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In this study,weexploredthe regulationandtheroleofup-regulated
microRNAs in idiopathic pulmonary fibrosis (IPF), a progressive
interstitial lung disease of unknown origin.We analyzed the expres-
sion of microRNAs in IPF lungs and identified 43 significantly up-
regulated microRNAs. Twenty-four of the 43 increased microRNAs
were localized to the chromosome 14q32 microRNA cluster. We
validated the increased expression of miR-154, miR-134, miR-299–
5p, miR-410, miR-382, miR-409–3p, miR-487b, miR-31, and miR-127
by quantitative RT-PCR and determined that they were similarly
expressed in embryonic lungs. We did not find evidence for differ-
ential methylation in this region, but analysis of transcription factor
binding sites identified multiple SMAD3-binding elements in the
14q32microRNA cluster. TGF-b1 stimulation of normal human lung
fibroblasts (NHLF) caused up-regulation of microRNAs on chr14q32
that were also increased in IPF lungs. Chromatin immunoprecipita-
tion confirmed binding of SMAD3 to the putative promoter of miR-
154. Mir-154 was increased in IPF fibroblasts, and transfection of
NHLF with miR-154 caused significant increases in cell proliferation
and migration. The increase in proliferation induced by TGF-b was
not observed when NHLF or IPF fibroblasts were transfected with
a mir-154 inhibitor. Transfection with miR-154 caused activation of
the WNT pathway in NHLF. ICG-001 and XAV939, inhibitors of the
WNT/b-catenin pathway, reduced the proliferative effect of miR-
154. The potential role of miR-154, one of multiple chr14q32 micro-
RNAclustermembers up-regulated in IPF and a regulator offibroblast
migration and proliferation, should be further explored in IPF.
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b-catenin; developmental pathways

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and
usually lethal disease of uncertain etiology (1). The lung phe-
notype in IPF is characterized by aberrant remodeling and pro-
found changes in the phenotypes of alveolar epithelial cells and
lung fibroblasts as well as activation of developmental pathways
(2–4). IPF lungs are characterized by the histological appear-
ance of usual interstitial pneumonia, including the presence of

fibroblastic foci that are an aggregation of fibroblasts and myo-
fibroblasts where fibroblasts proliferate, migrate, and contribute
to excessive production of extracellular matrix (5).

Although the etiology of IPF is not well understood, there has
been significant progress in understanding the molecular mech-
anisms that underlie the lung phenotype in IPF. Transforming
growth factor (TGF)-b1 is considered a key regulator of lung
fibrosis, an inducer of fibroblast proliferation, and a regulator of
gene and microRNA expression in various cell types (6–9). Ab-
errant recapitulation of developmental programs and activation
of WNT/b-catenin pathway has also been recently reported as
one of the main phenotypic characteristics of the IPF lung (10–
12). Inhibition of WNT/b-catenin/CBP driven transcription may
have clinical significance in cancers and prevents and reverses
established fibrosis in mice (13–15).

Recently, a role for microRNAs, small noncoding RNAs that
regulate gene expression, has been suggested in lung fibrosis (9,
16). MicroRNAs are endogenous RNAs of approximately 19
to 25 nucleotides and are processed from primary transcripts
in sequential steps by the RNase III endonucleases, Drosha in
the nucleus (17) and Dicer in the cytoplasm. They negatively
regulate target mRNAs by imperfectly matching the pairing to
their 39 untranslated regions (39UTR) of mRNA targets (18).
Differential expression of microRNAs is directly associated
with developmental processes and with the initiation and pro-
gression of cancer, diabetes, cardiovascular disease, and lung
disease (16, 19–22). Many microRNA are located in genomic
clusters (23). The largest microRNA cluster in the human ge-
nome spans 100 kb at human chromosome 19q13.41 and com-
prises 46 microRNA genes exclusively expressed in the placenta,
and the second largest cluster is on human chromosome14q32
(24, 25).

In this manuscript we focus on up-regulated microRNAs in
IPF. We demonstrate that most of them are localized to the
chromosome 14q32 microRNA cluster and that many belong
to the miR-154 family. We study their regulation and down-
stream effects and demonstrate that they are TGF-b1 target

(Received in original form October 23, 2011 and in final form September 14, 2012)

This work was supported by National Institutes of Health grants NIH RO1HL07374530,

RO1HL095397, R01LM009657, RC2HL101715, and RO1HL073722 and by the

Dorothy P. and Richard P. Simmons Endowed Chair for Pulmonary Research.

Correspondence and requests for reprints should be addressed to Naftali Kaminski,

M.D., Dorothy P. and Richard P. Simmons Center for Interstitial Lung Disease,

Pulmonary, Allergy and Critical Care Medicine, University of Pittsburgh Med-

ical Center, NW 628 MUH, 3459 5th Avenue, Pittsburgh, PA 15261. E-mail:

kaminskin@upmc.edu

This article has an online supplement, which is accessible from this issue’s table of

contents at www.atsjournals.org

Am J Respir Cell Mol Biol Vol 47, Iss. 6, pp 879–887, Dec 2012

Copyright ª 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2011-0377OC on October 4, 2012

Internet address: www.atsjournals.org

CLINICAL RELEVANCE

Idiopathic pulmonary fibrosis (IPF) is a lethal and untreat-
able disease. The expression of microRNAs, small noncoding
RNAs that regulate gene and protein expression, is altered in
the IPF lung. Understanding how dysregulated microRNAs
affect fibrosis-related pathways may have significant impor-
tance for the development of new interventions. In this
manuscript we identify 43 significantly up-regulated micro-
RNAs in IPF lungs and demonstrate one of these micro-
RNAs, mir-154, as a regulator of fibroblast fibrosis–related
phenotypes.
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microRNAs and provide preliminary evidence that mir-154 may
be a regulator of disease-relevant fibroblast behavior. Some of
the results presented in this manuscript have been previously
reported as an abstract (26).

MATERIALS AND METHODS

Sample Population

Tissues from 13 patients with IPF and 12 normal lung histology samples
obtained from the University of PittsburghHealth Sciences Tissue Bank
as previously described (27) were used for microarrays, and 32 IPF
samples and 28 normal histology controls from the Lung Tissue Re-
search Consortium were used for quantitative RT-PCR (qRT-PCR).
Fetal lung tissues were obtained from the University of Pittsburgh
Tissue Bank. The University of Pittsburgh Institutional Review Board
approved all experiments.

Cell Culture and Transfection

Primary normal human lung fibroblasts (NHLF) were purchased from
Lonza Ltd. (Basel, Switzerland), and IPF fibroblasts were obtained from
explanted lungs as previously described (28). All fibroblasts were between
passages 3 through 8. Wherever indicated, cells were stimulated with
recombinant TGF-b1 (R&D, Minneapolis, MN). Before stimulation or
transfection, cells were cultured overnight in 1% FBS. Cells were trans-
fected with pre–miR-154, mir-154 inhibitor, or negative controls (Ambion,
Austin, TX). For cotransfection experiments, a TCF Reporter Plasmid
Kit (EMD Millipore, Jaffrey, NH) was used with a Renilla luciferase
reporter (Promega, Madison, WI) to normalize for transfection efficiency.

RNA Isolation and qRT-PCR

RNA from tissues and cells was isolated using the miRNeasy Mini kit
(Qiagen, Valencia, CA), and quality was determined by an Agilent Bio-
analyzer 2100. TaqMan MicroRNA and gene expression assays (ABI,
Foster City, CA) were used for qRT-PCR.

Microarrays

RNA was labeled and hybridized to 8X15K Agilent microRNA or
4X44k whole human genome Agilent microarrays as described by us
(9, 29). Microarray data were deposited in Gene Expression Omnibus
(datasets GSE27430 and GSE27156).

Analysis of 14q32 Cluster and

Chromatin Immunoprecipitation

Genomic coordinates of all transcripts were obtained from the UCSC
Genome Browser. Putative Smad-binding elements were found by
the Footer algorithm (30). Chromatin immunoprecipitation analyses
were performed according to the manufacturer of the EZ ChIP proto-
col (Millipore, Billerica, MA)

MassARRAY EpiTYPER Analysis

Quantitative analysis of CpG dinucleotide methylation was performed
using MassARRAY EpiTYPER analysis (31).

Proliferation Assays

NHLFwere cultured in round-bottom, 96-well plates for 24 hours. After
transfection with miR-154, the cells were pulsed with [3H]-thymidine
(1 mCi/well) (PerkinElmer, Waltham, MA), and the [3H]-thymidine in-
corporation was measured. For FACS, NHLF were pulsed with 10 mM
BrdU for 16 hours and then stained with 7-AAD for cell cycle analysis.

Migration Assays

Cell migration was determined by counting the number of cells that mi-
grated through Matrigel inserts with 8-mm pores (Becton Dickinson,
Woburn, MA).

ICG-001 and XAV939 Treatment

Human lung fibroblasts were transfected in a 96-well plate with 50 nM of
pre–miR-154. Six hours later, the cultures were replaced with fresh
medium, and 10 mM of ICG-001, a selective inhibitor of the CBP–
b-catenin interaction (14, 32), or 10 mM of XAV939, a tankyrase in-
hibitor that inhibits WNT signaling (33). Proliferation was measured
24 hours after transfection using CellTiter 96 AQueous (Promega).

Statistical Analysis of Data

MicroRNA and mRNAmicroarray data analysis was done using Gene-
Spring v11, and visualization was performed with Java Treeview. Group
comparisons were made using an unpaired, two-tailed Student’s t test,
and significant enrichment of overexpression of microRNAs in specific
chromosomal locations was determined using Fisher’s exact test.

Detailed methods are provided in the online supplement.

RESULTS

The Majority of Increased MicroRNAs in IPF Localize

to Chromosome 14q32 and Are Enriched with Members

of the mir-154 Family

Ninety-fourmicroRNAswere significantly differentially expressed
(P , 0.05), and 43 of them were higher in IPF (Figure 1A; see
Table E1 in the online supplement). The complete microRNA
microarray data have been deposited in the Gene Expression
Omnibus (GSE27430) and are publicly available. The majority
of up-regulated microRNAs (n ¼ 24) were localized to chromo-
some 14q32 (Figure 1B), and this enrichment was statistically
significant (Figure E2). In fact, in silico analysis of the 14q32
microRNAs demonstrated that, when taken globally, the tran-
scripts located at chromosome 14 are significantly transcription-
ally activated (Figures E3A and E3B; Table 5E) (a detailed
description is provided in the online supplement), suggesting
that they operate as a transcriptional module as previously de-
scribed (34). Twelve of the 14q32 microRNAs (miR-369–5p,
miR-299–3p, miR-409–3p, miR-299–5p, miR-409–5p, miR-410,
miR-377, miR-382, miR-487b-5p, miR-154, miR-539, and miR-
493*) belong to the miR-154 family. The miR-154 family was
the most abundant microRNA family within increased micro-
RNAs expression in IPF.

We confirmed the microarray results of nine microRNAs (miR-
154, miR-134, miR-299–5p, miR-410, miR-382, miR-409–3p, miR-
487b, miR-31, andmiR-127) by qRT-PCR (Figure 1C). Up-regulated
microRNAs on chromosome 14q32 are part of the imprinted
domain DLK1-DIO3, which contains paternally imprinted
genes DLK1 and DIO3 and the maternally imprinted MEG3
gene (Figure 2A). DIO3 and MEG3 were increased in our pre-
viously published microarray data (29), and qRT-PCR con-
firmed their up-regulation in IPF lungs (Figures 1D and 1E).

The overexpression of miR-154, as a representative of the
most abundant up-regulated microRNA family, was confirmed
in an additional cohort of 32 patients with IPF (Figure 1F).
Expression of miR-154 was also significantly increased in IPF
fibroblasts (Figure 1G).

TGF-b1 Drives Expression of MicroRNAs in the 14q32 Cluster

and Induces Changes Similar to Those Seen in IPF

To resolve whether the coordinated increase in the microRNAs
and whether gene expression on chromosome 14q32 was deter-
mined by the result of changes in methylation, we analyzed the
methylation status of CpG islands on the putative promoters of
DLK1 (100244848–100246120 and 100262504–10063352), MEG3
(100360176–100360721), and the CpG islands within the micro-
RNA cluster (100601296–100602237) using CpG island arrays re-
cently published by us (35) and validated withMassArray Epityper

880 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 47 2012



Figure 1. The majority of increased microRNAs in idiopathic pulmonary fibrosis (IPF) localize to chromosome 14q32 and are enriched with members
of the mir-154 family. (A) microRNA microarray expression profiles were analyzed using RNA from 12 control and 13 pulmonary fibrosis lung tissues.

The heat map represents statistically significant (P < 0.05), differentially expressed microRNAs. Up-regulated microRNAs are shown in yellow, and

down-regulated microRNAs are shown in purple. Columns represent individual samples; selected microRNAs are represented in rows. The names of

the all differentially expressed microRNAs are provided in the Table E1. (B) Chromosomal distribution of significantly up-regulated microRNAs in IPF.
The x axis represents human chromosomes, and the y axis represents fold change in log2 scale. The black lines on the x axis represent human

chromosomes with significantly up-regulated miRs, and the gray lines represent chromosomes without significant differential expression of micro-

RNAs. The members of miR-154 family located on chr14q32 are miR-369–5p, miR-299–3p, miR-409–3p, miR-299–5p, miR-409–5p, miR-410, miR-
377, miR-382, miR-487b-5p, miR-154, miR-539, and miR-493*. (C) Quantitative RT-PCR (qRT-PCR) confirmation of the microarray results

demonstrates significant changes in all qRT-PCR–measured microRNAs. Results are presented as mean6 SEM. DIO3 (D) and MEG3 (E) are increased

in IPF lungs in comparison to controls. DIO3 and MEG3 mRNA levels in total lung homogenate were measured by microarray (white column) and

qRT-PCR (blue column) (n > 16 were used for microarray, and n ¼ 5 for qRT-PCR). (F) qRT-PCR confirmation of the microarray results on the
independent cohort of patients demonstrates significant (P ¼ 2.7E-12) up-regulation of miR-154 in IPF samples (n ¼ 32) compared with normal

histology controls (n ¼ 28). (G) qRT-PCR analysis of miR-154 is significantly increased in IPF fibroblasts compared with normal human lung

fibroblasts (NHLF) (n ¼ 4 each group; P , 0.05). Results are presented as mean 6 SEM (P , 0.05).
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Figure 2. TGF-b1 partially regulates expression of microRNAs on chr14q32. (A) The regional physical map of the human chromosome 14q32. Genes

are shown in red, up-regulated microRNAs in green, differentially methylated regions (DMR) in blue, and Smad-binding elements (SBEs), predicted

by the Footer algorithm, in purple. DIO3 (B) and MEG3 (C) mRNA levels were analyzed by qRT-PCR using RNA from lung fibroblast stimulated with
TGF-b1 for 24 hours (n ¼ 6). Results are presented as mean 6 SEM (P , 0.05). (D) Sequenom EpiTYPER quantitative methylation analysis of CpG

dinucleotide was performed at the methylated regions (DMRs) on chromosome 14q32 on the following locations: DMR1 (100244848–

100246120), DMR2 (100262504–100263352), DMR3 (100360176–100360721), and DMR4 (100601296–100602237). The primer sequences

used in the Sequenom EpiTYPER study are shown in Table E4. (E) Direct comparison of differentially expressed microRNAs in IPF lungs and lung
fibroblast stimulated with TGF-b1 for 2 hours (5 ng/ml). The seven underlined microRNAs indicate miR-154 family members. The color codings

outlined in the inserted box indicate human chromosomes. (F) SMAD3 chromatin immunoprecipitation assay discovered an association with the

predicted promoters (P1 and P2) of miR-154. Only P1 showed an association with SMAD3 under stimulation of TGF-b1. P1 and P2 are 391 and 322

bp, respectively, upstream from the pre–miR-154 gene. L ¼ ladder; NC ¼ negative control (normal mouse IgG); PC ¼ positive control (anti-RNA
polymerase II).
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comparing fibrotic lungs with the controls. All four CpG islands
were similarly methylated, and there was no significant difference
detected between those two groups (Figure 2D).

To find alternative transcriptional regulatory mechanisms, we
searched for transcription bindings sites of putative promoters
upstream of microRNAs on chr14q32 using the Footer algorithm
(30). We found 16 Smad (3 and/or 4) binding elements 5 kb
upstream of up-regulated miRs on chr14q32 (Figure 2A; Table
E3), nine of which were detected upstream of miR-154 family
members. We also found on the same region putative transcrip-
tion factor binding sites of p53, c-Myc, and E2F1.

To address the question of whether TGF-b regulates the
mRNAs and microRNAs in this region, we stimulated NHLF
with TGF-b1. TGF-b1 induced significant increases in MEG3
but not in DIO3 (Figures 2B and 2C). MicroRNA microarray
analysis of the same NHLF revealed 84 differentially ex-
pressed microRNAs (Table E2); of these, 52 were increased
and 32 were decreased. Of the 13 microRNAs localized to
Chr14q32, seven microRNAs from the miR-154 family were
increased by TGF-b1.

To determine whether TGF-b1–induced changes in micro-
RNA expression in NHLF were reflective of those seen in IPF,
we compared the microRNA changed in IPF to controls with
NHLF stimulated with TGF-b (Figure 2E). We found 14 micro-
RNAs that were commonly up-regulated in both groups; among
themwere 12 microRNAs from chr14q32, and of these sevenmicro-
RNAs were miR-154 family members, suggesting that TGF-b1 is
responsible for some of the increases in chromosome 14q32 micro-
RNAs in IPF. Real-time PCR confirmed that TGF-b1 treatment
significantly induced mir-154 in NHLF but not in IPF fibroblasts
(data not shown).

We used chromatin immunoprecipitation to validate the
binding of SMAD3 to the two closest Smad-binding elements
of the miR-154 gene (Figure 2A; Table E3). Our data revealed
binding of SMAD3 to position 391 bp upstream of the miR-154
gene in TGF-b1–stimulated cells (Figure 2F, lane P1) but not in
the nonstimulated cells. In contrast, the binding of SMAD3 at
the 322 bp site (Figure 2F, lane P2) upstream of pre–miR-154
was evident with or without TGF-b1 stimulation.

In summary, these findings suggest that TGF-b1 is a positive
inducer of genes and microRNAs on chromosome 14q32. Be-
cause miR-154 is increased in IPF and induced by TGF-b1 and
because many of its family members are induced in IPF, we
focused on it as a representative member of the mir-154 family.

miR-154 Increases Migration and Proliferation of Lung

Fibroblasts and Inhibits p15

To determine the downstream effects of increased expression of
miR-154, we transfected NHLF with miR-154 and analyzed
changes in migration, proliferation, and cell cycle. Transfection
of NHLF with miR-154 induced a significant increase in prolif-
eration of adult and fetal lung fibroblasts as measured by [3H]
thymidine incorporation (Figures 3A and 3B) and a significantly
higher percentage of BrdU-FITC labeled DNA of S-phase ac-
cess compared with the scrambled controls, suggesting miR-154
promotes S-phase entry (Figure 3D) and a significant increase in
cell migration (Figure 3C). The cell cycle inhibitor CDKN2B
(p15), a CDK4 inhibitor, is a TargetScan-predicted target of
miR-154. Western blot analysis revealed significantly decreased
protein levels of p15 (Figure 3E) in NHLF transfected with
miR-154 in comparison to control, suggesting that in part the
effects of miR-154 on cell cycle were mediated through p15.
TGF-b1–induced increases in proliferation were significantly
reduced in the presence of a mir-154 inhibitor in NHLF and
IPF fibroblasts (Figure 3F).

miR-154–Induced Changes in Proliferation Are Mediated

through Activation of the WNT/b-Catenin Pathway

To examine whether microRNAs increased in IPF were poten-
tial regulators of lung development, we compared the expression
of miR-487b, miR-409–3p, miR-154, miR-154*, miR-134, miR-
299–5p, miR-410, miR-382, miR-377, and miR-296 in patients
with IPF, in control subjects, and in fetal lungs by qRT-PCR.
microRNAs increased in IPF, including miR-154, were also highly
expressed in fetal lungs (Figure 4A), suggesting that the in-
creased microRNA profile of IPF lungs represented reversal
of lung differentiation. To determine whether at least part of
the effect of miR-154 on NHLF was mediated through dysreg-
ulation of the WNT/b-catenin pathway implicated in IPF, we
assessed mRNA levels of 84 WNT pathway–related genes using
a WNT signaling PCR array in NHLF 24 hours after transfec-
tion with miR-154 and determined that 10 WNT pathway genes
were significantly changed. The WNT pathway inhibitors DKK2,
DIXDC1, and PPP2CA (36–38) were significantly decreased
(Figure 4B), whereas activators of the pathway, such as the WNT
receptors FZD 4/5/6, LRP, and KREMEN1, as well as b-catenin
and WISP1 were increased (Figure 4B). Total protein levels of
b-catenin were also significantly increased (Figures 4C and 4D),
and MiR-154 transfection significantly induced activity of the
TOPFLASH reporter assay (Figure 4E). Taken together, these
results suggest that transfection of NHLF with miR-154 leads to
activation of the WNT/b catenin pathway. Finally, to determine
whether the effects of miR-154 on fibroblast proliferation were me-
diated through activation of the WNT/b catenin pathway, we used
two inhibitors of the pathway: ICG-001, an inhibitor of b-catenin/
CBP-mediated transcription that specifically binds to CBP (14),
and XAV939, which inhibits Wnt/b-catenin signaling by increasing
axin protein levels (33). We transfected NHLF with miR-154 and,
6 hours after transfection, treated the cells with 10 mM ICG-001 or
XAV939. Treatment with either inhibitor eliminated the miR-154–
induced proliferation (Figures 4F and 4G), suggesting that miR-
154 induces fibroblast proliferation through its permissive effect on
the WNT/b-catenin pathway.

DISCUSSION

In the current study, we identified 94 microRNAs that were dif-
ferentially expressed in IPF. Of the 43 increased microRNAs, 24
were localized to the microRNA cluster on chromosome 14q32,
and 13 of them were members of the miR-154 family. Methyla-
tion analysis did not provide evidence for epigenetic regulation
of this region in IPF, but transcription factor binding site analysis
revealed enrichment of SMAD-binding sites. Indeed, 14 micro-
RNAs from this region were induced by TGF-b1 stimulation of
NHLF, including seven miR-154 family microRNAs. Transfec-
tion with miR-154 enhanced proliferation and migration of
fibroblasts and repressed protein expression of cell cycle inhib-
itor p15; inhibited WNT pathway repressors DKK2, DIXDC1,
and PPP2CA; and increased FZD 4/5/6, LRP, KREMEN1,
b-catenin, and WISP1, leading to an overall activation of the
WNT/b-catenin pathway. The miR-154–induced proliferation
was reversed by inhibition of the WNT/b-catenin pathway, sug-
gesting that the effects of miR-154 on lung fibroblasts were at
least in part mediated through this pathway.

One of the most intriguing findings in our study is that the
majority of up-regulated microRNAs in IPF can be localized to
a single chromosomal cluster on chromosome 14q32. This is a rel-
atively well described microRNA cluster that has been implicated
in several diseases such as inflammatory bowel disease, schizophre-
nia, and cancer (39–43). The majority of these studies assumed
structural changes such as amplifications, deletions, or changes in
epigenetic regulation as the cause for the dysregulation. Indeed,
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the microRNA cluster on chr14q32 has been shown to be regu-
lated by a differentially methylated region (IG-DMG) located
approximately 200 kb upstream of the microRNA cluster (24).
We analyzed this differentially methylated region on chr14q32 in
patients with IPF and found no difference in methylation when
compared with control subjects and thus looked for another po-
tential explanation: shared transcriptional regulation. The discov-
ery that the Chr14q32 microRNA cluster is enriched with SMAD
binding sites and may be coordinately regulated by TGF-b1 is
novel and suggests a different model by which this pluripotent
growth factor exerts global effects on cellular phenotypes. Al-
though we did not provide direct evidence for SMAD binding
for every one of these SMAD-binding elements, we did provide
evidence in silico (see Figures E3A and E3B for an analysis of gene
expression across the region) that the Chr14q32 microRNA cluster
behaved as a transcriptional module, and we confirmed in vitro the
binding of SMAD3 to the putative promoter of mir-154 and dem-
onstrated a significant increase in microRNAs in this cluster after
TGF-b1 stimulation. The role of TGF-b1 as a regulator of single

microRNA expression in IPF has been described by us and by
other groups (16, 44), but this finding highlights the extent to
which TGF-b1 exerts its effects on cellular phenotypes, consid-
ering that these microRNAs have multiple targets. Considering
that the microRNAs in this cluster are usually up-regulated
during lung development (21), it may be speculated that at least
some of the recapitulation of developmental pathways observed
in IPF is a result of chronic cellular exposure to TGF-b1.

In the context of its role in lung development, the impact of
miR-154 on the WNT/b-catenin pathway may provide an im-
portant clue to the profound phenotypic changes observed in
IPF. Recapitulation of developmental programs, particularly
WNT signaling, has been implicated in IPF (2, 3, 10, 13, 45),
but the mechanisms are not completely known. It is possible that
at least part of the aberrant activation of the WNT/b-catenin
pathway is caused by the permissive effects of miR-154 through
inhibition of inhibitors of the pathways, as is gleaned from the down-
regulation of miR-154 predicted targets; the WNT inhibitors
DKK2, DIXDC1, and PPP2CA; and a concomitant increase in

Figure 3. miR-154 increases mi-

gration and proliferation of fi-
broblasts and decreases protein

levels of cell cycle inhibitor

p15. (A) NHLF transfected

with pre–miR-154 or a negative
(scrambed) control (SCR) for

24 hours demonstrate an

increase in proliferation mea-

sured by [3H] thymidine incor-
poration assay. Data shown are

means of n > 5, 6 SEM (y axis:

CPM). (B) miR-154 increases

proliferation of fetal fibroblasts
transfected with pre–miR-154

or a scrambled control (SCR)

for 24 and 48 hours, and the
increase in proliferation was

measured by [3H]thymidine

incorporation assay. To each

well, 1 mCi of [3H] was added
for the final 18 hours of incu-

bation. Data shown are means

of n > 5, 6 SEM (y axis: CPM).

(C) NHLF transfected by miR-
154 exhibit significant increase

in migration as measured by

Boyden chamber assay; data
are presented as a mean 6
SEM of two independent ex-

periments (n > 5). (D) Flow

cytometric analysis of a cell cy-
cle comparing cells transfected

for 24 hours with pre–miR-154

and the negative control (SCR)

using BrdU incorporation. Lung
fibroblasts were cultured with

10 mM BrdU for 12 to 16 hours,

and BrdU incorporation was
measured (with FITC–anti-BrdU)

over total DNA content stained

with 7-AAD. The results are

shown as mean of n ¼ 5 6
SEM. (E) p15 proteins levels were determined in total protein lysate from fibroblasts transfected with pre–miR-154 and scrambled control (SCR)

for 24 hours using Western blot analysis. b-Actin was used as a loading control. (F) Anti–miR-154 reduced the proliferative effect of TGF-b1 in fibrotic

and control fibroblasts. Fibrotic and normal fibroblasts were transfected with 30 nM of anti–miR-154 or scrambled control and 6 hours later

stimulated with 5 ng/ml of TGF-b1. Transfection of anti–miR-154 was compared with scrambled. Proliferation was measured 48 hours after
transfection using CellTiter 96 AQueous.
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pathway activators FZD4/5/6, LRP6, KREMEN1, and intracellular
molecules WISP1 and b-catenin. Regulation of WNT/b-catenin
through targeting its inhibitors has recently been demonstrated
in 293T cells (46). The downstream effects of miR-154 on fibro-
blast proliferation were completely abolished by the use of either
ICG-001, a selective inhibitor of WNT/b-catenin/CBP-driven tran-
scription previously shown to attenuate bleomycin-induced lung
fibrosis in mice (13, 14), or by XAV939, an inhibitor that sta-
bilizes axin and inhibits Wnt signaling (33), suggesting that the
effects of mir-154 on fibroblast proliferation are at least partially
mediated through aberrant dysregulation of the WNT/b-catenin
pathway. A frequent conceptual challenge when interpreting
microRNA experiments is the integration of all the parallel
and intersecting effects that microRNAs exhibit. In our case, the

discovery that overexpression miR-154 leads also to inhibition
of the cyclin-dependent kinase inhibitor p15 (CDKN2B) sug-
gests that mir-154 induces proliferation through more than one
pathway. P15, a well known TGF-b1 responsive gene (47, 48), is
a known inhibitor of cell cycle, and loss of p15 expression has been
associated with several cancer types (49). Taken together, our ob-
servations suggest that overexpression of miR-154 may be associ-
ated with a general overproliferative state in lung fibroblasts.

There are several limitations of our work. First, the evidence
for a potential role of mir-154 is derived from profiling of human
lungs and from experiments performed in vitro in human lung
fibroblasts. In vivo experiments that involve perturbations of
mir-154 expression in animal models of fibrosis are required
to prove that mir-154 plays a profibrotic role in vivo. Second,

Figure 4. Mir-154 is a regulator

of the WNT/b-catenin path-
way. (A) microRNA qRT-PCR

expression profiles were ana-

lyzed using RNA from 10 con-

trol subjects and from 10 fetal
and 10 pulmonary fibrosis

lung tissues. The heat map

represents statistically signifi-

cant (P < 0.05), up-regulated
microRNAs, which are shown

in the yellow. The purple repre-

sents down-regulated miRs,

and I represents nonexpressed
miRs; the fetal and fibrotic

tissues are normalized to the

controls. Each column represents
individual samples; selected

microRNAs are represented in

rows. (B) WNT superarray anal-

ysis was done on primary lung
fibroblasts transfected with

the negative control or pre–

miR-154, and mRNA levels of

10 WNT signaling genes were
found to be significantly ele-

vated (*). The results are shown

as mean of n ¼ 4 6 SEM (*P <

0.05). (C) Protein levels of

b-catenin were determined in

fibroblasts transfected with

the precursor of miR-154 or
negative control (24 h) using

Western blot analysis. b-actin

was used as a loading control.

(D) Densitometry confirms
changes in proteins. Relative

intensity is calculated by divid-

ing density of target protein
by the density of the loading

control for every lane as deter-

mined using ImageJ software (n

¼ 3, *P < 0.05). (E) NHLF cells
were transfected with TOP-

FLASH reporter or its mutant,

FOPFLASH, followed by transfec-

tion of pre–miR-154 or scram-
bled for 24 hours. Luciferase activity was normalized to Renilla luciferase activity (n ¼ 4; *P , 0.05). (F) ICG-001 reduced the proliferative effect of

miR-154 in human fibroblasts. Scrambled (SCR) and SCR1ICG-001 were used as a control for pre–miR-154 and miR-1541ICG-001 transfections,

respectively (n > 4, *P < 0.05). Proliferation was measured 24 hours after transfection using CellTiter 96 AQueous. The results are shown as the percentage

relative to scrambled. (G) XAV939 reduced the proliferative effect of miR-154 in human fibroblasts. Scrambled (SCR) and SCR1XAV939 were used as
a control for pre–miR-154 andmiR-1541XAV939 transfections, respectively (n> 4, *P< 0.05). Proliferation was measured 24 hours after transfection using

CellTiter 96 AQueous. Results are shown as optical density at 490 nm.
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although we provide compelling data about the effects of mir-
154 in NHLF and some limited observations in IPF fibroblasts,
we did not perform a detailed analysis of the regulation and
effects of mir-154 in IPF fibroblasts. A detailed analysis that
includes a large number of primary lines from patients with
IPF and potentially freshly harvested cells as recently suggested
(50) will be required to determine whether mir-154 is consistently
overexpressed in IPF fibroblasts and whether its inhibition alters
their phenotypes. Third, although we provide evidence that mir-
154 is induced by TGF-b1 and that it may be a regulator of the
WNT/b-catenin, we do not provide a detailed mechanistic analysis
of its role in the intersection of these critically important pathways.
Last, although our results present a compelling view of a chromo-
somal location potentially regulated by TGF-b1 and then focus on
the downstream profibrotic effects of mir-154, we do not ad-
dress other potential mechanisms that may activate mir-154.
As an example, in addition to multiple SMAD3/4 binding ele-
ments on chr14q32, we also found some predicted binding sides
for p53, c-Myc, and E2F1 in the same region. We did not val-
idate the binding of these factors or determine their effects on
the expression of the cluster, but future studies may indicate
whether they have an inhibitory or a coactivator role. However,
the current finding of the regulation of mir-154 and the 14q32.31
cluster by TGF-b1 is novel and, in the context of fibrosis, is
likely to be important. It may also suggest that mir-154 should
be investigated as a potential previously unrecognized link be-
tween the TGF-b1 and the WNT/b-catenin pathways.

MicroRNAs have emerged as key regulators of fibrotic pro-
cesses in the lung. In this manuscript we provide evidence for
a regionally coordinated up-regulation of microRNAs poten-
tially in response to TGF-b1 and highlight that the microRNA
profile of IPF lungs is similar to that of the embryonic human
lung and suggests activation of programs that were suppressed
during lung differentiation. We then focused on mir-154 and
demonstrate a role for this microRNA in the regulation of fi-
broblast proliferation and migration probably through the inhi-
bitory effect on CDKN2B and a permissive effect on the global
activation of the WNT signaling pathway. Our results suggest that
increases in mir-154 may allow the activation of fibrotic transcrip-
tional programs in lung fibroblasts and, thus, assessing the potential
therapeutic value of in vivo inhibition of mir-154 in animal models
of disease and detailed mechanistic analysis of its effects would be
the logical next steps.
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