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Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia 
and results in increased morbidity and mortality. Rhythm control 
in persistent long-term AF, which is characterized by severe atrial 
myocyte remodeling and atrial fibrosis (1), is difficult to achieve 
with either antiarrhythmic drugs or catheter ablation. Atrial fibro-
sis contributes to the maintenance of AF and is among the import-
ant factors that make AF refractory to rhythm control (2, 3). Var-
ious stimuli provoke atrial fibrosis, including heart failure (HF), 
diabetes, vigorous exercise, and hypertension, by increasing the 
systemic or paracrine expression of profibrotic mediators, such 
as TGF-β (4). The well-characterized transcriptional program by 
which TGF-β induces epithelial-mesenchymal transition (EMT) is 
coordinated primarily by the SMAD2/3-dependent upregulation 
of the transcription factors Snail, Slug, and Twist (5, 6). In cardiac 
fibrosis, endothelial cells (ECs) can acquire a mesenchymal phe-

notype and express typical markers of myofibroblast differentia-
tion, such as smooth muscle α actin (SMA), vimentin, and colla-
gens (7). Moreover, the expression of SMA, a widely characterized 
cytoskeletal protein, is the hallmark of myofibroblast differenti-
ation. TGF-β1 stimulates SMA expression and incorporation into 
stress fibers, thus increasing the myofibroblast contractile force 
in tissue remodeling (8, 9). Treatments for AF aim to prevent the 
formation and worsening of atrial fibrosis. TGF-β is an import-
ant mediator of atrial fibrosis in AF genesis (10). Previously, we 
showed that TGF-β causes atrial fibrosis mediated by oxidative 
stress in cardiac-specific TGF-β–transgenic mice (11).

Endothelial-mesenchymal transition (EndMT) is a transcrip-
tional program that downregulates the expression of endotheli-
al genes and upregulates the expression of mesenchymal genes. 
Through this process, ECs transdifferentiate into mesenchymal 
cells during embryogenesis and in several pathological condi-
tions, such as cardiac fibroelastosis (12), venous graft remodel-
ing (13), and pulmonary artery hypertension (14). Endocardial 
ECs can transdifferentiate into fibroblasts via EndMT and con-
tribute to extracellular matrix deposition (7, 12, 15–19). Cardiac 
ECs can directly and indirectly influence cardiac function (1). 
Atrial endocardial endothelial cells (AEECs) line the inner sur-
face of atria and may influence atrial function. The dysfunction 
of AEECs can lead to atrial thrombogenesis and increase the 
risk of embolic stroke (20). There is evidence for AEEC dys-
function resulting from reduced nitric oxide levels, upregulated 
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fibrosis and arrhythmogenesis in AF. In this study, we isolated 
AEECs and investigated how cells of the endocardial endothe-
lium may transdifferentiate into mesenchymal cells via EndMT 
and contribute to atrial fibrosis.

prothrombotic factors, and downregulated antithrombotic fac-
tors (21). It was recently reported that AF is associated with End-
MT in human atria (22). However, the underlying mechanism is 
unknown, and it is unclear whether EndMT contributes to atrial 

Figure 1. Histological analysis of atrial tissue. (A) Atrial appendage morphology and trichrome staining showed greater collagen (blue) deposition in endo-
cardial tissue from patients with AF than in tissue from patients with SR. Scale bars: 100 μm. Original magnification: 500 μm. Plot shows quantitative 
analysis of endocardial fibrotic tissue thickness (n = 4). Immunohistochemical analysis of (B) SMA and CD31 and (C) Twist, (D) Snail, (E) Slug, (F) vimentin 
and CD31 in the endocardium layer. Scale bars: 50 μm. Quantitation of EndMT marker (CD31) expression in the endocardium (n = 8 per group). All data are 
presented as the mean ± SEM. (A–F) *P < 0.05, **P < 0.01, and ***P < 0.001 versus SR, by 2-tailed Student’s t test.
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mimics (mimic-181b) into AEECs decreased Sema3A expression 
but not hepatocyte growth factor (HGF) compared with trans-
fection of scrambled mimics (Figure 2F). Using bioinformatics 
matching analysis, we predicted that miR-181b-3p (7 nt) binds to 
the conserved sequence 5′-UCAGUGA-3′ (positions 6368–6374 
in the human sequence) in the 3′-UTR of Sema3A mRNA (Sup-
plemental Figure 3C). Consistently, qRT-PCR confirmed that 
Sema3A mRNA was downregulated in response to TGF-β (Figure 
2G), suggesting that miR-181b upregulation and Sema3A down-
regulation might contribute to TGF-β–induced EndMT in AEECs.

TGF-β induces miR-181b expression via SMAD2/3 signaling. 
Studies have demonstrated abnormal miRNA expression in cardi-
ac fibrosis development and EndMT progression (12, 26). TGF-β 
controls gene expression through SMAD proteins, which are 
known signal transducers and transcriptional modulators (27) but 
have not been shown to affect RNA processing. To evaluate wheth-
er TGF-β affects miR-181b expression at the transcriptional level, 
we examined the primary miR-181b gene transcript (pri-miR-
181b), pre-miR-181b, and mature miR-181b after TGF-β treatment 
over time to observe miR-181b biogenesis in AEECs. We observed 
the induction of pri-mir-181b at 0.5 hours, pre-mir-181b at 2 hours, 
and mature miR-181b between 2 hours and 24 hours after TGF-β 
treatment (Figure 3A). In AEECs, TGF-β treatment increased miR-
181b expression in a time- and concentration-dependent manner 
(Figure 3, A and B), suggesting that the induction of miR-181b by 
TGF-β occurs at the transcriptional level. We then assessed wheth-
er SMAD3, a key TGF-β mediator (27), has a direct effect on the 
upregulation of miR-181b by TGF-β. To begin, we subcloned a 
plasmid to monitor the TGF-β–driven transactivation of a miR-
181b–specific reporter (MLP-luc). Bioinformatic analysis identi-
fied 2 putative SMAD3-binding elements (SBEs) (–1091 to –1085 
and –404 to –399) (11) in the miR-181b promoter region. Muta-
tional analyses confirmed that miR-181b transcription induced 
by TGF-β/SMAD signaling was evident only when the promoter 
constructs contained SBE1 and SBE2 (Figure 3C). Transient trans-
fection studies showed increased miR-181b promoter activity in 
TGF-β–treated AEECs, and this effect was reversed by SD-208 
(a TGF-β/SMAD3 signaling inhibitor; Figure 3C). Furthermore, 
siRNA-mediated SMAD3 knockdown blocked TGF-β–induced 
miR-181b transcription (Figure 3D), indicating crucial roles for 
miR-181b and a SMAD3-dependent pathway in the effects of 
TGF-β. The knockdown efficiency of SMAD3 siRNA was con-
firmed by decreased SMAD3 expression in siRNA-transfected 
AEECs (Supplemental Figure 4). These results demonstrated 
that TGF-β/SMAD signaling mediates miR-181b transcriptional 
activity and may be involved in EndMT progression.

miR-181b targets Sema3A to mediate TGF-β–induced EndMT. 
TGF-β–induced EndMT, which is involved in cardiac fibrosis (2, 
7, 28), is a complex process, whereby ECs adopt a mesenchymal 
phenotype and express mesenchymal cell markers, such as SMA 
and Twist (28); however, this process has not, to our knowledge, 
been evaluated in AEECs. We first evaluated whether miR-181b 
and Sema3A, a secreted glycoprotein that is crucial for embryonic 
heart development (29), are associated with TGF-β–induced End-
MT. Time-course experiments in TGF-β–treated AEECs revealed 
that Sema3A levels decreased beginning at 2 hours, SMA levels 
increased from 2 hours to 48 hours, Twist levels increased from 

Results
Subendocardial fibrosis is a marker of AF and HF. To investigate 
the subendocardial fibrosis patterns under normal and AF con-
ditions, we examined atria from patients with chronic AF (Table 
1) and found a significant increase in subendocardial fibrosis by 
trichrome staining compared with atria from patients with sinus 
rhythm (SR) (Figure 1A). We further established a rabbit model 
of HF using ventricular pacing as previously described (23). Con-
sistently, subendocardial fibrosis was significantly thicker in the 
tachypacing-induced HF group than in the sham-treated group 
(Supplemental Figure 1A; supplemental material available online 
with this article; https://doi.org/10.1172/JCI142548DS1). CD31 
(platelet–endothelial cell adhesion molecule [PECAM]) serves as 
an EC marker, whereas Twist, SMA, Snail, Slug, and vimentin are 
markers of TGF-β–induced EndMT (7, 13, 16, 23). We used dou-
ble-IHC to evaluate subendocardial EndMT. Colocalization of 
CD31 with SMA, Twist, Snail, Slug, and vimentin was significantly 
increased in the atrial subendocardium of patients with AF (Figure 
1, B–F), and increased colocalization of CD31 with SMA and Twist 
was observed in the HF rabbit model (Supplemental Figure 1, B 
and C). The coexpression of SMA, Twist Snail, Slug, and vimen-
tin was significantly increased in AF atria, suggesting that EndMT 
may be involved in the development of subendocardial fibrosis.

TGF-β induces miR-181b expression and reduces semaphorin 
3A expression in human AEECs. We prepared primary cultures of 
AEECs from human atrial appendages to elucidate the mechanism 
of TGF-β–induced EndMT and subendocardial fibrosis. The pro-
tocol for AEEC isolation is shown in Supplemental Figure 2A. We 
used the EC-specific markers CD31 and eNOS to characterize the 
AEECs (Supplemental Figure 2B). CD31 and eNOS were downreg-
ulated at passage 4 (Supplemental Figure 2C), so we used AEECs 
before passage 4 in subsequent experiments. Immunocytochemi-
cal staining showed that SMA was upregulated in TGF-β–treated 
AEECs (Figure 2A). Western blot analysis revealed that TGF-β 
treatment of AEECs increased SMA expression, but CD31 and 
eNOS levels did not change significantly (Figure 2B). Since eNOS 
is also expressed in nonendothelial tissues, such as cardiac myo-
cytes (5, 24), CD31 was used as an EC-specific marker throughout 
this study. We then performed Human Transcriptome Array 2.0 
and principal component analysis (PCA) (Supplemental Figure 
3A) to screen for genes with altered expression profiles in AEECs 
treated with or without TGF-β. This analysis identified miR-181b 
as the most upregulated miRNA in TGF-β–treated AEECs (Fig-
ure 2C). Human umbilical vein endothelial cells (HUVECs) have 
been used as an in vitro model of EndMT (25), so we compared 
the responses of AEECs and HUVECs to TGF-β and verified the 
upregulation of miR-181a and miR-181b by quantitative real-time 
PCR (qRT-PCR) (Figure 2D). With the gene list from the array data 
(Supplemental Table 1), we explored candidate genes targeted by 
miR-181b with a miRNA target prediction program (TargetScan 
algorithm) and predicted potential miR-181b binding sites in the 
3′-UTR of the top 10 genes downregulated in response to TGF-β 
and related to miR-181b. ; these 10 genes are labeled in the heat-
map in Figure 2E, and the fold change in expression of these genes 
is shown in Supplemental Figure 3B. Of these 10 genes, we select-
ed semaphorin 3A (Sema3A) as the most promising potential tar-
get of miR-181b in mediating EndMT. Transfection of miR-181b 
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Figure 2. TGF-β induces EndMT and miR-181b expression and reduces Sema3A mRNA levels in human AEECs. (A) Localization of SMA (red) and 
eNOS (green) (nuclear staining with DAPI is shown in blue). Scale bar: 75 μm. (B) Quantitative analysis with normalization to GAPDH. ***P < 0.001 
versus the untreated group, by 2-tailed Student’s t test (n = 3). Western blotting shows the protein expression levels in AEECs treated with or 
without TGF-β 5ng/ml. (C) miR-181b expression was significantly higher in AEECs treated with TGF-β. (D) miR-181 gene profiles, as determined 
by qRT-PCR, with U6 used as the loading control (n = 3). The white bars represent ECs without TGF-β treatment, and the black bars represent 
cells treated with TGF-β. *P < 0.05 versus the control group, by 2-tailed Student’s t test. (E) Heatmap shows the top 10 genes downregulated in 
response to TGF-β and related to miR-181b with a minimum change of 1.5-fold and P < 0.05, by 2-tailed Student’s t test between the control and 
TGF-β groups. (F) AEECs were transfected with the miR-181b mimic (mimic-181b) or the scrambled control. Representative immunoblot of HGF 
and Sema3A expression. (G) Representative Sema3A mRNA levels with GAPDH used as the loading control. n = 3. *P < 0.05 versus the untreated 
group, by 2-tailed Student’s t test.
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ments using a miR-181b antagomir (antagomir-181b). Transfec-
tion of antagomir-181b into AEECs rescued Sema3A expression 
and prevented the upregulation of SMA and Twist in response 
to TGF-β (Figure 4C and Supplemental Figure 5D). We next sub-
cloned luciferase reporter plasmids containing the WT Sema3A 
3′-UTR, which harbors potential miR-181b–binding sites, or a ver-
sion with mutated miR-181b–binding sites, to determine whether 
Sema3A is a direct target of miR-181b. We found that luciferase 
activity was significantly decreased in mimic-181b–transfected 
AEECs compared with scramble control–transfected cells, but 
this effect was reversed in the presence of the mutated Sema3A 
3′-UTR (Figure 4D). To further confirm the direct effect of miR-
181b on Sema3A, we performed target site blocker (TSB) experi-
ments using custom-designed locked nucleic acid phosphorothio-
ate oligonucleotides (QIAGEN) that bind to the Sema3A 3′-UTR to 
prevent miR-181b binding (Figure 4, E–G). Transfection of the TSB 
into AEECs specifically rescued the reduction in Sema3A mRNA 
and protein expression induced by treatment with TGF-β (Figure 
4E) or the miR-181 mimic (Figure 4, F and G). Together, these data 

2 hours to 8 hours, Snail levels increased to a peak at 2 hours, 
p- vim entin (Ser56 and Ser83) levels increased from 2 hours to 
8 hours, and then we observed that mRNA and protein levels of 
vimentin and Slug increased from 24 hours to 48 hours (Figure 4A 
and Supplemental Figure 5, A and B). Furthermore, TGF-β treat-
ment increased the expression of mesenchymal markers (SMA 
and Twist) and decreased Sema3A expression in a somewhat 
concentration-dependent manner (Figure 4B and Supplemen-
tal Figure 5C). In subsequent experiments, we evaluated relative 
protein expression levels in cells treated with 5 ng/mL TGF-β for 
8 hours. Full-length Sema3A is initially synthesized as an inactive 
precursor of approximately 110 kDa that is processed into func-
tional N-terminal and C-terminal fragments of 79 kDa and 37 
kDa, respectively (30). Importantly, the 37 kDa fragment is less 
abundant than the 79 kDa fragment (30). Interestingly, when cells 
were treated with TGF-β, Western blotting showed that expression 
of both the 37 kDa and 79 kDa forms of Sema3A was significant-
ly decreased. To further confirm the role of miR-181b/Sema3A in 
TGF-β–induced EndMT, we performed loss-of-function experi-

Figure 3. TGF-β induces miR-181b via SMAD2/3 signaling in vitro. (A) qRT-PCR analysis of mature (miR-181b), precursor (Pre-miR-181b), and primary (Pri-miR-
181b) transcripts of miR-181b in AEECs treated with TGF-β for 0–48 hours (n = 3). (B) miR-181 RNA expression in AEECs treated with or without TGF-β. 18S rRNA 
served as the loading control. (C) Left: Linear map schematic of the putative SBEs at the promoter of the miR-181b gene, with the mutated luciferase (Luc) 
constructs. Right: Graph shows the luciferase assay results. AEECs were transiently transfected with mutant promoter constructs and treated with or without 
5 ng/mL TGF-β for 8 hours. miR-181b promoter characterization by luciferase assays showed the fold change in luciferase activity of the WT SBEs and mutated 
SBE1 and SBE2 (Mut 1 and Mut 2; left) with and without 5 ng/mL TGF-β or 10 μM SD-208. (D) Representative qRT-PCR analysis of miR-181b in AEECs with siR-
NA-mediated SMAD3 knockdown and TGF-β treatment. (A, B, and D) *P < 0.05, **P < 0.01, and ***P < 0.001 versus the untreated group, by 1-way ANOVA with 
Dunnett’s post hoc test (n = 3). (C) *P < 0.05, by 2-tailed Student’s t test (n = 3).
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suggest that miR-181b is upregulated by TGF-β and then direct-
ly targets Sema3A mRNA, leading to decreased Sema3A protein 
levels in AEECs. In addition, Sema3A affects the cytoskeleton 
and cancer cell survival by negatively regulating LIMK/p-cofilin 

pathway–dependent actin polymerization (31). In loss-of-function 
experiments, we showed that siRNA-mediated Sema3A knock-
down induced the expression of SMA, Twist, and LIMK in AEECs 
(Figure 4H). These results provide further evidence that Sema3A 

Figure 4. miR-181b targets Sema3A, and TGF-β induces Twist and SMA expression. (A) Representative immunoblots showing protein expression in AEECs treated 
with 5 ng/mL TGF-β for up to 48 hours. GAPDH was used as the loading control. (B) Representative immunoblots showing protein expression in AEECs incubated 
with or without TGF-β (0, 1, 2, or 5 ng/mL). (C) Representative immunoblots show protein expression in AEECs that were transfected with miR-181b antagomir 
(antagomir-181b) or scrambled control miRNA and then treated with or without TGF-β (5 ng/mL). (D) Confirmation of the hsa-miR-181b target site in the Sema3A 
3′-UTR. Schematic representation of the Sema3A 3′-UTR indicating the predicted hsa-miR-181b binding site. AEECs were transfected with the pMIR-REPORT-Se-
ma3A 3′-UTR (intact) or pMIR-REPORT-Sema3A 3′-UTR (mutant) luciferase reporter vector. The fold induction in relative luciferase activity was plotted (n = 3). *P 
< 0.05 compared with the scrambled control, by 2-tailed Student’s t test. (E) AEECs were transfected with the miR-181b TSB for 24 hours, after which AEECs were 
treated with or without TGF-β for 6 hours. Sema3A mRNA expression was measured by qRT-PCR (n = 3). *P < 0.05 compared with control; #P < 0.05 and ###P < 
0.001 compared with TGF-β; 1-way ANOVA with Bonferroni’s post hoc test. (F) AEECs were transfected with the negative control mimic (NC mimic) or the synthetic 
miR-181b mimic, with or without the miR-181b TSB. Sema3A mRNA expression was measured by qRT-PCR (n = 3). **P < 0.01 compared with NC mimic;   ##P < 0.01 
compared with miR-181b mimic; 1-way ANOVA with Bonferroni’s post hoc test. (G) Representative quantitative data for the immunoblots showing protein expres-
sion in AEECs transfected with miR-181b TSBs for 24 hours (n = 3). ***P < 0.001 versus the NC mimic group; ###P < 0.001 versus the 181b mimic group; 1-way ANOVA 
with Bonferroni’s post hoc test. (H) AEECs were transfected with Sema3A siRNA or scrambled siRNA. Representative immunoblots and densitometric quantifica-
tion of protein expression are shown (n = 3). **P < 0.01 and ***P < 0.001 compared with scrambled siRNA–treated group, by 2-tailed Student’s t test. t, total.
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is directly targeted by miR-181b to regulate the LIMK/p-cofilin/
SMA/Twist axis and may play a causative role in the progression 
of TGF-β–induced atrial EndMT.

Sema3A regulates EndMT through LIMK/p-cofilin signaling 
and actin remodeling during lamellipodia formation. The sema-
phorin family, including Sema3A, was shown in previous studies 
to mediate EMT (32). LIMK and cofilin are factors downstream of 
Sema3A (33). The LIMK/p-cofilin signaling pathway links the lim-
ited Sema3A signal to lamellipodia formation and mediates EMT 
via cytoskeletal actin remodeling in cancer cells (34–36). Further-
more, EndMT has been observed in the atrial tissue of patients with 
AF (22), but no detailed mechanism has been reported. Therefore, 
we hypothesized that the mechanistic link between the TGF-β–
mediated decrease in Sema3A expression and the increase in LIM-

K/p-cofilin signaling plays an important role in EndMT associated 
with the pathogenesis of AF. The next experiments were designed 
to investigate whether LIMK/p-cofilin signaling, which is essen-
tial for cytoskeleton remodeling and filopodia formation, is influ-
enced by TGF-β. Western blotting showed that TGF-β increased 
LIMK and p-cofilin levels in a concentration-dependent manner 
(Figure 5A). To determine whether Sema3A treatment can block 
LIMK/p-cofilin pathway–mediated actin assembly, we evaluated 
the effects of 0.01, 0.1, and 1 μg/mL recombinant Sema3A (rSe-
ma3A) on AEECs (Figure 5, B–D). Western blot analysis showed 
that TGF-β upregulated LIMK, p-cofilin, vimentin, Twist, SMA, 
Snail, Slug, and SM22α expression (Figure 5, B–D). Cotreatment 
of AEECs with 1 μg/mL rSema3A and 5 ng/mL TGF-β reduced 
LIMK, p-cofilin SMA, Twist, vimentin, Snail, Slug, and SM22α lev-

Figure 5. The effect of recombinant Sema3A on TGF-β–mediated induction of LIMK/p-cofilin signaling and EndMT. (A) Immunoblots showing protein 
expression levels in AEECs treated with 0, 0.01, 0.1, or 1 ng/mL TGF-β with GAPDH as the loading control (n = 4) and densitometric quantification of 
protein expression following TGF-β treatment. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the untreated group, by 1-way ANOVA with Dunnett’s post 
hoc test. (B–D) Representative immunoblots (B) and densitometric quantification (C and D) of protein expression. Data are presented as the mean ± 
SEM (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 versus the untreated group, by 1-way ANOVA with Dunnett’s post hoc test. (E) Immunocytochemical 
analysis shows the localization of CD31 (green) and Twist (red). Scale bar: 25 μm. (F) Immunocytochemical analysis shows the localization of p-cofilin 
(green) and F-actin (red) (nuclear staining with DAPI is shown in blue). White arrows indicate lamellipodia and filopodia. Scale bar: 25 μm.
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Figure 6. miR-181b and Sema3A expression in transgenic mice with cardiac-specific TGF-β overexpression. (A) Heatmap showing normalized 
read counts of miRNAs differentially expressed (>2-fold difference and P < 0.05, by 2-tailed Student’s t test) between WT and transgenic mice 
with cardiac-specific TGF-β overexpression (TGF transgene). Hierarchical clustering of samples is shown. Color bar indicates z scores of normalized 
read counts (red indicates high expression; green indicates low expression). (B) Validation of miR-181b expression using qRT-PCR in atrial tissue 
lysates with U6 as the loading control (n = 5–8). **P < 0.01 versus WT mice, by 2-tailed Student’s t test. (C) Correlation of miR-181b RNA levels 
from atrial tissue with serum TGF-β concentration by linear regression (n = 5–10). (D) RNA CISH analyses of miR-181b in atrial tissue. miR-181b 
signal (red dots) and U6 (used as a positive control, red dots) were observed in atrial endothelial edge tissue from TGF-β–transgenic mice, and tri-
chrome staining shows miR-181b expression in atrial subendocardial fibrotic tissue (n = 5). Scale bar: 50 μm. Original magnification x400; enlarged 
insets x800. (E) Western blot analysis of Sema3A, Twist, and SMA in atrial tissue from TGF-β–transgenic and WT mice. The relative protein 
expression levels of Sema3A, Twist, and SMA, normalized to GAPDH, were obtained by densitometry (n = 3 per group). *P < 0.05 and ***P < 0.001 
versus WT mice, by 2-tailed Student’s t test. (F–H) Immunohistochemical analysis of (F) Sema3A and CD31, (G) Sema3A and Twist, and (H) CD31 
and SMA in the endocardium. Scale bars: 50 μm.
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Blocking miR-181b and increasing Sema3A reverse atrial sub-
endocardial fibrosis, reduce EndMT markers, and decrease AF 
vulnerability in TGF-β–transgenic mice. After showing that miR-
181b targeted Sema3A to mediate TGF-β–induced EndMT and 
atrial subendocardial fibrosis in vitro and in vivo, we aimed 
to evaluate whether miR-181b or Sema3A is a potential thera-
peutic target for reducing atrial fibrosis and AF vulnerability. 
TGF-β–transgenic mice were treated with 3 μL (1 nmol/μL) 
antagomir-181b intravenously twice a week for 4 weeks (Figure 
7A). Treatment with antagomir-181b reduced the degree of atri-
al fibrosis in TGF-β–transgenic mice compared with scramble 
control treatment (Figure 7B). Cardiac morphology in longitu-
dinal sections from mice in the 3 groups and histological analy-
sis of trichrome-stained atrial tissue demonstrated a difference 
in the amount of collagen deposition between the antago-
mir-181b– and scramble control–treated groups (Figure 7B). 
Quantification of subendocardial fibrosis thickness revealed 
significant differences among the 3 groups (Figure 7C). Nota-
bly, the increased miR-181b expression in TGF-β–transgenic 
mice was reversed by antagomir-181b treatment (Figure 7D). 
TGF-β–transgenic mice exhibited increased AF inducibility, but 
not duration, compared with WT littermates (Figure 7, E and F). 
Moreover, antagomir-181b treatment significantly reduced AF 
inducibility in TGF-β–transgenic mice compared with scram-
ble control treatment (Figure 7, E and F). The TGF-β–trans-
genic mice were subjected to burst atrial pacing via a transe-
sophageal approach (Supplemental Figure 8). Accordingly, we 
determined whether antagomir-181b treatment is effective at 
preventing EndMT in atria of TGF-β–transgenic mice. Antago-
mir-181b treatment reduced EndMT marker levels and reversed 
Sema3A protein levels, as detected by IHC (EndMT marker 
localization) and Western blotting (quantification of protein 
expression) (Figure 7, G and H, and Supplemental Figure 9). 
To further investigate the potential therapeutic effect of rSe-
ma3A on TGF-β–induced AF, we intravenously injected TGF-β–
transgenic mice with rSema3A (1 mg/kg; refs. 41, 42) or PBS 
twice weekly for 4 weeks (Supplemental Figure 10A). The data 
revealed that rSema3A treatment decreased subendocardial 
fibrosis thickness and AF inducibility in TGF-β–transgenic mice 
(Supplemental Figure 10, B and C). Accordingly, we sought to 
determine whether Sema3A is effective at preventing EndMT 
in vivo. rSema3A administration significantly reduced EndMT 
marker levels, as determined by immunohistochemical analy-
sis (Supplemental Figure 10, D–F). These results indicated that 
antagomir-181b and rSema3A can reduce the degree of atrial 
fibrosis and AF vulnerability by downregulating miR-181b.

miR-181b overexpression and decreased Sema3A expression in 
atria are associated with AF. We further evaluated miR-181b and 
Sema3A expression in atria of patients with AF. Atrial appendage 
specimens were acquired from patients with AF and patients with 
SR, and serum TGF-β concentrations were measured. We evaluat-
ed miR-181b expression in tissue scraped from atrial samples, and 
assessed Twist, SMA, and Sema3A expression levels in whole atrial 
tissue. We found that AF patients had increased serum TGF-β levels 
(Figure 8A) and miR-181b levels (Figure 8B). To localize miR-181b 
expression in the atrial endocardium, we performed a specific RNA 
CISH assay for miR-181b with atrial tissue sections from patients 

els compared with treatment with TGF-β alone. Actin remodeling 
is essential during EndMT (37–39), in which cells acquire motility 
and invasive capabilities by developing actin-rich projections such 
as lamellipodia and filopodia (19). Immunocytochemistry showed 
that TGF-β increased Twist and p-cofilin levels and induced mor-
phological protrusions of the cell membrane, indicating lamel-
lipodia formation that was further supported by the detection of 
F-actin, thus providing evidence for actin remodeling and reor-
ganization in AEECs (Figure 5, E and F). Furthermore, treatment 
with 1 μg/mL rSema3A inhibited the effects of TGF-β on Twist and 
p-cofilin expression to prevent lamellipodia formation (Figure 5, E 
and F). These data indicate that the inhibitory effect of rSema3A 
on Twist and actin remodeling is potentially mediated by LIM-
K/p-cofilin signaling, thus highlighting the crucial role of Sema3A 
in blocking TGF-β–induced EndMT via actin remodeling.

Transgenic mice with cardiac-specific TGF-β overexpression 
develop atrial subendocardial fibrosis and AF. TGF-β signaling plays 
an essential role in atrial fibrosis (2, 28). To ascertain the miRNA 
expression patterns in cardiac-specific TGF-β–transgenic mice, 
we conducted small RNA-Seq of atrial whole-tissue lysates. Dif-
ferential expression analysis of the mapped miRNAs yielded 55 
miRNAs that were significantly differentially regulated between 
WT mice and TGF-β–transgenic mice (P < 0.05; –2 < fold change > 
2) (Figure 6A), and the detailed sequencing summary of the small 
RNA libraries in shown in Supplemental Table 2, with the PCA 
shown in Supplemental Figure 6A. Among these 55 differentially 
regulated miRNAs, 46 were found to be upregulated and 9 were 
downregulated in TGF-β–transgenic mice. The heatmap showed 
that miR-181b was substantially upregulated in TGF-β–trans-
genic mice compared with WT mice but was not the most highly 
expressed miRNA (Figure 6A). This finding may relate to the fact 
that the atrial tissues used for miRNA analysis contained only 
12.2% ECs (40). We then validated miR-181b expression in atrial 
tissue lysates from TGF-β–transgenic mice by qRT-PCR. As shown 
in Figure 6B, miR-181b expression was significantly increased in 
atria from TGF-β–transgenic mice, and miR-181b levels in atrial 
tissue were positively correlated with the TGF-β serum concen-
tration (P < 0.002) (Figure 6C). To localize miR-181b expression 
in the atrial endocardium, we performed a specific RNA chromo-
genic in situ hybridization (CISH) assay for miR-181b with atrial 
tissue sections from TGF-β–transgenic mice and WT mice. Inter-
estingly, we found that miR-181b was expressed at the edge of the 
atrial endothelium in TGF-β–transgenic mice and confirmed the 
location of miR-181b expression in atrial subendocardial fibro-
sis (Figure 6D). We evaluated the expression of EndMT markers 
in TGF-β–transgenic mice. Consistent with the in vitro findings, 
Twist and SMA expression levels were significantly increased in 
atria from TGF-β–transgenic mice compared with levels in atria 
from WT mice, whereas Sema3A expression was decreased (Fig-
ure 6, E–H; for quantification of the immunofluorescence results, 
see Supplemental Figure 7, A–C). Moreover, subendocardial fibro-
sis and AF inducibility were significantly increased in the trans-
genic mice (Supplemental Figure 6, B and C). These analyses of 
the atrial endocardium from TGF-β–transgenic mice compared 
with WT mice highlighted the critical role of Sema3A targeting by 
miR-181b in TGF-β–induced EndMT and the development of sub-
endocardial fibrosis.
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findings, Sema3A expression was significantly decreased in the 
atrial endocardium of patients with AF (Figure 8E) but that Twist 
and SMA levels were increased (Figure 1, B and C). Together, these 
results firmly established that miR-181b is involved in mediating 
TGF-β–induced EndMT and atrial subendocardial fibrosis through 
the disruption of Sema3A, which is physiologically significant in AF.

with AF or SR. This assay showed that miR-181b was expressed 
at the edge of the atrial endothelium in patients with AF and con-
firmed the location of miR-181b expression in atrial subendocar-
dial fibrotic tissue (Figure 8C). Western blot analysis revealed the 
upregulation of Twist and SMA and the downregulation of Sema3A 
in patients with AF (Figure 8D). Consistent with the Western blot 

Figure 7. Antagomir-181b inhibits the development of atrial subendocardial fibrosis in TGF-β–transgenic mice. (A) Design and optimization of the 
appropriate treatment strategy. (B) Histological morphology analysis of trichrome-stained atrial tissue demonstrating collagen (blue) deposition. Scale 
bar: 25 μm. (C) Quantitative analysis of endocardial fibrotic tissue thickness, (D) miR-181b expression in atrial tissue lysates, (E) AF duration, and (F) AF 
inducibility. (C–F) Data are presented as the mean ± SEM (n = 5–7 per group). **P < 0.01 and ***P < 0.001 versus WT mice; #P < 0.05 and ##P < 0.01, versus 
TGF-β–transgenic mice; 1-way ANOVA with Bonferroni’s post hoc test. (G) Immunohistochemical analysis of CD31 with Sema3A, Twist, SMA and vimentin 
in the endocardium (n = 5). Scale bars: 50 μm. (H) Western blot analysis of proteins in atrial tissue from WT, TGF-β–transgenic mice (TGF transgene), and 
TGF-β–transgenic mice with antagomir-181b treatment showing increased SMA, Twist, vimentin, Snail, Slug, SM22α, and collagen I levels but decreased 
Sema3A and VE-cadherin levels in TGF-β–transgenic mice compared with WT mice. TGF-β–transgenic mice with antagomir-181b treatment showed a 
reversal of Sema3A and VE-cadherin protein levels and reduced expression of EndMT markers.
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TGF-β is among the key mediators of EndMT/EMT via 
numerous signaling pathways in various physiologic and patho-
logic conditions (18, 19). Recently, Kato et al. observed EndMT 
in the atria of patients with AF (22). They found prominent fibro-
sis in the subendocardial region of AF atria, and the expression 
of EndMT markers, including Snail and S100A4, was associated 
with the severity of fibrosis. Nevertheless, they did not identify a 
detailed molecular mechanism for the involvement of EndMT in 
AF. Several studies have emphasized the role of interstitial fibro-
sis in AF initiation and the associated remodeling (46). In addi-
tion to the proinflammatory state, the profibrotic pathway is a 
highly plausible cause of arrhythmia recurrence. Substantial clin-
ical and experimental evidence supports a central role for TGF-β, 
a profibrotic biomarker, in AF-related atrial fibrosis (2). Both 
SMAD2/3 and c-Jun N-terminal kinase are potential downstream 
effectors of TGF-β (47). The miR-181 family has causative roles in 
EMT and metastasis in various cancers. Taylor et al. showed that 
TGF-β increased miR-181a expression to promote breast cancer 
metastasis (48). Furthermore, miR-181b was shown to mediate 
TGF-β–induced EMT in lung cancer stem cells (49).

Discussion
This study illustrates a mechanism linking miR-181b and Sema3A 
in a fundamental TGF-β–induced EndMT process and atrial suben-
docardial fibrosis. Altogether, our findings substantiate the involve-
ment of miR-181b in mediating TGF-β–induced EndMT and atrial 
subendocardial fibrosis through the disruption of Sema3A, which is 
physiologically significant in AF. Moreover, our work indicated that the 
administration of miR-181b antagomir and rSema3A reversed atrial 
subendocardial fibrosis and reduced AF vulnerability in TGF-β–over-
expressing mice. We identified miR-181b and Sema3A as mediators of 
EndMT and atrial fibrosis. The schema in Figure 9 shows the correla-
tion between elevated miR-181b and reduced Sema3A with AF severity.

AF is frequently related to atrial fibrosis (2), and TGF-β is among 
the key profibrotic mediators (1, 5, 43, 44). AF may increase TGF-β 
expression in atrial myocytes. Previously, we showed that rapid 
electrical activation of cultured atrial myocytes induced TGF-β 
expression, and NADPH oxidase 2/4–dependent oxidative stress 
was identified as the underlying mechanism (45). These results were 
consistent in humans: AF was associated with TGF-β expression in 
the atrial myocardium of patients with chronic AF.

Figure 8. miR-181b and Sema3A expression in human AF. (A) TGF-β serum levels in patients with AF or SR. Data are presented as the mean ± SEM; (n = 
15). (B) qRT-PCR analysis of miR-181b in AEECs derived from the atrium of patients with AF or SR with U6 used as the loading control. Data are presented 
as the mean ± SEM (n = 3). (C) RNA CISH analyses of miR-181b in atrial tissue sections from patients with AF. miR-181b signal (red dots) and U6, used as a 
positive control (red color), were observed in the atrial endothelial edge in tissue, and trichrome staining showed miR-181b expression in the atrial suben-
docardial fibrotic tissue (n = 3) of these patients. Scale bar: 50 μm. Original magnification x400; enlarged insets x800. (D) Western blot analysis of Twist, 
SMA, and Sema3A in the atrium of patients with AF (n = 5) or SR (n = 4). Relative protein expression values were normalized to GAPDH. (E) Immunohisto-
chemical analysis of Sema3A and CD31 in the endocardium (scale bar: 50 μm), and quantitation of Sema3A expression versus CD31 in the endocardium (n = 
7 per group). All data are presented as the mean ± SEM. (A, B, D, and E) *P < 0.05 and ***P < 0.001 versus the SR group, by 2-tailed Student’s t test.
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ence of miR-181b is required to elucidate the specific molecular 
mechanism of EndMT (51). Our study extends prior knowledge 
of the involvement of miR-181b in TGF-β–induced EndMT to 
the pathogenesis of atrial fibrosis and AF. We found that TGF-β 
upregulated miR-181b expression in atrial ECs in a SMAD3-de-
pendent manner and that miR-181b played an essential role in 
EndMT. Furthermore, in WT and cardiac-specific TGF-β–trans-
genic mice, atrial miR-181b levels were positively correlated with 
serum TGF-β concentrations. Importantly, miR-181b levels in the 

We showed that AF susceptibility induced by burst-pacing 
in cardiac-specific TGF-β–transgenic mice was significantly 
reduced by the intravenous administration of antagomir-181b, 
which decreased both subendocardial and interstitial fibrosis in 
atria; these reductions may contribute to its antiarrhythmic effect. 
Zheng et al. reported that miR-181b activates hepatic stellate cells 
via the PTEN/Akt pathway and therefore promotes hepatic fibro-
sis (50). Cardiac fibroblasts undergo several stages of differenti-
ation, and better elaboration of these different states in the pres-

Figure 9. Schematic illustration of the mechanism linking miR-181b and Sema3A in a fundamental TGF-β-induced EndMT process and atrial subendo-
cardial fibrosis. (A) A mechanism of fundamental TGF-β–induced EndMT and atrial subendocardial fibrosis was identified. (B) TGF-β activates p-SMAD3, 
which binds to SMAD4 and forms the SMAD complex. This complex translocates to the nucleus and promotes miR-181b transcription. Mature miR-181b 
targets the 3′-UTR of Sema3A mRNA for degradation. Insufficient expression of Sema3A protein, which is needed to increase LIMK/p-cofilin signaling, 
leads to actin remodeling, lamellipodium formation, increased SMA stabilization, and the EndMT process, thus participating in the atrial fibrosis.
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Sema3A has been implicated as the underlying mechanism (32, 
33, 55). Cofilin is a downstream target of LIMK, which acts to sever 
and depolymerize actin. The activation of p-cofilin and LIMK by 
TGF-β has been shown to mediate EMT by reorganizing the actin 
cytoskeleton and cell-cell adhesion in cancer cells (36). Binding 
of Rac1 by semaphorin receptor plexin A or B family members 
could inactivate p21-activated kinase, leading to dynamic actin 
remodeling through LIMK and cofilin (56). Moreover, Sema3A 
was shown to regulate the phosphorylation of cofilin by LIMK in 
nerve development (57). Our results showed that TGF-β induced 
cell membrane protrusions containing SMA, providing evidence 
of actin remodeling and reorganization. rSema3A decreased End-
MT markers and rescued TGF-β–induced lamellipodia formation 
and actin remodeling. These results suggested that Sema3A 
depletion may contribute to TGF-β–induced EndMT via dynamic 
actin remodeling. Other semaphorins have been shown to par-
ticipate in EMT, but with diverse effects. Sema3E, Sema4D, and 
Sema7A were shown to contribute to EMT (53, 58, 59), whereas 
Sema3B, Sema3F, and Sema5A inhibited EMT in cancer cells (53, 
60, 61). Various studies have reported that Sema3C either facili-
tates or inhibits EMT (53, 62)

Twist is a marker of EndMT and EMT and promotes these 
processes. The ectopic expression of Twist results in the loss of 
E-cadherin–mediated cell-cell adhesion, activation of mesen-
chymal markers, dynamic remodeling of the cytoskeleton and 
actin, and increased cell migration ability (17). Consistent with 
the findings of previous studies, our results indicate that, in addi-
tion to the direct activation of EndMT/EMT-related proteins, the 
depletion of Sema3A by TGF-β and miR-181b negatively regu-
lates LIMK/p-cofilin signaling and facilitates actin remodeling 
and reorganization, which are among the essential molecular 
processes of EndMT in AF. In addition, experiments in which 
Sema3A levels were increased with a peptide or decreased with 
siRNA in AEECs confirmed that Sema3A is upstream of Twist. 
In 2019, Li and colleagues identified the Neuropilin1 (Nrp1) gene 
as a direct transcriptional target gene of Twist through RNA-
Seq and ChIP-Seq (63). NRP1 acts as a cell-surface receptor for 
Sema3A and affects cell survival and migration, which are essen-
tial for tumor progression and EMT (64). As a ligand, Sema3A 
binds to NRP1 and inhibits Twist transcription (63). However, 
there remain considerable unknowns regarding how Sema3A 
downregulation permits Twist upregulation, and future work is 
needed to confirm the mechanism.

Another possible explanation for subendocardial fibrosis is 
that subendocardial fibroblasts are activated by factors secret-
ed from local endocardial ECs or myocytes in TGF-β–transgenic 
mice. In the TGF-β–transgenic mice in this study, TGF-β was pro-
duced and secreted from atrial myocytes rather than endocardial 
ECs. Our study did not exclude this as a likely cause of subendo-
cardial fibrosis in AF. However, our study showed coexpression of 
CD31 and EndMT markers in regions of the subendocardium in 
TGF-β–transgenic mice, thus reducing the likelihood that it con-
tributes to subendocardial fibrosis.

Limitations and unanswered questions. First, there were region-
al differences in the degree of EndMT and thickness of the sub-
endocardial fibrosis in atria from patients with AF, tachypac-
ing-induced HF rabbits, and TGF-β–transgenic mice. We did not 

atrial endocardium were higher in patients with AF than in those 
with SR. These observations suggest that miR-181b is a potential 
biomarker in AF. However, we did not clarify whether miR-181b 
levels are associated with AF itself or with the underlying atrial 
fibrosis. We speculate that one potential mechanism involves 
miRNA-containing exosomes (52). Notably, we found that AF 
susceptibility induced by burst-pacing in cardiac-specific TGF-β–
transgenic mice was reduced by intravenous administration of 
antagomir-181b. This antagomir reduced both subendocardial 
and interstitial fibrosis in atria, and these reductions may contrib-
ute to its antiarrhythmic effect. Our study provides further docu-
mentation of the critical role of miR-181b in the development of 
atrial fibrosis and AF.

In this study, we showed that TGF-β promotes EndMT, con-
tributing to fibrosis in AF atria, and determined that the Sema3A/
LIMK/p-cofilin/actin axis was involved in EndMT/EMT. Actin 
remodeling is essential during EndMT (37–39), which is achieved 
when cell-cell adhesion is dissolved, the actin cytoskeleton 
remodels and projects lamellipodia, and cells acquire migratory 
capabilities (38). Dynamic actin remodeling and reorganization 
of the cytoskeleton facilitate invasive protrusions of the cell mem-
brane, such as lamellipodia, and increase transitory cell migra-
tory potential (37). The semaphorin family contains 21 genes, and 
the encoded proteins were initially described as axon guidance 
factors that regulate central nervous system development (32) 
and play roles in epithelial junctions, especially in cancer cells 
(53). Our study discovered that in AEECs, TGF-β and miR-181b 
downregulated Sema3A, leading to actin remodeling via the 
LIMK/p-cofilin pathway. Previous studies have reported that the 
Sema3A/LIMK/p-cofilin/actin axis is probably involved in End-
MT/EMT. Overexpression of Sema3A inhibited cancer metastatic 
dissemination induced by antiangiogenic treatment in mice via 
the suppression of EMT (54). During EMT, tumor cells lose the 
epithelial marker E-cadherin and gain mesenchymal markers, 
such as Snail1 and vimentin, and these effects are abolished by 
the overexpression of Sema3A. Actin remodeling induced by 

Table 1. Demographic and clinical characteristics of the patients

SR AF
No. of patients 15 15

Age (yr) 58.7 ± 14.1 68 ± 13

Sex, male/female 9:6 8:7

Clinical features
LVEF (%) 61.3 ± 15.3 52.5 ± 17
LA size (mm) 46.4 ± 9.60 56 ± 9.44A

RHD, n 2 4
HTN, n 2 4
DM, n 2 2
CAD, n 2 2

Age and LVEF and LA size are presented as the mean ± SD. AP < 0.01 
versus the SR group, as determined by 2-tailed Student’s t test; the other 
clinical features were analyzed by Fisher’s exact test. LVEF, left ventricular 
ejection fraction; LA size, left atrium size; RHD, rheumatic heart disease; 
HTN, hypertension; DM, diabetes mellitus; CAD, coronary artery disease.
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bility, the degree to which EndMT contrib-
utes to subendocardial fibrosis and gener-
al atrial fibrosis is unclear. Third, since the 
proliferation of ECs may participate in the 
pathogenesis of subendocardial fibrosis, 
whether miR-181b/Sema3A signaling is 
also involved in EC proliferation is worthy 
of further study. Finally, our results sug-
gested that AEECs were likely an import-
ant source of atrial fibroblasts that con-
tributed to fibrosis via TGF-β–mediated 
EndMT. These results were limited, in that 
we did not further investigate the dynamic 
changes in EC markers during the different 
stages of EndMT or after this process was 
completed, nor did we examine the activa-
tion and proliferation of the mesenchymal 
cells and fibroblasts. Our study identifies 
a mechanistic link from the induction of 
EndMT by TGF-β via miR-181b/Sema3A 
signaling in AF. Much remains unknown 
regarding how AF-related endocardial 
mesenchymal transition differs from End-
MT or endocardial fibroelastosis (EFE) of 
the ventricular endocardium, and future 
work is needed to confirm the mechanism.

Conclusions. AF and various under-
lying systemic diseases promote atrial 
fibrosis, which makes it difficult to achieve 
rhythm control in patients with long-du-
ration AF. The sources of activated atrial 
fibroblasts that accumulate in AF remain 
largely unclear. This study illustrates 
a mechanism involving miR-181b and 
Sema3A in a fundamental TGF-β–induced 
EndMT process and atrial subendocar-
dial fibrosis. Our work showed that the 
miR-181b antagomir reversed atrial sub-
endocardial fibrosis and reduced AF vul-
nerability in TGF-β–transgenic mice. This 
study identified what we believe to be a 
previously unrecognized pathway, TGF-β/
miR-181b/Sema3A/LIMK/p-cofilin, and 
characterized miR-181b and Sema3A as 
potential therapeutic targets for the treat-
ment and prevention of AF.

Methods
An expanded material and methods section 
is available in the Supplemental Methods. 
See complete unedited blots in the supple-
mental material. The sequences of miRNA, 
siRNA, and qRT-PCR are listed in Table 2.

Statistics. Statistical analyses were performed using GraphPad 
Prism 7.0.3 (GraphPad Software). A 2-tailed Student’s t test and 1-way 
ANOVA with post hoc (Bonferroni’s or Tukey’s) test were applied for 
comparisons of 2 groups and multiple groups, respectively. Fisher’s 

evaluate or explain the regional differences in the atrium, and we 
obtained only left atrial appendage samples. Second, although we 
showed that neutralization of miR-181b attenuated atrial EndMT 
and atrial fibrosis, which was associated with reduced AF vulnera-

Table 2. miRNA, siRNA, and qRT-PCR primer sequences

Name Sequence
miR-181b-3p mimic CUCACUGAACAAUGAAUGCAA
miR-181b-3p mimic, negative control UCACCGGGUGUAAAUCAGCUUG
miR-181b-3p inhibitor CUCACUGAACAAUGAAUGCA
miR-181b-3p inhibitor, negative control UAACACGUCUAUACGCCCA
Sema3A siRNA CCUCAAAGCUCGUCUGAUU

UCAAGGUACUUAAGGCAUA
CAUUCGACCUGGUUAAUAU
AGAGAGCGCUGGUCUAUUG

SMAD3 siRNA CAACAGGAAUGCAGCAGUG
GAGUUCGCCUUCAAUAUGA
GGACGCAGGUUCUCCAAAC
UUAGAGACAUCAAGUAUGG

Sema3A, forward primer GCTCATCAACCACCCCAATC
Sema3A, reverse primer ATGCAGCTCAGACACTCCTC
CD31, forward primer AACAGTGTTGACATGAAGAGCC
CD31, reverse primer TGTAAAACAGCACGTCATCCTT
VE-cadherin, forward primer CACCTTCTGCGAGGATATGG
VE-cadherin, reverse primer GAGTTGAGCACCGACACATC
Vimentin, forward primer GAAATTGCAGGAGGAGATGC
Vimentin, reverse primer GCAAAGATTCCACTTTGCGT
Twist, forward primer CTCAAGAGGTCGTGCCAATC
Twist, reverse primer CCCAGTATTTTTATTTCTAAAGGTGTT
SMA, forward primer GGGACGACATGGAAAAGATCTG
SMA, reverse primer GGGACATTGAAGGTCTCAAA
Snail, forward primer GGCAATTTAACAATGTCTGAAAAGG
Snail, reverse primer GAATAGTTCTGGGAGACACATCG
Slug, forward primer ATATTCGGACCCACACATTACC
Slug, reverse primer ACATTCTGGAGAAGGTTTTGGA
Sm22α, forward primer GTTCCAGACTGTTGACCTCTTT
Sm22α, reverse primer CTGCTCTTTCTTCATAAACC
GAPDH, forward primer GAAGGTGAAGGTCGGAGT
GAPDH, reverse primer GAAGATGGTGATGGGATTTC
Sema3A, 3′-UTR, forward primer TATGGAAAAGAATACTGTCAAG
Sema3A, 3′-UTR, reverse primer AGAAGACCAGTATGGTCACAGTT
Sema3A, 3′-UTR mut, forward primer CCTCTTCCCCAGTCTGAAGATTGGAATGTAATTTG
Sema3A, 3′-UTR mut, reverse primer ACATGCTACCTTTTGAATG
miR-181b-3p promoter, forward primer TTGGGATACATATTTCACTAAC
miR-181b-3p promoter, reverse primer GAAGAGAAAGTCCTGGT
miR-181b-3p promoter mut-1, forward primer GTTGTCCCTCGGGCAGATAATTACTCTATAAC
miR-181b-3p promoter mut-1, reverse primer CCACAATAATTTGGAATGC
miR-181b-3p promoter mut-2, forward primer ATCTCTGGAAGGGGCCCAATATCGG
miR-181b-3p promoter mut-2, reverse primer GGAATTATCTCACTGTTAAAG
miR-181b pri-miRNA, forward primer GTTGCTTCAGTGAACATTCAAC
miR-181b pri-miRNA, reverse primer GGTTTCCTGTCTTCAGCGA
miR-181b pre-miRNA, forward primer CACACCAGGACTTTCTCTTC
miR-181b pre-miRNA, reverse primer AAGCGGGGCCACAGTT
SEMA3A miR-181b-3p TSB T*T*C*A*C*T*G*A*G*G*G*G*A*A*G*A*G*G*A*C*A
hsa-miR30c-5p mimic UGUAAACAUCCUACACUCUCAGC
18S rRNA, forward primer CGAGCCGCCTGGATACC
18S rRNA, reverse primer CCTCAGTTCCGAAAACCAACAA
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