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Abstract

Increased lung vascular permeability and alveolar edema are cardinal
features of inflammatory conditions such as acute respiratory distress
syndrome (ARDS) and ventilator-induced lung injury (VILI). We
previously demonstrated that pre–B-cell colony-enhancing factor
(PBEF)/NAMPT, the proinflammatory cytokine encoded byNAMPT,
participates in ARDS and VILI inflammatory syndromes. The present
study evaluated posttranscriptional regulation of PBEF/NAMPT
gene expression in human lung endothelium via 39-untranslated
region (UTR) microRNA (miRNA) binding. In silico analysis
identified hsa-miR-374a and hsa-miR-568 as potential miRNA
candidates. Increased PBEF/NAMPT transcription (by RT-PCR) and
expression (by Western blotting) induced by 18% cyclic stretch (CS)
(2 h: 3.46 0.06 mRNA fold increase (FI); 10 h: 1.56 0.06 protein FI)
and by LPS (4 h: 3.86 0.2 mRNA FI; 48 h: 2.66 0.2 protein FI) were
significantly attenuated by transfection with mimics of hsa-miR-374a
or hsa-miR-568 (40–60% reductions each). LPS and 18%CS increased
the activity of a PBEF/NAMPT 39-UTR luciferase reporter (2.4–3.25
FI) with induction reduced by mimics of each miRNA (44–60%
reduction). Specific miRNA inhibitors (antagomirs) for each PBEF/
NAMPTmiRNA significantly increased the endogenous PBEF/

NAMPTmRNA(1.4–3.460.1FI) andprotein levels (1.2–1.460.1FI)
and 39-UTR luciferase activity (1.4–1.76 0.1 FI) compared with
negative antagomir controls. Collectively, these data demonstrate that
increased PBEF/NAMPT expression induced by bioactive agonists
(i.e., excessive mechanical stress, LPS) involves epigenetic regulation
with hsa-miR-374a and hsa-miR-568, representing novel therapeutic
strategies to reduce inflammatory lung injury.
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Clinical Relevance

Targeting of pre–B-cell colony-enhancing factor/NAMPT,
a critical inflammatory biomarker in acute respiratory distress
syndrome and ventilator-induced lung injury, via specific
microRNAs is a potentially promising novel therapeutic
strategy to reduce lung vascular permeability/edema and
inflammation in acute respiratory distress syndrome and
ventilator-induced lung injury.

Acute lung injury (ALI), acute respiratory
distress syndrome (ARDS), and ventilator-
induced lung injury (VILI) are devastating
syndromes characterized by profound
lung inflammation, increased lung vascular
permeability, and protein-rich alveolar
edema (1, 2). Despite improved

understanding of ARDS pathophysiology,
the morbidity and mortality of ARDS
continue to be unacceptably high (3), and
the mechanisms underlying VILI in
the setting of ARDS remain unclear.
Furthermore, effective pharmacotherapy
for ARDS or VILI has yet to emerge. Using

genomic-intensive expression profiling in
canine and murine models of human
ALI, we previously identified pre–B-cell
colony enhancing factor (PBEF),
a proinflammatory cytokine and
nicotinamide adenine dinucleotide
biosynthetic enzyme (nicotinamide
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phosphoribosyltransferase) (4–6) encoded
by NAMPT, as a novel biomarker in ARDS
and as an ARDS and VILI candidate gene
(7). PBEF/NAMPT levels are increased in
visceral fat, leading to its renaming as
visfatin, an adipokine regulating metabolic
syndrome, and diabetes (8). PBEF/NAMPT
is up-regulated in murine, canine, and
human ARDS, with spatial localization
to lung leukocytes and the vascular
endothelium (7). PBEF/NAMPT is also an
inflammatory mediator secreted in the
development of VILI (9) and influences
ARDS severity (10). Supporting the human
and animal ARDS data, PBEF/NAMPT
alters vascular barrier integrity via
Ca21–dependent cytoskeletal rearrangement
and enhances the inflammatory response in
experimental and clinical sepsis through
regulation of neutrophil apoptosis and
inflammatory cytokine secretion (11, 12).
A number of stimuli associated with
inflammation and infection (LPS, TNF-a,
oxidized low-density lipoprotein, IL-1b, IL-6,
and cyclic stretch) up-regulate PBEF/
NAMPT expression (4, 13–15). Despite the
multifunctionality of PBEF as an important
proinflammatory and immune system
regulator, the mechanisms governing PBEF/
NAMPT expression are poorly understood.

MicroRNAs (miRNAs) are small,
conserved, noncoding RNAs that regulate
gene expression posttranscriptionally by
targeting the 39-untranslated region (39-UTR)
of specific messenger RNAs (mRNAs) for
degradation or translational repression.
Emerging evidence supports miRNAs as
critical regulators of biological processes such
as cell differentiation, proliferation, apoptosis,
metabolism, neuronal development,
brain morphogenesis, DNA repair, and
methylation and stem cell division (16–18).
Because miRNA deregulation is linked to
inflammatory conditions (19, 20), metabolic
disorders (21), cancer (22, 23), cardiovascular
(24, 25), myeloproliferative (26), autoimmune
(27), and neurodegenerative diseases (28),
miRNAs have emerged as novel biomarkers
and therapeutic targets. In the present study,
we explored the role of miRNAs in
ARDS/VILI pathogenesis, focusing on
posttranscriptional PBEF gene regulation
using the PBEF/NAMPT 39-UTR luciferase
reporter, overexpression of mature miRNAs,
and endogenous miRNA inhibition by
antagomirs. Preliminary in silico analysis
identified two miRNA candidates, hsa-miR-
374a and hsa-miR-568, as potentially binding
to the 39-UTR of PBEF/NAMPT. We

investigated whether these miRNAs
participate in regulation of LPS- and 18%
cyclic stretch (CS)-induced NAMPT gene
expression in vitro.

Materials and Methods

Reagents
LPS from Escherichia coli was obtained from
Sigma-Aldrich (St. Louis, MO). Human PBEF
39-UTR cloned downstream of a firefly
luciferase gene was obtained from SwitchGear
Genomics (Menlo Park, CA). Rabbit
polyclonal anti-PBEF antibodies (Ab) were
obtained from Bethyl Laboratories, Inc.
(Montgomery, TX), and mouse monoclonal
Ab against b-actin was obtained from Sigma-
Aldrich. Unless specified, biochemical
reagents were obtained from Sigma-Aldrich.

Cell Culture
Human pulmonary artery endothelial cells
(ECs) were obtained from Lonza Inc.
(Allendale, NJ) and cultured in endothelial
basal medium-2 with 10% FBS at 378C in
a humidified incubator with 5% CO2 as
previously described (29). ECs at passages 5
through 9 were used for all experiments.

Bioinformatics Analysis and
miRNA Prediction
To predict miRNAs that potentially regulate
PBEF/NAMPT mRNA, three computational
algorithms were used: TargetScan 6.2 (http://
www.targetscan.org/), developed by
Whitehead Institute for Biomedical Research
(Cambridge, MA) (30, 31); MiRanda (http://
www.microrna.org/microrna/home.do),
developed by Computational and Systems
Biology Center, Memorial Sloan-Kettering
Cancer Center (New York, NY) (32); and
DIANA-microT-CDS (http://diana.cslab.ece.
ntua.gr/microT/), developed by DIANA-Lab,
Institute of Molecular Oncology, Biomedical
Sciences Research Center “Alexander
Fleming” (Vari, Greece) (33). Further details
are provided in the online supplement.

Transient Transfections and
Reporter Assays
Transfection of luciferase reporter
constructs and miRNA or miRNA
inhibitors was performed according to the
manufacturer’s protocol. Luciferase activity
was measured using the Dual Luciferase
Assay System (Promega, Fitchburg, WI)
following the manufacturer’s protocol.

Further details are provided in the online
supplement.

Cyclic Stretch Experiments
All CS experiments were performed using the
FX-4000T Flexcell Tension Plus system
(Flexcell International, Hillsborough, NC)
equipped with a 25-mm BioFlex loading
station designed to provide uniform radial
and circumferential strain across a membrane
surface along all radii as we described
previously (34, 35). Further details are
provided in the online supplement.

RNA Extraction and Quantitative
Real-Time PCR Analysis
Total RNA from ECs was isolated using
Trizol and purified using miRNeasy columns
(Qiagen, Valencia, CA). All procedures were
performed according the manufacturer’s
recommendations for each assay as described
in detail in the online supplement.

Immunoblotting
Protein extracts were separated by SDS-
PAGE, transferred to nitrocellulose or
polyvinylidene difluoride membranes
(30 V for 18 h or 100 V for 1.5 h), and
immunoreacted with an Ab that recognizes
PBEF or b-actin. Immunoreactive proteins
were detected with the enhanced
chemiluminescent detection system
according to the manufacturer’s directions
(Amersham, Little Chalfont, UK). Intensities
of immunoreactive protein bands were
quantified using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

Statistical Analysis
Results are expressed as mean 6 SE of
three to six independent experiments. We
performed statistical comparison among
treatment groups by unpaired Student’s t test
or by randomized-design two-way ANOVA
followed by the Newman-Keuls post hoc test
for multiple groups. Results with P , 0.05
were considered statistically significant.

Results

Inflammatory Agonists Increase
PBEF/NAMPT Gene Expression and
39-UTR Reporter Activity in Human
Lung ECs
LPS and excessive mechanical stress are
important contributors to the development
and severity of ARDS and VILI. To elucidate
the effect of inflammatory agonists on PBEF/
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NAMPT gene expression, we quantified
PBEF/NAMPT protein levels (0–48 h), PBEF/
NAMPT mRNA levels (0–8 h), and the
activity of a PBEF/NAMPT 39-UTR luciferase
reporter in ECs exposed to LPS (100 ng/ml)
or to 18% CS. LPS and 18% CS independently

induced sustained increased levels of PBEF/
NAMPT protein and PBEF/NAMPT mRNA.
CS at 18% induced early elevation in PBEF/
NAMPT mRNA (maximum 3.4 6 0.06 fold
increase [FI] at 2 h) and protein levels in ECs
(maximum 1.5 6 0.06 FI at 10 h), with levels

remaining elevated for up to 24 hours. In
contrast, LPS augmented PBEF/NAMPT
transcript levels that reached maximum levels
at 4 hours (3.8 6 0.2 FI), with PBEF/NAMPT
protein levels reaching a maximum at
48 hours (2.65 6 0.25 FI) (Figures 1A–1D).

Figure 1. Effects of inflammatory agonists on pre–B-cell colony-enhancing factor (PBEF)/NAMPT expression and 39-untranslated region (UTR) reporter
activity. Total RNA was isolated from human pulmonary artery endothelial cells (ECs) challenged with control vehicle or LPS (100 ng/ml) or exposed to 18%
cyclic stretch (CS) for 0 to 8 hours. PBEF/NAMPT mRNA levels were detected via real-time PCR (A). Data are presented as fold change in mRNA
level over vehicle-treated control and expressed as mean 6 SE from three independent experiments. *P , 0.05 versus unstimulated control. #P , 0.01
versus unstimulated control. Confluent ECs were treated with control vehicle or 18% CS (B) and LPS for the indicated times, and endogenous PBEF
was detected via immunoblot. The bar graphs represent relative densitometry (18% CS [C]; LPS [D]). Data are presented as fold changes in PBEF/NAMPT

over vehicle-treated control and expressed as means 6 SE from three independent experiments. *P , 0.05 versus unstimulated control. #P , 0.01
versus unstimulated control. ECs were cotransfected with PBEF/NAMPT 39-UTR reporter together with phRL-TK, a Renilla luciferase normalization control
vector, and exposed to 18% CS (E) or treated with LPS (F) (24 h), and luciferase activity was measured using the Dual Luciferase Assay System according
the manufacturer’s protocol. TNF-a luciferase reporter was used as a positive control. The bar graph represents relative luciferase units. Data are
presented as relative luciferase units over vehicle-treated control and expressed as means 6 SE from three independent experiments. *P , 0.05 versus
unstimulated control. #P , 0.01 versus unstimulated control.
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Agonist-induced PBEF/NAMPT increases
were also observed using PBEF/NAMPT 39-
UTR luciferase reporter activity with a 3.2 6

0.3 FI after 18% CS exposure (Figure 1E)
and a 2.4 6 0.12 FI after LPS challenge
(Figure 1F) (24 h) compared with

unstimulated cells. These data suggest that
PBEF/NAMPT EC expression is altered by
exposure to 18% CS or LPS.

The miRNA miR-568 Is
Down-Regulated in 18% CS- and
LPS-Challenged Human ECs
To identify candidate miRNAs potentially
targeting PBEF/NAMPT mRNAs, we
used in silico prediction programs and
identified miR-374a and miR-568 as
potential miRNAs regulating PBEF/
NAMPT gene expression by 39-UTR
binding with miR-374a exhibiting two
potential 39-UTR binding sites. As
predicted, the potential binding site on
PBEF/NAMPT 39-UTR for miR-374a is
broadly conserved among mammals.
Moreover, we noted that MYLK, an
ARDS candidate gene (36) encoding
myosin light chain kinase, is a potential
target of miR-374a (37). In recent studies,
we noted that expression of the mature
miR-374a is significantly decreased by

Figure 2. Time-dependent effects of inflammatory agonists on mature miR-568 expression in human lung
ECs. Total RNA was isolated from ECs and treated with control vehicle, 18% CS, or LPS (100 ng/ml) for
0 to 24 hours, and the level of miR-568 was determined via real-time PCR. Data are presented as fold
change in microRNA level over vehicle-treated control and expressed as means 6 SE from three
independent experiments. *P , 0.05 versus unstimulated control. #P , 0.01 versus unstimulated control.

Figure 3. Effect of miR-568 mimic on LPS-induced human lung EC dysfunction. ECs grown in chambers on gold microelectrodes were transfected
with miR-568 mimic (A) or treated with nonspecific negative control mimic (nc) as described in MATERIALS AND METHODS and used for transendothelial
electrical resistance (TER) measurements. At time = 0, cells were stimulated with LPS (100 ng/ml) or vehicle control. Shown are pooled TER data of five
independent experiments. (B) Maximal value of normalized TER in RCs with nc reagent (control) achieved within 12 hours was taken as 100% 6 SE.
*Significantly different from cells treated with nc reagent with LPS (P , 0.01).
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18% CS, TNF-a, or LPS, with maximal
decreases by 4 hours (37). These results
suggested that changes in miR-374a
expression may play a role in PBEF/
NAMPT posttranscriptional regulation.
To investigate whether miR-568
participates in PBEF/NAMPT epigenetic
regulation, similar to miR-374a, we
determined whether 18% CS and LPS
regulate mature miR-568 expression in
ECs. Confluent human pulmonary ECs
were exposed to 18% CS or LPS for 0 to
24 hours, and mature miRNA expression
was assessed by quantitative real-time
PCR analysis. Figure 2 demonstrates that
mature miR-568 expression is significantly
decreased by these agonists with maximal
reduction in expression at 8 hours; these
results were negatively correlated with
agonist-mediated augmented PBEF/NAMPT
expression (Figures 1A–1D) and 39-UTR
reporter activity (Figures 1E and 1F). These
results are consistent with the observation that
the majority of miRNAs affect target gene
expression by translational repression and
subsequent mRNA degradation (38).
Overall, such inverse correlation between
expression levels of putative miRNA and
mRNA and/or protein increases the
likelihood that this interaction is
functional in vivo (39). A limited number
of examples have been described showing
a positive correlation between miRNAs
and target mRNAs (40, 41).

Mimics of miRNAs Attenuate LPS-
Induced Human Lung EC Permeability
Our previous in vitro studies demonstrated
that PBEF/NAMPT-specific siRNAs (11) and
miR-374a (37) abolish PBEF expression and
inflammatory agonists’ thrombin-, IL-1b–,
and LPS-mediated hyperpermeability
(43 6 2.9% attenuation for miR-374a).
Furthermore, intratracheal or intravenous
delivery of siRNA (unpublished data) or
PBEF/NAMPT neutralizing antibody (9)
produce significant reduction in LPS-
mediated lung injury and VILI. To evaluate
the functional involvement of miR-568 in
regulation of PBEF/NAMPT gene expression,
we measured changes in LPS-induced lung
EC barrier function reflected by increased
TER, a highly sensitive in vitro assay of
vascular permeability. ECs treated with
single miR-568 mimics demonstrate
statistically significant attenuation
(38.8 6 1.8%) of LPS-induced
hyperpermeability in ECs, reflected
by reduced TER (P , 0.01) (Figures 3A

and 3B) compared with agonist-
stimulated ECs transfected with negative
control mimics. These data, together with
our previously published data (37),
indicate novel roles for miR-374a and
miR-568 in mediating LPS-induced lung
EC permeability.

miRNA Mimics and Antagomirs Alter
Inflammatory Agonist-Induced PBEF/
NAMPT Expression and 39-UTR
Reporter Activity in Human Lung ECs
To assess the potential role of miR-374a and
miR-568 in 18% CS- or LPS-induced
regulation of PBEF/NAMPT expression, we
conducted gain- and loss-of-function

experiments by transfecting ECs with
negative control miRNA mimics or
synthetic mimics and/or specific miRNA
antagomirs for miR-374a or miR-568.
Figures 4A and 4B and Figures 5A–5C
depict the significant decreases in PBEF/
NAMPT mRNA and protein levels after
exposure of ECs to LPS or 18% CS that was
produced by miR-374a and miR-568 mimic
transfection. However, in cells transfected
with miR-374a, miR-568, and with the
combination of miR-374a and miR-568
but not exposed to LPS or 18% CS, the
basal level of PBEF/NAMPT mRNA not
altered significantly (Figures 4A and 4B),
suggesting that in static cells the

Figure 4. Effect of miRNA mimics on inflammatory agonist–induced PBEF/NAMPT transcription in
human lung ECs. Total RNA was isolated from ECs, transfected with nc or with the indicated
miRNA mimics (48 h) and untreated (A and B), exposed to 18% CS (A, 2 h), or treated with LPS
(B, 4 h). PBEF/NAMPT mRNA levels were detected via real-time PCR. Transfection was performed
with miR-1290 used as the second negative control. Data are presented as fold change in
mRNA level over vehicle-treated control and expressed as means 6 SE from four independent
experiments.
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steady-state level of mRNA is due to the
saturation of its 39-UTRs with endogenous
miRs. Transfection of ECs with the
combination of miR-374a and miR-568
enhanced the attenuation of LPS-induced
PBEF/NAMPT transcript levels, suggesting
that these miRNAs may have additive or
synergistic effects in the setting of LPS-
induced EC responses. Consistent with
these results, overexpression of miR-374a
and miR-568 mimics significantly
attenuated basal 39-UTR reporter activity
(Figure 6A) (47 6 11% and 44 6 3.1%,
respectively, compared with stimulated
ECs) as well as 39-UTR reporter activity
after exposure to 18% CS (Figure 6B)
(30 6 1.25% and 31.2 6 1.0%, respectively)
and LPS (60.4 6 6% and 50.45 6 4.4%,

respectively) (Figure 6C). Combined
overexpression of miR-374a and miR-568
mimics enhances the attenuation of 39-
UTR reporter activity after EC exposure to
18% CS (Figure 6B), again suggesting
cooperative regulation by these miRNAs.
Conversely, Figures 7A and 7B demonstrate
that miR-374a and miR-568 antagomirs
enhance levels of endogenous PBEF/
NAMPT mRNA (3.38 6 0.08 FI for hsa-
miR-374a antagomir; 1.39 6 0.028 FI for
hsa-miR-568 antagomir) and protein levels
(1.2 6 0.13 FI for hsa-miR-374a antagomir;
1.4 6 0.1 FI for hsa-miR-568 antagomir) in
ECs (compared with ECs transfected with
negative antagomir control). Furthermore,
these antagomirs enhance PBEF/NAMPT
39-UTR reporter activity in ECs (1.4 6 0.1

FI for hsa-miR-374a antagomir; 1.8 6 0.1 FI
for hsa-miR-568 antagomir) compared with
negative antagomir controls (Figure 7C).
Together, these data suggest that miR-374a
and miR-568 strongly influence PBEF/
NAMPT gene and protein expression.

Discussion

The pulmonary vascular endothelium
is a monolayer of ECs and serves as
a semiselective barrier between circulating
blood and surrounding tissues, with EC
integrity being critical to tissue and organ
function. EC dysfunction disrupts this
vascular barrier and triggers loss of cell–cell
adhesion, prooxidation, and an increase
in EC permeability and proliferation,
a process implicated in inflammatory
diseases such as ALI, ARDS, and VILI. The
molecular mechanisms that facilitate these
phenotypic alterations are only partially
understood. In our previous studies (7),
PBEF/NAMPT was identified as a novel
candidate gene in human inflammatory
lung injuries such as VILI and novel
biomarker of ARDS and sepsis, with
increased PBEF expression in murine,
canine, and human ARDS models, which
was spatially localized to lung epithelium,
leukocytes, and lung vascular endothelium.
However, the exact regulatory mechanisms
of PBEF/NAMPT expression modulation
in the pathogenesis of ARDS and VILI,
including epigenetic regulation via the
39-UTR, are unknown. The 39-UTR is
a versatile region that is enriched in
regulatory elements modulating processes
such as mRNA stabilization,
polyadenylation, transcript degradation,
translation, and mRNA localization. Thus,
the 39-UTR is critical for integrated
regulation of gene expression. In silico
analysis revealed that, compared with the
promoter region, 39-UTR regulatory motifs
are preferentially conserved only on one
strand, consistent with posttranscriptional
impact (42). In addition, 39-UTRs contain
highly conserved sequences that are
complementary to miRNA 8-mer motifs,
which are believed to represent binding
sites for conserved miRNAs, and
consequently 39-UTRs have emerged as
target sites for multiple miRNAs (43). The
39-UTR length is a major determinant in
mRNA expression, with longer 39-UTRs
being more likely to possess miRNA-
binding sites that inhibit mRNA translation

Figure 5. Effect of microRNA (miRNA) mimics on inflammatory agonist–induced PBEF/NAMPT
expression in human lung ECs. ECs were transfected with nc or with the indicated miRNA mimics
(48 h) and exposed to 18% CS (10 h) or LPS (B, 48 h), and endogenous PBEF/NAMPT protein was
detected via immunoblots. The bar graphs represent relative densitometry (18% CS [A]; LPS [C]).
Data are presented as fold changes in PBEF/NAMPT compared with nc or corresponding miRNA
pretreatment without agonist challenge and expressed as means 6 SE from three independent
experiments. *P , 0.05 versus unstimulated control. #P , 0.01 versus unstimulated control.
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than short 39-UTRs (43, 44). In this regard,
the PBEF/NAMPT gene exhibits an
extended 39-UTR (2,809 base pairs) and led
to our speculation that PBEF/NAMPT
expression may be influenced by VILI- and
ARDS-modulating miRNAs, consistent

with the recognition that miRNAs are
important modulators of endothelial
function in vascular diseases and critical to
the regulation of multiple inflammatory
processes (45–48). Therefore, miRNAs
represent promising therapeutic targets and

biomarkers for ALI/ARDS and VILI and
facilitate the realization of personalized
medicine for individuals with acute
inflammatory lung disease. MiRNAs
are inhibited by chemically stable
complimentary oligonucleotides (or anti-
miRs), or their activity is mimicked by
miRNA mimics. Overall, the successful
studies in rodents and nonhuman primates,
as well as the preliminary results on clinical
trials, demonstrate that inhibition and
overexpression of miRNAs is a promising
therapeutic tool (reviewed in Reference 49).
MiRNA studies will facilitate the
construction of a comprehensive disease
model for ALI/ARDS or VILI by applying
a systems biology approach that integrates
genetic, genomic, epigenetic, proteomic,
and environmental information. These
speculations do not preclude the
contribution of additional regulatory
elements such as AU-rich elements,
alternative 39-UTRs, 59 and 39 ends of
mRNA interaction, 39-UTR secondary
structure, and 39-UTR binding regulatory
proteins in 39-UTR–mediated control of
PBEF/NAMPT gene expression. Further
investigation into the regulatory function of
the PBEF/NAMPT 39-UTR is needed.

Because in silico bioinformatic analyses
revealed the 39-UTR of PBEF to contain
binding sites for miR-374a and miR-568,
we sought to define their participation
in the regulation of inflammatory
agonist–induced PBEF/NAMPT gene
expression (18% CS and LPS). Previously,
we indicated that expression of the broadly
conserved mature miR-374a (50) is
significantly decreased by 18% CS, TNF-a,
or LPS (37). We now demonstrate that
miR-568 is expressed in ECs with
significant down-regulation by 18% CS and
LPS (Figure 2). In the present study, we
found that PBEF/NAMPT expression in
ECs is markedly up-regulated at mRNA
and protein levels in response to 18% CS
and LPS (Figure 1). Our combined data
(37, 39, 51) demonstrate the negative
correlation between expression levels of
putative miRNA and mRNA/protein and
suggest that down-regulation of these
miRNAs may contribute to augmented
PBEF/NAMPT gene expression in ECs
treated with these proinflammatory
agonists. To further evaluate whether
miR-374a and miR-568 specifically regulate
PBEF/NAMPT expression in ECs,
transfection with synthetic miRNA mimics
and antagomirs was used. We previously

Figure 6. Effect of miRNA mimics on inflammatory agonist–induced PBEF/NAMPT 39-UTR reporter
activity in human lung ECs. ECs were cotransfected with PBEF/NAMPT 39-UTR reporter together
with nc or with the indicated miRNA mimics and phRL-TK, a Renilla luciferase normalization control
vector. ECs were untreated and exposed to 18% CS (A) or treated with LPS (C) (24 h) (B), and
luciferase activity was measured according the manufacturer’s protocol. Data are presented as
relative luciferase units over vehicle-treated control and expressed as means 6 SE from four
independent experiments. *Significantly different from control cells without stimulation (P , 0.05).
**Significantly different from control cells stimulated with 18% CS or LPS (P , 0.05). #Significantly
different from control cells stimulated with 18% CS or LPS (P , 0.01).
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reported that targeting PBEF/NAMPT
by specific siRNAs (11) or by miR-374a
(37) attenuates inflammatory agonist
(thrombin, IL-1b, and LPS)-mediated EC
hyperpermeability, consistent with the key

regulatory role of PBEF in inducing lung
inflammation, vascular permeability, and
pathobiology (11, 13, 14). Similarly, our
data demonstrate that miR-568 mimics
attenuate LPS-induced permeability in ECs

(Figures 3A and 3B). These mRNAs
(miR-374a and miR-568) may modulate
LPS-induced EC permeability by targeting
the PBEF/NAMPT 39-UTR, thus altering
expression. We found that transfection of
ECs with mimics of miR-374a and miR-568
significantly attenuated the 18% CS– and
LPS-induced augmented PBEF/NAMPT
mRNA and protein levels (Figures 4A and
4B and 5A–5C). Although the exact
mechanism by which miR-374a and
miR-568 mimics alter PBEF/NAMPT
expression is not known, our data support
recent evidence that the majority of
mammalian miRNAs directly target mRNA
down-regulation via cleavage and
degradation (52, 53) or accelerated
deadenylation of mRNAs (54, 55).

We further investigated the role of
miRNAs in the regulation of PBEF/NAMPT
expression by using a luciferase 39-UTR
reporter gene system, a sensitive method
for measuring miRNA and the 39-UTR
effects on gene regulation. Our data
demonstrated that EC exposure to these
miRNAs significantly attenuates basal
PBEF/NAMPT 39-UTR reporter activity
(Figure 6A) as well as 18% CS- and
LPS-induced increases in luciferase activity
(Figures 6B and 6C). Because miRNA
overexpression produces false-positive
results by targeting genes not affected in
physiologic conditions (i.e., “off-target
effects”), we used the complementary “loss-
of-function” approach by inhibiting specific
endogenous miRNA function via
antagomirs and demonstrated that specific
miRNA antagomirs increase PBEF/NAMPT
expression (Figures 7A and 7B) and
39-UTR reporter activity (Figure 7C). Thus,
our studies clearly demonstrate that
miRNAs miR-374a and miR-568 strongly
influence PBEF/NAMPT expression. Our
data indicate that these two miRNAs
cooperatively regulate PBEF/NAMPT
expression in human pulmonary ECs
(Figures 4B and 6B).

PBEF/NAMPT is a key participant
in VILI pathogenesis and is a critical
biomarker of diverse inflammatory
pathobiologies such as sepsis, pneumonia,
and ARDS (7, 9), potentially via direct
effects on innate immunity, apoptosis, and
mitochondrial function. Information is
limited concerning the possible regulatory
mechanisms of PBEF/NAMPT expression
via the 59 and 39 gene regions; however, our
in silico analysis of the 59 PBEF/NAMPT
promoter region by using the Genomatix

Figure 7. Effects of miRNA antagomirs on inflammatory agonist–induced PBEF/NAMPT expression
and 39-UTR reporter activity. Total RNA was isolated from ECs and transfected with nc or with the
indicated miRNA. Anti- and PBEF/NAMPTmRNA levels were detected via real-time PCR (A). Data are
presented as fold change in mRNA level over control and expressed as means 6 SE from four
independent experiments. *Significantly different from control cells (P , 0.05). #Significantly different
from control cells (P , 0.01). ECs transfected with nc or with the indicated miRNA anti- and
endogenous PBEF/NAMPT protein were detected via immunoblot. The bar graph represents relative
densitometry (B). Data are presented as fold changes in endogenous PBEF/NAMPT over nc
pretreatment and expressed as means 6 SE from three independent experiments. *P , 0.05 versus
control. ECs were cotransfected with the PBEF/NAMPT 39-UTR reporter together with phRL-TK, nc,
or with the indicated miRNA (C), and luciferase activity was measured according the manufacturer’s
protocol. Data are presented as relative luciferase units over control and expressed as means 6 SE
from four independent experiments. *Significantly different from control cells (P , 0.05).
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genome analyzer revealed several putative
cis regulatory elements, including sites for
binding by transcription activators (e.g.,
NF-kB, SP1, STAT, and GATA-1) and
sequences of homology to antioxidant-, shear
stress–, and stretch-responsive elements
(unpublished data). In addition, we noted
novel CpG islands in the PBEF/NAMPT
promoter, suggesting epigenetic regulation
of PBEF/NAMPT expression via DNA
methylation and 59 promoter interacting

elements. The current study demonstrates
that mature expression of miR-374a and
miR-568 epigenetically regulates LPS and
18% CS–induced PBEF/NAMPT expression
in human pulmonary ECs via 39-UTR
modulation. Future studies are needed to
demonstrate whether miRNAs and other
regulatory elements synergistically participate
in PBEF/NAMPT gene regulation. Targeting
of PBEF/NAMPT, a critical inflammatory
biomarker in ARDS and VILI, via specific

miRNAs is a potentially promising novel
therapeutic strategy to reduce lung vascular
permeability/edema and inflammation in
ARDS and VILI. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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