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DEPTOR attenuates asthma progression @
by suppressing endoplasmic reticulum stress
through SOD1

Hao Wang', Lei Zhang? and Yunxiao Shang'”

Abstract

Endoplasmic reticulum (ER) stress has been shown to play a pivotal role in the pathogenesis of asthma. DEPTOR
(DEP Domain Containing MTOR Interacting Protein) is an endogenous mTOR inhibitor that participates in various
physiological processes such as cell growth, apoptosis, autophagy, and ER homeostasis. However, the role of
DEPTOR in the pathogenesis of asthma is still unknown. In this study, an ovalbumin (OVA)-induced mice model
and IL-13 induced 16HBE cells were used to evaluate the effect of DEPTOR on asthma. A decreased DEPTOR
expression was shown in the lung tissues of OVA-mice and IL-13 induced 16HBE cells. Upregulation of DEPTOR
attenuated airway goblet cell hyperplasia, inhibited mucus hypersecretion, decreased the expression of mucin
MUC5AC, and suppressed the level of inflammatory factors IL-4 and IL-5, which were all induced by OVA treatment.
The increased protein expression of ER stress markers GRP78, CHOP, unfolded protein response (UPR) related
proteins, and apoptosis markers in OVA mice were also inhibited by DEPTOR overexpression. In IL-13 induced
16HBE cells, overexpression of DEPTOR decreased IL-4, IL-5, and MUC5AC levels, preventing ER stress response and
UPR process. Furthermore, from the proteomics results, we identified that SOD1 (Cu/Zn Superoxide Dismutase 1)
may be the downstream factor of DEPTOR. Similar to DEPTOR, upregulation of SOD1 alleviated asthma progression.
Rescue experiments showed that SOD1 inhibition abrogates the remission effect of DEPTOR on ER stress in vitro.

In conclusion, these data suggested that DEPTOR attenuates asthma progression by suppressing endoplasmic
reticulum stress through SODI1.
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Introduction

Asthma is one of the most common respiratory dis-
eases affecting children and adults worldwide [1], which
is characterized by variable airflow obstruction, caus-
ing dyspnea and wheezing [2]. Because of the recur-
rent symptoms of reversible airflow obstruction, airway
hyper-responsiveness, and airway inflammation, asthma
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uncontrolled asthma still accounts for 5 to 10% of all
patients [6, 7]. Therefore, further investigation is critical
for identifying the potential targets and mechanisms for
asthma.

The endoplasmic reticulum (ER) is an important organ-
elle that plays a major role in the synthesis, folding, and
structural maturation of proteins [8]. However, some
genetic or environmental insults could prevent the proper
folding and post-translational modification of cells in the
ER, and this accumulation of misfolded proteins leads to
ER stress, resulting in activation of the unfolded protein
response (UPR) that aims to restore protein homeosta-
sis [8, 9]. However, the UPR does not always overcome
ER stress and restore ER functional balance. Under per-
sistent and severe ER stress, the UPR, in turn, aggravates
cellular inflammation and induces apoptosis [10, 11]. In
asthma, ER stress markers, including C/EBP homologous
protein (CHOP), glucose-regulated protein, and 78 kDa
(GRP78), are increased [12, 13]. However, 4-PBA, a
chemical chaperone that inhibits ER stress/UPR, amelio-
rates the pathologic features of OVA mice [12]. Although
studies have confirmed that ER stress and UPR activation
are critical for the induction and maintenance of asthma
[12, 14, 15], the complex regulatory mechanisms remain
to be elucidated.

DEP Domain Containing MTOR Interacting Pro-
tein (DEPTOR), an endogenous mTOR inhibitor, is the
focus of research on the occurrence and development
of human malignancies [16, 17]. DEPTOR is involved in
a variety of physiological processes, such as cell growth,
apoptosis, autophagy, and endoplasmic reticulum
homeostasis, by inhibiting mTOR kinase activity [16, 18,
19]. In alcoholic liver disease, overexpression of DEPTOR
suppressed mTORC]1 signaling and ameliorated inflam-
mation and acute-on-chronic liver injury [20]. Recent
reports have also confirmed that DEPTOR inhibits ER
stress and apoptosis in chondrocytes by directly regu-
lating downstream protein activity, thereby alleviating
the progression of osteoarthritis [21], and its function is
independent of mTOR signaling. Furthermore, the upreg-
ulation of DEPTOR inhibits the production of inflamma-
tory factors and activation of the NF-«xB pathway in nasal
mucosal cells from patients with rhinitis [22]. However,
the roles and mechanisms of DEPTOR in the regulation
of the physiological and pathological asthma processes in
vivo are unknown.

Therefore, in the present study, we used an OVA-
induced asthma mouse in vivo and IL-13-treated 16HBE
cells in vitro to investigate the role and potential regu-
latory mechanism of DEPTOR in asthma progression.
Our results demonstrated that DEPTOR is suppressed in
OVA mice. Upregulation of DEPTOR could protect mice
from asthma-induced injury, and this protective effect
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may be associated with the downstream factor SOD1
(Cu/Zn Superoxide Dismutase 1).

Materials and methods

Data collection and analysis

To explore the expression of DEPTOR in OVA mice,
Gene Expression Omnibus (GEO) databases GSE6858,
GSE49694, GSE49705, and GSE13382 were used. Data
were analyzed by GEO2R (https://www.ncbi.nlm.nih.gov
/geo/geo2r/).

Mice asthma model

Eight-week-old female BALB/c mice were randomly
divided into four groups (Control, OVA, OVA+Vec-
tor*V2, OVA + DEPTORA*Y?) and adaptively fed for one
week (12 h light and 12 h dark, temperature 22+1°C,
humidity 45-55%) with free to eat and drink. Mice were
sensitized by intraperitoneal (i.p.) injection of 20 pg of
OVA (A800616, Macklin, China) emulsified in 2.25 mg of
aluminum hydroxide in a total volume of 100 ul on days
0 and 10. Upregulation of DEPTOR in mice was achieved
by adeno-associated virus 2 (AAV2) infection. On day
14, Vector®V? or DEPTORAV? at a dose of 5x10'
plaque-forming units in 20 pl of PBS per mouse was
administered to mice through intratracheal injection. We
challenged animals via airways with a nebulized 1% OVA
on days 28, 29, and 30, for 30 min a day. A control group
of mice received saline solution i.p. and were challenged
with 1% OVA. After 48 h (day 32), mice were sacrificed
and serum, BALF, and lung tissues were collected for fur-
ther use.

BALF collection and analysis

After the mice were anesthetized, the trachea was
exposed through a median neck opening. A small inci-
sion was made close to the head and a 1 ml syringe was
inserted into the trachea. A slow bolus of 500 pL of pre-
cooled PBS was administered and the mouse chest was
gently rubbed for 15 to 20 s, after which lavage fluid was
aspirated. This step was repeated three times. After cen-
trifugation, total inflammatory cells were counted by try-
pan blue exclusion using a hemacytometer, and the total
number of cells per milliliter of BALF was calculated
based on the dilution and the volume of the cell counter
plate. Similar to reported studies [23, 24], macrophages,
eosinophils, neutrophils, and lymphocytes in BALF
were stained and counted with a Diff-Quick staining kit
(G1541, Solarbio, China) according to the manufacturer’s
instructions. Briefly, BALF was prepared as the cell slides.
After drying, the slides were fixed with methanol for 20 s.
Then, Dift-Quik I staining was performed for 5-10 s fol-
lowed by Diff-Quik II staining for 10-20 s. After that,
the cells were observed under a microscope. Different
types of cells were distinguished according to cell size
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and morphology after staining. The proportion of mac-
rophages, eosinophils, neutrophils, and lymphocytes in
200 inflammatory cells was calculated. Then, the number
of each inflammatory cell in each milliliter of BALF was
calculated.

Detection kits

OVA-specific IgE in mouse serum was tested with the
Mouse OVA specific-IgE ELISA Kit (EM1254, Entest,
China). The level of inflammatory factors IL-4 and IL-5
were measured with the ELISA kits (EK205, EK204,
EK105, and EK104) that were obtained from Liankebio
(China). Protein concentration was measured by BCA kit
(PO011, Beyotime, China). Optical density values were
read using a microplate reader (ELX-800, BIOTEK, US).

Real-time quantitative PCR (q-PCR)
Total RNA of cells or lung tissues from mice was
extracted using TRIpure reagent (RP1001, BioTeke,
China), and the concentration was detected by UV spec-
trophotometer (NANO 2000, Thermo Fisher Scientific,
USA). The obtained RNA was reversed to complementary
DNA with RNase inhibitor (BL780A, Biosharp, China)
and BeyoRT II M-MLYV reverse transcriptase (D7160L,
Beyotime, China). q-PCR was performed by using 2xTaq
PCR Master Mix (PC1150, Solarbio, China) and SYBR
Green (SY1020, Solarbio, China) with PCR instrument
(Exicycler 96, Bioneer, Korea). Relative mRNA levels of
target genes were calculated by the 2-AACT assay.
Primer information: homo SOD1 forward: 5-GGTCC
TCACTTTAATCCTCT-3; reverse: 5-CTTCATTTCCA
CCTTTGC; homo DEPTOR forward: 5-GCCACCACG
AGGAAAGA-3; reverse: 5-CCTCAGGCAGAAGGGA
C-3’; mus MUC5AC forward: 5-CGTGGTCTGGAAGG
ATGCTAT-3] reverse: 5’-GAACTGTTGCCCGTTGTAG
GT-3’; mus DEPTOR forward: 5-GACGGCACCATCTC
AAA-3; reverse: 5-GTCCCATCATCCTTCCTAA-3.

Western blotting

Total protein was extracted from tissues or cells by RIPA
lysate (PR20001, Proteintech, China) with the addition of
1% protease inhibitors/phosphatase inhibitors (PR20032,
PR20015, Proteintech, China). Concentration was deter-
mined by the BCA kit (PK10026, Proteintech, China).
Protein was separated by SDS-PAGE (PR20004, Pro-
teintech, China) and transferred to a PVDF membrane
(LC2005, Thermo Fisher Scientific, USA). After blocking
of non-specific binding with blocking buffer (PR20011,
Proteintech, China) for 5 min, the membranes were
treated with primary antibodies at 4°C overnight fol-
lowed by treatment with secondary antibody for 40 min
at room temperature (RT). Protein bands were visual-
ized using the enhanced chemiluminescence reagents
(PK10003, Proteintech, China).
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Antibody information

DEPTOR antibody (1:5,000, Proteintech Cat# 20985-
1-AP, RRID: AB_11182391), p-PERK™*¥? antibody
(1:1,000, Beyotime Cat# AF5902, China), PERK antibody
(1:1,000, ABclonal Cat# A18196, RRID: AB_2861973),
p-eIF20%°! antibody (1:1,000, ABclonal Cat# AP0692,
RRID: AB_2863809), elF2a antibody (1:1,000, ABclonal
Cat# A21221), p-IRE1a5*7?* antibody (1:1,000, Abcam
Cat# ab48187, RRID: AB_873899), IREla antibody
(1:1,000, ABclonal Cat# A21021), SOD1 antibody
(1:500, ABclonal Cat# A12537, RRID: AB_2861671),
CHOP antibody (1:3,000, ABclonal Cat# A0221, RRID:
AB_2757035), cleaved-caspase-3 antibody (1:1,000,
Affinity Biosciences Cat# AF7022, RRID: AB_2835326),
cleaved-PARP antibody (1:1,000, Affinity Biosciences
Cat# AF7023, RRID: AB_2835327), ATF6 antibody
(1:500, ABclonal Cat# A0202, RRID: AB_2757016)
(ABclonal A0202), goat anti-rabbit IgG-HRP (1:10,000,
Proteintech Cat# SA00001-2, RRID: AB_2722564).

Cell treatment

The 16HBE cells were cultured in RPMI-1640 (31800,
Solarbio, China) supplemented with 10% fetal bovine
serum (11011-8611, Tiangangbio, China) in an incuba-
tor with 5% CO, at 37°C. DEPTOR overexpression or
SOD1 knockdown in cells was accomplished by trans-
fecting DEPTOR overexpression plasmid or SOD1
siRNA into 16HBE cells with the help of lipofectamine
3000 (L3000015, Invitrogen, USA). After transfection,
10 ng/ml IL-13 (RP01320, ABclonal, China) was used to
treat cells. In some sections, cells were treated with ER-
Tracker Red (MX4353, Maokangbio, China), and the
images were taken by a microscope (OLYMPUS, Japan).

Immunohistochemical (IHC) staining

Lung tissues isolated from different experimental mice
were paraffin-embedded and then sliced into 5 um-thick
sections. Before staining, the sections were deparaf-
finized with xylene and gradually immersed in differ-
ent concentrations of ethanol. After antigen retrieval,
the sections were incubated with 3% H,O, for 15 min to
eliminate the activity of endogenous peroxidase and then
blocked with 1% BSA (A602440-0050, Sangonbio, China)
for 15 min. Then, sections were incubated with DEPTOR
(Proteintech Cat# 20985-1-AP, RRID: AB_11182391),
SOD1 (ABclonal Cat#A22594), or MUC5AC (Abcam
Cat# ab198294, RRID: AB_2894855) antibody (1:200)
overnight at 4°C, followed by goat anti-rabbit IgG/HRP
(1:100, Solarbio Cat# SE134, RRID: AB_2797593) for
45 min at RT. After that, sections were added with DAB
solution (C520017, Sangonbio, China) and counter-
stained with hematoxylin (H8070, Solarbio, China) for
3 min. Sections were gradually immersed in different
concentrations (75%, 85%, 95%) of ethanol and xylene.



Wang et al. Biology Direct (2024) 19:114

Images were taken with a microscope (OLYMPUS,
Japan). The rate of DEPTOR or SOD1 positive cells was
calculated.

Histology staining

For periodic acid-Schiff (PAS) staining, tissue sections
were stained in periodic acid for 10 min and Schiff’s
Reagent (DG0005, Leagene, China) for 15 min, respec-
tively. After counterstaining with hematoxylin for 2 min,
sections were rinsed with water and immersed in etha-
nol and xylene. PAS-positive cells were displayed as the
percentage. For hematoxylin and eosin (H&E) stain-
ing, tissue sections were stained in hematoxylin (H8070,
Solarbio, China) for 5 min, 1% hydrochloric acid in
alcohol for 3 s, and eosin solution (A600190, Sangon-
bio, China) for 3 min, respectively. Then, sections were
immersed in ethanol and xylene. Stained sections were
photographed and analyzed under a microscope (OLYM-
PUS, Japan).

Immunofluorescence (IF) staining

Cells were fixed using 4% paraformaldehyde for 15 min.
Following permeabilization with 0.1% Triton X-100
(ST795, Beyotime, China) for 30 min and blocking with
1% BSA (A602440-0050, Sangonbio, China) for 15 min,
MUCS5AC antibody (1:200, Abcam Cat# ab198294, RRID:
AB_2894855) was added to the sections overnight at 4°C.
The sections were then treated using a goat anti-rabbit
IgG, Cy3 conjugate (1:200, Proteintech Cat# SA00009-2,
RRID: AB_2890957) for 60 min at RT, and cell nucleus
was stained by DAPI (D106471-5 mg, Aladdin, China).
Images were taken with a microscope (OLYMPUS,
Japan).

Lung tissues from mice were paraffin-embedded and
then sliced into 5 pum-thick sections. Before staining, the
sections were deparaffinized with xylene and gradually
immersed in different concentrations of ethanol. After
antigen retrieval, the sections were blocked with 1% BSA
for 15 min. The other steps were the same as the cell sam-
ples. Antibody information: GRP78 (1:200, Proteintech
Cat# 11587-1-AP, RRID: AB_2119855), CHOP (1:200,
ABclonal Cat# A0221, RRID: AB_2757035), and goat
anti-rabbit IgG, Cy3 conjugate (1:200, Proteintech Cat#
SA00009-2, RRID: AB_2890957).

TUNEL staining

Cell death in lung tissues was tested by the In Situ Cell
Death Detection Kit (12156792910, Roche, Switzer-
land). Before staining, the Sect. (5 pm) were deparaf-
finized with xylene and gradually immersed in different
concentrations of ethanol. Sections were permeabilized
with 0.1% Triton X-100 (ST795, Beyotime, China). Then,
50 ul of TUNEL solution was added, and the sections
were incubated at 37°C for 60 min in the dark. After

Page 4 of 15

rinsing with PBS, sections were counterstained with
DAPI (D106471-5 mg, Aladdin, China) for 5 min in the
dark. Fluorescent images were obtained using a fluores-
cent microscope (OLYMPUS, Japan).

Cell apoptosis

Cell death in 16HBE cells was tested by Annexin V-FITC/
PI double staining apoptosis detection kit (KGA106, Key-
genbio, China). After centrifugation, cells were resus-
pended in 500 pl binding buffer. After mixing with 5 pl
AnnexinV-FITC, 5 pl propidium iodide was added. Cells
were then incubated at RT for 15 min in the dark, and
detected by flow cytometry (NovoCyte, Agilent, USA).

Proteomics and data analysis

To search for the potential downstream factors of
DEPTOR, we collected DEPTOR overexpressed cells
(IL-13+Vector and IL-13+DEPTOR) for label-free pro-
teomics. LC-MS analysis was achieved on a RIGOL
L-3000 system. The mobile phase A was 0.1% formic acid
and 100% water, and mobile phase B was 0.1% formic
acid and 80% acetonitrile. The peptides were analyzed
with a Q-Exactive mass spectrometer. After analysis, we
selected the differently expressed proteins by |Log,FC|=1
& p-value<0.05.

Statistical analysis

Results were shown as the mean and standard deviation
(SD), and P<0.05 was considered statistically significant.
The statistical significance of the results was determined
by GraphPad Prism. The unpaired Student’s t-test was
utilized to compare the two groups, while a one-way
analysis of variance was employed to compare multiple
groups.

Results

DEPTOR is suppressed in asthma mice and inhibits mucus
hypersecretion

Based on GEO databases, we found the decreased
expression of DEPTOR in OVA mice (Fig. 1a). Subse-
quently, we used OVA to induce an allergic mouse model
(Fig. 1b), and the enhanced level of OVA-specific IgE was
confirmed in the serum of mice (Fig. 1c). Consistent with
the database results, we also found that DEPTOR was
significantly decreased in OVA mice (Fig. 1d-e). Then, we
forced the expression of DEPTOR in OVA mice, and the
upregulated expression was confirmed by WB (Fig. 1f)
in the lung tissues of OVA mice. IHC images and quan-
tification data also reflected that DEPTOR was highly
expressed in the lung tissues of OVA mice after DEP-
TOR overexpression (p<0.05, Fig. 1g-h). Besides that,
the enhanced level of OVA-specific IgE in OVA mice was
suppressed by DEPTOR overexpressing (Fig. 1i, p<0.01).
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Then, we measured the effect of DEPTOR on airway
mucus production in OVA mice. PAS staining images
showed that OVA-induced goblet cell hyperplasia
and mucus production could be rescued by DEPTOR
overexpression (Fig. 1j). Overexpression of DEPTOR
reduced the rate of PAS-positive cells (p<0.05, Fig. 1j)
and the score of mucus obstructed airway diameter
(Fig. 1k, p=0.051) in lung tissues of OVA mice. Simi-
larly, the mRNA (Fig. 11) and protein (Fig. 1m) expres-
sion of mucin MUC5AC in lung tissues were lower in

DEPTOR-overexpressed OVA mice than that of vector-
infected OVA mice.

DEPTOR restrains the inflammation in asthmatic mice

Then, we evaluated the effect of DEPTOR on inflamma-
tion of OVA mice. H&E staining images (Fig. 2a) and
inflammation scores (Fig. 2b) showed large amounts of
inflammatory cells infiltrating the airway, with conges-
tive edema of the bronchial mucosa in OVA-induced
mice, while these trends were reversed by DEPTOR
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overexpression. The inflammatory cells in BALF were
also counted (Fig. 2c). Compared with the control, mice
in the OVA and the vector (OVA+vector) groups dis-
played severe airway inflammatory responses, including
extensive infiltration of inflammatory cells into the BALE.
DEPTOR overexpression induced a remarkable decrease
in not only the total cell counts but also the numbers of
macrophages, eosinophils, neutrophils, and lymphocytes
compared with vector-infected OVA mice. In addition,
the upregulation of DEPTOR also reduced the levels of
inflammatory factors IL-4 and IL-5 in serum (Fig. 2d),
BALF (Fig. 2e), and lung tissues (Fig. 2f).

DEPTOR prevents ER stress and cell apoptosis in asthmatic
mice

Previous studies have shown that ER stress and followed
UPR activation are critical for the induction and main-
tenance of asthma. Therefore, to investigate whether the
protective role of DEPTOR in OVA mice was mediated
by the regulation of DEPTOR on ER stress, we measured
the protein expression of key markers in this process. IF

images showed that the red fluorescence of GPR78 and
CHOP is enhanced, while overexpression of DEPTOR
inhibited this trend, and reduced the red fluorescence
in OVA mice (Fig. 3a). In mammals, the UPR comprises
three signaling pathways regulated downstream of the ER
membrane proteins IRE1, ATF6, and PERK [25]. In lung
tissues of mice, western blot and quantification results
showed that OVA promotes the phosphorylation level of
PERK™%2, e[F20%°!, and IRE1a¢7?*, and increases the
expression of nuclear ATF6. In contrast, the upregulation
of DEPTOR reversed these results in OVA mice (Fig. 3b-
c). These results implied that DEPTOR inhibits ER stress
and UPR activation in asthmatic mice. Since CHOP
plays an important role in ER stress-induced apopto-
sis, we measured the effect of DEPTOR on apoptosis
in OVA mice. As shown in Fig. 3d and e, OVA-induced
apoptosis in mice lung tissues, showed an increased per-
centage of TUNEL-positive cells in mice lung tissues.
Also, OVA increased the protein expression of CHOP,
cleaved PARP, and cleaved caspase 3 in mice lung tis-
sues (p<0.05, Fig. 3f-h). However, the upregulation of
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DEPTOR reversed these trends in OVA mice, indicating
that DEPTOR may alleviate apoptosis in asthmatic mice
by inhibiting ER stress.

DEPTOR suppresses mucus production and inflammation
in IL-13 treated 16HBE cells

Then, the bronchial epithelial cell 16HBE was adminis-
tered with interleukin-13 (IL-13) to generate a cell injury
model for exploration. Cells were treated with 10 ng/
ml IL-13 for 24 h at 37°C. In 16HBE cells, the addition
of IL-13 reduced the mRNA and protein expression of
DEPTOR (Fig. 4a-b). Subsequently, we upregulated DEP-
TOR in 16HBE (Fig. 4c-d) and IL-13 treated 16HBE cells
(Fig. 4e-f), and the mRNA and protein expression was
verified by qPCR and western blot. IF images showed that
the red fluorescence of MUC5AC is enhanced in IL-13
treated 16HBE cells, while overexpression of DEPTOR
reduced the red fluorescence in cells (Fig. 4g). Similarly,
overexpression of DEPTOR reduced the enhancement
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of IL-4 and IL5 in 16HBE cells, which were induced by
IL-13 (Fig. 4h). These results reflected that DEPTOR
relieves IL-13 induced cell injury in 16HBE.

DEPTOR inhibits ER stress and apoptosis in IL-13 treated
16HBE cells

Then, we measured the effect of DEPTOR on ER stress
in IL-13 treated 16HBE cells. As shown in Fig. 5a, the
red fluorescence of the ER tracker is enhanced in IL-13
treated 16HBE cells, while overexpression of DEP-
TOR reduced it. Western blot and quantification results
showed that upregulation of DEPTOR inhibits the phos-
phorylation level of PERK™982 e]F2¢5°! and IRE1a5¢7%,
and suppresses the expression of nuclear ATF6 in cells,
which were induced by IL-13 (Fig. 5b-c). Meanwhile, in
IL-13 treated 16HBE cells, DEPTOR overexpressing alle-
viated cell apoptosis (Fig. 5d-¢), and reduced the protein
expression of CHOP, cleaved PARP, and cleaved caspase
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Fig. 4 Effect of DEPTOR on mucus production and inflammation in IL-13 treated 16HBE cells. Cells were treated with 10 ng/ml IL-13 for 24 h at 37°C.
(a-b) The mRNA and protein expression of DEPTOR in IL-13 treated 16HBE cells. DEPTOR was overexpressed in 16HBE cells and the result was confirmed

by gPCR and western blot (c-d).

(e-f) The mRNA and protein expression of DEPTOR in IL-13 treated 16HBE cells. (g) IF staining images of MUC5AC in IL-13

treated 16HBE cells. (h) Levels ofIL 4 and IL-5 in IL-13 treated 16HBE cells. Data were expressed as mean +SD
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3 (Fig. 5f-g). These results reflected that DEPTOR allevi-
ates ER stress and apoptosis in IL-13 treated 16HBE cells.

Proteomics was used to explore the possible downstream
mechanism of DEPTOR

After confirming the essential role of DEPTOR in asth-
matic ER stress, we performed proteomics in DEPTOR-
overexpressing 16HBE cells to identify the potential
downstream factors of DEPTOR. After data analysis, a
total of 122 differentially expressed proteins (|Log,FC|>1,
p<0.05) were obtained. The total of 122 differentially

expressed proteins was presented with volcano plot
(Fig. 6a) and cluster heatmap (Fig. 6b). GO and KEGG
functional enrichment analyses were also applied to
these genes, and the top 10 enriched terms in GO (BP:
biological process, CC: cellular component, MF: molecu-
lar function) and KEGG were displayed (Fig. 6¢). Besides
that, the top 10 up- and down-regulated proteins were
exhibited by heatmap (Fig. 6d). Among these factors,
SOD1 was noticed. SOD1 is an important antioxidant
enzyme that is widely known for its ROS-scavenging
activity. In DEPTOR overexpressed 16HBE cells, SOD1
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was significantly upregulated (Log,FC=3.5, p<0.01).
Study has shown that upregulation of SOD1 reduces
ROS generation, inhibiting oxidative stress and attenuat-
ing ER stress-induced apoptosis in vascular endothelial
cells [26]. Accordingly, we suspected that SOD1 may also
participate in the beneficial role of DEPTOR in asthma
progression.

SOD1 mediated the beneficial role of DEPTOR in Asthma
The expression of SOD1 in DEPTOR upregulated 16HBE
cells and OVA mice was detected at first. As shown in
Fig. 7a and b, upregulation of DEPTOR promoted the
expression of SOD1 both in IL-13 induced 16HBE cells
and OVA mice.

Then, SOD1 was upregulated in 16HBE cells to evalu-
ate the effect on asthma progression (Fig. 7c) and veri-
fied the mRNA and protein expression of SDO1 in
IL-13 treated cells (Fig. 7d-e). IF images and detection
kit results showed that IL-13 induced MUC5AC protein
expression (Fig. 7f) and inflammatory cytokines IL-4 and
IL-5 levels (Fig. 7g), while upregulation of SOD1 reversed
this trend, inhibited mucus hypersecretion and inflam-
mation. Besides that, in IL-13-treated 16HBE cells, SOD1
upregulation decreased the promotion of IL-13 on ER
stress (Fig. 7h) and cell apoptosis (Fig. 7i-j) and decreased
the protein expression of CHOP, cleaved-caspase3, and
cleaved-PARP (Fig. 7k).

After that, SOD1 was suppressed in 16HBE cells, and
the results were verified by qPCR (Fig. 8a) and western
blot (Fig. 8b). Resue experiments showed that SOD1
knockdown could reverse the protective effect of DEP-
TOR on MUCS5AC protein expression (Fig. 8c), inflam-
matory cytokines IL-4 and IL-5 levels (Fig. 8d), ER stress
(Fig. 8e), cell apoptosis (Fig. 8f), and related markers
(Fig. 8g-h) in IL-13 induced 16HBE cells. Therefore, we
implied that SOD1 mediates the beneficial role of DEP-
TOR in asthma-induced malignant behaviors.

Discussion
Asthma is a common chronic respiratory disease that
affects people’s health worldwide [27]. In this work, we
uncovered the essential role of DEPTOR in asthma devel-
opment. Either in OVA-induced mice or IL-13 treated
16HBE cells, DEPTOR was downregulated. Upregulation
of DEPTOR attenuated airway mucus hypersecretion and
inflammation. Besides that, overexpression of DEPTOR
suppressed ER stress and UPR activation, and decreased
cell apoptosis. Furthermore, SOD1 mediated the ben-
eficial role of DEPTOR in asthma, and SOD1 inhibition
abrogated the remission effect of DEPTOR on ER stress.
From previously reported studies, we found that DEP-
TOR plays a protective role in alcoholic liver disease [20],
osteoarthritis [21], and rhinitis [22]. However, its role
in asthma remains unclear. GEO databases GSE6858,
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GSE49694, GSE49705, and GSE13382 displayed a
decreased mRNA expression of DEPTOR in OVA mice.
Similarly, we also confirmed the decreased level of DEP-
TOR in the lung tissues of OVA mice. Therefore, we
implied that DEPTOR may also play a protective role in
asthma. In OVA mice, DEPTOR upregulation inhibited
mucus hypersecretion and airway inflammation. Under
normal conditions, the secretion of mucus prevents aspi-
ration of foreign bodies and protects the airway [28].
However, in the pathological state, goblet cell prolifera-
tion and accompanying mucus hypersecretion are the
main features of asthma [29], and MUC5AC is the major
mucin expressed in asthma [30]. Our results showed
that overexpression of DEPTOR suppressed the mucus
occlusion and the expression of MUC5AC in OVA mice.
Besides that, asthma is a chronic inflammatory disorder
of the airways [31], and the effect of DEPTOR on inflam-
mation was also evaluated. Overexpression of DEPTOR
inhibited inflammatory cell infiltration and the release of
inflammatory factors IL-4 and IL-5 in OVA mice. These
findings implied that DEPTOR alleviates mucus hyperse-
cretion and airway inflammation in OVA mice, thereby
inhibiting the progression of asthma.

For deeper investigation, we found that DEPTOR inhib-
its ER stress and apoptosis in chondrocytes by directly
regulating downstream protein activity, thereby alleviat-
ing the progression of osteoarthritis, and its function is
independent of mTOR signaling [21]. ER stress plays a
great part in disease development, including asthma.
Studies have shown that ER stress interferes with protein
synthesis and secretion and activates NF-«B to aggravate
inflammation, which is involved in the development of
diabetes, neurodegenerative diseases, pulmonary fibrosis,
and asthma [32-34]. As we mentioned before, ER stress
triggers a cascade of cellular signaling pathways, which is
known as the UPR [35]. The three canonical branches of
the UPR are mediated through three ER transmembrane
proteins: inositol-requiring enzyme 1 (IRE1), activat-
ing transcription factor 6 (ATF6), and PKR-like eukary-
otic initiation factor 2a kinase (PERK) [36]. Under basal
conditions, the three UPR protein sensors are bound by
GRP78, leaving them inactive [37]. Increased ER stress
results in the recruitment of GRP78 away from these
UPR sensors, which in turn activates to mitigate ER stress
[38]. However, under persistent and severe ER stress,
the UPR, in turn, aggravates cellular inflammation and
induces apoptosis [10, 11]. For example, a representative
ER stress-related apoptotic process is associated with the
induction of the apoptotic transcription factor enhancer
binding protein-homologous protein (CHOP), which is
activated through the PERK pathway [39]. Moreover, all
3 canonical pathways of the UPR contribute to the induc-
tion of apoptotic responses when ER stress is excessive,
persistent, or inadequately addressed [36]. Therefore,



Wang et al. Biology Direct (2024) 19:114

Page 12 of 15

SOD1 50~ P<0.001
(a) IL-13 ?(b) ~ ¢l  OVA OVA+Vector*?  OVA+DEPTORM?2 = > |
o~ e FSEER Y AP LA R, TERINIR S | p<0.001
& aAd g0t gt @ 40
c$ \\;\ 24eC 0@? § $
SOD1| e - g 301 H
@ 204 o ST 3
515- ( ) (d) =ctl é 10-
3 C = Ctrl =IL-13 b7
¢ P00 - oidot L p<0.001 = Vector © ‘g PN = IL-13+Vector 0
10 - = o, iS0Dd ILA3SODT o, p<0.001
- L o -S & : 54 2
§ = $a w13 g 1
5 S 26 88 NS o]
5 0.5- T g 83 It E_ o
g S < 4 =8, £8
Ll g e || (oo i
T i (24 5 © 1 oo
s | - _— = e S
= |L-13+Vector 0 1] 07 il 2 5 %
==IL-13+DEPTOR 3
' 0
() Ctrl IL-13 IL-13+Vector iL-13+s001 () 0001 5= 0.001
: p<0001 p<001 200-pP<0. p .
100- v 1
b4 v | r 4
8 3 r ,_ET150 .
s = £
2 2100
?50 x wl, -+
- - o
- mt - 504
B 5 :
20 ] [l
gg 0 0
z (i) oo IL-13
B 2.89%| | 14.22%)
100 s
(h) ctrl IL-13 IL-13+Vector IL-13+SOD1 1%
g 101
100 10
N 1.27%), , 5
e e 100 1T qe q0r q00
IL-13+Vector IL-13+SOD1
134 IL-13
10.65%)| | 4.85%
108 1051}
104 10';‘
10° X 10-‘*1
5.30%| | % 4.31%
L T T T T TR 11
AnnexinV-FITC
CHOP Cleaved-PARP Cleaved-Caspase 3
= c p<0001 p<0.01 — O)
5 8- 5 4 —t 5 54 p<0.001 p<005 _ p<0.001 P<0.001
B | Pcogor 0001 g - % i 5 L
o {
— st ¢ 2. |
- Cleaved-PARP 3 3 % T i
£ £ c3 % 15+
B g 22 & 10-
we |Cleaved- 4 i e 3
| =="™ Caspase3 -E 2 e 51 2 1] = S 5l .
© — [}
———ein 5 ]| [ 3 NIl ]
) X0 & 0 0

Fig. 7 Effect of SOD1 on asthma-induced malignant behaviors. (a) The protein expression of SOD1 in IL-13 treated 16HBE cells with DEPTOR overexpres-
sion. (b) The IHC staining images of SOD1 in lung tissues of OVA mice. (c) SOD1 was upregulated in 16HBE cells and the result was confirmed by gPCR.
(d-e) The mRNA and protein expression of SOD1 in IL-13 treated 16HBE cells with SOD1 overexpression. (f) The IF staining images of MUC5AC in IL-13
treated 16HBE cells. (g) Levels of inflammatory cytokines IL-4 and IL-5 in IL-13 treated 16HBE cells. (h) IF technology traces ER in IL-13 treated 16HBE cells.
(i-j) Cell apoptosis in IL-13 treated 16HBE cells was tested by flow cytometry. (k) Protein expression and quantification data of CHOP, cleaved-caspase-3,
and cleaved-PARP in IL-13 treated 16HBE cells. Data were expressed as mean +SD
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Fig. 8 SOD1 mediated the beneficial role of DEPTOR in asthma-induced malignant behaviors. (a-b) SOD1 was silenced in 16HBE cells and the result
was confirmed by gPCR and western blot. (c) The IF staining images of MUC5AC in IL-13 treated 16HBE cells. (d) Levels of inflammatory cytokines IL-4
and IL-5 in IL-13 treated 16HBE cells. (e) IF technology traces ER in IL-13 treated 16HBE cells. (f) Cell apoptosis in IL-13 treated 16HBE cells was tested by
flow cytometry. (g-h) Protein expression of CHOP, cleaved-caspase-3, and cleaved-PARP in IL-13 treated 16HBE cells. Data were expressed as mean +SD
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we explored whether DEPTOR plays an important role
in asthma by regulating ER stress. Results showed that
DEPTOR inhibits the expression of GPR78 and CHOP,
and reduces the phosphorylation level of elf2 and nuclear
ATF6 expression in OVA mice. In addition, DEPTOR
inhibited cell apoptosis and decreased the expression of
cleaved-PARP and cleaved-caspase 3 in OVA mice. Simi-
lar results were obtained in IL-13 treated 16HBE cells.
Accordingly, these results confirmed that DEPTOR sup-
pressed ER stress, and UPR activation and followed cell
apoptosis in asthma.

To explore the factors that may be regulated by DEP-
TOR, we performed proteomics in IL-13 treated 16HBE
cells. From the results, it can be seen that overexpression
of DEPTOR significantly affected the protein expression
of several genes. Among these differentially expressed
proteins, SOD1 caught our attention (top 10 upregulated
proteins). SOD1 is an important antioxidant enzyme that
is well known for its ROS-scavenging activity. In IL-13
treated 16HBE cells, upregulation of DEPTOR enhanced
the protein expression of SOD1 (Log,FC=3.48, p<0.05).
From reported studies, we found that loss of SOD1 in
mammalian cells leads to cell death due to the accumu-
lation of oxidative stress [40]. Upregulation of SOD1 has
been shown to reduce ROS production, thereby inhibit-
ing oxidative stress and attenuating ER stress-induced
apoptosis in vascular endothelial cells [26]. Besides
that, SOD1 overexpression in the lung prevents PM2.5-
induced cell death and alveolar-capillary barrier dysfunc-
tion in mice [41]. In asthma, targeted inhibition of SOD1
in the lung tissue of asthmatic mice aggravated inflam-
matory responses and asthma symptoms [42]. Thus, we
suggested that SOD1 may act as a downstream factor of
DEPTOR that mediates the protective effect of DEPTOR
in asthma.

After that, we confirmed the expression of SOD1
in DEPTOR-upregulated 16HBE cells and OVA mice.
Results displayed that upregulation of DEPTOR pro-
moted the expression of SOD1 both in IL-13 induced
16HBE cells and OVA mice. Furthermore, the upregu-
lation of SOD1 also has a beneficial effect on asthma
progression. Rescue experiments showed that SOD1
knockdown attenuates the beneficial effects of DEPTOR
on mucus hypersecretion, inflammation, ER stress, and
cell apoptosis in IL-13 induced 16HBE cells. This find-
ing is consistent with previous reports of a role for SOD1
in asthma, where inhibition of SOD1 exacerbates the
progression of asthma [42]. Our results further exhib-
ited that the beneficial effect of SOD1 in asthma may be
related to its inhibitory effect on ER stress.

Besides that, our current study also has some limita-
tions and places for further investigation. First, DEPTOR
is an endogenous mTOR inhibitor, and mTOR plays an
important role in asthma [43]. Also, a reported study has
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confirmed that mTOR can inhibit SOD1 activity [44].
Based on this, we confirmed the effect of DEPTOR on
the mTOR pathway in OVA mice. As shown in Fig. S1,
OVA treatment promoted the phosphorylation level of
mTOR, and the upregulation of DEPTOR significantly
inhibited the expression of p-mTOR (p<0.05). Therefore,
we suspected that DEPTOR may either directly regulate
the expression of SOD1 or upregulate SOD1 by inhibit-
ing the activity of the mTOR pathway. Second, the cur-
rent studies on DEPTOR were mainly focused on cancer,
but little is known about its role in asthma. Third, this
study focused on the regulation of SOD1 protein levels
by DEPTOR. Therefore, in subsequent studies, we may
explore the upstream regulators of DEPTOR and SOD],
to further investigate the specific mechanism of its down-
regulation in asthma.

In conclusion, our results suggested that DEPTOR
alleviates the progression of asthma through the inhibi-
tion effect on ER stress, and SOD1 participated in this
progression.
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