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LIN28A-dependent IncRNA NEAT1 aggravates m
sepsis-induced acute respiratory distress
syndrome through destabilizing ACE2 mRNA

by RNA methylation
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Abstract

Background Acute respiratory distress syndrome (ARDS) is a life-threatening and heterogeneous disorder leading
to lung injury. To date, effective therapies for ARDS remain limited. Sepsis is a frequent inducer of ARDS. However, the
precise mechanisms underlying sepsis-induced ARDS remain unclear.

Methods Here RNA methylation was detected by methylated RNA immunoprecipitation (MeRIP), RNA stability was
determined by RNA decay assay while RNA antisense purification (RAP) was used to identify RNA-protein interaction.
Besides, co-immunoprecipitation (Co-IP) was utilized to detect protein-protein interaction. Moreover, mice were
injected with lipopolysaccharide (LPS) to establish sepsis-induced ARDS model in vivo.

Results This study revealed that long non-coding RNA (IncRNA) nuclear-enriched abundant transcript 1 (NEAT1)
aggravated lung injury through suppressing angiotensin-converting enzyme 2 (ACE2) in sepsis-induced ARDS
models in vitro and in vivo. Mechanistically, NEAT1 declined ACE2 mRNA stability through heterogeneous nuclear
ribonucleoprotein A2/B1 (hnRNPA2B1) in lipopolysaccharide (LPS)-treated alveolar type Il epithelial cells (AT-II
cells). Besides, NEAT1 destabilized ACE2 mRNA depending on RNA methylation by forming methylated NEAT1/
hnRNPA2B1/ACE2 mRNA complex in LPS-treated AT-II cells. Moreover, lin-28 homolog A (LIN28A) improved NEAT1
stability whereas insulin-like growth factor 2 mRNA binding protein 3 (IGF2BP3) augmented NEAT1 destabilization
by associating with LIN28A to disrupt the combination of LIN28A and NEAT1 in LPS-treated AT-Il cells. Nevertheless,
hnRNPA2B1 increased NEAT1 stability by blocking the interaction between LIN28A and IGF2BP3 in LPS-treated AT-II
cells.

Conclusions These findings uncover mechanisms of sepsis-triggering ARDS and provide promising therapeutic
targets for sepsis-induced ARDS.
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Background

Acute respiratory distress syndrome (ARDS) is a life-
threatening and heterogeneous disorder that results in
lung injury [1-3]. The clinicopathological correlates of
ARDS include severe lung inflammation, depletion of
surfactant, increased pulmonary vascular permeability,
loss of aerated lung tissue, refractory hypoxemia, reduced
lung compliance, and elevation of dead space [2-4].
Despite significant advances in our understanding of the
molecular mechanisms inducing ARDS and management
of ARDS patients, effective therapies remain limited, and
the mortality rate of patients with ARDS is as high as 40%
[5].

ARDS can arise from various diseases and pathological
conditions, such as coronavirus disease 2019 (COVID-
19) and sepsis [6, 7]. Sepsis, a pathological condition
resulting from an excessive immune response to patho-
gen infections, is considered a frequent inducer of ARDS
[8, 9]. Several studies have suggested that sepsis can lead
to ARDS [10, 11]. However, the underlying mechanisms
of sepsis-induced ARDS remain unclear. Therefore, it is
urgent to investigate the mechanisms through which sep-
sis triggers ARDS and explore novel therapeutic targets
for sepsis-induced ARDS.

Numerous studies have indicated that severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
associated with COVID-19 enters host cells through
the receptor angiotensin-converting enzyme 2 (ACE2)
inducing lung injury in vivo and in vitro [12, 13]. Addi-
tionally, host cells can protect from ARDS by reducing
angiotensin II (Ang II) expression by inactivating renin—
angiotensin system (RAS) after infection with the SARS
coronavirus [14]. Therefore, ACE2 is downregulated in
the lungs of SARS coronavirus-infected mice with ARDS
[14, 15]. Although ACE2 expression is also decreased in
the lungs of mice with ARDS induced by sepsis [12], the
role of ACE2 in sepsis-induced ARDS remains largely
unknown.

A previous study has indicated that the long non-
coding RNA (IncRNA) nuclear-enriched abundant tran-
script 1 (NEAT1) associates with ACE2 expression in
SARS-CoV-2-infected lung cells [16]. Growing evidence
suggests that NEAT1 contributes to sepsis-induced
ARDS. For instance, the NEAT1 level is increased in
the plasma of patients with sepsis-induced ARDS, and a
higher NEAT1 level is associated with an increased risk
of ARDS and higher mortality in sepsis patients [17].
Mechanisticall, NEAT1 exacerbates sepsis-induced
ARDS by targeting microRNA (miRNA) miR-27a, lead-
ing to the upregulation of phosphatase and tensin
homolog (PTEN) expression [18]. Furthermore, NEAT1

might aggravate sepsis-induced ARDS by suppressing
high-mobility group boxl (HMGBI)-receptors for the
advanced glycation end products (RAGE) pathway [19].
Nevertheless, the regulatory effect of NEAT1 on ACE2 in
sepsis-induced ARDS remains unclear.

RNA methylation plays a crucial role in various dis-
eases by regulating RNA stability, transportation, shear-
ing, and translation, including sepsis [20, 21]. A recent
study has revealed that RNA methylation of peripheral
blood mononuclear cells (PBMC) is associated with
the gut microbiome and serum metabolomic profile of
patients with sepsis-associated encephalopathy [22].
Additionally, methylation of suppressor of cytokine sig-
naling 1 (SOCS1) mRNA is essential to suppress mac-
rophage activation in response to sepsis [21]. However,
the function of RNA methylation on NEAT1 in sepsis-
induced ARDS remains unidentified.

In addition, the RNA-binding protein heterogeneous
nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) is cru-
cial for the function of NEAT1. A recent study has
demonstrated that NEAT1 reduces the degradation of
regulation of nuclear pre-mRNA domain containing 1B
(RPRD1B) mRNA through recruiting hnRNPA2B1 in
gastric cancer cells [23]. Moreover, as an m6A “reader”
protein, hnRNPA2BI1 is also involved in the function
of methylated IncRNA. For instance, m6A methylated
IncRNA RP11 induces the mRNA degradation of E3
ligases through the methylated IncRNA RP11/hnRN-
PA2B1/ target mRNA complex [24]. Nevertheless, the
effect of hnRNPA2B1 on NEAT1 in sepsis-induced ARDS
remains unclear.

Therefore, the primary aim of the current study was
to investigate whether ACE2 and NEAT1 regulated
sepsis-induced ARDS through RNA methylation and
hnRNPA2B1.

Materials and methods

Cell culture

AT-II cells, bought from the Cell Bank at the Chinese
Academy of Sciences, Shanghai, China, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco
BRL, Grand Island, NY, USA) supplemented with peni-
cillin (100 units/mL, Gibco BRL) and fetal bovine serum
(FBS) (10%, Gibco BRL) at 37 °C in a humidified atmo-
sphere with 5% CO.,,.

Cell treatment

To establish an in vitro modal of sepsis-induced ARDS,
AT-II cells were treated with 100 ng/mL lipopolysaccha-
ride (LPS) (#S11060, Yuanye, Shanghai, China) for 24 h
as previously described [25, 26]. For RNA interference of
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Table 1 Sequences of siRNAs

Genes Sequences (5’-3')

NEATT siRNA Sense CCUUUUGGACUUUUCUCUAGG
Antisense  UAGAGAAAAGUCCAAAAGGAG

HNRNPA2B1 siRNA  Sense CUGUUUGUUGGCGGAAUUAAA
Antisense  UAAUUCCGCCAACAAACAGCU

METTL3 siRNA Sense GCUGGACUUGGGAUGAUAUUA
Antisense  GGAATGGTCAGCATAGGTTACA

METTL14 siRNA Sense CCGTGGACGAGAAAGAAATAGA
Antisense  AAAGAAGGTTAGAGGAGGATGAATAG

SIRNA NC Sense UUCUCCGAACGUGUCACGU
Antisense  ACGUGACACGUUCGGAGAA

Table 2 Sequences of primers

Genes Sequences (5’-3")
NEAT1 Forward GGCAGGTCTAGTTTGGGCAT
Reverse CCTCATCCCTCCCAGTACCA
ACE2 Forward GGTCTTCTGTCACCCGATTT
Reverse CATCCACCTCCACTTCTCTAAC
HNRNPA2B1 Forward CCAGGACCAGGAAGTAACTTTAG
Reverse CCTCCTCTTCCTCCTCCATAA
METTL3 Forward TGCTGTGTCCATCTGTCTTG
Reverse GGAATGGTCAGCATAGGTTACA
METTL14 Forward CCGTGGACGAGAAAGAAATAGA
Reverse AAAGAAGGTTAGAGGAGGATGAATAG
LIN28A Forward GTAGGGCTGTGGATTTCTTCTT
Reverse AAAGAAGGTTAGAGGAGGATGAATAG
GAPDH Forward AACGGATTTGGTCGTATTGGG
Reverse CCTGGAAGATGGTGATGGGAT

NEAT1, hnRNPA2B1, methyltransferase 3 (METTL3),
METTLI14, and lin-28 homolog A (LIN28A), small inter-
fering RNA (siRNA) and non-targeting siRNA (siNC)
were synthesized by Hytran Biotech (Guangzhou,
Guangdong, China) and transfected into AT-II cells by
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, USA). Table 1 shows sequences of siRNAs.

Quantitative reverse transcription-PCR (qRT-PCR)

Initially, we used a Trizol reagent from Invitrogen (Carls-
bad, CA, USA) to isolate total RNA from AT-II cells. Sub-
sequently, the PrimeScript II 1st Strand cDNA Synthesis
Kit (Takara, Dalian, Liaoning, China) was utilized to syn-
thesize cDNA from RNA. Following this qRT-qPCR was
carried out using a 7500 Fast Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) with SYBR
Premix Ex Taq II (Takara). Finally, the relative expression
of target genes was normalized to GAPDH and the data
were given by 2-2AC relative to the control group. The
primers utilized in this study are listed in Table 2.

Western blot (WB)
Proteins from AT-II cells were first isolated by RIPA
buffer (Cell Signaling Technology, Danvers, MA, USA).
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Then proteins were separated by electrophoresis into
SDS-polyacrylamide gel followed by the transfer onto
the PVDF membrane (Millipore, Bedford, MA, USA).
Next, membranes were blocked for 1 h utilizing 5% non-
fat milk at room temperature (RT) and then incubated
overnight at 4 °C with primary antibodies. The next day
membranes were washed with Tris-buffered saline con-
taining 0.1% Tween20 (TBST) and then incubated with
secondary antibodies for 1.5 h at RT. After incubation,
the Chemiluminescence Detection Kit (#P0018S, Beyo-
time, Shanghai, China) was used to visualize protein sig-
nals. Densitometry of target protein bands was qualified
using Image ] software. The primary antibodies used in
this study for WB included anti-ACE2 (1:1000, #21115-1-
AP, Proteintech, Rosemont, IL, USA), anti-hnRNPA2B1
(1:1000, #14813-1-AP, Proteintech), anti-LIN28A (1:1000,
#bs-8443R, Bioss, Beijing, China), anti-IGF2BP3 (1:1000,
#14642-1-AP, Proteintech) and anti-GAPDH (1:10000,
#KC-5G5, Aksomics, Shanghai, China).

Enzyme-linked immunosorbent assay (ELISA)

Levels of IL-1pB, IL-18 and TNF-a in cellular superna-
tant of AT-II cells and mouse serum were measured by
ELISA using IL-1p ELISA Kit (#DG10298H, Winter Song
Boye Biotechnology, Beijing, China), IL-18 ELISA Kit
(#DG10053H, Winter Song Boye Biotechnology) and
TNF-a ELISA Kit (#DG10307H, Winter Song Boye Bio-
technology) according to the manufacturer’s instructions,
respectively. Briefly, 10uL. sample/well were diluted by
40pL blocking buffer and incubated with 100uL ELISA
reagent for 1 h at 37° C. Then plates were washed and
incubated with 100uL/well of substrate solution for
15 min at RT in the dark. Next, the reaction was stopped
by 25 pL/well of 2 M H,SO, and optical density (OD) at
450 nm.

CCK-8 cell proliferation assay

First, 1x10* AT-II cells were collected into 96-well plates
followed by the incubation with a volume of 100uL of
medium containing 10pL CCK-8 reagent (Beyotime) for
2 h at RT. Next, OD values were detected at an excitation
wavelength of 450 nm to assess the cell proliferation rate.

Flowcytometric analysis for cell apoptosis

AT-II cells (3x10°) were collected and incubated with
100puL phosphate-buffered saline (PBS) supplemented
2 pg/mL AnnexinV (#KGA106, KeyGEN BioTECH, Nan-
jing, Jiangsu, China) in the dark for 15 min at RT. Then
cells were washed twice using PBS and treated with 5ug/
mL propidium iodide (PI, #ST511, Beyotime). The apop-
tosis of AT-II cells was then analyzed by flow cytometry
(FACSARIA, BD Biosciences, San Jose, CA, USA) and
qualified by FlowJo software.
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Lentivirus packaging

To target NEATT, a specific sequence of shRNA was cre-
ated based on NEAT1 siRNA. Two single DNA strands of
shRNA targeting NEAT1 were produced and cloned into
the lentivirus interference vector pLP/VSVG (#K497000,
Invitrogen) to develop the lentivirus shRNA interference
vector of NEAT1 (shNEAT1). In addition, the open read-
ing frame of the ACE2 gene was cloned into pLP/VSVG
(Invitrogen) to generate a lentivirus expression vector
of the ACE2 gene (ACE2-OE) as previously described
[27]. SANEAT1 or ACE2-OE were co-transfected with
lentivirus packaging helper plasmids pLP1 and pLP2
(#K497000, Invitrogen) into 293 FT cells. The Lipo-
fectamine 2000 from Invitrogen was used for this pack-
aging. The lentivirus stock solution was collected and
concentrated, and the virus titer was determined.

Establishment of ARDS model in vivo

In this study, 25 6-week-old male C57 mice were ran-
domly divided into five groups (5 mice per group), with
one group considered as the control group. To estab-
lish sepsis-induced ARDS model in vivo, mice were
subjected to intraperitoneal injection of 4 mg/kg LPS
in 0.9% NaCl [28, 29], while control mice were injected
with an equivalent volume of saline. Lentivirus for
NEAT1 silence or ACE2 overexpression was delivered
by tail-vein injection. Mice were anesthetized with pen-
tobarbital and euthanized using CO, at 48 h after LPS
injection. All animal experiments were approved by the
Animal Ethics Committee of Sun Yat-sen University
(#SYSU-IACUC-2022-000058).

TUNEL assay

After euthanization, mouse lungs were excised, and fixed
by 4% paraformaldehyde (PFA) overnight and embedded
in paraffin wax. The lung tissues were sectioned (5 pum),
and Terminal deoxynucleotidyl transferase-mediated
dUTPnick-end labeling (TUNEL) was applied utilizing
TMR (red) Tunel Cell Apoptosis Detection Kit (#G1502,
Servicebio, Wuhan, Hubei, China). Lung sections were
photographed using an Eclipse Ci-L microscope (Nikon,
Tokyo, Japan), and the rate of apoptotic cells in lung tis-
sues was analyzed using Image J.

Hematoxylin and eosin staining

Initially, mice were anesthetized using pentobarbital and
then euthanized by CO,. Next, mouse lung tissues were
collected and fixed overnight with 4% PFA and embed-
ded in paraffin wax. Then the mouse lung tissues were
sectioned into 5 pm thickness followed by H&E stain-
ing using Hematoxylin-Eosin/HE Staining Kit (#G1120,
Solarbio Biotechnology, Beijing, China) according to
the instructions of manufacturer. After staining, Lung
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sections were photographed by a microscope (Eclipse
Ci-L, Nikon).

Dual-luciferase reporter assay

Transcription start site (TSS) and 2500 bp upstream TSS
of human ACE2 promoter were cloned into luciferase
reporter gene plasmid pGL3 to construct reporter gene
plasmid containing ACE2 promoter by Hytran Biotech.
AT-II cells were then co-transfected with the reporter
gene plasmid containing ACE2 promoter and siNRAT1
or siCtrl. Following transfection for 48 h, AT-II cells were
harvested, and the luciferase activity was identified by the
Dual luciferase reporter assay system (Promega, Madi-
son, W1, USA).

RNA decay assays

Actinomycin D at a concentration of 5 pg/mL (#A9415,
Sigma-Aldrich, St. Louis, MO, USA) was added into the
culture medium of AT-II cells to inhibit DNA transcrip-
tion. The cells were collected at 0, 1, 2, 3, 4, and 5 h after
actinomycin D treatment, and RNA levels were detected
by qRT-PCR. Besides, the RNA level at other times was
calculated as the fold change from the level identified at
0 h after actinomycin D treatment. Taking the time after
actinomycin D treatment as the abscissa and the RNA
level as the ordinate, the slope of the decline curve was
generated by linear regression. Subsequently, the half-life
(t15) of RNA was calculated based on the relationship of
half-life (0.693\slope and the formula was —0.693\slope
when the slope is negative). In thish study, GAPDH was
the negative control for all RNA decay assays.

RNA antisense purification (RAP)

First, biotin-labeled NEAT1 probes were generated by
Hytran Biotech. Then, 1% formaldehyde was utilized
(10 min at RT) to crosslink AT-II cells which were sub-
sequently halted by glycine. After lysis of the AT-II cells
lysis buffer, DNase was added (10 min/37°C) to get rid
of shear DNA. Prior to the incubation with AT-II cell
lysis (45°C/ 180 min) in 1xhybridization buffer, both
biotin-labeled NEAT1 probes and streptavidin magnetic
beads were mixed for 30 min at RT. After incubation,
streptavidin beads were isolated via magnetic separa-
tion and washed five times with buffer at 35°C. Finally,
RNA isolated via immunoprecipitation was eluted and
analyzed by qRT-PCR. Simultaneously, WB analysis
using hnRNPA2B1 antibody, LIN28A antibody, and
IGF2BP3 antibody confirmed protein enrichment after
immunoprecipitation.

Methylated RNA immunoprecipitation (MeRIP)

AT-II cells were collected and lysed, followed by the dis-
ruption of RNA by ultrasound. Subsequently, cell lysate
was incubated with m6A antibody (1:500, #ab208577,
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Abcam, Cambridge, MA, USA) at 4°C overnight. Then
m6A antibody and methylated RNA fragments were cap-
tured by avidin magnetic beads, and the level of methyl-
ated RNA was measured by qRT-PCR.

Co-immunoprecipitation (Co-IP)

AT-II cells were initially disrupted with a non-dena-
turing lysis buffer from Sigma-Aldrich. Subsequently,
approximately 300 pg proteins were incubated with 1 pg
IGF2BP3 antibody (#14642-1-AP, Proteintech) and 25puL
protein A/G magnetic beads (Thermo Fisher Scientific)
for immunoprecipitation overnight at 4°C. After incuba-
tion, a magnetic separation device was utilized to collect
the beads. The precipitated proteins were then washed
with washing buffer 4 times at RT. Finally, proteins
binding with IGF2BP3 were detected by WB using anti-
LIN28A and anti-hnRNPA2B1. In addition, rabbit IgG
was served as a negative control.

Statistical analysis

Quantitative data were presented as meanzstandard
deviation (SD). SPSS 20 software (SPSS Inc., Chicago, IL,
USA) was used for analysis of statistical differences. The
comparison between the two groups was analyzed by the
unpaired Student’s t-test, while the post-hoc Tukey’s test
following One-way ANOVA was utilized to detect signif-
icant results among multiple groups. P<0.05 was consid-
ered as statistically significant.

Results

NEAT1 aggravates lung injury caused by sepsis-induced
ARDS through suppressing ACE2 in vitro and in vivo

To establish the in vitro sepsis-induced ARDS model,
AT-II cells were treated with LPS. Next, NEAT1 expres-
sion was detected by qRT-PCR. Results showed that the
administration of LPS significantly upregulated NEAT1
levels in AT-II cells compared to other cells (P<0.05)
(Fig. 1A), consistent with previous studies [18, 19]. In
contrast, the silence of NEAT1 by siRNA significantly
decreased NEAT1 expression (P<0.05) (Fig. 1B). Analy-
sis of qRT-PCR and WB revealed that LPS significantly
(P<0.05) reduced ACE2 mRNA level and protein level
(Fig. 1C and D). Besides, the silence of NEAT1 reserved
the effect of LPS on ACE2 expression (Fig. 1C and D).
These results suggest that NEAT1 suppresses ACE2
expression in sepsis-induced ARDS.

Then the role of ACE2 in sepsis-induced ARDS was
explored in vitro. Results showed that LPS significantly
increased levels of IL-1f (P<0.01), IL-18 (P<0.0001),
and TNFa (P<0.001) in AT-II cells (Fig. 1E). Addition-
ally, LPS significantly inhibited proliferation and induced
apoptosis of AT-II cells (Fig. 1F and G). However, both
NEAT1 silence and ACE2 overexpression neutralized the
effects of LPS on AT-II cells (Fig. 1E, F, and G).
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In addition, mice were treated with LPS to construct
the in vivo sepsis-induced ARDS model. ELISA results
indicated that levels of serum IL-1f, IL-18, and TNF«a
were significantly increased in mice treated with LPS
compared to those in control mice (Fig. 2A). Besides, the
rate of apoptotic lung cells was significantly elevated in
mice treated with LPS (Fig. 2B). Moreover, analysis of
mouse lung tissues using H&E staining found that LPS
dramatically induced lung injury by decreased pulmo-
nary congestion and thinning the alveolar wall (Fig. 2C).
Consistent with in vitro results, both NEAT1 silence and
ACE2 overexpression by injection of lentivirus into mice
abolished the effects of LPS in vivo (Fig. 2A-C). All these
results suggest that NEAT1 enhances lung injury trig-
gered by sepsis-induced ARDS via inhibiting ACE2 in
vitro and in vivo.

NEAT1 declines the stability of ACE2 mRNA through
hnRNPA2B1 in sepsis-induced ARDS

The above results have shown that NEAT1 suppressed
ACE2 expression. Therefore, we investigated the under-
lying mechanism of NEAT1 regulating ACE2 expres-
sion. As ACE2 expression was reduced by NEAT1, a dual
luciferase reporter assay was performed to determine
whether NEAT1 regulated ACE2 transcription. TSS and
2500 bp upstream TSS of human ACE2 promoter were
cloned into luciferase reporter gene plasmid pGL3 to
construct reporter gene plasmid containing ACE2 pro-
moter (Supplementary Fig. S1). Nevertheless, co-trans-
fection of NEAT1 siRNA did not affect the luciferase
activity of AT-II cells transfected with reporter gene vec-
tors containing ACE2 promoter (Fig. 3A), suggesting that
NEAT1 might influence ACE2 expression at the post-
transcriptional level.

Next, the effect of NEAT1 on ACE2 mRNA stability in
AT-II cells was detected using RNA decay assays. Results
showed that silence of NEAT1 by siRNA significantly
increased the half-life (t;;,) of ACE2 mRNA (6.51 h)
compared to that in the control group (3.52 h) (Fig. 3B).
Additionally, siRNA NC did not affect the half-life of
ACE2 mRNA (3.46 h) (Fig. 3B), and actinomycin D treat-
ment had no significant effect on GAPDH half-life (t;,,)
(Supplementary Fig. S2A). Thus, NEAT1 decreases ACE2
expression by reducing the stability of ACE2 mRNA in
AT-II cells.

To further elaborate on the mechanism of NEAT1 in
regulating ACE2 mRNA stability, RAP was carried out
to identify RNAs and proteins associated with NEAT1
in AT-II cells. Results of RAP revealed that ACE2 mRNA
bound with NEAT1 (Fig. 3C). Besides, RNA binding pro-
tein hnRNPA2B1 also interacted with NEAT1 (Fig. 3D).
Additionally, the RAP assay indicated that hnRNPA2B1
silence disrupted the association between NEAT1 and
ACE2 mRNA (Fig. 3E). Therefore, NEAT1 bound with
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Fig. 1 NEAT1 aggravates lung injury caused by sepsis-induced ARDS through suppressing ACE2 in vitro. A The level of NEAT1 in AT-II cells, comparing
those treated with or without LPS. B The level of NEATT in AT-II cells treated with or without shRNA. C The level of ACE2 mRNA in AT-Il cells transfected
with or without NEAT1 siRNA under LPS condition. D The expression of ACE2 protein in AT-Il cells transfected with or without NEAT1 siRNA under LPS
condition. EThe level of IL-1(, IL-18, and TNF-a in AT-Il cells transfected with or without NEAT1 siRNA or ACE2 expression vector under LPS condition. F The
proliferation rate of AT-Il cells transfected with or without NEAT1T siRNA or ACE2 expression vector under LPS condition. G Representative images of flow
cytometric apoptosis assay in AT-Il cells transfected with or without NEAT1 siRNA or ACE2 expression vector under LPS condition. The bar graph shows
the percentage of apoptotic cells in each group. Vector, blank pLP/VSVG vector; sINEAT1, NEAT1 siRNA; OF, overexpression. N=3. P<0.05, **P<0.01,

%P <0.001, ***P<0.0001. Quantitative data were presented as mean +SD

ACE2 mRNA through hnRNPA2B1 in AT-II cells. Sub-
sequently, the effect of hnRNPA2B1 on ACE2 mRNA
stability and expression in AT-II cells treated with LPS
was determined. Results indicated that silence of hnRN-
PA2B1 by siRNA (Fig. 3F) improved the half-life (t, ) of
ACE2 mRNA (7.57 h) compared to that in the control
group (3.34 h) (Fig. 3G) and upregulated ACE2 mRNA
expression under LPS condition (Fig. 3H). Additionally,
actinomycin D treatment had no significant effect on
GAPDH half-life (t;,) (Supplementary Fig. S2B). These

results together suggest that NEAT1 reduces the stability
of ACE2 mRNA through hnRNPA2BI1 in sepsis-induced
ARDS.

RNA methylation contributes to NEAT1-dependent
destabilization of ACE2 mRNA in sepsis-induced ARDS

A recent study has demonstrated that m6A methyl-
ated IncRNA RP11 induces the mRNA degradation
of E3 ligases through the formation of a methylated
IncRNA RP11/hnRNPA2B1/ target mRNA complex [24].
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Our results have shown that NEAT1 triggered ACE2
mRNA degradation through hnRNPA2B1. However,
whether RNA methylation was involved in this progress
remains unknown. Thus, the role of RNA methylation in
NEAT1-dependent destabilization of ACE2 mRNA was
investigated.

First, the methylation level of NEAT1 in AT-II cells was
detected by Me-RIP. Results showed that LPS increased
the m6A methylation level of NEAT1 in AT-II cells
(Fig. 4A). Next, the silence of methyltransferase METTL3
and METTL14 by siRNAs (Fig. 4B) reduced the LPS-
increased m6A methylation level of NEAT1 (Fig. 4A) but

not ACE2 mRNA (Supplementary Fig. S3) in AT-II cells.
Furthermore, the half-life and level of ACE2 mRNA were
tested.

The half-life (t;,,) of ACE2 mRNA (8.84 h) was dra-
matically longer in METTL3 and METTL14-silenced
AT-II cells than in control AT-II cells (3.87 h) under LPS
condition (Fig. 4C). Besides, the silence of METTL3
and METTL14 increased ACE2 mRNA levels in AT-II
cells treated with LPS (Fig. 4D). Additionally, actino-
mycin D treatment had no significant effect on GAPDH
half-life (t;;,) (Supplementary Fig. S2C). These data sug-
gest that NEAT1 destabilizes ACE2 mRNA depending
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on RNA methylation by forming methylated NEAT1/
hnRNPA2B1/ACE2 mRNA complex in sepsis-induced
ARDS.

LIN28A improves NEAT1 stability in sepsis-induced ARDS

Subsequently, the mechanism of LPS upregulating
NEAT1 was elucidated. Results of RAP indicated that
LIN28A protein was associated with NEAT1 in AT-II
cells, and LPS enhanced the association between LIN28A

protein and NEAT1 (Fig. 5A). It has been revealed that
LIN28B, a homology of LIN28A, improves NEAT1 stabil-
ity in ovarian cancer [30]. Thus, the effects of LIN28A in
NEATT1 stability and expression were detected in AT-II
cells.

Results showed that LIN28A silence by siRNA (Fig. 5B)
decreased the half-life (t,,,) of NEAT1 (3.21 h) compared
to that in the control group (4.64 h) under LPS condition
(Fig. 5C), similar to the effect of LIN28A silence on the
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stability of IncRNA metastasis associated lung adeno-
carcinoma transcript 1 (MALAT1) serving as a positive
[31] (Supplementary Fig. S4 and S2D). Above data sug-
gests that LIN28B improves NEAT1 stability in AT-II
cells treated with LPS. Besides, siRNA NC did not affect
the half-life of NEAT1 (4.10 h) (Fig. 5C), and actinomycin
D treatment had no significant effect on GAPDH half-life
(t1/») (Supplementary Fig. S2D). Moreover, the silence of
LIN28A dramatically reduced NEAT1 level under LPS
conditions (Fig. 5D). The above data suggest that LIN28A
increases NEAT1 stability in sepsis-induced ARDS.

IGF2BP3 aggravates destabilization of NEAT1by
associating with LIN28A to disrupt the combination of
LIN28A and NEAT1in sepsis-induced ARDS

Results of RAP found that IGF2BP3 protein also inter-
acted with NEAT1 (Fig. 6A). In contrast to LIN28A and
LIN28B, IGF2BP3 can augment the destabilization of
mRNA [32]. Indeed, RNA decay assays revealed that
IGF2BP3 overexpression reduced the half-life (t;,,) of
NEAT1 (2.92 h) compared to that in the control group
(4.07 h) under LPS condition (Fig. 6B), suggesting that
IGF2BP3 exacerbates destabilization of NEAT1 in LPS-
treated AT-II cells. Besides, actinomycin D treatment had
no significant effect on GAPDH half-life (t;,,) (Supple-
mentary Fig. S2E). Moreover, IGF2BP3 overexpression
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decreased NEAT1 levels under LPS conditions (Fig. 6C).
Furthermore, results of Co-IP found that LIN28A bound
with IGF2BP3 in AT-II cells, and LPS blocked the asso-
ciation between LIN28A and IGF2BP3 (Fig. 6D). Addi-
tionally, the results of RAP demonstrated that IGF2BP3
overexpression disrupted the interaction between
LIN28A and NEAT1 in AT-II cells under LPS conditions,
while blank expression vector did not affect the associa-
tion between LIN28A and NEAT1 (Fig. 6E). All these
data suggest that IGF2BP3 promotes destabilization of
NEAT]1 by associating with LIN28A to disrupt the com-
bination of LIN28A and NEAT1 in sepsis-induced ARDS.

HnRNPA2B1 increases NEAT1 stability by blocking the
interaction between LIN28A and IGF2BP3

The above data revealed that IGF2BP3 contributed to
the destabilization of NEAT1 in sepsis-induced ARDS.
However, the observed increase in NEAT1 level in sep-
sis-induced ARDS suggests the involvement of addi-
tional factors or regulatory mechanisms that counteract
this destabilization. A previous study has uncovered that
hnRNPA2B1 binds with IGF2BP3 [33]. Analysis by WB
showed that LPS induced hnRNPA2B1 protein expres-
sion in AT-II cells (Fig. 7A). Besides, the results of Co-IP
indicated that LPS facilitated the association between
hnRNPA2B1 and IGF2BP3 in AT-II cells (Fig. 7B). Subse-
quently, results of Co-IP further determined that hnRN-
PA2B1 overexpression disrupted the interaction between
IGF2BP3 and LIN28A under LPS conditions (Fig. 7C).
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Thus, the effect of hnRNPA2B1 on NEAT1 stabil-
ity was identified. Results found that silence of hnRN-
PA2B1 by siRNA decreased the half-life (t;,,) of NEAT1
(3.27 h) compared to that in the control group (3.98 h)
under LPS condition (Fig. 7D), suggesting that hnRN-
PA2B1 improves NEAT1 stability in LPS-treated AT-II
cells. Besides, actinomycin D treatment had no signifi-
cant effect on GAPDH half-life (t;,,) (Supplementary

Fig. S2B). Moreover, hnRNPA2B1 silence also reduced
NEAT1 level under LPS conditions (Fig. 7E).

Therefore, our results reveal that NEAT1 reduces the
stability of ACE2 mRNA through hnRNPA2B1 depend-
ing on RNA methylation. Moreover, hnRNPA2B1 plays a
dual role in both stabilizing NEAT1 and facilitating the
degradation of ACE2 mRNA.
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Discussion

This study suggests that NEAT1 aggravates lung injury
by suppressing ACE2 in sepsis-induced ARDS models
in vitro and in vivo. Mechanistically, NEAT1 decreased
the stability of ACE2 mRNA through hnRNPA2B1 in
LPS-treated AT-II cells. Furthermore, NEAT1 destabi-
lized ACE2 mRNA through RNA methylation by form-
ing a methylated NEAT1/hnRNPA2B1/ACE2 mRNA
complex in AT-II cells under LPS conditions. Addi-
tionally, LIN28A enhanced NEAT1 stability whereas
IGF2BP3 promoted NEAT 1destabilization by associating
with LIN28A to disrupt the LIN28A and NEAT1 com-
plex in LPS-treated AT-II cells. However, hnRNPA2B1
increased NEAT1 stability by blocking the interaction
between LIN28A and IGF2BP3 in AT-II cells under LPS
conditions.

This study demonstrates an increase in NEAT1 methyl-
ation level in AT-II cells under LPS conditions. However,
the potential mechanism of LPS increasing NEAT1 meth-
ylation level was not investigated in the present study. A
recent study has found that LPS treatment reduces the
expression of a m6A eraser protein fat mass and obesity-
associated protein (FTO) to increase m6A methylation
in the myocardium of mice [34]. Therefore, it is plausible
that LPS administration might increase NEAT1 methyla-
tion level by decreasing FTO expression in AT-II cells.

Our results reveal, for the first time, the inhibitory
effects of NEAT1 on ACE2 expression in sepsis-induced
ARDS. To date, the effects of IncRNAs on ACE2 remain
unclear. Only one study has revealed that IncRNA ALT1
regulates the cell cycle through activating ACE2 in vascu-
lar endothelial cells [35]. Consequently, our findings sig-
nificantly contribute to expanding the current knowledge
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about the intricate roles of IncRNAs, particularly in the
modulation of ACE2.

Our results indicates that NEAT1 has no effect on
ACE?2 transcription by dual-luciferase reporter assay.
However, IncRNA could modify chromatin dynamics to
regulate gene transcription [36], which could not be elu-
cidated via dual-luciferase reporter assay. Therefore, it
is necessary to further verify whether NEAT1 regulated
ACE?2 transcription by modulating chromatin dynamics
in AT-II cells.

Several studies have shed light on the role of NEAT1 in
mRNA stability. For instance, NEAT1 interacts with E74
like ETS transcription factor 3 (ELF3) mRNA to suppress
ELF3 mRNA degradation by facilitating the association
between IGF2BP1 protein and ELF3 mRNA [37]. Besides,
NEAT1 protects mouse neurons against ischemia stroke-
induced injury through binding with wingless-type
MMTV integration site family, member 3 A (Wnt3a)
mRNA to improve its stability via U2 small nuclear RNA
auxiliary factor 2 (U2AF2) [38]. However, the role of
RNA methylation in NEAT1-dependent destabilization
of mRNA remains unexplored in current literature. Thus,
the present study revealed that RNA methylation con-
tributed to NEAT1-dependent destabilization of mRNA
for the first time.

The present study elucidates, for the first time, the
role of RNA methylation in NEAT1-dependent mRNA
destabilization. NEAT1 destabilized ACE2 mRNA
depending on RNA methylation by forming methyl-
ated NEAT1/hnRNPA2B1/ACE2 mRNA complex. It has
been reported that hnRNPA2B1 induces mRNA decay by
forming complexes with IncRNAs. For example, hnRN-
PA2B1 associates with IncRNA IncHC to induce degrada-
tion of cytochrome P450 family 7 subfamily A member 1
(Cyp7al) and ATP binding cassette subfamily A member
1 (Abcal) mRNAs after binding to these two mRNAs in
hepatocytes [39]. Besides, IncRNA miR503HG inter-
acts with p52 and p65 mRNA to reduce their stabil-
ity by hnRNPA2B1 [40]. Nevertheless, the role of RNA
methylation in hnRNPA2B1/IncRNA complex-mediated
mRNA destabilization is not clear. So far, only one study
has demonstrated that IncRNARP11 triggers the mRNA
degradation of E3 ligases by methylated IncRNA RP11/
hnRNPA2B1/mRNA complex [24]. This finding suggests
that RNA methylation might represent a novel avenue
for exploration in understanding hnRNPA2B1/IncRNA
complex-mediated mRNA destabilization. Numerous
RNA-binding proteins have been identified as regula-
tors of NEAT1 stability. A previous study has found that
HuR increases NEAT1 stability to promote ovarian car-
cinogenesis [41]. Besides, a recent study has reported
that the AUF1 protein enhances NEAT1 stability via
adenosine deaminase acting on RNA-1 (ADAR1) in ath-
erosclerotic cardiovascular disease [42]. Moreover, the
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RNA demethylase alkB homolog 5 (ALKBH5) improves
NEATT1 stability by erasing m6A deposition from NEAT1
in glioblastoma multiforme [43]. By contrast, arsenic
resistance protein 2 (ARS2) reduces NEAT1 stability to
inhibit the formation of paraspeckles [44]. However,
the effects of LIN28A, IGF2BP3, and hnRNPA2B1 on
NEAT1 stability are largely unknown. Thus, our results
indicate the promotive roles of LIN28A and hnRNPA2B1
and the suppressive role of IGF2BP3 in NEAT1 stability
for the first time.

Although the effects of LIN28A and IGF2BP3 on
NEAT1 stability remain unclear, the regulator effects
of LIN28A and IGF2BP3 on other IncRNAs have been
reported. For instance, LIN28A could stabilize IncRNA
small nucleolar RNA host gene 14 (SNHG14) to facilitate
aerobic glycolysis in glioma [45]. Besides, LIN28A stabi-
lizes IncRNA FBXL19 antisense RNA 1 (FBXL19-AS1) in
breast cancer to trigger metastasis [46].

In addition, IGF2BP3 has been reported to enhance the
stability of IncRNA cyclin-dependent kinase inhibitor
2B antisense RNA 1 (CDKN2B-AS1) in renal clear cell
carcinoma and promote disease progression [47]. More-
over, IGF2BP3 stabilizes methylated IncRNA KCNMB2
antisense RNA 1 (KCNMB2-AS1) to enhance cell growth
in cervical cancer [48]. Nevertheless, the role of hnRN-
PA2B1 in IncRNA stability is unknown. Overall, the cur-
rent study uncovers the role of hnRNPA2B1 in IncRNA
stability for the first time. Meanwhile, our findings
reveals the suppressive role of IGF2BP3 in IncRNA stabil-
ity by contrast to those in previous studies.

Nevertheless, certain limitations should be acknowl-
edged in the present study. For instance, a cecal ligation
and puncture (CLP) experimental sepsis animal model
is better than the LPS experimental sepsis animal model.
Besides, the current study could be strengthened by
determining the mechanism of LPS increasing NEAT1
methylation level. Moreover, it is necessary to further
verify whether NEAT1 regulated ACE2 transcription by
modulating chromatin dynamics in AT-II cells. More-
over, the findings of this study should be confirmed via in
vivo experiments.

Conclusion

This study indicates that NEAT1 aggravates lung injury
through destabilizing ACE2 mRNA by forming methyl-
ated NEAT1/hnRNPA2B1/ACE2 mRNA complex in sep-
sis-induced ARDS. Additionally, hnRNPA2B1 enhances
LIN28A-mediated NEAT1 stability by disrupting the
interaction between LIN28A and IGF2BP3 in sepsis-
induced ARDS (Fig. 8). These findings not only shed light
on the intricate mechanism underlying sepsis-induced
ARDS but also unveil promising therapeutic targets for
this condition.
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