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ABSTRACT 

Idiopathic pulmonary fibrosis (IPF) is a devastating interstitial lung disease with 

irreversible loss of lung tissue and function. The myofibroblast is the key cellular mediator 

of IPF progression. Transforming growth factor (TGF)-β1, a major profibrogenic cytokine, 

induces differentiation of pulmonary fibroblasts to myofibroblasts. Emerging evidence has 

implicated the importance of microRNAs (miRs) in the development of IPF. The objective 

of our study was to identify novel and specific miRs that are dysregulated in TGF-β1-

induced pulmonary myofibroblast differentiation and development of pulmonary fibrosis 

and their molecular mechanisms. Using the RNA sequencing, we identified miR-424 as an 

important miRNA that is up-regulated by TGF-β1 in human lung fibroblasts (HLFs) while 

miR-146b is down-regulated in TGF-β1 treated cells.  

Quantitative RT-PCR (qRT-PCR) confirmed that miR-424 expression was increased in 

HLF in response to TGF-β1 and was higher in lung tissues of IPF patients as compared to 

normal subjects. We found that the canonical TGF-β1 signaling pathway was involved in 

TGF-β1-induced miR-424 up-regulation. Transfection of miR-424 inhibitor in HLF 

reduced TGF-β1-induced expression of differentiation markers including ɑ-smooth muscle 

actin (ɑ-SMA) and connective tissue growth factor (CTGF), whereas a miR-424 mimic 

significantly enhanced TGF-β1-induced myofibroblast differentiation. Moreover, TGF-β1-

induced Smad3 phosphorylation in HLF was reduced by a miR-424 inhibitor. In silico 

analysis identified Slit2, an inhibitory protein of TGF-β1 profibrogenic signaling, as a 

putative target of miR-424. Together, this study demonstrates a pro-fibrotic role of miR-
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424 in TGF-β1-induced HLF differentiation. It functions as a positive feedback regulator 

of the TGF-β1 signaling pathway via targeting Slit2. 

MiR-146b was confirmed by qRT-PCR as a micro-RNA that is significantly decreased 

both in TGF-β1-treated HLFs and in HLFs derived from IPF patients. Overexpression of 

miR-146b inhibited HLFs differentiation and proliferation while the deletion of miR-146b 

enhanced these processes in mouse lung fibroblasts. MiR-146b plays anti-fibrotic and anti-

proliferation roles by regulating the expression of Smad3 and cyclin D1, respectively, 

indicating the potential pathologic importance of miR-146b in the development of 

pulmonary fibrosis.  

Taken together, these studies identified two novel miRs that are likely involved in 

pulmonary fibrosis, and targeting these miRNAs may provide a new therapeutic strategy 

for IPF.
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Chapter I. Backgrounds and overall objectives of the study 

 

1.1 Fibrotic disease and idiopathic pulmonary fibrosis 

Human fibrotic diseases are a major health problem worldwide due to the large number of 

affected patients, the absence of appropriate and proven biomarkers, the lack of knowledge 

of the pathogenesis, and inadequately effective therapies [1]. The fibrotic disorders 

encompass a wide spectrum of diseases, including nephrogenic systemic fibrosis, systemic 

sclerosis (SSc), and numerous organ-specific fibrotic disorders such as cardiac, pulmonary, 

liver, and kidney fibrosis [2]. 

Pulmonary fibrosis (PF) is a progressive respiratory disorder characterized by lung scarring 

that causes irreversible loss of capacity for oxygen-carbon dioxide exchange. When lung 

remodeling and architecture changes occurs, inflation and deflation become more difficult 

and thus less oxygen can be transferred into the bloodstream [3]. As PF is a progressive 

disorder, the patient becomes weaker and short of breath along with the disease progression 

and ultimately experiences lung function failure. There are over 200 different types of PF, 

and most of them have no known cause. Among all these, the most common type of PF is 

idiopathic pulmonary fibrosis (IPF). IPF is characterized by lung interstitium damage and 

scarring, resulting in alveolar remodeling (Figure 1) [4]. IPF occurs worldwide and the 

prevalence of the disorder appears to be increasing. Approximately 40,000 new cases of 

IPF are diagnosed each year and the incidence appears to be more in North America and 

Europe than in South America and East Asia [5]. Most IPF patients start noticing symptoms 

and are diagnosed between the ages of 50 and 70 years old, and more of them are men than 

women. In the United States, the prevalence of IPF was 494 cases per 100,000 in 2011 
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among adults over the age of 65 and the number was twice as high as the prevalence 

recorded 10 years earlier [6]. This suggests an increasing burden of this disease, with 

increasing rates of hospital admissions and deaths. The median survival time for IPF 

patients following diagnosis is only 2 to 3 years [7]. Combined with the fact that IPF is 

irreversible and largely remains refractory to pharmacological therapies, understanding the 

molecular mechanisms underlying this condition and investigating new therapeutic targets 

is important for IPF patients. 

 

  

Figure 1. Alveolar damage in idiopathic pulmonary fibrosis. A shows the normal lung alveolar 

structures. B shows destructed lung alveolar structure and fibrosis scarring [4]. 

 

1.1.1 Causes and risk factors of IPF 

By the definition of idiopathic, the cause of IPF is not clear; however, IPF is seen more 

commonly in people with certain risk factors (Figure 2). Long-term and repetitive injures 

on lung alveolar epithelial cells from internal or external making a great contribution to the 
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progression of IPF is widely recognized [8]. Cigarette smoking, even a history of smoking, 

increases the risk of IPF [9]. Environmental pollutants are also considered risk factors for 

IPF. Long periods of exposure to air pollutants, including asbestos fibers, silica, grain dust, 

or even animal droppings may induce irreversible damage in the lungs [10]. Another risk 

factor is chronic virus or bacterial infections. Some studies have identified an abundance 

of prevotella and veillonella in bronchoalveolar lavage fluid from IPF patients [11]. 

Increased overall bacterial burden and staphylococcal organisms showed a positive 

association with an increased risk of disease progression in IPF patients [12,13]. In addition, 

herpes virus is suspected of possibly contributing to IPF [14]. Another possible source of 

IPF lung scarring is associated with gastroesophageal reflux disease (GERD) that allows 

small amounts of stomach acids into the lungs and drives repetitive injury to the lung [15]. 

Some medicines can also cause PF, including nitrofurantoin, amiodarone, procainamide, 

and bleomycin [16]. Among these, bleomycin, as a chemotherapeutic drug, is widely used 

for building lung fibrosis animal models [17]. IPF is also known to appear in families that 

may be due to a gene mutation that is inherited. Familial IPF is rare, but it should be 

considered if there are more than two IPF patients in the family [18]. Radiation is another 

potential factor that induces IPF [19]. 
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Figure 2. Risk factors of IPF (adapted from Lungs&You, https://www.lungsandyou.com/facts/ipf-

risk-factors). 

 

1.1.2 Progression of IPF 

When injury happens in tissues, repairing damaged tissues is a fundamental and pivotal 

biological mechanism that allows damaged or dead cells to be replaced and is a critically 

important process for individual survival [20]. However, if this process becomes 

dysregulated, it can lead to disorders by forming a permanent fibrotic scar. This scar is 

characterized by the excess deposition of extracellular matrix (ECM) components, 

including hyaluronic acid, proteoglycans, fibronectin, and interstitial collagens at the site 

of injured tissues [20]. Lung wound healing is a very complicated and highly orchestrated 

process to provide the lungs a substantial potential for recovery after lung damage. 

However, when the wound healing response rages out of control, fibrogenesis occurs. Lung 

wound healing has four distinct stages: clotting and coagulation; inflammatory cell 
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migration; fibroblast migration, proliferation and activation; and tissue 

remodeling/resolution (Figure 3) [20]. The initial events following injury are at the 

clotting/coagulation stage, when epithelial and/or endothelial cells release inflammatory 

mediators that start a coagulation cascade triggering the clotting process. This platelet 

aggregation and later degranulation process, in turn, increase blood vessel dilation and 

permeability to allow efficient recruitment of inflammatory cells, such as neutrophils, 

macrophages, eosinophils, and lymphocytes to the site of injury in the lung. During this 

inflammatory cell migration phase, activated neutrophils and macrophages clean up the 

wound site and destroy any invading organisms. At the same time, these inflammatory cells 

produce diverse chemokines and cytokines that potentiate the inflammatory response and 

trigger subsequent fibroblast recruitment and proliferation. Fibroblasts and activated 

myofibroblasts are the main sources of the ECM components that fill in the injured site. 

Local mesenchymal cells, bone marrow progenitors (fibrocytes), and epithelial cells 

through the epithelial-mesenchymal transition (EMT) process that trans-differentiates them 

into fibroblast-like cells are all sources of myofibroblasts [20]. Though the overall 

importance of each fibroblast precursor population remains unclear, myofibroblast plays a 

vital role in wound healing. Once fibroblasts are activated and differentiated, they 

transform into a-smooth muscle actin (a-SMA)-expressing myofibroblasts that produces 

a large amount of ECM components [21]. In the last stage, a-SMA-expressing 

myofibroblasts promote wound contraction and damaged tissue regeneration.  

IPF was initially considered as persistent inflammation-induced scarring of the lung. Thus, 

early studies were focused on evaluating the efficacy of drugs that primarily halt immune 

and inflammatory responses, for instance, corticosteroids and other immunomodulatory 
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agents. However, all results of those trials were disappointing [22, 23]. The understanding 

of IPF pathobiology has profoundly changed over the last decade. The current hypothesis 

of IPF pathology is that alveolar epithelial cells get repetitive injures initially and this is 

followed by dysregulated wound healing processes that form fibroblast foci composed of 

fibroblast and myofibroblast complexes, ultimately causing lung function loss. 

Differentiation, proliferation, and migration of fibroblasts are considered to play key roles 

in the progression of IPF [22, 24]. Accordingly, recent randomized controlled clinical trials 

have focused on anti-proliferative and anti-fibrotic molecules [25, 26]. However, the 

pathogenesis of IPF still remains incompletely understood and truly effective therapies 

remain to be identified.  

 

 

Figure 3. Disruptions in normal wound healing contribute to the development of pulmonary fibrosis 

[20].  

 

1.1.3 Current treatments for IPF 

Current potential treatments for IPF patients include non-pharmacologic management and 

pharmacologic management [22]. The normal lung is replaced by scar tissue as fibrosis 

progresses, thus impairing the lung’s capacity for gas exchange and oxygen delivery into 
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the blood, resulting in hypoxia [27]. Thus, home pulse oximetry is used as non-

pharmacological management and noninvasive assessment of arterial oxygen saturation of 

hemoglobin (SpO2) and for IPF patients to monitor and maintain SpO2 at a level higher 

than 90% to prevent the development of pulmonary hypertension [28]. In addition, 

pulmonary rehabilitation was designed for adults with advanced lung disease and has been 

suggested for use as non-pharmacologic management of IPF patients to improve exercise 

capacity and health-related quality of life of these patients [29]. Another non-

pharmacologic treatment of IPF is lung transplantation. It is the only effective method for 

end-stage IPF patients. Approximately half of lung transplantats performed in the United 

States are for interstitial lung disease [30]. However, the window of opportunity for lung 

transplant evaluation is very limited due to the potential rapid progression of the disease 

and the difficulty of predicting the rate of progression in IPF patients [31]. Also, 

complications after lung transplants are still more common than those after heart, liver, or 

kidney transplant.  

The first IPF case was diagnosed for more than 90 years ago. For the past decades, most 

used pharmacologic management for IPF including corticosteroids, anti-coagulation 

agents, and N-acetylcysteine [32-34]. However, clinical trials showed that they can neither 

improve the quality of life for IPF patients nor increase survival time and that they are 

associated with adverse reactions. In 2014, the FDA approved two drugs, pirfenidone and 

nintedanib, for IPF treatment [35]. Pirfenidone is a synthetic pyridine compound and 

available orally. Pulmonary fibrosis animal model studies showed that pirfenidone exerts 

anti-fibrotic and anti-inflammatory properties through inhibition of inflammatory cells and 

cytokines and decreased expression of pro-fibrotic mediators such as transforming growth 
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factor-1 (TGF- 1) [36]. Also, compared to the placebo, pirfenidone significantly reduced 

the decline of forced vital capacity (FVC) at week 52 and decreased the relative risk of 

death by 43%. However, the mechanism of action of pirfenidone is still not completely 

understood [37]. Another approved drug, nintedanib, was developed as an anti-cancer drug 

originally and functions through inhibition of multiple tyrosine kinase signaling pathways, 

including those for vascular endothelial growth factor receptors 1, 2 and 3 (VEGFR), 

fibroblast growth factor receptors 1, 2 and 3 (FGFR), and platelet-derived growth factor 

receptors (PDGFR) [38]. VEGF, FGF and PDGF have been implicated in angiogenesis and 

fibrogenesis processes in the pathogenesis of IPF [39]. The efficacy of nintedanib in IPF 

patients was confirmed in two identical, double-blind, randomized, placebo-controlled, 

multinational, 52-week duration, phase III clinical trials. Nintedanib significantly 

decreased the rate of decline in FVC over the study period when compared to placebo 

groups in both trials [40]. The cost of each medication is estimated to be more than 

$100,000 annually [41]. Even though these two drugs have effects on slowing disease 

progression and prolonging the life of IPF patients, neither of them could reverse fibrosis 

processes. Thus, investigating effective new molecular approaches for IPF treatment is 

urgently needed.  

 

1.2 TGF-β1 is a key mediator in the procession of pulmonary fibrosis 

TGF-b is a well-studied cytokine and has pleiotropic effects that are involved in a variety 

of biologic processes, including cellular differentiation, proliferation, apoptosis, and 

carcinogenesis. The TGF-b superfamily is highly conserved from invertebrates to 

vertebrates and contains more than 30 protein members, including TGF-bs, activins, and 
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bone morphogenetic proteins (BMPs) [42, 43]. Among these, TGF-b has 3 isoforms in 

mammals, which are TGF-b1, 2 and 3. TGF-b1 is the isoform that is most closely related 

to the progression of IPF and is considered as the most prominent mediator of fibroblast 

differentiation [44]. In the lungs, TGF-b1 can be produced by a variety of different cell 

types, such as alveolar macrophages, neutrophils, activated alveolar epithelial cells, 

fibroblasts, myofibroblasts, and endothelial cells. Once activated, TGF-b1 induces 

macrophage and fibrocyte recruitment and stimulates expression of many fibrogenic 

cytokines, including PDGF, IL-1, and IL-13, thus further promoting the fibrotic response 

(Figure 4)  [45]. 

  

Figure 4. The role of TGF-b1in IPF pathogenesis and potential sources of myofibroblast [45]. 
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1.2.1 TGF-b1canonical signaling pathway  

All TGF-b superfamily proteins bind and activate cell surface heteromeric receptors 

classified as type I and type II receptors. Both types of receptors have a cytoplasmic kinase 

domain with serine/threonine kinase activity and tyrosine kinase activity [46]. TGF-b is 

secreted in a latent form with an N-terminal pro-region, known as the latency-associated 

peptide (LAP) [47]. The extracellular amount of TGF-b activity is mostly regulated by the 

activation of latent TGF-b. Under normal conditions, tissues contain large quantities of 

latent TGF-b but only activate a small fraction of the latent TGF-b for signaling cascade. 

A variety of proteases including matrix metalloproteinases MMP-2 and MMP-9 have been 

investigated as TGF-b activators [48, 49]. The active form of TGF-b is a dimer containing 

two TGF-b molecules linked by a disulfide bridge between the ninth cysteine of each 

monomer. Once activated, TGF-b binds to the constitutively  expressed TGFb type II 

serine/threonine kinase receptor (TGFbRII) to form a stable oligomeric receptor complex. 

This receptor complex allows the TGFbRII receptor to phosphorylate TGFbRI at the C-

terminal highly conserved GS domain. This phosphorylation leads to a conformational 

change and activates TGFbRI. 

For the canonical TGF-b1 signaling pathway, Smad proteins are the central regulators in 

downstream signaling [50]. To date, a totalof 8 Smad proteins have been characterized in 

mammals and these are divided into 3 different functional subgroups, which are the 

receptor-activated Smads (R-Smads), co-mediator Smads (Co-Smads), and the inhibitory 

Smads (I-Smads). R-Smad proteins are directly phosphorylated by TGFbRI on their 

carboxy terminal Ser-Ser-X-Ser (SSXS) motif. Smad1, Smad2, Smad3, Smad5 and Smad8 
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are in this subgroup. Among these, Smad2 and Smad3 are the downstream messengers of 

TGF-bs while Smad1, Smad5 and Smad8 are phosphorylated in response to BMP. Only 

one Co-Smad protein has been identified, which is Smad4, and it is shared by both TGF-

b/activin and BMP signaling pathways. Smad6 and Smad7 are in the I-Smad subgroup and 

are induced by BMP and TGF-b/activin signaling pathways, respectively. They act as 

negative regulators to inhibit activation of R-Smads by triggering degradation of the 

receptors or by competitively binding with the R-Smads. Thus, once the TGFbRI receptor 

is activated, it then phosphorylates C-terminal SXSS motif of Smad2/Smad3 to initiate the 

Smad signaling cascade. A number of proteins must be recruited to the activated receptor 

complex during this process to promote R-Smad phosphorylation by TGFbRI, including 

Smad anchor for receptor activation (SARA) for interacting with both non-phosphorylated 

R-Smads and the TGF-b receptor complex and hepatocyte growth factor-regulated tyrosine 

kinase substrate (Hrs/Hgs) that are FYVE domain-containing proteins to present the Smads 

to TGFbRI. Once R-Smads are phosphorylated by the receptor complex, the R-Smads then 

dissociate from SARA and the receptor complex to bind with Smad4. This (or “the 

resulting”) heteromeric complex of R-Smad/Smad4 relocates to the nucleus and interacts 

with distinct co-transcription factors to turn on or off the expression of TGF-b1 response 

genes that are involved in cell proliferation and differentiation. Both activation and 

suppression of gene expression use the same set of R-Smads; however, many of these gene 

responses depend on the different cell types and other conditions that affect the cell at the 

time of TGF-b1stimulation (Figure 5) [51]. In addition, TGF-b1 can also activate mitogen-

activated protein kinases (MAPKs), including p38, JNK, ERK, and phosphatidylinositol 3 

kinase (PI3K)/Akt as non-canonical signaling pathways [52].  
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Figure 5. Schematic overview of the canonical, Smad-dependent TGF-b signaling pathway [51]. 

 

1.2.2 Regulation of TGF-b1 signaling pathway 

TGF-b1 signaling is tightly regulated, from modulating the activity and stability of TGF-

b1 receptors to the regulation of Smad protein transcriptional function and expression [53]. 

TGF-b1 receptors can undergo ubiquitination-mediated degradation by conventional 
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ubiquitination systems that contain ubiquitin E1, E2 and E3 ligases. Also, Smad7, as a 

critical I-Smad, can interact with the activated TGFbRI and recruit the HECT domain-

containing E3 ligases Smurf1, Smurf2, wwp1, or NEDD4-2 to the receptor to bring about 

ubiquitination and degradation of the receptor [54]. Regulation of Smad activity is also 

important for TGF-b1 signaling modulation, such as the TGF-b1 negative regulator protein 

Ski. It interacts with the R-Smads through their N-terminal regions and Smad4 through its 

SAND-like domain simultaneously, resulting in blockade of the ability of the Smad 

complexes to activate TGF-b1 target gene transcription target  [55].    

Since TGF-b1 is a critical mediator in many diseases, it shows great potential as a target 

for therapeutic intervention and has become a hotspot for drug discovery (Figure 6) [56]. 

To date, many drugs that target TGF-b signaling pathways are under clinical trials, such as 

TGF-b neutralizing antibodies that have shown safety and efficacy in fibrotic disorders, 

and a TGFBRI kinase inhibitor that has antitumor activity in glioma and some other 

advanced cancers [57, 58]. 
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Figure 6. Schematic representation of therapeutic approaches for blocking TGF-β Signaling [56]. 

 

1.3 Introduction of microRNA 

MicroRNAs (miRs) are evolutionarily conserved small non-coding RNAs that play critical 

roles in regulating gene expression. The first miRNA was discovered in 1993, in a study 

on lin-4 small RNA in Caenorhabditis elegans [59]. Before the first miR was discovered 

to be functional, their DNA was considered as “junk DNA” since they were non-coding 

RNAs and their function was unknown. However, Lee et al. [59] showed that lin-4 

negatively regulated the expression level of the protein Lin-4 in C. elegans in the first larval 

stage of development. Lagos-Quintana et al continued to show that many other RNAs, 
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known as microRNAs, are 21 and 22 nucleotides in size and exist in both invertebrates and 

vertebrates and show high conservation [60]. It was the first discovery of miR that opened 

up a vast research area to look at cellular processes in a different light. MiRs were predicted 

to may make a great contribution to the control of diverse regulatory processes. The roles 

and functions of miRs have been broadly studied in recent years. The overall hypothesis of 

these studies is, if small non-coding RNAs can regulate gene expression, then it could also 

be possible that the dysfunction of miRs may result in abnormal gene expression and 

potentially be involved in disease outcomes. The first study to link dysregulation of miR 

with human disease was conducted by Calin et al, on down-regulated miR-15 and miR-16 

in the majority of B-cell chronic lymphocytic leukemias [61]. Similarly, the ability of small 

non-coding RNAs to be adapted for therapeutic use is gaining much interest and attention. 

 

1.3.1 Biogenesis of microRNAs 

MiRs are approximately 18-25 nucleotide RNA molecules. Like all other genes, miR genes 

are usually transcribed from RNA polymerase II promoters and then processed from 

primary transcript to mature miRs via canonical or non-canonical biogenesis pathways 

(Figure 7) [62]. MiR genes may exist in independent transcriptional units with their own 

promoters. Also, several miR genes can be transcribed together with the same promoter, 

thus producing a single primary miR as a cluster that will be subsequently clipped to 

produce the individual mature miRs. MiRs that have independent promoters usually exist 

in intergenic regions. Some others can be located in intragenic regions that are regulated 

by the protein coding host gene promoter and therefore require splicing following 

transcription. Regardless of the site where the miR gene is located, the characteristic feature 
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is the ability of the intermediary transcripts to fold into hairpin structures that allow for 

their recognition and subsequent processing. The biogenesis begins in the nucleus, during 

the canonical biogenesis pathway, where miRs are usually initially transcribed by RNA 

polymerase II though some by RNA polymerase III as a capped and polyadenylated 

transcript referred to as pri-miR. The pri-miR is then digested to a 60-100 nucleotide stem-

looped structure known as precursor miR (pre-miR) by a member of the RNase III family, 

Drosha and its cofactor Digeorge syndrome critical region 8 (DGCR8). Some pre-miRs are 

transcribed from very short introns as a result of splicing and debranching and bypass the 

requirement of Drosha-DGCR8 in the non-canonical miR biogenesis pathway [62]. In both 

pathways, after pre-miRNA is formed, it is exported by the nuclear export protein exportin 

5 from the nucleus to the cytoplasm where it is further processed by a second RNase III 

enzyme Dicer and its cofactor TAR RNA-binding protein 2 (TRBP) that cleaves the loop 

structure at the end of the hairpin by recognizing the end of the pre-miR hairpin and 

producing approximately 25-nucleotide mature miR duplexes. One strand of this double-

stranded miR (guide strand or matured miR) is loaded into a functional ribonucleoprotein 

complex with Argonaute 2 (AGO2)-containing RNA-induced silencing complex 

(miRISC). This complex then worksto suppress downstream target gene expression. 

Usually the other strand (known as passenger strand) is degraded; however, numerous 

recent studies show that passenger strand miR can also be loaded into miRISC complexes 

and have function as guide miR [62].  

The biogenesis of miRs is tightly regulated at multiple steps. Transcriptional regulation is 

the major mechanism for controlling tissue and cell type-specific miR expression [63]. 

Drosha and Dicer are also highly regulated for their catalytic activity, mainly through their 
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binding partners DGCR8 and TRBP, respectively [63]. DGCR8 binding to the central 

domain of Drosha has been proposed to help to stabilize the enzyme complex, but the 

excessive expression of DGCR8 may compromise Drosha activity. In addition, the DGCR8 

expression level can be reduced by Drosha via cleaving the hairpin structures contained in 

DGCR8 mRNA [64, 65].  

 

Figure 7. Canonical and non-canonical miRNA biogenesis pathways and regulation [62].  
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1.3.2 MicroRNA mechanism of action 

When mature miRs are loaded into the RISC, the ribonucleoprotein complex acquires the 

ability to regulate target gene expression. A sequence of 2-7 nucleotides at the 5’ end of 

the mature miR, called the seed region, plays a key role in mediating binding of the miR-

induced silencing complex (miRISC)/Argonaute to the target gene. The complex can direct 

the regulation of target mRNAs which contain sequences complementary to the miR seed 

region in their 3’ untranslated regions (UTRs). Sequence complementary between miR and 

its target mRNA determines whether or not the seed match is perfect. Complete 

complementarity of the seed region and sequence in target mRNA 3’ UTR leads to 

degradation of the target mRNA, while incomplete complementary match causes 

translational inhibition or exonucleolytic decay of the mRNA (Figure 8) [66]. 

Of note, each miRNA can regulate multiple target mRNAs simultaneously. Moreover, 

some miRNAs target components of a single pathway, suggesting the miRNA could be 

potentially used to manipulate the activity and function of an entire pathway rather than 

one component alone.  

 

 

Figure 8. MiRNA mechanism of action [66].  
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1.3.3 Crosstalk between TGF-b1 signaling and microRNA machinery in IPF   

As more and more miRs are discovered, the focus of miR research has shifted to study 

function, especially the relationship between dysregulated miRs and human diseases. The 

function of miRs in many important biological processes, including cell proliferation, 

apoptosis, metabolism, intracellular signaling transduction, and motility have been 

elucidated. Moreover, extracellular miRs were widely reported as potential biomarkers for 

various diseases [67-69]. Because of the importance of miRs in regulating biological 

processes, miRs have been linked to a wide spectrum of diseases, such as cardiac disorders, 

cancers, diabetes mellitus, kidney disease, and fibrosis [70-74]. Among these, some miRs 

were found to be differentially expressed in human IPF lungs (Figure 9) [74]. 

 

 

Figure 9. The differentially expressed miRNAs and their role in the progression of IPF [74].  
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The importance of identifying dysregulated miRNAs and their function in IPF may enable 

the application of miRNA modulation in a clinical setting to treat or alleviate IPF 

progression (Figure 10) [75]. Since thickening of ECM is the key characterization of IPF, 

and myofibroblasts are the principal cell type that produces, maintains, and reabsorbs 

ECM, pulmonary fibroblast proliferation and differentiation are key links in the 

progression of IPF. Numerous studies of miRNA in IPF have focused on regulating 

pulmonary fibroblast cell function. Meanwhile, TGF-b is considered a potent prototypical 

factor for the induction of fibroblast differentiation and has been extensively studied in the 

role of miRNAs in fibroblasts [75]. 
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Figure 10. Regulation of TGF-b/Smad signaling by miRNAs [75].  

 

MiR-26a has been reported to be significantly decreased in lung tissues of pulmonary 

fibrosis mice and patients with IPF and is associated with activation of the TGF-b1 

signaling pathway and increased expression of one target protein of miR-26a, CTGF. 

Overexpression of miR-26a inhibits experimental pulmonary fibrosis in mice while 

inhibition of miR-26a in pulmonary fibroblast promotes collagen production in the lungs 
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of mice, suggesting miR-26a as an anti-fibrotic miRNA. Expression of miR-26a was also 

reported to be decreased by Smad3 and, in turn, miR-26a inhibited the nuclear translocation 

of Smad3 by regulating Smad4. These results indicate that miR-26a inhibits fibrosis by 

targeting CTGF in fibroblasts and reduces collagen secretion [76]. Li et al. [77] also 

reported that miR-26a inhibits fibroblast proliferation by regulating cyclin D2 as additional 

evidence of its potential for prevention and treatment of miR-26a in IP. 

MiR-326 is another negative regulator of IPF. It was reported that miR-326 controls 

expression of TGF-b1 and downregulates the expression of pro-fibrotic genes, such as 

Smad3 and  MMP-9, while upregulating the antifibrotic gene Smad7 [78].  

In contrast to anti-fibrogenic miRs, miR-145 was found to function as pro-fibrotic miR. 

Yang et al. [79] demonstrated that overexpression of miR-145 enhances differentiation 

marker protein a-SMA production and enhances contractility and thus promotes the 

development of pulmonary fibrosis. MiR-145 directly targets KLF4, which is a known 

negative regulator of a-SMA, indicating that miR-145 could play a role in the 

differentiation of fibroblasts. 

Another well-studied pro-fibrotic miRNA is miR-21. MiR-21 is widely expressed in tissues 

but is not essential for normal tissue development. Liu and colleagues found that miR-21 

is minimally expressed in normal mouse lung tissues but, following treatment with 

bleomycin, miR-21 expression was dramatically higher in lungs. They found that inhibition 

of miR-21 by miR-21 antisense probe could significantly reduce or eliminate IPF 

progression even at 5-7 days after bleomycin treatment. MiR-21 expression was found to 

be regulated by TGF-b1 in lung fibroblasts. In addition, up-regulated miR-21 directly 

targets Smad7 and thus activates the TGF-b1 signaling pathway and subsequently 
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potentiates responses thought to be involved in the occurrence and development of IPF 

[80].  

 

1.3.4 Clinical development of microRNAs 

The relatively new research field of miRs has progressed and expanded quickly given that 

the first miR was only discovered in 1993. There is the prospect for synthetic miR 

inhibitors and mimics to serve as therapeutic tools in treating diseases. MiRs are intriguing 

targets because they are small molecules that allow for easy chemical modification to 

enhance their PK/PD profiles. Approaches that are usually used include LNA modification, 

2’-O-methoxyethyl (2’-MOE), and phosphorothioate-modification, among otheres [62]. 

LNA is a bicyclic nucleic acid that tethers the 2’ oxygen to the 4’ carbon through a 

methylene bridge that locks the sugar structure into a 3’ endo conformation, resulting in 

enhanced binding affinity and high nuclease resistance [81]. The 2’-MOE modification at 

the 2’ sugar position generates superior binding affinity and nuclease resistance. 

Phosphorothioate-modified oligonucleotides have shown improved absorption, 

distribution, and excretion profiles by enhancing their binding affinity with plasma proteins 

that allow the modified oligo-nucleotides to be rapidly (1-2 hours) absorbed from the 

injection site into the bloodstream [82]. To date, miRNA-targeting therapies are in the 

spotlight and are an area of interest to pharmaceutical companies. Many compounds are in 

preclinical and clinical development for a spectrum of diseases, including fibrosis [83, 84]. 

Regulus Therapeutics developed RG-012 for the treatment of Alport Syndrome. Alport 

Syndrome is a progressive kidney disease in which patients show progressive loss of 

normal kidney function due to excessive collagen deposition in kidney. RG-012 is a single-
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stranded chemically modified oligonucleotide that binds and inhibits miR-21 function. It 

was observed to cause strong inhibition of miR-21 functions in vitro and in vivo in 

preclinical studies. It also showed encouraging data in Phase I clinical trial [84].  

 

Table 1. MiRNA related therapeutics in fibrosis [84]. 

 

 

Though evidence to date suggests that miR-targeting therapeutics could be powerful for 

the treatment of human disease, this approach is still in its infancy, and several obstacles 

still need to be overcome, including hybridization-associated off-target effects, 

hybridization-independent off-target effects, and delivery-related problems [62]. There are 

not many miRs that have a sufficiently high expression to be feasible targets for 

mechanistic studies compared to the total number of discovered miRs. Furthermore, many 

miRs belong to a family with similar seed sequences, leading to difficulty distinguishing 

between miRNAs within the same family for developing anti-miRs, which could lead to 

hybridization-associated off-target effects [62]. In addition, although chemical 

modification of oligonucleotides is helpful and necessary to change PK/PD profiles, these 

changes could also induce sequence-independent toxicity in vivo. Toll-like receptors 

expressed on cells of the innate immune system have a pivotal role in microbial defense, 

including TLR3, TLR7, TLR8 for RNA and TLR9 for DNA recognition that is of bacterial 
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and viral origin [85]. Delivery-related concerns are mainly focused on delivery into specific 

target tissues or even target cell types. Another limiting factor is how to reach a sufficient 

dose within cells without severe off-target effects [62].  

 

Objectives of the study 

IPF is a progressive and devastating disease that ultimately causes lung failure and death 

of patients. Since the older population is more vulnerable to IPF, the incidence of IPF is 

increasing along with the aging of the population. In addition, aggravated environmental 

pollution also increases the risk. Hence, studies on the mechanisms and new potential 

therapeutic targets have important theoretical and practical significance for treating IPF.  

Based on the most recent study, there are approximately 2300 true human mature miRs, 

1115 of which are currently registered in the miRBase database [86]. However, very few 

of them have known function in the progression of IPF. In our previous (previous? Or 

previously published?) microarray sequencing analysis, we found significantly 

differentially expressed miRs, miR-424 and miR-146b, that are up-regulated and down-

regulated by TGF-b1, respectively, in human lung fibroblasts (HLFs). Therefore, my 

dissertation research tested the hypotheses that up-regulated miR-424 acts as a pro-fibrotic 

mediator while down-regulated miR-146b functions as an anti-fibrotic factor in the 

progression of IPF. The overall goal of my studies was to investigate their biological 

importance and the mechanisms underlying their regulation of fibrosis, providing new 

potential therapeutic strategies for IPF. In summary, the following objectives were pursued: 

1. Assess the biological importance of miR-424 and miR-146b in TGF-b1-induced HLF 

differentiation and pulmonary fibrosis; and 
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2. Define the cellular and molecular mechanisms underlying miR-424 and miR-146b 

regulation of pulmonary fibrosis-related pathology. 
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Chapter II.  The pro-fibrotic role of up-regulated miR-424 in  

TGF-β1-induced HLF cell differentiation 

 

2.1 Introduction 

IPF is a progressive disease characterized by the formation of fibroblastic foci that contains 

fibroblasts, myofibroblasts and abundant extracellular matrix. Despite the fact that the 

cause of IPF remains largely unknown, aberrant fibroblast differentiation into 

myofibroblasts, the main source of the excessive extracellular matrix (ECM) that 

characterizes IPF, is considered a key feature of IPF [27]. TGF-β1 is well recognized as a 

key profibrogenic mediator that potently induces pulmonary fibroblast differentiation into 

myofibroblasts [45]. In addition, differentially expressed miRs have been shown to be 

involved in the initiation and progression of many human diseases, including 

cardiovascular disease, diabetes, lung disease, and a variety of cancers [70-74]. The 

importance of miRs and their dysfunction in various human diseases suggest that 

modulation of miR expression may serve as a new therapeutic modality. Moreover, 

multiple studies have shown that TGF-β1 treatment can induce miRs expression changes 

in different cell types and that these miRs may play important roles in TGF-β1-induced 

cell migration, invasiveness, proliferation, and differentiation [21-23]. Furthermore, 

several studies have identified various miRs that are differentially expressed in lung tissues 

and pulmonary fibroblasts of IPF patients. We recently found that TGF-β1-induced miR-

133a suppressed myofibroblast differentiation and pulmonary fibrosis [87]. Interestingly, 

miR-424 was also found to be upregulated in a human lung epithelial cell model of 

epithelial-to-mesenchymal transition (EMT) and TGF-β1 treatment enhanced miR-424 
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expression and subsequently potentiated EMT [88]. However, the role of miR-424 in 

pulmonary fibroblasts and the TGF-β1-mediated myofibroblast differentiation that occurs 

in IPF is still unknown. 

In the present study, we systematically analyzed alteration of miR expression after TGF-

β1 treatment of human lung fibroblasts (HLFs). Using RNA-sequencing and quantitative 

real-time PCR (qRT-PCR) strategies, we identified miR-424 as an important TGF-β1-

induced miR that promotes TGF-β1-induced myofibroblast differentiation. Deciphering 

the function and molecular mechanism of miR-424 regulation of myofibroblast 

differentiation and its roles in pulmonary fibrosis may provide a promising target for 

therapeutic treatment of IPF. 

 

2.2 Materials and methods 

2.2.1 Cell culture and reagents 

HLFs established from patients with brain-related disease but no history of pulmonary 

fibrosis were a kind gift from Dr. Reynold A. Panettieri (Rutgers University) [28]. HEK293 

cells were purchased from the American Type Culture Collection (ATCC). HLFs were 

grown in a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F-

12 Nutrient Mixture (F12) supplemented with 10% fetal bovine serum (FBS) (Gibco, 

Gaithersburg, MD), 100 U/mL penicillin G and 100 µg/mL streptomycin (Life 

Technologies, Carlsbad, CA). HEK293 cells were grown in DMEM supplemented with 

10% FBS. All cells were maintained at 37 ⁰C under 5% CO2. The Smad3 specific inhibitor 

SIS3 was purchased from Tocris BioScience (Minneapolis, MN). All the cell lines were 

authenticated by short tandem repeat analysis before use. Human recombinant TGF-β1 
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(#8915) and Smad2/3 antibody sampler kits (#12747) were from Cell Signaling 

Technology (Danvers, MA). Anti-α-SMA monoclonal antibody, clone 1A4 (A2547) was 

purchased from Sigma-Aldrich (St. Louis, MO). Anti-CTGF antibody (sc-365970) was 

purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX).  Anti-glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (#60004-1-Ig) was from Proteintech (Chicago, IL). 

Anti-Slit2 antibody (#PA5-31133), Slit2 specific ON-TARGETplus SMARTpool siRNA 

and RUN6B (001093) were purchased from Thermo Fisher Scientific (Bartlesville, OK) 

and GE Dharmacon (Lafayette, CO), respectively. 

 

2.2.2 Human lung tissues 

Deidentified human lung tissue samples were provided by the University of Nebraska 

Medical Center Lung Transplant Biobank. Fibrotic lung tissues were obtained from 

explanted lungs of end-stage ILD/IPF patients who underwent lung transplant. Control 

lung tissues were obtained from non-fibrotic (NF) lungs that were not transplanted. 

Controls had no lung disease, were not current smokers (<20 pack year history), and were 

age-matched to the fibrotic tissue. All samples were taken from a subpleural location. The 

samples were deidentified by an honest broker.  The protocol for collecting tissues was 

approved by the Institutional Review Board of the University of Nebraska Medical Center 

(#122-16-FB). 

 

2.2.3 RNA isolation 

Total RNA was isolated from cell and lung tissue samples using Trizol reagent 

(Invitrogen). Wash cell once with cold PBS before adding Trizol. After aspirate PBS, 1 
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mL Trizol was added to the cells. Incubated the homogenized samples for 5 min at room 

temperature and then collected samples into tubes. Adding 0.2 mL chloroform to tubes and  

shake vigorously for 15 s. Incubate samples at room temperature for 5 min, following 

centrifuge at 11,000 rpm for 15 min at 4°C. Siphon aqueous layer after centrifuging into a 

clean tube and add an equal volume of isopropyl alcohol to aqueous layer. Shake well and 

incubate samples again at room temperature for 10 min. Centrifuge at 12,000 rpm for 10 

min at 4°C. Then remove supernatant and wash RNAs with 1mL 75% ethanol, mix samples 

well and centrifuge at 8800 rpm for 5 min at 4°C. Add an appropriate volume of DEPC 

water to dissolve RNAs. The quality of isolated RNAs were confirmed by visualization of 

integrity of the 18S and 28S RNA bands on 1.5% agarose gel. 

 

2.2.4 Quantitative RT-PCR 

The sequencing data showing differentially expressed miRs have been deposited in NCBI’s 

Gene Expression Omnibus and the accession number is GSE125183. The relative 

expression level of miR-424 was further determined by TaqMan™ MicroRNA Assays 

(Thermo Fisher Scientific) on total RNA. A reaction mixture per 1 unit for reverse 

transcription was made up of 1.16 µL diethylpyrocarbonate (DEPC) water, 1.5 µL 10x 

Buffer, 0.19 µL RNase inhibitor, 3 µL miR-424 SL and RUNB6 primer mixture, 1 µL 

MultiScribe Reverse Transciptase (MSRT) from kit and of total 5 µL RNA to a final 

volume of 15 µL. Incubate mixtures on ice for 5 min and then subjected to PCR as follows: 

30 min at 16 °C followed by 42°C for 30 min and 85°C for 5 min. For real time PCR, 

reaction mixture per 1 unit was made up of  10 µL Taqman Universal PCR Master Mix, 1 

µL universal-Reverse primer, 1 µL miR-424- Forward primer, 6 µL DEPC water, 1 µL 
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Taqman probe with cDNA to a total 20 µL reaction system. Taqman probe was purchase 

from Life Technologies (Grand Island, NY) and the sequence is: 5’-FAM-

TCGCACTGGATACG-MGBNFQ-3’. Primers used are listed below: 

hsa-miR-424-SL: 

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTCAAA 

hsa-miR-424-For: GCCGCAGCAGCAATTCATGT 

Uni st-lo rev: CAGTGCAGGGTCCGAGGT 

UltraSYBR Mixture (Thermo Fisher Scientific) was used to determine Smad7, SMURF1, 

SMURF2, Slit2 and COL1A1 mRNA expression levels, all of which were normalized to 

GAPDH expression. Total RNA samples were treated with DNase I to remove 

contaminating genomic DNA before PCR. The reaction system per one unit was made up 

of 1.5 µL DNase I (1 U/, Invitrogen #18068-015), 1 µL DNase I 10x reaction buffer, 0.25 

µL RNase inhibitor (40 U, Promega #2611), 1 µg RNA, then add DEPC water to a final 

volume of 10 µL. Incubate master mix with RNAs together at 37 °C for 30 min, then add 

10 mM 0.5 µL EDTA to inactivate DNase I at 75 °C for 10 min. The reaction system could 

be proportional adjusted for a larger amount of RNA. Reverse transcription was next to 

DNase treatment to get complementary DNA (cDNA). The reaction system per 1 unit was 

made up of 4 µL 5X First-Strand butter, 1 µL 10 mM dNTP mix (Invitrogen), 1 µL random 

hexamer primer (500 µg/mL, Applied Biosystems), 1 µL M-MuLV reverse transcriptase 

(200 U/µL Applied Biosystems), 2 µL 0.1 M DTT and 1 µl RNase inhibitor. The total 

volume with RNA is 20 µL. The cDNA could be stored at -20 °C until use. PCR program 

is as follows: 10 min at 25 °C followed by 42°C for 50 min and 70°C for 15 min. Primers 

used in here were listed as follows: 
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Smad7 forward: GAATCTTACGGGAAGATCAACCC 

Smad7 reverse :  CGCAGAGTCGGCTAAGGTG 

SMURF1 forward: GTCCAGAAGCTGAAAGTCCTCAGA 

SMURF1 reverse: CACGGAATTTCACCATCAGCC 

SMURF2 forward: GATCCAAAGTGGAATCAGCATTATGACC 

SMURF2 reverse: GGTTGATGGCATTGGAAAGAAGACG 

Slit2 forward: CCAGCTTCTGCCATTTACAGTGT 

Slit2 reverse: TTCCCTGGCATGCCTCCTA 

COL1A1 forward: TTGTGCGATGACGTGATCTGT 

COL1A1 reverse: TTGGTCGGTGGGTGACTCTG 

GAPDH forward: AGGGCTGCTTTTAACTCTGGT 

GAPDH reverse: CCCCACTTGATTTTGGAGGGA 

The reaction system per 1 unit for Real Time PCR was made up of 10 µL 2x SYBR Green 

PCR Master Mix (Applied Biosystems), 0.65 µL forward and reverse primers each and 2 

µL template cDNA. Add DEPC water to a final volume of 25 µL. The PCR for both 

miRNA and mRNA were performed using an ABI Prism 7500 Sequence Detection System 

(Applied Biosystems) under standard condition for TaqManTM and SYBR Green 

respectively. The threshold cycle (CT) value is defined as the cycle at which a statistically 

increase in the magnitude of the signal generated by the PCR reaction was first detected. 

The relative expression levels of each miR and mRNA between samples were calculated 

by comparing delta CT value method. RUN6B and GAPDH were used as internal controls 

for miR and mRNA quantification analysis respectively. 
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2.2.5 Small RNA transfection 

The miR mimic control (#CN-001000-01-05), miR-424 mimic (C-300717-05-0005), 

miRNA inhibitor control (#IN-002005-01-05) and miR-424 hairpin inhibitor (#IH-300717-

07-0005) were purchased from GE Dharmacon (Lafayette, CO) and transfected to HLFs 

using Lipofectamine® RNAiMAX Reagent (Thermo Fisher Scientific). According to the 

manufacturer’s instructions, for cells cultured in 12-well plate, the reaction system was 

made up of 200 µL Opti-MEM, 1.2 µL miR-424 mimic or mimic control and 2.5 µL 

RNAiMAX transfection reagent.  Mix well and incubate for 5 min at room temperature. 

The complex was then mixed with 1x105 HLF cells in 1 mL full cell culture medium and 

seeded into 12-well plate. Change medium 4-6 h after transfection and keep culturing cells 

for indicated time points. 

Slit2 siRNA (L-019853-00-0005) or its scramble siRNA (negative control #1 siRNA) from 

GE Dharmacon and were transfected into HLFs by duel-transfection. 1x 105 HLFs were 

initially transfected with 50 nM of scramble siRNA or Slit2 siRNA using electroporation 

with program U-023 (Amaxa® Nucleofector) and seeded cells into 6-well plate. Change 

medium after 6 h. Then 24 h later, the second transfection was performed using 

Lipofectamine® 2000 (Thermo Fisher Scientific) according to the manufacturer’s 

instructions, which was as follows: a. dilute siRNA in 50 µM Opti-MEM medium to a final 

concentration of 50 nM, mix gently; b. add 1 µL of Lipofectamine® 2000 in 50 µL Opti-

MEM, mix gently and incubate at room temperature for 5 min. c. after the 5-min 

incubation, combine the diluted siRNA with the diluted Lipofectamine® 2000 and mix 

gently for another 20 min incubation at room temperature and added to HLFs. Fresh 

medium was changed 4-6 h later transfection. 24 h after the second transfection, cells were 
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treated without or with 1 ng/mL TGF-β1 for 48 h and then subjected to qRT-PCR and 

western blot analysis. 

 

2.2.6 Protein extraction and western blot 

HLFs were lysed using the RadioImmunoPrecipitation (RIPA) lysis buffer (Sigma) with 

0.1% sodium dodecyl sulfate (SDS), 0.1% Triton X-100, 1 mM ethylene glycol tetraacetic 

acid (EGTA), 50 mM Tris HCl, 150 mM NaCl, 1 mM EDTA combined with protease 

inhibitor cocktail, leupeptin, aprotinin and phenylmethylsulfonyl fluoride (PMSF) before 

use. Using a cell scraper to collect cell lysate and transferred to a tube, following kept on 

ice for 30 min. Then the protein samples were sonicated 3 times for 5 s each and were 

centrifuged at 12,000 rpm for 10 min to get rid of cell debris. Protein concentration was 

determined by Pierce BCA Kit (Rockford, IL). Samples were subjected to SDS 

polyacrylamide gels and electrophoresed. The proteins were transferred to a polyvinylidne 

fluoride (PVDF) membrane from gel at 200 mA for 2 h at 4 °C (Millipore). The membrane 

was blocked in Odyssey Blocking Buffer (Li-COR #927-40000) for 1 h at room 

temperature and incubated with primary antibodies at 4 °C overnight. Primary antibodies 

against α-SMA (1:4000), CTGF (1:1000), Slit2 (1:1000) and GAPDH (1:5000), and 

IRDye-800CW- or 680RD-conjugated secondary antibodies (1:8000) were used. Samples 

were visualized using a LI-COR Odyssey Imaging System (LI-COR Biosciences, Lincoln, 

NE). For the quantification of western blot results, the intensity of each band was 

normalized to GAPDH. 

For the Smad3 phosphorylation detection, cells were serum-freed for 24 h after transfection 

and stimulated with 1 ng/mL TGF-b1 for 30 min. Nonidet P-40 (NP-40) lysis buffer was 
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used in this case that contain 20 mM Tris HCl, 137 mM NaCl, 1 mM CaCl2 and 0.5% NP-

40. Protease inhibitor cocktail and additional phosphatase inhibitor cocktail (Pierce 

#78420) were added to lysis buffer immediately before use. Primary antibody against 

Phospho-Smad3 (1:1000) was used for p-Smad3 detection and total Smad3 (1:1000) as a 

loading control. All the other steps for western blot were the same as described above. 

 

2.2.7 Immunofluorescence staining of α-SMA 

HLFs were treated without or with 1 ng/mL TGF-β1 for 48 h. Cells were washed and then 

fixed in 4% paraformaldehyde for 10 min at room temperature, followed by blocking in 

10% goat serum in 1 x PBS blocking solution for 1 h at room temperature. Cells were 

mounted in a Vectorshield mounting medium with 4,6-diamidino-2-phenylindole 

hydrochloride (DAPI) for nuclei staining and expression of α-SMA of HLFs was visualized 

with an anti-α-SMA monoclonal antibody (clone 1A4) primary antibody and an Alexa 

Fluor 488-labeled secondary antibody (A-11001, Life Technologies). The images were 

obtained with a Nikon Ti-E confocal microscope (Melville, NY). Data are quantified as the 

percentage of HLFs with α-SMA-positive stress fibers. 

 

2.2.8 Plasmid construction 

The 3’ UTR fragment containing the putative miR-424 binding site of human Slit2 gene 

was amplified from HLF cell genomic DNA with Xbal- and Sacl-flanked primers and 

cloned into the pmirGLO reporter vector (Promega, Fitchburg, WI) to construct wild type 

(WT) Slit2-3’UTR-miR-424 plasmid. To construct the Slit2-3’UTR-miR-424/M mutant 
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plasmid, the seed region of the putative miR-424 binding site was deleted. Primers used in 

here are as follows:  

Slit2_3U_For-SacI: 5’-GAGCGAGCTCTCTGTATGTGAGATGGCTATTGTA-3’.  

Slit2_3U_Rev-XbaI: 5’-CTAGTCTAGATACAAACATCAGCAGTGTAAC-3’.  

Slit2_3U_mFor: 5’-GCTCCCATGATTAACATGTATTACAATGTAGAATTGA-3’.  

Slit2_3U_mRev: 5’-TACAAACATCAGCAGTGTAAC-3’.  

All constructs were confirmed by DNA sequencing.   

 

2.2.9 Luciferase assay 

HEK293 cells seeded in 24-well plates (5x104 cells/well) were co-transfected with 0.5 µg 

of the pmirGLO luciferase constructs containing the WT or mutant of 3′ UTR fragments 

of Slit2, along with control mimics or miR-424 mimics using Lipofectamine® 3000 

according to the manufacturer’s instructions. Cells were harvested 24 h later using lysis 

buffer that provided form Dual-Glo® Luciferase Assay kit (Promega). Centrifuge the 

collected samples at 12,000 rpm for 10 min and the supernatant was then subjected to 

luciferase activity assays using Dual-Glo® Luciferase Assay kit and Sirius luciferase assay 

system (Berthold, Germany). Firefly luciferase activity of each construct was normalized 

to Renilla luciferease activity (firefly luciferase activity/ Renilla luciferase activity).     

 

2.2.10 Statistical analysis 

All data are expressed as means ± SEM of at least 3 independent replicate experiments. 

Groups were compared by Student’s t test. Nonparametric data were compared by one-way 

ANOVA with the Bonferroni-adjusted Mann Whitney U test. All comparisons were two-
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tailed, adjusted to a significance of α = 0.05. The Pearson correlation analysis test was used 

to correlate miR-424 with COL1A1 mRNA expression in lung tissues. The level of 

significance was set at  P < 0.05. GraphPad Prism software package, version 7 (GraphPad 

Software Inc., San Diego, CA) was used for all statistical tests. 

 

2.3 Results  

2.3.1 MiR-424 is up-regulated in TGF-β1-treated HLFs and fibrotic lung tissues 

Treatment of primary HLFs with TGF-β1 for 48 h increased α-SMA protein expression in 

a concentration-dependent manner with a half-maximal effective concentration (EC50) of 

0.5 ng/mL (Figure 11A), indicating that TGF-β1 triggered differentiation toward a 

pulmonary myofibroblast phenotype. We previously performed RNA sequencing to 

identify differentially expressed miRs in HLFs without and with TGF-β1 treatment and 

found that at least 30 miRs were upregulated in the TGF-β1-treated group (Table 2) [87]. 

MiR-424 is among the most upregulated miRs, but little is known about its potential role 

in pulmonary fibrosis. Quantitative RT-PCR confirmed that miR-424 is highly expressed 

in HLFs, and treatment with 1 ng/mL of TGF-β1 increased its expression by 2.6-fold 

(Figure 11B). Interestingly, human fibrotic lung tissues (n = 4) had 1.7-fold higher miR-

424 expression than age-matched non-fibrotic (NF) lung tissues (n = 5) (Figure 11C). 

COL1A1 in lung tissues is also elevated in fibrotic patients. We analyzed the relationship 

between miR-424 and collagen COL1A1 mRNA expression in NF lung tissues and fibrotic 

lung tissues using Pearson correlation test (Figure 11D). The abundance of COL1A1 

transcript was positively correlated with miR-424 expression (R = 0.727; Pearson’s 

correlation, p = 0.027).  
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Figure 11. MiR-424 is upregulated in TGF-β1-treated HLFs and human fibrotic lung tissues. HLFs 

were stimulated with different concentration of TGF-β1 (A) or 1 ng/mL TGF-β1 for 48 h (B). The 

cells were harvested and subjected to western blot analysis of α-SMA protein expression 

normalized by GAPDH (A) and qRT-PCR analysis of miR-424 expression normalized by RUN6B 

(B). Inset: representative western blot of α-SMA and GAPDH protein expression. (C) qRT-PCR 

analysis of miR-424 mRNA expression in human fibrotic (F) (n=4) and non-fibrotic (NF) (n=5) 

lung tissues. The miR-424 level was normalized to RNU6B. *P  <  0.05. (D) Pearson correlation 

analysis of miR-424 and COL1A1 mRNA expression in human lung tissues. The data shown in A 

and B are means  ±  SEM from three separate experiments, *P  <  0.05. 

 

Table 2. MiRs that up-regulated in TGF-β1 treated group (>2 fold) compared to untreated HFLs. 
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Up-regulated  
miRNAs 

Base 
mean 

Fold  
change 

hsa-miR-143-3p 
hsa-miR-21-3p 
hsa-miR-145-5p 
hsa-miR-424-5p 
hsa-miR-145-3p 
hsa-miR-199b-5p 
hsa-miR-181a-2-3p 
hsa-miR-214-5p 
hsa-miR-148a-3p 

65072.51 
2501.21 
2149.21 
1555.30 
1241.93 
871.10 
489.38 
368.48 
222.28 

6.87 
3.39 
7.01 
2.53 
6.82 
3.39 
5.61 
3.13 
3.66 

Base mean showed the normalized reads of each miR. 

 

2.3.2 Inhibition of endogenous miR-424 attenuates TGF-β1-induced differentiation of 

HLFs 

To determine the role of upregulated endogenous miR-424, we examined the effect of a 

miR-424 hairpin inhibitor on TGF-β1-induced HLF cell differentiation. Treatment with 

TGF-β1 (1 ng/mL) for 48 h increased expression of the myofibroblast differentiation 

markers α-SMA and CTGF by 5.2-fold and 6.9-fold, respectively (Figure 12A). Pre-

transfection of HLFs with the miR-424 inhibitor (anti-miR-424) reduced TGF-β1-induced 

α-SMA and CTGF protein expression by about 40% and 20%, respectively. We also 

performed immunofluorescence staining of α-SMA in HLFs. TGF-β1-treasted HLFs 

displayed more abundant stress fibers than control and these were stained intensely for α-

SMA. Transfection with the miR-424 inhibitor attenuated TGF-β1-induced α-SMA-

positive stress fibers and reduced the percentage of α-SMA-positive HLFs from 78 ± 4% 

to 56 ± 5% (*P  <  0.05) (Figure 12B), suggesting that anti-miR-424 attenuates TGF-β1-

induced α-SMA expression and α-SMA stress fiber formation. Analysis by qRT-PCR 

showed that the miR-424 inhibitor also reduced the COL1A1 mRNA level in TGF-β1-

treated HFLs by 44% (Figure 12C). These results indicate that inhibition of endogenous 
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miR-424 attenuates TGF-β1-induced pulmonary myofibroblast differentiation.   

Figure 12. Inhibition of endogenous miR-424 attenuates TGF-β1-induced HLF cell differentiation. 

HLFs transfected with 50 nM of the miR-424 inhibitor (anti-miR-424) or its control were 

stimulated without or with TGF-β1 (1 ng/mL) for 48 h and then subjected to the following analysis. 

(A) Representative western blot (left) and quantification (right) of -SMA and CTGF protein 

expression, normalized by GAPDH. (B) Left: Immunofluorescence staining images of α-SMA-

positive stress fibers (green) and DAPI showing nuclei (blue) of HLFs. Scale bar: 100 µm. Right: 

the quantitative analysis of percentage of α-SMA-positive cells. Data are means ± SEM from at 

least 100 fibroblast cells (*P  <  0.05). (C) qRT-PCR analysis of COL1A1 mRNA expression in 
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TGF-β1 treated HLFs transfected with anti-miR-424 or its control. GAPDH was used as an internal 

control. Data shown in A and C are means ± SEM from at least three separate experiments, *P 

<  0.05.   

 

2.3.3 Enhancement of TGF-β1-induced HLF differentiation by a miR-424 mimic 

Transfection of a miR-424 mimic enhanced TGF-β1-induced α-SMA and CTGF 

expression in HLFs by 3.5-fold and 3.6-fold, respectively (Figure 13A). Interestingly, 

miR-424 mimic alone also increased α-SMA and CTGF expression in the absence of TGF-

β1. Immunofluorescence staining of α-SMA confirmed the results of western blotting 

(Figure 13B). The miR-424 mimic increased α-SMA-positive stress fiber formation in 

HLFs even in the absence of TGF-β1 treatment. It also increased the percentage of α-SMA-

positive HLFs from 70 ± 2% to 94 ± 3% (***P < 0.001) in response to TGF-β1 treatment 

(Figure 3B), suggesting that miR-424 enhances TGF-β1-induced α-SMA expression and 

α-SMA stress fiber formation. Together, these results suggest that miR-424 enhances the 

stimulatory effects of TGF-β1 on HLF cell differentiation. 
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Figure 13. Overexpression of miR-424 enhances TGF-β1-induced HLF cell differentiation. HLFs 

transfected with control or miR-424 mimic (50 nM) were stimulated with TGF-β1 (1 ng/mL) for 

48 h and then subjected to the following analysis. (A) Representative western blot (left) and 

quantification (right) of a-SMA and CTGF protein expression normalized by GAPDH. Data shown 

are means ± SEM of three separate experiments, *P  <  0.05.   (B) Left: Immunofluorescence staining 

images of α-SMA-positive stress fibers (green) and DAPI showing nuclei (blue) of HLFs. Scale 

bar: 100 µm. Right: quantitative analysis of percentage of α-SMA-positive cells. Data are means ± 

SEM from at least 100 fibroblast cells (**P  <  0.01, ***P  <  0.001). 
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2.3.4 Interdependence of miR-424 and Smad3 in TGF-β1 profibrogenic signaling 

Treatment of HLFs with the Smad3 inhibitor SIS3 (10 µM) significantly attenuated TGF-

β1-induced α-SMA protein expression, by 52 ± 3% (Figure 14A). SIS3 also attenuated 

TGF-β1-induced miR-424 expression in HLFs, by 48 ± 5% (Figure 14B), suggesting that 

TGF-β1-induced miR-424 upregulation is dependent on the canonical Smad3 signaling 

pathway. Interestingly, the miR-424 inhibitor reduced TGF-β1 induced Smad3 

phosphorylation (Figure 14C), suggesting that TGF-β1-induced miR-424 enhances the 

canonical Smad3 signaling pathway. 

 

 

Figure 14. Interdependence of miR-424 and Smad3 in TGF-β1 profibrogenic signaling. HLFs were 

treated with SIS3 (10 µM) for 1 h prior to treatment with TGF-β1 (1 ng/mL) for 48 h. The cells 

were harvested for western blot analysis of α-SMA protein (A) and qRT-PCR analysis of miR-424 

expression (B). (C) HLFs were transfected with 50 nM of anti-miR-424 or its control for 24 h and 

then stimulated without or with 1 ng/mL TGF-β1 for 30 min. Cells were harvested for western blot 
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analysis (top) and quantification (bottom) of total and phosphorylated Smad3 protein in HLFs. Data 

shown are means ± SEM from three separate experiments, *P  <  0.05.   

2.3.5 Slit2 is a target of miR-424 in HLFs 

Since inhibition of miR-424 reduced Smad3 phosphorylation, we assume that targets of 

miR-424 are TGF-β1 signaling inhibitory proteins. Thus, using the computational 

programs TargetScan (http://www.targetscan.org/vert_72/) and miRanda 

(http://www.microrna.org/microrna/home.do) that predict miR targets, we identified TGF-

β1 signaling inhibitory proteins Smad7, SMURF1, SMURF2, and Slit2 as potential targets 

for miR-424. Additionally, qRT-PCR analysis showed that only Slit2, but not Smad7, 

SMURF1, or SMURF2 mRNA expression, was significantly down-regulated in human 

fibrotic lung tissues as compared to NF samples, which was inversely correlated with miR-

424 upregulation (Figure 15). Overexpression of miR-424 reduced Slit2 mRNA 

expression by 50% (Figure 16A), and western blot analysis revealed down-regulation of 

Slit2 protein by 48% (Figure 16B). The 3’-UTR containing the putative miR-424 binding 

site of the Slit2 gene and a mutant version with its seeding region deleted were each cloned 

into the pmirGLO dual-luciferase reporter vector (Figure 17A). HEK293 cells were co-

transfected with control or miR-424 mimic together with the luciferase reporter plasmids 

containing the Slit2 3’-UTR WT or its mutant.  The miR-424 mimic inhibited the luciferase 

activity of the Slit2 3’-UTR WT construct by 53 ± 3% whereas the mutant with the seeding 

region deleted did not (Figure 17B). 
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Figure 15. Expression of Slit2 decreases in fibrotic lungs. qRT-PCR analysis of mRNA expression 

levels of Slit2, Smad7, SMURF1 and SMURF2 in human fibrotic (F) (n=4) and non-fibrotic (NF) 

(n=5) lung tissues normalized by GAPDH. Relative mRNA Data shown are means ± SEM. ** 

P < 0.01. 

 

 

Figure 16. Overexpression of miR-424 reduces Slit2 mRNA and protein expression. Relative 

mRNA (A) and protein (B) expression levels of Slit2 in HLFs transfected with 50 nM of miR-424 

mimic or its control for 48 h, determined by qRT-PCR and western blot, respectively.  GAPDH 

was used as an internal control. Inset: Representative western blot image. Data shown are means 

± SEM from three separate experiments. * P < 0.05. 
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Figure 17. Slit2 is a direct target of miR-424. (A) The putative miR-424 binding site of the 3’-UTR 

of the Slit2 gene and its deletion mutant at the seeding region. (B) The pmirGLO plasmids 

containing the Slit2-3’UTR WT or its mutant were co-transfected with control or miR-424 mimics 

(50 nM) into HEK293 cells for 24 h. The cells were harvested for firefly luciferase (fLuc) activity 

assays with Renilla luciferase (rLuc) activity as the internal control. Data shown are means  ±  SEM 

from three separate experiments. ** P < 0.01. 

 

2.3.6 Knockdown of Slit2 enhances TGF-β1-induced HLF cell differentiation 

Transfection of Slit2-specific siRNA into HLFs decreased endogenous Slit2 mRNA 

expression by more than 80% (Figure 18A). HLFs transfected with Slit2 siRNA exhibited 

2-fold greater TGF-β1-induced α-SMA protein than control cells with scrambled siRNA 

(Figure 18B). Immunofluorescence staining revealed more α-SMA-positive stress fibers 

in Slit2 siRNA-transfected cells than in control cells (Figure 18C, left), and silencing 

endogenous Slit2 increased the percentage of α-SMA-positive cells from 35 ± 3% to 59 ± 
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5% (*P  <  0.05) (Figure 18C, right), suggesting that endogenous Slit2 inhibits TGF-β1-

induced α-SMA expression and α-SMA stress fiber formation. In addition, phosphorylated 

Smad3 was significantly higher in Slit2-silenced cells than in control cells (Figure 18D). 

Taken together, these data indicate that Slit2 functions as a negative regulator of HLF cell 

differentiation via targeting the Smad3-dependent TGF-β1 profibrogenic signaling 

pathway. 
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Figure 18. Slit2 inhibits TGF-β1-induced cell differentiation. HLFs were pre-transfected with Slit2 

specific siRNA or its scrambled control (50 nM) for 24 h and then exposed to 1 ng/mL of TGF-β1 

for additional 48 h. The cells were then subjected to qRT-PCR analysis of Slit2 mRNA expression 

(A) or western blot  of -SMA protein expression (B). (C) Left: Immunofluorescence staining 

images of α-SMA-positive stress fibers (green) and DAPI showing nuclei (blue) of HLFs. Scale 

bar: 100 µm. Data are means ± SEM from at least 100 fibroblast cells (*P  <  0.05). (D) Western blot 

analysis (left) and quantification (right) of total and phosphorylated Smad3 protein in HLFs. Data 

shown in A, B and D are means ± SEM from at least three separate experiments, *P < 0.05 and 

***P < 0.001. 

 

2.4 Discussion 

Lung myofibroblasts play an important pro-fibrotic role and make major contributions to 

the progression of pulmonary fibrosis by producing excess ECM [27]. The cytokine TGF-

β1 is well established as one of the most prominent of the inducers that drive lung 

myofibroblast differentiation [45]. Results from the current study show that miR-424 is 

significantly upregulated in TGF-β1-treated HLFs and in lung tissues from patients with 

ILD/IPF, suggesting the potential clinical relevance of miR-424 in pulmonary fibrosis. 

Upregulation of miR-424 in HLFs depends on Smad3, the pivotal transcription factor 

activated downstream in the TGF-β1 signaling pathway. More importantly, miR-424 

promotes TGF-β1-induced HLF cell differentiation by reducing expression of the TGF-β1 

signaling pathway inhibitory regulator Slit2. Thus, miR-424 functions as a positive 

feedback regulator of the profibrogenic responses to TGF-β1 that are thought to underlie 

pulmonary fibrosis. 



	   49	  

 

MiRs are now established as important gene regulators, targeting almost 60% of all protein-

coding genes and playing crucial roles in most biological processes [73]. Because TGF-β1 

can trigger lung fibroblasts to differentiate into myofibroblasts, miR sequencing was 

performed for HLFs treated without or with TGF-β1 to identify differentially expressed 

miRs, and 629 miRs that were upregulated in TGF-β1-treated cells were identified [87]. 

Among the top upregulated miRs, miR-143, miR-145 and miR-21 have been previously 

studied and shown to play profibrotic roles in pulmonary fibrosis [79, 80] whereas miR-

133a suppresses myofibroblast differentiation and pulmonary fibrosis via a feedback 

regulation mechanism [87]. Another strongly upregulated miR was miR-424and its 

possible role in pulmonary fibrosis was investigated here. First, upregulation of miR-424 

in response to TGF-β1 treatment of HLFs was confirmed by qRT-PCR analysis. Next, and 

more important, miR-424 expression levels were shown to be higher in lung tissues from 

ILD/IPF patients as compared to non-fibrotic subjects, and miR-424 expression was 

positively associated with collagen COL1A1 expression. Having confirmed these changes 

in miR-424 expression, subsequent studies investigated the mechanisms for its regulation 

and responses. 

Although miR-424 has been reported to play important roles in various diseases [90-94], 

whether it promotes or suppresses disease progression may be tissue- and cell type-specific 

[95, 96]. Although a role of miR-424 in promoting TGF-β1-induced EMT in pulmonary 

epithelial cells has been reported [88], others found that miR-424 inhibited EMT and 

metastasis of glioma cells [97]. The present study demonstrates that miR-424 is a TGF-β1-
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induced miR that functions as a profibrogenic regulator in TGF-β1-induced lung 

myofibroblast differentiation. Analysis by TransmiR v2.0 (http://www.cuilab.cn/transmir), 

a database for transcription factor regulation of miRs identified Smad3 as a potential 

transcription factor for regulation of miR-424 expression. Indeed, pre-treatment with the 

Smad3-specific inhibitor SIS3 abolished TGF-β1-induced expression of miR-424. These 

results are consistent with a previous report that revealed a conserved SMAD3 binding box 

motif within the putative miR-424 promoter located ~2 kb upstream of the miR-424 coding 

sequence [98]. We further showed that upregulated miR-424 enhances TGF-β1-induced 

Smad3 phosphorylation. Based on these new findings, we hypothesized that miR-424 

directly targets inhibitory proteins in the TGF-β1 signaling pathway upstream of Samd3. 

Further bioinformatics analysis using TargetScan and miRanda programs revealed that 

miR-424 may target multiple TGF-β1 signaling inhibitory proteins including Smad7, 

SMURF1, SMURF2, and Slit2. Of these candidate targets, only Slit2 was found to be 

significantly down-regulated in human fibrotic lung tissues as compared to NF lung tissues, 

and Slit2 expression was inversely correlated with miR-424 upregulation. As expected, 

overexpression of miR-424 in HLFs reduced Slit2 expression, and dual luciferase reporter 

assays confirmed that Slit2 is in fact a direct target of miR-424. 

Slit2 is a glycoprotein produced mainly by pulmonary fibroblast in lungs and expressed 

both in embryos and in adults. Slit2 was initially found as a neuronal guidance protein that 

plays highly conserved roles in neuronal migration and axon guidance in the developing 

central nervous system [99]. Knockout of Slit2 was embryonic lethal due to defects in 

neuron and lung development [100, 101]. Slit2 is a promiscuous protein that is also 

involved in many other cellular processes such as chemotaxis of peripheral blood 
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mononuclear cells and neutrophils [102, 103]. More recent reports show that Slit2 inhibits 

actin stress fiber formation and the TGF-β signaling pathway in renal fibrosis and fibrocyte 

differentiation into myofibroblasts in pulmonary fibrosis [104, 105].  These results are 

consistent with our data showing that silencing of endogenous Slit2 enhances Smad3-

dependent TGF-β1 profibrogenic signaling in HLFs. Furthermore, others found Slit2 to be 

widely expressed in the lung but to be absent in lung fibrotic lesions of IPF patients [105], 

consistent with a role for Slit2 in preventing fibrosis; however, the basis for the down-

regulated expression of Slit2 was not explored. Our data showing down-regulation of Slit2 

and upregulation of miR-424 in human fibrotic lung tissues and TGF-β1-treated pulmonary 

fibroblasts, combined with the fact that Slit2 is a direct target of miR-424, provide a 

potential explanation for the reduced expression of Slit2 in these samples. 

Our data demonstrate that miR-424 promotes TGF-β1-induced myofibroblast 

differentiation in vitro, and it will be important to conduct future in vivo studies of 

inhibiting pulmonary fibroblast miR-424 in animal models such as the bleomycin-treated 

mouse model of pulmonary fibrosis. Also, miR-424 is not the only differentially expressed 

miR in TGF-β1-treated HLFs and in human fibrotic lung tissues. Because pulmonary 

fibrosis has a complex pathogenesis that may involve dysregulation of an assortment of 

miRs, further study of other profibrotic miRs and targeting IPF with a panel of miR 

inhibitors is likely be a more effective therapeutic approach than targeting a single miR. In 

addition to pulmonary fibrosis, there is also evidence for roles of miR-424 and Slit2 in 

cancer. Decreased expression of Slit2 was found in various cancers [106-108]. Tseng et al. 

found that reduced Slit2 expression correlated with poor prognosis and lower survival rates 

in non-small cell lung cancer (NSCLC) patients [109]. Other studies reported that miR-424 
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promotes NSCLC tumor progression, and higher endogenous miR-424 expression in 

NSCLC patients was positively correlated with advanced clinical stages, metastasis, and 

shorter survival rates [110]. Though these facts do not prove a direct cause-and-effect 

relationship between miR-424 and Slit2, they suggest a potential correlation between miR-

424 and Slit2 in the progression of NSCLC. Thus, our findings related to miR-424 and 

Slit2 in lung fibrosis-related support further studies of this process for treatment of NSCLC. 

In summary, our findings here show that miR-424 expression is upregulated in TGF-β1-

treated HLFs and in ILD/IPF patient lungs, clearly implicating a pro-fibrotic role for miR-

424 in TGF-β1-induced pulmonary fibroblast differentiation and suggesting similar roles 

in human disease. Moreover, we established that upregulation of  miR-424 expression by 

TGF-β1 is Smad3-dependent and that Slit2 is a direct target of miR-424 that exerts anti-

fibrotic effects. Thus miR-424 suppression of Slit2 and its anti-fibrotic effects is a newly 

established mechanism that is likely to contribute to pulmonary fibrosis.  This TGF-

β1/miR-424/Slit2 positive feedback loop that drives profibrotic effects provides multiple 

potential new therapeutic targets for treating pulmonary fibrosis.  
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Figure 19. Schematic summary of upregulated miR-424 enhances TGF-b1-induced cell 

differentiation (created by BioRender, biorender.com). 
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Chapter III. The anti-fibrotic and anti-proliferative roles of 

down-regulated miR-146b in TGF-β1-induced HLF cell differentiation 

and HLF cell proliferation 

 

3.1 Introduction 

It has been proposed that formation of fibroblastic foci is the hallmark of IPF and that the 

increased number of fibroblastic foci is associated with disease progression [45]. Besides 

TGF-b1-induced fibroblast differentiation, proliferation of resident fibroblasts and 

myofibroblasts are also involved in formation of fibroblastic foci [111, 112]. Previous 

studies have demonstrated that lung fibroblasts isolated from IPF patients show enhanced 

proliferative activity [113-115]. The two FDA-approved medicines for IPF treatment, 

pirfenidone and nintedanib, both reduced in vitro myofibroblast differentiation and 

fibroblast proliferation [116]. Blocking myofibroblast differentiation and suppressing 

persistent proliferation of fibroblasts and myofibroblasts appear important in slowing?? 

disease progression and the fatal outcome for patients with IPF.  

We previously identified a TGF-b1-induced up-regulated micro-RNA, miR-424, that 

functions as a pro-fibrotic mediator in TGF-b1-induced HLF cell differentiation. Another 

set of differentially expressed miRs, those that are down-regulated by TGF-b1 treatment 

of HLFs, also attracted attention, as they provides us with new candidates to investigate 

and may function as anti-fibrotic factors and regulate pulmonary fibroblast differentiation 

and fibrosis. Based on microarray RNA sequencing analysis, we identified that miR-146b 

was significantly down-regulated by TGF-b1. Interestingly, decreased expression of miR-
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146b was previously found in HLFs isolated from IPF patients [117]. However, the role of 

miR-146b in myofibroblast differentiation and pulmonary fibrosis is still unknown. 

Thus, the studies in this chapter investigated the importance of miR-146b in regulating 

pulmonary fibroblast differentiation and fibrosis. To examine the role of miR-146b in 

pulmonary fibrosis progression, we also used pulmonary fibroblasts derived from miR-

146b wild-type (WT) and knockout (KO) mice. These studies identify miRNA-146b as a 

novel endogenous anti-fibrotic factor that attenuates TGF-β1-induced differentiation of 

HLFs into myofibroblasts and also suppresses their proliferation. Understanding the 

mechanisms by which decreased miR-146b leads to exacerbated profibrogenic signaling, 

including myofibroblast differentiation and proliferation, could provide a major step 

forward in understanding the initiation of pulmonary fibrosis, the importance of miRNAs 

in these processes, and the possible future use of miRNA-targeted therapies for pulmonary 

fibrosis.  

  

3.2 Materials and methods 

3.2.1 Cell culture and reagents 

Human primary lung fibroblast cells derived from lung tissues obtained by surgical lung 

biopsy of IPF patients or from histologically normal lung regions of age-matched non-

fibrotic patients were kind gifts from Drs. Bethany Moore and Steven Huang (University 

of Michigan). MiR-146b wild type (WT) and knockout (KO) C57Bl/6n mice were kind 

gifts from Dr. Hiroshi Asahara (Tokyo Medical and Dental University) and kept under 

specific pathogen-free conditions in our animal facility. All experiments were approved by 

the Institutional Animal Care and Use Committee of Creighton University. Mouse lung 
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smooth muscle cells and epithelial cells derived from miR-146b WT mice and lung 

fibroblasts derived from miR-146b WT and KO mice. Human lung fibroblasts, mouse lung 

fibroblasts, and mouse smooth muscle cells were grown in 1:1 mixture of Dulbecco’s 

Modified Eagle’s Medium (DMEM) and Ham’s F-12 Nutrient Mixture (F12) 

supplemented with 10% fetal bovine serum (FBS) (Gibco, Gaithersburg, MD), 100 U/mL 

penicillin G, and 100 µg/mL streptomycin (Life Technologies, City, State). HEK293 cells 

were grown in DMEM supplemented with 10% FBS. Mouse epithelial cells were grown 

in MTEC basic medium consisting of DMEM/F12 (Gibco) supplemented with 100  U/mL 

penicillin, 100  µg/mL streptomycin, and 0.03% (w/v) NaHCO3 with 10% FBS.  All cells 

were maintained at 37 ⁰C under 5% CO2. 5-Bromo-2’-Deoxyuridine (BrdU) (#550891) 

was purchased from BD Biosciences (San Jose, CA). Smad4 antibody (#38454), Cyclin 

D1 antibody (#55506), and BrdU antibody (#5292) were purchased from Cell Signaling 

Technology (Danvers, MA). 

 

3.2.2 Quantitative RT-PCR 

Quantitative RT-PCR for detecting expression of hsa-miR-146b and mmu-miR-146b was 

as described in Chapter 2 (II). SNO202 (001232) and RUN6B (001093) were purchased 

from Thermo Fisher Scientific (Bartlesville, OK) and were used as internal control for 

mmu-miR-146b and hsa-miR-146b quantification analysis, respectively. The primers 

used for miRNAs are listed below: 

hsa-miR-146b-5p-SL: 

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGCCT 

hsa-miR-146b-For: GCCG TGAGAACTGAATTCCAT 



	   57	  

mmu-miR-146b-5p-SL: 

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCTA 

mmu-miR-146b-For: GCCG TGAGAACTGAATTCCA 

hsa-miR-218-5p-SL: 

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACATGG 

hsa-miR-218-5p-For: GCCGGCATTGTGCTTGATCTAA 

 

3.2.3 Small RNA transfection 

The miR-146b-5p mimic (C-300754-03-0005,	   mi0003129), miR-218-5p mimic (C-

300574-03-0005, mi0000295) were purchased from GE Dharmacon. The procedure of 

mimic transfection is the same as described in Chapter II. 

 

3.2.4 Western blot 

Samples were subjected to western blot analysis as described in Chapter II. Primary 

antibodies against Smad4 (1:1000) (#38454) and Cyclin D1 (1:1000) (#55506) (Cell 

Signaling Technology) were used. 

 

3.2.5 Plasmid construction 

The 3’ UTR fragment containing the putative miR-146b binding site of the human Smad3 

gene was amplified from HLF cell genomic DNA with Xbal- and Sacl-flanked primers and 

cloned into the pmirGLO reporter vector (Promega, Fitchburg, WI) to construct the wild 

type (WT) Smad3-3’UTR-miR-146b plasmid. To construct the Smad3-3’UTR-miR-
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146b/M mutant plasmid, the seed region of the putative miR-146b binding site was deleted. 

Primers used are as follows:  

Smad3_3U_For-SacI: 5’-gagcGAGCTCgtgttcagacgaacctgcacac-3’.  

Smad3_3U_Rev-XbaI: 5’-ctagTCTAGATCAATGTGCCAGCCCAGGAT-3’.  

Smad3_3U_mFor: 5’-GACGGTAAGTTCGAGTCTGAAGCA-3’.  

Smad3_3U_mRev: 5’-TGCTTCAGACTCGAACTTACCGTC-3’.  

All constructs were confirmed by DNA sequencing.   

 

3.2.6 5-Bromo-2’-Deoxyuridine proliferation assay 

HLFs were transfected with miR-146b mimic or mimic control and, 24 h after transfection, 

cells were switched to fresh serum-free medium and incubated for an additional 24 h. Cells 

were then treated with 2% FBS for 24 h prior to addition of 10 nM 5-bromo-2’-

deoxyuridine (BrdU). After an additional 18 h co-incubation with 2% FBS and BrdU, cells 

were subjected to BrdU staining. Medium was aspirated  and cells were covered with 500 

µL cold 70% ethanol for 5 min at room temperature to fix cells, followed by 3 times rinsing 

in PBS for 5 min each. Then 1.5 M HCl solution was added and incubated for 30 min at 

room temperature, followed by washing 3 times in 1x PBS for 5 min each. Blocking buffer 

(PBS, 5% goat serum, 0.3% Triton X-100) was added to cells for 1 h at room temperature. 

Then diluted BrdU primary antibody solution (1:1000) was applied directly to cells and 

incubated overnight at 4 °C. Composition of primary antibody buffer was: PBS with1% 

Bovine serum albumin (BSA). Cells were then incubated in Alexa 488-labeled secondary 

antibody (1:400) for 2 h at room temperature in the dark. BrdU incorporation into newly 

synthesized DNA was visualized and quantified by fluorescence microscopy and taken as 
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an indicator of cell proliferation. Results are expressed as the percentage of DAPI-stained 

cells that were also BrdU-positive. 

 

3.2.7 Mouse primary cell isolation 

MiR-146b WT or KO mice were sacrificed. Lungs and trachea were prepared for cell 

isolation. For lung fibroblast cells, lungs were dissected and cut into 1-2 mm3 pieces and 

incubated in 2 mL calcium- and magnesium-free Hanks balanced salt solution that 

contained 0.3 mg/mL type IV collagenase and 0.5 mg/mL trypsin at 37 °C in a shaking 

water bath for 10 min. Then the cells in suspension were transferred to a 50-mL tube and 

an equal volume of cold complete media that is the same as for human fibroblast cell culture 

was added to inactive the enzyme. 2 mL fresh type IV collagenase/trypsin solution was 

added to the remaining lung homogenate which was returned to incubate in the shaking 

water bath and the same procedure was repeated for 6-8 times depending on the size of the 

remaining lung pieces. At the end of the digestion period, the dissociated cells were 

pelleted by centrifugation at 1,200 rpm for 10 min at 4 °C, plated in complete medium, and 

incubated at 37 °C in 5% CO2. Nonadherent cells were aspirated after 1 h and the remaining 

adherent cells (fibroblasts) were either used for RNA extraction or were trypsinized for 

subsequent BrdU or a-SMA staining assays.  

For airway smooth muscle cells, exothoracic tracheal tissue was removed and placed in 

Krebs solution that contained 110.9 mM NaCl, 5.9 mM KCl, 1.1 mM MgCl2, 2 mM CaCl2, 

1.2 mM NaH2PO4, 25 mM NaHCO3, 9.6 mM glucose. Then tracheal rings 2 mm in width 

were dissected and adherent connective tissue and epithelium was removed. Then the 

remaining tissue was incubated in Ca2+, Mg2+-free Hanks’ balanced salt solution with 
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0.1% collagenase II at 37 °C for 20 min. Further removal of the connective tissue was by 

scraping after the enzyme digestion. Next, the smooth muscle strips were minced into 0.5- 

to 2-mm fragments and the fragments were incubated in complete medium. Cells were 

allowed to migrate out of the tissue for 3-4 days; then the initial explants were removed 

and the migrated cells were dissociated with 0.05% trypsin and subcultured in complete 

medium.  

Tracheas were used for epithelial cell isolation, first washed with medium and then 

incubated in F12 medium that contained 1.5 mg/mL pronase for 18 h at 4 °C. Then the 

tubes were placed on ice and 10% FBS was added to stop further enzyme action. The 

tracheas were inverted 12 times and then transferred to a new tube with F12 medium with 

10% FBS. Cells were collected by centrifugation at 400 xg for 10 min at 4 °C. Cells were 

resuspended in F12 medium with 0.5 m/mL crude pancreatic DNAse I and 10 mg/mL BSA 

and incubated on ice for 5 min. Cells were then centrifuged at 400 xg for 5 min and 

resuspended in MTEC basic medium with 10% FBS. Cells were incubated in tissue culture 

plates for 3-4 h in 5% CO2 at 37 °C, and then non-adherent cells were collected by 

centrifugation at 400 xg for 5 min and cultured in MTEC medium with 10% FBS. 

 

3.2.8 Statistical analysis 

All data are expressed as means ± SEM of at least 3 independent replicate experiments. 

Groups were compared by Student’s t test. Nonparametric data were compared by one-way 

ANOVA with the Bonferroni-adjusted Mann Whitney U test. All comparisons were two-

tailed, adjusted to a significance of α = 0.05. The level of significance was set at P <0.05. 
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GraphPad Prism1 software package, version 7 (GraphPad Software Inc., CA, USA) was 

used to carry out all statistical tests and draws. 

 

3.3 Results 

3.3.1 Identification of miR candidates that down-regulated by TGF-β1  

As described in Chapter II, we performed RNA sequencing to identify miRs that were 

differentially expressed in HLFs with or without TGF-β1 treatment, and miR-218 and miR-

146b were the two most reduced miRs in TGF-β1 treated cells (Table 3). qRT-PCR 

confirmed that miR-218 and miR-146b expression was reduced to 40% and 52% in TGF-

β1-treated cells compared to control cells, respectively (Figure 20). 

 

Table 3. MiRNAs that down-regulated in TGF-β1 treated group compared to untreated HFL cells. 

Down-‐regulated	  	  
	  	  	  	  	  	  	  miRNAs	  

	  	  	  	  	  	  	  Base	  	  
	  	  	  	  	  	  mean	  

	  	  	  	  	  	  	  Fold	  	  
	  	  	  	  	  	  change	  

hsa-‐miR-‐218-‐5p	  
hsa-‐miR-‐146b	  -‐5p	  
hsa-‐miR-‐34c-‐5p	  
hsa-‐miR-‐155-‐5p	  
hsa-‐miR-‐330-‐3p	  
hsa-‐miR-‐149-‐5p	  
hsa-‐miR-‐1301-‐3p	  
hsa-‐miR-‐378a-‐3p	  
hsa-‐miR-‐30a-‐3p	  

	  	  	  	  	  	  	  844.2	  
	  	  	  	  	  	  	  1371.51	  
	  	  	  	  	  	  	  285.77	  
	  	  	  	  	  	  	  5998.15	  
	  	  	  	  	  	  	  172.66	  
	  	  	  	  	  	  	  430.86	  
	  	  	  	  	  	  	  174.31	  
	  	  	  	  	  	  	  202.05	  
	  	  	  	  	  	  	  456.86	  

	  	  	  	  	  	  	  0.27	  
	  	  	  	  	  	  	  0.44	  
	  	  	  	  	  	  	  0.54	  
	  	  	  	  	  	  	  0.54	  
	  	  	  	  	  	  	  0.54	  
	  	  	  	  	  	  	  0.57	  
	  	  	  	  	  	  	  0.57	  
	  	  	  	  	  	  	  0.57	  
	  	  	  	  	  	  	  0.66	  

 

Base mean showed the normalized reads of each miRs. 
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Figure 20. MiR-218 and miR-146b are downregulated in TGF-b1 treated HLFs. HLFs were treated 

with 1 ng/mL TGF-β1 for 48 h and were harvested and subjected to qRT-PCR analysis of miR-

146b and miR-218 expression normalized to RUN6B. Data are means  ±  SEM from three separate 

experiments. ***P < 0.001. 

 

3.3.2 Repression of miR-146b in primary lung fibroblasts isolated from IPF patients 

RNAs were isolated from F and N cells and qRT-PCR was performed. HLF-F cells derived 

from IPF patients (n=5) had 2.7-fold higher collagen COL1A1 expression (Figure 21A) 

but 40% lower miR-146b expression than HLF-N cells (n=6) (Figure 21B). In contrast, 

there was no significant difference in miR-218 expression (Figure 21C), in contrast to the 

down-regulation of this miR in the initial TGFb-treated cells screen.  
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Figure 21. MiR-146b repression in HLF-F. COL1A1 mRNA (A) and miR-146b (B), miR-218 (C) 

expression in non-fibrotic (NF) and IPF lung fibroblasts were determined by qRT-PCR and 

normalized to GAPDH and RUNB6 respectively. Data are means  ±  SEM from three separate 

experiments. *P < 0.05; **P < 0.01. ns: no significant. 

 

3.3.3 Overexpression of miR-146b inhibits TGF-β1-induced differentiation of HLFs 

To investigate the role of down-regulated miR-146b and miR-218, we transfected miR-218 

mimic or miR-146b mimic and mimic control respectively into HLF-F cells to examine the 

effect of overexpression on TGF-β1-induced HLF-F cell differentiation. Western blot 

showed a highly increased expression of α-SMA in the presence of TGF-β1 than in control 

HLFs. Transfection with miR-146b mimic reduced TGF-β1-induced α-SMA expression to 

more than 80% (Figure 22A). However, overexpression of miR-218 had little effect on 

TGF-β-induced a-SMA production, indicating that miR-146b, but not miR-218 had 

attenuation of TGF-β1-induced HLF-F differentiation (Figure 22B). 
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Figure 22. MiR-146b attenuates TGF-β1-induced myofibroblast differentiation. HLF-F cells were 

transfected with miR-146b mimic (A), miR-218 mimic (B) or mimic control for 24h, and then 

stimulated with TGF-β1 (1 ng/mL) for additional 48h. Top: Representative western blot of a-SMA 

and GAPDH protein expression. Bottom: quantification analysis of a-SMA in HLFs normalized to 

GAPDH. Data are means  ±  SEM from three separate experiments. *P <  0.05. 

 

3.3.4 Overexpression of miR-146b inhibits TGF-β1-induced formation of a-SMA 

positive stress fibers. 

HLFs treated with TGF-β1 displayed abundant stress fibers that were stained intensely for 

α-SMA (Figure 23A). Transfection of miR-146b mimic abolished TGF-β1-induced α-

SMA positive stress fibers formation from 60 ± 4% to 2 ± 0.5% (Figure 23B), suggesting 

that miR-146b inhibits TGF-β1-induced α-SMA expression and α-SMA stress fiber 

forming. 
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Figure 23. Overexpression of miR-146b inhibits TGF-b1-induced formation of a-SMA positive 

stress fibers. HLF-Fs were transfected with miR-146b mimic or mimic control and treated with or 

without TGF-b1(1 ng/mL) for 48 h and then stained with anti-a-SMA antibody. (A) 

Immunofluorescence staining images of a-SMA-positive stress fibers (green) and DAPI showing 

nuclei (blue) of HLFs.  Scale bar: 100 µm. (B) Quantitative analysis of percentage of α-SMA-

positive cells. Data are means ± SEM from at least 100 fibroblast cells. **P  < 0.01. 

 

3.3.5 HLF-F exhibits more robust response to TGF-β1 stimulation than Non-fibrotic 

HLFs 

Analysis of western blot showed that the HLF-Fs exhibited higher basal a-SMA protein 

levels and a more robust response to TGF-β1-induced cell differentiation compared to non-

fibrotic HLF-N with 2 fold increasing, which was inversely correlated with miR-146b 

down-regulation (Figure 24), suggesting that miR-146b repression in HLF-Fs promotes 

TGF-β1-induced cell differentiation. 
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Figure 24. HLF-F exhibits more robust response to TGF-β1 stimulation than HLF-N. 3 pairs of 

HLF-N and HLF-F cells were treated without (Control) or with 1 ng/mL TGF-β1 for 48 h Top: 

Representative western blot of a-SMA and GAPDH protein expression. Bottom: quantification 

analysis of a-SMA in HLFs normalized to GAPDH. Data are means  ±  SEM from three separate 

experiments. *P <  0.05. 

 

3.3.6 Deletion of miR-146b gene enhances TGF-β1-induced cell differentiation of 

mouse lung fibroblast cells 

Physiologically, the expression of miR-146b is highest in the lung as compared to other 

organs (http://mirnamap.mbc.nctu.edu.tw/php/mirna_entry.php?acc=MI0003129). We 

isolated epithelial cells, smooth muscle cells and fibroblast cells from miR-146b WT mice 

and performed qRT-PCR to examine miR-146b expression in different pulmonary cell 

types. Analysis of qRT-PCR showed that the expression level of miR-146b in primary 

mouse lung fibroblasts is more than 8 fold higher than that in primary mouse airway smooth 

muscle cells and epithelial cells (Figure 25). More importantly, we isolated lung 
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fibroblasts from miR-146b WT and KO mice and treated with 1 ng/µL TGF-β1. Cells 

isolated from miR-146b KO mice showed 1.9-fold higher expression of α-SMA in response 

to TGF-β1 stimulation compared to cells isolated from miR-146b WT mice (Figure 26), 

indicating that deletion of miR-146b gene increases TGF-β1-induced cell differentiation. 

 

Figure 25. MiR-146b is highly expressed in mouse lung fibroblast cells. Mouse epithelia cells (EP), 

smooth muscle cells (SMC) and lung fibroblast cells (LF) were isolated from miR-146b WT mouse 

lungs (n=3). qRT-PCR analysis of miR-146b expression normalized to SNO202. Data are 

means  ±  SEM. **P < 0.01. 
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Figure 26. Deletion of miR-146b increases TGF-β1-induced mouse lung fibroblasts 

differentiation. Lung fibroblasts were isolated from miR-146b WT and KO mouse lungs were 

stimulated with 1 ng/mL TGF-b1 for 48 h and then subjected to a-SMA immunofluorescence 

staining. (A) Immunofluorescence staining images of a-SMA-positive stress fibers (green) and 

DAPI showing nuclei (blue) of cells. Scale bar: 100 µm. (B) Quantitative analysis of percentage of 

α-SMA-positive cells. Data are means ± SEM from at least 100 fibroblast cells. *P  <  0.05. 

 

3.3.7 Smad3 is a direct target of miR-146b 

Transfection of miR-146b mimic into HLFs blocked TGF-β1-induced Smad3, but not 

Smad2 phosphorylation in HLFs. Besides, the total Smad3 protein, but not Smad2/4 protein 

expression, were significantly reduced in HLFs (Figure 27A, left). Overexpression of miR-

146b decreased Smad3 protein expression by 51% (Figure 27A, right), suggesting that 

miR-146b inhibits myofibroblast differentiation via target Smad3-dependent profibrogenic 

signaling.  

Using computational programs miRanda (http://www.microrna.org/microrna/home.do) we 

identified Smad3 as a potential target of miR-146b. The 3’UTR containing the putative 
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miR-146b binding site of the Smad3 gene and a mutant version with its seeding region 

deleted were each cloned into the pmirGLO dual-luciferase reporter vector (Figure 27B). 

HEK293 cells were co-transfected with mimic control or miR-146b mimic together with 

the luciferase reporter plasmids containing the Smad 3’-UTR WT or its mutant plasmids.  

The miR-146b mimic inhibited the luciferase activity of the Smad3 3’-UTR WT construct 

by 38 ± 2% whereas the mutant with the seeding region deleted abolished the reduction 

(Figure 27C). 

 

A

B

C
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Figure 27. Smad3 is a direct target of miR-146b. (A) HLFs were transfected with 50 nM of miR-

146b mimic or mimic control for 48 h and then stimulated without or with 1 ng/mL TGF-b1 for 30 

min. Cells were harvested and subjected to western blot analysis (left) of P-Smad2/3, T-Smad2/3, 

Smad4 and quantification (right) of total Smad3 protein expression in HLFs. *P < 0.05. (B) The 

putative miR-146b binding site of the 3’-UTR of the Smad3 gene and its deletion mutant at the 

seeding region. (C) The pmirGLO plasmids containing the Smad3-3’UTR WT or its mutant were 

co-transfected with control or miR-146b mimics (50 nM) into HEK293 cells for 24 h. The cells 

were harvested for firefly luciferase (fLuc) activity assays with Renilla luciferase (rLuc) activity as 

the internal control.  Data shown are means ± SEM from three separate experiments. **P < 0.01. 

 

3.3.8 RNA sequencing analysis of miR-146b overexpressed HLF cells 

Using RNA sequencing on miR-146b overexpressed HLF-Fs, we gained a systematic view 

of miR-146b effects on HLFs and identified differentially expressed genes in miR-146b 

overexpressed HFL-Fs. For RNA sequencing data analysis, we took a P-value <0.05 and 

log2 fold change >1 or <-1 as the cutoff to discover genes that were differentially expressed 

(DEGs). A total of 270 genes differentially expressed were identified, including 155 genes 

downregulated while 115 genes upregulated in miR-146b overexpressed cells compared to 

control groups (Figure 28A). We performed KEGG pathway enrichment analysis of 

downregulated genes using the DAVID online analysis database (https://david.ncifcrf.gov) 

and Reactome enrichment analyses (https://reactome.org) to further investigate the 

functional roles of these differentially expressed genes. Pathway enrichment analysis 

revealed that differentially down-regulated genes were enriched in genes involved in 

extracellular matrix organization. Interestingly, we found that DEGs in miR-146b 

overexpressed cells are also involved in cell cycle pathway, indicating that miR-146b not 
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only mediating TGF-β1-induced cell differentiation but also plays a role in regulating 

fibroblast cell proliferation which is also important in the development of pulmonary 

fibrosis. The heatmaps showed genes involved in differentiation (Figure 28B) and 

proliferation pathway (Figure 28C) respectively. 

 

Figure 28. RNA sequencing analysis of miR-146b overexpressed HLF cells. HLF cells 

were transfected with miR-146b mimic or mimic control for 48 h. RNAs were isolated and 

subjected to RNA sequencing. (A) Volcano plot displays the overall identified proteins. 

The differentially expressed genes that involved in cell differentiation (B) and cell cycle 

(C). 

 

3.3.9 HLF-F exhibits higher proliferation than HLF-N 

We stimulated 3 pairs of HLF-F and HLF-N with 2% FBS and examined the proliferation 

rate using BrdU cell proliferation assay. Analysis of BrdU cell proliferation assay showed 

that the HLF-F cells exhibited more positive BrdU incorporation cells than HLF-N with a 

median increasing fold of 1.5 (Figure 29), which was inversely correlated with down-
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regulated miR-146b expression in HLF-Fs, indicating that miR-146b repression promotes 

cell proliferative activity. 

 

Figure 29. HLF-F exhibits higher proliferation than HLF-N. 3 pairs of HLF-Ns and HLF-Fs were 

stimulated with 2% FBS for 48 h and were subjected to BrdU cell proliferation assay. 

Quantification analysis of BrdU assay was expressed as the percentage of DAPI-stained cells that 

were also BrdU-positive. Data are means  ±  SEM. *P <  0.05, **P < 0.01. 

 

3.3.10 Overexpression of miR-146b inhibits HLFs proliferation 

To further explore the role of miR-146b in HLF cell proliferation, we overexpressed miR-

146b by transfecting miR-146b mimic or mimic control to HLF-F cells and 2% FBS was 

added as proliferation stimulation. BrdU cell proliferation assay was performed and 

showed that HLFs treated with 2% FBS in the control group with 26.2% positive BrdU 

incorporation percentage, but in miR-146b mimic transfected cells, proliferation decreased 

to 12.5%, indicating that overexpression of miR-146b significantly attenuated HLF-F cell 

proliferation (Figure 30A). Cyclin D1, a key regulator in cell cycle was also found down-

regulated in miR-146b overexpressed HLFs by 30% (Figure 30B), indicating that miR-
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146b overexpression inhibits cell proliferation, at least partly, may through downregulating 

cyclin D1. 

 

Figure 30. Overexpression of miR-146b inhibits HLFs proliferation. HLFs were transfected with 

50 nM miR-146b mimic or mimic control for 24 h and then treated with 2% FBS and 10 nM BrdU 

and were subjected to BrdU cell proliferation assay. (A) Quantification analysis of BrdU assay was 

expressed as the percentage of DAPI-stained cells that were also BrdU-positive. (*P < 0.05) (B) 

Transfected 50 nM miR-146b mimic or mimic control to HLFs for 48 h and harvested cells for 

western blot. GAPDH was used as an internal control. Inset: Western blot representative images of 

cyclin D1 protein expression. Data are means  ±  SEM from three separate eperiments. *P <  0.05. 

 

3.3.11 Deletion of miR-146b gene increases proliferation of primary mouse lung 

fibroblasts 

Lung fibroblasts derived from miR-146b WT mice showed 24.5 ± 3% BrdU incorporation 

percentage in response to 2% FBS compared to cells isolated from miR-146b KO mice 

with 33.7% ± 5% (Figure 31). These data can serve as shreds of evidence that deletion of 

miR-146b increases primary mouse lung fibroblast cell proliferation. 
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Figure 31. Deletion of miR-146b gene increases proliferation of primary mouse lung fibroblasts. 

Primary lung fibroblasts that derived from miR-146b WT or KO mice were treated with 2% FBS 

for 24 h followed co-incubation with 10 nM BrdU and subjected to BrdU cell proliferation assay. 

Quantification analysis of BrdU assay was expressed as the percentage of DAPI-stained cells that 

were also BrdU-positive. Data are means  ±  SEM from three separate experiments. *P <  0.05. 

 

3.4 Discussion  

 

TGF-b1-induced lung fibroblasts differentiation plays a critical role in the development of 

pulmonary fibrosis [45]. Moreover, fibroblasts could respond to a broad array of paracrine 

and autocrine signals, including not only cytokines such as TGF-b1 but also growth factors. 

Growth factors that secreted from injured epithelial cells stimulate fibroblast proliferation 

and play an important role and make a contribution to the pathogenesis of pulmonary 

fibrosis [8]. In the present study, we identified miR-146b that was considerably down-

regulated in TGF-b1 treated HLFs as well as in IPF-derived pulmonary fibroblast cells, 

suggesting the potential clinically impact of miR-146b in IPF. Overexpression of miR-
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146b dramatically inhibits TGF-β1-induced HLF cell differentiation by reducing the 

critical TGF-β1 downstream transcription factor Smad3. By performing RNA sequencing 

and gene set enrichment analysis in HLF-Fs that overexpressed miR-146b, we 

systematically analyzed biological processes or molecular functions that miR-146b might 

involve in. Basing on the analysis, we found that miR-146b not only inhibiting TGF-b1-

induced cell differentiation but also regulating cell proliferation. Besides, deletion of miR-

146b increased differentiation and proliferation of primary mouse lung fibroblasts. 

Combined with the results that HLF-Fs showed a more robust response to TGF-b1 

stimulation and higher proliferation, which were inversely correlated with miR-146b 

expression, miR-146b functions as a negative feedback regulator of pulmonary fibrosis via 

targeting profibrogenic and proliferative signaling pathways in pulmonary fibroblasts. 

 

As previously described, miR-146b was found down-regulated in TGF-b1-treated HLFs 

based on our sequencing analysis. MiR-218 and miR-146b were the top 2 down-regulated 

miRs. More importantly, miR-146b expression was significantly higher in HLFs derived 

from IPF patients than non-fibrotic HLFs, which consistent with a previous report [117].  

In addition, only overexpression of miR-146b, but not miR-218, inhibited TGF-b1-induced 

cell differentiation with more than 80% reduction of differentiation marker a-SMA 

expression. As shown in miRMAP database (http:// mirnamap.mbc.nctu.edu.tw 

/php/mirna_ entry.php?acc=MI0003129), miR-146b highly expressed in lungs than other 

organs under normal condition. Whereas, the expression of miR-146b in different lung cell 

types is not clear. Thus, we isolated 3 main cell types in lungs, which are epithelial, smooth 

muscle and fibroblast cells and found that miR-146b expression was much higher in 
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fibroblast cells than other cell types. Thus, it is reasonable to consider miR-146b as an ideal 

candidate for further study and plays an important role in the pathological development of 

fibroblasts.  

 

An increasing number of studies have been reported differential expression of miR-146b 

correlated with pathological conditions, including various cancers, inflammatory disease, 

vascular disease etc. [118-121]. The involvement of miR-146b in inflammation is the most 

advanced research field of miR-146b. Beginning with Taganov’s paper in 2006, the role of 

miR-146 in toll-like receptor (TLR) signaling and the innate immune response gain great 

interest and been widely studied [122]. MiR-146b was considered as tumor suppressor and 

has been reported negatively regulates migration and delays progression of T-cell acute 

lymphoblastic leukemia and as a tumor suppressor in human prostate cancer and lung 

cancer [123-125]. Chai et al, reported that miR-146b expression is up-regulated in the lung 

of pulmonary fibrosis mice [126]. Our data showing miR-146b highly expressed in 

pulmonary fibroblasts, combined with the fact that significantly more fibroblasts in lungs 

under fibrotic condition may explain the up-regulation of miR-146b in pulmonary fibrosis 

mice lungs and also indicates the necessity to investigate in pulmonary fibroblasts, but not 

the whole lung, to get a more accurate and clear role of miR-146b. To date, no study has 

looked at the regulation of miR-146b on fibroblast cell differentiation and proliferation in 

development of pulmonary fibrosis.  

 

Our study showed that overexpression of miR-146b almost abolished TGF-b1-induced 

fibroblast cell differentiation. To figure out the mechanism underlying miR-146b-mediated 
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differentiation inhibition, we detected the effects of miR-146b on TGF-b1/Smad signaling 

pathway and targets prediction. Smad4 was experimentally confirmed as a direct target of 

miR-146b [127, 128]. Surprisingly, Smad4 protein expression little changed while 

expression of Smad3 significantly reduced in miR-146b overexpressed HLF-Fs. 

Interestingly, Smad3 is not listed in the miRNA target prediction tools such as TargetScan, 

Pictar and miRWALK, but only predicted as a direct target of miR-146b in miRanda 

(http://www.microrna.org/microrna/home.do). However, we indeed found a 6 bp specific 

sequence on 3’ UTR of Smad3 showed in prediction tools that match with miR-146b seed 

region. Therefore, we performed luciferase assay by creating plasmids with WT sequence 

and deletion of this potential binding site as mutant to confirm whether Smad3 is a direct 

target of miR-146b. Intriguingly, miR-146b mimic inhibits luciferase activity of Smad3-

3’-UTR WT constructs whereas mutations at the seeding regions abolish this inhibition, 

indicating that Smad3 is a direct target of miR-146b. Thus, we showed, for the first time, 

that miR-146b functions as an important negative regulator of TGF-β1-induced HLF cell 

differentiation via direct targeting Smad3 in dependent TGF-β1 profibrogenic signaling 

pathway.  

 

Fibroblast cell proliferation is another mechanism that make a great contribution to the 

development of pulmonary fibrosis. Fibroblasts are normally in a relatively quiescent state. 

The rapid proliferation of fibroblasts is a pivotal early stage event in wound healing in 

normal tissues [20]. Under normal tissue repair processes, fibroblast proliferation is self-

limited. However, unlike normal fibroblasts, negative growth control impaired in 

fibroblasts that come from IPF patients. In IPF, pulmonary fibroblasts have enhanced 
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activity in response to fibrogenic cytokines, including PDGF, VEGF, bFGF and EGF [129-

131]. MiRs also play a role in regulating IPF progression. Huang et al found that miR-101 

attenuates pulmonary fibrosis by inhibiting fibroblast proliferation [132]. Based on our 

systematic analysis of RNA sequencing and pathway enrichment analysis, we found that 

most down-regulated genes in miR-146b overexpressed cells belong to cell cycle pathway. 

Our BrdU cell proliferation assay showed that less BrdU positive cells in miR-146b 

overexpression HLFs in response to serum stimulation, together with the fact that BrdU is 

a pyrimidine analog and gets incorporated into the newly synthesized DNA of proliferating 

cells in place of thymidine during S phase [133], we hypothesized that miR-146b causes 

G1 arrest to regulate cell proliferation. Cyclin-dependent kinases (CDKs) and cyclins are 

among the most important proteins in all proteins involved in cell cycle control [134]. 

CDKs are a family of multifunctional enzymes that modify other protein substrates 

involved in cell cycle progression and require the presence of cyclins to become active. 

Cyclins are a family of proteins with no enzymatic activity but activate CDKs by binding 

with them [134]. Each CDK is paired with a specific cyclin in regulating eukaryotes cell 

cycle. Cyclin D1 is the key cyclin that binds to CDK4/CDK6 in the G1 phase and when 

cyclin D1 levels decrease, the corresponding CDKs become inactive. Some previous 

studies reported that downregulation of cyclin D1 can induce cell cycle arrest in the G1 

phase [135, 136], which is consistent with our study showing that cyclin D1 protein level 

reduced in miR-146b overexpressed HLFs. However, cyclin D1 is not predicted as a direct 

target of miR-146b. Considering the fact that several cell cycle related genes were all 

down-regulated in miR-146b mimic transfected cells based on our RNA sequencing 

analysis, one or more transcription factors which regulating cell cycle gene expression 



	   79	  

might be the direct targets of miR-146b and involved in miR-146b-mediated cell 

proliferation repression. Moreover, it is also worth taking upstream growth factor receptors 

into account for their importance in regulating cell proliferation. 

 

In all, the present study showed that miR-146b expression is down-regulated in TGF-β1-

treated HLFs and in HLF-Fs that derived from IPF patients, indicating an anti-fibrotic role 

of miR-146b in TGF-β1-induced cell differentiation. Since HLF-Fs showed a more robust 

response to TGF-β1 and higher proliferation that inversely correlated with miR-146b 

expression and deletion of miR-146b in mice pulmonary fibroblasts showed similar results, 

suggesting miR-146b plays an anti-fibrotic and anti-proliferation role in human disease. 

Meanwhile, we established that miR-146b regulates cell differentiation via direct targeting 

pivotal downstream transcription factor Smad3 in TGF-β1 profibrogenic signaling 

pathway. Moreover, we identified that miR-146b inhibits cellular proliferation partly by 

repressing the expression of cyclin D1. Our findings here demonstrated that miR-146b as 

a versatile negative regulator and inhibits both pulmonary fibroblasts differentiation and 

proliferation, providing potential new therapeutic targets for pulmonary fibrosis therapy. 
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Chapter IV Summary and conclusions 

 

Our study aimed to identify potential miR candidates involved in the development of 

pulmonary fibrosis and investigate their roles and mechanisms underlying. Since TGF-b1 

plays a pivotal role in inducing fibroblast differentiation in the progression of pulmonary 

fibrosis, we performed microarray sequencing on HLFs treated with or without TGF-b1. 

Based on sequencing analysis, we have 2 sets of differentially expressed miRs. We first 

identified a novel up-regulated miR, miR-424 that potentially potentiates TGF-b1-induced 

fibroblast differentiation. We confirmed the upregulation of miR-424 in TGF-b1 treated 

HLFs by qRT-PCR. In addition, we found that miR-424 increased expressed in lung tissues 

that come from IPF patients compared to control subjects and expression of miR-424 is 

significantly positively associated with collagen COL1A1 expression in these lung 

samples. To assess the biological importance of miR-424 in TGF-b1-induced cell 

differentiation, we performed gain-of-function and loss-of-function studies by transfecting 

miR-424 mimic and its specific inhibitor to HLFs. Protein expression of differentiation 

marker a-SMA and CTGF was demonstrated by western blot. It was found that these TGF-

b1-induced marker proteins expression significantly higher in miR-424 overexpressed 

HLFs compared to mimic control transfected HLFs, but considerably  reduced in miR-424 

inhibitor transfected cells. These data together showed that miR-424 functions as a pro-

fibrotic factor in TGF-b1-induced cell differentiation. Smad3 specific inhibitor SIS3 

treatment abolished TGF-b1-induced miR-424 demonstrated that up-regulation of miR-

424 by TGF-b1 is Smad3 dependent. In an attempt to explore the mechanism underlying, 

we investigated the effect of miR-424 inhibition on the canonical TGF-b1/Smad3 signaling 
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pathway. Our data revealed that TGF-b1-induced Smad3 phosphorylation in HLFs was 

reduced by miR-424 inhibitor, indicating that the effect of miR-424 in TGF-b1 signaling 

pathway lies on upstream. Next, we investigated the potential target of miR-424 in 

regulating TGF-b1 signaling pathway. In silico analysis was performed and Slit2, an 

inhibitory protein of TGF-b1 profibrogenic pathway, was found as a putative target of miR-

424. This knowledge was further confirmed by overexpression of miR-424 down-regulated 

Slit2 expression. More importantly, it consistent with the reduced Slit2 gene expression in 

IPF patients. Luciferase reporter assay, as direct evidence, showing miR-424 represses 

Slit2-3’UTR reporter activity and mutations at the binding site abolish this inhibition.  

 

The second part of our study was to investigate the role and mechanism of a down-

regulated miR, miR-146b, underlying regulation of pulmonary fibrosis. Our hypothesis 

was that down-regulated miR-146b function as an anti-fibrotic factor. As expected, miR-

146b expression reduced in TGF-b1 treated HLFs combined with lower expression in 

HLF-F compared to HLF-N. In addition, overexpression of miR-146b by transfecting miR-

146b mimic in IPF derived HLF-Fs showed significantly reduced a-SMA expression to 

basal expression level with TGF-b1 stimulation compare to cells without TGF-b1 

treatment. These findings were further supported by immunofluorescence staining of a-

SMA. In agreement with these data, lung fibroblast cells that isolated from miR-146b KO 

mice showed a more robust response to TGF-b1 stimulation than cells come from miR-

146b WT mice, suggesting that miR-146b repression increases TGF-b1 profibrogenic 

pathway.  
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Thus, the first objective of this part was to define the mechanisms of miR-146b regulation 

of pulmonary fibroblast differentiation. To reach this goal, we overexpressed miR-146b 

and proteins involved in TGF-b1 signaling pathway were detected by western blot. Our 

results showed that miR-146b not only blocked Smad3 phosphorylation but also reduced 

total Smad3 expression, suggesting that miR-146b inhibits myofibroblast differentiation 

via targeting Smad3 dependent profibrogenic signaling. We found a 6 bp sequence in 

Smad3 3’-UTR region potentially binding to miR-146b seed region and thus we 

constructed Smad3-3’UTR WT and mutant luciferase reporters to examine whether Smad3 

is a direct target of miR-146b. Luciferase assay showing that miR-146b represses Smad-

3’UTR reporter activity and mutations at the binding site abolish this inhibition, indicating 

that miR-146b regulating TGF-b1-induced cell differentiation via direct targeting Smad3. 

To further yield a systematic knowledge of differentially expressed genes that miR-146b 

regulated, RNA sequencing of miR-146b mimic and mimic control transfected cells were 

performed. To elucidate the functional roles of these differentially expressed genes, we 

carried out KEGG pathway enrichment analysis using the DAVID online analysis database 

and found that miR-146b not only mediates cell differentiation but also regulates cell 

proliferation-related pathways. Therefore, the second major objective of this part was to 

investigate the molecular mechanisms underlying miR-146b-mediated inhibition of 

fibroblast proliferation. Our overexpression experiments suggested that miR-146b 

significantly inhibited fibroblast cell proliferation in response to serum stimulation. As an 

important cell cycle-related protein that involved in S phase entering, Cyclin D1 expression 

was decreased in miR-146b mimic transfected cells by western blot, which accordance 

with our BrdU cell proliferation assay results. Deletion of miR-146b significantly increases 
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mice pulmonary fibroblasts differentiation and proliferation when it compares to 

fibroblasts derived from miR-146b WT mice, indicating that miR-146b plays important 

inhibitory roles in cell differentiation and proliferation and repression of miR-146b 

exacerbates pulmonary fibrosis. 

 

In summary, our data showing 2 important and novel pro-fibrotic and anti-fibrotic miRs 

respectively and their mechanisms involved in regulating pulmonary fibrosis. MiR-424, as 

a pro-fibrotic miRNA, up-regulated by TGF-b1 and potentiates TGF-b1 profibrogenic 

pathway by inhibiting TGF-b1 pathway negative regulator Slit2 to form a positive 

feedback loop. On the other hand, down-regulated miR-146b not only inhibits TGF-b1-

induced fibroblast differentiation but also play an important inhibitory role in regulating 

fibroblast proliferation. Our studies may guide the development of novel therapeutic 

strategy targets for manipulating these miRs or develop small molecules via local drug 

application for the prevention and treatment of IPF. 
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inflammation but not in all other patients in this study. Patients
with CGD exhibited an increased abundance of Ruminococcus
gnavus, which has also been associated with ileal Crohn disease9

(Fig 2, C).
In summary, we showed that the gut microbiota of patients with

CGD and TTC7A and XIAP deficiency have distinct alterations,
suggesting a primary defect in host immune system as a basis of
dysbiosis. Although it remains to be experimentally documented,
the microbial alterations induced by the host genetic defect might
play a role in some aspects of the PID phenotype and particularly
intestinal involvement. The number of subjects studied was low
because of the extreme rarity of the studied diseases. However,
independent and ideally larger and longitudinal studies are
required to confirm our findings. Controlling for potential
confounding factors such as diet, treatment, age, delivery mode,
socioeconomic features, and gastrointestinal symptoms is
particularly difficult in studies aiming at discriminating genetic
factors from environmental and inflammation influences.
Similarly, identification of ideal controls is not trivial. Although
nonaffected healthy siblings sharing similar lifestyles would be
attractive, there are obvious limitations in term of feasibility.

Finally, if these observations are confirmed, the alteration in gut
microbiota composition might have clinical interest as diagnosis
biomarkers.
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Upregulated P-Rex1 exacerbates
human airway smooth muscle
hyperplasia in asthma
To the Editor:
Patients with severe asthma often develop poorly reversible

airway obstruction. Although various factors such as abnormal
airway smooth muscle (ASM) relaxation may contribute to fixed
airway obstruction, development of structural changes due to
airway remodeling is commonly associated with this
complication and poor clinical outcomes in patients.1 Human
airway smooth muscle (HASM) hyperplasia is a major
component of airway remodeling, and cell proliferation plays
an important role in HASM hyperplasia and remodeling.2

However, the molecular mechanisms regulating HASM cell
proliferation in asthma are still poorly understood.

Platelet-derived growth factor (PDGF) is greatly increased in
the lungs of patients with asthma and is thought to promote
proliferation of HASM cells via activation of tyrosine kinase
receptor PDGFR. Ras-related C3 botulinum toxin substrate 1
(Rac1) is a small GTPase that is required for PDGF-stimulated
HASM cell proliferation.3 However, little is known about how
Rac1 activity is regulated in asthmatic HASM cells. P-Rex1 is a
Rac-selective guanine nucleotide exchange factor (Rac-GEF)
that catalyzes inactive GDP-bound Rac into active GTP-bound
form.4 We previously reported that aberrantly upregulated
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FIG 1. A, P-Rex1 protein expression is elevated in asthmatic human lung tissues and isolated primary

asthmatic HASM cells. A, Left panel: Representative immunohistochemistry staining of P-Rex1 protein in

human lung tissue of normal subjects (a and b) and patients with asthma (c and d). Small boxes indicate

ASM cells. Inserted boxes are a 2 times enlarge of small boxes. Right panel: Analysis of P-Rex1 protein

expression in HASM cells using the H-score index on immunohistochemically stained tissue sections

from normal subjects and subjects with asthma (n 5 3) (right). **P < .01. B, Left: A representative Western

blot of P-Rex1 protein in 3 nonasthmatic HASM-N cell lines and 3 asthmatic HASM-A cell lines. Right: Mean

P-Rex1 band density was normalized to b-actin 6 SE (**P < .01).
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P-Rex1 promotes cancer metastasis by activating Rac1 signals.5

Our report also identified the importance of P-Rex1 in cancer
cell proliferation.6 P-Rex1 cooperates with PDGFR to drive
migratory and invasive phenotypes of cancer cells,7 but its role
in PDGF-stimulated HASM cell proliferation is unknown.

Immunohistochemistry staining of formalin-fixed, paraffin-
embedded lung samples from subjects with asthma and normal
subjects (see Table E1 in this article’s Online Repository at
www.jacionline.org) revealed that P-Rex1 protein was only
weakly expressed in epithelial layers and ASM cells of
bronchioles in normal subjects (Fig 1, A, a and b), whereas
patients with asthma had a much higher staining density of
P-Rex1 protein (Fig 1, A, c and d). Quantitative analysis of lung
tissue samples using a ‘‘histo-score’’ (H-score)5 showed that
P-Rex1 protein expression in ASM bundles of patients with
asthmawas 4-fold higher than that in normal subjects. In contrast,
P-Rex-2, an isoform of P-Rex1, was barely detectable in ASM
bundles and quantitative analysis showed no significant
difference between normal subjects and patients with
asthma (see Fig E1 in this article’s Online Repository at
www.jacionline.org). P-Rex1 upregulation was further confirmed
in 3 primary ASM cell lines derived from subjects with asthma,
HASM-A, as compared with 3 primary cell lines isolated
from subjects without asthma, HASM-N (see Table E2 in this

http://www.jacionline.org
http://www.jacionline.org


FIG 2. Upregulated P-Rex1 exacerbates asthmatic HASM hyperplasia. A, Serum-starved HASM cells were

stimulated with 10 ng/mL of PDGF in the absence and presence of 50 mM Rac1 inhibitor NSC23766 for

36 hours, and the cell proliferation was assessed using a BrdU incorporation assay. Inset: Western blot

analysis of PDGFR expression levels in 3 nonasthmatic HASM-N1-3 and 3 asthmatic HASM-A1-3 cell lines.

B, Nonasthmatic HASM-N cell lines were transfected with empty vector or vector encoding recombinant

P-Rex1. C, Asthmatic HASM-A cell lines were transfected with scramble or P-Rex1–specific siRNA using

lipofectamine RNAiMAX. Cells were treated with 10 ng/mL of PDGF for 24 hours and then subjected to

Western blot analysis of P-Rex1 and PDGFR protein expression (insets) or BrdU incorporation assay.

Quantitative analysis of percent BrdU-positive cells was performed by counting BrdU-positive

cells compared with total DAPI-stained cells. BrDU, 5-Bromo-29-deoxyuridine; DAPI, 49-6-diamidino-2-

phenylindole, dihydrochloride. Data are means 6 SE from at least 100 cells. All experiments were

independently repeated 3 times. *P < .05 and **P < .01.
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article’s Online Repository at www.jacionline.org and Fig 1, B,
P < .01). 5-Bromo-29-deoxyuridine cell proliferation assays
indicated that the stimulatory effects of PDGF in asthmatic
HASM-A cells are 2-fold higher than that in HASM-N cells
(23.2 6 2.3-fold vs 10.9 6 1.8-fold, P < .01). Treatment with
Rac1 inhibitor NSC23766 (50 mM) had no significant effects on
HASM-N cell proliferation, but attenuated PDGF-stimulated
proliferation of all 3 HASM-A cell lines by 40% (Fig 2, A)
(P < .05), suggesting that active Rac1 promotes asthmatic
HASM proliferation.

Western blot analysis indicated that PDGFR expression levels
were similar comparing nonasthmatic and asthmatic HASM cell
lines (Fig 2, A, inset) and no association was found between
PDGFR expression levels and PDGF-stimulated HASM cell
proliferation. We next examined whether upregulated P-Rex1 is
responsible for asthmatic HASM cell hyperplasia. As shown in
Fig 2, B (left panel), overexpression of recombinant P-Rex1 had
no significant effects on the basal proliferation rate but
significantly increased PDGF-stimulated proliferation of all 3
nonasthmatic HASM-N cell lines. The basal proliferation rate
of HSAM-N1 cells transfected with vector or recombinant
P-Rex1 was 2.0% 6 0.6% and 2.5% 6 0.3%, respectively.
PDGF stimulation increased this value to 7.3% 6 0.1% and
13.1% 6 0.4%, respectively. Similar results were obtained in 2
other HASM-N cell lines (N2 and N3). On average,
overexpression of P-Rex1 increased PDGF-stimulated cell
proliferation of 3 HASM-N cell lines by 1.9-fold (P < .05)
(Fig 2, B, right panel). P-Rex1–specific siRNA5 was used to
reduce P-Rex1 protein levels in 3 asthmatic HASM-A cell lines
(Fig 2, C, inset). Silencing endogenous P-Rex1 had little effects
on basal proliferation rate but significantly attenuated
PDGF-stimulated cell proliferation of all 3 asthmatic HASM-A
cell lines (Fig 2, C, left panel). Treatment with PDGF increased
the proliferation rate of HASM-A1 cells with scramble siRNA
from 3.2% 6 0.5% to 29.7% 6 3.1 %, whereas the proliferation
rate of HASM-A1 cells with P-Rex1 siRNA was only increased
from 3.3%6 0.9% to 14.2%6 2.1% (Fig 2, C, left panel). These
results were confirmed in 2 other asthmatic HASM-A cell lines
(A2 and A3). On average, knockdown of P-Rex1 expression by
70% to 80% attenuated PDGF-stimulated cell proliferation of 3
HASM-A cell lines by 45.0% 6 3.8% (P < .05) (Fig 2, C, right
panel), indicating that upregulated P-Rex1 is required for
PDGF-stimulated proliferation of asthmatic HASM-A cells. We
also examined the importance of P-Rex1 in epidermal growth
factor (EGF)-stimulated HASM cell proliferation (see Fig E2 in
this article’s Online Repository at www.jacionline.org). The
stimulatory effect of EGF in asthmatic HASM-A1 cells was
2.5-fold higher than that in nonasthmatic HASM-N1 cells.
P-Rex1 overexpression in HASM-N1 cells increased
EGF-stimulated cell proliferation by 2-fold (7.1% 6 0.6% vs
15.6% 6 1.9%), whereas silencing P-Rex1 in HASM-A1 cells
reduced EGF-stimulated cell proliferation from 17.5% 6 2.2%
to 4.2% 6 1.1%. It should be noted that manipulations of
P-Rex1 had little effect on PDGFR or EGF receptor expression
in HASM cells (Figs 2 and E2, insets).

In conclusion, our results in human tissues and primary cell
lines demonstrate an aberrant upregulation of P-Rex1 in HASM
of patients with asthma. These data support a key role of P-Rex1
in the increased proliferation of asthmatic HSAM cells, which is
likely an essential component regulating ASM cell hyperplasia in
asthma. Interestingly, activation of Rac1 by bronchoconstrictor
G-protein–coupled receptor ligands in ASM cells plays a major
role in airway hyperresponsiveness (AHR), the hallmark of
asthma.8 Because P-Rex1 is the only Rac-GEF synergistically
activated by G-protein–coupled receptors and tyrosine kinase
receptors,4 upregulated P-Rex1 could also contribute to
development of AHR. However, we are aware of some limitations
of our study. Rac1 inhibitor NSC23766 at 100 mM exhibits
critical off-target effects in vivo.9 Thus, the concentration used
in our studies (50 mM) cannot exclude Rac1-independent effects
in asthmatic HASM cells. Further research is warranted to
determine the functions and molecular mechanisms of
upregulated P-Rex1 in asthma. Nonetheless, our data support
the concept that P-Rex1 may represent a key target for treating
both ASM hyperplasia and AHR, providing a novel approach to
reverse airway remodeling and restore airway function in severe
asthma.
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METHODS

Immunohistochemistry analysis of human lung

tissues
Archived formalin-fixed, paraffin-embedded lung tissue blocks of subjects

with asthma (n 5 3) and healthy controls (n 5 3) were from Dr Reynold A.

Panettieri. These tissue samples were obtained during open lung resection

from patients at the time of death (Table E1).E1 Tissue sections were

stainedwith theHPA001927 anti–P-Rex1 antibody (MilliporeSigma, Burling-

ton, Mass) or anti–P-Rex2 antibody (Cat. NBP1-84275, Novus Biologicals,

Littleton, Colo), counterstained with hematoxylin. The negative control

used nonimmune rabbit IgG as the primary antibody. The intensity of P-

Rex1 protein staining was determined as an average optical density by

Image-Pro Plus in 5 randomly chosen airways for each sample. A ‘‘histo-

score’’ (H-score) was calculated by multiplying the percentage (P) of positive

cells by the average intensity (I) as described previously.E2

Cells and culture
HASM cells from donors with asthma (A1-3) and donors without asthma

(N1-3) were established by Dr Rey Panettieri’s laboratory using human lung

tissue samples obtained from subjects without and with asthma during open

lung resection at the time of death (Table E2). The samples had no identi-

fiers, and the protocol for cell isolation was previously approved by the Uni-

versity of Pennsylvania Institutional Review Board.E3 Cells were cultured at

378C with 5% CO2 in 1:1 mixture of Dulbecco modified Eagle medium (GE,

Logan, Utah) and Ham’s F-12 Nutrient Mixture (F12) (Corning, Va) supple-

mented with 10% FBS and were used at passage less than 10 for

experiments.

Expression of recombinant P-Rex1
Nonasthmatic HASM-N cells (2.53 105) were electroporated with 2mg of

either pcDNA3.1 control vector or vector encoding P-Rex1 using the

Nucleofector system as per manufacturer’s protocol. Transfected cells were

cultured for 24 hours and then reseeded for proliferation assays or Western

blot analysis as described below.

Silence of endogenous P-Rex1 by siRNA
Asthmatic HASM-A cells (2.5 3 105) were transfected with 50 mM of

scramble siRNA (negative control #1 siRNA, Ambion, Austin, Tex) or synthe-

sized P-Rex1 siRNA (target sequence of human P-Rex1 gene: 59-GCAAC
GACTTCAAGCTGGTGGAGAA-39)E2 using lipofectamine RNAiMAX

reagent (Invitrogen, Carlsbad, Calif) as per manufacturer’s protocol. The final

concentration of siRNA was 50 nM. Transfected cells were cultured for

24 hours and then reseeded for proliferation assays or Western blot analysis.

Western blot
Cell protein extraction and Western blot were conducted as described

previously.E4 Protein was extracted from cells using 13 RIPA lysis buffer
(Santa Cruz, Dallas, Tex). Samples were electrophoresed and subjected to

Western blot using primary antibodies against P-Rex1 (mouse, clone 6F12,

MilliporeSigma), PDGF receptor (Cat.3162S, Cell Signaling Technology,

Danvers, Mass), EGF receptor (Cat.06-847, MilliporeSigma), and the loading

control b-actin (Santa Cruz). IRdye700- or IRdye800-labeled secondary

antibodies (LI-COR Biosciences, Lincoln, Neb) were used for protein band

detection. The images were captured with a LI-COR Odyssey infrared

imaging system (LI-COR Biosciences). For the quantification of the Western

blot results, the intensity of each band was divided by the b-actin intensity of

that same sample and subsequently divided by the corrected intensity of the

untreated sample of the same blot.

5-Bromo-29-deoxyuridine cell proliferation assay
HASM cells were seeded on coverglasses in 12-well plates

(5 3 103 cells/well) and cultured in serum-free medium for 24 hours.

Serum-starved HASM cells were stimulated with PDGF-BB (10 ng/mL)

or EGF (100 ng/mL) for 24 hours. To test the effect of a Rac1 inhibitor

on HASM cells, 50 mM Rac1 inhibitor NSC 23766 (Tocris, Minneapolis,

Minn) was added to serum-starved HASM cells 1 hour before PDGF-BB

or EGF treatment. Then, 10 mM 5-bromo-29-deoxyuridine (BrdU)

(BD Biosciences, San Jose, Calif) was added to cultured cells for 18 hours.

Cells were fixed with 70% ethanol, permeabilized, blocked, and then

stained for nuclei and BrdU using 49,6-diamidino-2-phenylindole,

dihydrochloride and anti-BrdU antibody (Cell Signaling Technology).

BrdU incorporation into newly synthesized DNA, as an indicator of

cell proliferation, was measured by fluorescence microscopy. Results

are expressed as the percentage of 49,6-diamidino-2-phenylindole,

dihydrochloride–stained cells that were also BrdU-positive.

Statistical analysis
Data are expressed as means6 SE. Groups were compared using a Student

t test for unpaired observations. A probability level (P) of less than .05 was

considered statistically significant.
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FIG E1. P-Rex2 expression in human normal and asthmatic lung tissues. Left panel: Representative

immunohistochemistry staining of P-Rex2 protein in human lung tissue of normal subjects (A) and patients

with asthma (B). Small boxes indicate ASM cells. Inserted boxes are a 2 times enlarge of small boxes.

Right panel: Analysis of P-Rex2 protein expression in HASM cells using the H-score index on

immunohistochemically stained tissue sections from normal subjects and subjects with asthma (n 5 3).

J ALLERGY CLIN IMMUNOL

FEBRUARY 2019

781.e2 LETTERS TO THE EDITOR



FIG E2. Upregulated P-Rex1 exacerbates EGF-induced HASM cell proliferation. Nonasthmatic HASM-N1

cells were transfected with empty vector or vector encoding recombinant P-Rex1 (left panel), whereas

asthmatic cell HASM-A1 was transfected with scramble or P-Rex1–specific siRNA (right panel) for 48 hours.

Cells were treated with 100 ng/mL EGF for 24 hours and then subjected to Western blot analysis of P-Rex1

and EGFR proteins (insets) or BrdU incorporation assay. Quantitative analysis of BrdU-positive cells was

performed by counting the percentage of BrdU-positive cells compared with total DAPI-stained cells.

DAPI, 49-6-Diamidino-2-phenylindole, dihydrochloride; EGFR, epidermal growth factor receptor. Data are

means 6 SE from at least 100 cells. All experiments were independently repeated 3 times. *P < .05 and

**P < .01.
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TABLE E1. Subject profiles of archived formalin-fixed, paraffin-embedded lung tissue blocks

Profile Tissue case number Cause of death Pulmonary disease Cancer Medication

Nonasthma 062810 Cerebral vascular accident None None Hypertension medication

N19CM Head gunshot wound None None None

090710 Overdose on Tylenol-intentional None None Xanax, Lisinopril

Asthma As081610 Anoxia and asthma attack Asthma None Advair, Combivent

As31BF Anoxia and asthma attack Asthma None Albuterol

As0726 Anoxia and asthma attack Asthma None Singulair
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TABLE E2. Subject profiles of isolated nonasthmatic and asthmatic HASM cells

Profile Cell Cause of death Pulmonary disease Cancer Medication

Nonasthma N1 Gunshot wound neck None None None

N2 Head/chest trauma caused by vehicle accident None None None

N3 Anoxic brain injury None None NA

Asthma A1 Anoxia and asthma attack Asthma None Albuterol, Advair

A2 Anoxia and asthma attack Asthma None Albuterol

A3 Anoxia and asthma attack Asthma None Albuterol

NA, Not applicable.
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