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Abstract

Irreversible respiratory obstruction resulting from progressive airway damage, inflammation and 

fibrosis is a feature of several chronic respiratory diseases, including cystic fibrosis (CF), 

idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease (COPD). The 

cytokine transforming growth factor β (TGF-β) has a pivotal role in promoting lung fibrosis and is 

implicated in respiratory disease severity. In the present study, we show that a previously 

uncharacterized miRNA, miR-1343, reduces the expression of both TGF-β receptor 1 and 2 by 

directly targeting their 3′-UTRs. After TGF-β exposure, elevated intracellular miR-1343 
significantly decreases levels of activated TGF-β effector molecules, pSMAD2 (phosphorylated 

SMAD2) and pSMAD3 (phosphorylated SMAD3), when compared with a non-targeting control 

miRNA. As a result, the abundance of fibrotic markers is reduced, cell migration into a scratch 

wound impaired and epithelial-to-mesenchymal transition (EMT) repressed. Mature miR-1343 is 

readily detected in human neutrophils and HL-60 cells and is activated in response to stress in 

A549 lung epithelial cells. miR-1343 may have direct therapeutic applications in fibrotic lung 

disease.
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INTRODUCTION

The lung epithelium serves as a critical regulator of respiratory health. Not only does the 

epithelium perform a barrier function, protecting the pulmonary interstitium from harmful 

pathogens and environmental particles, but it also serves as an important site for host 

defence, mucociliary clearance and gas exchange [1]. Disruption of epithelial integrity 

underlies several chronic lung diseases, including cystic fibrosis (CF), idiopathic pulmonary 

fibrosis (IPF) and chronic obstructive pulmonary disease (COPD). In these disorders, a 

significant proportion of epithelial dysfunction results from lung fibrosis and architectural 

tissue remodelling. These processes gradually replace healthy elastic lung epithelium with 

fibrous connective tissue, composed mainly of collagens and extracellular matrix (ECM) 

components. The pathways of fibrosis impede normal epithelial function and lead directly to 

lung obstruction [2].

Transforming growth factor β (TGF-β) has a pivotal role in initiating mechanisms of tissue 

fibrosis. This cytokine is normally released in response to injury and stimulates cell 

differentiation and wound healing [3]. High levels of TGF-β are consistently observed in 

fibrotic lung diseases, in turn promoting excessive repair processes leading to organ 

dysfunction [4–7]. More specifically, TGF-β attracts and induces the differentiation of 

resident or circulating fibroblasts into contractile myofibroblasts in the lung, which migrate 

to sites of injury and produce ECM [3]. Furthermore, TGF-β promotes epithelial-to-

mesenchymal transition (EMT), a process whereby alveolar epithelial cells in the lung can 

transdifferentiate into migratory fibroblastic cells [8].

The initiating events for each fibrotic lung disease are distinct; however, an absence of 

correlation between the primary insult and disease severity is a common feature. This 

implies possible genetic contributions that modify disease development and/or progression 

[9–11]. Universally, TGF-β is implicated as a major factor underlying fibrotic phenotypes, 

and polymorphisms promoting increased TGF-β expression were identified as genetic 

modifiers of COPD and CF lung disease severity [12–15]. However, in the absence of TGF-

β-associated mutations, the molecular basis for dysregulated TGF-β signalling remains to be 

elucidated.

miRNAs, which are small 21–25-nt non-coding RNAs that repress genes post-

transcriptionally, are compelling candidates for modulating fibrotic phenotypes and TGF-β 

signalling in the lung. Panels of misregulated miRNAs have been observed in a variety of 

human diseases, including pulmonary fibrosis, suggesting the importance of maintaining 

homoeostasis of miRNA expression [16–18]. More specifically, miR-155 exhibited pro-

fibrotic and pro-inflammatory roles in models of both IPF and CF, in which it regulated 

expression of keratinocyte growth factor and interleukin-8 [19,20]. Furthermore, IPF and CF 

patient respiratory tissues showed up-regulation of miR-21 and miR-145 expression 

respectively and both miRNAs activated pulmonary fibroblasts and exacerbated 

experimental fibrosis in mice [21–23]. Conversely, overexpression of miR-29 and miR-31 
inhibited markers of fibrosis in mouse models and normal lung fibroblasts, demonstrating 

protective roles [24–26].
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In the present study, we describe the role of miR-1343 in attenuating TGF-β signalling and 

pathways of fibrosis in primary fibroblasts and lung epithelial cell lines. miR-1343 was 

identified in several small RNA-sequencing (RNA-seq) studies in humans [27,28], cows [29] 

and pigs [30,31], although it remains uncharacterized. It is not documented in rodents, 

suggesting low conservation through evolution. We found miR-1343 by using in silico tools 

to predict miRNAs targeting the 3′-UTR regions of both TGF-β receptor genes, which would 

in turn inhibit TGF-β signalling. The genomic location of miR-1343 adjacent to a modifier 

locus for CF lung disease severity [32] made it a compelling miRNA for further 

investigation. Our data show that miR-1343 represses TGF-β signalling as well as TGF-β-

induced fibrotic markers and EMT. Hence, miR-1343 may have important roles in protecting 

against lung fibrosis and other TGF-β-induced processes.

MATERIALS AND METHODS

Cell culture

A549 lung adenocarcinoma cells [33], 16HBE14o- SV40 ori-transformed human bronchial 

epithelial (HBE) cells [34] and Caco2 colorectal adenocarcinoma cells [35] were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, low glucose) supplemented with 10% FBS. 

Primary lung fibroblasts were cultured in DMEM (high glucose) supplemented with 10% 

FBS and 1× penicillin/streptomycin for up to seven passages.

Cloning and mutagenesis

3′-UTRs were amplified from human genomic DNA according to TargetScan and UCSC 

gene annotations using Phusion Polymerase (New England Biolabs). Mutagenesis of seed 

sites was performed using the QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent). See Supplementary Table S3a for cloning primers and Supplementary Table S3b 

for mutagenesis primers.

Transient transfections and reporter assays

Transient transfections of hsa-miR-1343-3p Pre-miR miRNA precursor (PM20896, Life 

Technologies) and negative control (NC) miRNA precursor #2 (Life Technologies) were 

performed using Lipofectamine RNAiMax or Lipofectamine 2000 (Life Technologies) 

according to the manufacturer’s protocols to a final concentration of 20 nM.

Dual transient transfections of miRNA precursors plus plasmid DNA (pMIR-Report and 

pMIR-β-galactosidase, Promega) were performed as described previously [36] using 

Lipofectamine 2000 according to the manufacturer’s protocol. Cells were lysed 48 h post-

transfection in 1× reporter lysis buffer (Promega). Luciferase and β-galactosidase assays 

were performed using the luciferase or β-galactosidase assay systems (Promega) 

respectively, according to standard protocols.

Transient transfections of p3TP-lux {Laboratories of Dr J. Wrana (Lunenfeld Tanenbaum 

Research Institute, Mount Sinai Hospital, Toronto, Ontario, Canada) and Dr J. Massagué 

(Memorial Sloan Kettering Cancer Center, New York City, NY, U.S.A.) [37]} and a 

modified pRL Renilla vector (Promega) were performed using Lipofectamine 2000 
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according to the manufacturer’s protocol. Cells were lysed in 1× passive lysis buffer 

(Promega) and luciferase assays were performed using the dual-luciferase reporter assay 

system (Promega).

RNA-sequencing

RNA-seq was carried out as described previously [38]. All data were deposited at GEO 

(http://www.ncbi.nlm.nih.gov/geo/GSE75591).

Cell adhesion assays

Cell adhesion assays were completed as described previously [39]. In the present study, 96-

well plates were coated with 50 μl of 5 μg/ml collagen type 1 solution from rat tail (Sigma).

Quantitative PCR (qPCR)

For standard qPCR assays, RNA was isolated from cells using TRIzol (Life Technologies) 

by standard protocol 48 h following miRNA transfection. cDNA reactions were performed 

using the TaqMan Reverse Transcription Kit (Life Technologies) according to the 

manufacturer’s instructions. qPCRs were completed using Power SYBR Green (Life 

Technologies) using the following conditions: 50°C for 2 min, 95°C for 10 min, then cycling 

between 95°C for 15 s and 60°C for 1 min, 40 times. Ct values were normalized against β2-

microglobulin (β2M). See Supplementary Table S3c for primers.

For miRNA qPCR assays, RNA was isolated from cells using the miRVana miRNA Isolation 

Kit (Life Technologies). miRNAs were reverse transcribed using the miRNA Reverse 

Transcription Kit (Life Technologies) and TaqMan Fast qPCR assays were performed using 

the hsa-miR-1343-3p TaqMan Assay (Life Technologies) using the following conditions: 

50°C for 2 min, 95°C for 20 s, then cycling between 95°C for 3 s and 60°C for 30 s, 40 

times. CT values were normalized to RNU6B (U6 small nuclear RNA; Life Technologies).

Western blot

Cell lysates were analysed by standard Western blot methods. Briefly, proteins were 

separated by SDS/PAGE and transferred on to membranes, which were blocked in 5% milk 

in TBS + 0.1% Tween 20 (TBST) for 1 h at 25°C. Primary antibodies were incubated 

overnight at 4°C either in 1% non-fat dried skimmed milk powder in TBST or 5% BSA in 

TBST. Secondary antibodies were incubated for 1 h at 25°C either in 1% or 5% non-fat 

dried skimmed milk powder in TBST. Antibodies were against TGFBR1 (TGF-β receptor 1; 

1:500 dilution), pSMAD2/3 (phosphorylated SMAD2/3; 1:1000 dilution), pSMAD3 (1:500 

dilution), SMAD2/3 (1:1000 dilution), GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase; 1:5000 dilution) all from Cell Signaling Technology; TGFBR2 (TGF-β 

receptor 2; 1:500 dilution), E-cad (epithelial cadherin; 1:500 dilution), collagen 1A1 (1:500 

dilution) all from Santa Cruz Biotechnology; ELMO2 (engulfment and cell motility 2; 1:500 

dilution; Sigma–Aldrich); and αSMA (1:3000 dilution; Dako). Secondary antibodies were 

against mouse (P0447), rabbit (P0448) or goat (P0449) (1:5000 dilution;, all from Dako). 

Western blots were scanned by densitometry and quantified using ImageJ software (NIH).
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TGF-β treatment

Cells were serum-starved in DMEM supplemented with 0.5% FBS for 6–16 h prior to TGF-

β treatment. Human recombinant TGF-β1 (R&D Systems) was added to a final concentration 

of 5 ng/ml (unless otherwise noted) in serum-depleted medium for a period of 1–48 h.

Immunofluorescence

Immunofluorescence was completed under standard procedures using a primary antibody 

against αSMA (1:300 dilution; Dako) or SMAD2/3 (1:300 dilution; Cell Signaling 

Technology) and an Alexa Fluor 549-conjugated anti-mouse (1:300 dilution; Jackson 

ImmunoResearch) or Alexa Fluor 488-conjugated anti-mouse (1:300 dilution; Jackson 

ImmunoResearch) secondary antibody with DAPI counterstain. Microscopy utilized a Leica 

DMR-HC upright microscope and a QImaging Retiga 4000R camera.

Scratch wound healing assays

Wound healing assays were performed as previously described [39]. Cells were scratched 

with a p200 pipette tip and observed over a period of 24 h via microscopy. Scratch area was 

measured using ImageJ software (NIH).

Cell proliferation assays

The total number of viable cells was measured every 24 h using the CellTiter96 Aqueous 

Non-Radioactive Cell Proliferation Assay (MTS; Promega) according to the manufacturer’s 

instructions.

Northern blot

Northern blots to detect small RNAs were completed by standard protocol. Briefly, RNA 

was isolated from cells using TRIzol according to the manufacturer’s instructions. RNA (20 

μg) was run on a 15% polyacrylamide/urea gel, which was then transferred on to Zeta Probe 

GT membranes (Bio-Rad Laboratories) by capillary action. Membranes were hybridized in 

ULTRAhyb-Oligo (LT, Life Technologies) overnight at 42°C with DNA probes 

complementary to miR-1343-3p (5′-GCGAGAGTGCGGGCCCCAGGAG-3′) or RNU6B 

(5′-CACGATTTGCGTGTCATCCTT-3′) that were γ32P-end-labelled with T4 

polynucleotide kinase (New England Biolabs). Membranes were washed twice each in 2× 

SSC/0.1% SDS and 2× SSC/0.5% SDS before being exposed to a phosphoimager screen. 

Images were captured using a Typhoon FLA 7000 phosphoimager (GE Healthcare).

Statistical analysis and graphs

Results are expressed as means ± S.D. Statistics were performed using unpaired Student’s t 
tests on Prism software (GraphPad).

RESULTS

miR-1343 is predicted in silico to target both TGF-β receptors

Because TGF-β signalling is one of the most important promoters of lung fibrosis, we first 

sought to identify miRNAs that could directly repress expression of the two receptors that 
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initiate the TGF-β signalling pathway: TGFBR1 and TGFBR2. The majority of miRNAs 

reduce gene expression post-transcriptionally by binding complementary seed sites located 

within the 3′-UTR of the transcript [40]. To identify miRNAs that target both TGFBR1 and 

TGFBR2 3′-UTRs, we employed TargetScan, a miRNA target prediction tool that is 

recognized as the most comprehensive and least error-prone in silico approach [40,41]. The 

TGFBR1 3′-UTR is 4886-bp-long within which TargetScan 6.2 predicts seed sites for 528 

miRNAs. TGFBR2 has a 2543-bp 3′-UTR with 360 predicted miRNA-targeting sites. 

Intersection of these two data sets showed 175 miRNAs that were predicted to target both 

genes (Figure 1a). Fewer than 20 of these had context scores for both 3′-UTRs that were 

significant enough to warrant further study (<−0.15). Within this group, miR-1343 had top 

context scores for both TGFBR1 and TGFBR2 (−0.90 and −0.39 respectively; Figure 1b). 

miR-1343 is located within an intron of pyruvate dehydrogenase complex component X 

(PDHX), a gene mapping to chromosome 11p13. This genomic region was previously 

shown in a genome-wide association study (GWAS) to significantly associate with lung 

disease severity in CF patients carrying the F508del mutation [32] (Figure 1c). Because of 

the major impact of lung fibrosis on disease progression in CF, miR-1343 was a strong 

candidate for further analysis.

miR-1343 targets the 3′-UTRs of TGFBR1 and TGFBR2

TGFBR1 was the most significant target gene predicted for miR-1343 according to 

TargetScan (Figures 1b and 2a). In addition to TGFBR2, SMAD-specific E3 ubiquitin 

protein ligase 1 (SMURF1), which acts as a negative regulator of TGF-β signalling, was also 

a predicted miR-1343 target (context score −0.28). Among other genes with high context 

scores that were relevant to lung biology and fibrosis were engulfment and cell motility 

(ELMO2, −0.89), collagen, type V, α1 (COL5A1, −0.70) and integrin α5 (ITGA5, −0.62; 

Figure 2a).

To establish whether miR-1343 targeted the 3′-UTRs of TGFBR1, TGFBR2, ELMO2 and 

SMURF1, these were cloned into the pMIR-Report vector downstream of a luciferase 

reporter gene. Luciferase expression from this vector decreases if the 3′-UTR is a target of 

the miRNA. Also included in these assays was the TGF-β effector SMAD2 (mothers against 

decapentaplegic homolog 2), which although a predicted target of miR-1343, has a very high 

context score (>0.02). The constructs were transiently transfected into A549 lung 

adenocarcinoma cells with precursor (pre-) miR-1343 or a non-targeting negative control 

(NC) miRNA. Luciferase activity was assayed 48 h post-transfection and normalized to a β-

galactosidase transfection control (Figure 2b). miR-1343 significantly reduced luciferase 

expression from the TGFBR1, TGFBR2 and ELMO2 3′-UTR constructs in comparison with 

the NC miRNA. Mutation of the miR-1343 seed sites in TGFBR1, TGFBR2 and ELMO2 
(Supplementary Figure S1) abolished this repression, demonstrating specific targeting by 

miR-1343. Additionally, miR-1343 had no impact on luciferase expression from the 

SMAD2 and SMURF1 3′-UTR constructs. Direct targeting of the 3′-UTR of TGFBR1, 

TGFBR2 and ELMO2 was confirmed in Caco2 intestinal epithelial cells (Supplementary 

Figure S2). These results indicate that miR-1343 reduces expression of both TGF-β 

receptors through direct targeting of their 3′-UTRs.
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TGFBR1 contains three miR-1343 seed sites in its 3′-UTR (Figure 2a; Supplementary 

Figure S1), with sites 1 and 3 scored by TargetScan as well conserved, whereas site 2 is non-

conserved. A combination of seed-site mutants were created within the pMIR-Report-

TGFBR1 3′-UTR construct, with all three sites destroyed or sites 1 and 3 mutated 

individually or together (Figure 2c; Supplementary Figure S1). Using the same transfection 

protocol described above, mutation of all three miR-1343 sites abolished the impact of the 

miRNA on the TGFBR1 3′-UTR, as did combined destruction of sites 1 and 3. Single site 

mutations of either site 1 or site 3 alone still retained the effect of miR-1343. These data 

suggest that the two conserved sites are required to achieve full miR-1343 targeting 

potential.

miR-1343 controls the expression of genes important for lung health and disease

Since miRNAs often control biological processes at multiple levels, we next investigated the 

impact of miR-1343 genome-wide by RNA-seq. Pre-miR-1343 or NC miRNA were 

transiently overexpressed in A549 and 16HBE14o- lung epithelial cells. Total RNA was 

extracted 48 h post-transfection from four miR-1343 and four NC miRNA samples and 

RNA-seq was performed on libraries generated from them. Tophat and Cufflinks software 

were used with default parameters to generate fragments per kb per million mapped 

fragments (FPKM) values and CuffDiff was used to determine differentially expressed genes 

(DEGs) [42]. Transcripts of 4488 genes in A549 cells and 2393 genes in 16HBE14o- cells 

showed significant changes following miR-1343 overexpression compared with NC cells 

(Figure 3a) (GEO: GSE75591). Of these, 1225 were differentially expressed in both cell 

types (Figure 3b) with 713 decreasing and 391 increasing in the miR-1343-transfected cells. 

The remaining genes (121) showed opposite responses in the two cell types.

Overlapping the DEGs identified by RNA-seq with TargetScan-predicted miR-1343 targets 

yielded 96 genes in common, all of which probably represent true miR-1343 target genes. 

TGFBR1, TGFBR2, ELMO2 and ITGA5 were among those common genes and consistent 

with luciferase reporter gene assays (Figure 2b) SMAD2 and SMURF1 were not among the 

DEGs. Genes identified by both RNA-seq and TargetScan were further validated by reverse 

transcription (RT)-qPCR assays following NC or pre-miR-1343 transient expression in A549 

cells (Figure 3c). Levels of TGFBR1, TGFBR2, ELMO2 and ITGA5 transcripts were 

significantly down-regulated in the presence of miR-1343 compared with the NC miRNA. 

Two additional genes that were differentially expressed by RNA-seq but were not predicted 

by TargetScan (suggesting that they are indirect targets) were also confirmed by RT–qPCR: 

serpin peptidase inhibitor, clade E member 1 (SERPINE1), a known TGF-β-responsive gene 

and solute carrier family 4, member 7 (SLC4A7), a sodium bicarbonate transporter. Also 

consistent with RNA-seq and luciferase assay results, levels of SMAD2 and SMURF1 
transcripts were unaffected. Similar data for 16HBE14o- cells are shown in Supplementary 

Figure S3.

To confirm that the effects of miR-1343 were not limited to lung epithelial cells, miR-1343 
and NC miRNA were transiently transfected into primary lung fibroblasts (Figure 3d). Again 

TGFBR1, TGFBR2, ELMO2 and ITGA5 expression levels were significantly decreased 

with pre-miR-1343 compared with the NC, whereas SMAD2 and SMURF1 levels were 
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unaltered. However, in contrast with A549 cells, SERPINE1 and SLC4A7 expression 

increased in the primary lung fibroblasts. These observations, together with those from 

16HBE14o- cells, suggest that genes indirectly targeted by miR-1343 can differ between cell 

types.

Since miRNAs can destabilize transcripts by several mechanisms, we next examined the 

effects of miR-1343 on the proteins encoded by its target genes. At 48 h after transient 

transfection of A549 cells with pre-miR-1343 or NC miRNA, cells were lysed and proteins 

were separated by SDS/PAGE followed by Western blotting. Blots were probed with 

antibodies specific for TGFBR1, TGFBR2 and ELMO2 and normalized to GAPDH as a 

loading control (Figure 3e). TGFBR2 and ELMO2 both showed statistically significant 

down-regulation of expression in miR-1343-treated cells compared with NC miRNA 

(between 88% and 98% and 73% and 82% reductions in expression respectively). The 

reduction in TGFBR1 with miR-1343 was less, at 12% to 60% reduction in three separate 

experiments (P = 0.17). Similar results showing significant down-regulation in TGFBR2 

protein expression were seen after miR-1343 delivery in primary lung fibroblasts (84–92% 

reduction, Figure 3f) and 16HBE14o- cells (61–86% reduction; Supplementary Figure S4). 

TGFBR1 (17–97% reduction in lung fibroblasts; 20–30% in 16HBE14o-) and ELMO2 (27–

81% reduction in lung fibroblasts; 11–77% in 16HBE14o-) were also reduced with 

miR-1343 treatment, although these values did not reach statistical significance (P = 0.21 P 
= 0.07 and P = 0.07, P = 0.07 respectively). These results indicate that miR-1343 is likely to 

regulate critical cellular processes.

To test this possibility, a gene ontology process enrichment analysis was performed on the 

DEGs that exhibited shared expression changes by RNA-seq in both airway cell lines using 

the Database for Annotation, Visualization and Integrated Discovery (DAVID) [43,44]. 

Among the DEGs down-regulated by miR-1343, pathways involved in lung epithelial 

function relating to cell growth, cell–substrate junction and cellular adhesion were 

significantly altered (Figure 3g; Supplementary Table S1). Consistent with these 

bioinformatic predictions, cell adhesion assays on collagen I-coated substrates showed that 

pre-miR-1343 significantly reduced adhesion of transfected A549 cells in comparison with 

NC miRNA at three time points (Supplementary Figure S5). Pathways involved in steroid/

lipid biosynthesis and intracellular protein transport were over-represented among DEGs up-

regulated by miR-1343 (Figure 3h; Supplementary Table S2). These results suggest that 

miR-1343 may regulate, both directly and indirectly, multiple cellular processes that are key 

to lung epithelial function.

miR-1343 perturbs the canonical TGF-β signalling pathway

Since miR-1343 targeted and repressed both of the TGF-β receptors in vitro, we next 

investigated whether this miRNA could influence the TGF-β signalling pathway. First, we 

used the p3TP-lux vector, which contains a portion of the SERPINE1 promoter and three 

TGF-β-activated TPA (tetradecanoylphorbol acetate) responsive elements driving luciferase 

expression [37]. Pre-miR-1343 or NC miRNA was transfected into A549 cells with p3TP-

lux and a Renilla transfection control vector. After 48 h, cells were treated with TGF-β1 to 

induce the TGF-β signalling pathway (Figure 4a). TGF-β stimulation of luciferase 
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expression in cells treated with miR-1343 was only 25% of the levels seen in NC miRNA-

treated cells. This result suggests that miR-1343 reduces TGF-β signalling in these cells and 

that its activity diminishes TGF-β-responsive gene expression.

In its canonical signalling pathway, TGF-β binds to TGFBR1 and TGFBR2, which then 

dimerize to activate receptor SMAD factors (R-SMADs), SMAD2 and SMAD3, by receptor 

serine kinase activity. Phosphorylated R-SMADs co-localize with the common SMAD (Co-

SMAD) SMAD4 in the cytoplasm, which promotes R-SMAD translocation to the nucleus 

where it affects gene expression [45]. To determine whether miR-1343 reduces TGF-β 

signalling by this mechanism, we next investigated the endogenous cellular pathway by 

monitoring phosphorylation and hence activation of SMAD2 and SMAD3 (pSMAD2, 

pSMAD3). Pre-miR-1343 or NC miRNA was transiently transfected into A549 cells, which 

after 48 h were exposed to TGF-β1 for 1 or 24 h. Cell lysates were resolved by SDS/PAGE 

and Western blots were probed with antibodies specific for pSMAD2, pSMAD3 or total 

SMAD2/3 (Figure 4b). miR-1343 substantially reduced the ratio of pSMAD2 and pSMAD3 

to total SMAD2/3 after 1 and 24 h of TGF-β treatment in comparison with NC miRNA. 

Total SMAD2/3 levels were unchanged. Consistent results were obtained when this 

experiment was repeated in primary lung fibroblasts (Supplementary Figure S6).

Because TGF-β1 activation/phosphorylation of SMAD2 and SMAD3 causes their nuclear 

translocation, we next investigated whether the reduced levels of pSMAD2/3 observed in 

miR-1343-transfected cells correlated with a lack of their translocation to the nucleus. A549 

cells were transiently transfected with pre-miR-1343 or NC miRNA for 48 h. Cellular 

localization of total SMAD2/3 was examined by immunofluorescence after either TGF-β1 

treatment (50 ng/ml) or serum-starvation conditions for 1 h (Figure 4c). In the absence of 

TGF-β, both NC and miR-1343-transfected cells showed diffuse SMAD2/3 localization 

throughout the cytoplasm. As expected, TGF-β1 treatment in NC cells induced the nuclear 

translocation of SMAD2/3; however, this movement was largely abolished in miR-1343-

containing cells. These data demonstrate the potent effects of miR-1343 on the canonical 

TGF-β signalling pathway.

miR-1343 represses pathways of TGF-β-induced fibrosis

Next, to determine whether phenotypes associated with TGF-β-induced fibrosis are also 

influenced by miR-1343, we focused on collagen type I, α1 (COL1A1) and α-smooth 

muscle actin (αSMA). These are both structural protein markers of active myofibroblasts 

and are known to be induced by TGF-β [3]. Primary lung fibroblasts were transiently 

transfected with pre-miR-1343 or NC miRNA and treated with TGF-β1 for 48 h. Cell lysates 

were separated by SDS/PAGE and Western blots were probed with specific antibodies for 

each protein or GAPDH as a control (Figure 5a). TGF-β induced the expression of both 

COL1A1 and αSMA in NC miRNA-treated fibroblasts, demonstrating the transition of the 

lung fibroblasts to an active myofibroblast-like state. In contrast, induction of COL1A1 and 

αSMA were substantially attenuated in the miR-1343-treated cells. Expression of αSMA 

protein following TGF-β treatment was also investigated by immunofluorescence in primary 

lung fibroblasts (Figure 5b; Supplementary Figure S7). After TGF-β exposure, extensive 

fibres of αSMA were seen in NC miRNA-treated fibroblasts. However, in the presence of 
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miR-1343, intracellular αSMA fibres were not evident and the small amounts of protein 

were diffuse. These results suggest that miR-1343 can repress phenotypes associated with 

TGF-β-induced transition of resident fibroblasts to disease-causing myofibroblasts in the 

lung.

Another cellular process that is directly induced by TGF-β is cancer-associated EMT. During 

EMT, E-cad relocates from epithelial intercellular junctions and becomes cytoplasmic, thus 

allowing cells to become more motile, a characteristic of mesenchymal cell types. This 

process was observed previously in A549 cells, where it is also associated with reduced 

levels of E-cad [46]. To test whether miR-1343 affects TGF-β-induced EMT, A549 cells 

were transiently transfected with pre-miR-1343 or NC miRNA and treated with TGF-β1 for 

48 h. Cell lysates were resolved by SDS/PAGE and E-cad levels examined by Western 

blotting with a specific antibody (Figure 5c). NC miRNA-treated cells showed greatly 

reduced levels of E-cad when treated with TGF-β; however, this reduction was less evident 

in miR-1343-treated cells.

Next, since mesenchymal cells exhibit increased motility, we assessed the migration of A549 

cells into an artificial scratch wound following miRNA transient transfection. Although the 

scratch-wounding assay functions only as an approximate model for an actual wound, it 

allows for the observation of cellular migration and proliferation over time. At 48 h after 

pre-miR-1343 or NC miRNA transfection, EMT was induced by TGF-β1 stimulation. 

Simultaneously, a scratch wound was made across the confluent A549 cell monolayer and 

movement into the scratch was monitored microscopically during the following 24 h 

(Figures 5d and 5e). NC-treated cells exhibited marked wound closure in the presence of 

TGF-β, with the wound area closing 60% from an average of 0.6 to 0.24 mm2. However, 

wound healing into the scratch was considerably reduced in miR-1343-treated cells, with 

wound area closing only 40% from 0.6 to 0.36 mm2. Pre-miR-1343 transfected into A549 

cells was also shown to slightly impair cell proliferation compared with NC transfected cells 

(Supplementary Figure S8). These results suggest that miR-1343 reduces cell migration and 

proliferation into a wound.

miR-1343 is processed in haemopoietic cells and in airway epithelial cells under stress

Our observations on the effects of miR-1343 on the TGF-β signalling pathway in lung 

epithelial cells and fibroblasts primarily used exogenous pre-miRNA transfected into cells. 

Since it is not possible to calibrate the amount of processed miRNA in these experiments, 

we next investigated the abundance and maturation of endogenous miR-1343 in primary 

cells with an important role in lung biology and relevant derivative cell lines. First, we used 

a commercial RT–qPCR TaqMan assay (Life Technologies) which is designed to detect only 

mature miR-1343, with levels normalized to the small nuclear RNA RNU6B. miR-1343 
levels were assayed in A549 and Calu3 lung adenocarcinoma cells, 16HBE14o-, primary 

HBE cells, human nasal epithelial cells (HNE, from nasal scrapes), primary lung fibroblasts, 

Caco2, HL-60 promyelocytic leukaemia cells, K562 erythroleukaemia cells, THP-1 acute 

monocytic leukaemia cells, primary human lymphocytes and primary human neutrophils 

(Figure 6a). (This neutrophil population may contain a minority of other myeloid cell types 

that were simultaneously extracted from blood by density gradient centrifugation). 

Stolzenburg et al. Page 10

Biochem J. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Expression levels of miR-1343 were similar in all cell types assayed with the exception of 

primary HBE cells, neutrophils and the HL-60 and K562 cell lines, which had ~20–40-fold 

more miRNA than the lowest-expressing A549 cells.

To directly measure endogenous levels of miR-1343 and to distinguish between the 

precursor and mature forms of the miRNA, we also performed Northern blots of RNA 

extracted from the same cell types (Figures 6b and 6c). Northern blots were probed with 

γ-32P-labelled DNA probes complementary to human miR-1343-3p and RNU6B as a 

loading control. An unprocessed transcript (~85 bp) was equally abundant in all cell types. 

However, processed forms of miR-1343 (premature ~60 bp, mature ~23 bp), were only 

detected in primary neutrophils and HL-60 cells and in A549 cells that were serum-starved 

and/or treated with TGF-β (5 ng/ml) in serum-depleted medium for 48 h (Figures 6b and 6c). 

These results suggest that the main source of processed miR-1343 under normal conditions 

is within neutrophils and that it can be induced in lung epithelial cells upon stress.

DISCUSSION

In contrast with several previous reports that identified miRNAs involved in pathways of 

fibrosis through comparisons of normal and fibrotic tissue [18,20–22] or by differential gene 

expression in primary cells and cancer cell lines [16], we identified miR-1343 by searching 

for miRNAs that could directly target the TGF-β receptors.

By taking this approach we first demonstrated that the poorly characterized miR-1343 binds 

to seed sites in the 3′-UTR of TGFBR1 and TGFBR2 and represses endogenous levels of the 

receptors. In turn, miR-1343 represses canonical TGF-β signalling pathways in several cell 

types as shown by inhibition of SMAD2/3 phosphorylation and nuclear translocation. 

Subsequent to TGF-β exposure, miR-1343 also reduces expression of markers of fibrosis, 

such as αSMA and COL1A1.

Our luciferase assays and RT–qPCR data show miR-1343 to substantially repress both 

TGFBR1 and TGFBR2 expression by targeting their 3′-UTRs. However, the levels of 

modulation of mRNA are apparently not directly correlated with protein abundance. Western 

blots show that TGFBR2 protein is more sensitive to repression by miR-1343 than is 

TGFBR1. This observation may in part be due to poor specificity of the anti-TGFBR1 

antibody in comparison with the reagent against TGFBR2. Lack of a direct correlation 

between mRNA and protein levels is not unexpected since there are many parameters of 

RNA and protein turnover that could affect the observed protein levels. Moreover, TGFBR1 

and TGFBR2 may be subject to different mechanisms of miRNA-mediated repression and 

the subcellular localization of each mRNA may diverge [47]. Nevertheless, because 

TGFBR1 and TGFBR2 function as a heterodimer, dependent on one another for signalling 

[37,48,49], the biological activity of the receptor complex is likely to be determined by the 

expression levels of either subunit.

The genomic location of miR-1343 in a region marked by single nucleotide polymorphisms 

(SNPs) that associate with lung disease severity in F508del CF is noteworthy [32]. The 

GWAS implicated four genes that are close to the critical interval at chromosome 11p13, of 
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which two [Ets homologous factor (EHF) and E74-like factor 5 (ELF5)] are epithelial-

specific transcription factors and two [APAF interacting protein (APIP) and PDHX] are 

ubiquitously expressed genes involved in basic cellular processes [32]. We showed that EHF 

regulates genes important for maintenance of the lung epithelial barrier and its response to 

injury [38]. However, the mechanism(s) whereby this genomic region contributes to lung 

disease severity in CF is not understood. Since miR-1343 is located within an intron of the 

PDHX gene, which is involved in the conversion of pyruvate to acetyl -Co A in 

mitochondrial metabolism, it is likely that expression of these two genes may be co-

regulated. This could have broad implications in lung health and disease. Also of relevance 

in the context of genetic modifiers of CF lung disease are correlations with TGF-β [14,50], 

although the molecular bases for these associations are not well established.

Our data showing the highest levels of processed miR-1343 in primary cells of myeloid 

lineage, specifically neutrophils and the HL-60 neutrophil-like cell line, suggest a 

predominant function in these cell types. Neutrophils, the most abundant myeloid cells in 

humans, are key regulators of respiratory function and are among the first cells recruited to 

sites of injury where they work to clear infection and amplify the inflammatory response [2]. 

Sustained neutrophil influx, survival and activation are all processes regulated by TGF-β 

signalling and are known to enhance lung fibrosis [51]. Based on our data showing 

miR-1343 to target TGFBR1 and TGFBR2 to reduce TGF-β signalling, it is likely that 

miR-1343 in neutrophils may interfere with the same pathways to block fibrosis. Another 

intriguing possibility is that miR-1343 may be released from neutrophils and affect TGF-β 

signalling pathways in nearby cells in the lung epithelium. Several studies showed that 

HL-60 cells and other myeloid cell types secrete exosomes containing a variety of RNA 

molecules, including miRNAs [52,53]. These exosomes can be taken up by other cells, for 

example in the bone marrow, where they alter gene expression [53]. By analogy, miR-1343-

containing exosomes released by neutrophils in the lung could be delivered to epithelial cells 

or fibroblasts, thus altering their gene expression profiles and phenotype.

The observation that miR-1343 processing is induced by stress in A549 cells suggests that 

this miRNA may also regulate response to injury in lung epithelial cells. Although serum 

starvation is a known stress inducer in cultured cells [54], the impact of other forms of stress 

on miR-1343 is currently unknown. Moreover, it is not clear whether activation of TGF-β 

signalling has an additive effect to stress. miRNA expression is known to be induced by 

various forms of cell stress [55–57] and activity of miRNAs can also be modulated 

following amino acid starvation [47] or hippuristanol-induced stress [58].

Our work on miR-1343 is focused on human cells since it is not well conserved across 

species. Like many non-conserved miRNAs, miR-1343 may have evolved from a 

transposable element [59]. By using miRBase [60] and the Basic Local Alignment Search 

Tool (BLAST) [61], miR-1343 was not found to be conserved in rodents. However, it is 

conserved in chimpanzees, cows and pigs, where it is also located within an intron of the 

PDHX gene [29,31,61]. Furthermore, the miR-1343 seed sites in the TGFBR1 and TGFBR2 
3′-UTRs are conserved across species that have miR-1343, but not in those lacking the 

miRNA [61]. This suggests co-evolution of miR-1343 and the 3′-UTRs that it regulates and 

also implies that miR-1343 cannot be accurately studied in species without the miRNA.
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Despite the lack of a relevant animal model of lung fibrosis to investigate miR-1343, our 

data showing its role in regulating TGF-β signalling and fibrosis make it a compelling 

candidate for human-specific therapeutic approaches. Current treatments for fibrotic lung 

disease are largely based on targeting the immune system, which are ineffective at slowing 

or halting disease progression [62]. However, miRNAs are emerging as promising new 

targets for treatment of many human diseases [63]. Increasing miR-1343 levels in the airway 

epithelium could be a direct route to slow the progression of lung fibrosis. Although 

overexpression of miRNAs is a less well-characterized therapeutic approach than antisense 

inhibitor technology for blocking miRNAs, miRNA replacement therapy is a viable option 

[64]. Currently under development are therapies utilizing miR-29, which reduced the 

severity of bleomycin models of mouse pulmonary fibrosis [25], miR-16, which 

significantly slowed the growth of metastatic prostate cancer in mice [65], and miR-34, 

which inhibited models of non-small-cell lung cancers [66]. As drug formulation and 

delivery technology for miRNA mimics continue to be improved, miR-1343 stands out as a 

promising new candidate for therapy in diseases involving organ fibrosis.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CF cystic fibrosis

COL1A1 collagen type I α1

COPD chronic obstructive pulmonary disease

DAVID Database for Annotation, Visualization and Integrated Discovery

DEG differentially expressed gene

DMEM Dulbecco’s modified Eagle’s medium

E-cad epithelial cadherin

ECM extracellular matrix

EHF Ets homologous factor

ELMO2 engulfment and cell motility 2

EMT epithelial-to-mesenchymal transition
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GAPDH glyceraldehyde-3-phosphate dehydrogenase

GWAS genome-wide association study

HBE human bronchial epithelial

IPF idiopathic pulmonary fibrosis

ITGA5 integrin α5

NC negative control

PDHX pyruvate dehydrogenase complex component X

pre-miR-1343 precursor miR-1343

qPCR quantitative PCR

RNA-seq RNA-sequencing

RNU6B U6 small nuclear RNA

R-SMAD receptor SMAD factor

RT reverse transcription

SERPINE1 serpin peptidase inhibitor clade E member 1

SLC4A7 solute carrier family 4 member 7

SMAD2/3 mothers against decapentaplegic homolog 2/3

SMURF1 SMAD-specific E3 ubiquitin protein ligase 1

SSC Saline Sodium Citrate

TBST TBS + 0.1 % Tween 20

TGFBR1/2 TGF-β receptor1/2

TGF-β transforming growth factor β

αSMA α-smooth muscle actin

β2M β2-microglobulin

TPA tetradecanoylphorbol acetate
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Figure 1. miR-1343 is the most significant miRNA predicted to target the TGF-β receptors
(a) Venn diagram illustrating the number of TargetScan-predicted miRNAs to target the 

TGFBR1 and TGFBR2 3′-UTRs. Overlapping region depicts miRNAs that are predicted to 

target both receptors. (b) Top miRNAs that are predicted to target both TGFBR1 and 

TGFBR2. Context scores are generated from TargetScan 6.2, with the more negative context 

scores being the most significant. (c) miR-1343 location at the chromosome 11p13 CF 

modifier locus and organization of its stem–loop structure.

Stolzenburg et al. Page 19

Biochem J. Author manuscript; available in PMC 2016 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. miR-1343 targets the 3′-UTRs of TGFBR1, TGFBR2 and ELMO2
(a) TargetScan 6.2 analysis of miR-1343 predicted target genes. More negative context 

scores are most significant. (b) Luciferase assay of A549 cells transiently co-transfected 

with either wild-type (WT) or mutant (MUT) pMIR-REPORT-3′-UTR constructs and 

miR-1343 or NC miRNA. Luciferase values were normalized to pMIR-β-galactosidase 

levels and illustrated relative to the NC. n = 3. **P ≤ 0.01, ****P ≤ 0.0001; ns, not 

significant. (c) Luciferase assay of A549 cells transiently co-transfected with WT pMIR–

REPORT–TGFBR1 3′-UTR or MUT constructs with seed sites mutations and miR-1343 or 

NC miRNA. Bars to the left illustrate the TGFBR1 3′-UTR with miR-1343 seed sites 1, 2 

and 3. ‘X’ denotes miR-1343 seed sites that were mutated (Supplementary Figure S1). 

Luciferase values were normalized to pMIR-β-galactosidase levels and illustrated relative to 

the NC. n = 3; P-values same as for (b).
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Figure 3. The impact of miR-1343 on gene expression in 16HBE14o- and A549 cells; RNA-seq 
identifies multiple pathways relevant to airway disease and fibrosis
(a) Heat-maps show relative expression of DEGs following miR-1343 or NC miRNA 

transient expression in 16HBE14o- or A549 cells. Each line represents a different gene. (b) 

Venn diagram of DEGs identified by RNA-seq in A549 compared with 16HBE14o- cells. 

Overlapping region represents the number of DEGs identified in both cell types. (c) Gene 

expression levels measured by RT-qPCR 48 h after miR-1343 or NC miRNA transient 

transfection in A549 cells. Ct values normalized to β2M. n = 3. *P ≤ 0.05, **P ≤ 0.01, ***P 
≤ 0.001, ****P ≤ 0.0001; ns, not significant. (d) Gene expression levels measured by RT–

qPCR 48 h after miR-1343 or NC miRNA transient transfection in primary lung fibroblasts. 

CT values normalized to β2M. n = 3; P-values as for (c). (e) Western blots of A549 lysates 

transfected with miR-1343 or NC miRNA for 48 h and probed with antibodies specific to 

TGFBR1, TGFBR2 and ELMO2. Proteins were quantified relative to GAPDH loading 

control and are expressed as fold change compared with NC. n = 3; P-values as for (c). (f) 
Western blots of lysates from primary lung fibroblasts transfected with miR-1343 or NC 

miRNA for 48 h and probed and quantified as for (e). n = 3; P-values as for (c). (g and h) 
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DAVID gene ontology analysis of down-regulated (g) or up-regulated (h) genes identified by 

RNA-seq in both A549and 16HBE14o- cells following miR-1343 or NC miRNA transient 

expression.
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Figure 4. Overexpression of miR-1343 reduces canonical TGF-β signalling
(a) Luciferase assay of A549 cells transiently transfected with the p3TP-lux vector and 

either miR-1343 or NC miRNA. Cells were treated with TGF-β1 (5 ng/ml) or vehicle control 

(0 ng/ml), 48 h after transfection, for 24 h. Luciferase values were normalized to pMIR-β-

galactosidase levels and expressed relative to NC treated with vehicle. n = 3; ****P ≤ 

0.0001. (b) miR-1343 represses phosphorylation of SMAD2/3. Western blot of lysates from 

A549 cells transiently transfected with miR-1343 or NC miRNA and treated with TGF-β1 (5 

ng/ml, +) or vehicle control (−) for the indicated period of time. Blots were probed with 

antibodies specific for pSMAD2 [phosphorylated (active) SMAD2], pSMAD3 

[phosphorylated (active) SMAD3] and total SMAD2/3; slower migrating species is SMAD2 

and faster is SMAD3. GAPDH was the loading control. (c) miR-1343 inhibits nuclear 

localization of pSMAD2/3. Representative images of immunofluorescence in A549 cells 

transiently transfected with miR migrating species-1343 or NC miRNA and treated with 

TGF-β1 (50 ng/ml, +) or vehicle control (−) for 1 h. Green fluorescence shows total 
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SMAD2/3 and blue is DAPI nuclear counterstain. Merge illustrates total SMAD2/3 plus 

DAPI. Scale bar = 100 μm.
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Figure 5. Phenotypes associated with TGF-β-induced fibrosis are repressed in miR-1343-
overexpressing cells
(a) Western blot of lysates from primary lung fibroblasts transiently transfected with 

miR-1343 or NC miRNA and treated with TGF-β1 (5 ng/ml, +) or vehicle control (−) for 48 

h. Blots were probed with antibodies specific for COL1A1 and αSMA. GAPDH was the 

loading control. Proteins were quantified as in Figure 3(e). n = 3. (b) miR-1343 impairs 

synthesis and structural organization of αSMA after TGF-β exposure. Immunofluorescence 

in primary lung fibroblasts transiently transfected with miR-1343 or NC miRNA and treated 

with TGF-β1 (5 ng/ml, +) or vehicle control (−) for 48 h. Red fluorescence shows αSMA 

and blue fluorescence shows nuclei (DAPI). Merge illustrates αSMA staining plus DAPI. 
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Scale bar = 250 μm. (c) Western blot of lysates from A549 cells transiently transfected with 

miR-1343 or NC miRNA and treated with TGF-β1 (5 ng/ml, +) or vehicle control (−) for 48 

h. Blots were probed with antibodies specific for E-cad. GAPDH was the loading control. 

Proteins were quantified as in Figure 3(e). n = 3. (d) Wound scratch assay in A549 cells 

transiently transfected with miR-1343 or NC miRNA and treated with TGF-β1 (5 ng/ml, +) 

or vehicle control (−). TGF-β was added at the 0 h time point when the scratch was created 

and cells were imaged 24 h later. Scale bar = 0.5 mm. (e) Quantification of change in wound 

closure area between 0 and 24 h of A549 cells described in (d). ****P ≤ 0.0001, ***P ≤ 

0.001. Results are from three biological replicates, with five technical replicates each.
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Figure 6. Mature miR-1343expression is most abundant in neutrophils and is induced by serum 
starvation in lung epithelial cells
(a) miR-1343 expression levels measured in multiple cell types by TaqMan RT–qPCR assay. 

Values were normalized to RNU6B and are shown relative to A549 levels. For cell type 

description see the Results section. n = 3. (b) Northern blot showing levels of miR-1343in 

lung-derived cell types. Black arrows indicate unprocessed (~85 bp), precursor (~60 bp) and 

mature (~23 bp) miRNA forms. Blots were stripped and re-hybridized with a probe against 

RNU6B to confirm equal loading. For cell type description see the Results section. (c) 

Northern blot showing levels of miR-1343in various haematopoietic cell types. Black arrows 

as for (b). U6 probing to confirm equal loading as in (b).
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