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Abstract: In this study, we aimed to identify potential microRNA (miRNA) regulators of angiotensin-converting en-
zyme 2 (ACE2) and to explore their roles in lipopolysaccharide (LPS)-induced acute lung injury (ALI). The expression
of predicted miRNA regulators of ACE2 was examined in LPS-exposed pulmonary microvascular endothelial cells
(PMVECs). Gain- and loss-of-function studies were performed to determine the functions of candidate miRNAs in
LPS-induced PMVEC apoptosis and inflammatory response. The roles of the miRNAs in LPS-induced lung inflamma-
tion and permeability were investigated in a mouse model. Notably, LPS (1 ug/mL) significantly induced the expres-
sion of miR-1246 in PMVECs. ACE2 was validated as a target gene of miR-12486. Silencing of miR-1246 prevented
LPS-induced inhibition of ACE2, which was accompanied by reduced apoptosis and production of IL-13 and TNF-a.
In contrast, ectopic expression of miR-1246 triggered apoptosis in PMVECs and promoted IL-13 and TNF-a release.
MiR-1246-mediated apoptosis of PMVECs was impaired by overexpression of ACE2. Depletion of miR-1246 attenu-
ated lung inflammation, neutrophil infiltration, and vascular permeability and restored pulmonary expression of
ACE2 in LPS-exposed mice. Taken together, miR-1246 meditates LPS-induced pulmonary endothelial cell apoptosis

in vitro and ALI in mouse models, which are, at least partially, ascribed to repression of ACE2.
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Introduction

Acute lung injury (ALI) and its severe condition,
acute respiratory distress syndrome (ARDS),
has a high morbidity and mortality [1, 2]. Pa-
thogenic infections are a leading cause of ALI/
ARDS [3]. The pulmonary endothelium plays a
critical role in lung homeostasis [4]. In infection
states such as sepsis and pneumonia, endo-
thelial function and integrity are altered, conse-
quently producing more inflammatory and che-
motactic substances and leading to vascular
leakage and lung edema [5]. Understanding of
the mechanism for the regulation of endothelial
responses is important to develop effective
therapies for ALI/ARDS.

Angiotensin-converting enzyme (ACE) 2 is a
membrane-associated aminopeptidase expre-
ssed in multiple lung cell types, such as alveo-
lar epithelial cells and endothelial cells [6].

ACE2 is a homologue of ACE but shows distinct
biological activities. While ACE is responsible
for converting angiotensin (Ang) | (Ang 1) to Ang
Il, ACE2 contributes to the conversion of Ang Il
to Ang-(1-7) [7]. Accumulating evidence indi-
cates the implication of ACE2 in the pathogen-
esis of ALI/ARDS [8-10]. For example, ACE2
overexpression was found to prevent lipopoly-
saccharide (LPS)-induced ALI in rats [8]. ACE2
also counteracts LPS-induced apoptosis in pul-
monary microvascular endothelial cells (PMV-
ECs) [10].

microRNAs (miRNAs) are small, endogenous
noncoding RNAs participating in various biologi-
cal processes such as development, prolifera-
tion, survival, inflammation, tumorigenesis, and
angiogenesis [11]. They show the ability to
repress gene expression by incompletely bind-
ing to the 3’-untranslated region (UTR) of target
mRNAs [12]. A few of miRNAs, e.g. miR-454
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[13] and miR-125b [14] have been identified to
reduce the severity of LPS-induced ALI. It has
been reported that miR-421 is a negative regu-
lator of ACE2 and overexpression of miR-421
reduced ACE2 expression in primary cardiac
myofibroblasts [15]. However, few studies have
investigated the miRNA regulators of ACE2 in
ALI/ARDS.

Therefore, this study was undertaken to identi-
fy and functionally characterize potential mi-
RNA regulators of ACE2, which would be invol-
ved in LPS-induced pulmonary endothelial cell
death and ALI.

Materials and methods
Cell culture and LPS treatment

Human PMVECs were purchased from Scien-
Cell Research Laboratories, Inc. (Carlsbad, CA,
USA) and cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal
calf serum (FCS; GE Healthcare HyClone, Lo-
gan, UT, USA). Cells were treated with LPS (1
ug/mL; Sigma-Aldrich, St. Louis, MO, USA) for
48 h [16] and examined for gene expression
and apoptosis.

Quantitative real-time PCR analysis

Total RNA was isolated from cells using TRIzol
Reagent according to the manufacturer’s in-
structions (Invitrogen, Carlsbad, CA, USA). Re-
verse transcription was performed using miRNA
specific stem-loop primers (Applied Biosystems,
Foster City, CA, USA). Mature miRNAs were
detected by the TagMan MicroRNA Assay,
according to the manufacturer’s instructions
(Applied Biosystems). U6 small nuclear RNA
was used as an internal control.

Cell transfection

mMiR-1246 mimic, anti-miR-1246, and corre-
sponding negative controls were obtained from
Ambion (Austin, TX, USA). If not stated other-
wise, these nucleotide molecules were used at
a final concentration of 50nM. PMVECs at
~80% confluence were tramsfected for 24 h
using the RNAIMAX Transfection Reagent (In-
vitrogen) before LPS exposure. In rescue experi-
ments, PMVECs were co-transfected with a
miRNA-resistant variant of ACE2 (1 ug) and
miR-1246 mimic (50 nM) prior to the treatment
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with LPS. The ACE2-expressing plasmid was
generated by cloning human ACE2 cDNA lack-
ing the 3’-UTR (Origene, Rockville, MD, USA)
into pcDNA3.1(+) vector.

Luciferase reporter assay

Full-length ACE2 3’-UTR was amplified by PCR
and cloned into the pMIR-REPORT Luciferase
miRNA Expression Reporter Vector (Thermo-
Fisher Scientific, Waltham, MA, USA). Site muta-
tions were generated by PCR using the Quik-
Change site-directed mutagenesis kit (Strata-
gen, Santa Clara, CA, USA). For luciferase re-
porter assay, HEK-293T cells were seeded onto
24-well plates at a density of 3 x 10* cells per
well and transfected with wild-type or mutated
ACE2 3’-UTR reporter constructs (0.2 yg), miR-
1246 mimic or control miRNA (50 nM), and the
Renilla luciferase reporter plasmid pRL-TK (10
ng; Promega, Madison, WI, USA) using Lipofec-
tamine 2000 reagent (Invitrogen). At 24 h after
transfection, cells were lysed and luciferase
activities were measured using the Dual Lu-
ciferase Reporter Assay System (Promega). The
firefly luciferase activity was normalized to the
Renilla luciferase activity.

Apoptosis analysis

Apoptosis was analyzed using a terminal deoxy-
nucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) assay kit following
the manufacturer’s instructions (Roche Applied
Science, Indianapolis, IN, USA). In brief, cells
were fixed, permeabilized, and incubated with
fluorescein isothiocyanate (FITC)-labeled dUTP
and terminal deoxynucleotidyltransferase for 1
h at 37°C. Nuclei counterstaining was per-
formed using DAPI (Molecular Probes, Eugene,
OR, USA). Stained cells were examined under a
fluorescence microscope and the percentage
of TUNEL-positive cells was determined.

Animal experiments

A total of 32 C57BL/6 mice (5-6 week old;
Shanghai Laboratory Animal Center, Shanghai,
China) were used in this study and randomly
assigned to the following 4 groups (n = 8 for
each): control inhibitor + PBS, control inhibitor
+ LPS, anti-miR-1246 + PBS, and anti-miR-1246
+ LPS. The mice were anesthetized and intra-
tracheally administered with control inhibitor or
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Figure 1. LPS induces miR-1246 to target ACE2 expression in PMVECs. A: gqRT-PCR analysis of miR-1246 expres-
sion in PMVECs treated with LPS or vehicle control. *P < 0.05 vs. vehicle. B: Western blot analysis of ACE2 protein
in PMVECs transfected with miR-1246 mimic or negative control miRNA. Bar graphs (bottom) show densitometric
analysis of ACE2 protein. "P < 0.05 vs. vehicle. C: Luciferase reporter assay showed that miR-1246 repressed the
expression of the luciferase reporter containing the wild-type (wt) but not mutated (mut) ACE2 3’-UTR. The predicted
target site for miR-1246 in the ACE2 3’-UTR is shown in top panels. "P < 0.05 vs. vehicle. D: Western blot analysis of
ACE2 protein in PMVECs pretransfected with anti-miR-1246 or control inhibitors before exposure to LPS. “P < 0.05.

anti-miR-1246 (2 mg/kg) [17]. Twenty-four
hours later, LPS from Escherichia coli (Sigma-
Aldrich; 1 mg/kg) or PBS was instilled intratra-
cheally. After another 24 h, animals were sacri-
ficed and bronchoalveolar lavage (BAL) fluid
was collected. The trachea was cannulated wi-
th a 18-gauge polypropylene catheter and the
lung was lavaged with 1 ml of PBS. BAL fluid
was centrifuged at 1500 g for 10 min. The pel-
let was re-suspended in PBS and total cells
were counted with a hemacytometer. For differ-
ential cell counting, cytospin slides were pre-
pared and stained with DiffQuick (Baxter Sci-
entific, Deerfield, IL, USA). The BALF superna-
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tant was collected and examined for the levels
of total protein and inflammatory cytokines.
Protein quantification was achieved using the
BCA Protein Assay Reagent kit (ThermoFisher
Scientific). For assessment of lung injury, sec-
tions of lung tissues were stained with hema-
toxylin and eosin (H&E) and examined under
a microscope. The degree of lung injury was
semi-quantitatively scored in a blinded manner,
as described previously [8]. All experiments
involving animals were performed as per the
approval by the Animal Care and Use Committee
of Shanghai Jiaotong University (Shanghai,
China).
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Measurement of inflammatory cytokines by
enzyme-linked immunosorbent assay (ELISA)

The levels of interleukin (IL)-13 and tumor ne-
crosis factor alpha (TNF-a) in conditioned medi-
um of PMVECs or BAL fluids were analyzed with
corresponding ELISA kits (eBioscience, San
Diego, CA, USA) according to the manufactur-
er's instructions.

Evaluation of lung permeability

Lung permeability was assessed using the
Evans blue dye extravasation method, as de-
scribed previously [18]. In brief, Evans blue dye
(Sigma-Aldrich; 30 mg/kg) was injected into
the external jugular vein 1 h before euthanasia.
The lung was perfused with PBS and Evans
blue dye was extracted from the lung using for-
mamide for 18 h at 60°C. Absorbance was
measured at 620 nm. Results are normalized
to the dry weight of the lung.

Myeloperoxidase activity assay

Lung tissues were homogenized and the super-
natant was subjected to myeloperoxidase activ-
ity assay using a commercially available kit
(Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). Absorbance was determined at
460 nm.

Western blot analysis

Protein samples from cells were prepared in
radioimmune precipitation buffer containing 1
pg/L aprotinin, 10 pg/L leupeptin, and 1 mM
phenylmethylsulfonyl fluoride (Sigma-Aldrich)
and separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis. The prima-
ry antibodies were as follows: rabbit anti-ACE2
polyclonal antibody (1:300 dilution; Abcam,
London, UK), rabbit anti-Bcl-2 monoclonal anti-
body (1:200 dilution; Abcam), rabbit anti-Bcl-xL
polyclonal antibody (1:500 dilution; Abcam),
rabbit anti-Bax polyclonal antibody (1:300 dilu-
tion; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA), and rabbit anti-B-actin poly-
clonal antibody (1:1000 dilution; Santa Cruz
Biotechnology, Inc.). After incubating with
horseradish peroxidase-conjugated goat anti-
rabbit 1gG, protein bands were detected using
an enhanced chemiluminescence detection kit
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(ThermoFisher Scientific). Quantification of the
bands was performed using Quantity One soft-
ware (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Data are presented as the means + standard
deviation (SD). Statistical differences were ana-
lyzed using the Student’s t test or one-way anal-
ysis of variance (ANOVA) with the Tukey’s test. P
values < 0.05 were considered significant.

Results

LPS induces miR-1246 to target ACE2 expres-
sion in PMVECs

To identify the miRNA mediator involved in LPS-
induced suppression of ACE2 in PMVECs, we
examined the effect of LPS treatment on the
expression of a set of predicted miRNA regula-
tors based on an online prediction software
miRDB (http://mirdb.org/miRDB/). As shown in
Figure 1A, there was a 3.6-fold increase in miR-
1246 in PMVECs after treatment with LPS (1
pg/mL). However, the expression of miR-421,
miR-574, or miR-936 was not altered upon LPS
exposure (data not shown). To validate the
downregulation of ACE2 by miR-1246, PMVECs
were transfected with miR-1246 mimic and
measured for expression of ACE2 protein. The
results showed that delivery of miR-1246 mimic
reduced the protein expression of ACE2 by
about 70%, compared with control miRNA-
transfected cells (Figure 1B). As expected,
delivery of miR-1246 mimic had no significant
impact on the expression of miR-574 and miR-
936 in PMVECs. Luciferase reporter assays fur-
ther demonstrated that miR-1246 repressed
the expression of the luciferase reporter con-
taining the wild-type but not mutated ACE2
3-UTR (Figure 1C), indicating that miR-1246
directly targets the ACE2 3’-UTR. To confirm the
hypothesis that LPS may suppress the expres-
sion of ACE2 via induction of miR-1246 expres-
sion, PMVECs were pretransfected with anti-
miR-1246 inhibitors and then exposed to LPS.
Western blot analysis revealed that LPS signifi-
cantly inhibited ACE2 expression, which was
almost completely blocked by delivery of anti-
mMiR-1246 inhibitors (Figure 1D). Taken togeth-
er, miR-1246 mediates the negative effect of
LPS on ACE2 expression in PMVECs.
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Figure 2. miR-1246 is involved in LPS-triggered apoptosis and inflammatory response in PMVECs. A: TUNEL staining
of PMVECs pretransfected with anti-miR-1246 or control inhibitors (C-inhibitor) before exposure to LPS. Scale bar,
50 um. "P < 0.05. B: ELISA analysis of IL-13 and TNF-a levels in conditioned medium from PMVECs with indicated
treatments. “P < 0.05. C: TUNEL staining of PMVECs transfected with miR-1246 mimic or negative control miRNA.
Scale bar, 50 ym. D: Measurement of IL-13 and TNF-« levels in conditioned medium from PMVECs transfected with
miR-1246 mimic or negative control miRNA. “P < 0.05 vs. control.

miR-1246 is involved in LPS-triggered apopto-
sis and inflammatory response in PMVECs

We next explored whether miR-1246 is involved
in the pro-apoptotic and pro-inflammatory acti-
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vity of LPS. To this end, miR-1246 knockdown
experiments were done before exposure to
LPS. As shown in Figure 2A, LPS significantly
caused apoptotic death in PMVECs, compared
with the vehicle control (26.2 + 2.5% vs. 4.8 £
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1.1%, P < 0.05). Pretransfection with anti-miR-
1246 inhibitors led to ~45% inhibition of LPS-
induced apoptosis. Moreover, delivery of anti-
miR-1246 inhibitors reduced the production of
IL-13 and TNF-a by about 42% and 60%, respec-
tively, in LPS-treated PMVECs (Figure 2B). To
further confirm the regulatory effects of miR-
1246 on PMVECs, we performed gain-of-func-
tion studies. We found that transfection with
miR-1246 mimic resulted in a 3-fold increase in
the percentage of apoptosis in PMVECs, com-
pared with control miRNA-transfected cells
(Figure 2C). In addition, enforced expression of
miR-1246 significantly promoted the secretion
of IL-1B3 and TNF-a from PMVECs (Figure 2D).
Overall, these data suggest that LPS-induced
apoptotic and inflammatory responses in PMV-
ECs involve elevation of miR-1246 expression.
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miR-1246 promotes PMVEC apoptosis by re-
pressing ACE2 expression

Next, we checked if the pro-apoptotic activity
of miR-1246 in PMVECs is associated with
targeting of ACE2. To address this issue, we
performed rescue experiments with a miRNA-
resistant variant of ACE2. Co-transfection with
the ACE2-expressing plasmid restored the ex-
pression of ACE2 protein in miR-1246 mimic-
transfected PMVECs (Figure 3A). Interestingly,
enforced expression of ACE2 impaired apop-
totic response induced by miR-1246 mimic in
PMVECs (Figure 3B). Measurement of apopto-
sis-related proteins further demonstrated that
miR-1246 mimic decreased the expression of
anti-apoptotic proteins Bcl-2 and Bcl-xL and
increased the expression of pro-apoptotic pro-
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Figure 4. Inhibition of miR-1246 attenuates LPS-induced lung inflammation. Mice were intratracheally administered
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tein Bax (Figure 3C). However, such molecular
changes were prevented by overexpression of
ACE2.

Inhibition of miR-1246 attenuates LPS-induced
lung inflammation

Having identified that miR-1246 is involved in
LPS-induced endothelial cell apoptosis, we
next sought to determine the effect of silencing
of miR-1246 on LPS-induced lung injury. H&E
staining of lung sections from mice injected
with anti-miR-1246 inhibitors revealed a mark-
ed reduction of infiltrating inflammatory cells in
response to LPS (Figure 4A). Lung injury scor-
es were significantly lower in the LPS + anti-
mMiR-1246 group than in the LPS + control inhib-
itor group (Figure 4B). However, administration
of anti-miR-1246 inhibitors alone did not alter
lung injury scores, compared with the control
group. Myeloperoxidase activity is commonly
used as a quantitative parameter for neutrophil
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infiltration into lung tissues (18). We found that
the myeloperoxidase activity in the lung from
LPS-exposed mice was significantly suppres-
sed by anti-miR-1246 inhibitors (Figure 4C). To
confirm that these lung pathological changes
are due to inhibition of miR-1246, we examined
the expression of miR-1246 in the lung. As
expected, administration of anti-miR-1246 inhi-
bitors restored the expression of ACE2 in the
lung (Figure 4D). Taken together, these data
suggest that miR-1246 is required for LPS-
induced lung inflammation.

Silencing of miR-1246 reduces LPS-induced
lung permeability

We also investigated the effect of silencing of
miR-1246 on lung vascular permeability. As
determined by Evans blue dye extravasation
(Figure 5A), LPS exposure resulted in a 3.2-fold
increase in lung permeability, relative to the
control group (P < 0.05). However, such increa-
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cells and neutrophils in BAL fluids were counted. C: TNF-oc and IL-10 levels in BAL fluids were quantified by ELISA. D:
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se was significantly blocked by depletion of
miR-1246. Moreover, miR-1246 knockdown im-
paired the LPS-induced increase in total and
neutrophil counts (Figure 5B), inflammatory
cytokines (Figure 5C), and protein levels (Figure
5D) in the BAL fluid. Taken together, these ob-
servations underscore the involvement of miR-
1246 in LPS-induced lung injury.

Discussion

ACE2 has been shown to affect multiple
aspects of the pathogenesis of ALI/ARDS [8,
10, 19]. It has been documented that ACE2 can
protect pulmonary endothelial cells from LPS-
[10] or bleomycin-induced apoptosis [20]. The-
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refore, dysregulation of ACE2 may be an impor-
tant mechanism contributing to ALI/ARDS. In
this study, we focused on the miRNA regulators
of ACE2. Our data showed that miR-1246 had
the ability to repress ACE2 expression by bind-
ing to its 3’-UTR. Most interestingly, miR-1246
expression was elevated in PMVECs in response
to LPS. A previous study has reported that LPS
can suppress ACE2 expression in PMVECs [10].
Therefore, it is possible that LPS may inhibit
ACE2 expression via induction of miR-1246 in
PMVECs. This hypothesis was supported by the
finding that delivery of anti-miR-1246 inhibitors
almost completely reversed the suppression of
ACE2 expression by LPS.

Am J Transl Res 2017;9(3):1287-1296
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Although a few of miRNAs, e.g. miR-454 [13]
and miR-125b [14] have been found to be impli-
cated in ALI/ARDS, a large number of miRNAs
are less characterized in this disease. In this
study, we showed that silencing of miR-1246
significantly prevented LPS-induced apoptosis
and production of inflammatory cytokines in
PMVECs. Moreover, ectopic expression of miR-
1246 phenocopied the effects of LPS treat-
ment on PMVECs, leading to apoptotic death
and increased secretion of inflammatory cyto-
kines. These observations indicate that miR-
1246 is responsible for LPS-induced endothe-
lial cell inflammation and death, suggesting its
potential implication in the pathogenesis of
ALI/ARDS.

Similar to our findings in PMVECs, miR-1246
was reported to cause apoptotic death in
HaCaT keratinocytes [21] and hepatocellular
carcinoma cells [22]. Different target genes
were suggested to mediate the pro-apoptotic
activity of miR-1246. While inhibition of PTKN2
is responsible for miR-1246-mediated apopto-
sis in HaCaT keratinocytes [21], this miRNA trig-
gers apoptotic response in hepatocellular carci-
noma cells by targeting nuclear factor I/B [22].
In this study, we found that restoration of ACE2
attenuated apoptotic response in miR-1246-
transfected PMVECs. Moreover, ACE2 overex-
pression reversed miR-1246-induced suppres-
sion of Bcl-2 and Bcl-xL expression and enhan-
cement of Bax expression. These data provide
evidence that targeting ACE2 is causally linked
to miR-1246-induced apoptosis in PMVECs.

Functional alteration of pulmonary endotheli-
um is critical role in the development of ALI/
ARDS [4]. Given the findings in PMVECs, we
hypothesized that miR-1246 might contribute
to LPS-induced ALL. In line with this hypothesis,
we found that delivery of anti-miR-1246 inhibi-
tors hampered inflammatory cell infiltration to
the lung and alleviated lung injury in LPS-
exposed mice. Accumulation of activated neu-
trophils is a hallmark of ALI, which contributes
to elevated production of inflammatory cyto-
kines [23]. Recruitment of neutrophils in res-
ponse to LPS has been reported to increase
microvascular permeability during ALl [24].
Notably, we found that myeloperoxidase activi-
ty, an index of neutrophil activation was signifi-
cantly reduced by administration of anti-miR-
1246 inhibitors in LPS-exposed mice. Moreover,
depletion of miR-1246 reduced LPS-induced
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lung permeability and production of inflamma-
tory mediators in BAL fluids. At the molecular
level, we confirmed that delivery of anti-miR-
1246 inhibitors restored the expression of
ACE2 in the lung from LPS-exposed mice. ACE2
has the ability to counteract pathological in-
flammatory responses [25, 26]. ACE2 deficien-
cy was found to increase neutrophil, macro-
phage, and T cell infiltration in the kidney and
pro-inflammatory cytokine production in a mou-
se model of acute kidney injury [26]. Another
study reported that ACE2 can attenuate vascu-
lar permeability during ALl [27]. These studies
suggest that anti-miR-1246-mediated protec-
tion against LPS-induced inflammation and per-
meability is ascribed, at least partially, to induc-
tion of ACE2.

This work shows that miR-1246 mediates LPS-
induced pulmonary endothelial dysfunction
and apoptosis in vitro and lung inflammation
and permeability in vivo by targeting ACE2. This
miRNA may represent a potential therapeutic
target for ALI/ARDS.
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