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Abstract

Idiopathic pulmonary fibrosis (IPF) is one of the most common and severe interstitial lung
diseases. Epithelial-to-mesenchymal transition (EMT) is a process whereby epithelial cells
undergo transition to a mesenchymal phenotype. This process has been shown to contribute to
IPF. MicroRNAs (miRNAs) are small non-coding RNAs of 18 to 24 nucleotides in length which
regulate gene expression. Several studies have implicated miRNAs in EMT; however, specific
miRNAs that regulate EMT in IPF have not yet been identified. In this study, we identified 6 up-
regulated and 3 down-regulated miRNAs in a human lung epithelial cell EMT model using
miRNA microarray and real-time PCR. Overexpression of one of these up-regulated miRNAs,
miR-424, increased the expression of a-smooth muscle actin, an indicator of myofibroblast
differentiation, but had no effects on the epithelial or mesenchymal cell markers. miR-424
enhanced the activity of the TGF- signaling pathway, as demonstrated by a luciferase reporter
assay. Further experiments showed that miR-424 decreased the protein expression of Smurf2, a
negative regulator of TGF-f signaling, indicating that miR-424 exerts a forward regulatory loop in
the TGF-f signaling pathway. Our results suggest that miR-424 regulates the myofibroblast
differentiation during EMT by potentiating the TGF-f signaling pathway, likely through Smurf2.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common type of interstitial lung disease. IPF
is characterized by deterioration of respiratory functions due to fibrosis of the lung
interstitium. The pathologic features of IPF include heterogenic injury and fibrosis, foci of
fibroblast/myofibroblast accumulation beneath flattened alveolar epithelial cells, and
inflammation [1, 2]. The prevalence and incidence of IPF is estimated to be 42.7 per
100,000 and 16.3 per 100,000, respectively [3]. Although the etiology of the disease is still
unknown, some genetic abnormalities of alveolar epithelial cells, including mutations of
surfactant protein A2, ELMOD2 and MUCS5B, have been described in some IPF patients [4—
6]. Potential environmental risk factors include: cigarette smoking, exposure to wood and
metal dust (pine, brass and steel), and viral infections (Epstein-Barr virus and herpes
simplex virus) [7-9]. Recent studies have demonstrated that injury to alveolar epithelial cells
is the primary driving force of fibrosis [5, 10, 11]. In response to epithelial cell injury,
resident fibroblasts proliferate and migrate to various sites in the lung. Other sources of
fibroblasts and myofibroblasts in fibrotic foci include circulating fibrocytes from bone
marrow, and alveolar epithelial cells themselves via epithelial-to-mesenchymal transition
(EMT) [12-18]. Fibroblasts aggregate at fibrotic foci and differentiate into myofibroblasts,
which are more active than fibroblasts in the extracellular matrix (ECM) production [19-
21].

During EMT, epithelial cells lose phenotypic features, such as apical-basal polarity and
specialized cell-cell contacts, and acquire mesenchymal cell properties such as increased cell
mobility [22]. EMT is essential for the early stages of development of most tissues. It
enables the development of the mesoderm from the epithelium during gastrulation, which is
necessary for the formation of organs such as the lung and heart. While EMT is an integral
process during development, it also contributes to fibrosis in fully developed organs and to
invasion and metastasis of carcinomas. In cancer, tumor cells become more invasive after
undergoing EMT, which facilitates the metastasis and progression of the tumor [23]. EMT
also occurs after tissue injury and/or stress. Many studies provide convincing evidence to
support the hypothesis that a significant portion of the myofibroblasts in tissue fibrosis come
from epithelial cells which have undergone EMT [2, 12, 22, 24-27]. Indeed, cells from
fibrotic foci in the lungs of IPF patients have features of both epithelial and mesenchymal
cells [28]. In vitro and in vivo studies suggest that alveolar epithelial cells can acquire
mesenchymal characteristics in response to injury [2, 15, 17, 18, 28].

Many signaling pathways are known to trigger EMT, including the TGF-, Wnt and Notch
pathways. These pathways do not operate independently; rather, crosstalk between them
ensures EMT completion. The signaling pathway that conveys TGF-f inputs from
membrane receptors to target genes is well studied. TGF- binds to trans-membrane serine-
threonine kinase receptors on the cell surface, leading to the formation of a bi-dimeric
receptor complex composed of receptor type | (TBRI) and type 1l (TBRII). TBRII
phosphorylates and activates TPRI, which then phosphorylates cytoplasmic Smad2/3
transcription factors, allowing them to translocate into the nucleus. Smad4 acts as a partner
with receptor-activated Smads to facilitate this process. In contrast, Smad6 and Smad7
inhibit activated receptor-regulated Smads [29, 30]. Three families of the transcription

Arch Biochem Biophys. Author manuscript; available in PMC 2016 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Xiao et al.

Page 3

factors (Snail, ZEB and bHLH) are all involved in the TGF-f transcription program. Their
expression is regulated either directly through a Smad-dependent pathway, or indirectly
through other transcription factors. These transcription factors repress epithelial genes (e.g.,
E-cadherin and zonula occludens-1) and activate mesenchymal genes (e.g., N-cadherin and
a-smooth muscle actin) [31]. Functionally, the TGF-f signaling pathway plays a
predominant role in tissue fibrosis by influencing processes such as EMT, fibroblast
recruitment, fibroblast contractility, myofibroblast differentiation, and ECM deposition [32—
35].

MicroRNAs (miRNAS) are a group of small non-coding RNAs that are 18-24 nt in length
and regulate gene expression at the post-transcriptional level. miRNAs are first transcribed
from miRNA genes by RNA polymerase |1, then cleaved by Drosha/Dicer to become mature
miRNAs. The mature single-stranded miRNA is incorporated into the RNA-induced
silencing complex (RISC), which binds to target mMRNAs to inhibit protein translation or to
cleave the mRNAs. miRNAs regulate both physiological and pathological processes [36—
40].

A number of miRNAs have been reported to be involved in fibrotic diseases [41]. The
miR-200 family and miR-205 target ZEB1 and SIP1, two important transcriptional factors in
the TGF-$ pathway, and inhibit EMT in renal epithelial cells [42, 43]. Recently, miR-424
has been shown to induce EMT in cancer cells [44]. Several other miRNAs are also
implicated in fibrotic lung diseases. TGF-B1 induces miR-21 expression, and miR-21 in turn
promotes activation of fibroblasts by inhibiting Smad7 [45]. miR-155 targets the
keratinocyte growth factor in lung fibroblasts to induce fibrosis [46]. Knock-down of
miR-29 increases several pro-fibrotic genes in lung fetal fibroblasts [47]. A decrease in
Let-7d is observed in the lungs of IPF patients, and studies in rat lung epithelial cells suggest
that Let-7d contributes to EMT through its target, HMGAZ2 [43]. However, no direct
evidence has been presented to show that miRNAs regulate EMT in human lung epithelial
cells. In this study, we performed a miRNA microarray analysis on a human lung epithelial
cell model of EMT. Six of the up-regulated and the down-regulated miRNAs were
identified. Of these, only up-regulated miR-424 induced the expression of a-smooth muscle
actin (a-SMA) during EMT. Moreover, miR-424 expression was increased by TGF-f, and
miR-424 decreased Smurf2 protein expression. Together, our studies support a role for
miR-424 in myofibroblast differentiation during EMT.

Materials and Methods

Culture of human A549 cells

Human lung epithelial cells (A549) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 1% penicillin/streptomycin and 10% heat-inactivated fetal
bovine serum (FBS). Cells were grown at 37°C in a humidified atmosphere containing 5%
CO..
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Cell model of EMT

A549 cells (1.6 x 10° per well) were cultured in DMEM, supplemented with 10% charcoal-
stripped FBS in 6-well plates. After reaching 60% confluence, the cells were treated with 5
ng/ml of recombinant human TGF-B1 (R&D Systems, Minneapolis, MN) or with vehicle
alone for 4, 8 and 12 days. The concentration of TGF-B1 used in our study (5 ng/ml) was
based on the report from literature [16] and was physiologically relevant [48]. To avoid
confluence, the cells were split every 4 days using trypsin. One third of the cells were
reseeded in the original plates, while the other two thirds were collected for mRNA and
protein analyses.

Real-time PCR

Total RNA was isolated from cultured A549 cells using TRI-Reagent following the
manufacturer’s instructions. RNA was treated with TURBO DNase (Ambion, Austin, TX)
to remove genomic DNA contamination. One pg of RNA was reverse-transcribed into
cDNA using M-MLYV reverse transcriptase, random primers, and oligo dT. Real-time PCR
was carried out on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA) using SYBR Green | detection. The primers were designed using Primer Express
software (Applied Biosystems) and are listed in Table 1. Data was normalized to 18S rRNA.

Real-time PCR for miRNAs was carried out as previously described [49, 50]. Briefly, two
ug of total RNA, without DNase treatment, was polyadenylated using a Poly(A) polymerase
tailing kit (Epicentre, Madison, WI). One ug of the poly(A) tailed RNA was then reverse-
transcribed into cDNA using M-MLYV reverse transcriptase, oligo dT and miRNA RT
primers, including a universal reverse primer and a specific forward primer for each target
miRNA listed in Table 2. Real-time PCR was performed using miRNA PCR primers (Table
2). Data were normalized to RNU6B small RNA.

miRNA microarray

The miRNA microarray slides were printed in-house, as previously described [51], using
oligos from the mMiRCURY LNA miRNA array v.11-has, mmu and rne (Exigon, Woburn,
MA), which contains 1,700 capture probes consisting of human, mouse and rat mature
miRNAs. Of the 1,700 probes, there were 1,282 human miRNAs (854 from miRbase 11.0
and 428 from proprietary miRPlus miRNAs identified by Exigon using cloning and
sequencing) and 80 human viral miRNAs. Total RNA (300 ng) from control and 8 d TGF-
B1-treated A549 cells were extracted and labeled with Hy3 and Hy5 using the microRNA
Array Power labeling kit (Exigon). The two labeled samples were co-hybridized to a
miRNA microarray slide at 56°C for 16 h. There were three biological replications. A dye
flip was performed to eliminate the dye bias. The slides were then scanned with a ScanArray
Express scanner (PerkinElmer Life and Analytical Sciences, Boston, MA), and the images
were analyzed using GenePix 5.0 software (Axon Instruments, Union City, CA). Data were
analyzed using our in-house RealSpot software [52]. miRNAs with an average quality index
(QI) <1 were excluded. Data of the remaining miRNAs were analyzed using Student’s t-test
(p <0.05).
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MiRNA over-expression

These studies utilized lentiviral miRNA expression vectors containing three elements,
CMV-driven EGFP, followed by the mature miRNA sequence plus flanking sequences,
which were then followed by the SV40 PolyA terminal sequence. The mature miRNA
sequence and its 5’ and 3’ flanking sequences of approximately 250 nt were PCR-amplified
from human genomic DNA and cloned into the pLVX (Lenti-X) vector (Clontech, Mountain
View, CA). The lentivirus was generated in HEK 293T cells using Lenti-X HTX packaging
mix (Clontech). To determine the titer of viruses, different dilutions of viral stocks were
used to infect 293T cells, followed by counting GFP-positive infected cells. A549 cells were
infected with miRNAS or control lentivirus at MOI=50 for 24 h. After infection, virus-
containing medium was removed and the cells were cultured for an additional 24 h in fresh
medium.

TGF-g reporter luciferase assay

Four million HEK 293T cells were seeded on a 96-well plate. Fifty ng of a TGF-f reporter
plasmid (SABiosciences, Valencia, CA), which contained a Smad transcriptional response
element and a firefly luciferase reporter gene, and 100 ng of miR-424 lentiviral expression
plasmid were co-transfected into HEK 293T cells using Lipofectamine 1000. A lentiviral
plasmid containing a scrambled sequence was used as a control. After 24 h of incubation,
the cells were treated with TGF-B1 (5 ng/ml) or vehicle for 24 h and assayed using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI).

3’-UTR pmirGLO vector construction

3’-UTR segments of three predicted targets, Smad7, Smurfl and Smurf2 of miR-424,
containing restriction sites Nhel and Sall on the 5’ and 3’ ends, were amplified using PCR.
Three PCR products and the pmirGLO empty vector (Promega, Madison, WI) were double-
digested using Nhel and Sall restriction endonucleases (New England Biolabs, Ipswich,
MA). The 3-UTR segments were then inserted into the pmirGLO vector using T4 DNA
ligase (New England Biolabs, Ipswich, MA). The inserts were confirmed by sequencing.

Western blotting

The cells were harvested and lysed in a lysis buffer (PIERCE, Rockford, IL). Twenty ug of
protein were separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose
membrane. The membrane was incubated overnight at 4°C with mouse anti-Smad7
antibodies (1:200, SIGMA, St. Louis, MO), mouse anti-Smurfl antibodies (1:500, SIGMA),
or rabbit anti-Smurf2 antibodies (1:500, Novus Biologicals, Littleton, CO) after being
blocked with 10% non-fat milk. Then the membrane was washed and incubated with goat
anti-mouse or goat anti-rabbit secondary antibodies (1:2000) for 1 h. The blots were then
developed with enhanced chemiluminescence (ECL) reagents (PIERCE, Rockford, IL).

Statistical analysis

Results were analyzed by the Student’s t-test for two independent groups, one-way ANOVA
followed by Tukey’s posthoc test or two-way ANOVA with Bonferroni posttests for
multiple comparisons.
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TGF-B1 reduces epithelial cell marker expression and increases mesenchymal cell marker

expression

Six miRNAs

In order to investigate the role of MiRNAs in EMT, we used a TGF-B1-induced EMT cell
model [16]. We treated human lung epithelial A549 cells with 5 ng/ml of TGF-f1 for 4, 8, or
12 days, and determined epithelial and mesenchymal cell mMRNA marker expression. E-
cadherin (CDH1), an epithelial marker, was down-regulated in a time-dependent manner. It
dramatically decreased on day 4 and was barely detectable on day 12 (Fig. 1A). N-cadherin
(CDH2), a mesenchymal marker, was increased on day 4, peaked on day 8 and returned to
the day 4 level by day 12 (Fig. 1B). a-smooth muscle actin (a-SMA), a myofibroblast
marker, was marginally increased on day 8 (Fig. 1C), consistent with a previous report [16].
These results indicate that TGF-p causes EMT, but is not sufficient for myofibroblast
differentiation.

We further examined genes that encode key transcription factors in the TGF-f signaling
pathway. We found that mRNA for ZEB1, a repressor of epithelial genes, peaked on Day 8
(Fig. 2A). However, SIP1, another repressor of epithelial genes, was not significantly
affected at any time point by TGF-$ (Fig. 2B). Among other transcription factors in the
TGF-B signaling pathway which were tested, Snail2 mRNA showed the greatest increase by
TGFB, while 1d2 (an inhibitor of the E-cadherin repressor, E2A) showed the greatest
decrease (Fig. 2C).

are up-regulated and three miRNAs are down-regulated during EMT

Since the mesenchymal cell marker, CDH2, and the transcription factor, ZEB1, peaked on
day 8 of TGF-1 treatment, we chose this time point for miRNA microarray analysis as
described in our previous studies [51-53], with a goal of identifying miRNAs involved in
the process of EMT. We used in-house printed miRNA microarray slides containing 1,700
miRCURY LNA probes for human, rat and mouse miRNAs (EXIQON). After quality
control and statistical analysis, six miRNAs were found to be up-regulated, while nine
miRNAs were down-regulated. Since miRNA microarray is semi-quantitative [36], we used
real-time PCR to verify the miRNA microarray data. We verified 9 miRNAs, including 6
up-regulated (miR-31, miR-190, miR-424, miR-136-3p, miR-487a and miR-582-5p) and 3
down-regulated (miR-1224-3p, miR-23b-5p and miR-933) miRNAs (Fig. 3).

Over-expression of miR-424 promotes myofibroblast differentiation

We designed two experiments to test whether the identified 9 miRNAs affected EMT. If
TGF-B1-mediated EMT is due to the down-regulation of inhibitory miRNAs, the over-
expression of these down-regulated miRNAs should inhibit TGF-p1-induced EMT. On the
other hand, if the up-regulated miRNAs during EMT cause EMT, the over-expression of
these miRNAs should mimic the effect of TGF-B1 treatment. We over-expressed the 3
down-regulated miRNAs in A549 cells using lentiviral miRNA expression vectors, treated
the cells with TGF-p1, and determined the epithelial and mesenschymal cell marker
expression. Real-time PCR analysis revealed that over-expression of those miRNAs had no
effect on the expression of the epithelial marker CDH1 (Fig. 4A) compared to the virus
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control. However, expression of the mesenchymal marker CDH2 was increased by 2 of the 3
miRNAs tested (miR-1224-5p and miR-23b), which was an effect opposite to that expected
if these miRNAs have a role in EMT (Fig. 4B). Furthermore, miR-23b and miR-933 also
slightly increased a-SMA expression (Fig. 4C). These results suggest that the 3 down-
regulated miRNAs tested are likely not involved in EMT.

Next, we overexpressed the 6 up-regulated miRNAs in A549 cells without TGF-1
treatment to see whether they could induce EMT. miR-136, miR-190, miR-31 and miR-424
had no effect on either the CDH1 or CDH2 expression (Fig. 4D, E). In contrast, miR-487a
and miR-582 increased both epithelial (CDH1) and mesenchymal (CDH2) marker
expression. This is not consistent with EMT, in which epithelial cell markers are decreased
and mesenchymal cell markers are increased. However, miR-424 significantly increased a-
SMA expression (Fig. 4F).

We further examined the effects of miR-424 on the myofibroblast differentiation during
TGF-B1-induced EMT. The miR-424 level was increased by 25 fold when A549 cells were
treated with a miR-424 lentivirus (Fig. 5A). TGF-B1 further increased the miR-424 level in
the miR-424 lentivirus-treated cells. While TGF-B1 decreased CDH1 and increased CDH2
MRNA expression, miR-424 had no effect on CDH1 or CDH2 mRNA expression in either
the presence or the absence of TGF-p1 (Fig. 5B, C). However, over-expression of miR-424
increased a-SMA mRNA expression. The combination of miR-424 over-expression with
TGF-B1 treatment further increased a-SMA expression compared to TGF-B1 or miR-424
over-expression alone (Fig. 5D). The same effects were observed for connective tissue
growth factor (CTGF), another myofibroblast marker (Fig. 5E). Although miR-424
overexpression alone had no effect on the fibronectin (FN) mRNA level, the combination of
TGF-B1 and miR-424 over-expression increased FN expression (Fig. 5F). The results
suggested that miR-424 may enhance myofibroblast differentiation, but not EMT.

miR-424 enhances activity of the TGF-f signaling pathway

Since miRNAs form many positive and negative regulatory loops, and miR-424 is regulated
by TGF-p signaling, we examined whether miR-424 affects the activity of the TGF-p
pathway using a TGF-p reporter luciferase assay. TGF-B1 increased the reporter activity in
the vector control group. miR-424 alone enhanced the reporter activity to almost the same
level as that in the TGF-p1-treated vector control group (Fig. 6). The combination of
miR-424 over-expression and TGF-B1 stimulation further increased the reporter activity.
This result indicates that miR-424 potentiates the TGF-f signaling pathway.

Smurf2 is a target of miR-424

Since miRNAs negatively regulate their target genes, we would expect that miR-424 targets
negative regulators in the TGF-B signaling pathway to enhance TGF- signaling activity.
Using Web- based target predication software (TargetScan, miRand and DIANA-microT),
we identified three negative regulators of the TGF-p/Smad signaling (Smad7, Smurfl and
Smurf2) as potential targets of miR-424 (Table 3). To verify the prediction, we first used a
3’-UTR reporter assay in HEK293 cells. As shown in Fig. 7A, miR-424 inhibited the 3’-
UTR reporter activities of Smad7, Smurfl and Smurf2. Since miRNA-mediated effects may
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be cell content-dependent, we further studied whether miR-424 could reduce the
endogenous expression of these proteins in A549 cells. We increased the miR-424
expression level in A549 cells using a miR-424 lentivirus at a MOI of 50. Western blotting
revealed that the Smurf2, but not Smurfl or Smad7 protein levels, was significantly
decreased in the miR-424-over-expressed cells in comparison with virus control or blank
control groups (Fig. 7B, C). The mRNA expression levels of the three predicted targets were
not affected by miR-424 (Fig. 7D), suggesting that miR-424 directly inhibits protein
translation of Smurf2.

Discussion

The purpose of this study was to identify specific miRNAs that have roles in EMT during
IPF. First, we identified 6 up-regulated and 3 down-regulated miRNAs in the TGF-f-
induced EMT model of human lung epithelial cells through miRNA microarray analysis.
One of these up-regulated miRNAS, miR-424, enhanced the expression of a-SMA without
affecting epithelial or mesenchymal cell markers. miR-424 also increased the activity of the
TGF-B signaling pathway and decreased the protein expression of Smurf2, a negative
regulator of TGF-f signaling. Our results suggest that miR-424 regulates the myofibroblast
differentiation during EMT by potentiating the TGF-B signaling pathway, likely through
Smurf2.

miRNAs have been reported to regulate EMT in a variety of cell lines. Previous studies have
shown that the miR-200 family and miR-205 are gradually down-regulated during TGF-B1-
mediated EMT. The manipulation of their levels affects EMT in renal epithelial cells by
targeting ZEB1 and SIP1 [42]. The miR-200 family is also down-regulated in IPF patients,
and regulates EMT in rat alveolar epithelial cells (AECs) [54]. A number of other miRNAs
have also been reported to be involved in lung fibrotic diseases, including miR-21, miR-155,
miR-29 and let-7d [41, 43, 45-47]. However, direct miRNA microarray analysis of EMT in
lung epithelial cells has not been reported yet. In this study, we identified 9 miRNAs which
were changed during EMT of the lung epithelial cells. Among these 9 miRNAs, only
miR-31 has been shown to have a role in EMT by inhibiting the activation of lung
fibroblasts through directly targeting integrin a(5) and RhoA [55].

The changes in miRNAs during EMT do not necessarily mean that the altered miRNAs have
functional roles in EMT. Indeed, using the gain-of-function approach, we found that only
miR-424 markedly increased a-SMA expression. a-SMA is considered to be a marker for
myofibroblasts and an indicator for myofibroblast differentiation [45, 56, 57]. In lung
fibrotic diseases, the persistence of myofibroblasts is an important indicator of the end stage
of the disease [20, 21, 58]. Myofibroblasts have stronger contractile activity and are more
responsive to inflammatory factors than fibroblasts [59]. Thus, the increase in
myofibroblasts in the diseased lung may reduce lung compliance, enhance extracellular
matrix production, disrupt the basement membrane and cause inflammation and epithelial
injury [60, 61]. It is still not clear what causes myofibroblast differentiation. Several factors
have been studied including mechanical stretch, specialized matrix proteins, inflammatory
factors, and the TGF-f signaling pathway [58, 62, 63].
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A number of studies have characterized regulators of a-SMA transcription. Smad3, a key
transcription factor in the Smad-dependent TGF-f signaling pathway, induces a-SMA
expression through its binding with two CAGA motifs, called Smad3-binding elements
(SBEs), in the promoter of the a-SMA gene [64]. Smad3-independent signaling via p38 and
MEK/ERK also contributes to a-SMA regulation [65]. Sp1/Sp3 binding to the MCAT
enhancer is also considered to be necessary for a-SMA expression [66]. In addition to the
TGF-B signaling pathway, other mechanisms have also been reported to regulate the
expression of a-SMA [58]. The Notch/CSL pathway regulates a-SMA expression through
its promoter activity [67]. CCAAT/enhancer binding protein 3 (C/EBPp) also induces a-
SMA expression in lung fibroblasts [68]. The transcription repressor, Gut-enriched Kriippel-
like factor, negatively regulates a-SMA by preventing the binding of Smad3 to SBEs [69].

miR-424 has not previously been reported to be involved in any of the pathways mentioned
above. Our studies found that miR-424 enhanced the activity of Smad-dependent TGF-
signaling, as revealed by a TGF-3 signaling reporter assay. This result suggests that the up-
regulation of a-SMA produced by miR-424 likely occurs through potentiating TGF-
signaling. The reporter plasmid we used has a transcription response element (TRE) which
can be activated by the Smad2/3/4 complexes, and thus the activity of the reporter represents
the activity of the Smad-dependent TGF-p signaling pathway. The Smads are well-studied
intracellular effectors of the TGF-p signaling pathway. There are three groups of Smads:
receptor-activated Smads (R-Smads, Smad2/3), a common Smad (Smad4), and inhibitory
Smads (Smad7). Upon ligand binding, R-Smads are phosphorylated by phosphorylated type
Il receptors. The phosphorylation of R-Smads on their C-terminal SXS motif results in
changes of their conformation, causing the exposure of interacting interfaces and two R-
Smads, either homomeric or heteromeric, and one common Smad form a trimeric complex,
which then dissociates from the receptors and is translocated into the nucleus, where it acts
as a transcription factor regulating numerous transcriptional activities [30]. The inhibitory
Smad, Smad7, inhibits the TGF-B signaling pathway by competitively interfering with R-
Smad recruitment and phosphorylation by TGF-f receptors [30, 70]. The TGF-f signaling
pathway forms an inhibitory feedback loop through the induction of Smad7 expression [71].

Smurf2, another known TGF-f signaling negative regulator, belongs to the family of Smad
ubiquitin regulatory factors (Smurfs), which are HECT-domain-containing E3 ligases. They
are748 amino acids long and have several distinctive structural features as compared to other
E3 ligases, including a phospholipid/calcium-binding C2 domain and WW domains [72].
Smurf2 has been reported to directly interact with Smad2 and Smad3 through the linker
region containing a PY motif, which is recognized by the WW domain, causing proteasome-
dependent degradation of Smad2 and Smad3 [73-75]. In addition, Smurf2 can also form a
complex with Smad7, which then is exported from the nucleus to the cytoplasm and targets
the activated TGF-f type | receptor to proteasomes for degradation through ubiquitination
[75, 76].

By using web-based target prediction databases, we found that three inhibitory regulators of
the TGF-p signaling pathway, Smad7, Smurfl and Smurf2, were potential targets of
miR-424. Western blotting showed that the protein level of Smurf2, but not Smurfl or
Smad7, was significantly decreased after over-expression of miR-424. Furthermore, the
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MRNA level of Smurf2 was unchanged by miR-424, indicating that the protein change of
Smurf2 was not due to mMRNA cleavage but because of translation, which is the major
mechanism of miRNAs in animals. Although Smurfl and Smurf2 share most of the same
sequence, Smurf2 acts as a specific negative regulator for the Smad signaling pathway [72].
This explains why miR-424 can enhance TGF- signaling by only decreasing the protein
level of Smurf2, but not Smurfl.

miR-424 promoted myofibroblast differentiation, but did not promote EMT in response to
TGF-p treatment, even though the TGF-f signaling pathway regulates both processes. The
mechanisms remain to be identified. We speculate that the disparate effects of miR-424 on
these two processes are due to the specificity of Smad2 and Smad3 in downstream gene
expression. Knockout of Smad2, but not Smad3, prevents EMT [77], indicating that Smad?2
is involved in EMT. On the other hand, as mentioned above, Smad3 is believed to be the
main regulator of TGF-f mediated a-SMA expression [58, 64, 69]. Although Smurf2 has
been shown to cause the degradation of TBRI, the Smad2 and Smad3 in vitro [73-76] and in
vivo study of Smurf2 knockout mice reveals that Smurf2 does not cause the degradation of
Smad2, Smad3 or the TGF-J type | receptor. However, it does induce the multiple mono-
ubiquitination of the Smad3 MH2 domain to inhibit the formation of Smad3 complexes [72].
This suggests that Smurf2 acts by specifically inhibiting Smad3. Thus, the reduction of
Smurf2 by miR-424 enhances the activity of Smad3, leading to enhanced a-SMA expression
after EMT.

In summary, we demonstrated a two-step process of EMT: first, human lung epithelial cells
lose epithelial characteristics and gain mesenchymal markers to become fibroblast-like cells,
which can be induced by TGF-p treatment alone; and second, the fibroblast-like cells
differentiate into myofibroblasts, in which miR-424 potentiates TGF-f signaling.
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Fig. 1. TGF-B1 induces EMT in human alveolar epithelial cells
Human A549 cells were treated with TGF-p1 (5 ng/ml) for 4, 8 and 12 days (D4, D8 and

D12). The mRNA expressions of the cell markers were determined by real-time PCR. (A)
Epithelial cell marker, E-cadherin (CDH1). (B) Mesenchymal cell marker, N-cadherin
(CDH2). (C) Myofibroblast marker, a-smooth muscle actin (a-SMA). Results were
normalized to 18S rRNA and expressed as a ratio of the TGF-$1 treated group to the control
group at each time point. Results are means + s.e. from the three independent experiments,
which were performed in triplicate. *P<0.05 v.s. without TGF-B1; **P<0.01 v.s. without
TGF-B1; ***P<0.001 v.s. without the TGF-1. Student’s t-test.

Arch Biochem Biophys. Author manuscript; available in PMC 2016 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Xiao et al. Page 16

B3 - TGF-B1
A B3 +TGF-g1 B
ZEB1

< 61 < 2.0 SIP1
2 )
o o
O 4 o
o o
X %
1T 1T
< 2- <
pd P4
(14 14
E | £

D4 D8 D12

(o]
]

*%*

2]
1

F N
1

o

MRNA Expression
*

*

1
H
L

v S N O
¢ N F S

Fig. 2. Effects of TGF-B on transcription factors
Ab549 cells were treated with TGF-B1 (5 ng/ml) for 4, 8 and 12 days (D4, D8 and D12). The

mMRNA levels of ZEB1 (A) and SIP1 (B) were measured by real-time PCR and expressed as
a ratio of the TGF-B1 treated group to the control group at each time point. The mMRNA
levels of E2A, 1d2, ID3, Snaill, Snail2, and Twist on day 8 after TGF-p1 were also
determined by real-time PCR and expressed as delta delta Ct (C). Data were normalized to
18S rRNA. Results are means + s.e. from the three independent experiments, which were
performed in triplicate. *P<0.05 v.s. without TGF-B1; **P<0.05 v.s. without TGF-B1.
Student’s t-test.
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A549 cells were treated with 5 ng/ml of TGF-f1 for 8 days. miRNA microarray and real-

miR-190

miR-136-3p

Page 17

EE Microarray

EEd gRT-PCR
o
@ B 3
« 2 9
. N O x
: [ - N E
: ] x &
: W E E

miR-487a
miR-582-5p

time PCR were performed to identify the miRNAs changed during EMT. All real-time PCR
data were normalized to RNU6B small RNA. The results were expressed as log2 ratio
(TGF-B1-treated vs control). Data shown are means * s.e. All microarray and real-time PCR
results were statistically significant (P<0.05). n=3 cell preparations. Student’s t-test.
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Fig. 4. Effect of over-expressing miRNAs on the expression of epithelial cell marker and
mesenchymal cell markers
Ab549 cells were infected with a miRNA lenti-virus at a MOI of 50 for 2 days and then

treated with TGF-B1 (5 ng/ml) (A-C) or nothing (D-F) for 3 days. mRNA levels of CDH1,
CDH2 and a-SMA were measured by real-time PCR and normalized to 18S rRNA. Results
are means = s.e. (two cell preparations, measured in duplicate), except miR-424 which had 5
cell preparations. *p<0.05 v.s. VC. BC: Blank control, VC: Virus control.
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Fig. 5. Over-expression of miR-424 promotes myofibroblast differentiation during EMT
Ab549 cells were infected with miR-424 lentivirus at a MOI of 50 for 24 h, followed by

TGF-B1 treatment (5 ng/ml) for 72 h. miR-424 and mRNA expressions were determined
using real-time PCR. (A) miR-424, (B) CDH1, (C) CDH2, (D) a-SMA, (E) CTGF, and (F)
FN. miR-424 expression was normalized to RNU6B, while mRNA expression was
normalized to 18S rRNA. BC: Blank control, VC: Virus control, CTGF: Connective tissue
growth factor, FN: Fibronectin. Results are means + s.e. (n=3). *P<0.01 v.s. VC. #P<0.05
v.s. non-TGFp1 treated control. Two-way ANOVA with Bonferroni post-test.
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Fig. 6. miR-424 increases TGF- signaling activity
HEK 293T cells were co-transfected with 50 ng of the TGF-J signaling reporter plasmid and

100 ng of miR-424 expression plasmid by using Lipofectamine. After 24 h of incubation,
the cells were treated with TGF-B1 (5 ng/ml) for 24 h and assayed for dual-luciferase
activities. The results shown are mean * s.e. (n=3). *P<0.001 v.s. vector control (VC).
#P<0.001 v.s. non-TGF-B1 treated control.
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Fig. 7. Effects of miR-424 on the expression of Smurf2
(A) 3'-UTR reporter assay. 3'-UTR reporter plasmids of Smad7, Smurfl or Smurf2 were co-

transfected with a miR-424 expression vector, or its control vector (Con), into HEK293
cells. The dual luciferase activities were measured and expressed a ratio of firefly to Renilla
luciferase activity. The results were normalized to the empty vector control without 3’-UTR
(EVC) from the two independent experiments, each with 3 replications. *P<0.005 v.s.
control. (B-D) A549 cells were infected with a miR-424 lentivirus at a MOI of 50 for 48 h.
Protein and mRNA levels of Smad7, Smurfl and Smurf2 were determined using Western
blotting and real-time PCR. (B) Western blot showed the protein expressions of Smurf1,
Smurf2 and Smad7. GAPDH was used as a loading control. (C) The quantitation of protein
levels from Western blotting using Image J. Data was normalized to GAPDH. (D) mRNA
levels of Smurfl, Smurf2 and Smad7 were determined by real-time PCR and normalized to
18S rRNA. BC: Blank control, VC: Virus control. The results shown are means + s.e. (n=3).
*P<0.05 v.s. VC. Two-way ANOVA with bonferroni post-test.
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Real-time PCR primers for human mRNAs

Table 1

CDH1 Forward

5 TGCCCAGAAAATGAAAAAGG

CDH1 Reward

5 GTGTATGTGGCAATGCGTTC

CDH2 Forward

5 CTGCACAGATGTGGACAGGATT

CDH2 Reward

5 TTCTTTATCCCGGCGTTTCAT

a-SMA Forward

5 GAGAAGAGTTACGAGTTGCCTGA

a-SMA Reward

5 TGTTAGCATAGAGGTCCTTCCTG

ZEB1 Forward

5 AGCAGTGAAAGAGAAGGGAATGC

ZEB1 Reward 5 GGTCCTCTTCAGGTGCCTCAG
SIP1 Forward 5 CCACCACCTACAAGCTCACTCC
SIP1 Reward 5 AATGGCGATGGCGAGGAGAC
E2A Forward 5 TGTGCCAACTGCACCTCAA
E2A Reward 5 CCGTTTCAAACAGGCTGCTT
1d2 Forward 5 CGTGAGGTCCGTTAGGAAAA
1d2 Reward 5 AGGCTGACAATAGTGGGATG
1d3 Forward 5 ACTCACTCCCCAGCATGAAG
1d3 Reward 5 AAGCTCCTTTTGTCGTTGGA

Snaill Forward

5 AGGATCTCCAGGCTCGAAAG

Snalll Reward

5 GTAGCAGCCAGGGCCTAGAG

Snail2 Forward

5 CTGCGGCAAGGCGTTTTCCAGA

Snail2 Reward

5 CAGATGAGCCCTCAGATTTGAC

Twist Forward

5 CGGACAAGCTGAGCAAGATT

Twist Reward

5 CCTTCTCTGGAAACAATGAC

CTGF Forward

5 CAGCATGGACGTTCGTCTG

CTGF Reward

5 AACCACGGTTTGGTCCTTGG

FN Forward

5 AGCCTCGAAGAGCAAGAGG

FN Reward

5 CAAAACTTCAGCCCCAACTT

Smurfl Forward

5 AGATCCGTCTGACAGTGTTATGT

Smurfl Reward

5 AGATCCGTCTGACAGTGTTATGT

Smurf2 Forward

5 GGCAATGCCATTCTACAGATACT

Smurf2 Reward

5 CCACTTTGGATCAAGCGTATTCT

Smad7 Forward

5 ATAGCTAGCGCTTTACCGTGCAGATCAGCTT

Smad7 Reward

5 ATAGTCGACTTAATGGAACATAAACTCCTTT

18S rRNA Forward

5 CGTTGATTAAGTCCCTGCCCTT

18S rRNA Reward

5 TCAAGTTCGACCGTCTTCTCAG

Arch Biochem Biophys. Author manuscript; available in PMC 2016 January 15.

Page 22



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Xiao et al.

Table 2

Primers for miRNA Reverse transcription and real-time PCR

Reverse transcription Primers

has-miR-Universe

GTCGTGTCCAGTCGTGTGTT

hsa-miR-1183

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12GCCCA

hsa-miR-23b-5p

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12AAATCA

hsa-miR-1224-3p

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12CTGAGG

hsa-miR-155 GCGAGCACAGAATTAATACGACTCACTATAGG(T)12ACCCCT
hsa-miR-298 GCGAGCACAGAATTAATACGACTCACTATAGG(T)12GGGAG
hsa-miR-933 GCGAGCACAGAATTAATACGACTCACTATAGG(T)12GGGAGA
hsa-miR-31 GCGAGCACAGAATTAATACGACTCACTATAGG(T)12AGCTAT
hsa-miR-424 GCGAGCACAGAATTAATACGACTCACTATAGG(T)12CAAA
hsa-miR-216b GCGAGCACAGAATTAATACGACTCACTATAGG(T)12CACAT

hsa-miR-219-2-3p

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12ACAGCT

hsa-miR-190

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12ACCTAA

hsa-miR-1273

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12AAGAAA

hsa-miR-582-5p

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12AGTAAC

hsa-miR-487a

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12AACTGG

hsa-miR-136-3p

GCGAGCACAGAATTAATACGACTCACTATAGG(T)12AGACTC

Real-time PCR primers

hsa-miR-1183

ACTGACCACTGTAGGTGATGGT

hsa-miR-23b-5p

CAATTATGGGTTCCTGGCATGC

hsa-miR-1224-3p

ATTAATCCCCACCTCCTCTCTC

hsa-miR-155 GCCGGCTTAATGCTAATCGTGA
hsa-miR-298 TACATAGCAGAAGCAGGGAGG
hsa-miR-933 ATTATATGTGCGCAGGGAGACC
hsa-miR-31 AGTCGTAGGCAAGATGCTGGC
hsa-miR-424 GCTCGACAGCAGCAATTCATGT
hsa-miR-216b CGAGCTAAATCTCTGCAGGCAA

hsa-miR-219-2-3p

CTGCATAGAATTGTGGCTGGAC

hsa-miR-190

CCGCGCTGATATGTTTGATATA

hsa-miR-1273

TCTAGTGGGCGACAAAGCAAGA

hsa-miR-582-5p

CGACGGTTACAGTTGTTCAACC

hsa-miR-487a

CGTGCGAATCATACAGGGACAT

hsa-miR-136-3p

GCTCGGCATCATCGTCTCAAAT
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Table 3
Predicated binding sites of miR-424
Smad7 | Smurfl Smurf2
miRRanda 42-62 2904-2925 210-232
TargetScan 6.2 55-62 2918-2925 (conserved) 225-231
451-457 (poorly conserved)
DIANA microT 3.0 | 33-61 2896-2924 N/A
931-959
1368-1396
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