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Abstract: Pleural space is lined with a dynamic monolayer of cells, the Pleural Mesothelial Cells (PMCs). Pleural 
inflammation/injury often leads to the development of pleural fibrosis. Pleural fibrosis is characterized by the for-
mation of sub-pleural foci of myofibroblasts that contribute to the exuberant pleural fibrosis. Emerging evidence 
indicate that microRNA-26a (miR-26a) play a key role in the process of fibrosis. In this study we have determined the 
role of miR- 26a in PMC Epithelial Mesenchymal Transition (EMT). We hypothesized that PMCs when stimulated with 
TGF-β1 undergo EMT targeting E-cadherin and this transformation of PMC to myofibroblasts is dependent on miR-
26a and smad-2 signaling. The expression of EMT markers such as fibroblast specific protein-1 (FSP-1) and collagen 
type I, E-cadherin, α-Smooth muscle actin (α-SMA), Vimentin, and Cytokeratin-8 were analyzed in PMC treated with 
TGF-β1 or transfected with miR-26a. TGF-β1 significantly up-regulated miR-26a expression in PMC, and transfection 
of miR-26a enhanced α-SMA and collagen type-1 expression while the E-cadherin expression was decreased. In 
addition, luciferase reporter assay was performed to confirm E-cadherin as a target of miR-26a in PMCs. Further-
more in PMC, silencing miR-26a using anti-sense 2’-O-methyl oligo attenuated α-SMA and enhanced E-cadherin in 
response to TGF-β1. Consistent with the hypothesis, TGF-β1 increased miR-26a expression in PMC, whereas knock-
ing down of miR-26a attenuated smad-2 phosphorylation overtime in response to TGF-β1. Taken together, these 
data indicate that miR-26a regulates the process of EMT in PMC which is mediated by TGF-β1 and smad-2 signaling. 
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Introduction

Pleural inflammation/injury often leads to the 
development of pleural fibrosis. Pleural fibrosis 
is characterized by the formation of sub-pleural 
foci of myofibroblasts that contribute to the 
exuberant pleural fibrosis. The pleural meso-
thelium is a metabolically active monolayer of 
cells, covering the chest wall and lungs. During 
pleural inflammation, PMC are exposed to high 
levels of cytokines, chemokines and growth 
factors including TGF-β1 [1-3]. Many studies 
reported that TGF-β1 is a master switch for the 
induction of fibrosis by promoting EMT in vari-
ous organs including the lung [4-7]. Under 
stress conditions PMC attaining plasticity due 
to the loss of polarity and mesothelial markers. 
Consequently, PMC acquire spindle shape mor-

phology by cytoskeleton reorganization and 
expression of Fibroblast Specific Protein (FSP-
1), a mesenchymal marker. The newly formed 
fibroblasts called myofibroblasts that constitu-
tively express FSP-1, a specific marker for EMT.
In many tissues myofibroblasts are prominent 
components of fibrosis including the pleura 
[8-10]. In the presence of TGF-β1 transformed 
PMC express myofibroblast proteins like FSP-1 
and α-SMA, suggesting the conversion of PMC 
to myofibroblasts. The transformed PMC lose 
the expression of E-cadherin and cytokeratin, 
adherens junctional protein and acquire mes-
enchymal markers [11, 12]. 

In normal cells E-cadherin, maintains the cellu-
lar integrity, besides this highly conserved gene 
can play a major role in malignant cell transfor-
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mation, especially in tumor development and 
progression. The suppression of E-cadherin ex- 
pression is regarded as one of the important 
events responsible for dysfunction in cell-cell 
adhesion. Thus, loss of function of E-cadherin 
correlates with increased invasiveness and 
metastasis of tumors [13]. E-Cadherin can be 
targeted by miRs specifically miR-200 and 
miR-9 [14]. In addition, zinc finger E-box-bind- 
ing proteins (ZEB)-1 and ZEB-2, which are 
E-cadherin transcriptional repressors are tar-
get of miR-200 family responsible for protect-
ing tubular epithelial cells from mesenchymal 
transition. The present data demonstrates the 
associating role of miR-26a with TGF-β mediat-
ed changes in E-cadherin expression. MiR-26a 
constitutes a class of unknown regulatory mol-
ecules that have the capacity to modulate the 
expression levels of cell adhesion molecules 
like E-cadherin. MiR-26a complementarily bi- 
nds to E-cadherin in the 3’UTR region and 
induces transcriptional repression of E-ca- 
dherin. However, if miR-26a induced repression 
of E-cadherin promotes EMT in PMC is not 
known.

MicroRNAs (miRs) are 22 nucleotide non-cod-
ing sequences known to regulate gene expres-
sion and aberrant expression of miRNA have 
been linked to various diseases; however, their 
role in pulmonary fibrosis is now emerging. MiR 
exert a biologically important effect on post-
transcriptional gene expression [15], and con-
trol the expression of a large number of genes 
by translational repression and destabilizing 
the target mRNAs [16]. MiRs have been associ-
ated in multiple biological processes, including 
development and disease [17-19]. There is 
increasing evidence that miRNAs are key regu-
lators of genes involved in fibrosis of organs, 
such as the heart [20, 21], liver [22] and kidney 
[23]. The role of miRNA let-7d in regulating EMT 
has been reported indicating its protective role 
for pulmonary fibrosis [24]. Furthermore, miRNA 
are involved in many forms of tissue fibrosis 
[25]. In cardiac fibrosis, miR-21, miR-29, miR-
30, miR-133 expression and regulation have 
been reported [21, 26, 27]. The current study 
was designed to analyze the role of miR-26a in 
PMC undergoing EMT. MiR-26a has been identi-
fied as a tumor-related regulator in several can-
cers, but its pathophysiological properties and 
correlation in the development of fibrotic lung 
disease remains unclear. 

Several studies have reported the role of TGF-
β1 in EMT involving smad signaling [28, 29]. 
Smads are intracellular proteins that play a 
critical role for transmitting the TGF-β1 induced 
signals from the cell surfaceto the nucleus to 
promote transcription of target genes [30, 31]. 
Earlier studies from our lab reported the role of 
smad-2 in PMC EMTprocess [11]. In the present 
study, we explore the role of miR-26a in the pro-
gression of PMC-EMT and lung fibrosis. We 
have demonstrated in vitro that the PMC trans-
fected with miR-26a undergo transition from 
epithelial phenotype to mesenchymal pheno-
type (EMT) and this transition of PMC to myofi-
broblasts is dependent on TGF-β1 and smad-2 
signaling. 

Materials and methods

PMC culture

Pleural mesothelial cells Met-5A (CRL-9444, 
ATCC®- Manassas, VA), purchased from Ameri- 
can Type Culture Collection. PMCs were sub 
cultured in medium 199 as reported earlier 
[11]. In brief, the PMCs were cultured in medi-
um containing 10% FBS (Atlanta Biologicals), 
penicillin (100 U/ml), and streptomycin (100 
µg/ml). The cells were plated in 100-mm cul-
ture dish (Corning Costar) and incubated at 
37°C in 5% CO2-95% air. The cells were trypsin-
ized upon confluency and seeded into culture 
dish or chamber slides as needed for various 
experiments. The cells from one lot have been 
used for all the experiments.

Phase-contrast microscopy

PMC phenotypic changes were determined by 
phase-contrast microscopy. PMC in cultures 
were transfected with miR-26a or control-miR, 
purchased from Ambion®, Inc. The morpholo- 
gical changes were visualized by phase-con-
trast microscopy for 24 hr, 48 hr and 72 hr. Ima- 
ges were collected with Inverted Microscope 
(Nikon).

Western blot analysis for EMT markers

PMC were plated in 60 mm culture dish (Costar) 
and treated with recombinant human TGF-β1 
(PeproTech, Rocky Hill, NJ) upon confluence. 
TGF-β1 at a final concentration of 5 ng/ml was 
used. PMC cultured without TGF-β1 were con-
sidered as controls. PMC about 70% confluency 
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in cultures were transfected with miR-26a or 
control-miR. Total cell lysates were prepared as 
reported previously [32]. Bicinchoninic acid 
(BCA) method (Pierce, Rockford, IL) was used to 
measure the total protein. 20 μg/lane of pro-
tein were loaded. Proteins in the samples were 
separated in denaturing sodium dodecyl sul-
fate (SDS)-4-15% polyacrylamide gels (Bio-
Rad), and transferred onto polyvinylidene diflu-
oride membrane (Millipore, Bedford, MA) in 
transfer buffer at 4°C overnight. Nonspecific 
binding to the membrane was blocked over-
night at 4°C with 5% nonfat milk. The primary 
antibodies used were: anti-cytokeratin-8 (Ck-8; 
Sigma), anti-vimentin (Sigma), anti-E-cadherin 
(BD Transduction Labs), anti-α-SMA (R&D 
Systems), anti-smad-2, phospho-smad-2, (Cell 
Signaling) at a concentration of 1-2 μg/ml for 1 
hour at room temperature. After washing, the 
membranes were incubated with the second-
ary antibody (horseradish peroxidase-conjugat-
ed anti-mouse or anti-rabbit IgG antibody, 
Amersham) at a dilution of 1:2,000 for 1 hour. 
The target proteins were detected by enhan- 
ced chemiluminescence (ECL, Amersham 
Bioscience, Piscataway, NJ).

Quantitative RT-PCR analysis

Total RNA from cultured PMC was isolated as 
reported earlier [32]. In brief the RNA at a con-
centration of 100 ng/mL were reverse tran-
scribed into complementary DNA (cDNA). Ten 
microliters of diluted cDNA product were mix- 
ed with 25 μl of SYBR Green JumpStart Taq- 
ReadyMix, 0.5 μl of internal reference dye, and 
2.0 μl of specific oligonucleotide primers 
obtained from QIAGEN were added to a total 
volume of 50 μl for quantification of the real 
time polymerase chain reaction (PCR). Applied 
Biosystems 7500 Real Time PCR System was 
used. Data analysis was carried out by using 
the ABI sequence-detection software using rel-
ative quantification. The threshold cycle (Ct), 
which was defined as the cycle at which PCR 
amplification reaches a significant value was 
expressed as the mean value. The relative 
expression of messenger RNA (mRNA) was cal-
culated by using the ΔCt method (where ΔCt 
was the value obtained by subtracting the Ct 
value of the house keeping gene β-actin mRNA 
from the Ct value of the target mRNA). The 
amount of the target relative to β-actin mRNA 
was expressed as 2-(ΔCt).

MicroRNA target prediction

Computer-based programs were used to pre-
dict microRNAs that potentially bind E-cadherin. 
Using “E-cadherin” as a search term, we que-
ried EMBL-EBI, MicroCosm targets. We con-
firmed the miR-26a target binding by perform-
ing Luciferase assay.

Luciferase reporter assay 

The luciferase reporter vectors (pEZX-MT01) 
were purchased fromGeneCopiaTM. Each lucif-
erase reporter construct, including Luc+miR-
26a, Luc+E-cadherin 3’UTR and negative con-
trol vectors was co-transfected into PMC in 
6-well plate using Lipofectamin-2000 (Invi- 
trogen, CA). After incubation for 18 hours, the 
cells were transferred into 96-well plate and 
Firefly and renillaluciferase activities were de- 
termined after 24 hours, using Luc-PairTM miR 
Luciferase Assay kits (GeneCopiaTM) according 
to the manufacturer’s instructions.

Small interfering RNA transfection

PMC were grown to 70% confluence in 60 mm 
culture dishes, and transient transfection was 
performed with specific stealth small interfer-
ing RNA (siRNA) against smad-2 or control 
siRNA overnight using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA) following manufac-
turer’s protocol. RNAi designer software pro-
gram was used to select the specificsiRNA 
sequences for smad-2 and control siRNA and 
synthesized from Invitrogen as reported earlier 
[11]. The smad-2 (accession number BC01- 
4840) target sequences used: sense CAG UGG 
GAU ACA ACA GGC CUU UAC A, antisense UGU 
AAA GGC CUG UUG UAU CCC ACU G; siRNAcon-
trol: sense CAG UGG GAU ACA ACA GGC CUU 
UAC A, antisense UGU AAA GGC CUG UUG UAU 
CCC ACU G. The most effective siRNA concen-
tration for smad-2 silencingwas determined to 
be (300 nM). The transfection medium was 
changed with culture medium containing 5% 
FBS for 24 h before harvesting the cells for vari-
ous assays. TGF-β1 at a final concentration of 5 
ng/ml was added to the cell cultures in serum 
free medium (SFM) or cells were cultured in 
SFM without TGF-β1 (control). The cells were 
harvested at different time points for further- 
experiments.
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Immunofluorescence microscopy

EMT markers expression in PMC was analyzed 
by immunofluorescence staining using Zeiss 
LSM 510 (Axiovert 100M), [ Zeiss, Thornwood, 
NY] as reported previously [11]. In brief, the 
cells were cultured to confluence on glass cov-
erslips, after respective treatments, they were 
fixed in 4% paraformaldehyde. The cells were 
permeabilized with 1.2% Triton X-100 for 5 min, 
rinsed three times, incubated with 2% bovine 
serum albumin (BSA for 1 hour, and then st- 
ained for the expression markers with primary 
antibodies: mouse anti-vimentin (Sigma), mo- 
use anti-E-cadherin (BD Transduction Labs, 
Franklin Lakes, NJ), mouse anti-α-SMA (R&D 
Systems), and mouse anti-collagen type-I 
(Sigma) at 1:150 dilution and respective sec-
ondary antibody IgG conjugated with FITC 

(Zymax, San Francisco, CA or Molecular Probes, 
Eugene, OR). Cells were co-stained with 4,6- 
diamidino-2-phenylindole (DAPI) (Molecular Pr- 
obes) to visualize nuclei. The stained cells we 
re mounted with mounting medium (DakoCy- 
tomation, Carpentaria, CA) and viewed by im- 
munofluorescence microscopy.

Statistical analysis

SigmaStat 3.5 (SYSTAT Software, San Jose, CA) 
was used for data analyses. Results are 
expressed as means ± SEM. All values were 
derived from at least three independent experi-
ments. Student’s t-test was used for the com-
parison of control and treatment groups. Sta- 
tistical analyses for comparison over the time 
course were performed with repeated-measure 
analysis of variance (ANOVA) and post hoc 

Figure 1. TGF-β1 induces miR-26a expression in PMC. A. Expression of miR-26a over time. PMC treated with TGF-β1 
for 48 hr show significantly increased expression of miR-26a when compared to control. Data presented is the 
mean ± SEM of three independent experiments. *P < 0.05 compared to control. B. MiR-26a transfection induces 
mesenchymal phenotype morphology in PMC. PMC were transfected with miR-26a or control-miR (control), changes 
in morphology (epithelial to myofibroblast-like phenotype) were evaluated by using phase-contrast microscope.
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Bonferroni/Dunn correction. Differences were 
considered significant if P values were < 0.05.

Results

TGF-β1 induces miR-26a expression in PMC

In earlier studies we reported that TGF-β1 
induces EMT in PMC [11]. To access whether 
the EMT induced by TGF-β1 is regulated by miR-
26a in PMC, we treated the PMC with TGF-β1 
and determined the expression of miR-26a. 
TGF-β1 induced miR-26a expression over time 
in PMC. Figure 1A indicates that when com-
pared to controls, PMC treated with TGF-β1 
showed enhanced expression of miR-26a in a 
time-dependent manner with a six fold increas-

ggesting that PMC attained mesenchymal phe-
notype. PMC transfected with control-miR did 
not show any changes in morphology.

MiR-26a induces cytoskeletal changes in PMC

To determine the role of miR-26a in the devel-
opment of EMT, the expression of epithelial and 
mesenchymal markers were evaluated. PMC 
were transfected with miR-26a for 24, 48 and 
72 hr or control miR. The PMC transfected with-
miR-26a showed down-regulation of epithelial 
markers and that was accompanied by up regu-
lation of mesenchymal markers. MiR-26a trans-
fection did not affect the expression of vim- 
entin; the expression of vimentin remained 
unchanged in miR-26a transfected PMC as 

Figure 2. Determination of EMT markers in PMC. A. PMC was transfected with 
miR-26a or Control-miRas indicated. Total cell lysates were prepared and im-
muno-blotted with anti-bodies specific to EMT markers. Expression of α-SMA, 
Cytokeratin-8, Vimentin, E-cadherin, and Smad-2 were determined. β-actin was 
detected to ensure equal loading of protein for each sample. Data is the repre-
sentative of 3 separate experiments; B. The predicted binding site of miR-26a 
and 3’UTR region of E-cadherin by The TARGETSCAN miRanda site; C. Lucifer-
ase assay shows miR-26a targets E-cadherin. PMC were transfected with E-cad-
herin Luciferase reporter plasmid and miR-26a plasmid or mutant miR plasmid 
(GeneCopoeia, Rockville, MD) as indicated. The cells were transferred to a 96-
well plate 18 h after transfection and cultured for another 24 hours. Both firefly 
Luciferase and Renilla Luciferase activities were measured. Firefly Luciferase 
activity was then normalized with Renilla Luciferase activities in the same well.

es in the expression at 48 
hr treatment. Because TGF-
β1 plays a crucial role in 
the pathogenesis of lung 
fibrosis [33, 34], the induc-
tion of miR-26a by TGF-β1 
may have a potential role in 
the development of path- 
ological features of lung 
fibrosis.

MiR-26a induces mesen-
chymal phenotype transfor-
mation in PMC

To determine if miR-26a tr- 
ansfection induces mesen-
chymal phenotype in PMC, 
in vitro PMC were trans- 
fected with miR-26a, and 
morphological changes we- 
re recorded after 24, 48 
and 72 hours. PMC trans-
fected with control miR 
(control) showed a typical 
polygonal and cobblestone 
morphology in monolayer 
(Figure 1B). PMC when 
transfected with miR-26a 
showed phenotypic chang-
es after 24 hr. Remarkable 
phenotypic changes were 
observed at 48 hr and 72 
hr of miR-26a treatment. 
As compared to control, 
miR-26a treated PMC sh-
owed spindle shaped, elon-
gated morphology charac-
teristic of fibroblasts, su- 
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compared to control miR (Figure 2). Whereas, 
the expression of Ck-8 decreased after 48 hr of 
miR-26a transfection when compared to con-
trols. Epithelial marker E-cadherin the adheren 
junctional protein is expressed by PMC, and 
maintains the cellular integrity in PMC. E-ca- 
dherin down regulationin PMC marks the onset 
of EMT. In the presence of miR-26a, the expres-
sion E-cadherins was significantly decreased in 
miR-26a treated PMC as compared with control 
PMC. To confirm that the miR-26a binds to 
E-cadherin in 3’UTR region, we performed a 
luciferase reporter assay. The alignment of 
miR-26a with the 3’UTR inserts shown in Figure 
2B. When the PMC were co-transfected with 
miR-26a and Luc+3’ UTR E-cadherin vector the 
expression of luciferase was strongly decre- 
ased. In contrast, suppression of luciferase 
activity was almost abolished when the PMC 
cells were co transfected with miRNA negative 
control vector and Luc+3’ UTR E-cadhe- 
rin vector Figure 2C. These data indicate that 
the 3’ UTR E-cadherin is critical for the direct 
and specific binding of miR-26a to E-cadherin 
mRNA and, miR-26a directly inhibits the expres-
sion of E-cadherin by binding to its target 
sequence.

In addition the immunofluorescence staining 
for vimentin, E-cadherin and α-SMA were evalu-

ated in miR-26a and control miR treated PMC 
(Figure 3). The expression of vimentin did not 
show any remarkable changes in both miR-26a 
and control-miR treated PMC. Expression of 
E-cadherin was strong in control-miR treated 
PMC while miR-26a treated PMC showed sig-
nificant down regulation of E-cadherin expres-
sion. In addition the mesenchymal marker 
α-SMA showed an increased expression over 
time when compared to control miR treated 
PMC. Furthermore, smad-2 expression was 
increased in PMC transfected with miR-26a for 
48 hours when compared to controls. However, 
at 72 hours a decrease in the expression of 
smad-2 was noticed (Figure 2).

MiR-26a induces FSP-1 and collgen-1 expres-
sion in PMC

In orderto determine if miR-26a is involved in 
the activation of mesenchymal marker FSP-1 
that caused phenotype changes in PMC, we 
examined the expression of FSP-1 in PMC. 
When PMC were transfected with miR-26a over 
time for 24 hr, 48 hr, and 72 hr, a significantly 
increased expression of FSP-1, about 12 fold 
was noted after 48 hr of miR-26a transfection 
when compared to control miR (Figure 4A). This 
data suggest that miR-26a induced expression 
of FSP-1 may be responsible for the phenotype 

Figure 3. MiR-26a induces EMT in PMC. Immunofluorescence staining for EMT markers (α-SMA, Vimentin, and E-
cadherin was evaluated in PMC transfected with miR-26a and control-miR. For the nuclear staining 4’,6-Diamidino-
2-phenylindole (DAPI, blue) was used (blue); Green fluorochrome (FITC) was used for respective target proteins. 
Scale bars, 40 µm.
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change of PMC to fibroblast like morphology 
and EMT. To determine if miR-26a is involved in 
the activation of extracellular matrix protein 
that caused phenotype changes in PMC, we 
also examined the expression of collagen type 
1 in PMC transfected with miR-26a. A signifi-
cantly increased synthesis of collagen type 1 
was noted after 24 hr of miR-26a transfection-
when compared to control miR (Figure 4B). The 
immunofluorescence staining of collagen type 
1 clearly detected the collagen fibrils in the 
cytoplasmic region of PMC transfected with 
miR-26a at both 48 hr and 72 hr respectively 
when compared to control miR (Figure 4C). 
TGF-β1 was used as a positive control.

Silencing smad-2 signaling blocks miR-26a 
expression in PMC

To confirm whether miR-26a mediated EMT in 
PMC involves smad-2, siRNA for smad-2 were 
used to silence the expression of smad-2 gene 
in PMC. A significant knockdown of miR-26a 
expression was observed in PMC transfected 
with siRNA-smad-2 followed by TGF-β1 treat-
ment when compared to control siRNA and only 
TGF-β1 treatment (Figure 5B). These results 
suggest that the mesenchymal changes 

induced by miR-26a are regulated by smad-2 
signaling in PMC. In addition, the effect of 
siRNA smad-2 on miR-26a transfected PMC 
was confirmed by immunofluorescence stain-
ing. In miR-26a transfected PMC the expres-
sion of E-cadherin was significantly restored 
after the knock-down of smad-2 when com-
pared with control siRNA and PMC alone (Figure 
5A, 5B). Also, α-SMA staining was less intense 
in PMC after the knockdown of smad-2 in the 
presence of miR-26a (Figure 5A). Furthermore, 
the cellular morphology of miR-26a-transfected 
PMC’s returned from a spindle shape to a more 
cuboidal/cobblestone shape after the knock-
down of smad-2 (Figure 5A, phase). However, 
the spindle shaped morphology was main-
tained in control siRNA transfected PMC sug-
gesting the role of smad-2 signaling in EMT of 
PMC.

MiR-26a induced by TGF-β1 controls the pro-
fibrogenic events in PMC

Studies were made to understand the role of 
miR-26a in the presence of TGF-β1 in PMC 
(Figure 6A, 6B). TGF-β1 up-regulated miR-26a 
expression in a time-dependent manner in 
PMC, suggesting the potential involvement of 

Figure 4. MiR-26a induces fibroblast-specific protein-1 (FSP-1) expression in PMC. A. Expression of FSP-1 over 
time. Data presented is the mean ± SEM of three independent experiments. *P < 0.05 compared to control-miR. 
B. MiR-26a induces collagen type-1 expression in PMC. Collagen type-I mRNA expression levels was evaluated by 
quantitative RT-PCR. Data presented is the mean ± SEM of three independent experiments. *P < 0.05 compared 
to control-miR. C. Immunofluorescence staining for collagen type I (green). MiR-26a transfected PMC showed up-
regulated collagen expression over time; untreated PMC (0 h) did not show any collagen deposition. TGF-β1 was 
used as a positive control. Scale bar, 20 µm.
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Figure 5. TGF-β1 induced miR-26a regulates the pro-fibrogenic activities in PMC. A. PMC was transfected with 
control miRNA or miR-26a or siRNA-smad2 or sc-siRNA. The expression of α-SMA, E-cadherin, was determined by 
immunofluorescence staining and a phase contrast microscopy. B. The mRNA expression of miR-26a was evalu-
ated by quantitative RT-PCR. Results are representative data of 3 separate experiments. Data presented is the 
mean ± SEM of three independent experiments. *P < 0.05 compared to control, $P < 0.05 siRNA-smad2+ TGF-β1 
compared to sc-siRNA +TGF-β1. Scale bar, 40 µm.

Figure 6. MiR-26a regulates EMT marker expression in PMC. A. PMC transfected with control-miR and treated with 
TGF-β1; B. PMC transfected with miR-26a and treated with TGF-β1; C. PMC transfected with anti-sense miR oligo for 
miR-26a and treated with TGF-β1 for indicated period of time. E-cadherin, α-SMA, phospho-Smad2 protein levels, 
were determined by Western blotting. β-actin was detected to ensure equal loading of protein for each sample. This 
is a representative of 3 similar observations noticed in separate experiments.
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miR-26a in TGF-β1-related signaling events. 
Increasing miR-26a levels by transfection of 
miR-26a enhanced TGF-β1 induced translation 
of α-SMA with decreased E-cadherin expres-
sion in PMC (Figure 6B). Whereas knocking 
down of miR-26a by anti-sense oligo for miR-
26a attenuated α-SMA and restored E-cadherin 
in response to TGF-β1 treatment (Figure 6C). 
Taken together, these results indicate that the 
anti-fibrotic effects of miR-26a antisense oligo 
may be mediated through the regulation of 
TGF-β1 related signaling events. Consistent 
with this hypothesis, the present findings sup-
port the potential role of miR- 26a in the regula-
tion of EMT process in PMC.

Discussion

The present investigation demonstrate that 
PMC respond to miR-26a transfection by trans-
forming into myofibroblasts in vitro, indicating 
that PMCs have the capacity to initiate and 
modulate the expression of epithelial markers 
into mesenchymal markers to undergo EMT 
and this is regulated by miR-26a. We found that 
TGF-β1 treated PMC cells up-regulates miR-
26a expression inducing mesenchymal pheno-
type transformation in PMC. Little is known 
about how miR-26a expression is regulated by 
TGF-β1. We found increased phosphorylation 
of smad-2 in miR-26a transfected and TGF-β1 
activated PMC. Phospho-smad-2 exerts its role 
in the nucleus by binding to different gene pro-
moters and activating or inhibiting their tran-
scription. The evidence presented in Figure 6, 
strongly suggested that increasing miR-26a lev-
els enhanced, whereas knocking down miR-
26a attenuated smad-2 phosphorylation over-
time in response to stimulation of TGF-β1. In 
addition, silencing smad-2 expression by siRNA 
and followed by TGF-β1 treatment down-regu-
lated the expression of miR-26a in PMC. These 
observations suggest the potential role of miR-
26a in TGF-β1 mediated smad-2 signaling in 
PMC. Furthermore, it’s evident from our results, 
Figures 3, 4 and 6 that up-regulation of miR-
26a in PMC suppresses the TGF-β1-induced 
activation of downstream target gene, i.e., 
Ck-8, E-cadherin and up regulatesthe expres-
sion of mesenchymal markers α-SMA, and col-
lagen-I. In miR-26a transfected PMC cobble-
stone morphology was lost. Furthermore, the 
adherens junction protein E-cadherin that is 
known to have a significant role in pleural per-

meability, and cellular movements has been 
suppressed in miR-26a transfected PMC that 
causes loss of cell-cell contact and promotes 
EMT in PMC.

Smad-dependent and independent signaling is 
involved in the commencement of EMT. 
Previous studies on TGF-β1 signaling pathway 
reported Smad3 as a significant mediator, hav-
ing dual functionality, suppresses tumor growth 
in initial stages of cancer, but also playing an 
important part of promoting EMT [35-38]. 
Smad3 is reported to promote the morphologi-
cal changes that characterize EMT through the 
transcriptional regulation of target genes in 
fibrosis of the eye and kidney [38, 39]. In addi-
tion, the double knock-out of smad-2 and 
smad-3 gene in mouse hepatocytes revealed 
the significant role of smad-3 for EMT [40]. In 
contrast, increased MMP-2 and α-SMA were 
dependent on both smad-2 and smad-3 signal-
ing [41].

The studies of miRNA involvement in pulmo-
nary fibrosis are now emerging. The role of let-7, 
miR-21, and miR-29 has been associated with 
pulmonary fibrosis [24, 42, 43]. In vitro and in 
vivo inhibition of let -7 in epithelial cells signifi-
cantly increased the expression of mesenchy-
mal specific genes, such as vimentin, α-SMA, 
indicating its role in EMT and fibrosis [24]. 
Another study on renal fibrosis reported the 
role of miR-200 family in the progression of 
renal fibrosis [14]. Taken together, these stud-
ies indicated the regulatory role of miRs in the 
development of fibrosis. In the current study, 
we report that miR-26a mediate the EMT pro-
cess in PMC by modulating the expression of 
target genes associated with EMT. However, 
controversial reports are available on role on 
miR-26a. In lung cancer cells miR-26a enhanc-
es the metastatic potential via AKT signaling 
pathway [44]. In glioma, miR-26a promotes gli-
omagenesis in vivo [45]. Whereas, anti-fibrotic 
effects of mir-26a have been reported in idio-
pathic pulmonary fibrosis [46], and cardiac 
fibrosis [47]. The differential responses of miR-
26a may be due to the different cell types and 
tissues and warrants further studies.

TGF-β had its influence on the regulatory role of 
smad-2 in transcribing miR-26a and expression 
of EMT markers. The study shows smad-2 regu-
lates the transcription of miR-26a, which in turn 
is a repressor of E-cadherin at posttranscrip-
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tional level in a TGF-β-dependent manner. We 
determined that by employing the computation-
al Target Scan Human 5.2, the predicted miR-
26a target as E-cadherin gene, we understand 
that miR-26a bind to the predicted target site of 
E-cadherin and modulate EMT in a TGF-β1-
dependent manner. The present data suggest 
that E-cadherin in PMC maintains cellular integ-
rity; any change in the expression levels of 
these adherent junctional proteins may result 
in transformation of cellular morphology and 
remodeling of the pleural mesothelial monolay-
er through the process of EMT. During patho-
logical disorders the aberrant expression of 
miR-26a in pleural space may affect PMC to be 
transformed into myofibroblasts and the trans-
formed PMC may possibly travel to the deeper 
layers of the lung parenchyma, facilitating the 
progression of fibrosis.

In conclusion, the significance of the present 
study is the identification of role of miR-26a in 
the regulation of TGF-β1, the important media-
tor of EMT process. Here we demonstrate the 
role of miR-26a via TGF-β1 and smad-2-mediat-
ed EMT in PMC. The implication of the present 
work is that miR-26a transfected PMC undergo 
the process of EMT via expression of mesen-
chymal markers FSP-1 and α-SMA, repression 
of E-cadherin, increased transcription factor 
smad-2 expression. In addition, silencing siR-
NA-smad-2 significantly blocked the expression 
of miR-26a. Furthermore, inhibitor of miR-26a 
blocked α-SMA and attenuated smad-2 phos-
phorylation. Taken together, our study clearly 
signifies that miR-26a plays a critical role in 
pleural fibrosis through its capability to regulate 
array of events during the process of EMT.
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