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a b s t r a c t

Acute lung injury (ALI) is a devastating disease characterized by pulmonary edema. Removal of edema
from the air spaces of lung is a critical function of the epithelial sodium channel (ENaC) in ALI. The molec-
ular mechanisms behind resolution of pulmonary edema are incompletely understood. MicroRNA’s (miR-
NA) are crucial gene regulators and are dysregulated in various diseases including ALI. Recent studies
suggest that microRNA-16 (miR-16) targets serotonin transporter (SERT) involved in the serotonin (5-
HT) transmitter system. Alterations in serotonin levels have been reported in various pulmonary diseases.
However, the role of miR-16 on its target SERT, and ENaC, a key ion channel involved in the resolution of
pulmonary edema, have not been studied. In the present study, the expression patterns of miR-16, SERT,
ENaC and serotonin were investigated in mice exposed to room air and hyperoxia. The effects of miR-16
overexpression on ENaC, SERT, TGF-b and Nedd4 in human alveolar epithelial cells were analyzed. miR-
16 and ENaC were downregulated in mice exposed to hyperoxia. miR-16 downregulation in mouse lung
was correlated with an increase in SERT expression and pulmonary edema. Overexpression of miR-16 in
human alveolar epithelial cells (A549) suppressed SERT and increased ENaCb levels when compared to
control-vector transfected cells. In addition, miR-16 over expression suppressed TGFb release, a critical
inhibitor of ENaC. Interestingly Nedd4, a negative regulator of ENaC remained unaltered in miR-16 over
expressed A549 cells when compared to controls. Taken together, our data suggests that miR-16 upreg-
ulates ENaC, a major sodium channel involved in resolution of pulmonary edema in ALI.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Acute lung injury (ALI) is a devastating disease characterized by
flooding of alveolar spaces with a protein-rich fluid that impairs
pulmonary gas exchange, leading to arterial hypoxemia and respi-
ratory failure [1]. Hyperoxic acute lung injury is a well-established
animal model to study human ALI and acute respiratory distress
syndrome (ARDS) [2,3]. Alveolar epithelial injury is a major con-
tributor to alveolar flooding, because the epithelial barrier is much
less permeable under normal conditions than the endothelial bar-
rier [4]. Injury to alveolar epithelial cells can also disrupt normal
epithelial fluid transport, impairing the removal of edema fluid
from the alveolar space [1,5]. Earlier reports have shown that re-
duced alveolar fluid clearance is a characteristic feature of ALI.
ll rights reserved.
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However, these factors for this impair in epithelial fluid transport
have not been well studied. The removal of lung edema fluid from
the airspaces occurs via an active transport-dependent sodium
concentration gradient across the distal lung epithelium [6,7].

Epithelial sodium channel (ENaC) is the main force to drive so-
dium ions for transepithelial reabsorption and for formation of
ion gradients to drive fluid out of alveolar spaces. ENaC is composed
of a, b, and c subunits. Several studies have found that ENaC is the
major determinant of alveolar fluid clearance across the alveolar
epithelium. Earlier studies have demonstrated that serotonin (5-
HT) significantly inhibits amiloride-sensitive sodium transport
across rat and human lung alveolar epithelial cell monolayers via
a receptor-independent inhibition of ENaC activity [8]. As 5-HT also
significantly inhibits the amiloride-sensitive fraction of the alveolar
fluid clearance in mice, 5-HT can be considered as an endogenous
inhibitor of ENaC. Increased levels of 5-HT have been reported in
various pulmonary diseases, and inappropriate function of the 5-
HT transmitter system further aggravates the disease condition.
Therefore, any molecule that modulates the 5-HT transmitter sys-
tem and upregulates ENaC show considerable therapeutic promise.

http://dx.doi.org/10.1016/j.bbrc.2012.08.063
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Recently, microRNAs (miRNAs) emerged as a major class of
gene expression regulators implicated in deregulation of ion chan-
nel genes leading to channelopathies [9]. The consequence of miR-
NAs in fine-tuning gene expression shows that changes in the
abundance of a single miRNA can affect the levels of expression
of several different functional proteins [10,11]. Thus, it is possible
that a single dysregulated miRNA can push cells into an injured
or inflammatory state. Recently, microRNA-16 (miR-16) has been
reported to selectively target the serotonin transporter (SERT) in-
volved in the 5-HT transmitter system [12]. However, miRNAs
have never been studied in regulation of amiloride sensitive chan-
nels in ALI and role of miR-16 on its targets has not yet been elu-
cidated. In this study, we investigated the role of miR-16 on
ENaC expression and its target SERT in human lung alveolar epithe-
lial cells. The results indicate that miR-16 modulates ENaC protein
and SERT expression in alveolar epithelial cells. In addition, miR-16
suppressed the expression of transforming growth factor b (TGFb),
an inhibitor of ENaC and a critical mediator of ALI [13]. miR-16
mediated upregulation of ENaC is independent of Nedd4 (E3 ubiq-
uitin protein ligase) pathway. Targeting SERT by miR-16 can be
considered as a novel therapeutic approach to modulate ENaC
expression and restore alveolar fluid balance in acute lung injury.
2. Materials and methods

2.1. Cell culture and transfection

Human alveolar epithelial cells (A549) derived from human
lung adenocarcinoma were obtained from American Type Culture
Collection (ATCC, Manassas, VA), and were maintained in complete
Dulbecco’s modified Eagle medium (Invitrogen, Grand Island, NY)
as per vendor instructions. Constructs expressing miR-16 and con-
trol vector were purchased from Add gene (Cambridge MA) and
plasmid isolation was performed using miniprep plasmid isolation
kits (Qiagen, Valencia, CA). Briefly, 2 � 105 cells were suspended in
complete DMEM and seeded in a 6 well plate. At 70% confluency,
cells were transfected with miR-16 plasmid or control-vector using
Lipofectamine (Invitrogen). Complete DMEM was added to the
A549 cells, 4 h post-transfection. Serotonin, at final concentration
of 1 or 2 mM, was added to the respective wells.

2.2. Reagents and antibodies

Antibodies directed to ENaC a, b, c and SERT were obtained from
Alpha Diagnostics Int. (San Antonio, TX). Antibodies against ß-actin
and GAPDH were obtained from Cell signaling technology Inc.,
(Boston, MA). Serotonin hydrochloride and HRP-conjugated sec-
ondary antibodies were obtained from Sigma (St. Louis, MO).

2.3. Mice

The Animal Care and Use Committee at the University of South
Florida approved all animal procedures. C57BL/6J mice were pur-
chased from Harlan Laboratories (Indianapolis, IN). In all experi-
ments, mice aged 7–9 weeks, were exposed to 100% oxygen as
described earlier [14].

2.4. Quantitative RT-PCR

Total mRNA was isolated using the Trizol method [15]. Equal
amounts of RNA were reverse transcribed into cDNA using the iS-
cript cDNA synthesis kit (Bio-Rad, Hercules, CA) and cDNA was
amplified using qPCR performed on a Biorad CFX96 real-time PCR
detection system as described earlier [16]. All primers were pur-
chased from Integrated DNA Technologies (Coralville, IA) and were
used at final concentrations of 100 nM. All experiments were per-
formed in triplicate. Primers used were: mouse SERT (forward):
50TCGCCCAGGACAACATCACCTGGAC30, (reverse): 50TATGTGATG
AAAAGGAGGCTGG30; mouse18S(forward): 50ACCTGGTTGATCCTGC
CAGTAG30,(reverse): 50TTAATGAGCCATTCGCAGTTTC-30; human-
SERT(forward): 50 CAGCGTGTGAAGATGGAGAAG30, (reverse):
50TGGGATAGAGTGCCGTGTGT30; human GADPH (for-
ward):50CGGAGTCAACGGATTTGGTCGTAT30, (reverse): 50

AGCCTTCTCCATGGTGGTGAAGAC30.

2.5. Isolation of mouse RNA and quantification of miR-16

Total RNA enriched with small RNAs was extracted from mouse
lung homogenates, using mirVana™ miRNA isolation kit (Ambion,
Foster City, CA). miR-16 levels were measured using the TaqMan
microRNA reverse transcription kit (Applied Biosystems, Carlsbad,
CA).

2.6. Western blot

Cells were lysed with RIPA buffer and protein concentrations
were determined with a Bicinchoninic Acid Assay kit (Pierce,
Rockford, IL). Protein lysates were prepared for SDS–PAGE by add-
ing 1/4 volume of 4 � SDS–PAGE sample buffer (100 mM Tris–Cl,
pH 6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol blue, 20% glyc-
erol) and the mixture was heated at 95 �C for 5 min. Thirty micro-
grams of the protein was separated via SDS–PAGE and transferred
onto a PVDF membrane by electrophoresis (Immobilon P; Milli-
pore, Bedford, MA). After blocking with TBS Tween buffer
(10 Mm Tris–HCl, pH 8.0, 150 mM NaCl, 0.05% Tween-20) contain-
ing 5% nonfat dry milk for 1 h, the membranes were incubated
overnight at 4 �C with blocking solution containing the indicated
antibody (diluted 1:1,000–1:2,000). Membranes were washed
and incubated with a suitable HRP-conjugated secondary anti-
body (Cell Signaling Technology, Danvers, MA) as mentioned
previously [15]. HRP activity was detected using an ECL kit
according to the manufacturer’s instructions (Pierce, Rockford,
IL). Densitometric analysis of the immunoblots are added in the
supplemental section.

2.7. Quantification of serotonin and TGFb by ELISA

Serotonin levels in mouse lung homogenates were analyzed
using ELISA as per the manufacturer’s instructions (GenWay Bio-
tech Inc., San Diego, CA). TGFb concentrations in cell supernatants
were measured using the human TGFb ELISA kit (R&D Systems,
Minneapolis, MN).

2.8. Statistical analysis

All experiments were performed in triplicate. A paired t-test
was used to determine the statistical significance. A p-value of
p < 0.05 was accepted as statistically significant.

3. Results

3.1. Elevated lung serotonin and increased SERT expression were
observed in hyperoxia exposed mice

It was shown that serotonin decreases alveolar epithelial fluid
transport via a direct inhibition of epithelial sodium channel [8].
Many studies suggest that defects in alveolar epithelial fluid trans-
port can lead to pulmonary edema [5]. High plasma serotonin lev-
els are implicated in pulmonary disorders such as primary
pulmonary hypertension and pulmonary fibrosis [17]. However,
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serotonin levels have never been reported in hyperoxia-induced
acute lung injury. To test the hypothesis that high serotonin levels
may contribute to hyperoxia-induced ALI, we analyzed lung sero-
tonin levels in mice under room air (normoxic) and hyperoxic
(100% O2) conditions. We found that exposure to hyperoxia causes
a significant increase in lung serotonin levels when compared to
room air controls (Fig. 1A). The increase in serotonin levels after
hyperoxia exposure was highly significant (p < 0.001) when com-
pared with room air controls. To assess the functional damage that
occurs in ALI in terms of lung edema, we monitored the wet to dry
ratio of lung tissue in mice exposed to hyperoxia and room air. The
edematous lung damage caused by hyperoxia was highly signifi-
cant (p < 0.001) compared with room air controls (Fig. 1B). These
results clearly show that hyperoxia-induced lung edema is associ-
ated with elevated lung serotonin levels.

Polymorphisms in SERT expression and function can lead to var-
ious lung diseases like pulmonary arterial hypertension and
chronic obstructive lung disease. As per our knowledge, role of
SERT in ALI has not yet been elucidated. To determine whether
Fig. 1. Elevated serotonin and SERT expression in mice exposed to hyperoxia (100% O2). (
homogenates were obtained from mice and subjected to capture ELISA to assess seroton
lungs exposed to hyperoxia and room air. (C) Quantitative RT–PCR analysis to measure S
room air controls. SERT mRNA was measured using reverse transcription and qPCR wi
expression in mice lung homogenates was measured using Western blot analysis. ��P<0

Fig. 2. Expression levels of miR-16 and ENaC in hyperoxia induced ALI mouse models. (A
hyperoxia and room air. Total RNA from the lung was isolated, reverse transcribed and an
16 expression was normalized to 18S. (B) ENaC-a and ENaC-b protein levels in mouse lun
analysis. Lung homogenates (n = 4) were subjected to immunoblotting with the indicate
SERT expression is dysregulated in ALI, we measured SERT mRNA
and protein expression levels in mice exposed to hyperoxia and
room air (Fig. 1C and D, S2). SERT mRNA expression and protein
levels were induced in mouse lungs exposed to hyperoxia when
compared to normoxic controls.
3.2. miR-16 levels were downregulated in mice exposed to hyperoxia

Genetic factors that regulate SERT in acute lung injury are un-
known. Recent studies suggest that SERT is a known direct target
for miR-16 [12]. However, the role of miR-16 in hyperoxic ALI
has not been studied. To test the hypothesis that miR-16 may con-
tribute to dysregulated SERT expression in hyperoxia-induced ALI,
we analyzed lung miR-16 levels after hyperoxia exposure. We
found that exposure to hyperoxia caused a significant decrease in
lung miR-16 levels (Fig. 2A) showing that increased SERT levels
are associated with suppressed lung miR-16 levels in hyperoxia in-
duced ALI.
A) Lung serotonin levels in mice exposed to room air and hyperoxic conditions. Lung
in concentrations. (B) Lung edema was measured using wet to dry ratio of mouse

ERT mRNA expression in lung homogenates of mice exposed to hyperoxia and their
th SERT primers. 18S rRNA was used as internal control (D) Relative SERT protein
.001 compared with room air controls.

) miR-16 levels were analyzed by qRT–PCR in lung homogenates of mice exposed to
alyzed for miR-16 using miR-16 specific assay primers by SYBR green method. miR-
g homogenates exposed to normoxia and hyperoxia were measured by western blot
d antibodies. ��P < 0.001 compared with room air controls.
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3.3. Effect of hyperoxia on lung epithelial sodium channel (ENaC)
expression levels

Elevated serotonin decreases alveolar epithelial fluid transport
via a direct inhibition of the epithelial sodium channel [8]. Active
vectorial Na+ transport through the distal lung epithelium is essen-
tial to maintain a physiological lung fluid balance [18]. Vectorial
fluid and ion transport are altered in ALI. Clinical data and experi-
mental studies provided a potential role of ENaC expression in fluid
clearance and active ion transport [19]. We therefore analyzed the
levels of ENaC expression in hyperoxia induced ALI mice. ENaC
protein expression in mouse lung homogenates was analyzed by
western blot (Fig. 2B, S3). When mice were exposed to hyperoxic
conditions, there was a significant decrease in lung ENaCb subunit
compared to normoxic controls. ENaCa subunit expression was
slightly decreased in hyperoxia induced ALI mice when compared
to normoxic controls. Our results suggest that hyperoxia alters EN-
aCa expression and decreases ENaCb expression.

3.4. Over expression of miR-16 down regulates SERT in the presence of
serotonin in A549 cells

We next evaluated if overexpression of miR-16 can down regu-
late SERT in the presence of serotonin. To test this hypothesis, A549
cells were cultured in complete DMEM for 24 h and were treated
with different concentrations of serotonin. Cells treated with 1 or
2 mM serotonin, showed significant increase in SERT mRNA levels
by 10–40-fold (Fig. 3A). Surprisingly, cells treated with 4 mM sero-
tonin did not show an increase in SERT mRNA, which may be due
to a feedback inhibition of these transporters at higher serotonin
concentrations. We next transfected A549 cells with miR-16 or
control-vector and then treated cells with 1 or 2 mM serotonin.
SERT mRNA and protein expression were analyzed by qRT–PCR
and western blot analysis respectively. Down regulation of SERT
mRNA and protein was observed in cells containing miR-16 treated
Fig. 3. Over expression of miR-16 downregulated SERT expression in A549 cells in vitro
different concentrations of serotonin. A549 cells were treated with increasing concentra
levels. SERT mRNA expression was normalized to GAPDH. (B) qRT-PCR analysis of SERT
transfected with miR-16; 4 h post-transfection, cells were treated with either 1 or 2 mM
experiments were repeated at least 3 independent times. (C) SERT protein expression w
cells were transfected with miR-16 or control plasmid and post-treated with serotonin fo
�P < 0.01 and ��P < 0.001 compared with control.
with 1 or 2 mM serotonin (Fig. 3B and C, S4). These results demon-
strate that miR-16 targets SERT and downregulates its expression
in A549 cells post-serotonin treatment.

3.5. Overexpression of miR-16 induces epithelial sodium channel-b
expression in alveolar epithelial cells

A majority of patients with increased permeability and edema
in ALI have impaired alveolar epithelial fluid transport associated
with dysregulation of epithelial sodium channel expression [5,6].
It has been reported that higher serotonin levels can decrease
alveolar epithelial fluid transport by inhibition of the epithelial
sodium channel [8]. Since, our data showed miR-16 mediated
modulation of SERT in epithelial cells, we hypothesized that
miR-16 may regulate ENaC expression in epithelial cells. To test
this hypothesis, A549 cells were transfected with miR-16 or con-
trol plasmid, and 24 h post-transfection and post-serotonin treat-
ment, the cells were assayed for ENaC expression. The effect of
miR-16 on different ENaC subunits in A549 cells was examined
by western blot analysis (Fig. 4A, S5, S6). Transfection of miR-16
into A549 cells resulted in a significant increase of ENaC-b subunit
when compared to control. However, ENaC-c expression was
unaltered in miR-16 transfected, post-serotonin treated A549 cells
when compared to controls. ENaC-a expression was decreased in
miR-16 transfected cells, which may be due to a significant in-
crease in ENaC-b subunits. These two subunits complement each
other to form a functional epithelial sodium channel. These results
demonstrate that miR-16 has the ability to induce ENaC expres-
sion in human alveolar epithelial cells.

3.6. miR-16 alters TGFb levels in human alveolar epithelial cells
in vitro

TGFb has been shown to be a critical mediator of ALI [1]. TGFb is
known to decrease ENaC expression and alveolar sodium transport
. (A) Serotonin transporter expression varied dose dependently with the addition of
tions of serotonin and were subjected to qRT–PCR to assess SERT mRNA expression
in miR-16 overexpressed A549 cells post-treated with serotonin. A549 cells were
serotonin, and 24 h later, RNA was isolated and subjected to qRT–PCR analysis. All

as analyzed in miR-16 overexpressed A549 cells post-treated with serotonin. A549
r 24 h. Cell lysates were subjected to immunoblotting with the indicated antibodies.



Fig. 4. miR-16 overexpression in A549 cells modulates ENaC and TGF-b expression via Nedd4 independent pathway. (A) Immunoblot analysis of different subunits of ENaC in
miR-16 and control plasmid transfected A549 cells. A549 cells transfected with miR-16 or control plasmid were post-treated with or without serotonin and protein lysates
were analyzed for ENaC-a, -b and -c by immunoblot. (B) TGF-b concentration in cell supernatants was analyzed by capture ELISA. Human alveolar epithelial cells were
transfected with miR-16 or control plasmid and 24 h post-transfection, the supernatants were subjected to ELISA. (C) Mice were exposed to hyperoxia and room air, and lung
homogenates were analyzed for Nedd4 levels by immunoblot. (D) Nedd4 immunoblot in A549 cells transfected with miR-16 or control plasmid in the presence or absence of
serotonin treatment post-transfection. �P < 0.01 compared with control.
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in epithelial cells [13]. Since our results showed that miR-16 mod-
ulates ENaC expression, we next evaluated the effect of miR-16 on
TGFb levels in A549 cells. To check whether miR-16 can modulate
TGFb expression, TGFb levels were analyzed in culture superna-
tants from A549 cells transfected with miR-16 or control plasmid.
There was a significant reduction of TGFb levels in miR-16
transfected A549 cells compared to controls (Fig. 4B). Increased
ENaC-b expression as observed earlier in miR-16 transfected hu-
man alveolar epithelial cells (Fig. 4A) may thus be associated with
a significant decrease in TGFb levels.
3.7. miR-16 mediated ENaC upregulation is independent of Nedd4

Target scan revealed several targets for miR-16. One among
them is Nedd4 binding partner 1 (N4BP1) [20]. It has been recently
reported that N4BP1 acts as an expressed interactor and mono-
ubiquitinylation substrate of Nedd4. Nedd4 has been implicated
in the regulation of fluid and electrolyte homeostasis by controlling
the surface abundance of ENaC subunits [21]. We checked the lev-
els of Nedd4 in lungs of mice exposed to hyperoxia and normoxia.
Nedd4 was upregulated in mice exposed to hyperoxia compared to
their room air controls (Fig. 4C, S6). This showed an association
with decreased ENaC subunits in mice exposed to hyperoxia. To
further determine if miR-16-mediated ENaC expression is through
Nedd4 modulation, we monitored the expression levels of Nedd4
in miR-16 overexpressed A549 cells and controls post-treated with
1 or 2 mM serotonin. Levels of Nedd4 were slightly reduced in miR-
16 transfected A549 cells post-treated with 2 mM serotonin when
compared to controls (Fig. 4D, S6).Our data suggest that miR-16
mediated upregulation of ENaC is independent of Nedd4.
4. Discussion

In this study we have shown that miR-16 suppression in ALI is
correlated with increased serotonin levels. Serotonin (5-HT)
significantly inhibits amiloride-sensitive sodium transport across
rat and human lung alveolar epithelial cell monolayers via a recep-
tor-independent inhibition of epithelial sodium channel (ENaC)
expression [8]. It is known that SERT is a key player for 5-HT med-
iated effects in alveolar epithelial transport. Therefore, inhibitors of
SERT offer considerable therapeutic promise. miR-16 is known to
target SERT and overexpression of miR-16 in A549 cells downreg-
ulated its target SERT and upregulated EnaCb in the presence of
serotonin. For the first time, a biological explanation for an in-
crease in lung SERT levels, during ALI by means of downregulation
of miR-16 (S1) and effects of overexpression of miR-16 on ENaC is
provided in this study.

Previous studies have shown that TGF-b a critical mediator of
ALI, significantly decreased ENaC-a mRNA and protein expression
[13]. The inhibitory effect of TGF-b1 on sodium uptake and
ENaC-a expression in rat alveolar type II (ATII) cells was mediated
by activation of the MAPK, ERK1/2 pathway. Serotonin is also
known to induce TGFb [22] and increased TGFb levels are known
to suppress ENaC expression. To determine whether miR-16 med-
iated effect of ENaC upregulation is due to alteration of TGF-b, we
checked the levels of TGF-b in miR-16 overexpressed alveolar epi-
thelial cells. Our study shows that increased ENaC expression by
miR-16 is associated with a significant decrease in TGF-b levels.
Therefore miR-16 mediated ENaC expression is further dependent
on TGF-b downregulation.

The importance of Nedd4–2 in regulating ENaC expression and
distal lung fluid absorption near term and at birth was also re-
cently demonstrated by artificially removing Nedd4–2 using spe-
cific siRNA [23]. In that report, it was demonstrated that
reducing Nedd4 expression led to an increased lung fluid absorp-
tion rate, and thus it was suggested that Nedd4 plays an important
role in regulating ENaC expression and lung fluid absorption at
birth. However, factors that modulate Nedd4 expression in ALI
are not clear. Since miR-16 is a known target for N4BP1, a Nedd4
binding partner, we checked the levels of Nedd4 in miR-16 overex-
pressed A549 cells. Our results show that overexpression of miR-
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16 did not significantly suppress Nedd4 in epithelial cells. How-
ever, a slight decrease in Nedd4 levels was observed in miR-16
overexpressed cells post-treated with 2 mM serotonin. Therefore,
miR-16 modulation of ENaC, which we observed in our study,
may be independent of the Nedd4-2 pathway.

In conclusion, we have provided evidence that overexpressed
miR-16 is an endogenous inhibitor of SERT and we also provided
the functional effects of miR-16 on ENaC upregulation, which is a
key protein involved in alveolar fluid clearance in ALI. Based on
our results, we propose that exogenous miR-16 provides a thera-
peutic strategy to induce ENaC expression by SERT suppression
and may have use as a therapeutic to treat ALI and other diseases
involving pulmonary edema.
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