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1  |   INTRODUCTION

Sepsis is a life-threatening systemic inflammatory re-
sponse syndrome (SIRS) that could develop into multiple 
organ dysfunction syndrome (MODS), in which the lung 
is one of the most vulnerable organs.1,2 Acute lung injury 
(ALI), and its extreme form, acute respiratory distress syn-
drome (ARDS), is one of the leading causes of mortality 
in intensive care units.3,4 When ALI occurs, the injury 

to alveolar epithelial cells caused by lipopolysaccharide 
(LPS) may lead to endothelial barrier dysfunction.5–8 
Therefore, it is of potential clinical importance to protect 
the damaged alveolar epithelial cells from sepsis-induced 
ALI.

MicroRNAs (miRNAs) are a class of previously dis-
covered small non-coding RNAs that can regulate gene 
expression at the post-transcriptional level by specifically 
targeting 3'UTR of target gene mRNA to inhibit protein 
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Abstract
MicroRNAs (miRNAs) have been demonstrated to play pivotal roles in the 
pathogenesis of sepsis-induced acute lung injury (ALI). In this work, we aimed 
to clarify the potential role and the underlying mechanism of miR-942-5p in a 
lipopolysaccharide (LPS)-induced A549 cell injury model. The cell injury was 
evaluated by CCK-8 assay, flow cytometry and enzyme-linked immunosorb-
ent assay (ELISA). The expression levels of miR-942-5p and tripartite motif-
containing protein 37 (TRIM37) were measured by real-time PCR and Western 
blot, and their association was then validated by bioinformatics, luciferase re-
porter assay and RNA pull-down assay. We found that the expression of miR-
942-5p was decreased in LPS-treated A549 cells. Furthermore, LPS treatment 
suppressed A549 cell viability, promoted apoptosis and increased the levels of 
inflammatory cytokines. Conversely, overexpression of miR-942-5p increased 
cell viability, reduced apoptosis and alleviated inflammatory cytokine secre-
tion in the presence of LPS. Moreover, miR-942-5p directly targeted TRIM37 by 
binding to the 3′-UTR of TRIM37 mRNA. Upregulation of TRIM37 effectively 
reversed the anti-apoptotic and anti-inflammatory effects of miR-942-5p in LPS-
induced A549 cells. Our findings suggested that miR-942-5p protected against 
LPS-induced cell injury through inhibiting apoptosis and inflammation in A549 
cells by negatively regulating TRIM37.
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translation or to induce mRNA degradation.9 miRNAs 
play regulatory roles in diverse physiological and patho-
logical processes, such as cell proliferation and apopto-
sis,10–15 tissue differentiation,16 inflammation17,18 and 
tumour formation.10–13,19 In recent years, several lines 
of evidence suggest the pivotal roles of miRNA in sep-
sis, such as miR-223,20 miR-133a21,22 and miR-186.23,24 
miRNA-942-5p is shown to be involved in many cellular 
processes, such as tumour cell phenotypes,6,12,23,24 osteo-
genic differentiation,25,26 cardiomyocyte apoptosis,27 and 
the oxidative stress and inflammatory response of vascu-
lar endothelial cells.28 More importantly, a recent report 
implies that miR-942-5p expression is downregulated in 
LPS-induced HK-2 cells, and participates in inflammation 
and cell apoptosis, suggesting that miR-942-5p might be 
involved in sepsis-induced acute kidney injury (AKI).29 
However, whether miR-942-5p is implicated in sepsis-
induced ALI is largely unknown.

In the present study, we established a sepsis-induced 
ALI cellular model using LPS-treated alveolar epithelial 
cell line A549. Moreover, we also investigated the under-
lying effects of miR-942-5p on septic ALI and its possible 
regulatory mechanism.

2  |   MATERIALS AND METHODS

2.1  |  Cell culture, transfection and LPS 
treatment

Human alveolar type II epithelial A549 cells were ob-
tained from American Type Culture Collection (ATCC). 
A549 cells were cultured in ATCC-formulated Kaighn's 
modification of Ham's F-12 medium supplemented with 
10% foetal bovine serum (Gibco; Thermo Fisher Scientific) 
at 37°C in an atmosphere of 95% air and 5% CO2. Cell 
transfection was all performed using Lipofectamine 3000 
(Invitrogen; Thermo Fisher Scientific, Waltham, MA, 
USA) in line with the protocol. miR-942-5p mimic and 
TRIM37 overexpression vector synthesized by RiboBio 
Co., Ltd were transfected into A549 cells to upregulate 
miR-942-5p and TRIM37 expression respectively. The 
transfection efficiency was determined after 48-h trans-
fection. LPS (Sigma-Aldrich) was used to stimulate cells at 
1000 ng/ml for 72 h to construct a cellular model of septic 
ALI, as previously described.7,8,30

2.2  |  Luciferase reporter and RNA pull-
down assays

For luciferase reporter assay, A549 cells were transfected 
with miR-942-5p mimic or miR-NC together with the 

luciferase reporter vectors containing TRIM37‑3'UTR 
wild or mutant types. The luciferase activities were meas-
ured after 48-h transfection using the Renilla-Firefly 
Luciferase Dual Assay Kit (Pierce Biotechnology; Thermo 
Fisher Scientific).

For biotinylated miRNA pull-down assay, A549 
cells were transfected with biotinylated miR-942-5p or 
scrambled biotinylated probes. The cell lysates were col-
lected at 48 h post-transfection and then incubated with 
streptavidin-coated magnetic beads. The enrichment of 
TRIM37 mRNA in the co-precipitated RNAs was deter-
mined by real-time PCR.

2.3  |  Cell viability assay

Cell Counting Kit-8 (CCK-8; Beyotime Biotechnology) 
was performed to measure the cell viability. Briefly, A549 
cells (2 × 103 cells/well) were replated into 96-well plates 
with 100 μl culture medium. After incubation for 24 h, the 
complete medium was replaced with medium containing 
10 μl CCK-8 reagent. The absorbance which revealed cell 
viability was detected after another 2 h at the wavelength 
of 450 nm.

2.4  |  Flow cytometry

After centrifugation in pre-cooled PBS, the cells were 
resuspended in PBS and stained with the eBioscience™ 
Annexin V-FITC Apoptosis Detection Kit (Invitrogen; 
Thermo Fisher Scientific) according to the manufacturer's 
instructions. The number of apoptotic cells was analysed 
by flow cytometry (Beckman Coulter).

2.5  |  Enzyme-linked 
immunosorbent assay

A549 cells in the different groups were collected and 
centrifuged at 3,000 × g for 10 min at 4°C. The superna-
tant was harvested, and the levels of interleukin (IL)-1β, 
IL-6 and tumour necrosis factor-α (TNF-α) were meas-
ured using the commercial ELISA kits purchased from 
Beyotime Biotechnology, following the manufacturer's 
protocol.

2.6  |  Real-time PCR

Total RNA of A549 cells was isolated using the TRIzol™ 
Reagent (Invitrogen; Thermo Fisher Scientific). Equal 
amount of RNAs were used for reverse transcription 
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using the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems; Thermo Fisher Scientific) to product 
complementary DNA. To quantify the mRNA expression 
of miR-942-5p and TRIM37, real-time PCRs were per-
formed on the 7500 Fast Real-Time PCR System (Applied 
Biosystems; Thermo Fisher Scientific). U6 and GADPH 
were used as endogenous controls. The primers were miR-
942-5p, forward: 5′-AGGGTCTTCTCTGTTTTGGC-3′, 
reverse: 5′-GTTGTGGTTGGTTGGTTTGT-3′; TRIM37, 
forward: 5′-TATGGAGAAATTGCGGGATGC-3′, re-
verse: 5′-GTCAGCCAGCGCCTAATACAG-3′; U6, for-
ward: 5′-AAAGCAAATCATCGGACGACC-3′, reverse: 
5′-GTACAACACATTGTTTCCTCGGA-3′; GAPDH, for-
ward: 5′-TGTGGGCATCAATGGATTTGG-3′, reverse: 
5′-ACACCATGTATTCCGGGTCAAT-3′.

2.7  |  Western blot

Total protein of A549 cells isolated with RIPA lysis buffer 
(Beyotime Biotechnology) was quantified using the BCA 
Protein Assay Kit (Beyotime Biotechnology). Following 
electrophoresis, separated proteins were transferred to 
polyvinylidene fluoride (PVDF) membranes. Then, the 
membranes were blocked overnight with primary an-
tibodies (1:1000 dilution; Cell Signaling Technology, 
Boston, MA, USA) targeting TRIM37 (#96167), Bcl-2 
(#3498), Bax (#5023) and GAPDH (#5174) as a loading 
control, interacted with HRP-linked anti-rabbit IgG sec-
ondary antibody (#7074; 1:2000 dilution; Cell Signaling 
Technology) at room temperature for 2 h and developed 
by SignalFire™ ECL Reagent (#6883; Cell Signaling 
Technology).

2.8  |  Statistical analysis

Data were expressed as mean ±standard deviation (SD). 
Statistical analysis was performed using SPSS 19.0 statisti-
cal software (SPSS Inc.). Differences between two groups 
were assessed by Student's t-test. Differences between 
more than two groups were analysed by one-way analysis 
of variance test followed by Tukey's post hoc test. p < .05 
indicated a statistically significant difference.

3  |   RESULTS

3.1  |  LPS reduces miR-942-5p expression 
and increases TRIM37 expression in A549 
cells

To investigate the role of miR-942-5p in sepsis-induced 
ALI, the in vitro cell model was generated by using LPS-
stimulated A549 cells. We found that treatment with 
1000  ng/ml of LPS for 72  h led to an obvious downreg-
ulation of miR-942-5p expression (Figure 1A) and a sig-
nificant increase in the mRNA (Figure  1B) and protein 
(Figure 1C) levels of TRIM37.

3.2  |  miR-942-5p protects A549 cells 
against LPS-induced cell injury

Then, we constructed miR-942-5p-overexpressing A549 cells 
in the presence of LPS through miR-942-5p mimic transfec-
tion to further investigate whether miR-942-5p was impli-
cated in LPS-induced cell injury. The transfection efficiency 

F I G U R E  1   LPS reduces miR-942-
5p expression and increases TRIM37 
expression in A549 cells. After treatment 
with or without 1000 ng/ml LPS for 72 h, 
A549 cells were subjected to qRT-PCR and 
Western blotting analysis to determine the 
expression of miR-942-5p (A) and TRIM37 
(B-C). Data were expressed as mean ±SD 
from three independent experiments 
(n = 3). Differences between two groups 
were assessed by Student's t-test. *p < .05
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was assessed by qRT-PCR, showing that the abundance 
of miR-942-5p in A549 cells was markedly elevated by the 
transfection of miR-942-5p mimic (Figure 2A). The potential 
cytotoxicity of LPS in A549 cells was tested using the CCK-8 
assay. The results showed that LPS notably reduced the 

cell viability in a time-dependent manner, while the over-
expression of miR-942-5p restored cell viability in the pres-
ence of LPS (Figure 2B). Flow cytometry further validated 
that the cell apoptotic rate was abnormally increased upon 
LPS treatment, whereas the upregulation of miR-942-5p 

F I G U R E  2   miR-942-5p protects A549 cells against LPS-induced cell injury. A549 cells were transfected with miR-942-5p mimic or miR-
NC before the treatment with 1000 ng/ml of LPS for 72 h. (A) The transfection efficiency was determined by qRT-PCR. (B) CCK-8 assay was 
performed to reveal cell viability. (C) Apoptotic rate was analysed by flow cytometry. (D) The expression levels of apoptosis-related proteins 
(Bcl-2 and Bax) were measured by Western blotting. The secretion levels of TNF-α (E), IL-6 (F) and IL-1β (G) were assessed by ELISA. Data 
were expressed as mean ±SD from three independent experiments (n = 3). Differences between two groups were assessed by Student's t-test. 
Differences between more than two groups were analysed by one-way analysis of variance test followed by Tukey's post hoc test. *p < .05
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obviously diminished LPS-induced cell apoptosis in A549 
cells (Figure 2C). Coincidentally, the anti-apoptotic protein 
Bcl-2 level was inhibited, while the pro-apoptotic protein 
Bax was prominently upregulated after LPS treatment when 
compared to the control group. In contrast, the enforced ex-
pression of miR-942-5p led to opposite effects (Figure 2D). 
In addition, the release of proinflammatory cytokines was 
evaluated by ELISA. Our results elucidated that LPS signally 
enhanced the levels of TNF-α, IL-6 and IL-1β in A549 cells 
compared with the untreated cells (Figure 2E-G).

3.3  |  TRIM37 is a direct target of miR-
942-5p in A549 cells

Starbase was used to predict the target gene of miR-
942-5p and provided the binding sites of miR-942-5p with 
TRIM37 3′-UTR (Figure 3A). To validate this interaction, 
luciferase assay was performed in A549 cells and indicated 
that abundant accumulation of miR-942-5p resulted in a 
reduction of luciferase activity in the TRIM37-WT group, 
but not in the TRIM37-MUT group (Figure 3B). Moreover, 
there was more enrichment of TRIM37 in the bio-miR-
942-5p group as compared to the bio-NC group, as demon-
strated by an RNA pull-down assay (Figure 3C). Besides, 

the protein expression of TRIM37 was decreased in A549 
cells after the transfection with miR-942-5p mimic when 
compared to the miR-NC group (Figure 3D).

3.4  |  TRIM37 overexpression 
attenuates the protective role of 942-5p in 
LPS-treated A549 cells

To elucidate whether miR-942-5p-induced cell injury inhi-
bition was mediated by targeting TRIM37, we upregulated 
TRIM37 expression in A549 cells using its specific overex-
pression vector. Immunoblotting validated the increased 
protein expression of TRIM37 in A549 cells after the trans-
fection with TRIM37 overexpression vector (Figure 4A). 
In the presence of LPS, the ectopic expression of TRIM37 
alleviated miR-942-5p overexpression-induced the en-
hancement of cell viability (Figure 4B) and the reduction 
of cell apoptotic rate (Figure 4C) in A549 cells. Likewise, 
the restoration of TRIM37 expression counteracted miR-
942-5p-mediated the expression of apoptosis-related pro-
teins in LPS-treated A549 cells (Figure 4D). Additionally, 
the introduction of TRIM37 abated the inhibitory effects 
of miR-942-5p on the secretion levels of TNF-α, IL-6 and 
IL-1β in LPS-exposed A549 cells (Figure 4E).

F I G U R E  3   TRIM37 is a direct target of miR-942-5p in A549 cells. (A) The predicted binding sites and mutated sites of miR-942-5p to 
the TRIM37 sequence. (B) Luciferase activities of A549 cells co-transfected with miR-942-5p mimic or miR-NC and luciferase reporters 
containing TRIM37 3′UTR were analysed in luciferase assay. (C) miR-942-5p was labelled with biotin, and then, the interaction of miR-
942-5p with TRIM37 was detected by RNA pull-down assay in A549 cells. (D) The levels of TRIM37 transfected with miR-942-5p mimic or 
miR-NC in A549 cells were analysed by Western blotting. Data were expressed as mean ±SD from three independent experiments (n = 3). 
Differences between two groups were assessed by Student's t-test. *p < .05
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4  |   DISCUSSION

miRNAs are implicated in the pathogenesis of sepsis-related 
cardiac, lung, liver and kidney disorders.21,22,31–33 This study 
aimed to ascertain a novel target for the treatment of sepsis-
induced ALI. This study revealed that miR-942-5p limited 
TRIM37 expression and ameliorated LPS-induced ALI in 
vitro and inflammatory response in A549 cells.

LPS-induced A549 cells were established as an in vitro 
cell model of sepsis-induced ALI in several studies 14,15,34. 
In the present study, miR-942-5p expression in A549 cells 
was shown to decrease under LPS stimulation, indicat-
ing that silencing of miR-942-5p might be involved in the 
pathogenesis of septic ALI. miR-942-5p has been found to 
have diverse biological functions in several diseases. For in-
stance, miR-942-5p has been reported as an anti-oncogene 
in ovarian cancer6 and oral squamous cell carcinoma.10–13 
In addition, Wang et al revealed that miR-942-5p was 
involved in the regulatory roles of lncRNA SOX2-OT 
on doxorubicin-induced cardiomyocyte apoptosis.27 

Following the overexpression of miR-942-5p, cell viability 
was promoted, but cell apoptosis and the production of the 
pro-inflammatory cytokines IL-1β, TNF-α and IL-6 were 
inhibited in LPS-induced A549 cells. These findings were 
in agreement with those seen in the previous study that un-
covered the anti-apoptotic and anti-inflammatory effects of 
miR-942-5p in LPS-treated renal tubular epithelial HK-2 
cells.29 Collectively, our data showed that miR-942-5p at-
tenuated LPS-induced ALI by suppressing apoptosis and 
inflammatory response, indicating that miR-942-5p might 
serve as a therapeutic target for sepsis.

TRIM family proteins, as E3 ubiquitin ligases, have 
a variety of biological functions in cellular processes in-
cluding in carcinogenesis, proliferation, apoptosis, differ-
entiation, autophagy and inflammation.35,36 TRIM37 has 
been previously demonstrated by its regulatory role in in-
flammatory diseases, such as hepatic fibrosis37 and acute 
stroke-associated pulmonary inflammation.38 Recently, 
Chen et al reported that TRIM37 is directly regulated by 
miR-944 involved in the regulation of apoptosis and in-
flammatory response in ALI mice and LPS-induced WI-38 

F I G U R E  4   TRIM37 overexpression attenuates the protective role of 942-5p in LPS-treated A549 cells. A549 cells were co-transfected 
with miR-942-5p mimic and TRIM37 before the treatment with 1000 ng/ml of LPS for 72 h. (A) The transfection efficiency of TRIM37 
overexpression was determined by Western blotting. (B) CCK-8 assay was performed to reveal cell viability. (C) Apoptotic rate was analysed 
by flow cytometry. (D) The expression levels of apoptosis-related proteins (Bcl-2 and Bax) were measured by Western blotting. (E) The 
secretion levels of TNF-α, IL-6 and IL-1β were assessed by ELISA. Data were expressed as mean ±SD from three independent experiments 
(n = 3). Differences between two groups were assessed by Student's t-test. Differences between more than two groups were analysed by one-
way analysis of variance test followed by Tukey's post hoc test. *p < .05
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cells.39 In the present study, the mRNA and protein levels 
of TRIM37 were highly expressed in LPS-induced A549 
cells. Moreover, the binding site between miR-942-5p and 
TRIM37 was predicted using bioinformatics analysis, and 
then, the predicted binding between them was verified 
through luciferase reporter and RNA pull-down assays. 
Furthermore, the expression of TRIM37 was significantly 
decreased in A549 cells by the overexpression of miR-
942-5p, indicating that miR-942-5p may direct target and 
negatively regulate TRIM37. In addition, TRIM37 overex-
pression reversed miR-942-5p-mediated inhibitory effects 
on LPS-induced cell injury. Therefore, it may be implied 
that miR-942-5p exerted the protective roles in LPS-
induced A549 cells by interacting with TRIM37. However, 
our study still has some limitations. Firstly, the clinical 
significance of miR-942-5p is worth further investigation. 
Further in vivo study is needed to verify the role of miR-
942-5p in sepsis using the animal models. Other target 
genes remain to be identified. Further studies are needed 
to confirm the role of miR-942-5p in other cell lines.

In conclusion, the in vitro data in A549 cells demon-
strated that miR-942-5p overexpression may exhibit a fa-
vourable effect by inhibiting LPS-induced apoptosis and 
inflammation via directly targeting TRIM37. These results 
may suggest that miR-942-5p/TRIM37 therapeutic signal-
ling axis might be a promising target for the treatement of 
patients with sepsis-induced ALI.
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