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The hormone relaxin is considered a potential therapy for
idiopathic pulmonary fibrosis (IPF). We have previously shown
that a potential limitation to relaxin-based IPF therapy is
decreased expression of a relaxin receptor, relaxin/insulin-like
family peptide receptor 1 (RXFP1), in IPF fibroblasts. The
mechanism that down-regulates RXFP1 in IPF remains unclear.
To determine whether microRNAs (miRs) regulate RXFP1 gene
expression, here we employed a bioinformatics approach to
identify miRs predicted to target RXFP1 and identified a
putative miR-144-3p target site in the RXFP1 mRNA. In situ
hybridization of IPF lung biopsies revealed that miR-144-3p
is expressed in fibroblastic foci. Furthermore, we found that
miR-144-3p is up-regulated in IPF fibroblasts compared with
lung fibroblasts from healthy donors. Transforming growth
factor � increased miR-144-3p expression in both healthy
and IPF lung fibroblasts in a SMAD family 2/3 (SMAD2/3)-
dependent manner, and Jun proto-oncogene AP-1 transcrip-
tion factor subunit (AP-1) was required for constitutive miR-
144-3p expression. Overexpression of an miR-144-3p mimic
significantly reduced RXFP1 mRNA and protein levels and
increased expression of the myofibroblast marker �-smooth
muscle actin (�-SMA) in healthy lung fibroblasts. IPF lung
fibroblasts transfected with anti-miR-144-3p had increased
RXFP1 expression and reduced �-SMA expression. Of note, a
lentiviral luciferase reporter carrying the WT 3� UTR of
RXFP1 was significantly repressed in IPF lung fibroblasts,
whereas a reporter carrying a mutated miR-144-3p– binding
site exhibited less sensitivity toward endogenous miR-144-3p
expression, indicating that miR-144-3p down-regulates

RXFP1 in IPF lung fibroblasts by targeting its 3� UTR. We
conclude that miR-144-3p directly represses RXFP1 mRNA
and protein expression.

Idiopathic pulmonary fibrosis (IPF)3 is a chronic and pro-
gressive scarring of the lung parenchyma that ultimately com-
promises gas exchange and progresses to respiratory failure and
death in many by four years after the diagnosis (1, 2). The hall-
mark of fibrosis, which is shared by all organs, is the dysregu-
lated, and seemingly unending, architectural destruction
caused by the accumulation of activated fibroblasts and the
deposition of extracellular matrix. Multiple lines of evidence
have suggested that the hormone relaxin is a potentially pow-
erful inhibitor of fibrosis (3, 4). These include the seminal
observations that mice genetically engineered to lose expres-
sion of the hormone relaxin (encoded in humans by RLN2)
developed a progressive, age-related multiorgan fibrosis that
was reversible with exogenous relaxin (4 –6). In further support
of the importance of this pathway, we have shown that gene
expression levels for the relaxin receptor, RXFP1, in IPF is
directly associated with pulmonary function (7). In IPF, RXFP1
protein expression is decreased in both diseased lungs and in
fibroblasts isolated from diseased lungs compared with donor
controls. Because the loss of RXFP1 expression in IPF may
desensitize fibroblasts from the positive effects of relaxin-like
agonists (7), a strategy to increase RXFP1 expression in IPF
might prove to be an effective therapeutic approach.

Little is known, however, about the transcriptional regula-
tion of RXFP1 expression. Many endocrine signals have been
associated with RXFP1 expression (8, 9). We and others have
shown that transforming growth factor (TGF) � stimulation
can lead to decreased RXFP1 expression (7, 10). Further high-
lighting the heterogeneity of fibrosis in different organs,
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increased RXFP1 expression has been observed in liver fibrosis
(11, 12). To our knowledge, there are no data on the regulation
of RXFP1 by particular transcription factors.

One relatively unexplored mechanism to regulate RXFP1
expression is the role of microRNAs. MicroRNAs are noncod-
ing small RNAs, about 22 nucleotides in length, that can bind to
the 3� UTR of target genes to repress their translation and/or
induce degradation of target gene mRNA by incomplete base
pairing. The role of mesenchymal cell (fibroblast) microRNA
expression and function in pulmonary fibrosis has been dem-
onstrated in several recent studies (13–18). Only synthetic
microRNAs have been associated with regulation of RXFP1
expression (19). In this study, we tested the hypothesis that
dysregulation of microRNA expression in IPF fibroblasts regu-
lates RXFP1 gene expression.

Results

Lowest human RXFP1 mRNA expression is present in the IPF
patients with the highest predicted mortality

Previously, we found that RXFP1 gene expression in IPF
lungs was negatively correlated with pulmonary function (7).
These data, however, were not analyzed for predicted mortality.
In this new analysis, we calculated GAP (genomic-age-pulmo-
nary function) stages (1 to 3) for the IPF patients in the Lung
Tissue Research Consortium (LTRC) dataset (Fig. 1, A–C, n �
134). This three-stage system has been validated and is asso-
ciated with increasing 1-year mortality in IPF (7, 20). Here,
we plotted RXFP1 (and RXFP2 and RXFP3) gene expression
data as a function of GAP stage. For all three genes, missing

pulmonary function data (N � 13/134) were imputed to the
severest pulmonary function category. We have found that
patients in the highest GAP stage had the lowest RXFP1 gene
expression. This was not observed for RXFP2 and -3. These
data indicate that patients with the lowest RXFP1 gene
expression were in the group of patients predicted to have
the highest mortality.

TGF� is associated with decreased half-life of RXFP1 in human
lung fibroblasts

Because a reduction in RXFP1 gene expression in the lung
predicts reduced pulmonary function (7) and increased mortal-
ity, we next sought to understand the kinetics of RXFP1 mRNA
stability, donor and IPF lung fibroblasts were incubated simul-
taneously with the transcriptional inhibitor actinomycin D and
TGF�. Cells were processed for quantitative RT-PCR at several
time points. We determined that the half-life of RXFP1 from
donor lung fibroblasts is �19.5 h, whereas that of TGF�-
treated donor lung fibroblasts is �13.6 h (Fig. 1D). Interest-
ingly, we found that the half-life of RXFP1 from IPF lung
fibroblasts is �33 h, whereas that of TGF�-treated IPF lung
fibroblasts is �11 h (Fig. 1E). The rate of degradation of
RXFP1 in response to TGF� is slightly faster in IPF lung
fibroblasts compared with donor lung fibroblasts. When we
compare IPF and donor lung fibroblasts for RXFP1 at base-
line, we noted that the expression level of RXFP1 expression
at baseline is much lower in IPF lung fibroblasts compared
with donor lung fibroblasts (Fig. 1F). Taken together, this led
us to speculate that post-transcriptional mechanisms may

Figure 1. TGF� is associated with decreased half-life of RXFP1 in human lung fibroblasts. GAP scores were calculated on the IPF patients in the LTRC
dataset, and the patients were assigned a GAP stage from 1 to 3. Gene expression by microarray for RXFP1 (A), RXFP2 (B), and RXFP3 (C) were plotted as a function
of increasing GAP stage. For GAP 1, n � 45; GAP 2, n � 75; and GAP 3, n � 14. Data were analyzed by Kruskal-Wallis, and p values are indicated in the panel. D,
donor (n � 3), and E, IPF (n � 3) lung fibroblasts were processed for quantitative RT-PCR for RXFP1 at several time points following incubation with TGF� and
actinomycin D. Data represent the percentage of relative abundance of RXFP1 mRNA remaining compared with the 0-h time point, and the best fit curves for
RXFP1 decay were plotted. F, dark line indicates data representing relative abundance of RXFP1 expression of RXFP1 mRNA remaining compared with the 0-h
time point for donor fibroblasts. Dotted line indicates the percentage of relative abundance of RXFP1 expression in IPF fibroblasts at the indicated time points
normalized to the levels of RXFP1 mRNA of donor fibroblasts at the 0-h time point. Data represent the relative abundance of miR-144-3p (��Ct) remaining
compared with the 0-h time point, and the best fit curves for miR-144-3p decay were plotted.
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regulate RXFP1 expression in IPF fibroblasts and in response
to TGF�.

Human RXFP1 mRNA is a direct target of miR-144-3p

To understand potential post-transcriptional mechanisms
that may regulate RXFP1 transcription in lung fibroblasts, we
employed several public database prediction programs to iden-
tify potential microRNA species that may regulate RXFP1 gene
expression. MiRanda (microrna.org)41 and Targetscan 7.0 pre-
dict that RXFP1 is a potential target of miR-144-3p (Fig. 2A).
miR-144-3p is highly conserved in primates and lower verte-
brates. Although the RXFP1 target site for miR-144-3p is
conserved among primates (human, chimpanzee, rhesus, and
bovine genomes), it is not conserved in mouse. Because hsa–
miR-144-3p is predicted to have strong binding to 3� UTR of
hRXFP1 mRNA, we prioritized hsa–miR-144-3p for further
testing. First, to determine whether miR-144-3p can regulate
RXFP1 mRNA and protein levels, we transfected donor and IPF
lung fibroblasts with miR-144-3p mimic and processed these
cells for quantitative RT-PCR and immunoblotting of RXFP1
(Fig. 2, B and C). Quantitative RT-PCR results showed that
miR-144-3p overexpression resulted in a significant down-
regulation of RXFP1 mRNA levels in donor lung fibroblasts
(Fig. 2B). We also show by qRT-PCR that IPF lung fibroblasts
have significantly lower basal levels of RXFP1 mRNA compared
with donor lung fibroblasts, confirming our previous findings
(Fig. 2B) (7). These data support the hypothesis that hsa–miR-
144-3p regulates RXFP1 expression. To verify miR-144-3p
specificity on expression of RXFP1, we determined whether the
effect manifested with another relaxin receptor gene, RXFP2. In
silico, miR-144-3p is not predicted to target either RXFP2 or
RXFP3. Expression of human RXFP2 was unaffected by miR-
144-3p overexpression compared with control mimic based on
qRT-PCR (Fig. 2C).

We further analyzed if the effects of miR-144-3p on RXFP1
were detectable at the protein level. Using Western blotting and
densitometry analyses, we found that forced expression of miR-
144-3p mimic in donor and IPF lung fibroblasts resulted in a
significant repression of RXFP1 protein levels (Fig. 2, D–F). We
previously found that the loss of RXFP1 is also associated
with increased expression of the myofibroblast differentiation
marker, �-SMA (7). To determine whether miR-144-3p–
mediated loss of RXFP1 is associated with �-SMA expression,
we further analyzed its role in the response to miR-144-3p over-
expression. We transfected donor and IPF fibroblasts with miR-
144-3p mimic or negative control mimic. In Western blotting
and densitometry analysis for �-SMA levels for the experiment
from Fig. 2E and Fig. S2A; we found that miR-144-3p overex-
pression resulted in increased levels of �-SMA in donor lung
fibroblasts; however, �-SMA levels increased significantly in
IPF lung fibroblasts over baseline (Fig. 2F). Next, we deter-
mined if RXFP1 protein levels can be inhibited in a dose-depen-
dent manner in donor lung fibroblasts using a range of mimic
concentrations (0 –10 nM). Western blotting and densitometry
analysis show that miR-144-3p mimic decreased RXFP1 with

increasing concentrations of miR-144-3p mimic, whereas com-
pletely inhibiting expression of RXFP1 at a concentration of 10
nM in donor lung fibroblasts (Fig. 3, A–C and Fig. S2B).
Although RXFP1 levels decreased, �-SMA levels increased in a
dose-dependent manner as well (Fig. 3C).

To determine the effects of miR-144-3p mimic on the con-
tractility of lung fibroblasts, we treated lung fibroblasts from
healthy donors with lentiviral particles carrying a miR-144-3p
mimic vector, a miR-144-3p mismatch mutant vector, or a GFP

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 2. miR-144-3p targets RXFP1 in human lung fibroblasts. A, the
seed region of hsa–miR-144-3p predicted to target the 3� UTR of human
RXFP1. B and C, donor and IPF lung fibroblasts were treated with miR-144-3p
mimic or scrambled control. RNA was isolated and processed for qPCR for
RXFP1 (B) or RXFP2 (C). Significantly higher basal levels of RXFP1 mRNA were
detected in donor lung fibroblasts compared with IPF lung fibroblasts (p �
0.007, n � 3). Treatment of donor lung fibroblasts with the miR-144-3p signif-
icantly decreased RXFP1 expression (p � 0.0005, by two-way ANOVA and
Tukey post hoc testing, n � 3). D, donor and IPF lung fibroblasts were trans-
fected with 10 nM miR-144-3p mimic or control, and cells were lysed for
immunoblotting for RXFP1, �-SMA, and �-actin. E, densitometry of immuno-
blotting presented in F. Data are expressed as mean � S.D., normalized to
�-actin. Less RXFP1 protein was detected in donor lung fibroblasts following
transfection of miR-144-3p compared with scrambled control (p � 0.0016,
n � 3). Significantly more RXFP1 was present in donor lung fibroblasts com-
pared with IPF lung fibroblasts following transfection with the scrambled
control (p � 0.0019, n � 3). Data were analyzed by two-way ANOVA and
Tukey’s post-hoc test. F, densitometry of �-SMA were normalized to �-actin.
Transfection of miR-144-3p into donor lung fibroblasts significantly increased
expression of �-SMA (p � 0.0117 for log-transformed data, n � 3, by two-way
ANOVA followed by Tukey’s post hoc testing).
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control vector (Fig. 3, D and E). Forty-eight hours after lentivi-
ral infection, we evaluated the contractility using gel contrac-
tion assays, donor fibroblasts infected with lentiviral miR-
144-3p mimic vector demonstrated greater gel contraction
(�55% reduction in area) compared with lenti-GFP control
vector. The mismatch mutant did not have any significant
effect on gel contraction. TGF� increased the gel contraction of
donor fibroblasts with lenti-GFP, but this TGF� effect was not

enhanced with lenti-miR-144-3p mimic vector. These data
indicate that miR-144-3p expression globally increases myofi-
broblast contractility.

miR-144-3p is up-regulated in IPF lung fibroblasts

Lung biopsies were obtained from IPF subjects (n � 5) and
processed for in situ hybridization (Fig. 4A) employing probes
against the small nuclear RNA U6, miR-144-3p, and a scram-

Figure 3. miR-144-3p targets RXFP1 in a dose-dependent manner. A, donor lung fibroblasts were transfected with increasing concentrations of miR-144-3p
mimic (0.1, 1, 5, and 10 nM). miR-144-3p mimic decreased the expression of RXFP1 and up-regulated the expression of �-SMA in a dose-dependent manner.
Densitometry of RXFP1 (B) and �-SMA (C) from A (data analyzed by one-way ANOVA, for RXFP1, p value for trend 0.0006, R2 � 0.640) and for �-SMA (p value of
log-transformed data for trend �0.02, R2 � 0.51). D, top panel, prediction of the seed region of hsa–miR-144-3p WT and mismatch mutant targeting the 3� UTR
of human RXFP1. Bottom panel, representative image of gel contraction experiments of donor lung fibroblasts following infection with WT miR-144-3p,
mismatch miR-144-3p, or GFP-expressing particles or incubation with TGF� (n � 3). E, quantification of collagen gel areas was performed using ImageJ and
plotted (p � 0.001, vehicle � miR-144-3p versus vehicle � GFP; p � 0.05, TGF� � miR-144-3p versus TGF� � GFP; ns, untreated GFP versus untreated mismatch
group). Values are presented as mean � S.D.
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bled control. Staining for the U6 positive control was present in
nearly all cells observed in a nuclear pattern. No detectable
staining was present with the scrambled control. The miR-
144-3p probe showed staining in many cell types including
fibroblasts in fibroblastic foci, the hallmark lesion of IPF.

If miR-144-3p regulates RXFP1, we reasoned that miR-
144-3p levels should be higher in response to TGF� and in IPF.
First, we determined the levels of miR-144-3p in IPF and donor
fibroblasts using quantitative RT-PCR with and without TGF�

stimulation. We found that IPF fibroblasts showed 	70-fold
higher levels of mature miR-144-3p (Fig. 4B) compared with
donor lung fibroblast controls. In donor lung fibroblasts, TGF�
increased miR-144-3p levels �5-fold. The already elevated lev-
els of miR-144-3p in IPF fibroblasts increased further with
TGF� stimulation (�1.4-fold). These data indicate that expres-
sion of miR-144-3p is downstream of TGF� stimulation and is
significant in IPF compared with donor controls. To determine
the effect on miR-144-3p following actinomycin-D, we re-ana-

Figure 4. Regulation of miR-144-3p expression. A, lung biopsies were obtained from IPF subjects (n � 5). In situ hybridization was performed as described
employing probes directed against U6 (left), scrambled control (center), or miR-144-3p (right). Low power images are shown on the top. Yellow inset squares are
magnified at the bottom. Green inset bar � 200 �m and red inset bar � 50 �m. B, donor and IPF lung fibroblasts were stimulated with and without TGF�, and
RNA was isolated for qPCR. Significantly higher levels (	70-fold) of miR-144-3p were detected in IPF lung fibroblasts compared with donor controls (p �
0.0001, n � 6). TGF� stimulation increased expression of miR-144-3p in donor lung fibroblasts by �5-fold (p � 0.0001), whereas it increased by �1.4-fold (p �
0.0001) in IPF lung fibroblasts. Data were log-transformed and analyzed by two-way ANOVA followed by Tukey’s post hoc test. C, donor lung fibroblasts were
incubated with Smad2 and/or Smad3 siRNA and stimulated with TGF�. TGF� significantly increased miR-144-3p expression in the presence of the scrambled
control (p � 0.0001, n � 6). Smad2 and/or Smad3 siRNA significantly decreased the effect of TGF� on miR-144-3p expression (p � 0.005, n � 6). Data were
analyzed by two-way ANOVA, followed by Tukey’s post hoc test. D, IPF lung fibroblasts were incubated with Smad2 and/or Smad3 siRNA and stimulated with
TGF�. TGF� significantly increased miR-144-3p expression in the presence of the scrambled control (p � 0.0001, n � 6). Smad2 and/or Smad3 siRNA signifi-
cantly decreased the effect of TGF� on miR-144-3p expression (p � 0.0001, n � 6). Data were analyzed by two-way ANOVA, followed by Tukey’s post hoc test.
E and F, quantitative RT-PCR for Smad2 (E) and Smad3 (F) for experiments in C and D. Data were analyzed by two-way ANOVA followed by Tukey’s post hoc test.
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lyzed the experiments performed in Fig. 1C, and we found the
half-life of miR-144-3p in IPF lung fibroblasts to be �18 h,
whereas it is �12 h in response to TGF� (Fig. S2C).

miR-144-3p is regulated by TGF�/Smad2/Smad3 signaling in
donor and IPF lung fibroblasts

We have previously observed that chemical inhibition of
Smad signaling could block the effects of TGF� on RXFP1
expression. In this experiment, we determined if silencing of
Smad2/3 would decrease miR-144-3p expression. We silenced
Smad2 and Smad3 individually as well as in combination by
siRNA. Although vehicle treatment had no effect, TGF� signif-
icantly increased the expression levels of mature miR-144-3p
both in donor and IPF fibroblasts. Silencing of Smad2 and/or
Smad3 reversed the effects of TGF� on donor and IPF fibro-
blasts (Fig. 4, C and D). We confirmed that we achieved signif-
icant silencing of Smad2/3 gene expression in vehicle and
TGF�-treated cells. We did observe that silencing of Smad2/3
was not sufficient to bring the levels of miR-144-3p down com-
pared with the levels of expression in vehicle-treated controls
for donor and IPF lung fibroblasts (Fig. 4, E and F). This led us to
speculate that there must be an additional mechanism of tran-
scriptional regulation for maintaining basal (constitutive)
expression of miR-144-3p in lung fibroblasts.

Innate immune signaling and inflammation have recently
been associated with myofibroblast differentiation in IPF (21,
22). IL-1� is a principal cytokine of the innate immune system
and mediates downstream inflammatory pathways. Because
IL-1� is shown to up-regulate miR-144-3p (23) and IL1� is
upstream of TGF� (24), we determined the effects of IL1� on
miR-144-3p. However, in our hands IL-1� showed no signifi-
cant effect on the levels of miR-144-3p or RXFP1 both in donor
and IPF lung fibroblasts (Fig. S6). By qPCR analysis, there were
no significant differences in miR-144-3p or RXFP1 expression.

miR-144-3p is regulated by the AP-1 transcription factor
(c-Jun/c-Fos) in donor and IPF lung fibroblasts

Previously, it has been shown that the AP-1 complex is one of
the key regulators of miR-144 locus (25, 26). Furthermore, to
determine whether AP-1 may be involved in regulation of miR-
144-3p in lung fibroblasts, we silenced c-Jun or c-Fos by siRNA
(Fig. 5, A and B). Individual and combined silencing of c-Jun
and/or c-Fos resulted in a significant down-regulation of miR-
144-3p levels in both donor and IPF fibroblasts. Successful
silencing of c-Jun and c-Fos for this experiment are shown in
Fig. 5, C and D. In gain-of-function experiments, overexpres-
sion of c-Jun using a lentiviral vector carrying c-Jun gene
resulted in �6.4-fold increase in miR-144-3p levels (Fig. 6B)
compared with miR-186-5p (Fig. 6C), an endogenous control
microRNA that is not known to be affected by c-Jun. Further-
more, we showed that phorbol 12-myristate 13-acetate (PMA),
which is known to activate the AP-1 complex, significantly aug-
mented the levels of mature miR-144-3p by �3.8-fold (Fig. 6A).
We found that IPF fibroblasts showed slightly higher expres-
sion of c-Jun and c-Fos (�2.3- and �2.9-fold, respectively)
when compared with that of donor fibroblasts (Fig. 5, E and F).
This indicates that the AP-1 complex in IPF is responsible for
constitutive expression of miR-144-3p.

Anti-miR-144-3p reverses the suppression of RXFP1 in IPF lung
fibroblasts

Having shown that miR-144-3p inhibits RXFP1 expression,
we next questioned if inhibition of miR-144-3p would augment
RXFP1 expression. As shown in Fig. 7A, RT-PCR analyses
showed that transfection of donor lung fibroblasts with anti-
miR-144-3p (antagomir) resulted in a 9-fold depletion of miR-
144-3p levels in vehicle control. Although TGF� treatment
resulted in an increase in the levels of mature miR-144-3p by
�40-fold, this effect was partially reversed by transfection of
anti-miR-144-3p. We observed a �6.5-fold reduction in levels
of mature miR-144-3p levels. We further showed, as a proof-of-
principle, that the effect of suppression of RXFP1 expression by
TGF� treatment can be reversed by transfection of anti-miR-
144-3p. This indicated that miR-144-3p is crucial in the sup-

Figure 5. AP-1 complex is one of the key regulators of miR-144 locus.
Quantitative RT-PCR for miR-144-3p following silencing of c-Jun and/or c-Fos
in (A) donor or (B) IPF lung fibroblasts (data were analyzed by two-way
ANOVA, followed by Tukey’s post hoc test, n � 4). Experiments with donor
and IPF lung fibroblasts were performed in parallel, and data from A and B
were analyzed independently. C and D, quantitative RT-PCR for silencing of
c-Jun (C) and c-Fos (D) from A and B, respectively. Data were analyzed by
two-way ANOVA, followed by Tukey’s post-hoc test, n � 4. E and F, quantita-
tive RT-PCR for c-Jun (E) and c-Fos (F) between unstimulated donor and IPF
lung fibroblasts. Data were analyzed by unpaired t test, n � 6.
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pression of RXFP1 expression and that anti-miR-144-3p can be
used as a tool to reverse the loss of RXFP1 (Fig. 7B).

Having shown that RXFP1 is a targeted gene by miR-144-3p,
we next examined whether forced expression of anti-miR-

144-3p in donor and IPF fibroblasts would augment RXFP1
protein expression (Fig. 7, C and D). As shown in Fig. 7, C and D,
and Fig. S3 Western blotting and densitometry analyses show
that the expression of RXFP1 protein was significantly
increased by forced expression of the anti-miR-144-3p in both
donor lung fibroblasts and IPF lung fibroblasts (p � not signif-
icant for donor; p � 0.0001 for IPF, n � 3).

We have previously observed that silencing of RXFP1
increased levels of phosphorylated myosin light chains in fibro-
blasts as a measure of myofibroblast-like contractility (7). We
also showed that treatment of cells with a relaxin agonist could
decrease phosphorylation of myosin light chains (7, 27). To
estimate an in vivo concentration of relaxin in the lung, we
assayed by bronchoalveolar lavage (BAL) patients with IPF or
normal controls for relaxin. No significant differences in relaxin
was detected by BAL between IPF and control. In BAL, the
mean Relaxin concentration was 9.9 pg/ml (�1.7 pM) in unaf-
fected controls compared with 9.5 pg/ml in IPF patients (n � 18
healthy controls and n � 126 IPF patients, p � not significant,
Kolmogorov-Smirnov test) (Fig. 7E, Table S1). Next, we per-
formed in vitro experiments to alter expression of RXFP1 to
determine the sensitivity at physiologic levels of relaxin com-
pared with enhanced levels of relaxin, as a model for relaxin
therapy (Fig. 8A). To decrease RXFP1 expression, donor fibro-
blasts were transfected with miR-144-3p mimic. To increase
RXFP1 expression, IPF fibroblasts were transfected with
anti-miR-144-3p. Transfection of miR-144-3p significantly
decreased levels of RXFP1 and increased �-SMA in donor
fibroblasts. pMLC20 levels were elevated significantly upon
treatment with miR-144-3p mimic. Loss of RXFP1 was associ-
ated with insensitivity to low doses of recombinant relaxin as
measured by phosphorylation of MLC20 and by expression of
�-SMA. We found that the effects of miR-144-3p mimic on
�-SMA can partially be reversed by pre-treatment with 10 nM

Relaxin (high dose) but insensitive at physiological concentra-
tion of Relaxin at 10 pM (Fig. 8A, Fig. S4 and Fig. S8). We found
that pMLC20 levels decreased with pre-treatment by Relaxin in
a dose-dependent manner. Additionally, pre-treatment with
Relaxin also inhibited pMLC20, and �-SMA levels in a dose-de-
pendent manner (Fig. 8, B–E). In summary, these data show
that transfection of anti-miR-144-3p in IPF fibroblasts resulted
in a significant recovery of RXFP1.

Figure 6. PMA and lentiviral overexpression of c-Jun induced expression of miR-144-3p. A, quantitative RT-PCR for miR-144-3p following incubation of
donor lung fibroblasts with PMA, an activator of the AP-1 transcription factor (p � 0. 05, paired two-tailed t test, n � 6). B and C, quantitative RT-PCR for
miR-144-3p (B) and miR-186-5p (C) following infection of donor lung fibroblasts with a lentiviral vector expressing GFP (control) or c-Jun (data were analyzed
by paired t test, n � 5).

Figure 7. Anti-miR-144-3p reversed the suppression of RXFP1 in IPF lung
fibroblasts. A and B, quantitative RT-PCR for miR-144-3p (A) or RXFP1 (B) from
donor lung fibroblasts after transfection with a miR-144-3p antagonist (anti-
miR-144-3p) and stimulation with TGF� (p � 0.0001 for log-transformed data
for miR-144-3p and RXFP1, by two-way ANOVA followed by Tukey’s multiple
comparisons test, n � 6). C, immunoblots for RXFP1 from donor and IPF lung
fibroblasts following transfection with anti-miR-144-3p or scrambled controls
(n � 3). D, densitometry of band intensity of RXFP1 normalized to �-actin
from donor (E) and IPF (F) lung fibroblasts (p � ns for donor; p � 0.0001 for IPF,
n � 3, data were analyzed by paired t test). E, Bio-Plex 200 multiplex analysis
of bronchoalveolar lavage for Relaxin (n � 18 healthy controls and n � 126 IPF
patients, p � not significant, Kolmogorov-Smirnov test).
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miR-144-3p directly targets the 3� UTR of RXFP1 mRNA

To determine whether there is a direct interaction between
miR-144-3p and the 3� UTR of RXFP1 mRNA, we subcloned
both the WT and mutant RXFP1 3� UTRs (containing the puta-
tive miR-144-3p– binding sequence) distal to luciferase ORF in
pmirGLO luciferase reporter (Fig. 9A) and determined if the
miR-144-3p mimic can suppress luciferase activity in 293T
cells. We found that the WT RXFP1 3� UTR construct was
associated with a nearly 50% decrease in luciferase activity
when compared with empty control vector. This loss of lucifer-
ase activity was abrogated by the scrambled control mimic (Fig.
9B). The luciferase activity of mutant RXFP1 3� UTR was unaf-
fected by miR-144-3p mimic (Fig. 9C). These results indicate
the specificity of miR-144-3p binding to RXFP1 3� UTR affects
mRNA stability.

To further verify direct targeting in vivo, donor and IPF lung
fibroblasts were co-transduced with lentiviral particles with
vectors of WT or mutant 3� UTR RXFP1 sequences that are

subcloned distal to luciferase ORF with Renilla luciferase len-
tivector. We determined that the luciferase activity of WT 3�
UTR RXFP1 was highly suppressed in IPF lung fibroblasts com-
pared with donor lung fibroblasts. A mutant RXFP1 3� UTR
construct was less effective at suppressing luciferase activity
(Fig. 9D) in both. The WT 3� UTR lentivector titrated the
endogenous levels of miR-144-3p, whereas the mutant con-
struct failed. Altogether, these data collectively indicate that
endogenous hsa–miR-144-3p directly targets human RXFP1
and regulates its expression in IPF patient lung fibroblasts. The
RXFP1 target site for miR-144-3p is poorly conserved between
the human and mouse genomes. Therefore, we asked if the
mechanism of targeting by miR-144-3p is conserved despite a
single nucleotide change in mouse RXFP1 3� UTR target region
(Fig. 9, E and F). Primary mouse lung fibroblasts (MLF) were
isolated from C57/Bl6 mice and cultured as described (28).
MLF were transfected either with mmu–miR-144-3p mimic or
a modified mmu–miR-144-3p mimic to enhance base pairing

Figure 8. Relaxin reverses contractile phenotypes associated with miR-144-3p. A, transfection of donor lung fibroblasts with miR-144-3p mimic to
decrease RXFP1 levels followed by incubation with low and high concentrations of relaxin. Right panel, transfection of IPF lung fibroblasts with anti-miR-144-3p
followed by incubation with low and high concentrations of relaxin. Cells were lysed for immunoblotting for RXFP1, phospho-MLC20, total MLC20, �-SMA, and
�-Actin (n � 3). B-E, densitometry of immunoblotting presented in A. Data were expressed as mean � S.D., normalized to �-Actin or total MLC20. B, between
mimic and no mimic, significant effects (p � 0.05) were observed for vehicle, relaxin low, and relaxin high in donor lung fibroblasts. More �-SMA protein was
detected in donor lung fibroblasts following transfection of miR-144-3p compared with scrambled control. C, in IPF lung fibroblasts, no significant effects were
observed with either low or high dose relaxin between mimic or no mimic groups. D, significant effects between mimic and no mimic were observed only with
high dose of relaxin (p � 0.05). Significantly more phospho-MLC20 was present in IPF lung fibroblasts compared with donor lung fibroblasts at baseline. E,
significant effects were observed only for relaxin high dose in IPF lung fibroblasts following transfection with antagomir (p � 0.05; n � 3). Data were analyzed
by two-way ANOVA followed by the Holm-Sidak test.
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with the 3� UTR of RXFP1 along with a negative control mimic.
Cells were harvested to isolate total RNA and qRT-PCR was
performed to determine the levels of mRXFP1 and mNFE2L2
(mNrf2), a positive control, because it has at least two predicted

target sites for miR-144-3p (29). We postulated that transfec-
tion of a modified miR-144-3p mimic that exhibits stronger bp
matching should result in a suppression of mRXFP1 expression.
We found that the modified mimic failed to suppress levels of

Figure 9. miR-144-3p directly targets the 3� UTR of RXFP1 mRNA. A, depiction of pmirGLO dual-luciferase reporter construct for the WT 3� UTR of the RXFP1
seed region and mutations. B and C, 293T cells were plated 24 h prior to transfection. Cells were then co-transfected with 50 ng of either pmirGLO vector
carrying WT (B) 3� UTR of RXFP1 or mutated (C) 3� UTR of RXFP1 with and without 100 nM miR-144-3p mimic or control mimic. miR-144-3p significantly repressed
the luciferase activity of the reporter containing the WT 3� UTR of RXFP1 (p � 0.005, unpaired t test, mean � S.D., n � 3), whereas the mutated construct was
insensitive in 293T cells (I, unpaired t test, mean � S.D., n � 3). Luciferase activity was measured using Renilla luciferase as an internal control. D, lentiviral
luciferase reporter construct carrying WT 3� UTR of RXFP1 was used to transduce both donor and IPF lung fibroblasts. There was a reduction in luciferase activity
with WT 3� UTR of RXFP1 compared with mutated 3� UTR of RXFP1. Also, the luciferase activity of WT 3� UTR RXFP1 was highly suppressed in IPF lung fibroblasts
compared with donor lung fibroblasts indicating higher levels of endogenous miR-144-3p in IPF lung fibroblasts compared with that of donor. Lentiviral Renilla
luciferase vector was used as an internal control. Data shown are from a representative experiment (n � 3). E, depiction of mmu–miR-144-3p mimic and its
modified version to enhance base pairing with mouse RXFP1 3� UTR. There is a single nucleotide mismatch in mmu–miR-144-3p with mouse RXFP1 3� UTR
target region. E, primary MLF were isolated from C57/B6 mice (n � 2; repeated twice). MLF were transfected either with a mmu–miR-144-3p mimic or a modified
mmus–miR-144-3p mimic (modified to match mouse RXFP1 target region) along with a negative control mimic. MLF were harvested to isolate total RNA and
qRT-PCR was performed to determine the levels of mRXFP1, mPPIA, and mNFE2L2 (mNrf2).
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mouse RXFP1 mRNA. As predicted, mmu–miR-144-3p mimic
inhibited mNrf2 expression. The modified mimic had no effect
on mNrf2. This indicates that the mechanism of miR-144-3p–
based RXFP1 targeting is present in humans but not in mice.
We also show that hsa–miR-144-3p can target the 3� UTR of
human Nrf2 at two sites and by qPCR, transfection of miR-
144-3p significantly decreased Nrf2 expression in donor lung
fibroblasts (Fig. S5).

Genes associated with fibrosis are expressed downstream of
miR-144-3p

IPF fibroblasts express higher levels of collagens and extra-
cellular matrix proteins (13, 14). Gene expression profiling of
IPF lung tissues exhibited a unique gene signature with up-reg-
ulated genes that included a significant increase in expression
of Collagen1a2 (COL1A2), Collagen3a1 (COL3A1), and Versi-
can (VCAN) levels (30). TGF� induced an increase in expres-
sion levels of fibronectin (FN1) and �-SMA (ACTA2) in MRC5
fibroblasts (14). Because relaxin signaling is associated with
lower expression of matrix proteins (5, 6, 31), we hypothesized
that loss of RXFP1 expression associated with miR-144-3p
would be associated with increases in fibrosis-associated genes
and that restoration of RXFP1 gene expression would decrease
expression of fibrosis-associated genes. To determine whether
miR-144-3p in associated with fibroblast activation phenotype,
we transfected miR-144-3p in donor lung fibroblasts. In parallel
experiments, we transfected anti-miR-144-3p into IPF fibro-
blasts (n � 4). Transfections were matched with scrambled
controls. RNA was isolated and processed for qPCR for a set of
target profibrotic genes (Fig. 10A) COL1A2, (Fig. 10B)
COL3A1, (Fig. 10C) ACTA2, (Fig. 10D) VCAN, and (Fig. 10E)
FN1. Significant increases in levels of both collagens COL1A2,
and COL3A1, VCAN, and FN1 mRNA were observed with
transfection of miR-144-3p in donor lung fibroblasts compared
with scrambled controls. A trend toward increased ACTA2
(Fig. 10C) was observed. Transfection of antagomir signifi-
cantly lowered levels of COL1A2, and COL3A1, VCAN, and
FN1 mRNA in IPF lung fibroblasts compared with control
inhibitor (paired, two-tailed Student’s t test, n � 4). A trend
decrease in ACTA2 expression was observed with the transfec-
tion of antagomir (Fig. 10C�). These data support the hypothe-
sis that miR-144-3p drives expression of several pathologic
fibrosis genes downstream of its effects on RXFP1.

Discussion

We have previously found that regulation of RXFP1 at the
level of mRNA, and consequently at the protein level, may have
important implications for the prognosis of IPF patients. In this
study, we have observed that there is differential decay of
RXFP1 mRNA following actinomycin D treatment, suggesting
that RNA-destabilizing mechanisms regulate RXFP1 mRNA
levels. Based on in silico predictions, we identified that miR-
144-3p may inhibit RXFP1 expression. We found that miR-
144-3p significantly reduced RXFP1 mRNA and protein in both
donor and IPF lung fibroblasts, in a dose-dependent manner.
miR-144-3p also increased expression of the myofibroblast
marker �-SMA, also in a dose-dependent manner. In addition,
silencing of RXFP1 by miR-144-3p was associated with

increased expression of several matrix genes including
COL1A2, COL3A1, ACTA2, VCAN, and FN1. Conversely,
miR-144-3p blockade increased RXFP1 mRNA and protein,
depleted endogenous miR-144-3p expression, and decreased
expression of COL1A2, COL3A1, ACTA2, VCAN, and FN1 in

Figure 10. miR-144-3p controls fibrotic gene expression in lung fibro-
blasts. Donor and IPF lung fibroblasts (n � 4) were treated with miR-144-3p
mimic or scrambled control and anti-miR-144-3p mimic or negative control
inhibitor, respectively. RNA was isolated and processed for qPCR for (A, A�),
COL1A2 (B, B�), COL3A1 (C, C�), ACTA2 (D, D�), and VCAN (E, E�) FN1. Transfection
of mimic resulted in significantly higher basal levels of COL1A2, COL3A1,
ACTA2, VCAN, and FN1 mRNA in donor lung fibroblasts compared with scram-
bled controls, whereas transfection of antagomir resulted in significantly
lower basal levels of COL1A2, COL3A1, ACTA2, VCAN, and FN1 in IPF lung
fibroblasts compared with a negative control inhibitor (paired, two-tailed
Student’s t test, n � 4).
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IPF lung fibroblasts. These data suggest that blockade of miR-
144-3p could be employed to enhance expression of RXFP1
therapeutically and could be a critical adjunct to relaxin-based
therapies.

It seems rather unlikely that enhanced expression of miR-
144-3p in IPF fibroblasts is the sole mechanism regulating
RXFP1 mRNA stability. Certainly other microRNAs are pre-
dicted to target RXFP1 but were not tested in this study. More-
over, our study has not addressed transcription factors that are
predicted to target sites 5� or intronic promoter or enhancer
sites. Differential gene, and microRNA expression, between IPF
and donor lung fibroblasts likely explains the differences in the
half-life of RXFP1 following actinomycin D treatment. Testing
other microRNAs or silencing of certain transcription factors
might be employed in the future to address some of these unan-
swered questions.

We have observed that silencing of Fos/Jun and Smad2/3
both decreased miR-144-3p expression. Based on our experi-
ments, we found the Smad-mediated effects in the context of
TGF�. The Fos and Jun effects were observed in otherwise
unstimulated cells. From these experiments, it is difficult to
estimate the relative biologic importance of these two funda-
mental pathways. Future studies would address the upstream
signaling mechanisms that lead to both Smad2/3 and AP-1 acti-
vation. These could be tested with the FDA-approved drugs for
IPF, pirfenidone and nintedanib, both of which may be associ-
ated with fibrotic signaling (32). In addition, several current
clinical trials in IPF are testing cell-signaling inhibitors that may
be relevant here including the c-Jun-NH2 terminal kinase 2
(JNK2) inhibitor (33) or a PI3K/mTOR inhibitor (34). Both
pathways are known to converge on Smad and AP-1 signaling
(35–39). Although such drug studies are admittedly nonspecific
and will likely have many overlapping effects on several
microRNAs, the rationale for pursuing these studies is to
explore how agents that are either approved for or under con-
sideration as treatments for pulmonary fibrosis may impact
Smad and Fos/Jun signaling and consequently miR-144-3p,
RXFP1, and other potentially important downstream targets
such as Nrf2.

So where does miR-144-3p fit in the larger context of fibro-
sis? We speculate that expression of miR-144-3p in lung fibro-
blasts may be part of a larger pathway regulating myofibroblast
differentiation, an effect that may be partially related to RXFP1
expression. The precursor microRNA has been associated with
reduced expression of the Smad signaling repressor TGF�-in-
duced factor homeobox (TGIF1) (40). A previous report has
shown that the levels of miR-144-3p are elevated in the biopsy
specimens from patients with the bronchiolitis obliterans syn-
drome (BOS), a form of airway fibrosis associated with chronic
rejection following lung transplant. In this study, forced expres-
sion of miR-144-3p mimic increased levels of TGF� and vice
versa, which increased �-SMA and F-actin levels in MRC5
fibroblasts (40). Our observations that myofibroblast gene
expression can be modulated in response to miR-144-3p–
mediated silencing of RXFP1 and rescued by anti-miR-144-3p–
mediated overexpression of RXFP1 does suggest that relative
reduction of RXFP1 induced by TGF� is likely a pathologic
event rather than simply a marker of TGF� activity.

So this question of miR-144-3p’s place in the pathogenesis of
pulmonary fibrosis also highlights a critical limitation of our
studies, namely, the lack of biological activity of miR-144-3p on
RXFP1 expression in mice and therefore the potential applica-
tion of miR-144-3p to mouse models of pulmonary fibrosis.
Although hsa–miR-144-3p decreased RXFP1 mRNA in human
lung fibroblasts, we found that a mmu–miR-144-3p construct,
designed to enhance base pairing and address the evolutionary
mismatch, did not decrease mouse RXFP1. These data indicate
that miR-144-3p is not a regulator of mouse RXFP1 expression,
even when base pairing is enhanced to target murine RXFP1.
We do, however, suggest that miR-144-3p blockade could be
employed in mouse models of pulmonary fibrosis to increase
the expression of Nrf2 (encoded by Nfe2l2), an important reg-
ulator of the antioxidant response, which may represent a par-
allel, anti-fibrotic pathway (41, 42).

In conclusion, we have identified a potential mechanism reg-
ulating expression of RXFP1 in pulmonary fibrosis. Because of
the importance of relaxin signaling to fibrosis across many
organs, we speculate that molecular strategies to increase
RXFP1 expression may potentially sensitize fibroblasts, as the
principal effector cells of fibrosis, to the beneficial effects of
relaxin. Further study is needed to consider miR-144-3p inhib-
itors in animal models of fibrosis.

Experimental procedures

Ethical review

Collection of human lung tissue was approved by the Insti-
tutional Review Board and the Committee for Oversight of
Research and Clinical Training Involved Decedents of the
University of Pittsburgh and in accordance with the Decla-
ration of Helsinki. This study was conducted in accordance
with University of Pittsburgh IRB protocol numbers
PRO14120072 and IRB0411036. Informed written consent
to the internal ethics review board-approved clinical study
protocol (Hannover Medical School IRB protocol number
2923-2015) was obtained from each individual before partic-
ipation in this study, in accordance with the Declaration of
Helsinki.

Isolation of human lung tissue

Human lung tissue from patients with IPF were obtained
from the recipients undergoing lung transplantation and pieces
cut from the upper and lower lobes and placed in 2% parafor-
maldehyde for fixation. Sections were then embedded in paraf-
fin for sectioning.

Bioinformatics

Prediction of miRNA targets was conducted using miRanda
(43) and Targetscan 7.0 (44). The putative sequences of primary
microRNAs and the 3� UTR of RXFP1, -2, and -3 were retrieved
from the National Center for Biotechnology Information and
ENSEMBLE server (45) and miRBase (46).

Primary cell culture

Primary lung fibroblasts were obtained as previously de-
scribed (47). Donor human fibroblasts were isolated from lungs
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that appeared to have no injury by histology but were deemed
unacceptable for lung transplant. IPF lung fibroblasts were
obtained from patients either at explant or at autopsy (28).
Briefly, lung tissue from explanted IPF lungs and age-matched
normal donors was collected from the lower lobes to find age
and sex of the lines included in the experiments (mean age for
IPF 58 years � 6 and 59 years � 4 for controls, p � 0.76).
Enzymatic digestion (0.05% trypsin; GIBCO) was used to isolate
human lung fibroblasts, and later fibroblasts were grown with
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum (Corning) containing 10% fetal bovine
serum (Atlanta Biologicals) and 1% antimycotic–antibiotic
(GIBCO). Cells were cultured at 37 °C, 5% CO2 and then
expanded to select a homogeneous fibroblast population
(experiments were performed with lines between passages 5
and 9). Cells were used for expression analysis of both RXFP1
and miR-144-3p. Anti-hsa–miR-144-3p and hsa–miR-144-3p
mimic (Qiagen) were used to modulate miR144-3p levels.
miScriptmousemiRNAmimicmiR-144-3p(Syn–mmu–miR-144-
3p: 5 nmol, 5�-UACAGUAUAGAUGAUGUACU; catalog
number MSY0000156) was purchased from Qiagen. Modified
mouse miR-144-3p mimic (miRIDIAN mimic: 20 nmol, 5�-UAC-
AGCAUAGAUGAUGUACU; mismatch highlighted) was cus-
tom-made to order from Dharmacon. ON-TARGETplus
smartpool siRNAs for Smad2, Smad3, c-Fos, c-Jun, RXFP1, and
Negative control scramble siRNA were purchased from Dhar-
macon. Fibroblasts were transfected with miRNA mimics or
miRNA inhibitors using HiperFect transfection reagent (Qia-
gen). Briefly, transfection complexes were generated by mixing
0 –10 nM of miRNA mimic/control mimic or 50 nM inhibitor/
control inhibitor according to the manufacturer’s protocol.
After a 10-min incubation at room temperature, the transfec-
tion complexes were added dropwise onto 2 
 105 cells per well
of a 6-well plate in 2000 �l of culture medium with 1% fetal
bovine serum but without antibiotics. Cells were transfected on
the day of plating (day 0) and again on day 1. To determine the
transfection efficiency of antagomir, 0 –50 nM 5� FAM-labeled
anti-miR-144-3p or 5� FAM-labeled negative control were used
to transfect donor lung fibroblasts, which are plated on cover-
slips, on days 0 and 1. 24 h after transfection, cells were washed
in PBS and fixed in 4% paraformaldehyde for 30 min. Coverslips
were washed in PBS and mounted in medium containing DAPI
(4�,6-diamidino-2-phenylindole dihydrochloride). Fluorescent
images of FAM and DAPI were taken at 488 and 358 nm,
respectively, on a Nikon Eclipse TE200 microscope (Nikon,
Tokyo, Japan) equipped with epifluorescence. Fields were
selected at random and FITC� cells were enumerated and
scored as a percentage of all cells present/high-power field
(hpf). About 60% cells were identified with fluorescent-la-
beled miRNA complexes. Representative images are shown
in Fig. S7.

RNA extraction

Briefly, total RNAs were extracted from the donor and IPF
lung fibroblasts using RNeasy (Qiagen). The RNA samples were
reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). The
product from each reverse transcription reaction was pream-

plified and then the mRNA expression analysis was per-
formed by qRT-PCR using a ABI TaqMan system (Life
Technologies) following the manufacturer’s recommended
protocol. qRT-PCR primers were purchased from Qiagen
(Hsa-PPIA, catalog number QT01669542; Hsa-RXFP1, cat-
alog number QT00041720; Hsa-RXFP2, catalog number
00095725; Hsa-PPIA (peptidylprolyl isomerase A). PPIA was
used as the housekeeping gene for normalization. The global
normalization process included the subtraction of the mean
CT value of the reference set from the CT value of each gene
of the same sample. Quantification of each sample is shown
as 2���Ct value.

TaqMan real-time RT-PCR for miRNAs

Small RNAs were isolated from cells following the protocol
of the miRNeasy kit (Qiagen). 100 –300 ng of RNA sample was
reverse transcribed into cDNA using the TaqManTM Advanced
miRNA cDNA Synthesis Kit (Applied Biosystems) according
to manufacturer’s protocol. TaqMan probes (TaqManTM

microRNA Control Assay for RNU43 and TaqManTM

microRNA Advanced Assay for hsa–miR-144-3p) were pur-
chased from Applied Biosystems. Real-time quantitative PCR
was performed using the powerUP SYBR Green master mix and
the TaqMan Fast Advanced Master Mix (Applied Biosystems).
Quantification of each sample is shown as 2���Ct value. Error
bars indicate the mean � S.E. from biological replicates, each
consisting of technical triplicates.

Analysis of bronchoalveolar lavage

Patients with presumed IPF at Hannover Medical School
underwent bronchoscopy and BAL during the routine diagnos-
tic work-up (Table S1). After routine clinical testing was per-
formed, an aliquot of BAL was saved. Cells were spun down, the
cell-free supernatant, BAL fluid, was subjected to multiplex
Luminex analysis (Bio-Plex 200, Bio-Rad).

Western blotting

RXFP1 protein expression was analyzed using Western blot-
ting. Western blotting was performed as described previously
(7). Anti-RXFP1 (ab72159) and anti-�SMA antibodies (ab7817)
were purchased from Abcam. pMLC20 and MLC20 antibodies
were purchased from Cell Signaling. Mouse anti-actin (sc-
47778), and mouse anti-human RXFP1 (sc-293228) antibodies
were from Santa Cruz Biotechnology. Densitometry analyses
were performed with the C-DIGIT imager.

Design of reporter constructs and Luciferase assays

Duplexed oligonucleotide pairs (IDT) were designed to con-
tain the predicted miR-144-3p– binding region in the RXFP1 3�
UTR and when annealed and ligated into the pmirGLO vector,
resulted in the miR-144-3p target region in the correct 5� to 3�
orientation. The sequences of the duplexes used were as
follows: RXFP1–Mir144–WT–duplex (sense strand, 5�-AAA-
CTAGCGGCCGCTAGTTCTTCGCAGAGAATACTGTGG-
GGGTGT; antisense, 5�-CTAGACACCCCCACAGTATTC-
TCTGCGAAGAACTAGCGGCCGCTAGTTT) and RXFP1–
Mir144 –Mismatch duplex (sense strand: 5�-AAACTAGCGG-
CCGCTAGTTCTTCGCAGAGAATAAATGGGGGTGT; anti-
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sense strand, 5�-CTAGACACCCCCATTTATTCTCTGC-
GAAGAACTAGCGGCCGCTAGTTT). Overhangs in the
designed duplex were complementary to those generated by
PmeI and XbaI double digestion of the pmirGLO Vector (Pro-
mega). A NotI site was designed into the oligo duplex for clone
confirmation. pmirGLO Vector was linearized with PmeI and
XbaI to generate overhangs that are complementary to the
duplex overhangs. Duplexed oligonucleotide-linearized vectors
were ligated using a standard ligation protocol. Ligated pmir-
GLO was transformed using high-efficiency TOP10-compe-
tent cells (New England Biolabs). Clones were selected on car-
benicillin-containing plates, and screened for those containing
the duplex by digesting miniprep-purified DNA using the inter-
nal NotI site. All constructs and mutants were verified by DNA
sequencing at the University of Pittsburgh Genomics Research
Core. The purified plasmid DNA was used directly in transfec-
tions. HEK-293T cells in a 24-well plate were transfected with
50 ng of pmirGLO-RXFP1-WT in triplicates and 100 nM con-
trol or miR-144-3p mimic (Ambion) Lipofectamine 2000
(Invitrogen). 24 h post-transfection, luciferase assays were per-
formed on the lysates from the cells using a Dual Luciferase
Assay System (Promega) on a Spectramax L instrument. Data
were normalized and presented as the ratio of firefly to Renilla
luciferase activities.

Lentiviral vector cloning and transduction in lung fibroblasts

Lentiviral expression vector pLenti-GIII-CMV-GFP-2A-
Puro carrying human c-JUN (LV194093), and pLenti-UTR-
GFP-Blank (m014), lentiluciferase vectors pLenti-UTR-
Luc-Blank (m012), and pLenti-III-Renilla (LV010079) were
purchased from abmgood (Applied Biological Materials Inc.,
Richmond, BC, Canada). pLenti-RXFP1-UTR-Luc and its
mutant were generated as follows: cassettes for lentiviral 3�
UTR vectors carrying RXFP1 target region were generated
using the duplex oligonucleotide pairs that were synthesized
at IDT (RXFP1-miR144-WT duplex-pLenti: sense strand, 5�-
AATTCTCTTCGCAGAGAATACTGTGGGGGTGC; anti-
sense strand, 5�-TCGAGCACCCCCACAGTATTCTCTGCG-
AAGAG; RXFP1-miR144-MsM duplex-pLenti: sense strand,
5�-AATTCTCTTCGCAGAGAATAAATGGGGGTGC, anti-
sense strand, 5�-TCGAGCACCCCCATTTATTCTC-
TGCGAAGAG). Duplexes were designed to include unique re-
striction sites EcoRI and XhoI at the ends of the sequences.
Annealed duplexes were ligated into pLenti-3�UTR-Luc vector
that is cleaved by EcoRI and XhoI, and transformed into TOP10
cells. Lentiviral packaging was performed using viral packaging
plasmids from the “ViraPower” kit (Invitrogen) according to
the manufacturer’s instructions. Filtered viral supernatants
were obtained from transfection of 293FT cells according to the
manufacturer’s protocol. qPCR Lentivirus Titration Kit (abm-
good) was used to measure the lentiviral titers according to the
manufacturer’s instructions. Viral medium was added to com-
plete medium in the presence of Polybrene at a multiplicity of
infection of 5 to infect donor and IPF lung fibroblasts for 72 h.
Cells were lysed in passive lysis buffer and dual luciferase assays
were performed as described above.

In situ hybridization of miRNAs

The protocol for in situ hybridization for miRNA detection
was based on a previous report (48). Specifically, 4-�m lung
sections were deparaffinized and rehydrated in Xylene and a
decreasing ethanol gradient. Slides were further probed with
digoxigenin (3� DIG)-labeled miRCURY LNA hsa–miR-144-3p
detection probe (hsa–miR-144-3p/DigN/AGTACATCATCT-
ATACTGTA, 5 nmol/liter; Qiagen), miRCURY LNA scramble-
miR probe (/DigN/GTGTAACACGTCTATACGCCCA, 1
nmol/liter; Negative control) and miRCURY LNA U6 probe
(U6, hsammurno/DigN/CACGAATTTGCGTGTCATCCTT,
5 nmol/liter; positive control).

Gel contraction assays

Lentiviral overexpression vector carrying GFP– hsa–miR-
144-3p was purchased from abmgood (catalog number
mh11106). Mismatch mutant was generated using QuikChange
site-specific mutagenesis with the following oligonucleotide
primers (forward, 5�-GTTGACAGTGAGCGACTTCTGAA-
AAGATGATGTACTAATA-3�; reverse, 5�-TATTAGTACA-
TCATCTTTTCAGAAGTCGCTCACTGTCAAC-3�) and the
sequence was confirmed by Sanger sequencing. Lentiviruses
were packaged as described above and used to infect donor and
IPF lung fibroblasts at a multiplicity of infection of 5. 72 h after
infection, cells were trypsinized, rinsed in 1
 PBS without
Ca2� and Mg2�, and mixed with 3 mg/ml of neutralized bovine
collagen I diluted in DMEM as 2 parts cells and 8 parts collagen
matrix. 250 �l of cell and collagen mixture was seeded into a
48-well cell contraction plate (Cell Biolabs, No. 50211B) at 5 

105 cells/well. The collagen gels were polymerized at 37 °C and
5% CO2 for 1 h. After polymerization, 0.5 ml of DMEM with
0.5% fetal bovine serum was added with and without 10 ng/ml
of TGF� on top of the collagen matrix. Wells were monitored at
37 °C and 5% CO2 for 48 h. Media was changed every 24 h.
ImageJ suite was used to measure the diameters of the gels at 0
and 48 h from the image taken using a Bio-Rad imager.

Decay kinetics

Actinomycin D (0.5 �g/ml) and TGF� (5 ng/ml) were added
concurrently to serum-starved IPF and donor lung fibroblast
lines. Total RNA was extracted as shown at 24-, 48-, and 72-h
time points, and mRNA levels were measured with qRT-
PCR. RXFP1 transcript or miR-144-3p concentrations were
expressed as fractions of abundance in the samples prior to
the addition of actinomycin D or TGF� (n � 3). Nonlinear fit
one-phase exponential decay equation curve from GraphPad
Prism was used to calculate the transcript turnover rates and
expressed as half-life for each experiment.

Statistical analysis

All data are shown as mean � S.D. Statistical significance was
assessed by performing t tests, one-way and two-way analysis
of variance (ANOVA), where appropriate, followed by the
Tukey’s post hoc analysis for multiple comparisons using p �
0.05 in GraphPad Prism software (San Diego, CA) unless oth-
erwise stated. Statistical analysis is indicated in the figure
legends.
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