difference was observed between the two groups.
Hargreaves and Von Frey tests were then used to detect
thermal and mechanical sensitivity of TMC6-KO mice. It was
shown that the thermal latency was significantly increased in
TMC6-KO male mice (Figure 1H, left), whereas there was no
obvious change in mechanical threshold compared with WT male
mice (Figure 1H, right). Noticeably, TMC6-KO female mice
displayed comparable alterations in thermal and mechanical
sensitivities, as assessed through Hargreaves and Von Frey tests
(Supplementary Figure S2).

Next, we investigated the effects of TMC6 deletion on chronic
pain. We used a chronic constriction injury (CCI) model of
neuropathic pain and a peripheral injection of complete Freund’s
adjuvant (CFA) as models of chronic inflammatory pain (Jasmin
et al., 1998). The thermal and mechanical sensitivities of TMC6-KO
male mice and their WT littermates were evaluated on the day prior
to CFA injection and CCI surgery, as well as at subsequent time
points indicated in Figure 2A. Consistent with the result in
Figure 1H, basal thermal latencies of TMC6-KO mice were
significantly higher than that of WT mice (Figures 2B, D). In
CFA models, thermal hyperalgesia was significantly alleviated in
TMC6-KO mice, which showed significant higher thermal latencies
on all tested days: Ist, 3rd, 5th, 7th, 10th, and 14th day after CFA
injection comparing with WT mice (Figure 2B). However, only the
3rd and 7th days exhibited significantly increased mechanical
thresholds in TMC6-KO mice (Figure 2C). Similarly, TMC6-KO
mice exhibited a significant alleviation of thermal hyperalgesia
compared to WT mice in the CCI models. Significant increases
in thermal latencies were observed on the 1st, 3rd, 5th, 7th, 10th, and
14th days after CCI surgery in TMC6-KO mice (Figure 2D).
However, only the 1st and 7th days exhibited significantly
increased mechanical thresholds in TMC6-KO mice (Figure 2E).
All of these results imply that TMC6 plays important role in the
transmission of thermal sensation under both physiological and
pathological conditions in mice. Additionally, there was a marginal
effect on the transmission of mechanical sensation only under
pathological conditions.

3.3 TMC6 in DRG modulates heat sensitivity
in mice

To explore whether the altered sensation phenotype of TMC6-
KO mice was due to the deletion of TMC6 in the peripheral sensory
ganglion, we constructed the vectors of AAV9-viruses carrying
either EGFP-tagged TMC6-shRNA or TMC6-cDNA  to
knockdown TMC6 in the DRG of WT male mice or to re-
express TMC6 in the DRG of TMC6-KO male mice (Figure 3A).
The AAV9-viruses (2 pL, 5 x 10'* v. g./mL) were injected into the
exposed right L4 DRG of male mice (Figure 3B). As shown in
Figure 3C, EGFP fluorescence was readily detectable 4 weeks after
virus injection. TMC6 mRNA expression was significantly down- or
upregulated by virus injection in the L4 DRG of WT or TMC6-KO
male mice, respectively, as determined by real-time quantitative
PCR detecting (Supplementary Figure S3). Basal sensitivities to
mechanical and heat stimuli were measured per week after virus
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injection 2-6 weeks. The results demonstrated that WT male mice
injected with AAV9-mTMC6-shRNA virus exhibited significantly
prolonged thermal withdrawal latencies starting from the third week
after virus injection, in comparison to WT male mice injected with
the control virus (Figure 3D), whereas there was no significant
change observed in mechanical sensitivity (Figure 3E). In TMC6-
KO male injection of AAV9-TMC6-cDNA  viruses
significantly increased the thermal sensitivity (lower thermal

mice,

withdrawal latency) starting from the third week of virus
AAV9-TMC6-cDNA  virus did not
significantly change the mechanical sensitivity of TMC6-KO male

injection  (Figure 3F).

mice (Figure 3G).

Next, we explored the effect of interfering TMC6 in DRG on
chronic pain. During the third week of maintaining stable viral
expression in animals, we induced chronic inflammatory pain. In
the CFA models, WT mice that received AAV9-mTMC6-shRNA
virus injection displayed alleviating thermal hyperalgesia and
significantly higher thermal withdrawal latencies at all tested time
points throughout the 2 weeks (Figure 3H). However, WT mice that
received AAV9-mTMC6-shRNA virus injection displayed only
marginal hyperalgesia and a
significantly higher mechanical threshold on the 7th day
(Figure 3I). As expected, TMC6-KO mice that received AAV9-
TMC6-cDNA virus administration exhibited decreased withdrawal
latencies in peripheral heat pain behaviour at all tested time points

alleviation of mechanical

throughout the 2weeks, after CFA injection (Figure 3]).
Nevertheless, mechanical sensation was only decreased on the
Ist, 3rd and 7th days (Figure 3K). These findings suggest that
peripheral TMC6 in the DRG plays a more significant role in
thermal sensation compared to mechanical sensation.

3.4 TMC6 deletion hyperpolarizes resting
membrane potential and inhibits excitability
of DRG neurons in mice

To explore the mechanism that TMC6 deletion in DRG neurons
decreases thermal sensitivity in mice, we first tested the RMP and
excitability of small-medium (Figures 4A-D) and large (Figures
4E-H) DRG neurons in both male and female WT and TMC6-KO
mice. A ramp current clamp protocol was used to evoke action
potential from dissociated WT and TMC6-KO DRG neurons
(Figure 4A, upper panel). In small and medium DRG neurons,
the proportion of neurons in which showed evoked action potentials
(AP) firing had no significant difference between TMC6-KO and
WT DRG neurons (Figure 4A, lower panel). However, TMC6-KO
DRG neurons exhibited a hyperpolarized resting membrane
potential compared with WT neurons (Figure 4B). The number
of evoked AP in TMC6-KO DRG neurons was significantly lower
than that in WT DRG neurons (Figure 4C). Meanwhile, the injected
current rheobase of AP was significantly higher in TMC6-KO DRG
neurons (Figure 4D). In large DRG neurons, there were no
significant differences in the proportion of neurons showing
evoked action potential, RMP, AP numbers and current rheobase
between WT and TMC6-KO large DRG neurons (Figures 4E-H).
Taken together, these results suggest that TMC6 deletion reduces the
excitability of small to medium DRG neurons, which may lead to the
low sensitivity of TMC6-KO mice to peripheral thermal stimuli.
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FIGURE 4

TMCG6 affects the excitability of DRG neurons. (A,E) Upper panel: Representative traces of AP currents stimulated with a ramp current from 0 to
1,000 pA (1s) in small-medium DRG neurons (A) and large DRG neurons (E). (A,E) Below panel: The proportion of neurons showing AP responding to the
ramp current stimulation of WT and TMC6-KO mice in small-medium (A) and large DRG neurons (E), respectively. (B,F) The comparison of membrane
potential of WT and TMC6-KO mice in small-medium and large DRG neurons, respectively. (C,G) The number of AP evoked by the ramp current
stimulation in small-medium and large DRG neurons from WT and TMC6-KO mice, respectively. (D,H) The rheobase of AP evoked by the ramp current
stimulation in small-medium and large DRG neurons from WT and TMC6-KO mice, respectively. Data are shown as mean + SEM, Pearson'’s chi-square
test (A,E), t-test (B,F), Mann-Whitney U test (C, D, G, and H) *p < 0.05, ns: no significant

3.5 TMC6 modulates M channel function

M channels are the major molecules that influence the cell
membrane potential and excitation in DRG neurons (Du et al.,
2014). We investigated the effect of TMC6 deletion on M current in
small-medium (Figures 5A-C) and large (Figures 5D-F) DRG
neurons in both male and female mice. Using the voltage
protocol shown at the top of the Figure 5A, M currents were
recorded from dissociated and cultured DRG neurons from WT
and TMC6-KO mice. In small and medium DRG neurons, the
activation currents from —60 mV to 0 mV and tail currents from
0mV to —60 mV were analysed. As shown in Figures 5B, C, the
amplitude of both the activation currents and tail currents were
significantly increased in small to medium TMC6-KO DRG neurons
in comparison to WT neurons. However, amplitudes of neither
activation nor tail currents were exhibited significant differences in
large DRG neurons from TMC6-KO and WT mice (Figures 5D-F).

To further investigate the effect of TMC6 on M channel, we co-
transfected the M channel components KCNQ2 and KCNQ3 with
or without TMC6 into HEK293 cells, using HEK293 cells and
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TMC6 alone as controls (Figures 5G, H). Figure 5G displays the
current traces, recorded using a voltage-step protocol with a range
from —100 mV to 100 mV, a 20 mV interval, and a holding potential
of =60 mV. The tail currents are measured as indicated in Figure 5G
(inset). The tail current of M current induced by voltage from 20 to
100 mV was significantly inhibited by co-expressing TMC6 with the
channel (Figure 5H). The G-V curve plotted from the tail currents of
M channel was not affected by co-expressing TMC6 in HEK293 cells
(Figure 5H, inset). Taken together, these findings provide evidence
that TMC6 is capable of inhibiting M channel current, but does not
have an impact on its voltage sensitivity.

3.6 Mechanism of TMC6 influences M
channel in DRG neurons

To elucidate the mechanism of TMC6 inhibiting M channels in
DRG neurons, we first investigated whether TMC6 was co-expressed
with KCNQ2 and KCNQ3 in DRG neurons. The combination of
RNAscope in situ hybridization targeting TMC6 mRNA and
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TMCG6 inhibits the M current. (A,D) Representative current traces of M current induced by the indicated single step protocol (upper inset) from small-
medium (A) and large (D) DRG neurons. Enlarged tail currents (right inset). (B,C,E, and F) Statistic comparisons of the active current (B,E) and tail current
(C.F) of M channel between TMC6-KO and WT DRG neurons in mice. Statistic result of the active current of M channel in small-medium (B) and large (E)
DRG neurons in mice. Statistic results of the tail current of M channel in small-medium (C) and large (F) DRG neurons between TMC6-KO and WT.

(G) Representative current traces of M current induced by the indicated multiple-step protocol (upper inset) in HEK293 cells expressing KCNQ2/3 with or
without TMC6. HEK293 cells and TMC6 alone were used as controls. Enlarged tail currents (right inset). (H) The tail current densities of the M current were
compared among HEK293 cells expressing KCNQ2/3 with or without TMC6, as well as HEK293 cells and TMC6 alone. The normalized G-V curves of the
M current recorded from HEK293 cells were fitted using the Boltzmann equation (upper inset). Data were shown as mean + SEM, t-test (B,C, and E),
Mann-Whitney U test (F), and Two-way repeated ANOVA (H), *p < 0.05, ** or ##p < 0.01, ns: no significant.

immunostaining for KCNQ2 and KCNQ3 proteins in the DRG revealed
a significant overlap between TMC6 mRNA and the KCNQ2 and
KCNQ3 proteins in DRG neurons, as depicted in Figure 6A. The
number of neurons marked with KCNQ2, KCNQ3, and TMC6 were
analysed 4 DRG slices (Figure 6B). Among the small to medium-sized
DRG neurons, the proportion of TMC6-positive neurons was found to
be as high as 62% of KCNQ2-positive neurons and 75% of KCNQ3-
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positive neurons. However, in the case of large DRG neurons, TMC6-
positive neurons accounted for only 22% of KCNQ2-positive neurons
and 9% of KCNQ3-positive neurons (Figure 6C). The co-expression of
TMCé6 with KCNQ2 or KCNQ3 provides the possibility of modulating
the M channel in the small and medium DRG neurons.

The above electrophysiological experiments indicated that
TMC6 deletion increased the amplitude of the M current in the
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Mechanism of TMC6 modulating M currents in DRG neurons. (A) DRG slices were stained for TMC6 mRNA using RNAscope probe (red) and
antibodies against KCNQ2 or KCNQ3 (green) protein were used for immunofluorescence in DRG neurons. Arrows indicate co-localization of
TMC6 mRNA with KCNQ2 or KCNQ3 protein. Scale bars, 50 ym. (B) The pie diagram indicates the distribution of DRG neurons expressing KCNQ2 or
KCNQ3 (green), and the number of DRG neurons expressing TMC6 (red). The co-expressing of the KCNQ2 or KCNQ3 protein with TMC6 mRNA is
shown as the yellow area. The analyse was obtained from 4 DRG slices. (C) The percentage of TMC6-positive neurons among KCNQ2-positive and
KCNQ3-positive in small-medium and large DRG neurons respectively. (D) DRG slices from TMC6-KO and WT mice were stained with the fluorescent
Zn?* indicator, TSQ (left). A comparison was made between TMC6-KO and WT DRG slices in terms of TSQ fluorescent intensity (right). Analysis was
performed on 10 or 9 slices obtained from 3 animals, WT: n = 10, TMC6-KO: n = 9. (E) Cultured DRG neurons were incubated with FluoZin-3, a
fluorescent zinc indicator (left). The comparison of FluoZin-3 fluorescent intensity between TMC6-KO and WT DRG neurons. Analysis was performed on
21 slices obtained from 4 animals, WT or TMC6-KO: n = 21. Data are presented as mean + SEM; t-test (D,E; right), **p < 0.01.

small and medium DRG neurons. Notably, a previous study
demonstrated direct activation of the M channel by intracellular
zinc (Gao et al., 2017). TMC6 (EVER6) and TMCS8 (EVER6) were
reported forming complexes with Zn transporter 1 (ZnT-1) in the
endoplasmic reticulum (ER), which is involved in the regulation of
cellular Zn** trafficking in the cell (Lazarczyk et al., 2008). Most likely,
the ER-residing ZnT-1/EVER complex is involved in the transfer of
Zn*" from the cytoplasm into the ER lumen, interfering with the
spreading of the zinc wave and the function of Zn>" as a second
messenger (Lazarczyk and Favre, 2008). We hypothesized that
TMC6 deletion in DRG neurons might increase the concentration
of free cytoplasmic zinc and affect M channel function. Staining of
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DRG slices from WT and TMC6-KO mice with N-(6-methoxy-8-
quinolyl)-p-toluene-sulfonamide (TSQ) (Kiyohara et al., 2021), a Zn**
fluorophore, revealed higher fluorescence values in DRG tissue from
TMC6-KO mice than in that of WT mice (Figure 6D). Then we
dissociated and cultured DRG neurons from WT and TMC6-KO
mice, and incubated the cultured DRG neurons with another Zn**
probe, FluoZin-3 (Han et al, 2018), for 30 min. As shown in
Figure 6E, DRG neurons in TMC6-KO mice showed a significant
increase in Zn*" fluorescence compared with those in WT mice. These
results suggest that TMC6 deletion increases free zinc levels in the
cytoplasm of DRG neurons, and the upregulation of cytoplasmic free
zinc may activate M channels.
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FIGURE 7

Hypothesis diagram illustrating the potential role of TMC6 in peripheral heat sensation. TMC6 exhibits high expression levels in small and medium-
sized dorsal root ganglion (DRG) neurons. Deletion of TMC6 may influence ZNT-1, resulting in an elevation of free zinc concentration, subsequently
activating the M channel. Activation of the M channel results in hyperpolarization of the resting membrane potential (RMP) in DRG neurons, and a
decrease in neuronal excitability. Consequently, the heat sensitivity of TMC6 knockout mice is reduced.

4 Discussion

In this study, we proposed that TMC6 in primary sensory neurons
plays an important role in thermal sensation by modulating the M
channel. Our findings support the below hypotheses: 1) TMC6 mRNA
is abundantly expressed in in small and medium DRG neurons;
2) Deletion of TMC6 in DRG neurons in vivo results in marked
blunting of physiological heat sensation and heat hyperalgesia in
chronic pathological pain; 3) TMC6 deletion increases the M
current amplitude in the small and medium DRG neurons but does
not affect the activating curve of the channel; 4) TMC6 inhibits
heterogeneously expressed M channel currents in HEK293 cells; 5)
TMC6 deletion increases free Zn** in DRG neurons which is an effective
M channel activator. According to these evidences, we depicted a
hypothesis working model of TMC6 involved in peripheral heat
nociception as shown in Figure 7.

The mammalian transmembrane channel-like (TMC) protein
family contains eight members, from TMCI-TMCS8. This family can
be grouped into three subfamilies: A (TMCI-TMC3), B (TMC5 and
TMC6), and C (TMC4, TMC7, and TMC8) (Keresztes et al., 2003).
Notably, the high degree of similarity between the corresponding human
and murine TMCs suggests a conserved function for these proteins. It is
known that TMC1 and TMC?2 are expressed in cochlear hair cells and
are crucial for auditory sensation (Kurima et al., 2015; Pan et al., 2018).
They were recently shown to be the long sought-after pore-forming
subunits of the hair cell transduction channel (Pan et al., 2013; Pan et al.,
2018; Jia et al,, 2020; Tang et al,, 2020). TMC6 and TMCS8 have been
reported to contribute to epidermodysplasia verruciformis, and
predisposition to HPV (Ramoz et al., 2002; de Jong et al., 2018a; de
Jong et al., 2018b; Wu et al., 2020). However, the relationship between
TMC and the development of peripheral chronic pain remains unclear.
The present investigation provides evidence for a previously unknown
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function of TMC6 in primary sensory neurons. This study represents
the first demonstration of the crucial role played by TMC6 in the
development of thermal hyperalgesia.

In terms of mechanism, we demonstrated that TMC6 may affect
peripheral sensations by modulating the M channel. M channel,
constituted by KCNQ2/3, regulates excitability in a variety of
central and peripheral neurons (Brown, 1988; Marri and on, 1997).
Ample studies suggest that M channel plays a key role in regulating
excitability in nociceptors and may therefore present a novel
therapeutic target for the treatment of pain (Delmas and Brown,
2005; Zhang et al, 2011; Du et al, 2014). Our results show that
TMC6 deletion increases the zinc concentration in DRG neurons.
Zinc is an essential trace element required for enzymatic activity and
maintaining the conformation of many transcription factors (Prasad,
1995; Vallee and Auld, 1995; Kambe et al., 2015). ER has been
demonstrated to be an important organelle where zinc is stored
and from where, upon stimulation, a reservoir of Zn** can be
rapidly released into the cytoplasm and subsequently passed to the
nucleus; this sequence has been designated a “zinc wave” (Yamasaki
etal,, 2007). Multiple studies have demonstrated that TMC6 (EVER6)
and TMC8 (EVERS) are localised in the ER and form complexes with
ZnT-1 (Lazarczyk et al., 2008; Lazarczyk and Favre, 2008). TMC8 is
required to lower cytosolic Zn** concentrations by modulating ZnT-1
(Siri et al,, 2014). Recently, zinc has been defined as an intracellular
second messenger capable of transducing extracellular stimuli into
intracellular signalling events, and zinc homeostasis is tightly
regulated (Frederickson et al., 2000; Kambe et al, 2015; Bafaro
et al,, 2017; Gammoh and Rink, 2017). Zinc activates M channels
by reducing their dependence on phosphatidylinositol 4,5-
bisphosphate (PIP,) (Gao et al., 2017). Therefore, we hypothesize
that one possible mechanism for potentiating the of M channel
current in TMC6-KO DRG neurons is the increase in cytoplasmic
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zinc. But we acknowledge that this hypothesized mechanism may be
only one possibility on how TMC6 deletion resulting in enhancement
of M channel function.

Interestingly, our results reveal that the impact of TMC6 knockout
is primarily observed in sensitivity to heat, rather than mechanical
stimuli. The dorsal root ganglion (DRG) tissue comprises various
neuron types traditionally categorized based on the presence or absence
of myelin and the size of the neuron bodies. Nociception is transmitted
by both myelinated A$ fibers with medium-sized and unmyelinated C
fibers with small cell bodies, while mechanoreception is facilitated by
myelinated AP fibers with large cell bodies. Notably, our investigation
revealed a predominant co-expression of TMC6 and KCNQ2/3 in
medium and small-sized DRG neurons, which are also known to
abundantly express the temperature-sensitive channel transient
receptor potential vanilloid 1 (TRPVI1) (Bamps et al, 2021).
Importantly, we also investigated the impact of TMC6 deletion on
the expression and function of the TRPV1 channel in DRG neurons
(Supplementary Figure S4). Western blot analysis shows that there is
no significant difference between the expression of TRPV1 protein in
the DRG of WT and TMC6-KO mice (Supplementary Figure S4A).
The agonist of TRPV1 channel capsaicin (1 pM) was used to test the
TRPV1 function in WT and TMC6 KO DRG neurons. It is shown that
function of TRPV1, including the positive response rate and current
amplitude, has no significant difference between DRG neurons of WT
and TMC6-KO mice (Supplementary Figure S4B). We hypotheses that
the specific impact of TMC6 knockout on heat sensation stems from
the following reasons: @ TMC6 is preferentially expressed in small and
medium-sized DRG neurons (primarily involved in nociception
including heat transmission), with less expression in large DRG
neurons (primarily involved in mechanoreception) (Figures 1A-C).
@TMC6 and KCNQ2/3 were predominantly co-expressed in
medium and small-sized DRG neurons (Figures 6A-C). ®The
electrophysiological recordings have further validated that the M
channel function was significantly upregulated in small to medium-
sized DRG neurons of TMC6-KO mice compared to WT mice, but not
in large DRG neurons (Figures 5A-F). Noticeably, we did not test if
TMCE itself is heat sensitive, which also could be another reason of its
primarily affecting heat but not mechanosensitivity.

Chronic pain is a complex condition with limited treatment
options. Additionally, our findings demonstrate that TMC6 deletion
in DRG neurons remarkably alleviates heat hyperalgesia in both chronic
pain inflammatory and neuropathic pain models, but only marginally
alleviates on mechanical allodynia. These findings suggest that
TMC6 may be a potential therapeutic target for chronic pain.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the Animal Care and Ethical
Committee of Hebei Medical University. The study was conducted

Frontiers in Pharmacology

13

10.3389/fphar.2024.1330167

in accordance with the local legislation and institutional
requirements.

Author contributions

draft, Data
Writing-review and editing. JgH: Data curation, Formal Analysis,

YA: Writing-original curation, Software,
Writing-review and editing. HH: Data curation, Writing-review
and editing. WZ: Writing-review and editing. XZ: Methodology,
Writing-review and editing. JS: Methodology, Writing-review and
editing. CW: Methodology, Writing-review and editing. XL:
Investigation, Writing-review and editing. CL: Investigation,
Writing-review and editing. JsH: Data curation, Writing-review
and editing. YZ: Data curation, Writing-review and editing. HZ:
Writing-review and editing. XD: Writing-original draft, Project
administration, Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of China
(U21A20359) grants and Science Fund for Creative Research
Groups of Natural Science Foundation of Hebei Province (no.
H2020206474) to XD; the National Natural Science Foundation
of China (81871075, 82071533) grants to HZ; the National Natural
Science Foundation of Hebei Province (no. H2022206174) to WZ;
Young Top-notch Talent Project of Hebei Provincial Education
Department (BJK2024005) to WZ; the Natural Science Foundation
of Hebei Province (H2023206361) to HH; the Youth Fund Project of
Hebei Provincial Education Department (QN2024011) to HH.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1330167/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1330167/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1330167/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1330167

An et al.

References

Bafaro, E., Liu, Y., Xu, Y., and Dempski, R. E. (2017). The emerging role of zinc
transporters in cellular homeostasis and cancer. Signal Transduct. Target. Ther. 2,
17029. doi:10.1038/sigtrans.2017.29

Bamps, D., Vriens, J., de Hoon, J., and Voets, T. (2021). TRP channel cooperation for
nociception: therapeutic opportunities. Annu. Rev. Pharmacol. Toxicol. 61, 655-677.
doi:10.1146/annurev-pharmtox-010919-023238

Basbaum, A. I, Bautista, D. M., Scherrer, G., and Julius, D. (2009). Cellular and
molecular mechanisms of pain. Cell 139 (2), 267-284. doi:10.1016/j.cell.2009.09.028

Basso, L., and Altier, C. (2017). Transient receptor potential channels in neuropathic
pain. Curr. Opin. Pharmacol. 32, 9-15. doi:10.1016/j.coph.2016.10.002

Brown, D. A. (1988). M currents. Ion. channels 1, 55-94. doi:10.1007/978-1-4615-
7302-9_2

Castro, F. A,, Ivansson, E. L., Schmitt, M., Juko-Pecirep, I, Kjellberg, L., Hildesheim,
A., et al. (2012). Contribution of TMC6 and TMC8 (EVER1 and EVER2) variants to
cervical cancer susceptibility. Int. J. cancer 130 (2), 349-355. doi:10.1002/ijc.26016

de Jong, S.J., Créquer, A., Matos, I, Hum, D., Gunasekharan, V., Lorenzo, L., et al. (2018a).
The human CIBI-EVERI-EVER2 complex governs keratinocyte-intrinsic immunity to f-
papillomaviruses. J. Exp. Med. 215 (9), 2289-2310. doi:10.1084/jem.20170308

de Jong, S. J., Imahorn, E,, Itin, P., Uitto, J., Orth, G., Jouanguy, E., et al. (2018b).
Epidermodysplasia verruciformis: inborn errors of immunity to human beta-
papillomaviruses. Front. Microbiol. 9, 1222. doi:10.3389/fmicb.2018.01222

Delmas, P., and Brown, D. A. (2005). Pathways modulating neural KCNQ/M
(Kv7) potassium channels. Nat. Rev. Neurosci. 6 (11), 850-862. doi:10.1038/
nrnl785

Du, X., Hao, H., Gigout, S., Huang, D., Yang, Y., Li, L., et al. (2014). Control of
somatic membrane potential in nociceptive neurons and its implications for
peripheral nociceptive transmission. Pain 155 (11), 2306-2322. doi:10.1016/j.pain.
2014.08.025

Du, X,, Hao, H., Yang, Y., Huang, S, Wang, C., Gigout, S., et al. (2017). Local
GABAergic signaling within sensory ganglia controls peripheral nociceptive
transmission. J. Clin. investigation 127 (5), 1741-1756. doi:10.1172/JCI86812

Esposito, M. F., Malayil, R., Hanes, M., and Deer, T. (2019). Unique characteristics of
the dorsal root ganglion as a target for neuromodulation. Pain Med. (Malden, Mass) 20
(1), $23-s30. doi:10.1093/pm/pnz012

Frederickson, C. J., Suh, S. W., Silva, D., Frederickson, C. J., and Thompson, R. B.
(2000). Importance of zinc in the central nervous system: the zinc-containing neuron.
J. Nutr. 130 (5), 14715-83s. doi:10.1093/jn/130.5.1471S

Gammoh, N. Z., and Rink, L. (2017). Zinc in infection and inflammation. Nutrients 9
(6), 624. doi:10.3390/nu9060624

Gan,X. Y, Li, J. D,, Chen, G., He, R. Q,, Luo, J. Y., Zeng, J. J., et al. (2023). Role of up-
regulated transmembrane channelchannel-like protein 5 in pancreatic adenocarcinoma.
Dig. Dis. Sci. 68 (5), 1894-1912. doi:10.1007/s10620-022-07771-7

Gao, H., Boillat, A,, Huang, D., Liang, C., Peers, C., and Gamper, N. (2017).
Intracellular zinc activates KCNQ channels by reducing their dependence on
phosphatidylinositol 4,5-bisphosphate. Proc. Natl. Acad. Sci. U. S. A. 114 (31),
E6410-e19. doi:10.1073/pnas.1620598114

Guo, Y., Wang, Y., Zhang, W., Meltzer, S., Zanini, D, Yu, Y., et al. (2016).

Transmembrane channel-like (tmc) gene regulates Drosophila larval locomotion.
Proc. Natl. Acad. Sci. U. S. A. 113 (26), 7243-7248. doi:10.1073/pnas.1606537113

Han, Y., Goldberg, J. M., Lippard, S. J., and Palmer, A. E. (2018). Superiority of
SpiroZin2 versus FluoZin-3 for monitoring vesicular Zn(2+) allows tracking of
lysosomal Zn(2+) pools. Sci. Rep. 8 (1), 15034. doi:10.1038/s41598-018-33102-w

He, L., Gulyanon, S., Mihovilovic Skanata, M., Karagyozov, D., Heckscher, E. S, Krieg, M.,

et al. (2019). Direction selectivity in Drosophila proprioceptors requires the mechanosensory
channel tmc. Curr. Biol. 29 (6), 945-956. doi:10.1016/j.cub.2019.02.025

Jasmin, L., Kohan, L., Franssen, M., Janni, G., and Goff, J. R. (1998). The cold plate as a
test of nociceptive behaviors: description and application to the study of chronic
neuropathic and inflammatory pain models. Pain 75 (2-3), 367-382. doi:10.1016/s0304-
3959(98)00017-7

Jia, Y., Zhao, Y., Kusakizako, T., Wang, Y., Pan, C., Zhang, Y., et al. (2020). TMC1 and
TMC?2 proteins are pore-forming subunits of mechanosensitive ion channels. Neuron
105 (2), 310-321. doi:10.1016/j.neuron.2019.10.017

Kambe, T., Tsuji, T., Hashimoto, A., and Itsumura, N. (2015). The physiological,
biochemical, and molecular roles of zinc transporters in zinc homeostasis and
metabolism. Physiol. Rev. 95 (3), 749-784. doi:10.1152/physrev.00035.2014

Keresztes, G., Mutai, H., and Heller, S. (2003). TMC and EVER genes belong to a
larger novel family, the TMC gene family encoding transmembrane proteins. BMC
genomics 4 (1), 24. doi:10.1186/1471-2164-4-24

Kiyohara, A. C. P, Torres, D. J., Hagiwara, A., Pak, J., Rueli, R., Shuttleworth, C. W.R,,
et al. (2021). Selenoprotein P regulates synaptic zinc and reduces tau phosphorylation.
Front. Nutr. 8, 683154. doi:10.3389/fnut.2021.683154

Frontiers in Pharmacology

14

10.3389/fphar.2024.1330167

Kurima, K., Ebrahim, S., Pan, B., Sedlacek, M., Sengupta, P., Millis, B. A., et al. (2015).
TMC1 and TMC2 localize at the site of mechanotransduction in mammalian inner ear
hair cell stereocilia. Cell Rep. 12 (10), 1606-1617. doi:10.1016/j.celrep.2015.07.058

Lazarczyk, M., and Favre, M. (2008). Role of Zn2+ ions in host-virus interactions.
J. virology 82 (23), 11486-11494. doi:10.1128/JV1.01314-08

Lazarczyk, M., Pons, C., Mendoza, J. A., Cassonnet, P., Jacob, Y., and Favre, M. (2008).
Regulation of cellular zinc balance as a potential mechanism of EVER-mediated
protection against pathogenesis by cutaneous oncogenic human papillomaviruses.
J. Exp. Med. 205 (1), 35-42. doi:10.1084/jem.20071311

Lu, P, Ding, Q., Ding, S., Fan, Y., Li, X, Tian, D., et al. (2017). Transmembrane
channel-like protein 8 as a potential biomarker for poor prognosis of hepatocellular
carcinoma. Mol. Clin. Oncol. 7 (2), 244-248. do0i:10.3892/mc0.2017.1285

Marrion, N. V. (1997). Control of M-current. Annu. Rev. physiology 59, 483-504.
doi:10.1146/annurev.physiol.59.1.483

Mills, S. E. E., Nicolson, K. P., and Smith, B. H. (2019). Chronic pain: a review of its
epidemiology and associated factors in population-based studies. Br. J. Anaesth. 123 (2),
€273-¢283. doi:10.1016/j.bja.2019.03.023

Moran, M. M., and Szallasi, A. (2018). Targeting nociceptive transient receptor
potential channels to treat chronic pain: current state of the field. Br. J. Pharmacol. 175
(12), 2185-2203. doi:10.1111/bph.14044

Pan, B., Akyuz, N, Liu, X. P,, Asai, Y., Nist-Lund, C., Kurima, K, et al. (2018).
TMCI forms the pore of mechanosensory transduction channels in vertebrate inner ear
hair cells. Neuron 99 (4), 736-753. doi:10.1016/j.neuron.2018.07.033

Pan, B, Géléoc, G. S., Asai, Y., Horwitz, G. C., Kurima, K., Ishikawa, K., et al. (2013).
TMCI and TMC2 are components of the mechanotransduction channel in hair cells of
the mammalian inner ear. Neuron 79 (3), 504-515. doi:10.1016/j.neuron.2013.06.019

Pitzer, C., La Porta, C., Treede, R. D., and Tappe-Theodor, A. (2019). Inflammatory
and neuropathic pain conditions do not primarily evoke anxiety-like behaviours in
C57BL/6 mice. Eur. . pain London, Engl. 23 (2), 285-306. doi:10.1002/ejp.1303

Prasad, A. S. (1995). Zinc: an overview. Nutr. Burbank, Los Angel. Cty. Calif. 11 (1),
93-99.

Ramoz, N, Rueda, L. A., Bouadjar, B., Montoya, L. S., Orth, G., and Favre, M. (2002).
Mutations in two adjacent novel genes are associated with epidermodysplasia
verruciformis. Nat. Genet. 32 (4), 579-581. doi:10.1038/ng1044

Shimizu, A., Yamaguchi, R,, and Kuriyama, Y. (2023). Recent advances in cutaneous
HPV infection. J. dermatology 50 (3), 290-298. doi:10.1111/1346-8138.16697

Sirianant, L., Ousingsawat, J., Tian, Y., Schreiber, R., and Kunzelmann, K. (2014). TMC8
(EVER?) attenuates intracellular signaling by Zn2+ and Ca2+ and suppresses activation of Cl-
currents. Cell. Signal. 26 (12), 2826-2833. doi:10.1016/j.cellsig.2014.09.001

Tang, Y. Q., Lee, S. A,, Rahman, M., Vanapalli, S. A., Lu, H., and Schafer, W. R. (2020).
Ankyrin is an intracellular tether for TMC mechanotransduction channels. Neuron 107
(1), 112-125. doi:10.1016/j.neuron.2020.03.026

Taura, J., Kircher, D. M., Gameiro-Ros, I, and Slesinger, P. A. (2021). Comparison of
K(+) channel families. Handb. Exp. Pharmacol. 267, 1-49. doi:10.1007/164_2021_460

Usoskin, D., Furlan, A., Islam, S., Abdo, H., Lonnerberg, P., Lou, D., et al. (2015).
Unbiased classification of sensory neuron types by large-scale single-cell RNA
sequencing. Nat. Neurosci. 18 (1), 145-153. doi:10.1038/nn.3881

Vallee, B. L., and Auld, D. S. (1995). Zinc metallochemistry in biochemistry. Exs 73,
259-277. doi:10.1007/978-3-0348-9061-8_12

Woolf, C. J. (2010). What is this thing called pain? J. Clin. investigation 120 (11),
3742-3744. doi:10.1172/JCI45178

Wu, C.J, Li, X, Sommers, C. L., Kurima, K., Huh, S., Bugos, G., et al. (2020).
Expression of a TMC6-TMC8-CIB1 heterotrimeric complex in lymphocytes is
regulated by each of the components. J. Biol. Chem. 295 (47), 16086-16099. doi:10.
1074/jbc.RA120.013045

Wu, S.F, Ja, Y. L, Zhang, Y. ], and Yang, C. H. (2019). Sweet neurons inhibit texture
discrimination by signaling TMC-expressing mechanosensitive neurons in Drosophila.
eLife 8, e46165. doi:10.7554/eLife.46165

Yamasaki, S., Sakata-Sogawa, K., Hasegawa, A., Suzuki, T., Kabu, K., Sato, E., et al.
(2007). Zinc is a novel intracellular second messenger. J. Cell Biol. 177 (4), 637-645.
doi:10.1083/jcb.200702081

Yue, X, Sheng, Y., Kang, L., and Xiao, R. (2019). Distinct functions of TMC channels:
a comparative overview. Cell. Mol. life Sci. CMLS 76 (21), 4221-4232. doi:10.1007/
s00018-019-03214-1

Zhang, D., Thimmapaya, R,, Zhang, X. F., Anderson, D. J., Baranowski, J. L., Scanio, M.,
etal. (2011). KCNQ2/3 openers show differential selectivity and site of action across multiple
KCNQ channels. J. Neurosci. methods 200 (1), 54-62. doi:10.1016/j.jneumeth.2011.06.014

Zhang, W., Wang, S., Zhang, X, Liu, K, Song, ], Leng, X, et al. (2019).
Transmembrane Channel-Like 5 (TMC5) promotes prostate cancer cell proliferation
through cell cycle regulation. Biochimie 165, 115-122. doi:10.1016/j.biochi.2019.07.017

frontiersin.org


https://doi.org/10.1038/sigtrans.2017.29
https://doi.org/10.1146/annurev-pharmtox-010919-023238
https://doi.org/10.1016/j.cell.2009.09.028
https://doi.org/10.1016/j.coph.2016.10.002
https://doi.org/10.1007/978-1-4615-7302-9_2
https://doi.org/10.1007/978-1-4615-7302-9_2
https://doi.org/10.1002/ijc.26016
https://doi.org/10.1084/jem.20170308
https://doi.org/10.3389/fmicb.2018.01222
https://doi.org/10.1038/nrn1785
https://doi.org/10.1038/nrn1785
https://doi.org/10.1016/j.pain.2014.08.025
https://doi.org/10.1016/j.pain.2014.08.025
https://doi.org/10.1172/JCI86812
https://doi.org/10.1093/pm/pnz012
https://doi.org/10.1093/jn/130.5.1471S
https://doi.org/10.3390/nu9060624
https://doi.org/10.1007/s10620-022-07771-7
https://doi.org/10.1073/pnas.1620598114
https://doi.org/10.1073/pnas.1606537113
https://doi.org/10.1038/s41598-018-33102-w
https://doi.org/10.1016/j.cub.2019.02.025
https://doi.org/10.1016/s0304-3959(98)00017-7
https://doi.org/10.1016/s0304-3959(98)00017-7
https://doi.org/10.1016/j.neuron.2019.10.017
https://doi.org/10.1152/physrev.00035.2014
https://doi.org/10.1186/1471-2164-4-24
https://doi.org/10.3389/fnut.2021.683154
https://doi.org/10.1016/j.celrep.2015.07.058
https://doi.org/10.1128/JVI.01314-08
https://doi.org/10.1084/jem.20071311
https://doi.org/10.3892/mco.2017.1285
https://doi.org/10.1146/annurev.physiol.59.1.483
https://doi.org/10.1016/j.bja.2019.03.023
https://doi.org/10.1111/bph.14044
https://doi.org/10.1016/j.neuron.2018.07.033
https://doi.org/10.1016/j.neuron.2013.06.019
https://doi.org/10.1002/ejp.1303
https://doi.org/10.1038/ng1044
https://doi.org/10.1111/1346-8138.16697
https://doi.org/10.1016/j.cellsig.2014.09.001
https://doi.org/10.1016/j.neuron.2020.03.026
https://doi.org/10.1007/164_2021_460
https://doi.org/10.1038/nn.3881
https://doi.org/10.1007/978-3-0348-9061-8_12
https://doi.org/10.1172/JCI45178
https://doi.org/10.1074/jbc.RA120.013045
https://doi.org/10.1074/jbc.RA120.013045
https://doi.org/10.7554/eLife.46165
https://doi.org/10.1083/jcb.200702081
https://doi.org/10.1007/s00018-019-03214-1
https://doi.org/10.1007/s00018-019-03214-1
https://doi.org/10.1016/j.jneumeth.2011.06.014
https://doi.org/10.1016/j.biochi.2019.07.017
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1330167

	The transmembrane channel-like 6 (TMC6) in primary sensory neurons involving thermal sensation via modulating M channels
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Mouse genotyping
	2.3 Behavioural experiments
	2.4 The thermal withdrawal latency
	2.5 Mechanical withdrawal threshold
	2.6 Cold/Hot plate test
	2.7 Tail-immersion test
	2.8 Chronic pain models
	2.9 In vivo knockdown and overexpression of mTMC6 gene
	2.10 Quantitative real-time RT-PCR
	2.11 RNAscope combined with immunofluorescence co-detection
	2.12 Exogenous expression system
	2.13 Electrophysiological recordings
	2.14 (6-methoxy-8-quinolyl)-p-toluene-sulfonamide (TSQ) stain
	2.15 FluoZin-3 measurements in cell culture
	2.16 Western blot
	2.17 Statistics

	3 Results
	3.1 The expression pattern of TMC6 mRNA in DRG neurons
	3.2 Generally knocking out of TMC6 affects heat sensitivity in mice
	3.3 TMC6 in DRG modulates heat sensitivity in mice
	3.4 TMC6 deletion hyperpolarizes resting membrane potential and inhibits excitability of DRG neurons in mice
	3.5 TMC6 modulates M channel function
	3.6 Mechanism of TMC6 influences M channel in DRG neurons

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


