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(Background: Accelerated mRNA turnover results in suppression of lung epithelial cell GM-CSF expression during oxida-
Results: We found that microRNAs 133a and 133Db, targeting GM-CSF, are both necessary and sufficient for this accelerated

Conclusion: MicroRNAs play a central role in determining cell-specific GM-CSF expression during stress.
Significance: Regulation of microRNA offers a new therapeutic approach to protect the lung during injury.
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GM-CSF is an endogenous pulmonary cytokine produced by
normal alveolar epithelial cells (AEC) that is a key defender of
the alveolar space. AEC GM-CSF expression is suppressed by
oxidative stress through alternations in mRNA turnover, an
effect that is reversed by treatment with recombinant GM-CSF.
We hypothesized that specific microRNA (miRNA) would play a
key role in AEC GM-CSF regulation. A genome-wide miRNA
microarray identified 19 candidate miRNA altered in primary
AEC during oxidative stress with reversal by treatment with
GM-CSF. Three of these miRNA (miR 133a, miR 133a*, and miR
133b) are also predicted to bind the GM-CSF 3’-untranslated
region (UTR). PCR for the mature miRNA confirmed induction
during oxidative stress that was reversed by treatment with GM-
CSF. Experiments using a GM-CSF 3'-UTR reporter construct
demonstrated that miR133a and miR133b effects on GM-CSF
expression are through interactions with the GM-CSF 3’-UTR.
Using lentiviral transduction of specific mimics and inhibitors
in primary murine AEC, we determined that miR133a and
miR133b suppress GM-CSF expression and that their inhibi-
tion both reverses oxidant-induced suppression of GM-CSF
expression and increases basal expression of GM-CSF in cells
in normoxia. In contrast, these miRNAs are not active in reg-
ulation of GM-CSF expression in murine EL4 T cells. Thus,
members of the miR133 family play key roles in regulation of
GM-CSF expression through effects on mRNA turnover in
AEC during oxidative stress. Increased understanding of
GM-CSF gene regulation may provide novel miRNA-based
interventions to augment pulmonary innate immune defense
in lung injury.
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The pulmonary alveolar space is an enormous interface with
the external environment. The alveolar epithelial cells (AEC)>
that define this space express a large number of molecules that
are critical for host defense and for homeostasis in the normal
lung. Granulocyte-macrophage colony-stimulating factor
(GM-CSF, also known as colony stimulating factor 2 or csf-2),
an endogenous pulmonary growth factor, has important para-
crine effects on immune and inflammatory cells, especially
alveolar macrophages (1, 2) and autocrine effects on AEC (3, 4).
Decreased or absent expression of GM-CSF in the lung results
inimportant deficiencies in alveolar macrophages for clearance
of surfactant and for the initial response to a variety of invading
pathogens (1, 5, 6). Conversely, overexpression of GM-CSF in
the lung protects against lung injury and limits susceptibility to
a number of pathogens (1, 6-8). Thus GM-CSF is a key
defender of the gas exchange sites in the lung.

A very large number of different kinds of insults can result in
acute lung injury and its most severe form, the acute respiratory
distress syndrome. Conditions that lead to acute lung injury/
acute respiratory distress syndrome often involve oxidative
stress, which plays a key role in the pathophysiology of lung
injury. GM-CSF is an oxidant-sensitive gene. We have shown
previously that AEC expression of GM-CSF is subject to sup-
pression by exposure to hyperoxia, with important iz vivo con-
sequences, including increased susceptibility to lethal pneumo-
nia and AEC apoptosis (8). AEC expression of GM-CSF during
oxidative stress in vitro is regulated by changes in turnover of
GM-CSF mRNA (9). MicroRNAs (miRNA) are a recently rec-
ognized class of non-coding short RNAs, ~22 nucleotides in
length, which regulate gene expression through effects on
mRNA stability or translation. miRNAs have been described in
plants, worms, and mammals, with over 1100 putative human
miRNAs. Wide ranging studies have determined that miRNAs
play critical regulatory roles involved in development and dif-

2 The abbreviations used are: AEC, alveolar epithelial cell; miRNA, microRNA;
PMA, phorbol 12-myristate 13-acetate.
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ferentiation, inflammation, fibrosis, and neoplasia (10 -14). We
now report that a family of specific miRNA expressed in AEC
plays a key role both in regulating constitutive GM-CSF expres-
sion at baseline and in suppressing GM-CSF expression during
oxidative stress through interactions with the 3'-untranslated
region of the GM-CSF mRNA. Detailed understanding of these
mechanisms may afford a therapeutic opportunity for targeted
manipulation of endogenous expression of GM-CSF in the
lung.

EXPERIMENTAL PROCEDURES

Animals—Wild-type (WT) C57Bl/6 (Ly5.1; CD45.2) mice
were obtained from Jackson Laboratory (Bar Harbor, ME).
Mice were housed under specific pathogen-free conditions and
monitored daily by the veterinary staff. The animal care com-
mittee at the Salt Lake City Veterans Affairs Medical Center
approved these experiments.

Exposure of Mice to Hyperoxia in Vivo—Mice were exposed
to hyperoxia in shoebox-style cages within a 30-inch wide X
20-inch deep X 20-inch high Plexiglas chamber (15). This
chamber was maintained at an oxygen concentration of >95%
using a Pro-ox model 110 controller (Reming Bioinstruments).
During the 4-day period of hyperoxia, mice remained unre-
strained with free access to water and food. We based the dura-
tion of hyperoxia on our previous studies (8, 15), focusing on a
period of hyperoxia that is injurious but not lethal for normal
mice. At the conclusion of the hyperoxia exposure, mice were
immediately anesthetized with Avertin and euthanized by tran-
section of the abdominal aorta.

Immunofluoresence of Lung Sections—For immunofluores-
cence microscopy of whole lung sections, lungs from hyper-
oxia-exposed or control mice were gently inflated with 1 ml of
freshly prepared 4% paraformaldehyde, dissected out of the
thorax, and the heart, thymus, upper trachea, and esophagus
were removed. The lungs were immersed in cold 4% parafor-
maldehyde + 3% sucrose for 16 -24 h and then prepared for
cryosection in OCT using standard methods. 20-um sections
were cut onto Superfrost™ Plus microscope slides. Sections
were permeabilized and blocked with 1% Triton X-100 in 10%
donkey serum for 1 h, washed, and then lung sections were
stained with a rabbit polyclonal antibody against GM-CSF (sc-
13101; 1:50) and a goat polyclonal antibody against podoplanin
(T1lw), a marker for Type I alveolar epithelium (16) (R&D AF
3244;1:500). Primary antibodies were added for ~15h at4 °Cin
a humidified chamber. Alexa Fluor 647 (donkey anti-rabbit)
and Alexa Fluor 488 (donkey anti-goat) secondary antibodies
were used at 1:2000 for 1 h room temperature. Nuclei were
counterstained with DAPI (50 ng/ml) for 3 min. Lungs were
visualized using a Nikon A1 confocal microscope and analyzed
with NIS Elements Advanced Research by Nikon.

Isolation and Purification of Primary Alveolar Epithelial
Cells—Murine type II AEC were isolated and purified using a
modification of published methods (17, 18). Lung cells were
released by intratracheal instillation of dispase (BD Bioscience).
Lung tissues were minced in DMEM with 0.01% DNase I
(Sigma), and the resultant cellular suspension was filtered. The
cells were incubated with biotinylated anti-CD32 and anti-
CD45 (BD Bioscience) followed by streptavidin-coated mag-
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netic particles (Promega) for magnetic removal of leukocytes.
Mesenchymal cells were removed by overnight adherence to
tissue culture-treated plastic (=day 0). The non-adherent cells
were plated (=day 1) in DMEM with penicillin/streptomycin
and 10% fetal calf serum in wells coated with fibronectin (Mil-
lipore, Temecula, CA). Primary AEC were allowed to attach for
48 h after which non-adherent cells were removed and the cell
layers were washed gently with several changes of room tem-
perature sterile PBS to remove all non-attached cells and debris.
Fresh growth media was added and the primary AEC were uti-
lized for experiments (=day 3). For each experiment, purity of
the epithelial cell preparations was confirmed by staining with
murine anti-vimentin to identify mesenchymal and bone mar-
row-derived cells (anti-vimentin, Santa Cruz Biotechnology,
Santa Cruz, CA). Secondary staining was performed with FITC-
conjugated anti-mouse IgM. Routinely, fibroblast contamina-
tion was 3—6% on day 3 after isolation. All experiments were
carried out in bronchial epithelial growth medium (Lonza,
Walkersville, MD), unless otherwise indicated.

In Vitro Exposure of AEC to Hyperoxia—C57BL/6 mice
exposed to an atmosphere of >95% oxygen die within ~6 days.
We have shown previously that lung GM-CSF expression is
significantly decreased by day 3 in hyperoxia (8). To model the
stress of sublethal hyperoxia in vivo in an in vitro system, we
exposed primary AEC to an atmosphere of 80% oxygen, 5% CO,
for 48 h (9). Cells were placed in a sealed self-contained cham-
ber (Billups-Rothenberg, Del Mar, CA). This chamber was
humidified and maintained at 37 °C and was flushed daily with
a commercially available gas mixture of CO, and oxygen,
adjusted to maintain a fractional concentration of oxygen of
0.80 as measured in real time with an oxygen analyzer within
the chamber (maxO., Maxtec, Salt Lake City, UT). Recombi-
nant mouse GM-CSF (R&D Systems) was added immediately
prior to the start of the 48-h period in 80% oxygen or room.

Cell Lines—Murine lung epithelial cell line 12 (MLE-12) cells,
an immortal murine alveolar epithelial type-II cell line (19),
C2C12 cells, a mouse muscle myoblast cell line, and EL4, a
mouse T lymphocyte line, and H820, A549, and H441 human
lung carcinoma cells and human lung fibroblasts (CCD 18Lu)
were obtained from ATCC (Manassas, VA) and maintained in
10% DMEM. Human bronchial epithelial cells, small airway
epithelial cells, and human lung microvascular endothelial cells
were purchased from Lonza and maintained as directed in the
appropriate cell media. Mouse microvascular endothelial cells
were from Cell Biologics Inc. (Chicago, IL) and maintained in a
specific mouse microvascular endothelial cell growth medium
obtained from the supplier of the cells. All original cultures
were expanded and stocks were frozen within 7 days of receipt
to maintain a supply of close to original cells. Cultures were
replenished every 4—6 weeks. Murine alveolar macrophages
were obtained by whole lung lavage. Murine lung fibroblasts
were isolated using standard procedures from lung digests.

Isolation of Murine Splenocytes—To obtain primary murine
splenocytes, mice were euthanized and exsanguinated. The
spleens were removed and smashed with the top of a 10-ml
sterile syringe plunger in 5 ml of medium. The mixture was
filtered through a 40-um filter (Falcon) into a conical tube. The
cells were centrifuged (12,000 X g) for 10 min at 4 °C and resus-
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pended into 10 ml of hypotonic RBC lysis buffer (Imgenex, San
Diego). After 5 min the solution was made isotonic by addition
of 10 ml of 2X PBS. Splenocytes were precipitated, washed once
with PBS, and resuspended in 10% DMEM, FCS at 5 X 10°/ml
(one mouse spleen = 1 data sample).

Real-time (RT)-PCR—Total cellular RNA was isolated from
cultured cells using RNeasy (Qiagen, Valencia, CA). First strand
cDNA was reverse transcribed from 1 ug of total RNA using a
high capacity cDNA kit (Applied Biosystems, Foster City, CA).
Gene-specific primers were designed using the Roche Applied
Science Universal Probe Library Assay Design Center and syn-
thesized/PC purified by the University of Utah DNA/Peptide
Core. Specific PCR products were generated from cDNA (100
ng) using Brilliant SYBR Green qRT-PCR 2-step (Stratagene, La
Jolla, CA) and an Mx3000P real-time computerized cycler from
Stratagene. The two-step cycle program (T,, = 60 °C) with a
dissociation analysis was used as recommended by Stratagene.
Appropriate negative controls (no template control and Rox
reference dye) were included in each experiment as recom-
mended by Stratagene. Each biological sample was amplified in
duplicate and the average of the duplicate taken for statistical
analysis. The threshold cycle from GAPDH was used as a cali-
brator to normalize the specific RNA. Results are expressed as
fold-change over control values after correcting for GAPDH
and setting the first biological control at 100%.

GM-CSF Protein Measurement—After the appropriate per-
turbation (e.g. 48 h in hyperoxia) fresh media was added to the
cultures for 18 —24 - h. Culture supernatants then were collected,
centrifuged to remove cell debris, and either immediately
assayed for cytokines levels by ELISA (R&D Systems), or frozen
at —80 °C for later assay, careful to ensure only one freeze-thaw.

miRNA Isolation—For miRNA analysis, total RNA was iso-
lated from cells in vitro using a Qiagen miRNeasy mini kit that
combines phenol/guanidine lysis of samples. The method iso-
lates all RNA molecules from 18 nucleotides upwards. Enrich-
ment of miRNA and other small RNA (less than 200 nucleo-
tides) was not performed. The RNA concentration and purity
was determined by UV spectrophotometry. Only samples with
an A, 04,30 ratio >1.7 and an A, :A 55, ratio >2.0 were taken
for first strand amplified with RT> miRNA First Strand kit
(SABiosciences/Qiagen). The same amount of RNA (0.5-2 ug
of total RNA) was used for every sample in a given experiment.

Mouse miRNome Array—Total RNA, including miRNA, was
collected by phenol/guanidine extraction with miRNeasy (Qia-
gen) from cultures under 4 experimental conditions (normoxia,
hyperoxia, normoxia + GM-CSF, and hyperoxia + GM-CSE).
The quality of each RNA sample was assessed by 260/280 and
260/230 ratios and was greater than 2 and 1.6, respectively. A cus-
tom array analysis of the 940 most abundantly expressed and best
characterized miRNA sequences in the mouse miRNA genome
was then performed by SABioscience/Qiagen (MAM3200). The
RT? miRNA PCR Array is designed to analyze miRNA expres-
sion using real-time, reverse transcription PCR. The array uses
a SYBR Green real-time PCR detection system that has been
optimized for simultaneous analysis of expression of many
mature miRNA sequences. The RT> miRNA PCR Arrays reflect
miRNA sequences annotated by the Sanger miRBase Release 16
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database. Fold-changes >3 between conditions were consid-
ered for further evaluation.

RT? miRNA Quantitative PCR Assays—Nineteen candidate
miRNA demonstrating appropriate 3-fold changes in pre-
miRNA in the array were investigated further. Using PCR prim-
ers for mature miRNA (SABiosciences/Qiagen), expression was
normalized to expression of snord85. Snord family members
are frequently chosen controls for the normalization of real-
time PCR results in miRNA quantification studies. Within that
family, snord85 showed the least degree of change due to exper-
imental conditions. Thus, all miRNA data are presented nor-
malized to snord85 expression.

Mouse GM-CSF 3'-UTR Reporter Assay—A dual reporter
expression clone for murine GM-CSF 3'-UTR was obtained
from GeneCopoeia. A reporter construct with a mutated
miR133 target region was also generated by GeneCopoeia. The
3’-UTR sequences are inserted downstream of a firefly lucifer-
ase reporter gene driven by a SV40 enhancer. This construct
allows use of firefly luciferase as the miRNA 3’-UTR target
reporter, whereas a Renilla luciferase reporter driven by a CMV
promoter provides an internal control for transfection effi-
ciency. The mouse GM-CSF 3'-UTR reporter plasmid was
transfected into C2C12 cells using Lipofectamine 2000 (Invit-
rogen). These experiments were performed in this cell line
because it permitted efficient transfection with the 3’-UTR
reporter plasmid and because we and others have found that it
expresses members of the miR133 family. Cytokines were rou-
tinely added 24 h after transfection. Dual luciferase was mea-
sured using the Luc-Pair miR luciferase assay (GeneCopoeia).

miR133 Mimic and Inhibitor Treatment of Cell Lines—
miR133a and miR133b were mimicked or inhibited in cell lines
using Dharmacon miRIDIAN products (Thermo-Scientific
Dharmacon). These included miRIDIAN double-stranded oli-
gonucleotides designed to mimic the function of endogenous
mature miRNA 133a and 133b, a universal miRIDIAN mimic
negative and specific miR133a and -133b miRIDIAN miRNA
hairpin inhibitors. The hairpin inhibitors are RNA oligonucleo-
tides with a novel secondary structure designed to inhibit the
function of endogenous miRNA. An appropriate miRIDIAN
miRNA hairpin inhibitor control was used. Lipofectamine 2000
at 1 ul/ml was used to transfect the cells with miRIDIAN mim-
ics and hairpin inhibitors. Preliminary experiments indicated a
maximum effect plus minimum toxicity at a dose of 50 nm.

Lentiviral Transduction of miR133 Mimics and Inhibitors in
Primary Murine AEC—Because of poor transfection efficiency
in primary AEC we utilized Lentivirus miExpress and miArrest
(GeneCopoeia) to mimic and inhibit miR133a and -133b in pri-
mary AEC. For miRNA studies, the precursor miRNAs of
miR133a and miR133b were placed upstream of GFP in a len-
tiviral vector (GeneCopoeia), so that green fluorescence indi-
cates transcription and translation of both GFP and transcrip-
tion of the precursor miRNA. Lentivirus at an multiplicity of
infection of 50 was transduced into the cells using 5 nug/ml of
Polybrene (Sigma).

Statistical Analysis—Data are presented as mean * S.E. Sta-
tistical analysis was carried out using GraphPad Prism version
4C software (GraphPad, Inc.). Differences between two groups
were compared with the unpaired Student’s ¢ test. Two-tailed
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Negative control

Normoxia Hyperoxia

FIGURE 1. Effect of hyperoxia on GM-CSF expression in the alveolar wall.
Lungs were harvested from mice in normoxia (panels A and C) or after 4 days
in hyperoxia (panel B), frozen and then sectioned. Sections were dual stained
for GM-CSF (red) or T1a (green) and examined using confocal microscopy as
described under "Experimental Procedures.” Control sections were exposed
to secondary antibody alone (panel C). In panel B, arrows indicate areas of
alveolar wall with diminished/absent GM-CSF staining compared with nor-
moxia lungs. Nuclei were counterstained with DAPI (blue).

TABLE 1
GM-CSF expression in lung cells and cell lines
Constitutive Preferential
GM-CSF stimulus for
expression ~ GM-CSF expression
Murine AEC 4+ IL-1
MLE-12 cells 1+ TNF
Murine mvec 0 IL-1 and TNF
Murine lung fibroblasts 1+ TNF
Murine alveolar macrophages 0 TNF
Murine T cells (EL4) 0 PMA/A23187
Human mvec 1+ TNF
Human lung fibroblasts TNF
Human small airway epithelial cells 1+ TNF
Human bronchial epithelial cells 2+ TNF
Human A549 cells 0 TNF
Human H441 cells 2+ TNF
Human H820 4+ IL-1 and TNF

tests of significance were used. Differences between multiple
groups were compared with one-way analysis of variance.
Comparisons were deemed statistically significant for p < 0.05.

RESULTS

Regulation of AEC GM-CSF Expression—We have shown
previously that GM-CSF is expressed at baseline in primary
murine AEC (1). GM-CSF mRNA is constitutively expressed in
the normal alveolar wall (8). GM-CSF expression is sensitive to
oxidative stress and is suppressed by hyperoxia in AEC in vitro
(9). Expression of GM-CSF mRNA in whole lung and in the
alveolar wall is also suppressed by exposure of mice to hyper-
oxia (8). Prior efforts to stain for GM-CSF protein in the lung
have been unsuccessful. Using an approach described by Rauch
et al. (20), we have now successfully stained for GM-CSF in
mouse lung. As shown in Fig. 1, GM-CSF protein was found in
the alveolar wall. Double staining for T1e, found on the surface
of type I AEC, suggests that both type I (positive for T1a) and
type II AEC (lacking T1a) express GM-CSF. Although it was
not possible to distinguish intracellular AEC staining from
staining of pulmonary endothelial cells or other interstitial cells
using light microscopy, our in vitro survey of lung cell types
(Table 1) indicated that mouse primary AEC express GM-CSF
in greater abundance than other lung cells. This strongly sug-
gests that the GM-CSF identified with staining was produced
by AEC and that AEC are the major source of GM-CSF in the
lung. Transient hyperoxia resulted in an appreciable decrease
in GM-CSF staining, in parallel with previously demonstrated
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FIGURE 2. Effect of treatment with GM-CSF on AEC GM-CSF mRNA expres-
sion during oxidative stress. Panel A, primary AEC that had been in culture
for 2 days were then placed in normoxia or hyperoxia for 48 h in control
medium or in the presence of GM-CSF (5 ng/ml) (gray bars). The cells were
then harvested and relative GM-CSF expression was determined by real-time
PCR. Values are normalized to expression of GAPDH. Data are expressed as
mean = S.E, n = 3.%,p <0.01 versus normoxia and <0.05 versus hyperoxia +
GM-CSF. Hyperoxia + GM-CSF is not different from normoxia + GM-CSF or
normoxia + medium alone. Data are representative of 3 independent exper-
iments. Panel B, primary AEC were exposed to hyperoxia for 48 h in control
medium or in the presence of GM-CSF. Transcription in AEC was stopped by
addition of actinomycin D (5 wg/ml) for 45 min. Relative GM-CSF mRNA was
determined by real-time PCR at 0 (black bars) and 30 min (gray bars). Data are
expressed as mean = S.E., n = 4.%, p < 0.001 versus hyperoxia alone + acti-
nomycin D. Data are representative of 2 independent experiments.

(8) changes in mRNA expression in vivo and expression by AEC
exposed to hyperoxia in vitro.

Regulation of AEC GM-CSF mRNA Turnover—Mechanistic
studies have indicated that an increase in mRNA turnover is a
key step in the suppression of GM-CSF expression during oxi-
dative stress (9). We have found that that addition of recombi-
nant GM-CSF protein during hyperoxia reversed this suppres-
sion (Fig. 2A). To determine whether treatment with
exogenous GM-CSF reversed the effect of hyperoxia on GM-
CSF mRNA turnover, we compared residual GM-CSF mRNA
expression in AEC in hyperoxia 45 min after the addition of
actinomycin D to block transcription (Fig. 2B). Treatment with
exogenous GM-CSF resulted in stabilization of GM-CSF
mRNA in hyperoxia, accounting for the preservation of GM-
CSF expression by treatment with exogenous GM-CSF during
hyperoxia. However, it is noteworthy that recombinant murine
GM-CSF did not significantly alter the endogenous GM-CSF
expression by AEC under normoxic conditions (Fig. 24).

Candidate miRNA for Regulation of GM-CSF in AEC—Be-
cause miRNA are an important mechanism regulating mRNA
stability for many genes, we used this model of hyperoxia-in-
duced gene suppression to explore the potential role of miRNA
in AEC GM-CSF regulation. miRNA was prepared from AEC
exposed to normoxia or hyperoxia (80% oxygen + 5% CO, for
48 h) in the presence or absence of recombinant mouse GM-
CSEF. These four conditions were then screened using a mouse
miRNA PCR array (Qiagen). This screen identified a number of
pre-miRNA that changed in response to hyperoxia or exposure
to GM-CSE. We hypothesized that miRNA directly involved in
suppressing GM-CSF expression would be induced during
hyperoxia and suppressed by treatment with GM-CSF during
hyperoxia. Nineteen candidate miRNA showed reciprocal
changes in the array, with at least 3-fold changes in pre-miRNA
with hyperoxia that were reversed by exposure to recombinant
GM-CSF (Table 2). These miRNA were then investigated fur-
ther using quantitative PCR with primers specific for mature

VOLUME 289-NUMBER 7+-FEBRUARY 14,2014



Regulation of Alveolar Epithelial Cell GM-CSF Expression by miRNA

miRNA (Qiagen). Among the 19 candidates, we found only
three mature miRNA (miR133a, miR133a*, and miR133b) that
were induced during hyperoxia with reversal in AEC treated
with GM-CSF during hyperoxia. Interestingly, each of these
three miRNA would be anticipated to bind the GM-CSF
3'-UTR, based on screening databases (miRGEN from the Uni-
versity of Pennsylvania and miRBase release 19, August 2012).
Data for miR133a and miR133b are shown in Fig. 3A. Of note,
these two miRNA were present at baseline and significantly
induced during hyperoxia, with reversal when treated with

miR133a* levels in primary AEC were far lower than miR133a
or miR133b, our studies focused on the latter two miRNAs.
GM-CSF Expression and Regulation in a Murine T Cell Line—
We next determined whether the miR133 family of miRNAs
might be involved in the regulation of GM-CSF expression in
other cells. Because GM-CSF expression has been examined
extensively in both human and murine T cells, we examined
GM-CSF expression and the potential role of miR133 in its
regulation in the EL4 murine T cell line. We confirmed previ-
ous reports (21) indicating that mouse T cells (EL4) do not

GM-CSF during hyperoxia. Thus, based on both our experi-
mental data and possible binding to the GM-CSF 3'-UTR, these
miRNA are likely to play key roles in regulation of GM-CSF
expression by primary AEC during oxidative stress. Because

produce GM-CSF in the absence of stimulation. Stimulation of
EL4 cells with PMA and A23187 resulted in induction of GM-
CSF expression (Fig. 3B). However, these cells did not produce
GM-CSF in response to either IL-18 or TNF« (data not shown).
In contrast to primary AEC, GM-CSF expression in EL4 cells
was augmented greatly when the cells were exposed to hyper-
oxia (Fig. 3B).

EL4 cells expressed miR133a and miR133b, but at lower lev-

TABLE 2

miRNA potentially influencing AEC GM-CSF mRNA expression based
on microarray data

Let7a miR133a miR154*
Let7i* miR133a* miR196a els compared with primary AEC (Fig. 3C). Treatment with
miR19a miR135b miR376a PMA and A23187 did not influence expression of these miRNAs
miR21 miR134 miR377
miR29b miR142 miR410 in normoxia. Expression of miR133a (but not miR133b) was
miR127 miR146a ggggg increased in hyperoxia, under conditions in which GM-CSF
mRNA expression was induced. These results demonstrate that
A B
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FIGURE 3. Induction of miR133a and miR133b in primary AEC and EL4 murine T-cells, in response to hyperoxia. Panel A, AEC were exposed to normoxia
or hyperoxiain the absence (—) or presence (+GM-CSF) of GM-CSF (20 ng/ml). miRNA was purified and quantitative expression of individual miRNA species was
determined by real-time PCR, normalized to snord85. miR133a (black bars); *, p < 0.001 for hyperoxia versus both normoxia and hyperoxia + GM-CSF.miR133b
(gray bars): **, p < 0.05 for hyperoxia versus both normoxia and hyperoxia + GM-CSF. Data shown are representative of 3 independent experiments. Panel B,
EL4 cells were exposed to normoxia or hyperoxia (48 h in room air or 80% oxygen) in the presence or absence of PMA/A23187 for the last 15 h of oxygen
exposure. Relative GM-CSF mRNA expression was determined by real-time PCR. Values are relative to unstimulated EL4 cells in normoxia and are normalized
to expression of GAPDH. Data are expressed as mean = S.E, n = 3.*, p < 0.01 versus normoxia + PMA/A23187. The experiment shown is representative of 3
independent experiments. Panel C, miRNA was purified from primary murine AEC in normoxia and from EL4 cells in normoxia or hyperoxia (with or without
stimulation with PMA/A23187) and quantitative expression of individual miRNA species was determined by real-time PCR, normalized to snord85. Relative
values are normalized to the value of miR133a in AEC exposed to normoxia. Data are expressed as mean = S.E., n = 3. Data are representative of 3 independent
experiments.
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GM-CSF expression and regulation differ widely between pri-
mary murine AEC and murine EL4 T cells and suggest that
miR133 family members do not have a significant role in GM-
CSF regulation in hyperoxia in the latter cells.

Impact of Hyperoxia in Vivo on Expression of GM-CSF and
miR133 ex Vivo in AEC and Splenocytes—To explore the con-
sequences of in vivo exposure to hyperoxia on cell type-specific
expression of GM-CSF, mice were placed in hyperoxia for 4
days, as in our previous work (8). Primary AEC and splenocytes
were then isolated and RNA was extracted immediately. Con-
trol mice were maintained in normoxic conditions. Freshly iso-
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FIGURE 4. Effect of in vivo hyperoxia on GM-CSF and miRNA expression in
freshlyisolated AEC or splenocytes. Mice were exposed to ambientairoran
atmosphere of >95% oxygen for 4 days. Primary murine AEC and splenocytes
were then isolated and RNA was prepared immediately for analysis. Panel A,
relative GM-CSF mRNA expression was determined by real-time PCR. Values
are normalized to expression of GAPDH. The relative expression of GM-CSF
mRNA in splenocytes = 0.0031 in both normoxia and hyperoxia groups.*,p <
0.001 versus AEC from normoxia mice. Data are expressed as mean * S.E, n =
4 mice. Panels B and C, relative expression of miR133a (panel B) and miR133b
(panel C) was determined by real-time PCR, with values normalized to expres-
sion of snord85. Data are expressed as mean = S.E., n = 4 mice. In each
instance, *, p < 0.01 versus normoxia AEC. Panel D, relative Let7a miRNA
expression was determined by real-time PCR, normalized to expression of
snord85. Data are expressed as mean = S.E., n = 4 mice. The differences were
not significant. Data in all panels are representative of 2 independent
experiments.

lated AEC from mice exposed to hyperoxia demonstrated sig-
nificantly decreased GM-CSF mRNA expression compared
with AEC from control mice in normoxia (Fig. 44). GM-CSF
mRNA was far more abundant in AEC compared with that in
splenocytes. The low level expression of GM-CSF by spleno-
cytes was not altered by hyperoxia. In AEC, miR133a and
miR133b were significantly induced following in vivo hyper-
oxia, whereas expression of these miRNAs in splenocytes was
not affected by hyperoxia. In comparison, expression of Let7a,
another miRNA active in the lung, but not predicted to bind the
GM-CSF 3'-UTR, was not influenced by in vivo hyperoxia in
either cell type. Thus these data from cells isolated from mice
exposed to hyperoxia in vivo recapitulate our observations from
cells exposed to hyperoxia in vitro.

Expression of GM-CSF and miR133 Family Members in
Human Lung Epithelial Cells—We next examined the impact
of hyperoxia and treatment with recombinant human GM-CSF
on expression of GM-CSF and miR133a and miR133b in the
human H820 cell line. This cell line derived from a human
bronchoalveolar cell carcinoma expresses surfactant proteins
A, B, and C, and has phenotypic features (such as lamellar inclu-
sions and microvilli) resembling type II alveolar epithelial cells
(22). H820 cells express abundant GM-CSF at baseline, with
further induction by IL-1, similar to primary AEC (data not
shown). In response to hyperoxia (Fig. 54), GM-CSF mRNA
expression by H820 cells was significantly reduced. Further-
more, this effect was reversed by treatment with rhGM-CSE.
Hyperoxia also induced increased expression of miR133a and
miR133b, with suppression of these miRNAs by treatment with
GM-CSF during hyperoxia (Fig. 5b). Thus, human H820 cells
closely resemble primary murine AEC in response of GM-CSF
and miR133 family members to hyperoxia and rescue by
GM-CSE.

miR133 Regulates GM-CSF 3'-UTR Reporter Expression—
We next investigated the role of miR133 in GM-CSF regulation
in more detail, using specific mimics and inhibitors. Initial
experiments using a 3'-UTR GM-CSF reporter construct were
carried out in the murine C2C12 (myoblast) cell line, which we
and others (23) have found expresses members of the miR133
family. As shown in Fig. 64, activity of the GM-CSF 3’-UTR
reporter in C2C12 cells was reduced by addition of mimics of
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FIGURE 5. Expression of GM-CSF and miR133 family members in human H820 cells in normoxia and hyperoxia. Human H820 cells were exposed to
normoxia (black bars) or hyperoxia (gray bars) for 48 h in control medium or in the presence of human GM-CSF (5 ng/ml). The cells were harvested and relative
expression of GM-CSF mRNA (panel A), miR133a (panel B), or miR133b (panel C) was determined by real-time PCR, normalized to expression of GAPDH (for
GM-CSF) or snord85 (for miRNA). Data are expressed as mean =+ S.E., n = 3. Panel A, *,p < 0.001 versus normoxia and p < 0.01 versus hyperoxia + GM-CSF. Panel
B, *,p < 0.001 versus normoxia (with or without GM-CSF) and versus hyperoxia + GM-CSF; ***, p < 0.001 comparing normoxia (—) with hyperoxia (—). Panel C,
*,p <0.001 versus normoxia (with or without GM-CSF) and versus hyperoxia + GM-CSF; **, p < 0.001 versus normoxia alone. ***, p < 0.001 comparing normoxia
(—) with hyperoxia (—).
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FIGURE 6. miR133 mimics and inhibitors modulate activity of a GM-CSF
3’-UTR reporter. Panel A, C2C12 myoblasts were transfected with 1 ug of
GM-CSF 3'-UTR reporter plasmid in the presence or absence of 50 nm miR133
mimic or 25 nm miR133 short-hairpin inhibitor (miRidian) as described under
"Experimental Procedures.” Cells were incubated for 48 h after transfection,
lysed, and firefly luciferase was determined as a measure of the GM-CSF
3'-UTR level. Values were controlled for transfection efficiency by normaliza-
tion to Renilla luciferase activity. Data are expressed as mean * S.E, n = 3.
*, p < 0.05 versus mimic negative control. **,p < 0.01 versus inhibitor negative
control. Data are representative of 3 independent experiments. Panel B, the
miR133 seed sequence (which is conserved between murine and human) and
its targets in the murine and human GM-CSF 3’-UTR are shown. A reporter
construct as created with a mutated murine target for miR133 in the GM-CSF
3'-UTR. In panel C, the effect of miR133 mimics on reporter activity for the
native and mutated reporter are shown. *, p < 0.01 versus native GM-CSF
3'UTR; **, p < 0.001 versus native GM-CSF 3'UTR. Data are expressed as
mean = S.E., n = 3. Data are representative of 3 independent experiments.

both miR133a and miR133b, indicating 3'-UTR-mediated deg-
radation of the message. Conversely, short hairpin inhibitors of
miR133a and miR133b resulted in increased GM-CSF 3'-UTR
reporter activity, reflecting inhibition of endogenous miR133 in
C2C12 cells leading to decreased turnover of the reporter mes-
sage (Fig. 6A4). These data confirmed that miR133 family mem-
bers acted in the anticipated manner on the 3'-UTR of GM-CSF
mRNA.

The miR133 seed sequence is complementary to 8 nucleotide
sequences in the GM-CSF 3'-UTR that are fully conserved
between mouse and human (Fig. 6b). To confirm the specificity
of these effects for GM-CSF regulation, the miR133 target site
in the GM-CSF 3'-UTR was mutated in our reporter construct.
Disruption of the binding of miR133 to the reporter construct
by this mutation resulted in loss of responsiveness to miR133a
and miR133b mimics (Fig. 6C).
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miR133 Regulates Endogenous GM-CSF in Primary AEC
Cells—To confirm the influence of miR133 family members on
GM-CSF expression in primary murine AEC, we utilized a len-
tivirus system to introduce mimics and inhibitors of the miRNA
into the cells. Transduction of primary AEC with lentiviral
mimics of miR133a and miR133b resulted in a suppression of
GM-CSF mRNA (Fig. 7A) and protein expression (Fig. 7B). Of
interest, we also found that miR133 mimics suppressed expres-
sion of GM-CSF in PMA/A23187-stimulated EL4 cells (Fig. 7, C
and D). Because EL4 cells do not express GM-CSF unless stim-
ulated and express low levels of the miR133 family members, it
is not surprising that preincubation of these cells with miR133
mimics prior to stimulation resulted in a more profound
suppression compared with primary AEC that both constitu-
tively express GM-CSF and express more abundant miR133.
Together these data indicate that this family of miRNA has
significant activity to suppress GM-CSF expression in both
AEC (that express miR133 constitutively) and bone marrow-
derived cells.

In primary murine AEC, miR133 family members are
induced when GM-CSF expression is suppressed in the face of
oxidative stress. To determine whether the miRNA are in fact
actively involved in the regulation of GM-CSF expression dur-
ing oxidative stress, we carried out studies involving specific
inhibition of miR133 family members in primary cells exposed
to hyperoxia. Inhibition of miRNA activity was achieved using
miArrest (GeneCopoeia) lentiviral particles specific for miR133a
and miR133b. Inhibition of miR133 resulted in a significant
increase in AEC GM-CSF mRNA expression in both normoxia
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FIGURE 8. Effect of inhibition of miR133 on GM-CSF expression in primary
AEC in normoxia and hyperoxia. AEC cells in normoxia (panels A and B) or
hyperoxia (panels C and D) were untreated (—) or transduced with lentiviral
control inhibitor or inhibitors specific for miR133a and miR133b in the pres-
ence of 5 ug/ml of Polybrene at a multiplicity of infection of 50. Relative
GM-CSF mRNA expression was determined by real-time PCR, normalized to
expression of GAPDH (panels A and C). Expression of GM-CSF protein was
determined by ELISA (panels Band D). Data are expressed as mean £ S.E.,.n =
4. The data shown are representative of 3 independent experiments. Panel A,
*,p < 0.01 versus inhibitor control; **, p < 0.001 versus inhibitor control. Panel
B, *, p < 0.01 versus inhibitor control; **, p < 0.001 versus inhibitor control.
Panel C, *, p = 0.001. Panel D, *, p < 0.05.

(Fig. 8A4) and hyperoxia (Fig. 8C). Although in these short term
experiments the effects on protein expression were less pro-
found than for mRNA, inhibition of miR133a and miR133b
resulted in a modest increase in GM-CSF protein in cells in
normoxia (Fig. 8b) and a much greater increase in GM-CSF
protein expression in hyperoxia (Fig. 8D). Together, these data
indicate that miR133a and miR133b play key roles both in reg-
ulating basal expression and in the hyperoxia-induced suppres-
sion of GM-CSF expression in primary murine AEC.

DISCUSSION

Although its name might suggest that GM-CSF would play a
role in leukocyte proliferation and maturation in the bone
marrow, initial studies involving GM-CSF mutant mice and
targeted replacement of GM-CSF within the lung clearly dem-
onstrated a critical role for this GM-CSF in pulmonary home-
ostasis (24, 25). In the absence of GM-CSF, even for short peri-
ods, alveolar macrophages express an immature phenotype and
are significantly impaired in their ability to clear pulmonary
surfactant, leading to accumulation of surfactant phospholipid
and protein in the lungs and alveolar proteinosis (24 —26). Sub-
sequent work expanded the physiologic importance of GM-
CSF; in its absence, mice are more susceptible to pneumonia
from a variety of pathogens (1, 5, 6) and demonstrate impaired
healing and more severe fibrosis after acute injury with bleomy-
cin or intratracheal fluorescein isothiocyanate (FITC) (27-30).
It is now known that GM-CSF has direct effects on AEC as a
mitogen and anti-apoptotic factor, and that overexpression of
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GM-CSF in the lung provides significant protection in models
of acute lung injury (4, 31). However, it is apparent that the
location and extent of GM-CSF expression must be tightly reg-
ulated. Aberrant expression may lead to unbridled inflamma-
tory responses and has been postulated to contribute to pro-
cesses such as rheumatoid arthritis and chronic obstructive
pulmonary disease (32, 33). These contrasting effects strongly
support a detailed study of cell-specific GM-CSF regulation.

In most cells, GM-CSF expression is induced by inflamma-
tory signals, especially TNF. In contrast, we have found that
GM-CSF is significantly expressed in resting primary murine
AEC in vitro and that this expression is further induced in
response to LPS or IL-1p, but with little response to TNF. GM-
CSF expression in the lung is significantly impaired during
environmental stress due to hyperoxia or acute injury with
bleomycin (8, 28). Similarly, in primary AEC GM-CSF expres-
sion is greatly reduced during oxidative stress. Our recent stud-
ies have shown that this decreased expression is due to acceler-
ated turnover of GM-CSF mRNA (9). In the present study we
have provided new information concerning the mechanisms by
which expression is suppressed in response to oxidative stress.
We have identified a family of miRNA (miR133) whose expres-
sion is induced in AEC exposed to hyperoxia (when GM-CSF
mRNA expression is reduced) and is suppressed when those
cells are treated with recombinant GM-CSF (which preserves
AEC GM-CSF expression in the face of hyperoxia). Similar
effects were observed in primary AEC exposed to hyperoxia in
vitro, in murine AEC isolated from mice exposed to hyperoxia
in vivo, and in a human lung epithelial cell line that models the
GM-CSF expression pattern of primary murine AEC. miR133
sequences are predicted to bind the 3'-UTR of GM-CSF. Trans-
duction of AEC with miR133 mimics is sufficient to reduce
GM-CSF expression, whereas transduction with miR133 inhib-
itors restores GM-CSF expression and limits mRNA turnover
despite hyperoxia. Interestingly, the miR133 miRNA appear to
be active in primary AEC but notina T cell line that expression
of GM-CSF is not subject to suppression in response to hyper-
oxia. This contrast further emphasizes the distinctive regula-
tion of GM-CSF in the alveolar epithelium and the critical
importance of studying this regulation in AEC.

miRNAs are a recently recognized class of non-coding short
RNAs, ~22 nucleotides in length, which regulate gene expres-
sion through effects on mRNA stability or translation. The rec-
ognized scope of effects of miRNA is expanding exponentially.
It is now estimated that over 30% of human genes may be reg-
ulated in part by miRNAs (34). miRNAs are transcribed as
larger pri-miRNA and processed first to pre-miRNA and sub-
sequently to mature miRNA. miRNA act as endogenous short
hairpin RNA (shRNA) to negatively regulate target genes by
binding through nucleotide complementarity to sequences in
the 3'-UTR of target genes to decrease both mRNA and protein
expression (13). There has been debate about the precise con-
tributions of three potential mechanisms by which miRNA
reduce gene expression. Some have argued that the initiating
step is destabilization of mRNA resulting in a decreased steady
state of mRNA and thus in decreased protein expression (35).
For some messages, deadenylation may be an important step.
Others have argued that repression of translation is the initial
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event, which in turn leads to mRNA decay (36). Despite uncer-
tainty about the initiating event for change in expression in
response to a miRNA interacting with its target, it is clear that
mRNA and protein expression are consistently linked in these
experiments, with miRNA inducing “concordant” reductions in
both mRNA and protein (36). We have consistently found par-
allel changes in GM-CSF mRNA and protein expression in pri-
mary AEC.

As interest in the biology of miRNA has expanded, a number
of prominent miRNA species have been identified in the lung.
In particular, Let7 family members are expressed in relative
abundance and are postulated to play a role in pulmonary fibro-
sis (37). Interestingly, Let7 was identified in our microarray
experiments as induced by hyperoxia and suppressed by treat-
ment with recombinant GM-CSF during hyperoxia; however,
Let7 does not appear to target GM-CSF 3'-UTR directly. Its
potential indirect involvement in regulation of GM-CSF
expression has not yet been determined. Our data from AEC
isolated from mice exposed to hyperoxia in vivo suggests that
Let7a has no direct role in regulating GM-CSF expression dur-
ing oxidative stress. In contrast, the miR133 family is expressed
less in AEC and has not previously been identified as important
in the lung. Our experiments clearly indicate that these miRNA
are active in regulation of GM-CSF in AEC at baseline and in
the context of oxidative injury.

Much of the literature concerning miR133 involves its role in
muscle cells, especially in the heart and vasculature (for review
see Refs. 38 and 39). It is enriched in cardiac myocytes (40) and
vascular smooth muscle cells (41). In each instance, miR133
appears to play an important role suppressing cell growth (42,
43) and expression of extracellular matrix constituents (44).
Cardiac hypertrophy and fibrosis are associated with cell-spe-
cific decreases in miR133 expression (40, 45). Transfection with
miR133 mimics is protective against fibrosis-associated atrial
fibrillation in some models (47), suggesting a causal role for
alterations in miR133 expression in this condition. Conversely,
suppression of miR133 is necessary for normal growth factor-
dependent appendage regeneration in zebrafish (48). Thus
miR133 has an important role as an endogenous inhibitor of
growth in the normal adult organ.

There are some data suggesting that miR133 may also influ-
ence epithelial cell growth in the lung. A recent report concern-
ing non-small cell lung cancer describes a relationship between
the tumor stage and expression of miR133b (49, 50). Acting
through effects on epidermal growth factor receptor, miR133b
appears to limit proliferation and invasion of cancer cells.
Together, these data are consistent with our observation that
miR133a and miR133b act to modulate growth factor expres-
sion both at baseline and in response to oxidative stress.

Based on chromosomal location, miRNAs are often tran-
scriptionally co-regulated in clusters. In fact, miR133a has been
found in a cluster with miR1, whereas miR133b has been placed
in a cluster with miR206 (51). We found that both miR1 and
miR206 are expressed in murine primary AEC and induced by
hyperoxia in vitro (data not shown). However, in contrast to
miR133 family members, expression of neither of these other
miRNAs was suppressed when cells in hyperoxia were treated
with GM-CSF. We speculate that post-transcriptional mecha-
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nisms account for the effect of GM-CSF on expression of
miR133a and miR133b in hyperoxia (52).

Oxidative stress is a common feature of human acute respi-
ratory distress syndrome due to a variety of different processes,
including acute inflammatory insults such as sepsis, pneumo-
nia, and acid aspiration. Our studies have focused on injury
induced by exposure to hyperoxia. Although supplemental oxy-
gen is a lifesaving measure that is a key tool in the clinical arma-
mentarium, prolonged exposure of rodents to high concentra-
tions of oxygen causes oxidative stress, pulmonary epithelial
cell and endothelial injury, acute lung injury, and death. Thus
we have chosen to use exposure to hyperoxia as an animal
model that is relevant to human acute lung injury/acute respi-
ratory distress syndrome due to a range of processes beyond
exposure to toxic concentrations of oxygen.

There are several important features of our model system.
GM-CSF expression by AEC differs in important ways from
that in other cell types, including bone marrow-derived cells
and many commonly studied cell lines. Thus it was important
that studies such as these reflect the behavior of primary AEC.
Major portions of this work were carried out using primary
murine AEC exposed to hyperoxia in vitro. We also found sim-
ilar patterns of expression in murine AEC isolated from mice
exposed to hyperoxia in vivo, strongly suggesting that the
response of AEC to in vitro oxidative stress in vitro is represent-
ative of in vivo effects. We also extended our observations to
human cells, using a cell line whose behavior recapitulates
many of the characteristics of type II alveolar epithelial cells
(22). Of particular importance for these studies, the pattern of
expression of GM-CSF in H820 cells closely resembles that in
primary murine AEC, including constitutive expression, IL-1-
stimulated expression, and hyperoxia-induced suppression of
GM-CSF expression.

The miRNAs of interest were identified in experiments in
which GM-CSF expression was suppressed by exposure to
hyperoxia and restored/preserved by the addition of recombi-
nant GM-CSF to the culture medium. Database searches to
determine whether specific miRNA might interact with the
3'-UTR of GM-CSF were only carried out subsequently, based
on experimental data. It is of interest that GM-CSF itself sup-
presses the induction of miR133a and miR133b by hyperoxia.
We have shown previously that GM-CSF has important protec-
tive effects for the alveolar epithelium. The preservation of
GM-CSF synthesis in the face of injury due to hyperoxia is fur-
ther evidence of the key defensive role of GM-CSF in the lung.
However, it appears that this effect of GM-CSF on GM-CSF
mRNA expression is only evident in the face of hyperoxia. The
impact of GM-CSF on miR133a and miR133b expression in
normoxia is quite limited, suggesting that GM-CSF does not
participate in an autocrine positive feedback loop that might
stimulate unbridled AEC proliferation.

In conclusion, we have identified a family of miRNA
(miR133a and miR133b) that has a key role in regulating basal
expression and in determining the pathologic suppression of
GM-CSF expression during oxidative stress. Targeted manipu-
lation of these miRNAs in vivo may offer a new approach to
preservation of GM-CSF expression in the alveolar epithelium
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invivo in lung injury and thus a new approach to limiting injury
and promoting normal repair.
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