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A Neutralizing Aptamer to TGFBR2 and miR-145
Antagonism Rescue Cigarette Smoke- and
TGF-b-Mediated CFTR Expression
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Transforming growth factor b (TGF-b), signaling induced by
cigarette smoke (CS), plays an important role in the progres-
sion of airway diseases, like chronic bronchitis associated
with chronic obstructive pulmonary disease (COPD), and in
smokers. Chronic bronchitis is characterized by reduced muco-
ciliary clearance (MCC). Cystic fibrosis transmembrane
conductance regulator (CFTR) plays an important role in
normal MCC. TGF-b and CS (via TGF-b) promote acquired
CFTR dysfunction by suppressing CFTR biogenesis and func-
tion. Understanding the mechanism by which CS promotes
CFTR dysfunction can identify therapeutic leads to reverse
CFTR suppression and rescue MCC. TGF-b alters the micro-
RNAome of primary human bronchial epithelium. TGF-b
and CS upregulate miR-145-5p expression to suppress CFTR
and the CFTR modifier, SLC26A9. miR-145-5p upregulation
with a concomitant CFTR and SLC26A9 suppression was
validated in CS-exposed mouse models. While miR-145-5p
antagonism rescued the effects of TGF-b in bronchial epithelial
cells following transfection, an aptamer to block TGF-b
signaling rescues CS- and TGF-b-mediated suppression of
CFTR biogenesis and function in the absence of any transfec-
tion reagent. These results demonstrate that miR-145-5p plays
a significant role in acquired CFTR dysfunction by CS, and they
validate a clinically feasible strategy for delivery by inhalation
to locally modulate TGF-b signaling in the airway and rescue
CFTR biogenesis and function.
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INTRODUCTION
Mucociliary clearance (MCC) is a primary innate defense mechanism
of mammalian airways that works in concert with other antimicrobial
substances, like lactoperoxidase, lysozyme, and lactoferrin, to protect
the host from the noxious effects of airborne pathogens, pollutants,
and allergens.1,2 The mucociliary apparatus consists of cilia, a protec-
tive mucus layer, and a periciliary airway surface liquid (ASL) layer to
optimize ciliary beating.3 Abnormalities in any compartment of the
mucociliary system can compromise mucus clearance, leading to
mucus impaction. The accumulated mucus entraps bacteria and
promotes chronic bacterial infection.4–6 The ASL layer lining the
airway surfaces is crucial for mediating MCC rates,7 and it is tightly
regulated under normal conditions.8 Cystic fibrosis transmembrane
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conductance regulator (CFTR) plays a pivotal role in MCC and other
mechanisms of airway innate immunity, like the lactoperoxidase thio-
cyanate defense mechanism of the airways.9–11 CFTR regulates ASL
due to Cl� efflux and reciprocal inhibition of Na+ absorption.12Water
follows through the transcellular or paracellular pathway maintaining
ASL height leading to efficient MCC.13,14 We have demonstrated that
CFTR also regulates paracellular space and, consequently, water
transport by increasing paracellular permeability.15 Hence, CFTR
plays a critical role in regulating the ASL depth. CFTR dysfunction
leads to decreased ASL depth,13 ASL acidification,16,17 and increased
mucus viscoelasticity,18 which in turn impairs MCC and cough clear-
ance mechanisms.

An extensive body of evidence has established that smoking also in-
duces an acquired state of CFTR dysfunction in patients with normal
copies of the CFTR gene.19,20 We have shown that acquired CFTR
dysfunction due to smoke exposure rapidly and severely inhibits
the MCC apparatus of the airways.21 In our earlier report, we demon-
strated that transforming growth factor b (TGF-b) signaling and
cigarette smoke (CS) (via TGF-b signaling) suppress CFTR mRNA,
which translates to a concomitant and proportional suppression of
CFTR function.15 TGF-b1 is ubiquitously expressed and secreted by
several cell types, including airway epithelial, smooth muscle, fibro-
blast, and most immune cells. Airway epithelia of smokers, as well
as patients with chronic bronchitis or chronic obstructive pulmonary
disease (COPD), show increased TGF-b1 expression.22–25

In this report, we determine the mechanism by which CS and TGF-b
suppress CFTR.We show that miR-145-5p plays an important role in
CFTR suppression in primary bronchial epithelial cells redifferenti-
ated at the ALI treated with TGF-b1 and in small animal models
exposed to CS. We also demonstrate that miR-145-5p modulates
another important chloride channel, SLC26A9, which physically
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Figure 1. TGF-b1 Signaling Does Not Suppress Transcription from the CFTR Promoter

(A) 5-aza-CdR did not block TGF-b1-mediated CFTR mRNA suppression, suggesting that non-coding RNA-mediated transcriptional gene silencing is not involved. n = 3

experiments from different lungs. (B) NHBE ALI cultures were treated with recombinant TGF-b1 (10 ng/mL) or vehicle (as control). Transcriptional initiation from the CFTR

promoter was determined in real time by ChIP. The amount of immunoprecipitated DNA was quantified by qPCR using primers designed to hybridize 150 bp downstream of

the CFTR promoter. TGF-b1 treatment does not affect transcription initiation from the CFTR promoter. n = 3 experiments from different lungs. (C) CFTR function was

determined in Ussing chambers (DISC), and CFTR mRNA from TGF-b1- or TGF-b1 plus ATA-treated cells was analyzed by qRT-PCR. ATA completely rescued

TGF-b-mediated CFTR function. The table below the graph shows actual DISC values for the experiment. (D) Ussing chamber trace for TGF-b1 treatment and its rescue by

ATA. (E) Total RNA from these cells shows the concomitant rescue of CFTR RNA (D). n = 4 experiments from different lungs. *Significant (p < 0.05) from control.
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interacts with CFTR and plays an important role in CFTR biogenesis
and activation.26–28 We demonstrate that antagonizing miR-145-5p
rescues CFTR and SLC26A9. Finally, we show that a neutralizing
aptamer to TGFBR2 can rescue CFTR mRNA and function in
primary bronchial epithelial cells exposed to CS.

RESULTS
TGF-b1-Mediated CFTR mRNA Suppression Is Due to

miRNA-Mediated Post-transcriptional Gene Silencing

Given reports that TGF-b can regulate transcription of a number of
genes, we tried to determine if any effects of TGF-b-mediated
CFTR suppression were due to a suppression of transcription from
the CFTR promoter. To determine if CFTR mRNA suppression is a
result of transcriptional suppression, we first tested whether TGF-b
induces CFTR promoter hypermethylation, given reports that
CFTR promoter is silenced by hypermethylation in several cancers.29

Normal human bronchial epithelial (NHBE) air-liquid interface
(ALI) cultures were pretreated with 5-aza-20-deoxycytidine (5-aza-
CdR) for 24 hr, and they were retained for the remainder of the
experiment. 5-aza-CdR can reactivate epigenetic silencing established
due to histone methyl transferases.29 Recombinant TGF-b1 (10 ng/
mL) or vehicle (as control) was added apically and basolaterally. At
16 hr post-treatment, total RNAwas isolated, and CFTRmRNA levels
(normalized to GAPDH) were determined. Figure 1A demonstrates
that pretreatment with 5-aza-CdR does not rescue TGF-b-mediated
CFTR mRNA suppression.

To further confirm or rule out transcriptional suppression, we per-
formed a chromatin immunoprecipitation (ChIP) experiment on
NHBE ALI cultures treated with TGF-b1 or vehicle. NHBE ALI
cultures were treated with recombinant TGF-b1 (10 ng/mL) or
vehicle (as control). At 16 hr post-treatment, the effect of
TGF-b1 on transcriptional initiation from the CFTR promoter
was determined in real time by ChIP, using a strategy that was
used by Sandoval et al.30 Chromatin was immunoprecipitated
using an antibody against the large subunit of RNA polymerase
II, and it was probed with primers designed to hybridize 150 bp
downstream of the transcription start site. Figure 1B demonstrates
that TGF-b1 treatment does not affect transcription initiation from
the CFTR promoter.
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To determine if TGF-b-mediated CFTR mRNA suppression is due to
post-transcriptional gene silencing, NHBE ALI cultures grown on
snapwells were treated with TGF-b1. Separately, another subset of
cells was treated with aurintricarboxylic acid (ATA) 3 hr prior to
TGF-b1 treatment. ATA is a small molecule inhibitor of DROSHA,31

the enzyme involved in pri-miRNA processing. Hence, inhibiting
DROSHA will block the entire microRNA (miRNA) pathway. Snap-
wells were mounted in Ussing chambers, and CFTR activity was
determined with albuterol, as reported earlier by us.15 Figure 1C
shows that blocking the miRNA pathway rescues TGF-b-mediated
CFTR functional suppression, as measured by Ussing chamber exper-
iments. Figure 1D shows an Ussing chamber trace of the rescue of
CFTR function by ATA. Upon addition of the b2-agonist albuterol,
a peak CFTR response was observed, which subsides possibly due
to internalization of fraction of b2-adrenergic receptors. These data
show that rescue of CFTR function by ATA is a consequence of rescue
of CFTR mRNA levels in NHBE ALI cultures treated with TGF-b1.
The addition of CFTR inhibitors CFTRinh172 and GlyH101
completely inhibited the change in short-circuit current. Total RNA
was isolated from these cells and analyzed for CFTR mRNA levels.
Figure 1E shows that a rescue of CFTR function by ATA correlates
with a rescue of CFTR mRNA as well. Together these data demon-
strate that TGF-b mediates CFTR suppression by miRNA-mediated
post-transcriptional gene silencing.

TGF-b Alters the Bronchial Epithelial MicroRNAome, Affecting

Diverse Cellular Pathways

NHBE ALI cultures were treated with TGF-b1 as reported by us
earlier.15 Change in miRNA expression profile was determined using
the Exiqon microRNA human panel I and II, version (v.)4. This
allowed us to assay 754 mature human miRNAs. Data were analyzed
using the GenEx software. Figure 2A shows a volcano plot of the
TGF-b1-altered microRNAome in NHBE ALI cultures. TGF-b alters
the microRNAome of NHBE ALI cultures with a statistically signifi-
cant Log2-fold change (p < 0.05) in the expression of 62 different
miRNAs, including our previously reported miR-141-5p.32 Analysis
of Log2-fold or higher changes showed that TGF-b upregulates the
expression of 43 different miRNAs and downregulates the expression
of 19 miRNAs (Figure 2B).

TGF-b Suppresses CFTR via miR-145-5p-Mediated Silencing of

CFTR

In airway epithelial cells, CFTR can be regulated by multiple different
miRNAs.33,34 miR-145-5p has been experimentally validated to
suppress CFTR function, and its upregulation by TGF-b signaling
has been demonstrated in lung myofibroblasts.35 More recently, Lut-
ful Kabir et al.36 demonstrated that miR-145-5p antagonism reverses
TGF-b-mediated inhibition of F508del CFTR correction in airway
epithelia. Using a combination of target site prediction algorithm
miRanda, miRSVR scores (<�0.5), and miRTARbase (a database of
experimentally validated miRNAs), we identified 4 different miRNAs
predicted to suppress CFTR function (Figure 3A). We first validated
our array data to determine upregulation of miR-145-5p. NHBE ALI
cultures were treated with TGF-b1, and the expression of miR-145-5p
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was validated using specific probes (TaqMan). Figure 3B shows that
TGF-b1 treatment upregulates miR-145-5p expression. Figure 3C
shows the schematic of the putative target sites of the identified
miRNAs on the 30 UTR of CFTR mRNA.

To determine if the miRNAs identified by us in Figure 3A suppress
CFTR mRNA, we transfected miRNA mimics in BEAS-2B airway
epithelial cells, and we looked for CFTR mRNA suppression. We
preferred BEAS-2B cells for transfection experiments because
BEAS-2B cells are easier to transfect and are airway epithelial in origin
while also demonstrating CFTR expression. Using BEAS-2B cell lines
for miRNA target validation experiments will not affect our observa-
tions, as mimic and antagomir are added exogenously. BEAS-2B cells
were transfected with the respective miRNA mimics (20 nM) of the
miRNAs identified in Figure 3B. Lipofectamine RNAiMAX alone
was used as the control. TGF-b1 treatment was used for comparison.
As seen in Figure 4A, only miR-145-5p mimic suppressed CFTR
mRNA.

Since no suppression was observed by other miRNAs, we tried to
determine if any miRNAs work in a cooperative manner with
miR-145-5p. We made four pools of three miRNAs each. BEAS-2B
cells were transfected with these miRNA pools to determine if
increased or synergistic suppression was observed by the miRNA
pools. miR-145-5p mimic alone was transfected for comparison.
The total miRNA mimic concentration for each pool was 20 nM.
As seen in Figure 4B, only the pool that had miR-145-5p showed a
small suppression of CFTR, suggesting that the suppression by the
pool was because of miR-145-5p and not any other miRNA. The
pool in which miR-145-5p was excluded did not show any CFTR
suppression.

We further tried to confirm the role of miR-145-5p in TGF-b-medi-
ated CFTR suppression using miR-145-5p antagonism. BEAS-2B
cells were transfected with an antagomir to miR-145-5p. Separately,
another set of antagomir-transfected BEAS-2B cells was treated
with TGF-b1. Lipofectamine RNAiMAX alone- and TGF-b plus
lipofectamine RNAiMAX alone-treated cells were used for compari-
son. As seen in Figure 4C, antagomir to miR-145-5p rescued
TGF-b-mediated CFTR mRNA suppression, confirming the role of
miR-145-5p in TGF-b-mediated CFTR suppression. BEAS-2B cells
were transfected with miR-145-5p mimic using lipofectamine
RNAiMAX (TGF-b1 treatment was used for comparison). After
48 hr, total protein was isolated and analyzed for CFTR expression
by western blot analyses. Figure 4D shows that miR-145-5p mimic
suppresses CFTR protein levels as well, comparable to that observed
with TGF-b1-treated BEAS-2B cells.

TGF-bSignaling Suppresses SLC26A9 viamiR-145-5p-Mediated

Gene Silencing

miR-145-5p is an extensively studied miRNA and plays an important
role as a tumor suppressor. Its expression is regulated by multiple
signaling pathways.37 We tried to determine if miR-145-5p can alter
the expression of other genes involved in CFTR expression and



Figure 2. TGF-b1 Alters the Bronchial Epithelial

MicroRNAome

(A) Volcano plot of the altered miRNA expression profile of

primary NHBE ALI cultures treated with TGF-b1. Primary

bronchial epithelial cultures redifferentiated at the ALI were

treated with TGF-b1 (10 ng/mL) or vehicle (as control) as

described by us earlier.15 TGF-b-mediated changes in

miRNA expression profile in NHBE ALI cultures were

determined using Exiqon microRNA Human panel I and II,

v.4 (Exiqon, Woburn, MA, USA). Data were analyzed using

the GenEX software. (B) TGF-b1 shows statistically signifi-

cant (p < 0.05) Log2-fold change in the expression of

62 miRNAs. Green, downregulated miRNAs; red, upregu-

lated miRNAs. n = 3 different lungs. Arrow indicates the

position of miR-145-5p.
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Figure 3. Identification of Potential CFTR-Targeting miRNAs Induced by TGF-b1

(A) miRNAs targeting CFTR were identified by a combination of target site prediction algorithm miRanda (miRSVR scores <�0.5) and miRTARbase (database of experi-

mentally validatedmiRNAs). miRNAs are listed in order of their scores starting with the best. (B) Array validation for miR-145-5p. NHBE ALI cultures were treated with TGF-b1

(10 ng/mL) or vehicle (as control). Total RNA was analyzed for miR-145-5p expression using qRT-PCR and normalized to GAPDH. TGF-b1 treatment upregulates miR-145-

5p in NHBE ALI cultures. n = 3 different lungs. *Significant (p < 0.05) from control. (C) Schematic of the putative target sites of the identified miRNAs on the 30 UTR of CFTR

mRNA.
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function. Using miRanda and miRSVR algorithms for target identifi-
cation, we identified SLC26A9, a constitutively active Cl� channel,38

as a potential target of miR-145-5p (miRSVR score of �0.99; Fig-
ure S1). SLC26A9 plays an important role in CFTR expression and
function,26 and it also modulates airway response to CFTR-directed
therapeutics.28 Likewise, defects in CFTR protein inhibit the function
of SLC26A9.39 The mechanism of SLC26A9 regulation is poorly
understood, with one report suggesting that lysine-deficient protein
kinases (WNKs) inhibit the expression of SLC26A9.40 However,
none of the reports has demonstrated TGF-b-mediated suppression
or the role of miRNA in the regulation of SLC26A9.

Since TGF-b1 upregulates miR-145-5p, we tried to determine if
TGF-b signaling also suppresses SLC26A9. NHBE ALI cultures
were treated with TGF-b1, and total RNA was analyzed for
SLC26A9 expression by qRT-PCR. As seen in Figure 5A, TGF-b1
suppresses the expression of SLC26A9. Next, we tried to determine
if SLC26A9 is a target of miR-145-5p. BEAS-2B cells were transfected
with mimic or an antagomir to miR-145-5p. At 24 hr post-transfec-
tion with antagomir, transfected cells were treated with TGF-b1.
Lipofectamine RNAiMAX alone- and TGF-b1 plus lipofectamine
RNAiMAX-treated cells were used for comparison. Experiments
were terminated after a further 16 hr, and total RNA was analyzed
for SLC26A9 expression using specific TaqMan probes. As seen in
Figure 5B, transfection with miR-145-5p mimic suppressed
SLC26A9, comparable to that observed with TGF-b1 treatment,
and miR-145-5p antagonism rescued SLC26A9 in TGF-b1-treated
446 Molecular Therapy Vol. 27 No 2 February 2019
BEAS-2B cells, confirming the TGF-b signaling 0 miR-145-5p 0

SLC26A9 pathway.

Non-CF A/J Mice Exposed to CS Suppress CFTR and SLC26A9

mRNA with a Concomitant Increase in miR-145-5p Expression

CS exposure leads to an acquired state of CFTR dysfunction in
smokers with normal copies of the CFTR gene.19,20 A number of re-
ports have demonstrated that CS upregulates TGF-b signaling in
airway epithelial cells.15,41,42 We have demonstrated that CS sup-
presses CFTR expression and function via TGF-b signaling.15 We
have also shown that chronic smoke exposure leads to CFTR suppres-
sion in non-CF A/J mice.43 We tried to determine if CS also upregu-
lates miR-145-5p to suppress CFTR and SLC26A9. Non-CF A/J mice
were exposed to air or CS. Following 5 weeks of smoke exposure, mice
were sacrificed, and total RNA was isolated from lungs and analyzed
for CFTR, SLC26A9, and miR-145-5p expressions. As seen in Fig-
ure 6, CS upregulates miR-145-5p (Figure 6A) with a concomitant
suppression of CFTR (Figure 6B). Upregulation of miR-145-5p also
translates to a suppression of SLC26A9 in smoke-exposed mice
(Figure 6C).

Neutralizing Aptamer to Transforming Growth Factor Beta

Receptor-2 Rescues CFTR Suppression in NHBE ALI Cultures

Exposed to Cigarette Smoke or Treated with TGF-b1

Transforming growth factor beta receptor-2 (TGFBR2) is one of the
experimentally validated targets of miR-145-5p.44,45 Hence, the
upregulation of miR-145-5p should suppress TGFBR2. To determine



Figure 4. miRNA Validation

(A) miRNAmimics for the 4 miRNAs identified in Figure 3B were tested for their ability to suppress CFTRmRNA by transient transfection in the airway epithelial cell line BEAS-

2B. Lipofectamine RNAiMAX plus vehicle was used as the control and lipofectamine RNAiMAX plus TGF-b1 treatment was used for comparison. Only miR-145-5p mimic

suppressed CFTR mRNA. A minimal suppression (�10%) was observed with miR-449b. Some suppression was also observed with miR-33b-3p, but this was not found to

be statistically significant. n = 5 different experiments. (B) To check for cooperative effects of miRNA, the miRNA mimics were pooled into 4 pools of 3 miRNAs each

(Figure 3B). BEAS-2B cells were transfected with each of the pools. Lipofectamine RNAiMAX alonewas used as the control, and lipofectamine RNAiMAX and TGF-b1-treated

cells and miR-145-5p-transfected cells were used for comparison. Only the pools containing miR-145-5p showed some suppression of CFTR mRNA, and the suppression

was not comparable to that observed for miR-145-5p, suggesting that the suppression by the pool was due to the presence of miR-145-5p and not any cooperative effects.

n = 5 different experiments. (C) BEAS-2B cells were transfected with antagomir to miR-145-5p. Lipofectamine RNAiMAX plus vehicle was used as the control, and lip-

ofectamine RNAiMAX plus TGF-b1 was used for comparison. At 24 hr post-transfection, cells were treated with TGF-b1 (lipofectamine RNAiMAX and TGF-b alone with

lipofectamine RNAiMAX for comparison). Antagomir-145-5p rescues TGF-b1-mediated CFTR suppression, confirming its role in TGF-b-mediated CFTRmRNA suppression.

n = 5 different experiments. (D) BEAS-2B cells were transfected with miR-145-5p as described. TGF-b1 and lipofectamine RNAiMAX-treated cells were used for comparison.

miR-145-5p transfection suppresses CFTR protein levels comparable to that observed with TGF-b1-treated cells. *Significant (p < 0.05) from control. S, significant from each

other (p < 0.05).
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if this is the case, NHBE cultures redifferentiated at the ALI were
treated with TGF-b1 (10 ng/mL) apically and basolaterally. At
16 hr post-treatment, total RNA was isolated and TGFBR2 mRNA
levels determined by qRT-PCR. As seen in Figure 7A, TGF-b1 sup-
presses TGFBR2 levels in NHBE ALI cultures.
To determine if TGFBR2 is a target of miR-145-5p mimic, BEAS-
2B airway epithelial cell lines were transfected with miR-145-5p
mimic (lipofectamine RNAiMAX as the control). Transfection
with miR-145-5p mimic likewise suppressed TGFBR2 mRNA in
BEAS-2B cells (Figure 7B). However, western blot analyses showed
Molecular Therapy Vol. 27 No 2 February 2019 447
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Figure 5. TGF-b Suppresses the Expression of

SLC26A9 by miR-145-5p-Mediated Silencing

(A) NHBE cultures redifferentiated at the ALI were

treated with TGF-b (10 ng/mL) apically and basolat-

erally. 16 hr post-treatment, total RNA was isolated and

SLC26A9 mRNA levels were determined. TGF-b

signaling suppresses the expression of SLC26A9. n = 3

different lungs. (B) To determine the role of miR-

145-5p in this suppression, BEAS-2B cells were

transfected with miR-145-5p mimic. Lipofectamine

RNAiMAX alone was used as the control. Another

subset of cells was transfected with antagomir to miR-

145-5p. 24 hr post-transfection, cells were treated with

TGF-b1 (lipofectamine RNAiMAX and TGF-b alone for

comparison). miR-145-5p mimic suppresses SLC26A9 expression while antagomir-145-5p rescues TGF-b-mediated SLC26A9 suppression, confirming the role of

miR-145-5p in TGF-b-mediated SLC26A9 mRNA suppression. n = 5 experiments. *Significant (p < 0.05) from control.
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that significant levels of TGFBR2 protein were still available to
mediate TGF-b signaling (Figure 7C). This could explain
continued CFTR suppression even when TGFBR2 levels were
downregulated in the context of increased miR-145-5p. Hence,
neutralizing TGFBR2 at the surface can be considered a good strat-
egy in airway diseases where TGF-b signaling (and miR-145-5p) is
upregulated, as this can synergize with miR-145-5p-mediated sup-
pression of TGFBR2 to maximize CFTR rescue.

In our previous work, we demonstrated that a TGFBR2-neutral-
izing antibody rescues CFTR function in NHBE ALI cultures.15

We tried to rescue CFTR mRNA suppression in TGF-b-treated
and smoke-exposed cells using a neutralizing aptamer reported
by Zhu et al.46 Aptamers are high-affinity single-stranded nucleic
acid ligands that exhibit specificity and avidity comparable to or
exceeding that of antibodies, and they can be generated against
most targets.47,48 NHBE ALI cultures were pretreated with recom-
binant TGF-b1 or vehicle as described by us.15 Separately, another
subset of cells was pretreated with TGFBR2-neutralizing aptamer
reported by Zhu et al.46 (scrambled aptamer [SCR] as the con-
trol). TGFBR2-neutralizing antibody was used for comparison.
At 16 hr following TGF-b1 treatment, total RNA was analyzed
for CFTR mRNA levels by qRT-PCR. As seen in Figure 7D,
anti-TGFBR2 aptamer rescued TGF-b-mediated CFTR mRNA
suppression comparable to that observed by TGFBR2-neutralizing
antibody.

To determine if the aptamer can rescue the effects of CS on CFTR
expression, NHBE ALI cultures were exposed to CS as described
by us earlier.15 Separately, another set was pre-treated with
anti-TGFBR2-neutralizing aptamer (or scrambled aptamer
[SCR] as the control) 3 hr prior to smoke exposure, and it was
retained for the remainder of the experiment. At 16 hr
following smoke exposure, total RNA was analyzed for CFTR
mRNA levels by qRT-PCR. As seen in Figure 7E, TGFBR2-
neutralizing aptamer rescued CS-mediated suppression on CFTR
mRNA comparable to that observed with the TGFBR2-neutral-
izing antibody.
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Finally, we tried to determine if CFTR mRNA rescue by the
TGFBR2-neutralizing aptamer translates to a functional rescue of
CFTR. NHBE ALI cultures grown on snapwells were similarly
exposed to CS in the presence or absence of anti-TGFBR2 aptamer.
Cells were mounted in an Ussing chamber, and CFTR function was
determined by the addition of albuterol, as reported by us earlier.15,49

As seen in Figure 7F, anti-TGFBR2 aptamer significantly rescued the
effects of CS on CFTR function. Figure 7G shows an Ussing chamber
trace of the rescue of CFTR function by anti-TGFBR2 aptamer in
smoke-exposed NHBE ALI cultures grown on snapwells.

DISCUSSION
Lung infections are a significant co-morbidity in smokers and COPD
patients.50,51 COPD and recurrent lung infections also increase the
risk of lung cancer.52 CS and COPD lead to impaired MCC, thereby
promotingmicrobial colonization and lung infections. The etiology of
pneumonias associated with COPD and tobacco smoking is similar to
that seen in cystic fibrosis.53,54 CFTR dysfunction (andMCC dysfunc-
tion) plays an important role in the early pathogenesis of these
chronic airway diseases.55,56 CFTR tightly regulates the ASL height,
which is crucial for mediating ciliary beating and MCC rates,7,8 and
its dysfunction can compromise ASL and ciliary beat frequency
(CBF) decreasing MCC rates.57 CFTR-mediated HCO3� secretion
maintains ASL pH16,17 and mucus viscosity18 while also regulating
airway antimicrobial host defenses.58,59 CFTR plays an important
antibacterial role in the innate immune response mediated by the
lactoperoxidase-thiocyanate-H2O2 antibacterial system by secreting
thiocyanate (SCN(�)9,10). Decreased SCN(�) secretion in cystic
fibrosis patients has been implicated in lung infections.60–62 CFTR
also secretes reduced glutathione, a key redox buffer to regulate
H2O2 levels in the ASL.63 Hence, CFTR suppression can have global
effects on airway innate immunity by suppressing mucus clearance
and antimicrobial responses, setting up a vicious cycle of infection,
inflammation, and injury.64–66

TGF-b signaling is increased in chronic airway diseases like chronic
bronchitis, asthma, and COPD,22–25 and TGF-b levels correlate
with the severity of obstruction.25,67 We have shown that TGF-b



Figure 6. Cigarette Smoke Upregulates miR-145-5p with Concomitant Suppression of CFTR and SLC26A9 mRNA in Mouse Models of Acquired CFTR

Dysfunction

(A) Non-CF A/J mice were exposed to cigarette smoke for 5 weeks. Mice exposed to room air were used as controls. Mice were sacrificed and lungs were obtained. Total

RNA was isolated from lungs and analyzed for miR-145-5p. Smoke exposure upregulates miR-145-5p in mouse lung samples. (B andC) Total RNA was also analyzed for

CFTR and SLC26A9 expression using specific TaqMan probes designed to amplify mouse genes. Cigarette smoke exposure decreases mRNA levels of CFTR (B) and

SLC26A9 (C). Values were plotted as fold change normalized to GAPDH. n = 8 mice per group. *Significant (p < 0.05) from air-exposed mice.

www.moleculartherapy.org
signaling is also induced by HIV Tat. TGF-b1 increases HIV infection
of bronchial epithelial cells and also leads to CFTR suppression.32,49

TGF-b isoforms are expressed and secreted by several cell types in
the airway, including epithelia.68 We have already demonstrated
that TGF-b and CS (via TGF-b) signaling suppresses CFTR mRNA
expression, which translates to a functional suppression.

In this study, we tried to determine the mechanism by which TGF-b
signaling suppresses CFTR mRNA and if targeting TGF-b signaling
or the intermediates can rescue CFTR function in the context of CS
or TGF-b signaling. We first tried to determine if CFTR mRNA sup-
pression is due to a decreased transcription from the CFTR promoter
(transcriptional suppression) and/or a contribution of epigenetic
silencing if any. Our data demonstrated that TGF-b does not affect
transcriptional initiation from the CFTR promoter, suggesting that
the effect was not due to transcriptional suppression, further positing
the role of post-transcriptional silencing mechanisms. TGF-b
signaling is known to alter miRNA homeostasis by directly acting
on components of the miRNA-processing pathway.69,70 CFTR also
has a longer (�1.5 kb) than average 30 UTR, which strongly correlates
with miRNA regulation.71 Hence, we determined if TGF-b signaling
suppresses CFTR mRNA by miRNA-mediated silencing. Our data
demonstrate that ATA, a small molecule inhibitor of the miRNA-
processing enzyme DROSHA, completely reverses the effects of
TGF-b on CFTR mRNA with a concomitant rescue of CFTR
function. We used the b2-agonist albuterol to study the effects on
CFTR activation, as b2-agonists are routinely prescribed during exac-
erbations or used as maintenance medications in chronic airway dis-
eases. b2-adrenergic receptor physically interacts with CFTR,72 and it
has been shown to activate mucociliary clearance73 by activating
CFTR as well as ciliary beat frequency,15,74 suggesting that b2-agon-
sits can also serve in a dual role of increasing CFTR activity and
mucociliary clearance.
We next performed an miRNA array to determine mature miRNAs
dysregulated by TGF-b signaling. An miRNA array of NHBE ALI
cultures treated with TGF-b1 demonstrates that TGF-b signaling
significantly alters the microRNAome by dysregulating the expres-
sion of 62 different miRNAs, which can impact the signaling of
several different pathways involved in lung diseases. Specifically,
we observed altered expression of four different miRNAs that can
potentially regulate CFTR, including miR-145-5p reported by Gillen
et al.75 and others.36 Using multiple experiments involving mimics,
individually and in pools, we confirmed that, of the four miRNAs,
only miR-145-5p suppresses CFTR. We further confirmed the
role of miR-145-5p using antagomir to miR-145-5p to rescue
TGF-b-mediated CFTR mRNA suppression. Using miRNA-
target algorithms, we predicted and then confirmed that miR-145-
5p can also suppress SLC26A9.

None of the reports to date has identified miRNA-mediated sup-
pression of this very important CFTR-modifying chloride channel.
The deleterious effects of miR-145-5p on SLC26A9 can be 2-fold,
considering that miR-145-5p directly regulates SLC26A9 while
CFTR suppression by miR-145-5p could affect its localization to
the surface.39 Our experiments validate the role of miR-145-5p,
and they also suggest a potential therapeutic approach to rescue
CFTR and SLC26A9 suppression. Not surprisingly, our data
confirm observations of other groups that miR-145-5p mimic
(and TGF-b1 treatment in NHBE ALI cultures) suppresses TGFBR2
mRNA and protein levels. However, we were not able to detect this
suppression in smoke-exposed mice (data not shown). This could be
due to other signaling mechanisms induced by CS that may counter
this suppression. However, most COPD patients have already quit
smoking, but the chronic inflammation in the airways and the resul-
tant TGF-b signaling would manifest as decreased TGFBR2 levels in
airway epithelial cells.
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Figure 7. Anti-TGFBR2 Aptamer Rescues TGF-b- and Cigarette Smoke-Mediated CFTR Suppression

(A) TGF-b signaling suppresses TGFBR2 expression in NHBE ALI cultures. 16 hr post-TGF-b1 treatment, total RNAwas isolated and TGFBR2mRNA levels were determined.

TGF-b1 signaling suppresses the expression of TGFBR2. (B) BEAS-2B cells were transfected with miR-145-5p mimic (lipofectamine RNAiMAX as control). BEAS-2B cells

transfected with miR-145-5p mimic show suppression of TGFBR2 mRNA. (C) BEAS-2B cells were transfected with miR-145-5p mimic (lipofectamine RNAiMAX as control;

TGF-b1 plus lipofectamine RNAiMAX for comparison). miR-145-5p suppresses TGFBR2 protein levels as observed by western blot analyses. (D) TGFBR2 aptamer rescues

TGF-b-mediated suppression of CFTR function. NHBE ALI cultures were treated with TGF-b1 or vehicle. Separately, a subset of cells treated with TGF-b1 was pretreated

with anti-TGFBR2 neutralizing aptamer (or scrambled aptamer [SCR] as the control), reported by Zhu et al.46 TGFBR2-neutralizing antibody was used for comparison.

Anti-TGFBR2 aptamer rescues TGF-b signaling-mediated CFTRmRNA suppression possibly by blocking the receptor and preventing TGF-b signaling. (E) NHBE ALI cultures

were exposed to cigarette smoke (or air as the control) using a smoke regimen described by us.15 Separately, a subset of cigarette smoke-exposed cells was treated with

anti-TGFBR2 aptamer (or scrambled aptamer [SCR] as the control). TGFBR2-neutralizing antibody was used for comparison. TGFBR2 aptamer rescued cigarette smoke

effects on CFTR mRNA comparable to that observed with the TGFBR2-neutralizing antibody. (F and G) NHBE ALI cultures grown on snapwells were exposed to cigarette

smoke (or air as the control) using the smoke regimen described by us.15 Separately, a subset of cigarette smoke-exposed cells was treated with anti-TGFBR2 aptamer. (F)

CFTR function was determined in Ussing chambers (DISC). TGFBR2 aptamer rescues smoke-induced suppression of CFTR function, possibly by rescuing CFTR mRNA

suppression. The table below the graph shows actual DISC values for the experiment. (G) An Ussing chamber trace for anti-TGFBR2 aptamer-mediated rescue of CFTR

function. n = 3 lungs *Significant from vehicle; **significant from TGF-b1 and/or CS exposed.
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Lutful Kabir et al.36 have suggested that antagomir to miR-145-5p
rescues TGF-b signaling-mediated inhibition of F508del CFTR
correction in airway epithelia. However, this approach can have
several limitations in clinical application, as miR-145-5p is a potent
tumor suppressor in multiple cancers (for a review, see Cui) and
the inhibition of miR-145-5p can have adverse effects. Moreover,
any therapeutic effects of miRNA antagonism will require uptake of
antagomir by airway bronchial cells, which is difficult with current
delivery mechanisms. A neutralizing antibody or an aptamer on the
other hand that acts on the cell surface to modulate TGF-b signaling
in the airway is more clinically feasible. We have already demon-
strated that anti-TGFBR2 antibody reverses the effects of CS on
CFTR in NHBE ALI cultures. Our western blot data demonstrate
that significant levels of TGFBR2 remain even after TGF-b1 treat-
ment or miR-145-5p transfection.

We tested a nucleic acid-based aptamer to determine if this can have
effects similar to that of the antibody. Aptamers are high-affinity sin-
gle-stranded nucleic acid ligands, which exhibit specificity and avidity
comparable to or exceeding that of antibodies, and they can be gener-
ated against most targets.47,48 Unlike antibodies, aptamers can be
synthesized chemically, and, hence, they offer significant advantages
in terms of production cost, simpler regulatory approval, and
lower immunogenicity even when administered in preclinical doses
1,000-fold greater than those necessary for animal and human thera-
peutic application.76,77 TGFBR2-neutralizing aptamer can cooperate
with miR-145-5p-mediated suppression of TGFBR2 expression, by
neutralizing the diminished receptor levels at the surface, and syner-
gistically rescue CFTR and SLC26A9 in smokers and chronic airway
diseases. Our data show that the anti-TGFBR2 aptamer rescues the
effects of TGF-b signaling- and CS-mediated decreases in CFTR
mRNA and this rescues CFTR function in NHBE ALI cultures
exposed to CS. While we did not get a complete rescue of CFTR
function, this could be due to transient effects of CS on surface
CFTR, independent of TGF-b signaling.56 Aptamer-based therapeu-
tics have several advantages over small molecule TGF-b inhibitors, as
the size and cation selectivity of airway epithelial tight junctions78,79

will prevent transmigration across the epithelium and restrict TGF-
b inhibition to the airway.

In conclusion, this study demonstrates that miR-145-5p plays a
crucial role in TGF-b-mediated suppression of CFTR and SLC26A9
mRNA. A neutralizing aptamer to TGFBR2 can reverse these effects
to rescue CFTR function. Rescue of CFTR function can restore CFTR
functions in airway innate immunity and redox balance, thereby
decreasing the incidence of recurrent lung infections and disrupting
the cycle of infection, inflammation, and MCC dysfunction.

MATERIALS AND METHODS
Chemical and Reagents

5-aza-CdR and ATA were purchased from Sigma-Aldrich (St. Louis,
MO, USA). TGF-b1 (Recombinant Human Protein) was from Life
Technologies. The high-capacity cDNA reverse transcription kit
was from Applied Biosystems. Taqman Fast Advanced Master Mix
was from Life Technologies. Antibody against the large subunit of
RNA polymerase, RPB1, was from Santa Cruz Biotechnology
(sc-899). Lipofectamine RNAiMAX Transfection Reagent and
Opti-MEM Reduced-Serum Medium were purchased from Thermo
Fisher Scientific (13778150 and 31985062). Mimics of hsa-miR-
145-5p, -22-5p, -449b, and -33b-3p, were purchased from Sigma-
Aldrich (Mission miRNA mimics; St. Louis, MO, USA). Antagomir
to miR-145-5p was purchased from Integrated DNA Technologies
(IDT, Coralville, IA, USA). Likewise, the TGFBR2 aptamer was
custom synthesized by IDT. Amiloride (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved in 0.1% DMSO (Sigma-Aldrich) to make
a concentration of 10 mM. Albuterol hemisulfate (also known as
salbutamol; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
sterile water to make a concentration of 10 mM. CFTR(inh)-172
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in DMSO to
make a concentration of 20 nM.

NHBE ALI Cultures and Cell Lines

Primary human bronchial epithelial cells were isolated and rediffer-
entiated at the ALI cultures, as described by Fulcher et al.80,81 and
adapted by us.15,82 Cells were obtained from properly consented
donors, whose lungs were not suitable for transplantation for causes
unrelated to airway complications, and supplied by the University of
Miami Life Alliance Organ Recovery Agency. Since the material was
obtained from deceased individuals with minor, de-identified
information, its use does not constitute human subject research, as
defined by CFR 46.102. A signed and well-documented consent of
each individual or legal healthcare proxy for the donation of lungs
for research purpose is on file with the Life Alliance Organ Recovery
Organization and allows research purpose of this material.

Unless otherwise mentioned, experiments used cells from non-
smokers to not confound the findings in unknown ways. These
primary cultures undergo mucociliary differentiation at the ALI, re-
producing both the in vivomorphology and key physiologic processes
to recapitulate the native bronchial epithelium ex vivo.80,81 All exper-
iments with NHBE used cultures redifferentiated at the ALI. With the
exception of Ussing chamber experiments, NHBE cultures were
redifferentiated at the ALI in 10-mm transwell filers (Corning
3460). For Ussing chamber experiments, NHBE cells were redifferen-
tiated on snapwell filters (Corning 3801). The immortalized NHBE
cell line BEAS-2B (ATCC CRL-9609; immortalized with the T
SV40 antigen) was purchased from the American Type Culture
Collection (Manassas, VA, USA). BEAS-2B cells were cultured in
BioLite 75-cm2

flasks (130190, Thermo Scientific) containing
bronchial epithelial cell growth medium (BEGM) and were not
differentiated. BEGM was supplemented with 0.1% (v/v) human
recombinant epidermal growth factor, 0.1% (v/v) insulin, 0.1%
(v/v) hydrocortisone, 0.1% (v/v) ethanolamine, 0.1% phosphoryl
ethanolamine, 0.1% (v/v) retinoic acid, 0.1% (v/v) epinephrine,
0.24% (v/v) transferrin, 1% (v/v) penicillin-streptomycin, and 0.1%
(v/v) bovine pituitary extract, as reported by Fulcher et al.80 The cells
were cultured in 95% air and 5% CO2 at 37�C and maintained free of
mycoplasma contamination.
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Animal Experiments

All animal protocols were reviewed and approved by the University of
Alabama at Birmingham Institutional Animal Care and Use Commit-
tee. A/J mice aged 6–8 weeks old and expressing wild-type CFTR
(+/+) were evenly divided along gender for all studies. As previously
reported,83 mice were exposed in whole-body chambers (28 � 19 �
15 in) to diluted mainstream CS (up to 200 mg/L of total particulate
matter, 35 mL puffs of 2-s duration at a rate of 3 L/s each minute
for 40 min) from 3R4F reference cigarettes (University of Kentucky,
Lexington, KY) for 2 sessions/day for 5 weeks, using a computer-
controlled CS generator (SCIREQ, InExpose model, Montreal, QC,
Canada). Control mice were exposed to room air in same-sized cham-
bers. Characterizations of whole CS exposures (e.g., volumetric flow
rate calibration, aerosol concentration, and particle size distribution)
were previously reported.43 Animals were humanely euthanized, and
freshly isolated lung sections were flash frozen in liquid nitrogen for
expression analyses.

TGF-b1 Treatment of NHBE ALI Cultures

Recombinant TGF-b1 (R&D Systems, 240-B-002) was dissolved ac-
cording to the manufacturer’s instructions at a stock concentration
of 10 mg/mL. A working dilution was prepared at 10 ng/mL in ALI
media. ALI media containing TGF-b1 or vehicle were added basolat-
erally and apically (50 mL added apically) to mimic physiological
conditions. While one report demonstrated expression of TGFBR1
on the basolateral side,84 a number of reports have demonstrated
TGF-b1 on the mucosal (apical) side under physiological condi-
tions.85 Likewise, TGF-b has been demonstrated in the bronchoalveo-
lar lavage (BAL) fluid in both healthy and CF subjects, suggesting that
at least a fraction of TGF-b signaling also occurs from the apical
side.86 The concentration of TGF-b1 used was within the mean
physiological range (2–20 ng/mL) suggested by Sun et al.87

Treatment with 5-aza-CdR

NHBE ALI cultures were pretreated with 5-aza-CdR for 24 hr and
retained for the remainder of the experiment. Recombinant
TGF-b1 (10 ng/mL) was added apically and basolaterally. At 16 hr
post-treatment of TGF-b1, total RNA was isolated and CFTR
mRNA levels were determined by qRT-PCR.

ATA Treatment in NHBE ALI Cultures

NHBE ALI cultures grown on snapwells were treated with TGF-b1,
and, separately, cells were treated with ATA (25 mL/mL) 3 hr prior
to TGF-b1 treatment and retained for the remainder of the
experiment. At 16 hr post-treatment, cells were mounted in Ussing
chambers, Cl� efflux in response to albuterol addition was deter-
mined as an index of CFTR function, and CFTR mRNA from these
cells was analyzed by qRT-PCR.

CS Exposure

NHBE ALI cultures were exposed to air or CS using a SCIREQ smoke
robot (Montreal, QC, Canada). Four research-grade cigarettes
(University of Kentucky) were smoked, with a puff volume of
35 mL for 2 s every 60 s, and blown over cell culture filter at rate
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of 5 mL/min, according to ISO 3308. Control cells were similarly
treated without smoke (air control). We have used this regimen
before, and the regimen was not found to affect the viability or
trans-epithelial electrical resistance of NHBE ALI cultures (data not
shown).15 Cells were allowed to recover for 16 hr before initiating
experiments.

ChIP Assay

ChIP was performed using a commercially available ChIP kit
(Chroma Flash high sensitivity ChIP kit, Epigentek), where NHBE
ALI cultures were treated with recombinant TGF-b1 (10 ng/mL) or
vehicle. At 16 hr post-treatment of TGF-b1, chromatin from vehicle
and TGF-b1-treated NHBE cells was precipitated using an antibody
against the large subunit of RNA polymerase, RPB1 (Santa Cruz
Biotechnology, sc-899), according to the manufacturer’s instructions.
The amount of immunoprecipitated DNA was quantified by qPCR
using primers designed to hybridize 150 bp downstream of the
transcription start site (50 primer: 50-GAGGCTGGGAGTCAG
AATCGG-30 and 30 primer: 50-CATGGTCTCTCGGGCGCTGG
GGT-30).

Electrophysiology Experiments

Ussing chambers were used to determine CFTR activation as
reported by our lab previously.49 Briefly, NHBE cultures redifferen-
tiated at the ALI on snapwells were mounted in EasyMount Cham-
bers (Physiologic Instruments, San Diego, CA) with Krebs Henseliet
(KH) in apical and basolateral chambers. KH consisted of 118 mM
NaCl, 25 mM NaHCO3, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM
NaH2PO4, 1.2 mM CaCl2, and 5.5 mM glucose (pH 7.35) when
gassed with 95% O2/5% CO2. Solutions were maintained at 37�C
by heated water jackets, and they were continuously bubbled with
a 95% O2/5% CO2 mixture.

To monitor the short-circuit current (ISC), the transepithelial
membrane potential was clamped at 0 mV with a single-channel
voltage-current clamp (VCC600, Physiologic Instruments), using
Ag-AgCl electrodes in agar bridges. Signals were digitized and re-
corded with DAQplot software (Acquire and Analyze v. 2.3.300,
Physiologic Instruments). Amiloride (10 mM) was added apically
to inhibit epithelial sodium channel influences. CFTR activation
was measured by the addition of albuterol (10 mM) as described
by us before.49 Albuterol was used for CFTR activation to maintain
conformity with our earlier report15 and for potential therapeutic
use in CFTR dysfunction, given that b2-agonists are already pre-
scribed in these diseases. Change in short circuit current (DISC)
in response to albuterol was determined as an indicator of CFTR
activity. CFTR currents were confirmed by the addition of
CFTRinh172. GlyH101, another inhibitor of CFTR and SLC26A9,
was added to inhibit residual CFTR currents as well as
SLC26A9.39 All additions were prepared at 1,000� stock solution.
Albuterol hemisulfate was dissolved in sterile water. Amiloride,
CFTR inhibitor CFTRinh172, and GlyH101 were dissolved in
DMSO to make a 1,000� stock. The total DMSO concentration
at the end of experiments was 0.003%.
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Microarray Screening of Cellular miRNAs

Exiqon miRCURY Ready-to-Use PCR Human panel I and II, v.4
(Exiqon, Woburn, MA, USA) was used to detect different expression
profiles of miRNA between vehicle as control and TGF-b1 as treat-
ment. 5 ng/mL of each template RNA from NHBE cells was reverse
transcribed using the miRCURY LNA Universal RT cDNA Synthesis
Kit (Exiqon, 203301). The cDNA template was then amplified using
the miRNA Ready-to-Use PCR, Human Panel I + II (Exiqon, 203615)
in 384-well plates, according to the manufacturer’s instructions. The
qPCR reactions were run on a CFX384 (Bio-Rad) using the thermal-
cycling parameters recommended by Exiqon (denaturation at 95�C
10 min and 40 amplification cycles at 95�C for 10 s and 60�C for
1 min). The relative quantification of miRNA expression levels was
performed using the delta Cq method. Ct value <37 and assays de-
tected with 5 Cts less than the negative control (no template control
[NTC]) were allowed for analysis. The amplification curves were
analyzed by GenEX software (Exiqon). From the 768 wells, 754
miRNA primer sets were used for miRNA expression profiling; the
remaining wells contained interplate calibrator oligonucleotides,
spike-in control oligonucleotides for quality controls. Targeted
miRNAs that were identified from the initial screen phase were
subjected to validation through RT and qRT-PCR according to the
manufacturer’s protocol (Taqman MicroRNA Reverse Transcription
Kit, PN 4366596 and PN 4366597).

Transfection of miRNA Mimics and Antagomir in BEAS-2B Cells

BEAS-2B cells were transfected with miRNA mimics or antagomir to
miR-145-5p using lipofectamine RNAiMAX, according to the
manufacturer’s instructions. 20 nM of each mimic individually or
as pools was transfected in BEAS-2B cells. Cells were harvested
48 hr post-transfection for RNA isolation and qRT-PCR. In the
case of TGF-b1 treatment for comparison, cells were treated with
lipofectamine RNAiMAX at the same time as mimic or antagomir
transfection. At 24 hr following treatment, 10 ng/mL TGF-b1 (or
vehicle) was added. Experiments were terminated after an additional
24 hr for qRT-PCR analysis.

mRNA Extraction and qRT-PCR

Total RNA was extracted from NHBE cells or BEAS-2B cells
following the termination of experiments using an RNeasy mini kit
(QIAGEN, Valencia, CA). The concentration and integrity of the
extracted RNA were analyzed by measurement of the OD260/280
(Synergy HTX Multi-Mode Microplate Reader, Winooski, VT,
USA). cDNA was reverse transcribed using the Applied Biosystems
High performance kit (Carlsbad, CA). Reverse transcription of 2 mg
total cellular RNA was performed in a final volume of 20 mL contain-
ing 10 mL RNA, 2 mL 10� RT buffer, 0.8 mL deoxyribonucleotide
triphosphate (dNTP) mix (100 mM), 2.0 mL 10� RT random
hexamer primers, 1.0 mL MultiScribe reverse transcriptase, 1 mL
RNase inhibitor, and 3.2 mL nuclease-free water. The reverse tran-
scription reaction conditions were 25�C for 10 min, 37�C for
120 min, and 85�C for 5 s. cDNA samples were stored at �20�C.
qPCR for reverse-transcribed cDNA was performed on the Bio-Rad
CFX96 real-time system (Bio-Rad, Hercules, CA, USA), using
validated TaqMan probes (GAPDH, Hs02758991_g1; CFTR,
HS00357011-m1; and hsa-miR-145-5P, PM11480) and cycling
conditions specified by the manufacturer. Gene-specific or miRNA
expression was normalized to GAPDH. The results were determined
using the delta-delta method and expressed as fold change.

Statistical Analysis

Unless otherwise mentioned, data were expressed as mean ± SEM
from NHBE ALI cultures from at least three lungs. The data were
subjected to statistical analysis using unpaired t tests for two groups
or ANOVA followed by Tukey Kramer honestly significant difference
test for multiple comparisons as appropriate. The significance was
considered at the level of p < 0.05.
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