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lncRNA NEAT1 aggravates sepsis-induced lung injury
by regulating the miR-27a/PTEN axis
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Sepsis is an acute inflammatory reaction and a cause of acute respiratory distress syndrome (ARDS). In the present study, we
explored the roles and underlying mechanism of the lncRNA Nuclear enriched abundant transcript 1 (NEAT1) in ARDS. The
expression levels of genes, proteins and pro-inflammatory cytokines in patients with ARDS, LPS-stimulated cells and septic mouse
models were quantified using qPCR, western blotting and ELISA assays, respectively. The molecular targeting relationship was
validated by conducting a dual-luciferase reporter assay. Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8) assay.
The cell cycle phase was determined by flow cytometry assay. The expression levels of NEAT1 and pro-inflammatory cytokines were
higher in patients with ARDS and septic models than in controls. Knockdown of NEAT1 significantly increased cell proliferation and
cycle progression and prolonged mouse survival in vitro and in vivo. Mechanistically, miR-27a was identified as a downstream
target of NEAT1 and directly inhibited PTEN expression. Further rescue experiments revealed that inhibition of miR-27a impeded
the promoting effects of NEAT1 silence on cell proliferation and cycle progression, whereas inhibition of PTEN markedly weakened
the inhibitory effects of NEAT1 overexpression on cell proliferation and cycle progression. Altogether, our study revealed that
NEAT1 plays a promoting role in the progression of ARDS via the NEAT1/miR-27a/PTEN regulatory network, providing new insight
into the pathologic mechanism behind ARDS.
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INTRODUCTION
Sepsis is a systemic inflammatory syndrome arising from the
systemic immunological response of the host to infection [1]. It
progresses rapidly and remains by far one of the most common
causes of death of hospitalised patients [2, 3]. A study has shown
that the lung is one of the organs easily damaged during sepsis,
and ~25–50% of patients with sepsis may suffer acute lung injury
[4]. Recently, sepsis-induced acute lung injury has been clinically
defined as acute respiratory distress syndrome (ARDS), and is
characterised by hypoxaemia, pulmonary oedema and inflamma-
tory responses [5]. According to statistics, the incidence of ARDS
has been reported to be 190,000 cases per year in the United
States [6]. Although much progress has been made in the
development of pharmacological interventions, the mortality of
ARDS remains high due to complex sepsis-induced responses.
Therefore, studies elucidating the physiological and molecular
mechanisms of lung damage are necessary to identify effective
therapeutic targets for ARDS.
Long noncoding RNAs (lncRNAs) are single-stranded RNAs with

a length of 200 nucleotides [7]. lncRNAs frequently function as
competing endogenous RNAs (ceRNAs) to regulate the expression

levels of targeted genes by sponging microRNAs (miRNAs), and
play critical roles in a variety of biological processes, such as cell
differentiation, cell proliferation and apoptosis [8, 9]. According to
recent evidence, lncRNAs participate in the disease progression of
sepsis and inflammatory responses [10, 11]. For example, lncRNA
MALAT1 aggravates skeletal muscle cell apoptosis and the
inflammatory response caused by sepsis [12]. Nuclear enriched
abundant transcript 1 (NEAT1) is an oncogenic lncRNA that
facilitates the tumorigenesis of multiple cancers, such as colon
cancer, prostate cancer and ovarian cancer [13]. Likewise, NEAT1
also plays an essential role in sepsis and the inflammatory
response [14]. The expression level of NEAT1 is positively
correlated with the severity of sepsis-induced myocardial injury
[15]. Moreover, the expression levels of IL-6 and TNF-α in THP-1
cells are also regulated by NEAT1 [16]. However, the functional
roles and mechanism of NEAT1 in sepsis-induced lung injury are
still not very clear.
miRNAs are small noncoding RNAs of 18–22 nucleotides that

negatively regulate gene expression by sponging the 3′-UTR of
target genes, leading to mRNA degradation or translational
repression [17, 18]. A member of a highly conserved miRNA
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family, miR-27, has been reported to be involved in various
biological processes, including cell growth, differentiation and
inflammation [19, 20]. miR-27a and miR-27b, which differ by only
one nucleotide and represent two isoforms of the miR-27 family,
have attracted extensive attention from researchers [21]. Recently,
the expression level of miR-27a is reported to be twofold lower in
RAW264.7 cells after LPS treatment [22]. Another study illustrated
that miR-27a is significantly downregulated in liver tissue from
septic mice and function as a therapeutic target of paclitaxel in
septic mice [23]. According to a bioinformatics analysis, miR-27a
may be a potential target of NEAT1. However, researchers have
not clearly determined whether miR-27 participates in sepsis-
induced ARDS.
In the present study, the roles and underlying mechanism of

NEAT1 in sepsis-induced ARDS were investigated. The expression
levels of NEAT1 in patients with ARDS, LPS-treated cells and CLP-
induced septic mice were upregulated. Then, gain- or loss-of-
function experiments of NEAT1 in vitro and in vivo confirmed that
NEAT1 suppressed cell cycle progression and facilitated inflam-
matory responses, thus aggravating sepsis-induced lung injury by
regulating the miR-27a/PTEN axis, which provides new insights
into the development of ARDS.

MATERIALS AND METHODS
Clinical samples
Clinical blood samples from controls (n= 15) and patients with ARDS (n=
22) were collected from Guizhou Provincial People’s Hospital. Patients with
ARDS presenting with sepsis included in this study were diagnosed
according to the American College of Chest Physicians/Society of Critical
Care Medicine [24]. The pathological information of clinical patients is
provided in Supplementary material Table 1. Patients were excluded when
they were younger than 18 years, were diagnosed with cancers or
haematological malignancies, treated with immunosuppressive medica-
tion within 3 months, or were pregnant or lactating. Experimental controls
were obtained from normal people who were not diagnosed with lung,
cardiac, infectious, or allergic diseases and were not prescribed treatments
for chronic diseases. Plasma samples were isolated from blood through
centrifugation at 2000×g for 10 min at 4 °C and then stored at −80 °C until
further detection. All participants provided informed consent, and all
protocols were approved by the Ethics Committee of Guizhou Provincial
People’s Hospital and conducted according to the Declaration of Helsinki.

Enzyme-linked immunosorbent assay
Concentrations of IL-1β, IL-6 and TNF-α in the serum and supernatant of
cultured cells were measured using commercially specific enzyme-linked
immunosorbent assay (ELISA) kits according to the manufacturer’s
instructions (R&D, Minneapolis, Minnesota).

Quantitative PCR
Total RNA was extracted from cells, plasma samples and lung tissues
obtained from septic mice using TRIzol reagent (Invitrogen, USA). The
OD260/280 ratio of RNA samples was measured using a Nanodrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). RNA
samples with OD260/280 values ranging from 1.9 to 2.0 were reverse
transcribed into cDNAs. First-strand cDNA synthesis was then performed
using a miScript Reverse Transcription kit (Qiagen, Inc.) quantitative PCR
(qPCR) was then conducted using the miScript SYBR® Green PCR kit
(Qiagen, Inc.) and StepOnePlus Real-Time PCR Systems (7500; Thermo
Scientific). The following reaction conditions were used: hot start at 95 °C
for 5 min; 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 30 s at 72 °C; and 10
min at 72 °C. The expression levels were quantified using the 2−ΔΔCt

method. The following primer sequences were used for qPCR:
NEAT1 forward, 5′-CTTCCTCCCTTTAACTTATCCATTCAC-3′ and
NEAT1 reverse, 5′-CTCTTCCTCCACCATTACCAACAATAC-3
miR-27a forward, 5′- ATGGTTCGTGGGTTCACA -3′ and
miR-27a reverse, R: 5′- GTGGCTAAGTTCCGACG-3′;
PTEN forward, 5′-TTGAAGACCATAACCCACC-3′ and
PTEN reverse: 5′-AGTTCCGCCACTGAACAT-3′;

U6 forward: 5’- CTCGCTTCGGCAGCACA -3′ and
U6 reverse: 5′-AACGCTTCACGAATTTGCGT-3′; and
GAPDH forward, 5′-GCACCGTCAAGGCTGAGAAC-3′ and
GADPH reverse, 5′-TGGTGAAGACGCCAGTGGA-3′.

Cell culture and LPS treatment
BEAS-2B cells and 16HBE cells were purchased from ATCC (Manassas, VA)
and cultured in BEGM media (Lonza, Mapleton, IL, USA) or RPMI 1640
medium (Invitrogen, Darmstadt, Germany) according to the manufacturer’s
recommendations. Cells (1.0 × 105) were cultured in six-well plates with
medium supplemented with 10% foetal bovine serum (FBS) and 1%
penicillin-streptomycin (Grand Island, NY, USA) and grown at 37 °C in a
humidified incubator with 5% CO2. The medium was changed every 48 h.
Cells were grown to ~75% confluence and passaged. Cells were used after
passage 3 in subsequent experiments. For LPS stimulation, LPS (1 μg/mL)
was added to the medium for 24 h.

Cell transfections
The full NEAT1 sequence was amplified and inserted into the pcDNA-3.1
vector (Thermo Fisher Scientific). The shRNAs targeting NEAT1 and PTEN,
miR-27a mimics, miR-27a inhibitor, and their respective negative control
plasmids were purchased from GenePharma (Shanghai, China). Transfec-
tion was conducted using Lipofectamine 2000 reagent (Invitrogen, USA)
according to the manufacturer’s protocol.

Cell cycle assay
Cells were collected by centrifugation (800×g, 6 min), washed three times
with PBS and fixed with 70% ethanol at 4 °C for 48 h. After washing with
PBS, cells were stained with 1 mL of staining solution (20 mg/mL
propidium iodide and 10 U/mL RNase, Sigma-Aldrich) for 30min at 37 °C.
Then, the cell cycle was analysed using a FACScan flow cytometer (Becton-
Dickinson, Brea, CA, USA).

Cell Counting kit-8 assay
Proliferation was measured using the CCK-8 kit (Dojindo, Japan) according
to the manufacturer’s protocol. Briefly, 1.0 × 104 cells were cultured in 48-
well microtiter plates for appropriate periods (0, 24, 48 or 72 h). Cells were
collected, 10 μL of CCK-8 reagent were added to each well, and then the
optical density values at 490 nm were measured using an Elx800 Reader
(Bio-Tek Instruments Inc.).

Luciferase reporter assay
For reporter assays, 1.0 × 104 16HBE cells were seeded into 24-well plates.
The 3′-UTR fragments of the lncRNA NEAT1 containing the wild-type or
mutant miR-27a binding sites and the 3′UTR fragments of PTEN containing
the wild-type or mutant miR-27a binding site were synthesised by
GenePharma and inserted into a luciferase reporter gene plasmid
(Invitrogen). Then, miR-27a mimics, the miR-27a inhibitor or their
respective negative controls and reporter plasmids were co-transfected
into cells using Lipofectamine 2000 (Invitrogen). Forty-eight hours after
transfection, luciferase activities were measured and analysed using the
Dual-Luciferase Reporter Assay System (Promega) according to the
manufacturer’s protocols.

Western blot
Antibodies against p21 (1:1000, Abcam #ab7960), CDK2 (1:1000, Cell
Signaling #CST2546), Cyclin D1 (1:1000, Abcam #137875), PTEN (1:800,
Abcam #ab170941) and GAPDH (1:10000, Abcam #ab181602) were used
according to the manufacturers’ protocols. After treatments, total proteins
were extracted from 16HBE and BEAS-2B cells using cell lysis buffer
containing proteinase inhibitors. The concentration was measured using a
BCA kit (#23225, Pierce). Fifty micrograms of protein were electrophoresed
on 10% SDS-PAGE gels using standard procedures and then transferred to
PVDF membranes (Millipore). After three washes with TTBS, the
membranes were blocked with 5% milk for 2 h. Then, membranes were
incubated with primary antibodies at 4 °C overnight. After washing with
TBST, blots were incubated with the appropriate secondary HRP antibody
for 2 h. Finally, the bands were imaged with chemiluminescence reagents
using a gel imaging system (#1708370, Life Science), and band intensity
was quantified using ImageJ software.
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CLP model of sepsis
Wild-type C57BL/6 mice (male, 8 weeks old) were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). The mice were fed and
maintained under the following conditions: food and water available ad
libitum, temperature 23 ± 2 °C, humidity 60%, 12:12 h light/dark cycle. Mice
were acclimated to the new environment for a week. sh-NEAT1 and its
negative control (sh-NC) were packaged into the LV10-CMV-RFP-Puro
vector (GenePharma, Shanghai, China). Then, the mice were randomly
divided into four groups: the control (sham) group, CLP group, CLP+ sh-
NC group and CLP+ sh-NEAT1 group (10 mice for each group). CLP
surgery was performed on the 5th day after lentivirus injection as reported
previously [25]. Briefly, the mouse caecum was ligated below the ileocecal
valve. After ligation, the caecum was punctured once with a 23-gauge
needle. Sham-operated mice underwent the same procedure but without
ligation and puncture. Mice were euthanized by cervical dislocation after
treatments, and lung tissues were immediately dissected for further
studies. All procedures were performed in accordance with the national
guidelines and approved by the Experimental Animal Ethics Committee of
Guizhou Provincial People’s Hospital.

Statistical analysis
The results are presented as the means ± SD and were analysed with
SigmaStat10.0 software (SPSS). The differences between groups were
assessed using Student’s t test or one-way analysis of variance (ANOVA).
P < 0.05 was considered statistically significant.

RESULTS
lncRNA NEAT1 was upregulated of in ARDS
22 ARDS patients and 15 controls were enroled in this study, and
the expression level of NEAT1 in plasma samples was examined.
As shown in Fig. 1A, NEAT1 expression was increased in patients
with ARDS compared to controls, suggesting that NEAT1 may be a
regulator related to ARDS occurrence. Next, we detected pro-
inflammatory cytokine levels using ELISA assay. The result
revealed that the levels of TNF-α, IL-1β and IL-6 in patients with
ARDS were much higher than those in the control group (Fig. 1B-
1D). Stimulation of 16HBE cells and BEAS-2B cells with 1 µg/mL

Fig. 1 The expression levels of NEAT1 and inflammatory cytokines in ARDS patients and LPS-induced cells. A Plasma samples were
harvested from patients with ARDS and controls, and the expression level of NEAT1 was determined using qPCR. B-D Plasma samples were
obtained from patients with ARDS and controls, and the levels of TNF-α, IL-6 and IL-1β were detected using ELISA. E-G 16HBE and BEAS-2B
cells were untreated or treated with 1 µg/mL LPS for 24 h, and then cells and culture supernatants were collected. Next, the expression of
NEAT1 was quantified using qPCR (E). The levels of TNF-α, IL-6 and IL-1β were detected using ELISA (F). The cell cycle phase was evaluated
using flow cytometry (G). The results are presented as the means ± SD, and differences were assessed using Student’s t test or one-way
analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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LPS for 24 h markedly increased the expression of NEAT1 (Fig. 1E).
Similarly, the levels of inflammatory cytokines in the LPS group
were also markedly increased compared with those in the control
group (Fig. 1F), confirming that an in vitro cell model of
inflammatory damage was successfully established. Subsequently,
the cells at G1, S and G2/M phase were examined using flow
cytometry. The results revealed that LPS treatment significantly
increased the percentage of cells in G1 phase while reducing the
percentage of cells in S phase (Fig. 1G), indicating that LPS
treatment blocked G1-S cell cycle transition.

Knockdown of NEAT1 attenuated LPS-induced lung cell injury
BEAS-2B cells and 16HBE cells were infected with 50 nM
NEAT1 shRNA or its negative control and then exposed to LPS
for 24 h to further clarify the potential roles of NEAT1 in ARDS. The
transfection of sh-NEAT1 significantly reduced NEAT1 expression
(Fig. 2A). Similarly, sh-NEAT1 markedly reduced the levels of TNF-α,
IL-1β and IL-6 stimulated by LPS treatment (Fig. 2B). Furthermore,
the CCK-8 assay results showed that inhibition of NEAT1 markedly
relieved the suppression on cell proliferation induced by LPS
treatment (Fig. 2C). Flow cytometry results revealed that down-
regulation of NEAT1 resulted in a lower proportion of cells in G1

Fig. 2 Knockdown of NEAT1 attenuated LPS-induced lung cell injury. 16HBE cells and BEAS-2B cells were transfected with shNEAT1 or its
negative control and then treated with LPS for 24 h. A NEAT1 expression was measured using qPCR. B The levels of TNF-α, IL-6 and IL-1β in the
medium supernatants were measured using ELISA. C CCK8 assay was employed to detect cell proliferation. D The cell cycle phase was
measured using flow cytometry. E The protein levels of p21, CDK2 and Cyclin D1 were detected using western blot. The results are shown as
the means ± SD, and the differences were assessed using Student’s t test or one-way analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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phase and a higher proportion of cells that progressed to S phase
compared to the LPS group (Fig. 2D). Consistent with these
findings, western blot assay also showed that NEAT1 knockdown
decreased the level of p21 but increased the levels of CDK2 and
Cyclin D1 (Fig. 2E). Altogether, knockdown of NEAT1 significantly
alleviated the inflammatory response and facilitated the G1-S
phase transition in vitro.

miR-27a was a downstream target of NEAT1
The TargetScan database was used to predict the binding sites
between miR-27a and NEAT1 (Fig. 3A), and the targeting
relationship was validated using the dual-luciferase reporter assay.
The luciferase activity was significantly reduced in 16HBE cells co-
transfected with WT-NEAT1 plasmids and miR-27a mimics but was
markedly increased after the co-transfection of WT-NEAT1
plasmids and the miR-27a inhibitor. However, co-transfection of
miR-27a mimics or the miR-27a inhibitor and MUT-NEAT1
plasmids in 16HBE cells resulted in a non-significant alteration of
luciferase activity (Fig. 3B). Moreover, the expression level of miR-
27a was markedly reduced by NEAT1 overexpression but
significantly increased by NEAT1 downregulation (Fig. 3C, D).
Next, we examined the expression of miR-27a in patients with
ARDS using qPCR. The data showed that miR-27a was down-
regulated in patients with ARDS and inversely correlated with
NEAT1 expression (Fig. 3E, F). All the aforementioned results
indicated that NEAT1 inhibited miR-27a expression by directly
targeting miR-27a.

miR-27a reversed the effects of NEAT1 on the cell cycle and
inflammation
We also explored whether miR-27a was involved in the regulation
of NEAT1-mediated cell injury. 16HBE and BEAS-2B cells were
transfected with sh-NEAT1 alone or co-transfected with sh-NEAT1
+miR-27a inhibitor and then exposed to LPS. As shown in Fig. 4A,
miR-27a expression was significantly reduced after LPS treatment,
but was restored by the transfection of sh-NEAT1. Moreover, miR-
27a expression was further downregulated by the miR-27a
inhibitor. Subsequently, the levels of IL-1β, IL-6 and TNF-1α were
significantly increased in the sh-NEAT1+miR-27a inhibitor group
compared to the sh-NEAT1 group, suggesting that knockdown of
miR-27a reversed the inhibitory effects of sh-NEAT1 on cellular

inflammatory responses (Fig. 4B). Moreover, the effects of NEAT1
downregulation on cell proliferation, cell cycle progression and
cell cycle-associated proteins were also reversed by the miR-27a
inhibitor (Fig. 4C–E). In conclusion, all of the aforementioned data
illustrated that miR-27a was a downstream effector of NEAT1
in vitro.

PTEN functioned as an effector of miR-27a
PTEN is a key negative modulator of cell cycle progression. Hence,
we first examined the expression level of PTEN in patients with
ARDS and found that PTEN was expressed at high level in patients
with ARDS compared with controls (Fig. 5A). Subsequently, the
Pearson correlation coefficient revealed a negative correlation
between PTEN and miR-27a expression at the clinical level
(Fig. 5B). The potential binding sites between miR-27a and PTEN
are shown in Fig. 5C. The luciferase activity was significantly
reduced in 16HBE cells co-transfected with WT-PTEN plasmids and
miR-27a mimics but was markedly increased after the co-
transfection of WT-PTEN plasmids and miR-27a inhibitor. However,
co-transfection with miR-27a mimics or miR-27a inhibitor and
MUT-PTEN plasmids in 16HBE cells resulted in a non-significant
alteration of luciferase activity (Fig. 5D). qPCR assay described that
miR-27a overexpression induced by the transfection of miR-27a
mimics markedly suppressed PTEN expression, while miR-27a
downregulation induced by the transfection of the miR-27a
inhibitor significantly increased PTEN expression (Fig. 5E, F). Then,
we researched the effects of PTEN on the roles of miR-27a in
regulating the levels of cell cycle-related proteins. The upregula-
tion of miR-27a decreased the levels of PTEN and p21 but
increased the expression levels of Cyclin D1 and CDK2, whereas
overexpression of PTEN markedly reversed these effects (Fig. 5G).
Based on these results, PTEN functioned as a downstream effector
of miR-27a in the regulation of the cell cycle.

PTEN participated in the regulation of NEAT1 during LPS-
induced cell injury
The biological association between NEAT1 and PTEN was
investigated. qPCR assay suggested that overexpression of NEAT1
upregulated PTEN expression, while the silencing of NEAT1
downregulated PTEN expression (Fig. 6A). Furthermore, the
expression level of PTEN was positively correlated with NEAT1

Fig. 3 miR-27a was a downstream target of NEAT1. A StarBase software was used to predict the potential binding sites between miR-27a
and NEAT1. B Luc-WT-NEAT1 or Luc-MUT-NEAT1 plasmids were co-transfected with miR-27a mimics, miR-27a inhibitor or their negative
controls in 16HBE cells, and luciferase activity was measured. C, D 16HBE and BEAS-2B cells were transfected with pcDNA-NC, pcDNA-NEAT1,
sh-NC or sh-NEAT1 for 24 h, and the expression levels of NEAT1 and miR-27a were detected using qPCR. E Plasma samples were collected from
patients with ARDS and controls, and the expression level of miR-27a was detected using qPCR. F Pearson correlation scatter plot showed that
miR-27a expression was inversely correlated with NEAT1 expression. Data are presented as the means ± SD and were analysed using Student’s
t test or one-way analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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expression in patients with ARDS (Fig. 6B). Collectively, NEAT1
positively regulates PTEN expression. Next, we investigated the
effects of PTEN on NEAT1-mediated cell injury. The qPCR results
showed that the pcDNA-PTEN vectors were successfully inserted
into cells (Fig. 6C). Subsequently, the inhibition on the cell cycle
and proliferation caused by NEAT1 upregulation was markedly

reversed by silencing PTEN (Fig. 6D, E). A similar trend was
observed that the increase of p21 level and the reduction of Cyclin
D1 and CDK2 levels caused by NEAT1 overexpression were also
blocked by PTEN silence (Fig. 6F). Taken together, upregulation of
NEAT1 suppressed cell proliferation and cell cycle progression by
modulating PTEN expression.

Fig. 4 miR-27a reversed the effects of NEAT1 on the cell cycle and inflammatory response. 16HBE and BEAS-2B cells were transfected with
sh-NEAT1 alone or co-transfected with sh-NEAT1+miR-27a inhibitor for 24 h before treatment with LPS, and then cells and culture
supernatants were collected. A The expression level of miR-27a was detected using qPCR. B The levels of TNF-α, IL-6 and IL-1β were measured
ELISA. C CCK8 assay was employed to analyse cell proliferation. D The cell cycle phase was evaluated using flow cytometry. E The protein
levels of PTEN, p21, CDK2 and Cyclin D1 were detected using western blot. Data are presented as the means ± SD and were analysed using
Student’s t test or one-way analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Knockdown of NEAT1 improved the survival and cell cycle
progression and relieved inflammation in CLP mice model
Septic mouse models were established to verify the biological roles
of NEAT1 and PTEN in vivo. As disclosed in Fig. 7A–C, compared
with the sham group, NEAT1 and PTEN expression were significantly
increased in the CLP group, but miR-27a expression was decreased.
However, knockdown of NEAT1 by sh-NEAT1 successfully reduced
the expression of PTEN and restored the expression of miR-27a in
CLP-induced sepsis models. Subsequently, NEAT1 silencing
obviously increased the survival rate of mice (Fig. 7D). The levels
of TNF-α, IL-6 and IL-1β were significantly increased in lung tissues
from with CLP-induced septic mice, while these effects were
markedly decreased by NEAT1 knockdown (Fig. 7E). Moreover,
western blot assay also revealed that NEAT1 silencing reduced PTEN
and p21 protein levels but increased CDK2 and cyclin D1 protein
levels in CLP-induced septic mice (Fig. 7F). Thus, NEAT1 knockdown
improved the survival rate of septic mice and relieved the
inflammatory response and cell cycle arrest.

DISCUSSION
Sepsis is a severe form of infection characterised by constant
immune dysfunction with inflammatory response syndrome [26].
ARDS is a complication of sepsis that manifests as a disruption of
the alveolar/endothelial barrier associated with massive pulmon-
ary infiltration of neutrophils [27–29]. Currently, the lack of
understanding of the pathophysiology, therapeutic strategy and

drugs leads to the high mortality rate of patients with ARDS.
Increasing evidences have disclosed that lncRNAs and miRNAs are
associated with the occurrence and development of ARDS [30, 31].
In this study, we identified the abnormal expression of NEAT1 and
miR-27a in ARDS and explored their roles and mechanism in vitro
and in vivo. According to a recent study, NEAT1 is an essential
regulator of the immune system [32]. For example, NEAT1 is
upregulated in blood samples from patients with tuberculosis and
is associated with Mtb infection [16]. Likewise, NEAT1 expression is
also upregulated in patients with sepsis and is considered a
potential molecular marker for disease diagnosis [33]. Recently,
the functions and mechanism of NEAT1 in sepsis-induced diseases
were investigated. For example, knockdown of NEAT1 in rat
kidney cells inhibited LPS-induced cell damage by upregulating
miR-204 [32, 34]. Consistent with these findings, we also certified
that knockdown of NEAT1 alleviated lung cell damage by
regulating inflammatory responses and the cell cycle in vitro.
Moreover, NEAT1 knockdown improved the survival rate of CLP-
induced septic mice. These results suggested the potential
functions of NEAT1 in ARDS.
miR-27a plays an important role in regulating the immune

response and is associated with sepsis progression [35–37].
Notably, the expression level and function of miR-27a are
controversial in different septic models. On the one hand, a study
showed higher expression of miR-27a in the lungs of septic mice,
and overexpression of miR-27a promotes pulmonary inflammation
and reduces the survival of septic mice [38]. On the other hand,

Fig. 5 PTEN functioned as an effector of miR-27a. A Plasma samples were collected from patients with ARDS and controls, and the
expression of PTEN was detected using qPCR. B Pearson correlation scatter plot shows that miR-27a expression was inversely correlated with
PTEN expression. C The potential binding site between miR-27a and PTEN. D Luc-WT-PTEN or Luc-MUT-PTEN plasmids were co-transfected
with miR-27a mimics, miR-27a inhibitor or their negative controls in 16HBE cells, and luciferase activity was measured. E, F 16HBE and BEAS-2B
cells were transfected with miR-27a mimics, miR-27a inhibitor or their negative control for 24 h. The expression levels of miR-27a and PTEN
were detected using qPCR. G 16HBE and BEAS-2B cells were transfected with miR-27a mimic alone or co-transfected with miR-27a mimics and
sh-PTEN. The protein levels of PTEN, p21, CDK2 and Cyclin D1 were detected using western blot. Data are presented as the means ± SD and
were analysed using Student’s t test or one-way analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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several studies have reported that miR-27a expression is
significantly decreased in the lung tissues of LPS-treated mice,
and its upregulation plays a protective effect on acute lung injury
by inhibiting the MyD88/NF-κB signalling pathway [37, 39].
Furthermore, Xie et al. [36] reported that miR-27a is down-
regulated in LPS-stimulated macrophages and suppresses TLR2-
and TLR4-driven inflammatory responses. We speculated that the

controversies may be associated with individual differences and
the complexity of the pathological mechanisms of the diseases. In
the present study, miR-27a was also downregulated in patients
with ARDS and interacted with NEAT1 to negatively modulate the
regulatory effects of NEAT1 on cell survival, cell cycle progression
and inflammation in vitro. Based on these results, miR-27a may
exert protective effects on sepsis-induced ARDS.

Fig. 6 PTEN participated in the regulatory effect of NEAT1 on LPS-induced cell injury. A 16HBE cells and BEAS-2B cells were transfected
with pcDNA-NC, pcDNA-NEAT1, sh-NC or sh-NEAT1, and then the expression level of PTEN was detected using qPCR. B Pearson correlation
scatter plot shows that NEAT1 expression was positively correlated with PTEN expression. C, D 16HBE and BEAS-2B cells were transfected with
pcDNA-NEAT1 or co-transfected with pcDNA-NEAT1 and sh-PTEN for 24 h and then exposed to LPS. The expression of PTEN and NEAT1 was
subsequently detected using qPCR (C). Cell proliferation was analysed using the CCK-8 assay (D). The cell cycle phase was evaluated using flow
cytometry (E). The protein levels of p21, CDK2 and Cyclin D1 were detected using western blot (F). Data are presented as the means ± SD and
were analysed using Student’s t test or one-way analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.
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PTEN, a phosphatase that targets multiple proteins, functions as
an essential regulator of senescence, quiescence, cell death and
the cell cycle [40, 41]. PTEN restrains cell proliferation and survival
by modulating the cell cycle, such as the G1/S and G2/M
transitions [40]. Another study revealed that PTEN participates in
the pathogenesis of ARDS by acting as a target of the MALAT1/
miR-425 axis to promote cell apoptosis [30]. Additionally, PTEN
also activates β-catenin and aggravates the HMGB1-mediated
inflammatory response in acute lung injury [42]. Furthermore,
PTEN facilitates LPS-induced pulmonary inflammation and injury
through the AKT/NF-kappaB signalling pathway and sepsis-
induced acute lung injury by inhibiting β-catenin pathway
[43, 44]. These observations implied that PTEN may promote the
progression of sepsis-induced ARDS. Consistently, our results
identified that PTEN was expressed at high levels in patients with
ARDS and was regulated by the NEAT1/miR-27a axis to block the
G1/S transition of the cell cycle, reduce the levels of Cyclin D1 and
CDK2 and increase the level of p21, indicating that PTEN is
involved in the mechanism of action of NEAT1 in sepsis-
induced ARDS.
In summary, our study clarified that NEAT1 was upregulated in

sepsis-induced ARDS. Downregulation of NEAT1 improved inflam-
matory responses and cell cycle progression by modulating the
miR-27a/PTEN axis (Fig. 8). Based on these results, we propose a
new underlying mechanism of NEAT1 in ARDS, and our data may
provide a theoretical reference for a deeper understanding of the
pathological mechanism of ARDS.

Fig. 7 The role of NEAT1 knockdown in CLP-induced lung injury in mice. CLP surgery was performed on the fifth day after lentivirus
injection, and lung samples were obtained immediately after the mice were euthanized. A–C The expression levels of NEAT1, miR-27a and
PTEN in lung tissues from CLP-induced septic mice were analysed using qPCR. D The effect of NEAT1 knockdown on the survival rate of CLP-
induced septic mice. E The levels of TNF-α, IL-6 and IL-1β in lung tissues of CLP-induced septic mice were detected using ELISA. F The protein
levels of p21, CDK2 and Cyclin D1 in lung tissues from CLP-induced septic mice were detected using western blot. Data are presented as the
means ± SD and were analysed using Student’s t test or one-way analysis of variance. *P < 0.05, **P < 0.01, and ***P < 0.001.

Fig. 8 Schematic diagram elucidating the regulatory mechanism of
NEAT1 in sepsis-induced lung injury.
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