Cellular and Molecular Neurobiology (2025) 45:1
https://doi.org/10.1007/510571-024-01507-z

ORIGINAL RESEARCH q

Check for
updates

TMEM16A Activation Inhibits Autophagy in Dorsal Root Ganglion
Cells, Which is Associated with the p38 MAPK/mTOR Pathway

Shuyun Yang'?® . Hui Shang™?® - Yuruo Zhang?® - Jingsong Qiu>*® - Zheyi Guo'® - Yong Ma'® - Yuhang Lan'*
Shaoyang Cui*® - Hongshuang Tong' © - Guocai Li'

Received: 28 January 2024 / Accepted: 16 October 2024
© The Author(s) 2024

Abstract

Transmembrane member 16A (TMEM16A) exhibits a negative correlation with autophagy, though the underlying mecha-
nism remains elusive. This study investigates the mechanism between TMEM16A and autophagy by inducing autophagy in
DRG neuronal cells using Rapamycin. Results indicated that TMEM16A interference augmented cell viability and reduced
Rapamycin-induced apoptosis. Autophagosome formation increased with TMEM16A interference but decreased upon over-
expression. A similar increase in autophagosomes was observed with SB203580 treatment. Furthermore, TMEM16A inter-
ference suppressed Rapamycin-induced gene and protein expression of p38 MAPK and mTOR, whereas overexpression had
the opposite effect. These findings suggest that TMEM16A activation inhibits autophagy in DRG cells, which is associated
with the p38 MAPK/mTOR pathway, offering a potential target for mitigating neuropathic pain (NP).
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Introduction

Autophagy, a lysosome-mediated degradation pathway, plays
a crucial role in maintaining intracellular environmental sta-
Shuyun Yang and Hui Shang contributed equally to this work and bility by degrading damaged and redundant organelle com-
share first authorship. ponents such as amino acids, fatty acids, nucleosides, and
other small molecules for cellular reuse (Ray 2020; Zhang
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et al. 2020; Debnath and Leidal 2022). Apoptosis is recog-
nized and accepted as a unique and important “programmed”
mode of cell death, which involves gene determined cell
elimination. Apoptosis typically occurs during development
and aging, and serves as a homeostatic mechanism for main-
taining cell populations in tissues. The mechanism of cell
apoptosis is very complex and involves an energy depend-
ent cascade of molecular events. So far, research has shown
that there are two main pathways of apoptosis: exogenous
or death receptor pathways and intrinsic or mitochondrial
pathways.

Transmembrane member 16A (TMEMI16A), a member
of the Tmem16 family of multiple transmembrane proteins,
forms the molecular basis of calcium activated chloride
channels (CaCCs) and is a thermosensitive protein in noci-
ceptors (Chen et al. 2019; Lv et al. 2020). TMEM16A is
expressed in nerve cells such as the dorsal root ganglian
(DRG), neurons, and spinal cord neurons, which suggests
that this channel is associated with some special sensory
pathways. TMEM16A-CaCC produces a chloride current
of ions, which mediates bradykinin to cause acute pain.
TMEMI16A-CaCC is also associated with membrane repo-
larization by producing electrical signals which regulate the
particles en-tering and leaving the cell, thereby affecting the
potential of the cell membrane and participating in nerve
transmission. This property may potentially be exploited
for blocking the nerve signals of pain (Zhong et al. 2021).
Recent preliminary experimental results suggest a potential
relationship between TMEM16A and autophagy, yet its spe-
cific mechanism remains unclear.

The mitogen-activated protein kinases (MAPKSs) cascade
pathway, an essential intracellular signal transduction path-
way, includes p38 MAPK, a significant branch involved in
various physiological processes (Qin et al. 2023; Gu et al.
2018). P38MAPK is instrumental in neuronal plasticity, pain
signaling, and glial cell activation (Joo et al. 2018; Cai et al.
2022). Recent studies have identified p38MAPK as a con-
vergence point of multiple signaling pathways, playing a role
in autophagy regulation (Xu et al. 2023; Liao et al. 2020; He
et al. 2021). The mammalian target of Rapamycin (mTOR),
a relatively conserved serine/threonine protein kinase, is a
central component of the autophagy signaling network and
negatively regulates autophagy (Wang et al. 2018c; Paul
et al. 2023; Ali et al. 2023). Research has established that
p38MAPK activation can lead to increased mTOR expres-
sion, thereby activating the pP38MAPK/mTOR pathway and
subsequently inhibiting autophagy (Hou et al. 2023; Acharya
et al. 2021; Yang et al. 2021).

Neuropathic pain (NP) is a condition resulting from inju-
ries and diseases leading to dysfunctions in the sensory nerv-
ous system, characterized by altered function of the nerv-
ous system promoting phenomena like spontaneous pain,
hyperalgesia, and allodynia. Epidemiological studies have
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shown that their prevalence in the general population may
be as high as 7-8%, accounting for 20-25% of individuals
with chronic pain (Torrance et al. 2006; Bouhassira et al.
2008). It represents a challenging chronic disease in clinical
settings (Estivill-Torrds et al. 2024). Although autophagy
is known to mediate the onset and progression of NP, the
underlying mechanisms remain elusive. In our prior stud-
ies, we observed that the TMEM16A plasmid significantly
inhibited Rapamycin (Rap)—induced autophagy in spinal
DRG neurons, concomitantly with a notable upregulation of
p38 and mTOR expression. This suggests TMEM16A’s role
in inhibiting DRG autophagy, but its association with the
p38MAPK/mTOR pathway is yet to be determined. There-
fore, our study focused on whether TMEM16A inhibition of
DRG autophagy is associated with the p38 MAPK/mTOR
pathway through in vitro experiments.

Experimental Materials and Methods (All
materials tables are found in Appendix 1
of the supplement)

Cell Culture and Treatment

In our cell experiments, randomization and blinding were
employed to ensure unbiased and reliable results. Cells were
randomly assigned to different experimental and control
groups using a random number generator. Treatments were
administered in a random order to avoid temporal or environ-
mental biases. Data collection was performed by personnel
blinded to group assignments, ensuring that observations
were not influenced by prior knowledge of the experimental
conditions. Each condition was independently replicated at
least three times to confirm the reproducibility and robust-
ness of the results.

The thawed primary rat DRG cells (CP-R126, Procell)
were moved from liquid nitrogen to a dry thermostatic
heater using a dry ice container. Once thawed, the cells
were quickly transferred to a laminar flow hood, then
into a cell culture flask (CM-R126, procell), labeled, and
placed in an incubator. The following day, the medium was
replaced based on the condition of the cells. When cell
density reached 80-90%, passage of the cells was neces-
sary. Remove the cell culture supernatant and wash the
cells twice with 1 X PBS. Add 0.25% trypsin (containing
0.02% EDTA) to digest the cells. Once the cells round
up, halt the digestion by adding medium, then transfer the
cell suspension into a 10 ml centrifuge tube. centrifuge at
1000 rpm for 3 min, discard the supernatant, and resus-
pend the cells in fresh medium. Divide the cell suspen-
sion at a 1:3 ratio into labeled Petri dishes and incubate.
In accordance with experimental requirements, cells were
seeded in 6-well plates and 6 cm dishes. Similar to the cell
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passage procedure, the cells were diluted as necessitated
by the experiment. Approximately 2 X 105 cells per well
for the 6-well plates were evenly distributed onto the cul-
ture plates, labeled, and then incubated. The experiment
proceeded once the cells had fully adhered.

Primary rat DRG cells (CP-R126, Procell) were cul-
tured in procell rat DRG cell complete medium (CM-
R126, Procell) at 37 C with 5% CO,. Cells were veri-
fied using immunofluorescence neurofilament light chain
(NEFL) staining.

To explore the role of TMEM16A in rapamycin-induced
autophagy, cells were transfected with TMEM16A interfer-
ence and overexpression vectors, or an empty vector. Prepa-
ration for transfection began when cell density reached 70%
(considering the volume of medium in a 6 cm dish is dou-
ble that in a 6-well plate). The cells’ culture medium was
replaced with 1 ml of serum-free medium. In two sterile
EP tubes, 125 ul of Opti-MEM was added to each, with
5 ul of Lipofectamine 3000 to one tube and 12.5 ul of
siRNA (siRNA dry powder reconstituted in DEPC water;
125 ul/10d) or overexpression vector + 10 ul/ug DNA p3000
to the other tube; both were mixed well and incubate at room
temperature for 5 min. The contents of the two tubes were
then combined and incubated at room temperature for 15 min
before the mixture was added dropwise to the corresponding
well in the 6-well plate, and cells were returned to the incu-
bator. After 4-6 h of transfection, 1 ml of complete medium
containing 20% serum was added to each well. Follow-up
experiments proceeded 48 h post-transfection. At this point,
the cells were categorized into five groups: control, nc+rap,
si-tmem16a+rap, tmem16a+oe+rap and rap+sb203580. The
cells were treated with 50 nm rap (hy-10219, nmce) for 24 h.
The Rap+sb203580 group also received 15 p M SB203580
treatment for the same period. Following evaluation by the
medical ethics committee of Shenzhen Hospital (Futian),
Guangzhou University of traditional Chinese medicine, this
study, being an in vitro experiment that involves neither
humans nor animals, does not necessitate ethical approval.

Identification of Primary Rat DRG Cells

The cells were cultured until optimal conditions were
achieved, then the supernatant was discarded, and the cells
were washed thrice with PBS. They were fixed with 4% par-
aformaldehyde at room temperature for 15 min, blocked with
5% BSA at 37 °C for 30 min, and then incubated overnight
at 4 °C with p- Tubulin antibody (AF7011, Affinity, 1/200).
The following day, Alexa fluor 488 labeled fluorescent sec-
ondary antibody (SA00006-2, proteintech, 1/200) was added
and incubated at 37 °C for 30 min. After counterstaining
with DAPI, the cells were observed under a fluorescence
microscope (DS-Ri2, Nikon).

CCKS8 Detection

Cells from each group were harvested, and 10 pL of CCK8
reagent (KGA317, Kaiji biological) was added. They
were then incubate at 37 °C for 2 h before the absorbance
at 450 nm was measured using a microplate reader (WD-
2012B, Beijing 61).

Annexin V/Propidium lodide Assay

Collect between 1 X 106 and 3 X 106 cells, add 1 ml of PBS,
and centrifuge at 1500 rpm for 3 min, then wash twice.
Dilute 5 x Binding Buffer to 1 X Binding Buffer using dou-
ble distilled water. Resuspend the cells in 300 ul of pre-
cooled 1 x Binding Buffer. To each tube, add 5 ul of Annexin
V-FITC and 10 ul of PI. Gently mix and incubate at room
temperature in the dark for 10 min. Add 200 ul of precooled
1 X Binding Buffer to each tube. After mixing, proceed to
detection using a flow cytometer.

Transmission Electron Microscopy (TEM)
Examination

Fix DRG cells using 2.5% glutaraldehyde and wash with
PBS buffer three times, for 10 min each. Prepare for fixa-
tion in phosphate buffer for a minimum of 2 h (rinse three
times with 0.1 M phosphate buffer for 15 min; fix 2-3 h with
1% osmium tetroxide; rinse again three times with 0.1 M
phosphate buffer for 15 min). Dehydrate the samples in a
4 °C refrigerator, following a stepwise process (15-20 min
in 50% ethanol; 15-20 min in 70% ethanol; 15-20 min in
90% ethanol; 15-20 min in a 1:1 mixture of 90% ethanol
and 90% acetone; 15-20 min in 90% acetone); Then fur-
ther dehydrate with 100% acetone at room temperature,
repeating this step three times for 15-20 min each. After
fixing the cells, replace the alcohol with 100% acetone for
10 min before proceeding with the infiltration of Spurr’s
epoxy resin at room temperature, following a gradual con-
centration increase (acetone: Spurr’s epoxy resin=3:1 for
2 h; 1:1 for 3 h; 1:3 overnight. Then, pure Spurr’s epoxy
resin for 36 h). Enhance infiltration by shaking and rotat-
ing on a rotary mixer. Embed and polymerize at 70 °C for
48 h, then continue embedding at room temperature (pure
acetone: embedding solution=2:1 for 3—4 h; 1:2 overnight;
pure embedding solution at 37 °C for 2-3 h). After embed-
ding, cure the samples (overnight at 37 °C; 12 h at 45 °C;
48 h at 60 °C). Subsequently, cut sections with a thickness
of 70-90 nm using an ultra-microtome (Leica UC 7) and
double stain with 10.3% uranyl acetate and lead citrate.
Finally, the cells were observed and images were captured
using a fluorescence microscope (ds-ri2, Nikon). 9 images
were taken and have been added to the supplementary file.
(DAPI UV excitation wavelength 330-380 nm, emission
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wavelength 420 nm, producing blue light; FITC excitation
wavelength 465—495 nm, emission wavelength 515-555 nm,
generating green light; Cy3 excitation wavelength 510-560,
emission wavelength 590 nm, producing red light. Nuclei
stained with DAPI appear blue under UV light, and posi-
tive expression is indicated by the fluorescein-labeled green
light).

Real-Time Fluorescence Quantitative PCR (qPCR)

gPCR was employed to measure the expression levels of
p38 MAPK, mTOR, Beclin-1, ATG5, LC3A. LC3B, and
P62 in the cells. Total RNA in cells was extracted using
Trizol reagent (CW0580S, CWBIO), and further purifica-
tion was performed with the RNA UltraPure Extraction Kit
(CWO0581M, CWBIO). The concentration and purity of the
RNA (0OD260/0D280 ratio) were assessed using a UV-VIS
spectrophotometer. cDNA was synthesized using RNA
reverse transcription kit, and qPCR was conducted using
fluorescence PCR instrument (CFX Connect, Bio-Rad). The
reaction protocol included: initial denaturation at 95 °C for
10 min; denaturation at 95 °C for 10 s; annealing at 58 °C
for 30 s; extension at 72 °C for 30 s, over 40 cycles. GAPDH
served as the internal control. The relative gene expression
was calculated using the 2724 method. Primer sequences
are provided in the table below (Table 1).

Western Blot

The cells were harvested and the culture medium dis-
carded. Total protein was extracted using RIPA lysis buffer
(C1053, Applygen) and then centrifuged at 4 “C for 10 min
at 12,000 rpm using a high-speed centrifuge (5424R,
Eppendorf). The supernatant was collected, and protein
concentration quantified using BCA Protein Quantification
Kit (E-BC-K318-M, Elabscience). Protein samples were
denatured and subjected to sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) for 1.5 h, fol-
lowed by transfer onto a PVDF membrane (Millipore) at
a constant current of 300 mA for 1 h. The membrane was

blocked with skim milk powder, incubated with the pri-
mary antibody overnight at 4 °C, and then with the second-
ary antibody at room temperature for 2 h the following day.
The membrane was treated with hypersensitive lumines-
cent solution (RJ239676, Thermo Fisher) and developed
using an ultra-high sensitivity chemiluminescence imaging
system (Tanon-5200, Shanghai Tianneng Technology Co.,
Ltd.). The antibodies used and their respective dilutions
are listed in the table below. The specificity of all primary
antibodies used has been authenticated through knock-
out by the initial manufacturer. (Information about the
knockout validation of the primary antibodies are found
in Appendix 2 of the supplement. Standardized data is the
ratio of the relative molecular weight of relevant proteins
to the relative molecular weight of p—actin) (Table 2).

Statistic Analysis

Graphs and statistical analyses were performed using
GraphPad Prism 9.0 and SPSS 22.0. Quantitative data
are presented as the mean + standard deviation (X + SD).
Initially, the Shapiro—Wilk test and Levene’s test were
applied to assess the normality and homogeneity of vari-
ance, respectively. For data adhering to normal distribu-
tion, comparisons between two groups were made using
an independent sample t-test, while one-way ANOVA
was utilized for multiple group comparisons. For non-
normally distributed data, the Mann—Whitney U test, the
Kruskal-Wallis tests followed by Tukey’s post hoc test
was employed. A p-value <0.05 was deemed statistically
significant. The sample size for the experimental design
(n=10) was established based on prior experimental
research in the same domain and acceptable SD values
(Zhang et al. 2018b). This study acknowledges certain
limitations, including the omission of an initial sample
size calculation. (The results of the tests for normality
and variance homogeneity are found in Appendix 3 of the
supplement).

Table 1 Primer sequences

Primers Forward primer F (5'-3") Reverse primerR (5'-3")

TMEMI16A CTCTTCGCCCTGCTGAACAA TGAGAATGTTATACCAGATGCCG
Beclin-1 GGAGAAAGGCAAGATTGAAGA AGGACACCCAAGCAAGACC

ATGS GAACGAGAAGCAGAGCCATACT GGTCCAAAACTGGTCAAATCAT
LC3A TTCGCCGACCGCTGTAA ATCCGTCTTCATCCTTCTCCTG
LC3B ATAGAGCGATACAAGGGTGAGAAG CAGGAGGAAGAAGGCTTGGTTAG
P62 CCAGAGTCAAGGGGAGTCAG GGGTGCTCTCTGTATGCTCC
p3SMAPK ACACTCGGCTGACATAATCCA CACGGACCAAATATCCACTGTCT
mTOR GAAGGTCACTGAGGATTTGTCCA AGTGTATCCTGGAGGTTGTTG
GAPDH GACAACTTTGGCATCGTGGA ATGCAGGGATGATGTTCTGG
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Table2 List of antibodies Antibody name (product number, manufacturer) RRIDs Dilution multiple
Mouse Anti-p-actin (TransGen Biotech) HC_201 1:2000
HRP labeled IgG (H+L) (Servicebio) GB23301/GB23303 1:2000
Rabbit Anti Atg5(Abcam) AB_108327 1:1000
Rabbit Anti P62 (Proteintech) 66184-1-Ig 1:10000
Rabbit Anti mTOR (Proteintech) 66888-1-Ig 1:5000
Mouse Anti p38 (Thermo) MAS5-15116 1:1000
Rabbit Anti p-p38/MAPK (Thr180/Tyr182) (Proteintech) 28796-1-AP 1:2000
Rabbit Anti TMEM16A (Affinity) DF_7769 1:1000
Rabbit Anti LC3 (abcam) AB_192890 1:1000
Rabbit Anti Beclin-1 (Proteintech) 11306-1-AP 1:4000
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Fig.1 (A) Elevated B-Tubulin expression observed in these cells; (B-D) WB and QPCR analyses verify interference efficiency (n=4); (E-G)
WB and QPCR analyses confirm overexpression efficiency (n=4) (¥*P <0.05 compared to the NC group)

Result overexpression vectors, or an empty vector. Immunofluo-

rescence was employed to detect f-Tubulin in primary rat
Validation of TMEM16A Overexpression DRG cells, revealing robust B-Tubulin expression indica-
and Interference Proves Effective tive of neuronal axonal and dendritic structures (Fig. 1A).

The observed axonal and dendritic structures are typical

To elucidate TMEM16A’s role in Rap-induced autophagy,  of neurons. The efficacy of transfection with TMEM16A
cells were transfected with TMEM16A interference and  interference vectors (three designed, one selected) and an
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overexpression vector was validated using QPCR and West-
ern Blot (WB), demonstrating that all three interferences
were effective (Fig. 1B). Interference 1 was identified as
the most effective and selected for further experiments.
Furthermore, the overexpression vector markedly increased
TMEMI16A expression (Fig. 1C). The data description is as
follows (Tables 3, 4).

TMEM16A Inhibits Cell Viability and Rap-Induced
Apoptosis

To assess the impact of TMEM16A on cell viability and
Rap-induced apoptosis, cell viability was evaluated using
CCKS8, and apoptosis was measured by flow cytometry
across all groups. The cell viability and apoptosis data were
normally distributed, but showed heterogeneity in variance,
prompting the use of non-parametric rank sum tests for sta-
tistical analysis. The findings revealed that Rap treatment
significantly reduced cell viability (Mann—Whitney U = 828.
8, P<0. 0001). Conversely, TMEM16A interference pro-
moted cell viability (P <0. 0001), whereas its overexpression
inhibited cell viability (P=0. 0134 <0. 05). Additionally,
co-treating cells with Rap and SB203580 counteracted the
rapamycin-induced reduction in DRG cell viability (P <0.
0001; Fig. 2A).

Flow cytometry showed that Rap treatment increased cell
apoptosis (Mann—Whitney U=93. 43, P<0. 0001). How-
ever, TMEM16A interference did not reduce Rap-induced
apoptosis (P=0. 672> 0. 05), while overexpression of
TMEMI16A decreased the apoptosis rate (P=0. 04 <0. 05).
Moreover, SB203580 significantly lowered the apoptosis
rate (P<0. 0001). These results indicate that TMEM16A
interference boosts cell viability but does not counteract
apoptosis triggered by Rap. On the other hand, overexpres-
sion of TMEM16A does not promote cell viability but can
inhibit Rap-induced apoptosis (Fig. 2B).

Table4 The relative expression data of TMEM16A overexpression
vectors

TMEMI16A rela-  Control NC OE

tive expression

mRNA 0.965670571 1.856083793 31.5224067
1.029959912 1.852703817 34.04832238
1.00542732 1.464304396 32.21986313
1.986083793 1.522406699 33.85270382

Protein 0.702377441 0.498092294 0.978727034
0.548579564 0.46737224 1.279106858
0.619207764 0.512221994 1.294082327
0.628727034 0.485579564 1.072377441

TMEM16A Enhances p38 MAPK/mTOR mRNA
and Protein Expression

To examine TMEM16A’s effect on the p38 MAPK/mTOR
pathway, QPCR analysis and Western blotting were
employed to determine the gene and protein expression
levels of TMEM16A, p38 MAPK, and mTOR in each cell
group. The expression data for TMEMI16A, p38 MAPK,
and mTOR genes and proteins exhibited a normal distribu-
tion. Variance for TMEM16A data was uneven, while vari-
ance for p38 MAPK and mTOR data was homogeneous.
Accordingly, non-parametric rank sum tests were applied
to the TMEM16A data, and One Way ANOVA followed
by Tukey’s post hoc tests were used for the p38 MAPK and
mTOR genes and proteins analysis.

The findings revealed that the gene expression lev-
els of TMEM16A, p38 MAPK, and mTOR were signifi-
cantly elevated following Rap stimulation (Mann—Whitney
U=2944,F=1779, 108. 4, P=0. 0361 <0. 05, P<0. 0001,
P <0.0001). Interference with TMEM16A reduced the Rap-
induced increase in p38 MAPK and mTOR gene expres-
sion (P <0. 0001, P<0. 0001), while overexpression of
TMEMI16A enhanced their expression levels (P=0. 02 <0.
05, P<0. 0001). SB203580 counteracted the Rap-induced
upregulation of TMEM16A and decreased p38 MAPK and

Table 3 The relative expression

- TMEMI16A rela-  Control NC Si-1325 Si-368 Si-728
data of TMEM16A interference tive expression
vectors
mRNA 1.1 0.8 0.8 0.115 0.03985
1.5 1.25 1.4 0.224 0.06534
1 0.75 0.9 0.289 0.09432
0.9 0.8 0.9 0.172 0.04049
Protein 0.700893514 0.684682441 0.282122098 0.32259579 0.482910713
0.602037923 0.584944719 0.284540325 0.37069249 0.394235156
0.775563463 0.67071377 0.333615039 0.316964106 0.420874971
0.68071377 0.612037923 0.306964106 0.323615039 0.412037923
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«Fig.3 (A-C) TMEM16A increases mRNA expression of p38 MAPK
and mTOR (n=10); (D-H) TMEMI16A enhances protein expres-
sion of p38 MAPK and mTOR (n=10). * Compared with control,
P <0.05; # Compared with NC+Rap, P <0.05; +si-TMEM16A + Rap
compared with TMEM16A+oe+Rap, P <0.05

mTOR gene expression (P <0. 0001). Furthermore, gene
expression of p38 MAPK and mTOR was notably higher in
the overexpression group compared to the interference group
(P<0.0001, Fig. 3A).

Results of Western blotting analysis indicated that Rap
treatment significantly enhanced p38 phosphorylation and
mTOR protein expression (F=36.79, 33.4; P=0.01 and
P=0.005, respectively, both below 0.05). The overexpres-
sion group exhibited further elevations in p38 phosphoryla-
tion and mTOR protein levels (P=0.0128 and P=0.0212,
respectively, both below 0.05). Conversely, SB203580 sup-
pressed TMEMI16A expression, p38 phosphorylation, and
mTOR levels (P <0. 0001). Furthermore, p38 phosphoryla-
tion and mTOR protein expression levels were markedly
elevated in the overexpression group as compared to the
interference group (P=0.0130 and P <0.0001, respectively;
Fig. 3B).

TMEM16A Facilitates Autophagy in DRG Cells

To further investigate TMEM16A’s impact on autophagy,
we observed autophagosome formation in DRG cells using
TEM and QPCR analysis. Additionally, Western blotting
was employed to assess the expression levels of genes and
proteins associated with autophagy, including P62, Beclin-1,
LC3A, LC3B, and ATGS, in each cell group. The distribu-
tion of autophagy-related gene and protein data was found
to be normal. However, the variance in P62 data was hetero-
geneous, while the variance for Beclin-1, LC3A, LC3B, and
ATGS was homogeneous. Consequently, we employed non
parametric rank sum tests to analyze the P62 data, and One
Way ANOVA with post hoc tests for the the gene and protein
data of Beclin-1, LC3A, LC3B, and ATGS.

The TEM findings revealed no autophagosomes were
observed in the control group. In contrast, the NC+Rap
group exhibited 4 autophagosomes, si-TMEMI16A+Rap
group displayed 8 autophagosomes, TMEM16A+OE+Rap
group showed 2 autophagosomes, and Rap+SB203580
group presented 5 autophagosomes. In short, an increase in
autophagosomes following Rap treatment, which was further
enhanced with TMEM16A interference and significantly
decreased following TMEM16A overexpression. Autophagy
levels rose following co-treatment with SB203580 (Fig. 4A).

The qPCR results demonstrated that the gene expression
levels of P62, LC3A, LC3B, and ATGS were significantly
elevated under Rap stimulation (Mann—Whitney U =2345. 6;
F=56.69,41. 47, 56. 04; P=0.0182, P<0.0001, P=0.04,

P <0.0001, respectively, all below 0.05). TMEMI16A inter-
ference further increased the expression of P62, Beclin-1,
and LC3B (P<0. 0001, P<0. 0001, P=0.0488, respec-
tively, all below 0.05), while its overexpression also ele-
vated P62 and LC3B expression (P <0.0001 and P=0.02,
respectively, both below 0.05), but suppressed LC3A
expression (P <0. 0001). SB203580 boosted the expres-
sion of P62, Beclin-1, and LC3B (P =0.0026, P <0.0001,
P=0.0049, respectively, all below 0.05). Moreover, com-
pared with TMEM16A+-o0e+4Rap, the gene expression levels
of P62, Beclin-1, and LC3A were significantly higher in si-
TMEMI16A+Rap (P <0.0001 for each), whereas LC3B and
ATGS exhibited no significant difference (P=0.0657 and
P=0.7944, respectively, both above 0.05; Fig. 4B).

Results of Western blotting revealed that Rap treatment
significantly increased the protein expression of P62 and
LC3B (Mann—Whitney U=49. 61, F=17. 14; P<0.0001
and P=0.0335, respectively, both below 0.05), while it
reduced the expression of LC3A and ATGS (F=19.93
and 43,041; P=0.0414 and P <0.0001, respectively).
TMEMI16A interference further elevated the expression of
P62 and ATGS5 (P=0.0032 and P <0.0001, respectively,
both below 0.05). TMEMI16A overexpression additionally
enhanced the level of Beclin-1, LC3A, LC3B and ATG5
(P=0.0056,P=0.0014,P=0.0011, and P=0.0362, respec-
tively, all below 0.05). SB203580 also increased the levels
of P62, Beclin-1 and ATG5 (P=0.0047, P=0.0061, and
P=0.0051, respectively, all below 0.05). Additionally, the
protein expression levels of P62, LC3A, LC3B and ATG5
were significantly elevated in si-TMEM16A+Rap com-
pared with TMEM16A+oe+Rap (P <0.0001, P=0.006,
P<0.0001, and P <0.0001, respectively), with no significant
difference in Beclin-1 expression (P=0.1463, above 0.05;
Fig. 4C). (Full western blots showing the marker are found
in Appendix 4 of the supplement).

Discussion

This study demonstrated that: (1) TMEM16A interference
promotes cell viability, and its overexpression inhibits Rap-
induced apoptosis; (2) TMEM16A, p38MAPK, and mTOR
play a role in suppressing Rap-induced autophagy in DRG
neurons; (3) TMEMI16A is associated with p38MAPK/
mTOR signaling pathway. In summary, TMEM16A activa-
tion inhibits autophagy in DRG cells, which is associated
with the p38 MAPK/mTOR pathway.

In 2008, researchers identified TMEM16A as the molecu-
lar basis of CaCCs (Schroeder et al. 2008). It is a heat-sen-
sitive protein known to contribute to various physiological
and pathological functions, including NP (Chen et al. 2021a;
Zhang et al. 2018a). Qin-Yi Chen et al. (Chen et al. 2019)
reported an upregulation of TMEM16A protein expression

@ Springer



1 Page 10 of 15

Cellular and Molecular Neurobiology (2025) 45:1

3+

2

r-
S I+

P62 mRNA

o
m

Relative LC3A mRNA expression
o
1
i
Relative LC3B mRNA expression
i

¥,
Relative ATG5 mRNA expression M

si-TMEM16A+Rap

C

NN
o o
1 ]
T
] 2

-
o
1
>

#*
)

=
[
1

Relative Bclin-1 mRNA expression
e
o

1.8 *

%
i

-
»
1
>
*
S
*

-
N
1

.

0.8 I T T I T
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cells. Scale bar=4 pm for Control, NC+Rap, si—-TMEMI16A+Rap,
and Rap+SB203580 groups, Scale bar=1 pm for TMEM16A+OE+Rap
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(P62, Beclin-1, LC3A, LC3B, and ATGS) in DRG neurons (n=10); (G-L)
TMEMI16A elevates protein expression of autophagy markers (P62, Beclin-1,
LC3A, LC3B, and ATGS) in DRG neurons (n=10). * Compared with Con-
trol, P<0.05; # Compared with NC+Rap, P<0.05, +si-TMEM16A +Rap
compared with TMEM16A+oe+Rap, P <0.05
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Fig.4 (continued)

in DRG neurons of rats with a neuropathic pain model, indi-
cating TMEM16A’s role in sustaining NP. Previous research
has established a negative correlation between NP and DRG
autophagy, with autophagy alleviating NP and its progres-
sion (Li et al. 2021; Zhu et al. 2018; Xu et al. 2022). Thus, it
is hypothesized that TMEM 16A might suppress autophagy
in DRG neurons, thereby sustaining NP.

DRG autophagy and apoptosis are often triggered by
cellular damage or stress (Liao et al. 2022). Autophagy, a
self-digestive process, entails protein and organelle degra-
dation to enhance cell survival under stress (Wollert 2019).
Initially, Beclin-1 of the endoplasmic reticulum responds
to stress signals, initiating phagophore formation. Sub-
sequently, various proteins, including autophagy-related
protein 5 (ATGS), microtubule-associated protein 1A/1B
light chain 3 (LC3), and P62, participate in autophagosome

formation (Sun et al. 2009; Scervino et al. 2023; Han et al.
2022; He et al. 2018). Finally, autophagosomes merge with
lysosomes, resulting in autolysosome formation and sub-
sequent degradation (Lorincz and Juhasz 2020; Tian et al.
2021).

To investigate the relationship between TMEM16A and
autophagy, we utilized Rap to induce autophagy in pri-
mary rat DRG cells and transfected them with TMEM16A
interference, overexpression vectors, and an empty vec-
tor. TEM observations revealed a significant increase in
autophagosomes following TMEM16A interference, cor-
roborated by qPCR and Western blot results. This interven-
tion resulted in elevated gene and protein expression levels
of autophagy-related factors Beclin-1, P62, and LC3B.
Numerous studies have indicated that the expression levels
of LC3 B, bclin-1, and atg5-atg12 escalate with increased
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autophagy activity (Bansal et al. 2018; Sun et al. 2009;
Abulimiti et al. 2022; Wang et al. 2018b). Conversely,
P62 expression, which facilitates the transport of ubiqui-
tinated cargo to autophagosomes, decreases (Rusten and
Stenmark 2010; Misra and Dikic 2019). Nonetheless, some
researchers argue that a rise in LC3-B expression suggests
blocked autophagic flux and diminished autophagic activ-
ity (Giménez-Xavier et al. 2008). Our qPCR and Western
blot data showing increased P62 and LC3-B levels upon
TMEMI16A overexpression further support the notion that
TMEMI16A negatively regulates autophagy in DRG neu-
rons. Apoptosis, a form of programmed cell death and
cellular atrophy (Fig. 5) (Chen et al. 2022), is observed
to increase in animal studies after DRG injury, both in
the DRG (Dastgheib et al. 2023; Ozdemir et al. 2023;
Shao et al. 2021; Dong et al. 2021) and the spinal cord
(Zhou et al. 2016; Ozdemir et al. 2016). Post-Rap induc-
tion, cell viability assays and flow cytometry revealed that
TMEMI16A interference promotes cell viability, while its
overexpression inhibits Rap-induced apoptosis.

Extrinsic apoptosis pathway

'YV S

Death receptors

MAPK is a crucial cellular signal transduction pathway
involved in regulating cell growth and differentiation (Lin
et al. 2022). Recent findings suggest that p38MAPK, an
intracellular signal transducer, plays a role in autophagy
regulation (He et al. 2021; Lai et al. 2018) and acts as an
upstream regulator of autophagy (Shen et al. 2021). MTOR,
a serine or threonine protein kinase, is a key inhibitor of
autophagy initiation (Wang et al. 2018a, 2018c). It phospho-
rylates ULK1, a vital autophagy protein, inhibiting its activ-
ity and thus autophagy (Wu et al. 2023; Chen et al. 2021b).
Our TEM observations showed increased autophagosomes
following p38MAPK inhibition. This also stimulated the
gene expression of P62, Beclin-1, and LC3B, as well as the
protein expression levels of ATGS, indicating that inhibiting
p38MAPK significantly enhances autophagy activity.

The findings suggest that both TMEM16A and p38MAPK
negatively regulate autophagy. However, the precise relation-
ship between TMEM16A and p38MAPK/mTOR pathway
remains unclear. To investigate this, we employed qPCR
and Western blot analyses to measure the gene and protein
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expression levels of p38MAPK and mTOR following Rap-
induced autophagy in DRG neuronal cells and subsequent
TMEM16A interference or overexpression. The results dem-
onstrated that TMEM16A overexpression led to increased
gene and protein expression of p38MAPK and mTOR,
whereas TMEM16A interference reduced their expression.
This indicates that TMEM16A exerts a positive feedback
effect on p38MAPK and mTOR.

In general, this study demonstrates that TMEM16A posi-
tively influences p38MAPK and mTOR. Specifically, it has
been verified that TMEM16A activation inhibits autophagy
in DRG cells, which is associated with the p38 MAPK/mTOR
pathway.
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