Inhibition and Role of let-7d in Idiopathic

Pulmonary Fibrosis

Kusum V. Pandit’?*, David Corcoran?*, Hanadie Yousef!, Manohar Yarlagadda', Argyris Tzouvelekis3,
Kevin F. Gibson'!, Kazuhisa Konishi’, Samuel A. Yousem* Mandal Singh', Daniel Handley'?2, Thomas Richards’,
Moises Selman>, Simon C. Watkins, Annie Pardo’, Ahmi Ben-Yehudah'!, Demosthenes Bouros3, Oliver Eickelberg?,

Prabir Ray’, Panayiotis V. Benos®, and Naftali Kaminski’

"Division of Pulmonary, Allergy, and Critical Care Medicine, Dorothy P. and Richard P. Simmons Center for Interstitial Lung Disease, University of
Pittsburgh School of Medicine, and 2Department of Human Genetics, Graduate School of Public Health, University of Pittsburgh, Pittsburgh,
Pennsylvania; >Department of Pneumonology, Medical School, Democritus University of Thrace, and University Hospital of Alexandroupolis,
Alexandroupolis, Greece; “Department of Pathology, University of Pittsburgh, Pittsburgh, Pennsylvania; Instituto Nacional de Enfermedades
Respiratorias, Mexico City, Mexico; ®Department of Cell Biology and Physiology, University of Pittsburgh School of Medicine, Pittsburgh,
Pennsylvania; “Facultad de Ciencias, Universidad Nacional Auténoma de México, Mexico City, Mexico; 8Comprehensive Pneumology Center,
Munich, Germany; and °Department of Computational Biology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania

Rationale: Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive,
and usually lethal fibrotic lung disease characterized by profound
changes in epithelial cell phenotype and fibroblast proliferation.
Objectives: To determine changes in expression and role of microRNAs
in IPF.

Methods: RNA from 10 control and 10 IPF tissues was hybridized on
Agilent microRNA microarrays and results were confirmed by quan-
titative real-time polymerase chain reaction and in situ hybridization.
SMAD?3 binding to the let-7d promoter was confirmed by chromatin
immunoprecipitation, electrophoretic mobility shift assay, luciferase
assays, and reduced expression of let-7d in response to transforming
growth factor-B. HMGA2, a let-7d target, was localized by immuno-
histochemistry. In mice, let-7d was inhibited by intratracheal admin-
istration of a let-7d antagomir and its effects were determined by
immunohistochemistry, immunofluorescence, quantitative real-time
polymerase chain reaction, and morphometry.

Measurements and Main Results: Eighteen microRNAs including let-7d
were significantly decreased in IPF. Transforming growth factor-
down-regulated let-7d expression, and SMAD3 binding to the let-7d
promoter was demonstrated. Inhibition of let-7d caused increases in
mesenchymal markers N-cadherin-2, vimentin, and a-smooth muscle
actin (ACTA2) as well as HMGA2 in multiple epithelial cell lines. let-7d
was significantly reduced in IPF lungs and the number of epithelial cells
expressing let-7d correlated with pulmonary functions. HMGA2 was
increased in alveolar epithelial cells of IPF lungs. let-7d inhibition in vivo
caused alveolar septal thickening and increases in collagen, ACTA2, and
S100A4 expression in SFTPC (pulmonary-associated surfactant protein
C) expressing alveolar epithelial cells.

Conclusions: Our results indicate a role for microRNAs in IPF. The down-
regulation of let-7d in IPF and the profibrotic effects of this down-
regulation in vitro and in vivo suggest a key regulatory role for this
microRNA in preventing lung fibrosis.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The role and regulation of microRNAs in idiopathic
pulmonary fibrosis (IPF), a progressive and lethal intersti-
tial lung disease, are unknown.

What This Study Adds to the Field

In this study we determine that let-7d, a microRNA
abundantly expressed in epithelial cells in normal lungs,
is down-regulated in IPF and its target molecule HMGA?2
is overexpressed. The expression of let-7d is inhibited by
transforming growth factor-B;. Down-regulation of let-7d
expression causes epithelial mesenchymal transition in
epithelial cells in vitro and in vivo and increased collagen
deposition in mouse lungs in vivo. Taken together, our
results suggest that down-regulation of let-7 microRNAs
may be important in determining the lung phenotype in
IPF.

Keywords: epithelial-mesenchymal transition; HMGA2 (high-mobility
group AT-hook 2); microRNA; transforming growth factor-

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive,
and usually lethal fibrotic lung disease (1). The disease is
characterized by alveolar epithelial cell injury and activation,
formation of myofibroblast foci, and exaggerated accumulation
of extracellular matrix in the lung parenchyma (1-3). Despite
significant progress the etiology and molecular mechanisms
underlying the lung phenotype in IPF are largely unknown.

It was suggested that the lung phenotype in IPF is charac-
terized by aberrant recapitulation of developmental programs
(4) as evidenced by activation of the WNT/B-catenin pathway
(5-8) and evidence of epithelial-mesenchymal transition
(EMT) in IPF (9). EMT is the phenomenon in which epithelial
cells obtain mesenchymal characteristics, including change
in shape, increased motility, and expression of mesenchymal
markers such as N-cadherin (CDH2), vimentin (VIM), and
a-smooth muscle actin (ACTA2). EMT is implicated in embry-
onic development, cancer, and kidney fibrosis (10). Transform-
ing growth factor (TGF)-B is considered the major stimulus
for EMT through its effects on SNAI1, SNAI2, TWIST, 1ID2,
and their regulator high-mobility group AT-hook 2 (HMGA?2)
(11, 12). In vitro, alveolar epithelial cells undergo EMT in
response to stimulation by TGF-B, and in vivo, cells coexpress-



Pandit, Corcoran, Yousef, et al.: let-7 in Lung Fibrosis

ing epithelial and mesenchymal markers are found in IPF lungs
and in mice after intranasal delivery of TGF-B (9, 13).

Studies suggest a role for microRNAs in EMT (14-17).
MicroRNAs are post-transcriptional gene regulators that func-
tion by binding to specific sequences, typically in the 3’ un-
translated region of the target mRNAs and blocking translation
or causing the rapid degradation of the target transcript (18).
MicroRNAs are implicated in embryonic development (19), in
multiple cancers (20), in nonmalignant diseases such as chronic
heart failure (21), and in allergic airway inflammation (22, 23)
and are also found in the peripheral blood (24).

Considering that the lung in IPF is characterized by profound
changes in the phenotype of lung fibroblasts and epithelial cells,
as well as by drastic changes in global patterns of gene expression
(4, 25), we studied the expression, regulation, and potential role
of microRNAs in IPF lungs. Some of the results have been
previously reported in the form of an abstract (26).

METHODS

See the online supplement for details on methods.

IPF Tissues

Ten IPF lung tissue samples were obtained from surgical remnants of
biopsies or lungs explanted from patients with IPF who underwent
pulmonary transplantation, and 10 control samples were obtained through
the University of Pittsburgh Health Sciences Tissue Bank (Pittsburgh,
PA) as previously described (27, 28), from samples resected from patients
with lung cancer.

Cell Culture

A549 cells (CCL-185; American Type Culture Collection [ATCC],
Manassas, VA) and RLE-6TN cells (CRL-2300; ATCC) were grown in
F12K medium (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum
at 37°C in a humidified chamber supplemented with 5% CO,. Normal
human bronchial epithelial (NHBE) cells (Lonza, Basel, Switzerland)
were cultured according to the supplier’s protocol. Wherever indicated
cells were stimulated with recombinant TGF-B; (R&D Systems,
Minneapolis, MN).

Microarrays

Total RNA from tissues and cells was isolated with an miRNeasy mini
kit (Qiagen, Valencia, CA). MicroRNA profiling was performed with
an 8 X 15K Agilent human microRNA microarray containing 470
microRNAs (Sanger miRbase release 9.1), in accordance with the
protocol described by the manufacturer (Agilent, Santa Clara, CA).
The gene expression microarrays have been previously described (29).

Statistical Analysis

MicroRNA microarray data were log, transformed and normalized to
the mean of each array, and a Wilcoxon rank-sum test was used to
identify those microRNAs that were differentially expressed (P < 0.05)
between IPF and control lungs; each microRNA has three or four
unique probes on the array. Only microRNAs with mean expression
values, for each probe, greater than 95% of the negative controls under
at least one condition were considered for statistical analysis. Data
visualization was accomplished with Genomica (30) and Spotfire
Decision Site 8.0 (Spotfire Inc., Goteborg, Sweden). For quantitative
real-time polymerase chain reaction (QRT-PCR), statistical significance
was determined by Student ¢ test, using P < 0.05. In situ hybridizations
were analyzed by Mann-Whitney test to compare let-7d—positive
alveolar epithelial cells (AECs) per square millimeter between IPF
and control lung samples. Tissue and Masson’s trichrome quantitation
was performed with MetaMorph (Molecular Devices, Sunnyvale, CA).

Quantitative RT-PCR

TagMan microRNA assays and gene expression assays (Applied
Biosystems, Foster City, CA) were used to determine the relative
expression levels of microRNAs and mRNAs, respectively. Through-
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out this article all genes are referred to by their official symbol and
their descriptions and gene IDs are included in Table E2 in the online
supplement.

MicroRNA Promoter Analysis

SMAD3- and SMADA4-binding site prediction was performed with the
Footer algorithm, using default parameters (31).

Chromatin Immunoprecipitation

The chromatin immunoprecipitation (ChIP) protocol was performed
according to the published protocol from the Young laboratory (32).
Electrophoretic Mobility Shift Assay

Cultured A549 cells at 60-70% confluence were treated with TGF-B,
(2 ng/ml) for 1 hour. Nuclear proteins were isolated by a standard rapid
micropreparation technique described previously (33).

Luciferase Reporter Assays

pGLA4.17 (Promega, Madison, WI) constructs contained the bp —1600
to +87 region of let-7d at the 5’ end of the reporter gene or the 8-bp
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Figure 1. MicroRNAs are differentially expressed in idiopathic pulmo-
nary fibrosis (IPF). (A) The heat map on the left represents global
microRNA expression. The heat map on the right represents statistically
significant (P < 0.05), differentially expressed microRNAs. Up-
regulated microRNAs are shown in progressively brighter shades of
yellow, depending on the fold difference, and down-regulated microRNAs
are shown in progressively brighter shades of purple. Gray, expression of
microRNAs that show no difference between the two groups being
compared. The names of the down-regulated microRNAs are provided to
the right of the heat map. (B) Quantitative real-time polymerase chain
reaction (qRT-PCR) confirmation of the microarray results demonstrates
significant changes in all qRT-PCR-measured microRNAs (P < 0.05).
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Smad3 site deletion (GCTGAGTA) plasmid constructed with a Quik-
Change mutagenesis kit (Stratagene, La Jolla, CA). Eighty percent
confluent A549 cells were stimulated for 2 hours with TGF-$ (10 ng/ml).
Reporter DNA was transfected with Lipofectamine 2000 (Invitrogen) at
a 1:1 ratio for 4 hours and cell growth was continued for another 16 hours.
Luciferase activity was determined with a dual-reporter assay system
(Promega).

In Situ Hybridization

The tissue microarrays were previously described (34). Sixty tissue
samples consisting of 40 IPF and 20 control tissues derived from the
normal part of lungs removed for benign lesions were studied. The
Rembrandt Universal RISH and AP detection kit (Invitrogen) was
used. The number of let-7d—positive AECs per square millimeter (in
five fields per case) was counted.

Immunohistochemistry

Tissue sections were treated as previously described (35). Anti-
HMGA? rabbit polyclonal antibody (4 pg/ml) (Abcam, Cambridge,
MA) and anti-ACTA2 (ab21027; Abcam) were used.

Masson’s Trichrome Staining

Sections were stained as per the established protocol (36) by the
University of Pittsburgh Transplantation Institute Core Facility. The
amount of tissue in each section and the blue stain for collagen were
quantified with MetaMorph software (Molecular Devices). To avoid any
bias we selected images without airways and blood vessels for our
morphometric analyses.

Transfection

Cells were transfected with 50 nM hsa-let-7d inhibitor, pre-let-7d, and
their corresponding negative controls (Ambion, Austin, TX), using
Lipofectamine 2000 according to the manufacturer’s instructions.

Cc
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Immunofluorescence

A549 cells were transfected with 50 nM anti-let-7d for 48 hours and
stained for cytokeratin, VIM, CDH2, and ACTAZ2. Frozen lung tissue
into O.C.T. blocks was used for staining and colocalization of S100A4
or ACTA2 with SFTPC. The detailed protocol is included in the online
supplement.

Immunoblotting

RLE-6TN cells were transfected with 50 nM anti-let-7d for 72 hours
and immunoblotted for cytokeratin, tight junction protein-1 (TJP1),
VIM, and ACTAZ2. The detailed protocol is included in the online
supplement.

Animals

Six- to 12-week-old C57BL/6 mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed under pathogen-free
conditions. The studies were approved by the Animal Care and Use
Committee at the University of Pittsburgh. The design of the let-7d
antagomir was adapted from Krutzfeldt and colleagues (37). In the
shorter protocol, four mice were treated either with let-7d antagomir
(10 mg/kg body weight) administered intratracheally in 50 wl or with an
equal volume of saline. In the extended protocol, mice were adminis-
tered the antagomir on Days 1, 2, 3, 8,9, 10, 15, 16, and 17 and killed on
Day 18. Two control mice were administered the same volume of
saline. Lungs from bleomycin-treated mice from previous experiments
were used for let-7d determination. The detailed protocol is included in
the online supplement.

RESULTS
MicroRNAs Are Differentially Expressed in IPF Lungs

To determine differentially expressed microRNAs in IPF, we
analyzed 10 IPF and 10 control lungs on Agilent microRNA
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let-7d is a transforming growth factor (TGF)-B target molecule. (A) Putative SMAD3 (mothers against decapentaplegic homolog-3)-

binding sites identified by the Footer algorithm upstream of hsa-let-7d, and identified to be differentially expressed in idiopathic pulmonary fibrosis
(IPF) versus control lung. HS = human sequence; MM = mouse sequence. (B) A549 cells were treated with recombinant TGF-$ (3 ng/ml) and let-7d
expression was determined 0, 2, and 6 hours after stimulation. Results represent the average expression and SD of triplicate experiments. (C)
Electrophoretic mobility shift assay and (D) supershift assay of recombinant SMAD3 protein and nuclear extracts isolated from A549 cells treated
with recombinant human TGF-B (2 ng/ml) for 1 hour. Comp. DNA = competitor DNA; pAB = polyclonal antibody. Arrow in C, gelshift band
representing the protein-DNA complex; Arrow in D, supershift band representing the DNA-protein-antibody complex. (C) and (D) are from two gels
run separately. (E) SMAD3 chromatin immunoprecipitation assay revealed association with let-7d in A549 lung cells. IP = immunoprecipitation. (F)
Reporter assays were performed on A549 cells transfected with a recombinant vector containing the base pair (bp) —1600 to +87 let-7d region 5’ to
the luciferase gene, referred to as p-let-7d-luc. A similar vector with an 8-bp deletion of the predicted SMAD3-binding site is referred to as p-mlet-
7d-luc. The luciferase scale is arbitrary and values represent averages of the triplicate assays. TGF-B stimulation was performed before DNA
transfection. The dark blue columns represent the reporter construct without any stimulation, and the light blue columns represent the same with
TGF-B stimulation.
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microarrays. The complete microRNA microarray data have
been deposited in the Gene Expression Omnibus (GSE13316)
and is publicly available. Forty-six microRNAs were signifi-
cantly differentially expressed in IPF lungs. Among the signif-
icantly decreased microRNAs in IPF lungs were let-7d, miR-26,
and several members of the miR-30 family (Figure 1A), which
were also validated by qRT-PCR (Figure 1B). Most of these
microRNAs are differentially expressed during development
and in various cancers. Analysis of microRNA target databases
(TargetScan, miRanda, and PicTar) revealed that down-regulated
microRNAs had overlapping targets, some of which were over-
expressed in IPF lungs we previously analyzed by gene expression
microarrays (29) (Figure E1). The up-regulated microRNAs are
listed in Table E1. let-7d expression is also significantly reduced 14
days after bleomycin administration to mice (Figure E2).

let-7d Expression Is Regulated by SMAD3 Binding
to Its Promoter

Analysis of the putative promoters of differentially expressed
microRNAs by the Footer algorithm (31) revealed a binding
site for the TGF-B transcription factor SMAD3 in the region
upstream of let-7d (Figure 2A). let-7d expression was signifi-
cantly suppressed by treatment of A549 cells with recombinant
TGF-B; (P < 0.005, 85% reduction) (Figure 2B). To confirm
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the computational prediction of SMAD3 binding to the let-7d
promoter we performed an electrophoretic mobility shifty assay
and ChIP. Incubation of target DNA with either recombinant
SMAD3 protein or nuclear extract of AS549 cells revealed
distinct bands representing the binding of SMAD3 to the let-
7d promoter sequence, which diminished in intensity in the
presence of increasing concentrations of competitor DNA
(Figure 2C). The supershift band representing the DNA-
protein—antibody complex was visible with increasing concen-
trations of SMAD3 antibody (arrow on the right, Figure 2D).
SMAD?3 ChIP revealed minimal binding of SMAD3 with the
let-7d promoter, with a dramatic increase after TGF-f stimu-
lation (Figure 2E). The promoter activity of the 5’ region of let-
7d was further analyzed in a luciferase reporter assay (Figure
2F). The 1,687-bp region (positions —1600 to +87) and an 8-bp
SMAD3-binding site deletion mutant were amplified by PCR
and cloned into the 5" end of the luciferase gene. The reporter
constructs and empty vector controls were transfected into
A459 cells with and without TGF-B activation and luciferase
activity was measured. The 1,687-bp region increased the
average reporter activity by 25-fold. Luciferase activity was
reduced to less than 30% in TGF-B-treated cells as compared
with untreated controls. This TGF-B-mediated inhibition of
luciferase activity was eliminated when we used the 8-bp

Figure 3. Tissue microarray analysis reveals that let-7d
localizes within normal alveolar epithelium in control
lungs and is nearly absent from fibrotic areas in idiopathic
pulmonary fibrosis (IPF) lungs. (A) Panels i and iii, let-7d is
localized in alveolar epithelial cells of control lungs, as
evident by black staining (blue arrows); panels ii and iv, IPF
lungs show almost a total absence of let-7d. The black
arrows point to areas of dense fibrosis whereas blue arrows
point to minimal staining for let-7d in the immediate
surrounding areas. Scale bars: panels i and i, 100 pm;
panels iii and iv, 25 pm, in panel iii, 10 wm. (B) Number of
let-7d-expressing cells per square millimeter was signifi-
cantly lower in 40 slides from patients with IPF compared
with 20 normal histology controls. *P < 0.001. (C) The
forced vital capacity, expressed as a percentage of the
predicted value (FVC%), of patients with IPF significantly
increased (P = 2.1 X 107%) with the number of let-7d-
expressing cells per square millimeter. AECs = alveolar
epithelial cells. Solid line connects the fitted values from
a linear regression model. Dotted lines represent 95%
confidence intervals on the fitted values.
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SMAD3-binding site deletion mutant (Figure 2F). The pre-
sented results are representative of at least three experiments.
Taken together, our results indicate that TGF-$, inhibits let-7d
expression and that this is mediated through SMAD?3 binding to
the let-7d promoter.

let-7d Is Localized to the Alveolar Epithelium in Normal
Lungs and Is Significantly Decreased in the Alveolar
Epithelium in IPF Lungs

To localize and quantify let-7d expression in the lungs we
performed in situ hybridization on tissue microarrays containing
40 IPF tissue and 20 control lung samples previously generated
by us (34). Control lungs exhibited abundant expression of let-
7d in alveolar epithelial cells (Figure 3A, panels i and iii). In
contrast, let-7d expression was almost absent in the alveolar
epithelium within areas of fibrotic changes, or adjacent to
fibroblastic foci in IPF lungs (Figure 3A, panels ii and iv). let-
7d staining was comparable in the bronchial epithelium of both
control and IPF lungs. The benefit of tissue arrays is that they
allow the analysis of multiple lungs in parallel. We counted let-
7d—positive AECs in each tissue core (diameter, 1.5 mm; three
in total for each patient). As seen in Figure 3B the number of
let-7d—positive cells per square millimeter was significantly
lower (P < 0.001) (17.9 £ 7.9) in patients with IPF compared
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with control lung samples, where 57.2 = 17.6 AECs per square
millimeter were positive for let-7d. Impressively, the number of
let-7d—positive cells per square millimeter positively correlated
with the FVC, a physiological indicator of disease progression
(Figure 3C).

Decreased let-7d Results in Up-Regulation of HMGAZ2 in Vitro
and in Vivo

Because HMGA?2 is a known target of let-7 (38) we studied
its expression in IPF as a marker of let-7 down-regulation.
HMGAZ? was significantly overexpressed in IPF lungs compared
with controls in our previously published microarray data (27).
qRT-PCR performed on the same samples used for microRNA
microarrays confirmed the previous microarray data and re-
vealed a 12-fold increase in HMGAZ2 (P < 0.005) (Figure 4A).
Immunohistochemistry revealed expression of HMGA2 in
alveolar epithelial cells and in some capillary endothelial cells
of TPF lungs but not in control lungs (Figure 4B). To establish
a potential relationship between the down-regulation of let-7d
and concomitant up-regulation of HMGA?2 in IPF lungs we
explored whether let-7d was a regulator of TGF-B-induced
HMGAZ2 expression in lung epithelial cell lines. TGF-B stimu-
lation caused a significant increase in HMGA2 (P < 0.005)
(Figure 4C). Transfection of A549 cells with a let-7d inhibitor
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for 24 and 48 hours led to a significant increase in HMGA?2 at
24 hours that remained elevated at 48 hours (Figure 4D), an
effect that was also observed in RLE-6TN cells. Overexpression
of let-7d in RLE-6TN cells by transfection with pre-let-7d
prevented TGF-B-mediated induction of HMGA2 (Figure
4E). These results demonstrate that let-7d is a regulator of
HMGA? expression in lung epithelial cell lines and that the
increase in HMGAZ2 after TGF-B stimulation is dependent on
inhibition of let-7d by TGF-B. The let-7d inhibitor is specific to
the let-7 family of microRNAs (Figures E3A and E3B) but does
not affect the levels of unrelated microRNAs (Figure E3C).

Inhibition of let-7d Causes Expression of Mesenchymal
Markers in Lung Epithelial Cell Lines

To determine the potential roles of let-7d inhibition in IPF we
studied the effects of let-7d on epithelial cell phenotype.
Inhibition of let-7d induced a significant (P < 0.05) increase
in expression of the mesenchymal markers CDH2, VIM, and
ACTA?2 in A549 cells (Figure SA), RLE-6TN cells (Figure 5B),
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and primary bronchial epithelial cells (Figure 5C). Inhibition of
HMGA?2 expression did not fully ablate this effect (Figure
E3D), suggesting that it was not completely mediated through
HMGAZ2. Immunofluorescence confirmed the results at the pro-
tein level. A549 cells transfected with a let-7d inhibitor stained
positive (red) for CDH2, VIM, and ACTAZ2, 48 hours after
transfection, whereas mock-transfected cells did not express
positive staining (Figure 5D). RLE-6TN cells transfected with
a let-7d inhibitor exhibited increased expression of mesenchy-
mal markers ACTA2 and VIM and decreased expression of the
epithelial markers cytokeratin and TJP1 (Figures 5E and 5F) by
immunoblotting.

Inhibition of let-7d in Vivo Caused Decreased CDH1 and
TJP1 Expression; Increased Collagen, HMGA2, and ACTA2
Expression; and Thickening of Alveolar Septa

To determine the effects of let-7d inhibition in vivo we
administered intratracheally the let-7d antagomir, designed as
previously described (37), at a dose of 10 mg/kg body weight
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Figure 5. Inhibition of let-7d results in epithelial-mesenchymal transition changes. N-cadherin (CDH2), vimentin (VIM), and a-smooth muscle actin

(ACTA2; o-SMA) mRNA levels were determined by quantitative real-time polymerase chain reaction in (A) A549 cells and (B) RLE-6TN cells 48 hours
after transfection and in (C) NHBE cells 24 hours after transfection with 50 nM let-7d inhibitor. (D) Immunofluorescence imaging of A549 cells
transfected with 50 nM let-7d inhibitor. Green fluorescence represents cytokeratin, an epithelial marker. Red fluorescence denotes the mesenchymal
markers (CDH2, VIM, and ACTA2 [a-SMA]). Nuclei were counterstained with 4',6-diamidino-2-phenylindole. Whereas red staining was observed in
cells transfected with let-7d inhibitor (right), there was no staining in cells transfected with a control oligonucleotide (left). (E) Western blots of RLE-
6TN cells transfected with 50 nM let-7d inhibitor. scr = scrambled sequence; TJP1 = tight junction protein-1. (F) Densitometric analysis of the
immunoblots in (E), *P < 0.05. Fold change by densitometry is equivalent to the density of the targeted protein divided by the density of the
corresponding housekeeping gene. Results represent averages and SD of triplicate experiments.
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into the lungs of four mice on three consecutive days. The mice
were killed on the fourth day. Control mice were administered
an equal volume of saline. Intratracheal administration of the
let-7d antagomir caused a complete knockdown of let-7d in
the lungs (Figure E4). let-7d inhibition caused a significant
decrease in expression of the epithelial markers CDH1 and
TJP1 (Figures 6A and 6B) and a significant increase in COL1A1
and HMGAZ2 expression in the lungs (Figures 6C and 6D). At
this dose the mice appeared sick and the lungs were grossly
hemorrhagic, and it was impossible to maintain them longer. To
better observe the long-term effects of let-7d inhibition we
reduced the dose to 5 mg/kg body weight and treated the
animals for 18 days. At this dose we detected a significant
decrease in let-7d in the lungs (Figure E4), but the mice did not

A CDHA1 B TJP1
0.05 p<0.05
< f H
1‘2 'h 1_2 T
o] L]
£o08 g os
5 s
T 0.4 D 2 o0a ==
© [re
w
0 0
saline antagomir saline antagomir
E saline

antagomir

demonstrate any discomfort. Histological evaluation of formalin-
fixed mouse lung demonstrated increased thickening of alveolar
septa and Masson trichrome stain revealed increased blue
staining indicative of the presence of collagen in let-7d antago-
mir-treated lungs (Figure 6E). Morphometric analysis con-
firmed that in the antagomir-treated lungs, the total tissue per
field was significantly increased (by 21%) relative to the control
sections (Figure 6G). Similarly, quantitation of blue stain
revealed a significant (2.6-fold) increase in antagomir-treated
lungs (Figure 6H). Immunohistochemical staining for ACTA2
revealed enhanced immunoreactive protein in the alveolar walls
of antagomir-treated mouse lungs that was not observed in
saline-treated mice (Figure 6F). Manual counting of ACTA2-
positive cells revealed a significant increase in ACTA2-expressing
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Figure 6. Effect of let-7 inhibition in vivo by intratracheal antagomir administration. Gene expression levels of (A) E-cadherin (CDH1), (B) tight
junction protein-1 (TJP1 [ZO-1]), (C) collagen type 1A (COLTA), and (D) high-mobility group AT-hook 2 (HMGA2) levels in mice (n = 4) treated
with intratracheal antagomir (10 mg/kg) or saline for 4 days. In both (E) and (F), panels i and iii are of saline-treated lungs and panels ii and iv are of
antagomir-treated lungs. Scale bars: i and ii, 100 wm; iii and iv, 25 wm. (E) Masson trichrome staining after 18 days of saline or antagomir treatment.
Arrows in ii and iv point to the blue staining for collagen. Note alveolar septal thickening. (F) Immunolocalization of a-smooth muscle actin (ACTA2).
ACTA2 staining (brown) is significantly increased in antagomir-treated mice compared with saline-treated controls. (G) Quantitation of the total
tissue in control and antagomir-treated lungs. Ten different fields (original magnification, X20) from each slide were quantified, *P < 0.05.
(H) Quantitation of collagen in control and antagomir-treated lungs. Ten different fields (original magnification, X20) from each slide were
quantified, *P < 0.05. (/) Number of ACTA2-expressing cells stained brown was significantly higher in antagomir-treated lungs in comparison with

control lungs, *P < 0.05.
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cells in the antagomir-treated lungs (Figure 6I). To determine
whether the increased ACTA2 was localized in alveolar epi-
thelial cells we colocalized expression of ACTA2, as well the
fibroblast-specific marker S100A4, with SFTPC, a marker of
alveolar type II cells (Figure 7A). Impressively, colocalization
of S100A4 and ACTA2 with SFTPC was observed in, re-
spectively, 38 and 41% of the alveolar epithelial cells in
antagomir-treated lungs (Figure 7B). In contrast, control tissues
exhibited minimal colocalization (Figure E5). Taken together,
these results suggest that in vivo inhibition of let-7 in the lung
causes changes consistent with changes in epithelial cell pheno-
type (increase in ACTA2 and S100A4 expression in SFTPC-
expressing cells), as well as a decrease in global lung expression
of epithelial markers and increased alveolar septal thickening.

DISCUSSION

In this study we explored the expression, regulation, and
potential role of microRNAs in IPF. Among the significantly
decreased microRNAs in IPF lungs were let-7d, miR-26, and
several members of the miR-30 family. We focused on let-7d
and discovered that it was directly transcriptionally inhibited by
the key profibrotic cytokine TGF-B. In vitro inhibition of let-7d
induced an increase in mesenchymal markers in lung epithelial
cell lines, and in vivo inhibition of let-7d in mouse lungs caused
alveolar septal thickening, decreased expression of epithelial
markers, and an increase in collagen and expression of ACTA2
and S100A4 in SFTPC-expressing alveolar epithelial cells. In
IPF lungs let-7d expression was drastically diminished, whereas
HMGA? expression was increased in alveolar epithelial cells.
Increased expression of HMGA?2 was induced by let-7d in-
hibition in vitro and TGF-B-induced expression of HMGA2
was inhibited by let-7d expression, suggesting that the concom-
itant decrease in let-7d and increase in HMGA2 in human lungs
were associated. Taken together, our findings suggest that let-7d
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inhibition is a key regulatory event in the dramatic phenotypic
changes that happen in the alveolar epithelium in IPF (39).
The let-7 family of microRNAs was one of the first discov-
ered (40) and is the most extensively studied; however, this is
the first time a member of the let-7 family has been implicated
in a nontumor disease. Members of the let-7 family are
temporally regulated microRNAs that coordinate developmen-
tal timing (40). They are considered tumor suppressors, regu-
lating RAS and many cell cycle genes (41), and their expression
is supposed to sustain an “epithelial” gene signature (42).
Among the genes suppressed by the let-7 family is HMGAZ2,
a structural transcriptional regulator expressed in early embry-
onic development, some benign tumors, and lung cancer (38). In
the context of IPF it is of interest to note that HMGAZ2 confers
a growth advantage to fibroblasts as evident by the retarded
growth in hmga2-deficient mouse embryonic fibroblasts com-
pared with wild-type fibroblasts (43) and is also a mediator of
TGF-B-induced EMT (11). HMGAZ2 facilitates transcription of
SNAII and TWIST, the transcriptional repressors of adherens,
tight, and desmosomal junction components, leading to reduced
intercellular adhesions. However, although we found a dramatic
decrease in let-7d expression accompanied by an increase in
HMGAZ? in human IPF lungs, and demonstrated that inhibition
of let-7d leads to EMT in vitro and to early fibrotic changes
in vivo, we do not have direct evidence that this effect is
mediated solely through HMGAZ2. A more realistic interpreta-
tion at this stage would be that in the lungs, down-regulation of
let-7d leads to up-regulation of HMGAZ2 as well as other
fibrosis-relevant targets of let-7 such as RAS, insulin-like
growth factor-1 (IGF1), and IGF1 receptor (IGF1R) (Figure
E1A) and thus leads to the profound and sustained changes in
cellular phenotype that are indeed observed in IPF. The fact
that let-7 inhibition is sufficient to induce changes consistent
with EMT in vitro and expression of mesenchymal markers as
well as thickening of alveolar septum in vivo also suggests an

Figure 7. Colocalization of «-smooth muscle
actin (ACTA2) and S100A4 with SFTPC (surfac-
tant, pulmonary-associated protein C). (A) The
green fluorescence represents the mesenchymal
markers ACTA2 and S100A4. The red fluores-
cence denotes the alveolar type Il cell marker
SFTPC. Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole. The merged image
shows colocalization of S100A4 and SFTPC
(top) and ACTA2 and SFTPC (bottom). The white
arrows point to cells showing colocalization.
The red arrows represent cells that express only
SFTPC. (B) Relative quantitation of the colocal-
ization of SFTPC (red) and ACTA2/ S100A4
(green) in scrambled control and antagomir-
treated lungs. The results represent an average
of four different fields per slide and three slides

per group.
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effect mediated through modification of the expression of
multiple fibrosis-relevant genes and not just a single gene.

Our results add to previous results that implicate a role for
inhibition of microRNAs in EMT (14-17). The miR-200 family
prevents EMT by targeting the transcription factors ZEB1 and
SIPI that repress E-cadherin, an epithelial cell marker (14-17).
Similar to let-7d, TGF-B stimulation also decreased expression
of the miR-200 family. Overexpression of the miR-200 family
could not completely block EMT (15), suggesting that let-7d
and the miR-200 family may be acting synergistically, possibly
with a few other microRNAs, in preventing EMT. Although the
current study does not directly overlap the putative pathway of
the miR-200 family, there is no doubt that there may be
multiple signaling cascades at work in a complex cellular
transition such as EMT. In addition, it is possible that in
different organs or during different embryonic stages different
microRNAs may have the role of maintaining the epithelial cell
phenotype. In this context, it is important to note that although
our article focuses on let-7d, the downstream effects of let-7d
overexpression or inhibition are probably common to all
members of the let-7 family of microRNAs. Although the
inhibitory effects we describe do not go through microRNAs
that are not members of the let-7 family it is highly unlikely that
this effect will be mediated only through let-7d and not through
other members of the family.

In this study we demonstrate the influence of TGF-, the key
profibrotic cytokine and a regulator of EMT (44), on the
expression of a microRNA through direct effect on its pro-
moter. This result is consistent with the genome-scale analysis
of microRNA promoters and evidence for binding by stem cell
transcription factors as well as RNA polymerase II, which
suggest that the expression of many microRNAs is under
dynamic transcriptional regulation by transcription factors (45,
46). So far, changes in let-7 microRNA expression levels have
been attributed mostly to their localization to fragile sites (47),
to post-transcriptional modification (48), or to epigenetic
changes (49). Our discovery that let-7d is directly inhibited by
TGF-B is consistent with previous observations that suggested
a SMAD3-mediated inhibitory effect on gene expression (50—
53). More importantly, it adds a new potential mechanism for
regulation of microRNAs and may have important therapeutic
implications as inhibitors of TGF-B signaling and activation are
currently evaluated for cancer and fibrosis. Furthermore, the
suggestion that some of the effects of TGF-B on epithelial cells
may be mediated through microRNAs may have significant
implications leading to a better understanding of the profound
and sustained effects of TGF-B on cell and organ phenotype.

In summary, we demonstrate that IPF lungs are different
from control lungs in their microRNA repertoire. We discov-
ered that let-7d, a microRNA significantly down-regulated in
IPF, is negatively transcriptionally regulated by TGF-B. Fur-
thermore, inhibition of let-7d alone is sufficient to cause EMT
changes in A549, RLE-6TN, and NHBE cells. Concomitant
with let-7d down-regulation in IPF lungs, we found significant
increases in lung expression of HMGA?2, suggesting that let-7
inhibition of HMGA?2 is released in IPF lungs. Last, we
demonstrate that let-7 inhibition in vivo in the lungs may cause
changes in the lung alveolar epithelium with increases in
mesenchymal markers, decreases in epithelial markers, and
thickening of alveolar septa. The discovery of the down-regula-
tion of let-7d in IPF, its regulation by TGF-B, and its potential
role in EMT and fibrosis may have important implications in
our understanding of the molecular mechanisms underlying
IPF, and may also lead to the development of new therapeutic
interventions in this devastating and incurable disease.
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