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Abstract
Purpose Tripartite motif-containing protein 13 (TRIM13) directly or indirectly participates in autophagy and apoptosis. 
However, it remains unclear whether TRIM13 participates in chronic obstructive pulmonary disease (COPD) progression. 
This study aimed to reveal the molecular mechanisms through which TRIM13 regulates alveolar epithelial cell injury in 
COPD to provide new molecular targets for COPD treatment.
Methods The TRIM13 expression levels were determined in clinical COPD patients and a rat emphysema model. A cigarette 
smoke-induced model of endoplasmic reticulum stress (ERS) and endoplasmic reticulum autophagy (ER-phagy) was devel-
oped using A549 cells, and the effects of TRIM13 gene overexpression/knockdown on ERS, ER-phagy, and cell apoptosis 
were assessed in these cells.
Results TRIM13 expression was significantly decreased in the lung tissues of COPD patients and rats with emphysema. 
Moreover, the apoptosis level was significantly increased in the lung tissues of rats with emphysema. TRIM13 gene overex-
pression reduced the expression levels of ERS-related molecules (GRP78, GRP94, XBP-1, and eIF2a) in the COPD model; 
it also lowered the ER-phagy level, as evidenced by decreased number of autolysosomes observed by transmission electron 
microscopy, improved endoplasmic reticulum structure, reduced LC3-II/LC3-I and Beclin1 expression levels, and increased 
expression level of the autophagy inhibitory molecule Bcl-2. TRIM13 gene knockdown, however, led to opposite results.
Conclusion TRIM13 expression attenuated alveolar epithelial cell injury in COPD by inhibiting ERS-induced ER-phagy.
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Introduction

Chronic obstructive pulmonary disease (COPD) is an irre-
versible condition caused by damage to the airways or 
alveoli by exposure to harmful particles or gases, resulting 
in persistent respiratory symptoms and airflow obstruction. 
Smoking is an important risk factor of COPD development 
[1–3]. Cigarette smoke (CS) can induce the production of 
reactive oxygen species in cells, thereby triggering endo-
plasmic reticulum stress (ERS)-mediated cell death [4, 5]. 

In the ERS process, various signaling pathways are activated 
in the cells, such as unfolded protein response, endoplasmic 
reticulum (ER) overload response, and apoptosis pathway, in 
response to conditions, such as protein misfolding, aggrega-
tion of unfolded proteins, and calcium ion imbalance within 
the ER. ERS can induce the expression of ER-related molec-
ular chaperones, such as the glucose regulatory proteins 
GRP78 and GRP94, resulting in protective effects against 
ERS. It can also independently induce the apoptosis of 
endogenous cells, ultimately influencing how cells respond 
to stress through adaptation, injury, or apoptosis [6]. ERS 
can also promote ER autophagy (ER-phagy). ER-phagy is 
the process of regulating ER fragments and delivering them 
to lysosomes for degradation; it is used to degrade excess 
ER membranes, thereby maintaining the steady state of ER 
mass and capacity [7]. Several recent studies have indicated 
that COPD patients have ERS [4, 8, 9]. ERS and ER-phagy 
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may be involved in COPD progression by inducing excessive 
ER pressure, oxidative stress, and inflammatory response in 
cells [10].

Tripartite motif-containing protein 13 (TRIM13) is a 
novel transmembrane E3 ubiquitin ligase located on the ER. 
It is a nonclassical ER phage receptor involved in protein 
degradation and ER homeostasis [11]. TRIM13 contains a 
RING domain that mediates ubiquitin transfer by binding to 
proteins or substrates [12, 13]. Recent studies have shown 
that the ER-phagy degradation process is initiated following 
the self-ubiquitination of TRIM13 through the lysine 63 
(K63) chain [14]. The onset of COPD is associated with 
cellular autophagy and apoptosis. COPD patients with 
emphysema exhibit enhanced ubiquitination. Moreover, 
skeletal muscle atrophy, one of the main skeletal muscle/
extrapulmonary complications of COPD, is also associated 
with ubiquitination. TRIM13 is directly or indirectly 
involved in cellular autophagy, apoptosis, and ubiquitination. 
However, there is currently no relevant research on the 
relationship between TRIM13 and COPD.

Therefore, in the present study, we aimed to elucidate 
the role and mechanism of TRIM13 in the occurrence and 
development of COPD to provide new targets for COPD 
treatment. We performed gene chip sequencing and 
differential expression analysis in the early stage to identify 
and compare differentially expressed genes in COPD patients 
and the control group. By conducting Gene Ontology (GO) 
analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis, we found that 
TRIM13 participates in multiple pathways involved in the 
pathogenesis of COPD [15]. Based on these findings, we 
speculate that TRIM13 may regulate alveolar epithelial cell 
damage in COPD through ERS-induced ER-phagy.

Materials and Methods

Collection of Clinical Samples

Noncancerous tissues adjacent to the edge of the excised 
tissue specimen and located at > 5 cm from the lesion were 
collected from lung cancer patients who were admitted to 
the Department of Thoracic Surgery of the First Affiliated 
Hospital of Kunming Medical University from April 2023 
to October 2023 and underwent lung resection due to the 
indeterminate nature of their lung masses. Based on the 
presence of COPD, the patients were assigned to the COPD 
group (n = 9) and the control group (n = 6). This study was 
approved by the Ethics Committee of the First Affiliated 
Hospital of Kunming Medical University [Approval 
Number: (2022) Lun Shen L No. 196]. This study informed 
consent was obtained from the patients for participation in 
the study.

Development of a Rat Model of Emphysema 
by Exposure to Cigarette Smoke

The animal experiments were approved by the animal 
ethics committee of our hospital (Approval Number: 
BST-RAT-20230121-01). A rat emphysema model was 
established by referring to previously reported methods [16]. 
Ten Sprague–Dawley rats (5 males and 5 females, specific 
pathogen-free grade, weight: 130–160 g) were randomly 
divided into a control group (n = 5) and an emphysema 
model group (n = 5). The rats were provided standard chow 
and water ad libitum. They were housed in a controlled 
experimental environment (temperature: 22 ± 2 °C; light 
hours: 6:00–18:00). For generating the emphysema model, 
the rats were placed in a PAB-S200 animal passive smoking 
exposure system comprising five components: a passive 
smoking smoke poisoning box, a cigarette smoke (CS) 
generator, a gas sensor, a signal conditioner, and a real-time 
data recording and analysis software. The rats were exposed 
to CS once per day using 5 sets of 3 cigarettes each/15 
min with a 3-min rest between each set of cigarettes; each 
cigarette contained 1.0 mg of nicotine and 11 mg of tar. 
This exposure treatment was administered 6 days/week for 4 
months. Rats in the control group were exposed to room air. 
All rats were sacrificed after the last CS exposure session.

Construction of CS‑Induced ERS and ER‑Phagy Cell 
Models

Preparation of CS Extract (CSE)

A vacuum pump was used to extract the smoke generated by 
the combustion of two cigarettes, and the extracted smoke 
particles were passed through and dissolved in 25 mL of 
serum-free Ham’s F-12 K medium to prepare a CSE. This 
extract was filtered and sterilized by passing a 0.22-µm filter 
and stored at 4 °C for subsequent use.

Cell Treatment

The CSE was added to Ham’s F-12 K complete medium to 
achieve working concentrations of 0% (control group) and 
0.5%, 1.0%, 2.5%, 5.0%, and 10.0% (treatment groups).

Construction and Transfection of Lentiviral Vectors

Lentiviral vectors for OE-NC, OE-TRIM13, sh-NC, 
and sh-TRIM13 (OE-NC: Overexpression Control; 
OE-TRIM13: Stable TRIM13 Overexpression Cell Line; 
sh-NC: Interference Control; sh-TRIM13: Stable TRIM13 
Interference Cell Line) were constructed by Heyuan Biotech 
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(Shanghai, China). Lentivirus transfection was performed in 
accordance with a previously reported method [16]. After 
72 h of transfection, the transfected cells were screened 
with 2-µg/mL puromycin, and transfection efficiency 
was confirmed by inverted fluorescence microscopy. The 
TRIM13 expression level was estimated by quantitative real-
time PCR (RT-qPCR). The primer sequences are provided 
in Supplementary Material 1.

Pathological Testing

The expression and distribution of TRIM13 in lung tissues 
were determined by immunohistochemistry [16]. The 
paraffin-embedded tissue sections were dewaxed, hydrated, 
and washed with PBS. The sections were then incubated 
overnight at 4  °C with anti-TRIM13 antibodies (1:150, 
Abcam), followed by incubation with HRP-conjugated goat 
anti rabbit IgG secondary antibodies at 37 °C for 30 min. 
The sections were then stained with diaminobenzidine and 
observed and photographed under a microscope (Nikon). 
Quantitative analysis of tissue staining was performed using 
ImageJ Plus software.

Hematoxylin–Eosin (HE) Staining

The lung tissues were stained in accordance with the 
instructions of the HE Staining Kit and observed and 
photographed under a microscope.

qRT‑PCR

Total RNA was extracted from tissues and cells using 
the TriQuick reagent, chloroform, isopropanol, and 75% 
ethanol. Next, the RT First-Strand cDNA Synthesis Kit 
(Servicebio®) was used to reverse transcribe the extracted 
total RNA into cDNA. RT-qPCR was performed using a 2× 
SYBR Green qPCR Master Mix Kit and the StepOnePlus 
Real-Time PCR system (Applied Biosystems). The 
expression level of the target genes relative to that of the 
GAPDH gene was estimated using the  2−∆∆Ct method 
[17]. The primer sequences are provided in Supplementary 
Material 2.

Western Blotting (WB) Assay

The tissues and cells were lysed in RIPA lysis buffer 
containing PMSF for extracting the total protein. The protein 
concentration was measured and homogenized using the 
BCA Protein Assay Kit. SDS-PAGE gel electrophoresis 
was then performed to separate the proteins, and the 
separated proteins were transferred to the polyvinylidene 
fluoride membrane. The membrane was then blocked at 
room temperature for 1 h and subsequently incubated 

overnight at 4 °C with antibodies against the target protein. 
The membrane was then incubated with HRP-conjugated 
secondary antibodies at room temperature for 1 h. Protein 
bands were visualized using the ECL reagent kit, and the 
target bands were visualized using a chemiluminescent 
imaging system. The scanned images were quantified with 
ImageJ software.

TUNEL Staining

TUNEL staining of tissues and cells was performed in 
accordance with the instructions of the TUNEL staining 
kit. The stained tissues and cells were observed and 
photographed under a fluorescence microscope. ImageJ 
software was used to quantify positive DAPI- and TUNEL-
stained cells.

Immunofluorescence Assay

Immunofluorescence detection of LC3 expression in 
A549 cells was performed as follows. Following lentiviral 
transfection, the cells were treated with 10% CSE for 24 
h. After cell fixation and permeabilization, PBS containing 
bovine serum albumin was added to reduce nonspecific 
fluorescence. The cells were initially incubated overnight 
with anti-LC3 antibodies (dilution: 1∶500), followed by 
incubation with secondary antibodies (dilution: 1:2000) for 
30 min. The cell nuclei were stained with DAPI for 2 min, 
and fluorescence imaging was performed after the slides 
were blocked with a blocking agent.

Transmission Electron Microscopy

Cells were fixed in glutaraldehyde for performing 
transmission electron microscopy. The samples were 
observed with the JEM-1400Plus transmission electron 
microscope.

Monodansylcadaverine (MDC) Staining

MDC is a fluorescent probe used to detect autophagy in 
cells. Lentivirus-transfected A549 cells were uniformly 
seeded onto a cell culture plate and treated with 10% 
CSE for 24 h. The fluorescence was detected using a Cell 
Autophagy Staining Kit (MDC method) in according with 
the manufacturer’s instructions. Autophagy was observed 
under a fluorescence microscope.

Flow Cytometry Analysis

Cell apoptosis was detected using the Annexin V-Fluor 647/
PI Apoptosis Detection Kit. After cell resuspension, 5-µL 
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Annexin V-Fluor 647 and 5-µL propidium iodide were 
added to the cells for staining for 10 min. The BD Accuri™ 
C6 Plus Flow Cytometer was used to detect the number of 
apoptotic cells within 1 h (based on analysis of 10,000 cells 
per sample). FlowJo software was utilized to analyze the 
data.

Statistical Analysis

SPSS 27.0 and GraphPad Prism 7.0 were used to analyze the 
statistical data. The data are expressed as mean ± standard 
deviation (SD). Unpaired t test and one-way analysis of 
variance were used to evaluate significant differences 
between two and multiple groups, respectively. p < 0.05 was 
considered to indicate a significant difference.

Fig. 1  TRIM13 expression in the lung tissues of COPD patients 
and rats with emphysema. a Immunohistochemical staining results 
of TRIM13 expression in the lung tissues of COPD patients (scale 
bar = 100 µm). b Quantitative analysis of immunohistochemical 
staining of TRIM13. c qRT-PCR analysis for detecting the TRIM13 
expression level in the lung tissues of COPD patients. d HE stain-

ing of rat lung tissues (scale bar = 100 µm). e qRT-PCR analysis 
for detecting the TRIM13 expression level in rat lung tissues. f, g 
Western blotting assay for detecting the TRIM13 expression level 
in rat lung tissues. h Determination of cell apoptosis in rat lung tis-
sues (scale bar = 25 µm). i Apoptosis rate of cells in rat lung tissues. 
**p < 0.01 vs. control, ***p < 0.001 vs. control
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Results

TRIM13 is Expressed at a Low Level in COPD Patients’ 
Lung Tissues with Alveolar Cell Apoptosis

The TRIM13 expression level was significantly reduced in 
the lung tissues of COPD patients (p < 0.01; Fig. 1a–c). HE 
staining of the lung tissues of the rat emphysema model 
showed apparent disorganization of the tissue, dilated alve-
oli, and thin or even broken alveolar septa; the dilated alveoli 
fused to form larger cystic cavities, together with the pres-
ence of degenerated and necrotic bronchial epithelial cells. 
These findings indicated that the rat emphysema model was 
successfully constructed (Fig. 1d). The TRIM13 expres-
sion level was significantly decreased in the lung tissues 
of the emphysema model group (p < 0.01; Fig. 1e–g), and 
the apoptosis rate was also significantly increased (p < 0.01; 
Fig. 1h, i).

CSE Induces ERS and ER‑Phagy in A549 Cells

A549 cells were treated with medium containing different 
concentrations of CSE for 24 h, and the expression of ERS-
related molecules and ER-phagy-related molecules was 
detected in alveolar cells. Autophagy was observed by trans-
mission electron microscopy and MDC staining. qRT-PCR 
analysis, WB assay, and immunofluorescence assay showed 
a significant increase in the expression levels of ERS-related 
molecules (GRP78, GRP94, XBP-1, and eIF2a) and ER-
phagy-related molecules (Beclin1 and LC3-II/LC3-I) in cells 
treated with 10% CSE; however, the expression levels of 
TRIM13 and Bcl-2 were significantly reduced (Fig. 2a–h). 
MDC staining also showed that the number of autophago-
somes was significantly increased in 10% CSE-treated A549 
cells (Fig. 2i, j). Transmission electron microscopy revealed 
autophagic vesicles with crescent-shaped or cup-shaped, 
bilayered, or multilayered membranes with an increase in 
encapsulated periplasmic components around the ER; more-
over, the swelling of the ER increased as CSE concentra-
tion increased (Fig. 2k). These results indicated that 10% 
CSE could significantly induce ERS and ER-phagy in A549 
cells. Hence, 10% CSE was identified as the concentration 
for developing the ERS and ER-phagy cell models and then 
used in subsequent experiments.

TRIM13 Inhibits CSE‑Induced ER‑Phagy in A549 Cells

Following lentiviral transfection of A549 cells for 72 h, 
the TRIM13 mRNA expression levels showed significant 
changes. The TRIM13 gene was successfully overexpressed 
or knocked down in A549 cells (Fig. 3a). The number of 

autophagosomes decreased in the OE-TRIM13 group after 
the treatment of cells with 10% CSE; moreover, the number 
of structurally intact apoptotic cells in the ER-phagy group 
was significantly reduced. In contrast, in the sh-TRIM13 
group, the number of autophagosomes increased, the endo-
plasmic reticulum was severely swollen, and the number of 
apoptotic cells increased significantly (Fig. 3b–d). There-
fore, we concluded that TRIM13 overexpression enabled 
to improve ER-phagy and attenuate apoptosis, which is a 
potential COPD-targeted therapeutic approach.

Molecular Mechanism of TRIM13 Inhibition 
of CSE‑Induced ER‑Phagy

TRIM13 overexpression in 10% CSE-treated A549 cells 
decreased the expression levels of GRP78, GRP94, XBP-
1, and eIF2a as compared to those in the OE-NC group. In 
contrast, TRIM13 knockdown elevated the expression levels 
of GRP78, GRP94, XBP-1, and eIF2a, thus suggesting that 
TRIM13 overexpression alleviated the status of CSE-induced 
ERS by downregulating the expression of ERS-associated 
molecules (Fig. 4a–c). In the ER-phagy cell model, we found 
that Beclin1 and LC3-II/ LC3-I expression levels were sig-
nificantly reduced, and Bcl-2 expression level was signifi-
cantly elevated following TRIM13 overexpression. A con-
trasting result was observed following TRIM13 knockdown, 
which suggested that TRIM13 overexpression suppressed 
ER-phagy (Fig. 4d–f). ERS and ER-phagy induced disor-
ganization of the structure and function of the ER, which 
may trigger apoptosis. Combined with the previous experi-
mental results, TRIM13 overexpression attenuated apopto-
sis in A549 cells by inhibiting ERS-induced ER-phagy; this 
might be the molecular mechanism underlying the protective 
effect of TRIM13 against COPD.

Discussion

CS contains many toxic substances, such as tar, nicotine, and 
carbon monoxide. The stimulation of lung cells by CS and 
other toxic substances triggers the ERS process. Moreover, 
if ERS persists or is too strong, it will lead to cellular 
dysfunction and even apoptosis, thereby promoting COPD 
development [18]. Several researchers have previously 
constructed COPD models using the CS-exposed mice 
and cells and evaluated the expression profiles of ERS-
related molecules. Jorgensen et al. performed high-density 
microarray and protein blotting analysis and reported that the 
expression levels of several ERS regulators, such as eIF2α, 
and ERS marker genes, such as XBP1, are upregulated in 
the CS-exposed human bronchial epithelioid-like cells. 
Moreover, the expression levels of ERS-related proteins 
were gradually increased [19]. Kenche et al. found that 
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eIF2α and XBP1 expression levels were increased in mice 
exposed to CS [20]. Another study also reported an increase 

in the GRP78 expression level in the bronchoalveolar lavage 
fluid of smokers [21]. In the present study, we successfully 
constructed COPD rat and cell models using a CS exposure 
system and a growth medium containing CSE, respectively. 
Furthermore, ERS and ER-phagy were successfully induced 
by treating A549 cells with 10% CSE for 24 h. These findings 
indicated that CS can trigger ERS and ER-phagy in alveolar 
cells. Dithiothreitol-induced ERS increases ER-phagy-
related protein levels in hepatocytes [22]. Furthermore, ERS 
can promote structural and functional changes in the ER 
[23]. Additionally, an excessive level of ER-phagy caused 
increased apoptosis in HeLa cells and human embryonic 
kidney (HEK) cells [24, 25]. These findings suggest that 
ERS induces ER-phagy and therefore promotes apoptosis.

Fig. 2  Construction of the ERS and ER-phagy cell models. a mRNA 
expression levels of ERS-related molecules after CSE treatment. b, 
c Protein expression levels of ER chaperone-related molecules after 
CSE treatment. d mRNA expression levels of ER-phagy-related 
molecules after CSE treatment. e, f Protein expression levels of 
ER-phagy-related molecules after CSE treatment. g, h Immuno-
fluorescence detection of LC3 expression after CSE treatment (scale 
bar = 25 µm). i, j MDC staining for detecting cellular autophago-
somes after CSE treatment (scale bar = 25 µm). k Transmission 
electron microscopy for detecting intracellular autophagosomes and 
ultrastructural changes after CSE treatment (scale bar = 1 µm, red 
arrowheads represent ER, green arrowheads represent autophagic 
vesicles). *p < 0.05 vs. control, **p < 0.01 vs. control, ***p < 0.001 
vs. control

◂

Fig. 3  Effect of TRIM13 overexpression/knockdown on ER-phagy 
and apoptosis in CSE-treated A549 cells. a Relative expression lev-
els of TRIM13 after lentiviral transfection. b Ultrastructural changes 
in autophagosomes after the overexpression/knockdown of TRIM13 
(scale bar = 1 µm, red arrowheads represent ER, yellow arrowheads 

represent autophagosomes). c, d Apoptosis after overexpression/
knockdown of TRIM13. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the 
OE-NC and sh-NC groups. OE overexpression, sh knockdown, NC 
negative control
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TRIM13 is a nonclassical ER-phagy receptor, and among 
more than 80 TRIM family members, TRIM13 is the only 
protein localized to the ER membrane [26]. TRIM13 is 
involved in a variety of ER and protein degradation pro-
cesses, and it is an important member of the ER to maintain 
homeostasis [27, 28]. A previous study revealed that the 
TRIM family members are involved in ER-phagy activi-
ties [26]. The primary mechanism of action involves the 
interaction of the TRIM protein with p62, utilizations of 
the LIR structural domain of the p62 protein to complete 
LC3 recruitment, and promotion of the formation of the 
isolation membrane and autophagosomes [11]. Tomar et al. 
observed that TRIM13 regulates the initiation of autophagy 
during ERS in HEK293 cells [29]. The downregulation 
of the expression of the TRIM family members, includ-
ing TRIM13, TRIM32, TRIM44, and TRIM59, induced 
cell cycle arrest and increased cellular apoptosis in T-cell 
acute lymphoblastic leukemia. Based on this finding, it was 
inferred that the upregulation of TRIM13 expression could 

decrease cell death [30]. The results of the present study 
demonstrated that TRIM13 overexpression inhibits alveo-
lar epithelial cell apoptosis by alleviating ERS and ER-
phagy, which could be the underlying molecular mechanism 
through which TRIM13 protects against COPD.

To date, studies on the association between TRIM13 
and COPD have not yet been reported. However, previous 
studies have shown that TRIM13 deficiency can lead to age-
related autoinflammatory diseases. In one study, 5-month-
old TRIM13-deficient mice showed no apparent signs of 
inflammation; however, 10-month-old TRIM13-deficient 
mice showed extensive inflammatory cell infiltration in 
the lungs [31]. COPD is a typical age-related disease and 
its pathogenesis involves lung inflammation; furthermore, 
TRIM13 may be directly or indirectly involved in the 
pathogenesis of COPD. The present study observed for the 
first time that the downregulation of TRIM13 is involved in 
the pathogenesis of COPD in both COPD patients and mouse 
lung tissues. The regulation of the TRIM13 expression level 

Fig. 4  Effect of TRIM13 on the expression of CSE-induced ER-
phagy-related molecules in A549 cells. a–c Effect of TRIM13 over-
expression/knockdown on the expression level of ERS-related 
molecules in 10% CSE-treated alveolar epithelial cells. d–f Effect 

of TRIM13 overexpression/knockdown on the expression level of 
autophagy- and apoptosis-related molecules in 10% CSE-treated 
alveolar epithelial cells. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the 
OE-NC group and the sh-NC group
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can effectively control ERS and ER-phagy levels in COPD 
patients, thereby reducing damage to alveolar epithelial 
cells. This may provide new directions and targets for 
developing drugs for COPD treatment. The upregulation of 
the TRIM13 protein expression level has also been reported 
in macrophages after stimulation with the TLR2 ligand [32]. 
This encouraging result suggests that patients with COPD 
may benefit from similar treatments.

The present study has a limitation. Although this study 
showed that TRIM13 is closely related to ER-phagy 
and changes in the ER were observed before and after 
overexpression/knockdown of TRIM13, it was not possible 
to determine whether these changes represent the occurrence 
of ER-phagy; this aspect will be investigated in future 
studies.

Conclusion

The present study confirmed that TRIM13 reduces alveolar 
epithelial cell damage in COPD by inhibiting ER-phagy 
induced by ERS. In conclusion, the results of this study 
provide a theoretical basis for using TRIM13 as a target for 
ERS and ER-phagy therapy in COPD.
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