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COPD 
Chronic obstructive pulmonary disease (COPD) is the general term for a number of distinct 
but often partially overlapping, phenotypes; emphysema, small airway disease and chronic 
bronchitis. With approximately three million deaths it was the third leading cause of death 
worldwide in 2016 (1, 2). In the western world, inhalation of irritants, mainly tobacco 
smoking, is the major risk factor for the development of COPD (3). 

COPD patients have a chronic inflammatory response to irritants and a disturbed 
repair system, which leads to progressive airflow limitation. This airflow limitation is due 
to a combination of destruction of alveolar septa with lack of repair in emphysema and 
excessive extracellular matrix (ECM) deposition in the airway walls in chronic bronchitis 
and small airway disease (4-6). Although the extent of these processes varies from patient 
to patient resulting in different phenotypes, these eventually lead to a persistent decline in 
lung function and breathing difficulties even during daily life activities (3). 

To determine the lung function of patients, spirometry tests are performed which 
measure the airflow. The Forced Expiratory Volume in one second (FEV1) and the Forced 
Vital Capacity (FVC) are two important parameters of the spirometry tests. A FEV1/FVC 
ratio below 70% indicates airway obstruction. The severity of the airflow limitation in 
COPD patients is classified into four categories based on the FEV1 according to the Global 
Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines (Table 1) (7). 

 
Table 1. Classification of airflow obstruction severity in COPD patients with FEV1/FVC<70% 

GOLD Stagea Severity FEV1 (%, predicted)b 

I Mild ≥ 80 
II Moderate 50 – 79 
III Severe 30 – 49 
IV Very severe < 30 

a Airway obstruction classification according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines (7). 
b Percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the same sex, age and 
height. 

 
In addition to GOLD stages, the ABCD assessment tool was introduced which takes 

the symptoms and the exacerbation history of the patient into account (7). The symptoms 
including dyspnea are measured using several questionnaires (i.e. the Modified British 
Medical Research Council Questionnaire and the COPD Assessment Test). The lung 
function combined with the assessment of symptoms and the risk of exacerbations, 
provides a more representative picture of the disease severity and is considered to be a 
better guide for treatment decisions. 

COPD patients are always advised to change their lifestyle. Smoking cessation, with 
or without the help of therapeutic intervention, is one of the most important changes that 
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can slow down the decline or stabilize the lung function in COPD patients (8, 9). Currently, 
the pharmacotherapies for COPD only relieve the symptoms and reduce exacerbations. The 
different phenotypes require personalized medicine to obtain a more effective individual 
treatment outcome. The mechanisms underlying this incurable lung disease are until now 
largely unclear. Better insight in the underlying mechanisms is required to find novel 
therapeutic targets for the development of new treatments.  
 

COPD and the link with ageing 
The incidence of COPD increases with age; the majority of the patients diagnosed with 
COPD are 60 years or older (10, 11). As COPD is mainly diagnosed in the late middle-aged 
and elderly individuals, this lung disease has been suggested to be associated with ageing 
(10, 12). Ageing can be defined as a process in which the homeostasis in the body 
progressively declines after the reproductive phase (12). Ageing effects can be observed in 
a normal lung from an age of 25 years and include the gradual loss of its elasticity due to 
alterations in the ECM (13). 

At the molecular and cellular level, several features in the lungs of COPD patients are 
quite comparable to the features observed in normally ageing lungs of healthy subjects, 
albeit at an obviously earlier age. These features include increased levels of reactive 
oxygen species (ROS) and mitochondrial dysfunction, which subsequently lead DNA 
damage, changes in the DNA methylation pattern, shortening of telomeres, cellular 
senescence and protein modifications resulting in loss of protein function (10, 14). Both 
ROS and mitochondrial dysfunction have been described as hallmarks of ageing (15). Other 
hallmarks of ageing that also have been found to play a role in COPD are deregulated 
nutrient sensing, reduced repair capacity of basal progenitor cells and altered cellular and 
intercellular communication (10, 16). Involvement of these different hallmarks underlines 
the complexity of COPD and the normal ageing process. Unravelling the mechanisms 
involved in ageing may contribute to a better understanding of COPD and may provide 
novel therapeutic targets for treating this lung disease. 

 

Lung tissue repair and remodelling 
The extracellular matrix (ECM) in the lungs, mainly composed of collagens, elastic fibers, 
proteoglycans, fibronectin and tenascin, is important for a proper lung architecture (17). 
Collagen and fibronectin contribute to the tensile strength of the lungs whereas elastin, 
which is the main component of elastic fibers, is responsible for the elastic recoil (18). In 
addition to providing structural support and stability to the lung, the ECM also influences 
the phenotype and behaviour of cells (19). Induction of integrin expression on the cell 
surface can upon binding to ECM components initiate downstream signalling pathways. In 
addition, the ECM may also influence growth factor receptor expression patterns in lung 
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cells (20). These characteristics emphasize that a proper composition of the ECM is crucial 
to maintain the normal lung function.  

Various cell types in the lung, like airway smooth muscle cells, epithelial cells and 
(myo)fibroblasts are able to produce ECM proteins. The lung fibroblasts that differentiate 
into myofibroblasts mainly upon stimulation with transforming growth factor beta (TGF-β) 
are the main producers of ECM proteins (19). The majority of the lung fibroblasts are 
located in the airway wall (i.e. airway fibroblasts) and in the interstitium of the lung 
parenchyma (i.e. parenchymal fibroblasts). During normal tissue homeostasis, old and 
damaged proteins in the ECM are degraded by matrix metalloproteases (MMPs) and a 
disintegrin and metalloproteases (ADAMs) (21). These enzymes can be inhibited by tissue 
inhibitors of matrix metalloproteases 1-4 (TIMP1-4). The degraded, old proteins are 
replaced by newly produced proteins. As lung fibroblasts can synthesize and secrete ECM 
proteins as well as MMPs and TIMPs, a proper function of these cells is crucial for 
controlling ECM homeostasis (19, 22). An imbalance in production and degradation of the 
matrix of the lung can lead to aberrant tissue repair and remodelling (Figure 1). This is one 
of the features of the lungs of COPD patients (21). In patients with emphysema, 
characterized by a destruction of the alveolar walls and lack of repair, the expression levels 
of MMP-1 and MMP-9 are increased (23). These increased MMP levels may contribute to 
the shift towards a net ECM degradation. In airway fibrosis, there is an excess of ECM 
deposition (24). 

In addition to the secretory property, lung (myo)fibroblasts also have a contractile 
function. These contraction forces are important in tissue repair as they mediate re-
epithelialization by wound closure (25). 
 

TGF-β signalling pathway 
TGF-β is produced by alveolar macrophages, epithelial cells and (myo)fibroblasts in the 
lungs. It is a multifunctional cytokine known to be involved in several processes including 
cell proliferation, differentiation and tissue repair and remodelling (26, 27). Of the three 
isoforms known to be expressed in the lungs, i.e. TGF-β1 (Chr 19q13.2), TGF-β2 (Chr 
1q41) and TGF-β3 (Chr 14q24.3), TGF-β1 is the best studied isoform. In COPD patients, 
TGF-β1 has been reported to be elevated in plasma and in small airway epithelial cells (28-
30). Parenchymal fibroblasts of COPD patients have been shown to secrete significantly 
more TGF-β1 compared to those of non-COPD controls (4). 
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Figure 1. Aberrant tissue repair and remodelling in the lungs. After TGF-β stimulation, the lung fibroblasts 
can differentiate into myofibroblasts. Both fibroblasts and myofibroblasts can produce ECM proteins. During 
normal tissue repair and remodelling, there is a balance in the production and degradation of the ECM. In 
emphysema there is a destruction of the alveolar walls and lack of repair, while in airway fibrosis, there is an 
excess of ECM deposition. 

 
TGF-β dimers are secreted in an inactive form that can be activated upon proteolytic 

cleavage by, for example, integrins and proteases (30). Upon binding to its receptor 
expressed on fibroblasts, the active form of TGF-β can initiate SMAD-dependent as well as 
SMAD-independent signalling. Of these two signalling pathways, the SMAD-dependent 
signalling pathway is considered as the main downstream pathway of TGF-β. This pathway 
is active upon binding of TGF-β to the type I and type II TGF-β receptor dimers. 
Subsequently, the type II receptor activates the type I receptor through phosphorylation, 
which results in phosphorylation of the TGF-β specific SMAD2 and SMAD3 proteins. The 
phosphorylated SMAD proteins will form a complex with SMAD4 and translocate into the 
nucleus. This complex binds to SMAD-binding elements in the promoters of TGF-β-
specific target genes, which include protein coding and microRNA (miRNA) genes (31). 



1

 
Chapter 1 
 

14 

cells (20). These characteristics emphasize that a proper composition of the ECM is crucial 
to maintain the normal lung function.  

Various cell types in the lung, like airway smooth muscle cells, epithelial cells and 
(myo)fibroblasts are able to produce ECM proteins. The lung fibroblasts that differentiate 
into myofibroblasts mainly upon stimulation with transforming growth factor beta (TGF-β) 
are the main producers of ECM proteins (19). The majority of the lung fibroblasts are 
located in the airway wall (i.e. airway fibroblasts) and in the interstitium of the lung 
parenchyma (i.e. parenchymal fibroblasts). During normal tissue homeostasis, old and 
damaged proteins in the ECM are degraded by matrix metalloproteases (MMPs) and a 
disintegrin and metalloproteases (ADAMs) (21). These enzymes can be inhibited by tissue 
inhibitors of matrix metalloproteases 1-4 (TIMP1-4). The degraded, old proteins are 
replaced by newly produced proteins. As lung fibroblasts can synthesize and secrete ECM 
proteins as well as MMPs and TIMPs, a proper function of these cells is crucial for 
controlling ECM homeostasis (19, 22). An imbalance in production and degradation of the 
matrix of the lung can lead to aberrant tissue repair and remodelling (Figure 1). This is one 
of the features of the lungs of COPD patients (21). In patients with emphysema, 
characterized by a destruction of the alveolar walls and lack of repair, the expression levels 
of MMP-1 and MMP-9 are increased (23). These increased MMP levels may contribute to 
the shift towards a net ECM degradation. In airway fibrosis, there is an excess of ECM 
deposition (24). 

In addition to the secretory property, lung (myo)fibroblasts also have a contractile 
function. These contraction forces are important in tissue repair as they mediate re-
epithelialization by wound closure (25). 
 

TGF-β signalling pathway 
TGF-β is produced by alveolar macrophages, epithelial cells and (myo)fibroblasts in the 
lungs. It is a multifunctional cytokine known to be involved in several processes including 
cell proliferation, differentiation and tissue repair and remodelling (26, 27). Of the three 
isoforms known to be expressed in the lungs, i.e. TGF-β1 (Chr 19q13.2), TGF-β2 (Chr 
1q41) and TGF-β3 (Chr 14q24.3), TGF-β1 is the best studied isoform. In COPD patients, 
TGF-β1 has been reported to be elevated in plasma and in small airway epithelial cells (28-
30). Parenchymal fibroblasts of COPD patients have been shown to secrete significantly 
more TGF-β1 compared to those of non-COPD controls (4). 

 
General introduction & scope of the thesis 

 

15 

 
 
Figure 1. Aberrant tissue repair and remodelling in the lungs. After TGF-β stimulation, the lung fibroblasts 
can differentiate into myofibroblasts. Both fibroblasts and myofibroblasts can produce ECM proteins. During 
normal tissue repair and remodelling, there is a balance in the production and degradation of the ECM. In 
emphysema there is a destruction of the alveolar walls and lack of repair, while in airway fibrosis, there is an 
excess of ECM deposition. 

 
TGF-β dimers are secreted in an inactive form that can be activated upon proteolytic 

cleavage by, for example, integrins and proteases (30). Upon binding to its receptor 
expressed on fibroblasts, the active form of TGF-β can initiate SMAD-dependent as well as 
SMAD-independent signalling. Of these two signalling pathways, the SMAD-dependent 
signalling pathway is considered as the main downstream pathway of TGF-β. This pathway 
is active upon binding of TGF-β to the type I and type II TGF-β receptor dimers. 
Subsequently, the type II receptor activates the type I receptor through phosphorylation, 
which results in phosphorylation of the TGF-β specific SMAD2 and SMAD3 proteins. The 
phosphorylated SMAD proteins will form a complex with SMAD4 and translocate into the 
nucleus. This complex binds to SMAD-binding elements in the promoters of TGF-β-
specific target genes, which include protein coding and microRNA (miRNA) genes (31). 



 
Chapter 1 
 

16 

To control this signalling pathway, the inhibitory SMAD7 forms a complex with Smurf1 
and Smurf2 ligases which can guide the whole complex to the activated TGF-β type I 
receptor. The Smurf enzymes degrade the receptor resulting in inhibition of the SMAD-
dependent TGF-β signalling pathway.  

Significantly decreased protein levels of TGF-β1, TGF-β receptor type I and SMAD7 
have been reported in airway epithelial cells and stromal cells in peribronchial area of small 
airways of stage II COPD patients compared to non-COPD controls (32). In addition, 
stimulation of lung fibroblasts with tumour necrosis factor and/or cigarette smoke extract 
significantly reduced SMAD3 and SMAD7 levels. This effect was more pronounced in 
lung fibroblasts derived from COPD patients compared to those derived from non-COPD 
controls (33). These findings indicate an altered TGF-β signalling pathway in fibroblasts of 
COPD patients.  

 

MiRNAs and indications of their role in COPD pathogenesis and ageing 
MicroRNAs (miRNAs) are small, single-stranded, non-coding RNAs with an average 
length of 22 nucleotides. The transcription of miRNA genes to primary miRNAs (pri-
miRNAs) occurs in the nucleus and is executed by RNA polymerase II (Figure 2) (31, 34, 
35). The pri-miRNA contains one or more hairpin structures with the mature miRNA 
sequences being present in the 5` and/or 3` strand of the hairpin arms (34). The pri-miRNA 
transcripts are converted into the hairpin precursor (pre-)miRNAs by cleavage of the 
flanking sequences by the DiGeorge syndrome Critical Region 8 (DGCR8)-Drosha 
complex. Translocation of the pre-miRNAs to the cytoplasm is mediated by Exportin-5 and 
followed by cleavage of the loop sequence by Transactivation Responsive RNA-Binding 
Protein (TRBP)-Dicer complex. One or both strands of the miRNA-duplex are incorporated 
into the Argonaute (Ago) containing RNA-induced silencing complex (RISC). The mature 
miRNAs direct the RISC complex to their target regions on protein-coding or non-coding 
RNA transcripts based on sequence homology. MiRNAs usually bind to the 3` untranslated 
region of mRNAs in which especially perfect or near-perfect base-pairing of the so-called 
miRNA seed region (nucleotides 2 - 7 positioned at the 5` end of the miRNA) plays a 
crucial role (34). Binding of the miRNA to the mRNA results in decreased protein 
production either by inhibition of protein translation or by degradation of the mRNA (36). 
Each miRNA regulates translation of multiple target genes, whereas one target transcript 
can be targeted by one or more miRNAs (37). It is estimated that over 60% of all protein-
coding genes is regulated by miRNAs, which suggests a strict regulation of numerous 
processes and signalling pathways by these small non-coding RNAs (38). 
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Figure 2. MiRNA biogenesis (adapted from a figure made by N. Teteloshvili (39)). The miRNA genes are 
transcribed to primary miRNAs (pri-miRNAs) in the nucleus, by RNA polymerase II (RNA Pol II). The DiGeorge 
syndrome Critical Region 8 (DGCR8)-Drosha complex converts the pri-miRNAs into precursor miRNAs (pre-
miRNAs), which are then translocated to the cytoplasm by exportin-5. Subsequently, the Transactivation 
Responsive RNA-Binding Protein (TRBP)-Dicer complex cleaves the pre-miRNAs into miRNA-duplexes. One 
strand of the miRNA-duplex is incorporated into the RNA-induced silencing complex (RISC) that contains the 
argonaute (Ago) proteins. The incorporated mature miRNAs direct the RISC complex to their target mRNAs. 
MiRNAs then influence the protein expressions either by blocking the translation into a protein or by degrading 
the mRNA. 

 
Up to date, there are 2,588 human miRNAs according to the miRBase database 

(Release 21) (40). Several computational algorithms, including TargetScan, PicTar and 
miRanda, can predict the targets of these miRNAs (41). All programs have the 
disadvantage of not considering co-expression in the cell type of interest. Instead, the 
prediction programs are based on base pairing, thermodynamic stability of miRNA-mRNA 
interaction, conservation across species and the number of target sites per target transcript. 
Most algorithms integrate these features to increase the accuracy of miRNA target gene 
predictions. TargetScan, for example, predicts miRNA targets in vertebrates by combining 
seed region base pairing, thermodynamic stability of miRNA-mRNA interaction and 
conservation across species (42). One of the advantages of this prediction program is that it 
incorporates (more complete) the information about the number of isoforms of each target 
mRNA (43). The false positive rate is estimated to be 22-31% (41). Non-conserved targets 
are not predicted as miRNA targets when there is no perfect base pairing in the seed region, 
leading to false negatives (41). Overall, each prediction program has specific advantages 
and limitations. 
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Significantly decreased protein levels of TGF-β1, TGF-β receptor type I and SMAD7 
have been reported in airway epithelial cells and stromal cells in peribronchial area of small 
airways of stage II COPD patients compared to non-COPD controls (32). In addition, 
stimulation of lung fibroblasts with tumour necrosis factor and/or cigarette smoke extract 
significantly reduced SMAD3 and SMAD7 levels. This effect was more pronounced in 
lung fibroblasts derived from COPD patients compared to those derived from non-COPD 
controls (33). These findings indicate an altered TGF-β signalling pathway in fibroblasts of 
COPD patients.  

 

MiRNAs and indications of their role in COPD pathogenesis and ageing 
MicroRNAs (miRNAs) are small, single-stranded, non-coding RNAs with an average 
length of 22 nucleotides. The transcription of miRNA genes to primary miRNAs (pri-
miRNAs) occurs in the nucleus and is executed by RNA polymerase II (Figure 2) (31, 34, 
35). The pri-miRNA contains one or more hairpin structures with the mature miRNA 
sequences being present in the 5` and/or 3` strand of the hairpin arms (34). The pri-miRNA 
transcripts are converted into the hairpin precursor (pre-)miRNAs by cleavage of the 
flanking sequences by the DiGeorge syndrome Critical Region 8 (DGCR8)-Drosha 
complex. Translocation of the pre-miRNAs to the cytoplasm is mediated by Exportin-5 and 
followed by cleavage of the loop sequence by Transactivation Responsive RNA-Binding 
Protein (TRBP)-Dicer complex. One or both strands of the miRNA-duplex are incorporated 
into the Argonaute (Ago) containing RNA-induced silencing complex (RISC). The mature 
miRNAs direct the RISC complex to their target regions on protein-coding or non-coding 
RNA transcripts based on sequence homology. MiRNAs usually bind to the 3` untranslated 
region of mRNAs in which especially perfect or near-perfect base-pairing of the so-called 
miRNA seed region (nucleotides 2 - 7 positioned at the 5` end of the miRNA) plays a 
crucial role (34). Binding of the miRNA to the mRNA results in decreased protein 
production either by inhibition of protein translation or by degradation of the mRNA (36). 
Each miRNA regulates translation of multiple target genes, whereas one target transcript 
can be targeted by one or more miRNAs (37). It is estimated that over 60% of all protein-
coding genes is regulated by miRNAs, which suggests a strict regulation of numerous 
processes and signalling pathways by these small non-coding RNAs (38). 
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Figure 2. MiRNA biogenesis (adapted from a figure made by N. Teteloshvili (39)). The miRNA genes are 
transcribed to primary miRNAs (pri-miRNAs) in the nucleus, by RNA polymerase II (RNA Pol II). The DiGeorge 
syndrome Critical Region 8 (DGCR8)-Drosha complex converts the pri-miRNAs into precursor miRNAs (pre-
miRNAs), which are then translocated to the cytoplasm by exportin-5. Subsequently, the Transactivation 
Responsive RNA-Binding Protein (TRBP)-Dicer complex cleaves the pre-miRNAs into miRNA-duplexes. One 
strand of the miRNA-duplex is incorporated into the RNA-induced silencing complex (RISC) that contains the 
argonaute (Ago) proteins. The incorporated mature miRNAs direct the RISC complex to their target mRNAs. 
MiRNAs then influence the protein expressions either by blocking the translation into a protein or by degrading 
the mRNA. 

 
Up to date, there are 2,588 human miRNAs according to the miRBase database 

(Release 21) (40). Several computational algorithms, including TargetScan, PicTar and 
miRanda, can predict the targets of these miRNAs (41). All programs have the 
disadvantage of not considering co-expression in the cell type of interest. Instead, the 
prediction programs are based on base pairing, thermodynamic stability of miRNA-mRNA 
interaction, conservation across species and the number of target sites per target transcript. 
Most algorithms integrate these features to increase the accuracy of miRNA target gene 
predictions. TargetScan, for example, predicts miRNA targets in vertebrates by combining 
seed region base pairing, thermodynamic stability of miRNA-mRNA interaction and 
conservation across species (42). One of the advantages of this prediction program is that it 
incorporates (more complete) the information about the number of isoforms of each target 
mRNA (43). The false positive rate is estimated to be 22-31% (41). Non-conserved targets 
are not predicted as miRNA targets when there is no perfect base pairing in the seed region, 
leading to false negatives (41). Overall, each prediction program has specific advantages 
and limitations. 
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Certainly, identification of miRNA targets using experimental approaches is preferred. 
Ago2-immunoprecipitation (Ago2-IP), either using unmodified cells or cells with modified 
levels of a specific miRNA, allows the capture of Ago2-miRNA-mRNA complexes. By 
performing mRNA microarray or RNA sequencing, the targets of the miRNAs can be 
identified. A popular variant of this approach is crosslinking immunoprecipitation followed 
by deep sequencing (Ago2-CLIP) (44). This technique uses ultraviolet irradiation to 
crosslink RNA to RNA-binding proteins before immunoprecipitation. Photoactivatable 
nucleosides can be used to improve the efficiency of crosslinking by ultraviolet radiation. 
In addition to these techniques, proteomics approaches such as stable isotope labelling with 
amino acids in cell culture (SILAC) are used to identify the targets of the miRNA of 
interest based changes at the protein level (45). Luciferase reporter assays are commonly 
used to investigate whether the mRNA of interest is a direct target of the miRNA. 
Alternatively, treatment of cells with miRNA mimics or inhibitors followed by Western 
blotting can confirm miRNA-dependent changes in protein expression levels.  

Several miRNAs are found at different levels in either serum, plasma, whole blood, 
bronchoalveolar lavage, lung tissue, regulatory T cells or quadriceps of COPD patients in 
comparison to healthy individuals (46). However, limited studies are available investigating 
the role of miRNAs in lung tissue repair and remodelling. MiR-15b is expressed in fibrotic 
and emphysematous areas of the lung in COPD patients (47). Furthermore, miR-199a-5p 
promotes invasion, migration, proliferation and differentiation capacity of MRC-5 lung 
fibroblasts in vitro (48).  

Numerous miRNAs are differentially expressed in different cell types upon ageing. In 
peripheral blood mononuclear cells from young and old individuals, 21 miRNAs have been 
found to be upregulated and 144 miRNAs downregulated with two fold in old individuals 
(49). Previous studies have suggested that miRNAs also regulate cellular senescence by 
targeting genes (e.g. p21 and SIRT1) involved in senescence-relevant pathways (50). 

Several components of the TGF-β signalling pathway are directly or indirectly related 
to the regulatory pathway of a subset of miRNAs (31). SMAD proteins recognize pri-
miRNAs with a conserved sequence (5’-CAGAC-3’) within the stem region and promote 
the conversion of those pri-miRNAs into pre-miRNAs (51, 52). In addition, TGF-β can 
indirectly regulate transcription of primary miRNA transcripts based on the SMAD-binding 
element in their promoters as shown for miR-27a in human lung fibroblasts (53) and let-7d 
in lung epithelial cells (54). Conversely, several miRNAs have been reported to influence 
TGF-β signalling by regulating the expression of TGF-β1, TGF-β receptors type I and type 
II, SMAD1-5 and SMAD7 (31, 47, 55). Altogether, these data strengthen the hypothesis 
that miRNAs contribute to the pathogenesis of COPD, at least in part via their effects on 
TGF-β-regulated tissue repair and remodelling. 
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Scope of the thesis 
In this thesis, the aim was to identify miRNA expression changes in the lung. We studied 
the miRNA expression changes in primary lung fibroblasts that were affected by TGF-β 
stimulation and that were associated with COPD and current smoking. Furthermore, we 
aimed to identify gene and miRNA expression changes and their interactions related to 
ageing in bronchial biopsies from healthy individuals. 

In chapter 2, the effect of TGF-β1 on the miRNA expression profile of primary lung 
fibroblasts and the role of TGF-β-regulated miRNAs was investigated. In addition, we 
identified the target genes of selected miRNAs using Ago2-RIP-Chip experiments. In 
chapter 3, small RNA sequencing was used to identify TGF-β1-regulated miRNAs in lung 
fibroblasts and to identify miRNAs that responded differently upon TGF-β1-stimulation in 
COPD lung fibroblasts compared to non-COPD control lung fibroblasts. Furthermore, the 
miRNA expression profiles of COPD and control lung fibroblasts were compared. Chapter 
4 is focused on smoking-related miRNA expression changes in lung fibroblasts. In chapter 
5, age-related gene and miRNA expression changes and their interactions were studied in 
bronchial biopsies from healthy subjects. The main findings in this thesis are summarized 
and discussed in chapter 6 and presented together with the future perspectives. 
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Scope of the thesis 
In this thesis, the aim was to identify miRNA expression changes in the lung. We studied 
the miRNA expression changes in primary lung fibroblasts that were affected by TGF-β 
stimulation and that were associated with COPD and current smoking. Furthermore, we 
aimed to identify gene and miRNA expression changes and their interactions related to 
ageing in bronchial biopsies from healthy individuals. 

In chapter 2, the effect of TGF-β1 on the miRNA expression profile of primary lung 
fibroblasts and the role of TGF-β-regulated miRNAs was investigated. In addition, we 
identified the target genes of selected miRNAs using Ago2-RIP-Chip experiments. In 
chapter 3, small RNA sequencing was used to identify TGF-β1-regulated miRNAs in lung 
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COPD lung fibroblasts compared to non-COPD control lung fibroblasts. Furthermore, the 
miRNA expression profiles of COPD and control lung fibroblasts were compared. Chapter 
4 is focused on smoking-related miRNA expression changes in lung fibroblasts. In chapter 
5, age-related gene and miRNA expression changes and their interactions were studied in 
bronchial biopsies from healthy subjects. The main findings in this thesis are summarized 
and discussed in chapter 6 and presented together with the future perspectives. 
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ABSTRACT 
Background Lung fibroblasts are involved in extracellular matrix homeostasis, which is 
mainly regulated by transforming growth factor-beta (TGF-β), and are therefore crucial in 
lung tissue repair and remodeling. Abnormal repair and remodeling has been observed in 
lung diseases like COPD. As miRNA levels can be influenced by TGF-β, we hypothesized 
that TGF-β influences miRNA expression in lung fibroblasts, thereby affecting their 
function.  
 
Materials and methods We investigated TGF-β1-induced miRNA expression changes in 9 
control primary parenchymal lung fibroblasts using miRNA arrays. TGF-β1-induced 
miRNA expression changes were validated and replicated in an independent set of lung 
fibroblasts composted of 10 controls and 15 COPD patients using qRT-PCR. Ago2-
immunoprecipitation followed by mRNA expression profiling was used to identify the 
miRNA-targetomes of unstimulated and TGF-β1-stimulated primary lung fibroblasts (n=2). 
The genes affected by TGF-β1-modulated miRNAs were identified by comparing the 
miRNA targetomes of unstimulated and TGF-β1-stimulated fibroblasts. 
 
Results Twenty-nine miRNAs were significantly differentially expressed after TGF-β1 
stimulation (FDR<0.05). The TGF-β1-induced miR-455-3p and miR-21-3p expression 
changes were validated and replicated, with in addition, lower miR-455-3p levels in COPD 
(p<0.05). We identified 964 and 945 genes in the miRNA-targetomes of unstimulated and 
TGF-β1-stimulated lung fibroblasts, respectively. The TGF-β and Wnt pathways were 
significantly enriched among the Ago2-IP enriched and predicted targets of miR-455-3p 
and miR-21-3p. The miR-455-3p target genes HN1, NGF, STRADB, DLD and ANO3 and 
the miR-21-3p target genes HHEX, CHORDC1 and ZBTB49 were consistently more 
enriched after TGF-β1 stimulation. 

 
Conclusion Two miRNAs, miR-455-3p and miR-21-3p, were induced by TGF-β1 in lung 
fibroblasts. The significant Ago2-IP enrichment of targets of these miRNAs related to the 
TGF-β and/or Wnt pathways (NGF, DLD, HHEX) in TGF-β1-stimulated fibroblasts 
suggest a role for these miRNAs in lung diseases by affecting lung fibroblast function. 
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INTRODUCTION 

Lung fibroblasts play a key role in extracellular matrix (ECM) homeostasis and 
maintenance of the normal lung architecture and are therefore crucial players in lung 
damage and repair. They have been postulated as important players in lung diseases with 
disturbed ECM homeostasis and aberrant repair such as chronic obstructive pulmonary 
disease (COPD). Transforming growth factor beta (TGF-β), an important cytokine in tissue 
repair and remodeling, stimulates ECM production by fibroblasts mainly through signaling 
via the downstream SMAD proteins (1-3). In addition to stimulation of ECM production, 
this multifunctional cytokine regulates ECM homeostasis by influencing the expression and 
activity of matrix-metalloproteinases and their inhibitors (4).  

MicroRNAs (miRNAs) have been shown to play a key role in the regulation of 
cellular activity. MiRNAs are small non-coding RNAs with an average length of 22 
nucleotides. They are estimated to regulate over 60% of the protein-coding genes (5). 
MiRNAs regulate gene expression by partially binding to complementary homologous 
sequences present on their target mRNA transcripts which then leads to either inhibition of 
protein translation or mRNA degradation.  

The TGF-β signaling pathway is involved in the maturation of a subset of miRNAs, 
indicating that the levels of several miRNAs might be influenced by TGF-β (6). SMAD 
proteins are able to mediate the maturation of miRNAs (7) and can indirectly regulate 
transcription of miRNAs with a SMAD-binding element in their promoter (8, 9). 
Conversely, several miRNAs have been reported to influence TGF-β signaling by 
regulating the expression of TGF-β1, TGF-β receptors 1 and 2, SMAD1-5 and SMAD7 (6, 
10, 11). 

COPD is one of the lung diseases with, mostly smoking-induced, disturbed repair 
capacity of the lung, resulting in emphysematous lung tissue destruction and (small) airway 
wall fibrosis (12). TGF-β levels are higher in COPD patients than in control subjects, 
underscoring the importance of the TGF-β signaling pathway in COPD (12, 13). 

Several miRNAs have been found to be deregulated in lung tissue, serum or sputum 
of COPD patients (reviewed by Osei et al. (14)). The expression level of miR-146a was 
decreased in IL-1β/TNF-α-treated primary lung fibroblasts of COPD patients compared to 
those of control subjects (15). Moreover, altered levels of circulating miRNAs have been 
proposed as potential biomarkers for COPD (16). 

To our knowledge, only limited information is available regarding the interplay 
between miRNAs and the TGF-β-induced repair response in primary lung fibroblasts, nor is 
there information on the actual target gene repertoire of miRNAs (i.e. the miRNA-
targetome) in these cells. Therefore, the aim of the current study was to investigate the 
TGF-β1-induced miRNA expression changes in primary lung fibroblasts and to identify the 
transcripts that are likely to be affected by these miRNAs using the lung fibroblast miRNA-
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targetomes in unstimulated and TGF-β1-stimulated primary lung fibroblasts. Furthermore a 
comparison was made between control and COPD fibroblasts, being one of the lung 
diseases in which ECM remodeling plays an essential role. 

 

MATERIALS AND METHODS 
Subjects 
Parenchymal lung fibroblasts from 9 current or ex-smoking control subjects, undergoing 
lung surgery for tumor resection were subjected to miRNA profiling using a microarray 
approach. These primary fibroblasts were isolated from parenchymal lung tissue that was 
located far away from the tumor and lacked abnormalities as checked by histology on 
haematoxylin and eosin stained slides (17, 18). The replication study group consisted of 
parenchymal fibroblasts from 10 control subjects and 15 COPD patients and was used to 
replicate the array findings and to investigate the miRNA expression in parenchymal 
fibroblasts of COPD patients. The controls had no history of lung disease, other than the 
lung tumor. COPD patients with a history of another lung disease such as asthma or 
interstitial lung disease were excluded. This study was conducted according to national 
ethical and professional guidelines on the use human body material (“Code of conduct; 
Dutch federation of biomedical scientific societies”; https://www.federa.org/codes-conduct) 
and the Research Code of the University Medical Center Groningen 
(https://www.umcg.nl/EN/Research/Researchers/General/ResearchCode/Paginas/default.as
px). 

Lung fibroblasts used in this study are derived from left-over lung material after lung 
surgery and transplant procedures. Currently, this material is not subject to the act on 
medical research involving human subjects in the Netherlands and therefore an ethics 
waiver was provided by the Medical Ethical Committee of the University Medical Center 
Groningen (METc UMCG). All samples and clinical information were de-identified before 
experiments were performed. 
 

Primary lung fibroblast culture 
Primary parenchymal fibroblasts were isolated, cultured and stored in liquid nitrogen until 
further use as described previously (19). The fibroblasts were cultured with Ham's F12 
medium supplemented with 10% (v/v) fetal calf serum (FCS), 100 U/ml 
penicillin/streptomycin and 200 mM L-glutamine (all from Lonza, Breda, The Netherlands) 
at 37˚C in a 90% (v/v) humidified atmosphere with 5% (v/v) CO2. The experiments were 
performed on these fibroblasts at passage 5. For the initial array analysis control fibroblasts 
in the discovery group were stimulated with 100 U/ml TGF-β1 (equivalent to 3.1 ng/ml) 
(R&D Systems, Abingdon, UK) in complete Ham's F12 medium containing 0.5% (v/v) 
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FCS for 24 h. In the replication group, fibroblasts were stimulated with 2.5 ng/ml and 7.5 
ng/ml TGF-β1 for 24 h. 

 

RNA isolation 
Total RNA was isolated from primary parenchymal lung fibroblasts using TRIzol 
(Invitrogen, Carlsbad, CA, USA), according to the protocol of the manufacturer. RNA in 
the total (T) fraction of the immunoprecipitation of argonaute-2 (Ago2-IP) was isolated 
using miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), whereas RNA from the IP 
fraction was isolated using miRNeasy Micro Kit (Qiagen) according to manufacturer’s 
protocol. The RNA concentration was measured with a NanoDrop 1000 Spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA). 

 

MiRNA expression profiling 
RNA samples were hybridized with the Human GeneChip miRNA 1.0 array (Affymetrix), 
containing 847 probe sets for human miRNAs. Robust Multi-array Average was performed 
using GeneSpring GX version 13.1.1 software (Agilent Technologies, Santa Clara, CA, 
USA) for the quantile normalization of the probe-level intensity measurements. MiRNAs 
were filtered based on the following criteria: expression values in the range of 75th-100th 
percentile in at least 50% of all samples (9 out of 18). After filtering, 205 miRNAs were 
left for further analyses. Statistical analyses in GeneSpring GX software for miRNA 
expression profiling were performed using the paired samples t-test and Benjamini-
Hochberg false discovery rate (FDR) to correct for multiple testing. An FDR of p<0.05 was 
considered statistically significant. Unsupervised hierarchical clustering with Pearson's 
correlation was performed to generate a heatmap of differentially expressed miRNAs using 
Genesis software version 1.7.6 (Graz University of Technology, Graz, Austria) (20). All 
differentially expressed miRNAs with a fold change (FC) ≥1.5 and a normalized signal 
intensity value of at least 75 in unstimulated or TGF-β1-stimulated fibroblasts were 
selected for validation. 
 

cDNA syntheses and qRT-PCR for ECM genes and α-SMA 

cDNA was synthesized from 100 ng total RNA using random primers and Superscript II 
(all from Invitrogen). To check whether the TGF-β1 stimulation was successful, expression 
of several TGF-β1-inducible ECM genes (fibronectin-1 (FN1), collagen type I alpha I 
(COL1A1), and alpha-smooth muscle actin (α-SMA) (1, 2)), was tested by qRT-PCR using 
the LightCycler®480 Real-Time PCR System (Roche Diagnostics GmbH, Mannheim, 
Germany). TaqMan Gene Expression Assays (FN1: Hs00365052_m1, COL1A1: 
Hs00164004_m1, α-SMA: Hs00426835_g1, RPS9: Hs02339424_g1 (all from Life 
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Technologies, Bleiswijk, The Netherlands)), primers and probe (RP2: forward primer  
5’-CGTACGCACCACGTCCAAT-3’, reverse primer 5’-CAAGAGAGCCAAGTGTCGG 
TAA-3’, probe 5’-TACCACGTCATCTCCTTTGATGGCTCCTAT-3’), primers (18S: 
forward primer 5’-CGGCTACCACATCCAAGGA-3’, reverse primer  5’-CCAATTACA 
GGGCCTCGAAA-3’), and qPCR MasterMix Plus (Eurogentec, Liege, Belgium) or SYBR 
green PCR master mix (Applied Biosystems, Carlsbad, CA, USA) were used. Ribosomal 
protein S9 (RPS9) (in the discovery group), and 18S rRNA (18S) and RNA polymerase II 
(RP2) (in the replication group) were used as reference genes. Samples including a no 
template control as a negative control were run in triplicate and the formula 2-ΔCp was used 
to calculate the relative mRNA expression levels. 
 

cDNA syntheses and qRT-PCR for miRNAs 
In order to validate and replicate the expression of the selected miRNAs, qRT-PCR was 
performed. Briefly, 10 ng of total RNA was first reverse transcribed in a multiplexed 
manner using reverse transcription primers from TaqMan® microRNA Assay kits (RNU48 
(Assay ID: 001006), hsa-miR-455-3p (Assay ID: 002244), hsa-miR-490-3p (Assay ID: 
001037), hsa-miR-490-5p (Assay ID: 241012_mat), hsa-miR-21-3p (Assay ID: 002438), 
hsa-miR-143-3p (Assay ID: 000466); Applied Biosystems) as described previously (21). A 
no template control was included for the cDNA synthesis to exclude primer dimers.  

Next, qRT-PCR was performed in qPCR MasterMix Plus (Eurogentec) and TaqMan 
microRNA assay (Applied Biosystems). Small nucleolar RNA, C/D box 48 (RNU48) was 
used as reference gene. Samples including the no template control of both cDNA synthesis 
and qRT-PCR were run in triplicate and the formula 2-ΔCp was used to calculate the relative 
miRNA expression levels. The data were analyzed using LightCycler®480 software release 
1.5.0 (Roche Diagnostics GmbH). 
 

Immunoprecipitation of Ago2-RISC complex 
To identify the miRNA-targetome of primary parenchymal lung fibroblasts of control 
subjects, Ago2-RIP-Chip was performed as described previously (22, 23). We used primary 
parenchymal lung fibroblasts from two ex-smoking controls (control 1 and 2) with and 
without TGF-β1 (7.5 ng/ml) stimulation. In brief, 17-20 million cells were harvested and 
lysed using polysome lysis buffer. Cell lysates were incubated overnight with monoclonal 
mouse anti-human Ago2 (Clone 2E12-1C9, Abnova, Taipei City, Taiwan) coated 
Sepharose G beads (Abcam, Cambridge, UK). Lysates generated from the same number of 
cells were incubated with normal mouse polyclonal IgG1 isotype control (12-371, Merck 
Millipore, Amsterdam, The Netherlands) coated beads which served as a negative control 
for the IP procedure. To monitor the efficiency of the Ago2-IP, protein samples of the total 
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(T), flow through (FT) and IP fractions were loaded on a 7.5% (w/v) polyacrylamide gel. 
Western blotting was performed as described previously (22). 
 

mRNA expression profiling and identification of the miRNA-
targetomes 
To determine which transcripts are enriched in the IP fraction after Ago2-IP, mRNA 
expression profiling was performed using G3 Human Gene Expression 8x60K v3 
Microarrays (Agilent Technologies). RNA of the T and IP fraction (50–80 ng) was labeled 
with cyanine 3 (Cy3) and cyanine 5 (Cy5) using the Two-Color Low Input Quick Amp 
Labeling Kit (Agilent Technologies) according to manufacturer’s protocol Version 6.9.1. 
NanoDrop 1000 Spectrophotometer (Thermo Scientific) was used to quantify the cRNA 
yield and to determine the specific activity. 

Dye-swap hybridizations were performed overnight using Gene Expression 
Hybridization Kit (Agilent Technologies) and slides were scanned with the Agilent 
SureScan Microarray Scanner (Agilent Technologies) using the two-color gene expression 
protocol GE2_1200_Jun14. Feature Extraction software version 12.0.1.1 was used to 
extract information from probe features from our microarray scan data. The data was 
analyzed using GeneSpring GX version 13.1.1 software (Agilent Technologies). Only 
probes with consistent values in the dye-swap experiments (0.5>Cy3/Cy5<2) were used for 
further analyses. Out of the 58,341 probes on the microarray, 52,843 showed consistent 
values in the IP fraction and 51,588 in the T fraction of control 1, of which 47,917 were 
overlapping between the IP and T fractions. In the TGF-β1-stimulated fibroblasts of control 
1, 51,991 probes in the IP fraction and 52,210 probes in the T fraction were consistent 
between the dyes of which 47,655 probes were overlapping between the fractions. For 
control 2, 50,963 and 49,118 probes were consistent for the IP and T fractions, respectively, 
and 44,551 probes were in overlap between the two fractions. In the TGF-β1-stimulated 
fibroblasts of control 2, 52,011 probes in the IP fraction and 50,654 probes in the T fraction 
were consistent between the dyes of which 46,404 probes were overlapping between the 
fractions. For each of the four IP-experiments, the list of probes with consistent signal 
intensities between the two dyes was further filtered using the flagged present status 
(detectable above background according to the feature extracting software). All probes 
flagged present in at least one out of two conditions (IP and T) were included in the further 
analyses (37–43% of probes discarded of the consistent list). Finally, the lists of the two 
unstimulated samples were overlapped (24,502 remaining) and similarly, the two TGF-β1-
stimulated samples were overlapped (25,939 remaining). Both the IP/T ratios of the two 
unstimulated fibroblast samples and those of the two TGF-β1-stimulated fibroblasts 
samples were statistically correlated using the Pearson correlation test. The miRNA-
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targetomes were defined as the top 1,500 of the most IP-enriched transcripts in the 
fibroblast samples of both control subjects. 

To identify which of the miR-455-3p and miR-21-3p target genes are influenced by 
TGF-β1 stimulation, we ranked the Ago2-IP enriched and predicted targets by the IP/T 
ratio in each of the four IP experiments (Control 1 and 2, both with and without TGF-β1). 
For miR-455-3p that is broadly conserved, only the predicted targets with conserved 
binding sites were considered in these analyses (TargetScan version 7.1 (24)). MiR-21-3p 
is poorly conserved; therefore the predicted miR-21-3p targets with a cumulative weighted 
context++ score <-0.2 were included. The target genes that are affected by the TGF-β1-
dependent modulation of miR-455-3p or miR-21-3p are those genes that are more 
prominently IP-enriched in TGF-β1-stimulated fibroblasts compared to unstimulated 
fibroblasts. This was defined according to the following criteria 1) predicted target gene is 
present in the top 1,500 most enriched transcripts in the TGF-β1-stimulated fibroblasts; 2) 
predicted target gene is more enriched in the TGF-β1-stimulated sample with a difference 
in ranking of ≥300; 3) the more pronounced enrichment in the TGF-β1-stimulated 
fibroblasts is consistent in both controls. 
 

Gene ontology and pathway analysis 

Gene set enrichment analysis (GSEA software v2.2.2) was performed using the Molecular 
Signatures Database (MSigDB v5.1) to check for enrichment of miRNA target genes sets 
and other gene ontologies (25). The probes were ranked based on the mean IP/T ratio of the 
two control subjects. 

GeneNetwork analysis was performed to identify enrichment of biological processes 
and pathways (KEGG and reactome) amongst the TargetScan (version 7.1) predicted and 
Ago2-IP enriched targets of miR-455-3p and miR-21-3p (24). GeneNetwork is based on an 
independent gene expression dataset and predicts (currently unknown) gene functions 
based on co-expression. This information is used to assign genes to specific pathways and 
biological processes (1, 26). 
 

Statistical analyses 
IBM SPSS Statistics 22 software was used to compare differences in subject characteristics 
between control subjects and COPD patients, and between the two study groups using 
Mann-Whitney U test. Differences in ECM gene, α-SMA gene and miRNA expression 
after TGF-β1 stimulation were analyzed using one-sided paired Wilcoxon signed rank tests. 
The Mann-Whitney U test was used to compare expression of genes and miRNAs between 
controls and COPD patients. Chi-square test was used to test differences in the percentage 
of predicted targets in the Ago2-IP fraction for miR-455-3p and miR-21-3p in the miRNA-

 
Identification of TGF-β-regulated miRNAs and the miRNA-targetomes in primary lung fibroblasts 

 

33 

targetome compared to the percentage of predicted targets in all expressed genes. A p-value 
below 0.05 was considered statistically significant. 
 

RESULTS 
Subject characteristics 
The clinical characteristics of both study groups are shown in Table 1. The discovery group 
consisted of 4 ex- and 5 current smoking controls. The replication group consisted of 4 ex- 
and 6 current smoking controls and 15 COPD patients. Both age and number of pack-years 
did not differ between both study groups, or between controls and COPD patients. 
Furthermore, the Forced Expiratory Volume in one second (FEV1) and the Forced 
Expiratory Volume in one second/Forced Vital Capacity (FEV1/FVC) ratio in controls did 
not differ between discovery and replication groups. 
 
Table 1. Subject characteristics 

 

 a Median (Interquartile range). 
b FEV1, % predicted, percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the 
same sex, age and height. 
c FEV1/FVC, Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage, a measurement for 
obstruction in the lungs. 
d Three control subjects were overlapping in both study groups. 

 

Differentially expressed miRNAs after TGF-β1 stimulation 
In the discovery group, TGF-β1 stimulation caused a significant induction of the known 
TGF-β-regulated genes FN1, COL1A1, and α-SMA (p<0.01, Fig 1A) confirming successful 
TGF-β1 stimulation. We found 29 miRNAs to be differentially expressed after TGF-β1 
stimulation in the discovery group (FDR<0.05, Fig 2A). Out of these 29 miRNAs, 8 
miRNAs were downregulated and 21 miRNAs were upregulated. Fourteen out of 29 
miRNAs had a fold change of at least 1.5, of which 12 showed increased expression after 
TGF-β1 stimulation (Table 2). Based on the signal intensity, 6 of these 14 miRNAs were 
selected for qRT-PCR validation and replication (marked in bold in Table 2). 

Characteristics 
Discovery group Replication group 
Control subjectsd Control subjectsd COPD patients 

     

N 9 10 15 
Male/Female, n 0/9 3/7 7/8 
Age, yearsa 55 (48.0 – 60.5) 63.0 (48.5 – 69.0) 59.0 (52.0 – 71.0) 
FEV1, % predicteda,b   89.9 (82.8 – 100.6) 92.4 (90.4 – 98.4) 22.3 (16.8 – 39.3) 
FEV1/FVC, %a,c 73.6 (70.9 – 81.9) 74.8 (73.0 – 80.3) 28.7 (24.7 – 43.5) 
Stage II/III/IV COPD, n – – 2/3/10 
Ex-/current smoker, n 4/5 4/6 15/0 
Pack-years, na  33.0 (21.5 – 39.0) 33.0 (25.5 – 51.8) 40.0 (26.3 – 55.0) 
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targetome compared to the percentage of predicted targets in all expressed genes. A p-value 
below 0.05 was considered statistically significant. 
 

RESULTS 
Subject characteristics 
The clinical characteristics of both study groups are shown in Table 1. The discovery group 
consisted of 4 ex- and 5 current smoking controls. The replication group consisted of 4 ex- 
and 6 current smoking controls and 15 COPD patients. Both age and number of pack-years 
did not differ between both study groups, or between controls and COPD patients. 
Furthermore, the Forced Expiratory Volume in one second (FEV1) and the Forced 
Expiratory Volume in one second/Forced Vital Capacity (FEV1/FVC) ratio in controls did 
not differ between discovery and replication groups. 
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c FEV1/FVC, Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage, a measurement for 
obstruction in the lungs. 
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Differentially expressed miRNAs after TGF-β1 stimulation 
In the discovery group, TGF-β1 stimulation caused a significant induction of the known 
TGF-β-regulated genes FN1, COL1A1, and α-SMA (p<0.01, Fig 1A) confirming successful 
TGF-β1 stimulation. We found 29 miRNAs to be differentially expressed after TGF-β1 
stimulation in the discovery group (FDR<0.05, Fig 2A). Out of these 29 miRNAs, 8 
miRNAs were downregulated and 21 miRNAs were upregulated. Fourteen out of 29 
miRNAs had a fold change of at least 1.5, of which 12 showed increased expression after 
TGF-β1 stimulation (Table 2). Based on the signal intensity, 6 of these 14 miRNAs were 
selected for qRT-PCR validation and replication (marked in bold in Table 2). 
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Discovery group Replication group 
Control subjectsd Control subjectsd COPD patients 
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We validated the TGF-β1-induced expression changes of five out of six miRNAs 
(miR-143-3p, miR-455-3p, miR-21-3p, miR-490-5p and miR-490-3p; p<0.05) in our 
discovery group using qRT-PCR (Fig 2B). For miR-503-5p the expression was below the 
detection limit of the assay. 
 

 
Figure 1. Upregulation of ECM genes and α-SMA after TGF-β1 stimulation in primary parenchymal lung 
fibroblasts. (A) Effective TGF-β1 stimulation of control fibroblasts in the discovery group was confirmed by the 
upregulation of FN1 (fibronectin 1), COL1A1 (collagen type I alpha I) and α-SMA (alpha smooth muscle actin), 
genes that are well-known to be affected by TGF-β. (B) These genes were also upregulated in the control and 
COPD fibroblasts in the replication group after 2.5 ng/ml TGF-β1 and (C) after 7.5 ng/ml TGF-β1 stimulation. 
Data are presented as relative expression (2-ΔCp). **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 2. Differentially expressed miRNAs after TGF-β1 stimulation in control lung fibroblasts in the 
discovery group. (A) The miRNA expression in primary parenchymal lung fibroblasts of control subjects with 
and without TGF-β1 stimulation was determined by microarray. Unsupervised hierarchical clustering was used to 
generate the heatmap and pearson correlation was used as the distance metric. Twenty-nine miRNAs were 
differentially expressed after TGF-β1 stimulation (FDR<0.05). The heatmap shows the median-centered 
expression of the 29 miRNAs of which 8 miRNAs were downregulated and 21 miRNAs were upregulated after 
TGF-β1 stimulation. (B) Validation of differentially expressed miRNAs after TGF-β1 stimulation in the discovery 
group using qRT-PCR. Data are presented as relative expression (2-ΔCp) normalized to RNU48. *p<0.05, **p<0.01. 
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Table 2. List of miRNAs with at least 1.5 fold change after TGF-β1 stimulation 

a BDL, Below detection level. 

 

Replication of TGF-β1 effects on miRNA expression in COPD and 
control fibroblasts 
In the replication group, we included primary parenchymal lung fibroblasts from control 
subjects as well as from COPD patients. Again, the TGF-β1 stimulation of 2.5 ng/ml 
(p<0.01, Fig 1B) and 7.5 ng/ml was successful as it significantly induced the mRNA 
expression of FN1, COL1A1, and α-SMA in the primary parenchymal lung fibroblasts of 
both controls and COPD patients (p<0.01, Fig 1C). 

In the primary lung fibroblasts of control subjects, we were able to replicate the 
expression changes of 2 out of 5 miRNAs (miR-455-3p and miR-21-3p) after 2.5 ng/ml 
TGF-β1 (p<0.01, Fig 3A) as well as after 7.5 ng/ml TGF-β1 stimulation (p<0.01, Fig 3B). 
In the fibroblasts of COPD patients, we found significant upregulation of miR-455-3p and 
miR-21-3p after 2.5 ng/ml as well as after 7.5 ng/ml TGF-β1 (p<0.0001). In addition, we 
found a significant downregulation of miR-490-3p in COPD fibroblasts after stimulation 
with 2.5 ng/ml (p<0.01, Fig 3A) and a significant induction of miR-143-3p in COPD 
fibroblasts after stimulation with 7.5 ng/ml TGF-β1 (p<0.01, Fig 3B), which both were not 
observed in the replication of the control subjects. 

As a secondary aim we also compared the expression levels of the 5 selected miRNAs 
in primary parenchymal lung fibroblasts between control subjects and COPD patients. 
MiR-455-3p levels were significantly lower in COPD patients (p<0.05) both at basal levels 
and after TGF-β1 stimulation (p<0.05, Fig 3A and 3B). In addition, a lower miR-143-3p  
 
  

miRNA FC 
 Control subjects COPD patients 
 Signal intensity -/+ TGF-β1 Validated Replicated Replicated 

miR-143-3p 1.5  1098/1617 Yes No Yes 
miR-503-5p 1.6  244/384 BDLa BDLa BDLa 

miR-455-3p 1.6  214/343 Yes Yes Yes 
miR-21-3p 1.8  87/157 Yes Yes Yes 
miR-23a-5p 3.5  20/69    
miR-143-5p 3.1  21/64    
miR-214-5p 3.0  19/56    
miR-27a-5p 8.5  6/53    
miR-181a-2-3p 2.7  18/49    
miR-99b-3p 1.9  23/43    
miR-27b-5p 5.6  7/39    
miR-181a-3p 3.5  11/37    
miR-490-5p -1.6  182/111 Yes No No 
miR-490-3p -1.5  98/65 Yes No No 
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miRNA FC 
 Control subjects COPD patients 
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Figure 3. Replication of differentially expressed miRNAs after TGF-β1 stimulation using qRT-PCR. To 
replicate the TGF-β1-induced expression changes of the validated miRNAs, qRT-PCR was performed on the 
control and COPD fibroblasts in the replication group (A) stimulated with 2.5 ng/ml TGF-β1 and (B) stimulated 
with 7.5 ng/ml TGF-β1. Data are presented as relative expression (2-ΔCp) normalized to RNU48. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 

 
expression was found in the 2.5 ng/ml TGF-β1-stimulated lung fibroblasts of COPD 
patients compared to those of control subjects (p<0.05, Fig 3A). 
 

Identification of the miRNA-targetomes in primary lung fibroblasts 
To define the mRNAs that are actively targeted by miRNAs in primary parenchymal lung 
fibroblasts we profiled the mRNAs recovered from Ago2-IP from unstimulated and TGF-
β1-stimulated primary parenchymal lung fibroblasts of two control subjects. The efficiency 
of the IP procedure was confirmed by Western blotting of Ago2, showing a clear 
enrichment of the Ago2 protein in the IP fraction of the Ago2-IP sample and not in the 
IgG1 control (Fig 4A). Additional qRT-PCR of three miRNAs also showed a clear increase 
in miRNA levels in the Ago2-IP fractions (Fig 4B). The Ago2-IP results were consistent 
between the two controls, as the IP/T ratios of the 24,502 probes corresponding to 17,129 
unique genes in the unstimulated lung fibroblasts and the 25,939 probes corresponding to 
18,037 unique genes in the TGF-β1-stimulated lung fibroblasts were highly correlated 
between the two subjects (R2=0.8164, p<0.0001 and R2=0.7257, p<0.0001, respectively). 
GSEA analysis using the ranking of the IP/T ratio of all genes that are consistently 
expressed in unstimulated lung fibroblasts of the two subjects demonstrated an enrichment 
of 17 miRNA-target gene sets in the top 30 enriched gene sets (Table 3). The top 5 most 
significant miRNA gene sets that are identified in primary lung fibroblasts were the 
miRNA (seed families of) Let-7, miR-29, miR-26, miR-181 and miR-101. Similar GSEA 
analysis was also performed on all consistently expressed genes in the TGF-β1-stimulated 
lung fibroblasts of the two subjects and showed 15 miRNA-target gene sets in the top 30 
enriched gene sets (Table 3). In these TGF-β1-stimulated lung fibroblasts, the most 
significant active miRNA gene sets were the miRNA (seed families of) Let-7, miR-26, 
miR-202, miR-27 and miR-29. Together these analyses support the robustness of our IP 
approach. 

The top 1,500 most IP-enriched probes that were consistently enriched in the 
fibroblasts of the two control subjects are defined as the parenchymal lung fibroblast 
“miRNA-targetome”. Of the top 1,500 most IP-enriched probes in the unstimulated primary 
parenchymal lung fibroblasts of the two control subjects, we identified 1,110 probes 
overlapping between the two control subjects, which corresponded to 964 unique genes, 
and these were defined as the miRNA-targetome of unstimulated cells (Fig 5A). Of the top 

 

 
Identification of TGF-β-regulated miRNAs and the miRNA-targetomes in primary lung fibroblasts 

 

39 

 
Figure 4. Efficiency of Ago2-immunoprecipitation. (A) Western blot of Ago2 protein in the Ago2- and IgG-
immunoprecipitation. M marker; T Total fraction; FT Flow through fraction; IP Immunoprecipitation fraction. 
Arrow indicates the Ago2 protein. Ago2 protein can be detected in the Ago2-IP fraction, while it cannot be 
detected in the IgG1-IP fraction. (B) To confirm miRNA enrichment in the IP fraction, qRT-PCR was performed 
for three randomly selected miRNAs expressed in lung fibroblasts, i.e. miR-31-5p, miR-455-3p and miR-199b-3p. 
The levels of these miRNAs are strongly increased in the Ago2-IP fraction compared to the IgG1-IP fraction. 

 
 

 
 

Figure 5. Defining the miRNA-targetomes of unstimulated and TGF-β1-stimulated lung fibroblasts. The 
overlap of the top 1,500 most IP-enriched probes in the (A) unstimulated and (B) TGF-β1-stimulated fibroblasts of 
the two control subjects are defined as the miRNA-targetome. The identified genes in the miRNA-targetomes are 
listed in S1 Tables. 
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Table 3. Top 30 most enriched gene sets in unstimulated and TGF-β1-stimulated lung 
fibroblasts 

a MiRNA-target gene sets   

Gene sets 
Unstimulated TGF-β1-stimulated 

Rank FDR Rank FDR 
CTACCTC,LET-7A,LET-7B,LET-7C,LET-7D,LET-7E,LET-7F, 
      MIR-98,LET-7G, LET-7Ia 1 0.0 2 0.0 

CHR19P12 2 0.0 1 0.0 
TGGTGCT,MIR-29A,MIR-29B,MIR-29Ca 3 0.0 11 0.0 
TACTTGA,MIR-26A,MIR-26Ba 4 0.0 6 0.0 
GENTILE_UV_HIGH_DOSE_DN 5 0.0 4 0.0 
TGAATGT,MIR-181A,MIR-181B,MIR-181C,MIR-181Da 6 0.0 12 0.0 
GTACTGT,MIR-101a 7 0.0 35 9.46x10-5 
ATAAGCT,MIR-21a 8 0.0 19 0.0 
BONCI_TARGETS_OF_MIR15A_AND_MIR16_1a 9 0.0 14 0.0 
ZWANG_CLASS_3_TRANSIENTLY_INDUCED_BY_EGF 10 0.0 5 0.0 
ACTACCT,MIR-196A,MIR-196Ba 11 0.0 27 4.06x10-5 
ATGTAGC,MIR-221,MIR-222a 12 0.0 22 4.98x10-5 
WINZEN_DEGRADED_VIA_KHSRP 13 0.0 3 0.0 
CTCAGGG,MIR-125B,MIR-125Aa 14 0.0 21 5.21x10-5 
DAZARD_RESPONSE_TO_UV_SCC_DN 15 0.0 26 4.21x10-5 
ZWANG_DOWN_BY_2ND_EGF_PULSE 16 0.0 9 0.0 
REACTOME_GENERIC_TRANSCRIPTION_PATHWAY 17 0.0 7 0.0 
GTGCAAT,MIR-25,MIR-32,MIR-92,MIR-363,MIR-367a 18 0.0 18 0.0 
GABRIELY_MIR21_TARGETSa 19 0.0 31 3.53x10-5 
ATACCTC,MIR-202a 20 0.0 8 0.0 
GENTILE_UV_RESPONSE_CLUSTER_D2 21 0.0 37 8.95x10-5 
STK33_SKM_UP 22 0.0 16 0.0 
CHEN_HOXA5_TARGETS_9HR_UP 23 0.0 34 6.46x10-5 
GCACTTT,MIR-17-5P,MIR-20A,MIR-106A,MIR-106B,MIR-20B, 
      MIR-519Da 24 4.58x10-5 20 0.0 

ACTGTGA,MIR-27A,MIR-27Ba 25 4.39x10-5 10 0.0 
ACACTAC,MIR-142-3Pa 26 4.22x10-5 54 3.69x10-4 
GSE9988_ANTI_TREM1_VS_VEHICLE_TREATED_MONOCYTES 
      _UP 27 4.07x10-5 24 4.56x10-5 

STK33_UP 28 3.92x10-5 23 4.76x10-5 
ATACTGT,MIR-144a 29 3.79x10-5 74 7.92x10-4 
GSE9988_ANTI_TREM1_AND_LPS_VS_CTRL_TREATED_ 
     MONOCYTES_UP 30 3.66x10-5 17 0.0 

GSE9988_ANTI_TREM1_VS_CTRL_TREATED_MONOCYTE_UP 32 3.43x10-5 13 0.0 
AATGTGA,MIR-23A,MIR-23Ba 47 2.09x10-4 15 0.0 
AGCACTT,MIR-93,MIR-302A,MIR-302B,MIR-302C,MIR-302D, 
      MIR-372,MIR-373,MIR-20E,MIR-520A,MIR-526B,MIR-520B, 
      MIR-520C,MIR-520Da 

31 3.54x10-5 25 4.38x10-5 

GSE9988_ANTI_TREM1_AND_LPS_VS_VEHICLE_TREATED_ 
      MONOCYTES_UP 42 1.30x10-4 28 3.91x10-5 

NAGASHIMA_EGF_SIGNALING_UP 105 1.40x10-3 29 3.78x10-5 
NAGASHIMA_NRG1_SIGNALING_UP 65 3.70x10-4 30 3.65x10-5 
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1,500 most IP-enriched probes in the TGF-β1-stimulated lung fibroblasts of the two control 
subjects, we identified 1,083 probes overlapping between the control subjects, which 
corresponded to 945 unique genes, and these were identified as the miRNA-targetome of 
the TGF-β1-stimulated cells (Fig 5B). The IP/T ratios of the top 1,500 most IP-enriched 
probes in the unstimulated and TGF-β1-stimulated lung fibroblasts of the two control 
subjects and the identified genes in the miRNA-targetomes are shown in S1 Tables. 
 

MiR-455-3p and miR-21-3p predicted targets are enriched in the lung 
fibroblast targetomes 
As the TGF-β1 effect on miR-455-3p and miR-21-3p was consistent throughout the 
experiments, we decided to focus on these two miRNAs. We determined which transcripts 
might be affected by the TGF-β1-induced changes in miR-455-3p and miR-21-3p 
expression by identifying TargetScan predicted targets of these two miRNAs within the 
miRNA-targetome lists. 

In the unstimulated as well as in the TGF-β1-stimulated fibroblasts of both subjects, a 
significant increase of genes with at least one conserved miR-455-3p binding site was 
observed in the top 1,500 most IP-enriched genes, compared to the predicted miR-455-3p 
targets amongst all expressed genes (p<0.0001, Fig 6). In total, 57 and 50 predicted miR-
455-3p target genes were enriched in the miRNA-targetome of unstimulated and TGF-β1-
stimulated lung fibroblasts, respectively. 

Also for miR-21-3p a significant increase in target genes was observed in the top 
1,500 most enriched genes (p<0.0001, Fig 6). For miR-21-3p, 55 and 54 predicted target 
genes were enriched in the miRNA-targetome of unstimulated and TGF-β1-stimulated lung 
fibroblasts, respectively. 

 

Identification of the processes and pathways of the miR-455-3p and 
miR-21-3p target genes 
To investigate the possible functions of miR-455-3p and miR-21-3p in the unstimulated 
and TGF-β1-stimulated lung fibroblasts, we subjected the predicted and IP-enriched targets 
of these miRNAs to GeneNetwork analysis, focusing on Biological processes, Kegg 
pathways and Reactome gene sets. Per collection, the top 10 most significant biological 
processes and pathways of the 57 and 50 predicted miR-455-3p targets of unstimulated and 
TGF-β1-stimulated fibroblasts are depicted in Table 4. Several biological processes and 
pathways are related to very general processes such as gene expression, differentiation, 
proliferation, various types of cancer and signaling pathways. Interestingly, the TGF-β 
signaling pathway (p≤5x10-6) and the Wnt signaling pathway (p≤7x10-6) were significantly  
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targets amongst all expressed genes (p<0.0001, Fig 6). In total, 57 and 50 predicted miR-
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1,500 most enriched genes (p<0.0001, Fig 6). For miR-21-3p, 55 and 54 predicted target 
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To investigate the possible functions of miR-455-3p and miR-21-3p in the unstimulated 
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processes and pathways of the 57 and 50 predicted miR-455-3p targets of unstimulated and 
TGF-β1-stimulated fibroblasts are depicted in Table 4. Several biological processes and 
pathways are related to very general processes such as gene expression, differentiation, 
proliferation, various types of cancer and signaling pathways. Interestingly, the TGF-β 
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Figure 6. Significant Ago2-IP-enrichment of miR-455-3p and miR-21-3p predicted targets. For each miRNA, 
the percentages of predicted targets were calculated in all expressed genes and in the top 1,500 most IP-enriched 
genes in all four IP experiments. Chi-square test was used to determine whether the number of predicted targets in 
the Ago2-IP fraction for miR-455-3p and miR-21-3p in the top 1,500 most enriched genes was significant 
different from the expected based on the number of predicted targets in all expressed genes. 

 
enriched among these genes both in the unstimulated and in the TGF-β1-stimulated lung 
fibroblasts. Furthermore, the TGF-β receptor signaling pathway was significantly enriched 
in the TGF-β1-stimulated fibroblasts (p=2x10-8). Several of the predicted miR-455-3p 
targets were allocated to the TGF-β-related processes and pathway and to the Wnt signaling 
pathway by GeneNetwork as annotated or unannotated genes (Table 5). 

Amongst the 55 and 54 predicted miR-21-3p targets present in the miRNA-targetome 
of unstimulated and TGF-β1-stimulated fibroblasts, respectively, the top 10 most 
significant biological processes and pathways per collection, are depicted in Table 6. These 
processes and pathways are related to kinase activity, cancer, cell cycle, metabolism and 
various signaling pathways. The TGF-β signaling pathway was significantly enriched 
among the genes with a predicted miR-21-3p binding site both in unstimulated (p≤2x10-3) 
and TGF-β1-stimulated lung fibroblasts (p≤2x10-3). Moreover, among the predicted miR-
21-3p target genes in the unstimulated lung fibroblasts, the Wnt signaling pathway was also 
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significantly enriched (p=4x10-3). The predicted miR-21-3p targets involved in TGF-β and 
Wnt signaling pathways were allocated as annotated genes by GeneNetwork (Table 5).  

 
 

Table 4. Most enriched biological processes/pathways within the Ago2-IP enriched and 
TargetScan predicted miR-455-3p target genes 

   Pathway/term p-value 

No TGF-β1 

Biological 
process 

Posttranscriptional regulation of gene expression 9 x 10-10 
Negative regulation of transcription from RNA polymerase II promoter 2 x 10-9 
Stress-activated protein kinase signaling cascade 5 x 10-9 
Regulation of protein serine/threonine kinase activity 9 x 10-9 
Intracellular receptor mediated signaling pathway 3 x 10-8 
Negative regulation of protein serine/threonine kinase activity 3 x 10-8 
Intracellular steroid hormone receptor signaling pathway 4 x 10-8 
Myeloid cell differentiation 5 x 10-8 
Negative regulation of cell proliferation 7 x 10-8 
Regulation of myeloid cell differentiation 7 x 10-8 

KEGG 

Prostate cancer 2 x 10-6 
Adherens junction 3 x 10-6 
Pathways in cancer 3 x 10-6 
TGF-beta signaling pathway 4 x 10-6 
T cell receptor signaling pathway 5 x 10-6 
Wnt signaling pathway 7 x 10-6 
Colorectal cancer 9 x 10-6 
Neurotrophin signaling pathway 1 x 10-5 
Chronic myeloid leukemia 4 x 10-5 
ErbB signaling pathway 4 x 10-5 

Reactome 

MAP kinase activation in TLR cascade 2 x 10-5 
Generic Transcription Pathway 5 x 10-5 
Transcriptional Regulation of White Adipocyte Differentiation 6 x 10-5 
Circadian Clock 7 x 10-5 
GAB1 signalosome 1 x 10-4 
MAPK targets/ Nuclear events mediated by MAP kinases 1 x 10-4 
PI3K/AKT activation 3 x 10-4 
TRAF6 mediated IRF7 activation 3 x 10-4 
Regulation of Lipid Metabolism by Peroxisome proliferator-activated 
      receptor alpha 4 x 10-4 

NFkB and MAP kinases activation mediated by TLR4 signaling repertoire 4 x 10-4 
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of unstimulated and TGF-β1-stimulated fibroblasts, respectively, the top 10 most 
significant biological processes and pathways per collection, are depicted in Table 6. These 
processes and pathways are related to kinase activity, cancer, cell cycle, metabolism and 
various signaling pathways. The TGF-β signaling pathway was significantly enriched 
among the genes with a predicted miR-21-3p binding site both in unstimulated (p≤2x10-3) 
and TGF-β1-stimulated lung fibroblasts (p≤2x10-3). Moreover, among the predicted miR-
21-3p target genes in the unstimulated lung fibroblasts, the Wnt signaling pathway was also 
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significantly enriched (p=4x10-3). The predicted miR-21-3p targets involved in TGF-β and 
Wnt signaling pathways were allocated as annotated genes by GeneNetwork (Table 5).  

 
 

Table 4. Most enriched biological processes/pathways within the Ago2-IP enriched and 
TargetScan predicted miR-455-3p target genes 

   Pathway/term p-value 

No TGF-β1 

Biological 
process 

Posttranscriptional regulation of gene expression 9 x 10-10 
Negative regulation of transcription from RNA polymerase II promoter 2 x 10-9 
Stress-activated protein kinase signaling cascade 5 x 10-9 
Regulation of protein serine/threonine kinase activity 9 x 10-9 
Intracellular receptor mediated signaling pathway 3 x 10-8 
Negative regulation of protein serine/threonine kinase activity 3 x 10-8 
Intracellular steroid hormone receptor signaling pathway 4 x 10-8 
Myeloid cell differentiation 5 x 10-8 
Negative regulation of cell proliferation 7 x 10-8 
Regulation of myeloid cell differentiation 7 x 10-8 

KEGG 

Prostate cancer 2 x 10-6 
Adherens junction 3 x 10-6 
Pathways in cancer 3 x 10-6 
TGF-beta signaling pathway 4 x 10-6 
T cell receptor signaling pathway 5 x 10-6 
Wnt signaling pathway 7 x 10-6 
Colorectal cancer 9 x 10-6 
Neurotrophin signaling pathway 1 x 10-5 
Chronic myeloid leukemia 4 x 10-5 
ErbB signaling pathway 4 x 10-5 

Reactome 

MAP kinase activation in TLR cascade 2 x 10-5 
Generic Transcription Pathway 5 x 10-5 
Transcriptional Regulation of White Adipocyte Differentiation 6 x 10-5 
Circadian Clock 7 x 10-5 
GAB1 signalosome 1 x 10-4 
MAPK targets/ Nuclear events mediated by MAP kinases 1 x 10-4 
PI3K/AKT activation 3 x 10-4 
TRAF6 mediated IRF7 activation 3 x 10-4 
Regulation of Lipid Metabolism by Peroxisome proliferator-activated 
      receptor alpha 4 x 10-4 

NFkB and MAP kinases activation mediated by TLR4 signaling repertoire 4 x 10-4 
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Table 4. Continued 

  Pathway/term p-value 

TGF-β1 

Biological 
process 

Transforming growth factor beta receptor signaling pathway 2 x 10-8 
Posttranscriptional regulation of gene expression 5 x 10-8 
In utero embryonic development 9 x 10-8 
Regulation of myeloid cell differentiation 1 x 10-7 
Negative regulation of transcription from RNA polymerase II promoter 2 x 10-7 
Intracellular steroid hormone receptor signaling pathway 2 x 10-7 
Chordate embryonic development 2 x 10-7 
Embryo development ending in birth or egg hatching 3 x 10-7 
Androgen receptor signaling pathway 3 x 10-7 
Protein dephosphorylation 3 x 10-7 

KEGG 

Pathways in cancer 4 x 10-7 
Colorectal cancer 7 x 10-7 
Prostate cancer 9 x 10-7 
Wnt signaling pathway 2 x 10-6 
Adherens junction 4 x 10-6 
Chronic myeloid leukemia 5 x 10-6 
TGF-beta signaling pathway 5 x 10-6 
Neurotrophin signaling pathway 2 x 10-5 
Small cell lung cancer 3 x 10-5 
Acute myeloid leukemia 4 x 10-5 

Reactome 

Transcriptional Regulation of White Adipocyte Differentiation 3 x 10-5 
MAP kinase activation in TLR cascade 3 x 10-4 
Signaling by BMP 3 x 10-4 
Signaling by EGFR 4 x 10-4 
Signaling by Notch 5 x 10-4 
Signaling by EGFR in Cancer 6 x 10-4 
MAPK targets/ Nuclear events mediated by MAP kinases 9 x 10-4 
Metabolism of amino acids and derivatives 10 x 10-4 
Signaling by NODAL 10 x 10-4 
Regulation of Lipid Metabolism by Peroxisome proliferator-activated 
      receptor alpha 10 x 10-4 
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Table 5. Predicted miR-455-3p and miR-21-3p targets present in miRNA-targetomes involved 
in TGF-β-related processes and pathway and Wnt signaling pathway 

miRNA Lung 
fibroblasts Process/Pathway Annotated 

genesa Unannotated genesb 

m
iR

-4
55

-3
p 

Unstimulated 

TGF-beta signaling 
pathway (KEGG) ACVR2B 

ATXN1 PPP2R2A ZFHX4  
BTG2 RUNX1 ZFP36L1  
GATA6 TCF7L1 ZSWIM6  
NPEPPS TMEM64   
PLAGL2 ZFHX3   

Wnt signaling 
pathway (KEGG) TCF7L1 

ACTR10 GATA6 RARB  
ACVR2B NPEPPS RCC2  
ARPC2 POU2F1 SPRY1  
ATXN1 PPP2R2A ZFHX3  
CNOT6 PTEN ZFP36L1  

TGF-β1-
stimulated 

Transforming growth 
factor beta receptor 
signaling pathway 
(Biological process) 

TGFBR2 
MAP3K1 

BTG2 HAS2 SEMA7A ZSWIM6 
COL4A5 IPMK STK40  
CTDSPL2 KBTBD2 TMEM64  
DLDc NGFc ZFHX3  
GATA6 RUNX1 ZFP36L1  

Wnt signaling 
pathway (KEGG) TCF7L1 

ACTR10 KBTBD2 TGFBR2  
CNOT6 NPEPPS ZFHX3  
DLDc POU2F1 ZFP36L1  
GATA6 PTEN   
HAS2 SPRY1   

TGF-beta signaling 
pathway (KEGG) TGFBR2 

BTG2 NPEPPS ZFHX3  
DLDc PLAGL2 ZFHX4  
GATA6 RUNX1 ZFP36L1  
HAS2 TCF7L1 ZSWIM6  
NGFc TMEM64   

m
iR

-2
1-

3p
 

Unstimulated 

TGF-beta signaling 
pathway (KEGG) - 

ATP13A3 STK38L   
BTBD7 ZBTB39   
KCNA3 ZNF217   
NAP1L3    
RHOB    

Wnt signaling 
pathway (KEGG) - 

ANKRD49 SLC19A2   
CDK8 SOS2   
GPCPD1 TSC22D2   
KCNA3 ZBTB39   
RASSF3 ZKSCAN3   

Signaling by TGF 
beta 
(Reactome) 

- 

BTBD7 RASSF3 ZKSCAN3  
ELOVL4 SNRK   
KCNA3 SOS2   
KIAA1958 ZADH2   
MMD ZBTB39   

TGF-β1-
stimulated 

TGF-beta signaling 
pathway (KEGG) - 

ATP13A3 ZBTB39   
BTBD7 ZNF217   
KCNA3    
PLSCR4    
STK38L    

Signaling by TGF 
beta 
(Reactome) 

- 

BTBD7 MMD   
ELOVL4 SOS2   
HHEXc ZADH2   
KCNA3 ZBTB39   
KIAA1958    

a Annotated genes are genes known to be involved in specific pathways and biological processes. 
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Table 4. Continued 

  Pathway/term p-value 

TGF-β1 

Biological 
process 

Transforming growth factor beta receptor signaling pathway 2 x 10-8 
Posttranscriptional regulation of gene expression 5 x 10-8 
In utero embryonic development 9 x 10-8 
Regulation of myeloid cell differentiation 1 x 10-7 
Negative regulation of transcription from RNA polymerase II promoter 2 x 10-7 
Intracellular steroid hormone receptor signaling pathway 2 x 10-7 
Chordate embryonic development 2 x 10-7 
Embryo development ending in birth or egg hatching 3 x 10-7 
Androgen receptor signaling pathway 3 x 10-7 
Protein dephosphorylation 3 x 10-7 

KEGG 

Pathways in cancer 4 x 10-7 
Colorectal cancer 7 x 10-7 
Prostate cancer 9 x 10-7 
Wnt signaling pathway 2 x 10-6 
Adherens junction 4 x 10-6 
Chronic myeloid leukemia 5 x 10-6 
TGF-beta signaling pathway 5 x 10-6 
Neurotrophin signaling pathway 2 x 10-5 
Small cell lung cancer 3 x 10-5 
Acute myeloid leukemia 4 x 10-5 

Reactome 

Transcriptional Regulation of White Adipocyte Differentiation 3 x 10-5 
MAP kinase activation in TLR cascade 3 x 10-4 
Signaling by BMP 3 x 10-4 
Signaling by EGFR 4 x 10-4 
Signaling by Notch 5 x 10-4 
Signaling by EGFR in Cancer 6 x 10-4 
MAPK targets/ Nuclear events mediated by MAP kinases 9 x 10-4 
Metabolism of amino acids and derivatives 10 x 10-4 
Signaling by NODAL 10 x 10-4 
Regulation of Lipid Metabolism by Peroxisome proliferator-activated 
      receptor alpha 10 x 10-4 
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Table 5. Predicted miR-455-3p and miR-21-3p targets present in miRNA-targetomes involved 
in TGF-β-related processes and pathway and Wnt signaling pathway 

miRNA Lung 
fibroblasts Process/Pathway Annotated 

genesa Unannotated genesb 

m
iR

-4
55

-3
p 

Unstimulated 

TGF-beta signaling 
pathway (KEGG) ACVR2B 

ATXN1 PPP2R2A ZFHX4  
BTG2 RUNX1 ZFP36L1  
GATA6 TCF7L1 ZSWIM6  
NPEPPS TMEM64   
PLAGL2 ZFHX3   

Wnt signaling 
pathway (KEGG) TCF7L1 

ACTR10 GATA6 RARB  
ACVR2B NPEPPS RCC2  
ARPC2 POU2F1 SPRY1  
ATXN1 PPP2R2A ZFHX3  
CNOT6 PTEN ZFP36L1  

TGF-β1-
stimulated 

Transforming growth 
factor beta receptor 
signaling pathway 
(Biological process) 

TGFBR2 
MAP3K1 

BTG2 HAS2 SEMA7A ZSWIM6 
COL4A5 IPMK STK40  
CTDSPL2 KBTBD2 TMEM64  
DLDc NGFc ZFHX3  
GATA6 RUNX1 ZFP36L1  

Wnt signaling 
pathway (KEGG) TCF7L1 

ACTR10 KBTBD2 TGFBR2  
CNOT6 NPEPPS ZFHX3  
DLDc POU2F1 ZFP36L1  
GATA6 PTEN   
HAS2 SPRY1   

TGF-beta signaling 
pathway (KEGG) TGFBR2 

BTG2 NPEPPS ZFHX3  
DLDc PLAGL2 ZFHX4  
GATA6 RUNX1 ZFP36L1  
HAS2 TCF7L1 ZSWIM6  
NGFc TMEM64   

m
iR

-2
1-

3p
 

Unstimulated 

TGF-beta signaling 
pathway (KEGG) - 

ATP13A3 STK38L   
BTBD7 ZBTB39   
KCNA3 ZNF217   
NAP1L3    
RHOB    

Wnt signaling 
pathway (KEGG) - 

ANKRD49 SLC19A2   
CDK8 SOS2   
GPCPD1 TSC22D2   
KCNA3 ZBTB39   
RASSF3 ZKSCAN3   

Signaling by TGF 
beta 
(Reactome) 

- 

BTBD7 RASSF3 ZKSCAN3  
ELOVL4 SNRK   
KCNA3 SOS2   
KIAA1958 ZADH2   
MMD ZBTB39   

TGF-β1-
stimulated 

TGF-beta signaling 
pathway (KEGG) - 

ATP13A3 ZBTB39   
BTBD7 ZNF217   
KCNA3    
PLSCR4    
STK38L    

Signaling by TGF 
beta 
(Reactome) 

- 

BTBD7 MMD   
ELOVL4 SOS2   
HHEXc ZADH2   
KCNA3 ZBTB39   
KIAA1958    

a Annotated genes are genes known to be involved in specific pathways and biological processes. 
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b Unannotated genes are genes assigned to specific pathways and biological processes by GeneNetwork in which the gene 
functions were predicted based on co-expression. 
c Genes which are more prominently enriched in the IP of TGF-β1-stimulated fibroblasts compared to unstimulated fibroblasts. 

 
 
Table 6. Most enriched biological processes/pathways within the Ago2-IP enriched and 
TargetScan predicted miR-21-3p target genes 
   Pathway/term p-value 

No TGF-β1 

Biological 
process 

Negative regulation of protein kinase activity 9 x 10-7 
Peptidyl-threonine modification 3 x 10-6 
Negative regulation of kinase activity 4 x 10-6 
Negative regulation of transferase activity 5 x 10-6 
Retrograde vesicle-mediated transport, Golgi to ER 1 x 10-5 
Positive regulation of erythrocyte differentiation 2 x 10-5 
Negative regulation of cyclin-dependent protein kinase activity 2 x 10-5 
Negative regulation of protein serine/threonine kinase activity 2 x 10-5 
Protein ubiquitination 2 x 10-5 
Peptidyl-threonine phosphorylation 3 x 10-5 

KEGG 

Small cell lung cancer 4 x 10-5 
Pentose and glucuronate interconversions 10 x 10-4 
TGF-beta signaling pathway 2 x 10-3 
ErbB signaling pathway 2 x 10-3 
Drug metabolism - cytochrome P450 3 x 10-3 
Fc gamma R-mediated phagocytosis 3 x 10-3 
Glycolysis / Gluconeogenesis 4 x 10-3 
Wnt signaling pathway 4 x 10-3 
Chronic myeloid leukemia 5 x 10-3 
Metabolism of xenobiotics by cytochrome P450 5 x 10-3 

Reactome 

Activated TAK1 mediates p38 MAPK activation 9 x 10-6 
Signaling by TGF beta 3 x 10-5 
Cytosolic tRNA aminoacylation 5 x 10-5 
MAP kinase activation in TLR cascade 5 x 10-5 
Vitamin B5 (pantothenate) metabolism 6 x 10-5 
Toll Like Receptor 5 (TLR5) Cascade 8 x 10-5 
Toll Like Receptor 10 (TLR10) Cascade 8 x 10-5 
MyD88 cascade initiated on plasma membrane 8 x 10-5 
G0 and Early G1 8 x 10-5 
Signaling by BMP 1 x 10-4 
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Table 6. Continued 
  Pathway/term p-value 

TGF-β1 

Biological 
process 

Negative regulation of cyclin-dependent protein kinase activity 4 x 10-7 
Retrograde vesicle-mediated transport, Golgi to ER 3 x 10-6 
Regulation of transcription involved in G1/S phase of mitotic cell cycle 7 x 10-6 
Toll-like receptor 1 signaling pathway 8 x 10-6 
Toll-like receptor 2 signaling pathway 9 x 10-6 
Protein ubiquitination 1 x 10-5 
MyD88-dependent toll-like receptor signaling pathway 1 x 10-5 
Negative regulation of protein kinase activity 1 x 10-5 
Peptidyl-threonine modification 2 x 10-5 
Negative regulation of protein serine/threonine kinase activity 2 x 10-5 

KEGG 

Small cell lung cancer 1 x 10-4 
Steroid hormone biosynthesis 10 x 10-4 
Starch and sucrose metabolism 2 x 10-3 
Chronic myeloid leukemia 2 x 10-3 
NOD-like receptor signaling pathway 2 x 10-3 
TGF-beta signaling pathway 2 x 10-3 
Drug metabolism - cytochrome P450 3 x 10-3 
Glycolysis / Gluconeogenesis 4 x 10-3 
Metabolism of xenobiotics by cytochrome P450 5 x 10-3 
Aminoacyl-tRNA biosynthesis 6 x 10-3 

Reactome 

G0 and Early G1 8 x 10-6 
Signaling by TGF beta 9 x 10-6 
Interleukin-1 signaling 2 x 10-5 
Toll Like Receptor 2 (TLR2) Cascade 2 x 10-5 
MyD88:Mal cascade initiated on plasma membrane 2 x 10-5 
Toll Like Receptor TLR6:TLR2 Cascade 2 x 10-5 
Toll Like Receptor TLR1:TLR2 Cascade 2 x 10-5 
Toll Like Receptor 5 (TLR5) Cascade 4 x 10-5 
Toll Like Receptor 10 (TLR10) Cascade 4 x 10-5 
MyD88 cascade initiated on plasma membrane 4 x 10-5 

 
 
Identification of target genes modulated by TGF-β1-induced miR-455-
3p and miR-21-3p 
Next, we investigated which target genes are affected by stimulation with TGF-β1. These 
target genes are defined as being more prominently enriched in the IP of TGF-β1-
stimulated fibroblasts compared to unstimulated fibroblasts. Five miR-455-3p predicted 
target genes HN1, NGF, STRADB, DLD and ANO3 showed an increased enrichment in the 
IP upon TGF-β1 stimulation. Of these genes, NGF and DLD were predicted by 
GeneNetwork to be involved in the TGF-β1-related biological processes and signaling 
pathway (marked bold in Table 5). Furthermore, DLD is predicted to play a role in the Wnt 
signaling pathway. 

Of the predicted miR-21-3p target genes, increased Ago2-IP enrichment upon TGF-β1 
stimulation was observed for HHEX, CHORDC1 and ZBTB49. HHEX was one of the genes 
predicted to be involved in the TGF-β signaling pathway (marked bold in Table 5). 
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b Unannotated genes are genes assigned to specific pathways and biological processes by GeneNetwork in which the gene 
functions were predicted based on co-expression. 
c Genes which are more prominently enriched in the IP of TGF-β1-stimulated fibroblasts compared to unstimulated fibroblasts. 

 
 
Table 6. Most enriched biological processes/pathways within the Ago2-IP enriched and 
TargetScan predicted miR-21-3p target genes 
   Pathway/term p-value 

No TGF-β1 

Biological 
process 

Negative regulation of protein kinase activity 9 x 10-7 
Peptidyl-threonine modification 3 x 10-6 
Negative regulation of kinase activity 4 x 10-6 
Negative regulation of transferase activity 5 x 10-6 
Retrograde vesicle-mediated transport, Golgi to ER 1 x 10-5 
Positive regulation of erythrocyte differentiation 2 x 10-5 
Negative regulation of cyclin-dependent protein kinase activity 2 x 10-5 
Negative regulation of protein serine/threonine kinase activity 2 x 10-5 
Protein ubiquitination 2 x 10-5 
Peptidyl-threonine phosphorylation 3 x 10-5 

KEGG 

Small cell lung cancer 4 x 10-5 
Pentose and glucuronate interconversions 10 x 10-4 
TGF-beta signaling pathway 2 x 10-3 
ErbB signaling pathway 2 x 10-3 
Drug metabolism - cytochrome P450 3 x 10-3 
Fc gamma R-mediated phagocytosis 3 x 10-3 
Glycolysis / Gluconeogenesis 4 x 10-3 
Wnt signaling pathway 4 x 10-3 
Chronic myeloid leukemia 5 x 10-3 
Metabolism of xenobiotics by cytochrome P450 5 x 10-3 

Reactome 

Activated TAK1 mediates p38 MAPK activation 9 x 10-6 
Signaling by TGF beta 3 x 10-5 
Cytosolic tRNA aminoacylation 5 x 10-5 
MAP kinase activation in TLR cascade 5 x 10-5 
Vitamin B5 (pantothenate) metabolism 6 x 10-5 
Toll Like Receptor 5 (TLR5) Cascade 8 x 10-5 
Toll Like Receptor 10 (TLR10) Cascade 8 x 10-5 
MyD88 cascade initiated on plasma membrane 8 x 10-5 
G0 and Early G1 8 x 10-5 
Signaling by BMP 1 x 10-4 
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Table 6. Continued 
  Pathway/term p-value 

TGF-β1 

Biological 
process 

Negative regulation of cyclin-dependent protein kinase activity 4 x 10-7 
Retrograde vesicle-mediated transport, Golgi to ER 3 x 10-6 
Regulation of transcription involved in G1/S phase of mitotic cell cycle 7 x 10-6 
Toll-like receptor 1 signaling pathway 8 x 10-6 
Toll-like receptor 2 signaling pathway 9 x 10-6 
Protein ubiquitination 1 x 10-5 
MyD88-dependent toll-like receptor signaling pathway 1 x 10-5 
Negative regulation of protein kinase activity 1 x 10-5 
Peptidyl-threonine modification 2 x 10-5 
Negative regulation of protein serine/threonine kinase activity 2 x 10-5 

KEGG 

Small cell lung cancer 1 x 10-4 
Steroid hormone biosynthesis 10 x 10-4 
Starch and sucrose metabolism 2 x 10-3 
Chronic myeloid leukemia 2 x 10-3 
NOD-like receptor signaling pathway 2 x 10-3 
TGF-beta signaling pathway 2 x 10-3 
Drug metabolism - cytochrome P450 3 x 10-3 
Glycolysis / Gluconeogenesis 4 x 10-3 
Metabolism of xenobiotics by cytochrome P450 5 x 10-3 
Aminoacyl-tRNA biosynthesis 6 x 10-3 

Reactome 

G0 and Early G1 8 x 10-6 
Signaling by TGF beta 9 x 10-6 
Interleukin-1 signaling 2 x 10-5 
Toll Like Receptor 2 (TLR2) Cascade 2 x 10-5 
MyD88:Mal cascade initiated on plasma membrane 2 x 10-5 
Toll Like Receptor TLR6:TLR2 Cascade 2 x 10-5 
Toll Like Receptor TLR1:TLR2 Cascade 2 x 10-5 
Toll Like Receptor 5 (TLR5) Cascade 4 x 10-5 
Toll Like Receptor 10 (TLR10) Cascade 4 x 10-5 
MyD88 cascade initiated on plasma membrane 4 x 10-5 

 
 
Identification of target genes modulated by TGF-β1-induced miR-455-
3p and miR-21-3p 
Next, we investigated which target genes are affected by stimulation with TGF-β1. These 
target genes are defined as being more prominently enriched in the IP of TGF-β1-
stimulated fibroblasts compared to unstimulated fibroblasts. Five miR-455-3p predicted 
target genes HN1, NGF, STRADB, DLD and ANO3 showed an increased enrichment in the 
IP upon TGF-β1 stimulation. Of these genes, NGF and DLD were predicted by 
GeneNetwork to be involved in the TGF-β1-related biological processes and signaling 
pathway (marked bold in Table 5). Furthermore, DLD is predicted to play a role in the Wnt 
signaling pathway. 

Of the predicted miR-21-3p target genes, increased Ago2-IP enrichment upon TGF-β1 
stimulation was observed for HHEX, CHORDC1 and ZBTB49. HHEX was one of the genes 
predicted to be involved in the TGF-β signaling pathway (marked bold in Table 5). 
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DISCUSSION 
In the present study, we investigated the effect of TGF-β1 on miRNA expression in primary 
lung fibroblasts and used the miRNA-targetomes of these cells to identify transcripts that 
are likely to be affected by the TGF-β1-dependent modulation of miRNA expression levels. 
Twenty-nine miRNAs were differentially expressed after TGF-β1 stimulation. TGF-β1-
induced miR-455-3p and miR-21-3p expression was validated with qRT-PCR and also 
replicated in an independent set of control and COPD fibroblasts. In the replication set, 
lower levels of miR-455-3p were observed in COPD as compared to control fibroblasts. 
The TGF-β signaling pathway was significantly enriched amongst the Ago2-IP enriched 
predicted targets of miR-455-3p and miR-21-3p and we have identified several target genes, 
which were more Ago2-IP-enriched upon TGF-β1 stimulation. 

We showed that TGF-β1 regulates expression of multiple miRNAs in primary lung 
fibroblasts of control subjects and COPD patients with consistent and significant induction 
of miR-455-3p and miR-21-3p. In a previous study of Milosevic et al., 84 miRNAs were 
shown to be differentially expressed after TGF-β1 stimulation in commercially available 
human lung fibroblasts (27). Seven out of the 29 differentially expressed miRNAs in our 
initial miRNA array screening were overlapping with the 84 miRNAs found by Milosevic 
et al. In accordance with their results, we showed upregulation of miR-21-3p, miR-23a-5p, 
miR-503-5p, miR-424-3p, and miR-214-5p upon TGF-β1 stimulation. However, they found 
downregulation of miR-455-3p and miR-23a-3p (27), whereas we found upregulation of 
these two miRNAs. These inconsistencies might be due to differences in using a single 
versus multiple donors, culture methods and TGF-β1 stimulation time (2 h versus 24 h). 
Notably, upregulation of miR-455-3p and miR-23a-3p after TGF-β stimulation has been 
observed in other cell types (28-31). Other studies observed increased expression levels of 
miR-27a-3p and miR-199a-5p upon TGF-β stimulation in MRC-5 lung fibroblasts in 
accordance with our initial miRNA array results (8, 32). 

Using Ago2-RIP-Chip, we defined the miRNA-targetomes of both unstimulated and 
TGF-β1-stimulated primary lung fibroblasts. By assessing which of the miR-455-3p and 
miR-21-3p predicted targets are present in these targetomes we gained insight in the 
potential role of these TGF-β1-induced miRNAs in lung fibroblasts. To our knowledge this 
is the first time that the miRNA-targetomes have been identified in primary lung fibroblasts. 
The lists of experimentally proven targets of miRNAs in primary lung fibroblasts with and 
without TGF-β1 stimulation represent a valuable source for future studies. The predicted 
miR-455-3p and miR-21-3p targets present in the miRNA-targetomes of unstimulated and 
TGF-β1-stimulated lung fibroblasts were significantly enriched for genes related to the 
TGF-β processes and signaling pathway. These findings suggest that there is significant 
cross-talk between miRNAs and the TGF-β pathway. Moreover, the enrichment of the 
TGF-β signaling pathway suggests a role for these miRNAs in regulating ECM 
homeostasis by lung fibroblasts (6). 
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Previous data suggested that the TGF-β1-induced miR-455-3p expression is regulated 
through a SMAD2/3 binding element and that miR-455-3p directly targets SMAD2, 
ACVR2B and CHRDL1 (31). This suggests a feedback loop resulting in decreased 
SMAD2/3 signaling. From these reported targets of miR-455-3p, ACVR2B was found in the 
miRNA-targetome of unstimulated primary fibroblasts. SMAD2 and CHRDL1 were 
expressed in primary lung fibroblasts but were not enriched in the IP fractions. Of the IP-
enriched and predicted miR-455-3p target genes, the levels of enrichment of DLD and NGF 
transcripts in the Ago2-IP fraction were increased upon TGF-β1 stimulation. Both genes 
were predicted by GeneNetwork to play a role in the TGF-β-related processes and signaling 
pathway. DLD is a sub-protein of the pyruvate dehydrogenase protein complex, which is 
involved in the cellular metabolism (33). Interestingly, pyruvate dehydrogenase activity 
was found to be decreased in the muscles of COPD patients (33). NGF is a neurotrophin 
which can be produced and released by lung fibroblasts during inflammation. A previous 
study showed that NGF accelerates the migration of human fetal lung fibroblasts to 
fibronectin indicating that NGF may stimulate repair (34). Furthermore, NGF itself and 
TGF-β enhance the NGF release by MRC-5 cells and NGF, similarly to TGF-β, induces α-
SMA expression in these cells (35). The same study showed that expression of NGF and its 
receptors, trkA and p75, was increased in fibrotic lung tissue compared to normal tissue 
(35). Taken together, NGF may have pro-fibrotic effects in the lung and TGF-β1-induced 
miR-455-3p may serve to control NGF production inhibiting its pro-fibrotic effects on lung 
fibroblasts. 

A second gene set enriched within the Ago2-IP-enriched miR-455-3p targets is the 
Wnt signaling pathway, with TCF7L1 being a predicted target and present in the miRNA-
targetomes of both unstimulated and TGF-β1-stimulated lung fibroblasts. TCF7L1 
mediates the transcription of the canonical Wnt signaling target genes (36). DLD was a 
second gene predicted to be involved in the Wnt signaling pathway. The Wnt pathway 
regulates the differentiation of lung fibroblasts into myofibroblasts after activation via 
TGF-β and this enhances the ECM production (37). Therefore, activation of the Wnt 
signaling pathway has been suggested to be an important factor in tissue repair. 
Deregulation of this pathway via miRNAs may thus contribute to the disturbed ECM 
homeostasis in lung diseases. 

The lower expression level of miR-455-3p in COPD patients compared to control 
subjects indicates its potential role in aberrant tissue repair and remodeling of the lungs via 
effects on the target genes involved in the Wnt and TGF-β signaling pathways. 

As mentioned above, the TGF-β signaling pathway was also enriched amongst the IP-
enriched and predicted miR-21-3p target genes. HHEX is one of the genes whose Ago2-IP 
enrichment increases upon TGF-β1 stimulation and predicted to be involved in the TGF-β 
signaling pathway. The expression of this homeobox containing gene was found to be 
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DISCUSSION 
In the present study, we investigated the effect of TGF-β1 on miRNA expression in primary 
lung fibroblasts and used the miRNA-targetomes of these cells to identify transcripts that 
are likely to be affected by the TGF-β1-dependent modulation of miRNA expression levels. 
Twenty-nine miRNAs were differentially expressed after TGF-β1 stimulation. TGF-β1-
induced miR-455-3p and miR-21-3p expression was validated with qRT-PCR and also 
replicated in an independent set of control and COPD fibroblasts. In the replication set, 
lower levels of miR-455-3p were observed in COPD as compared to control fibroblasts. 
The TGF-β signaling pathway was significantly enriched amongst the Ago2-IP enriched 
predicted targets of miR-455-3p and miR-21-3p and we have identified several target genes, 
which were more Ago2-IP-enriched upon TGF-β1 stimulation. 

We showed that TGF-β1 regulates expression of multiple miRNAs in primary lung 
fibroblasts of control subjects and COPD patients with consistent and significant induction 
of miR-455-3p and miR-21-3p. In a previous study of Milosevic et al., 84 miRNAs were 
shown to be differentially expressed after TGF-β1 stimulation in commercially available 
human lung fibroblasts (27). Seven out of the 29 differentially expressed miRNAs in our 
initial miRNA array screening were overlapping with the 84 miRNAs found by Milosevic 
et al. In accordance with their results, we showed upregulation of miR-21-3p, miR-23a-5p, 
miR-503-5p, miR-424-3p, and miR-214-5p upon TGF-β1 stimulation. However, they found 
downregulation of miR-455-3p and miR-23a-3p (27), whereas we found upregulation of 
these two miRNAs. These inconsistencies might be due to differences in using a single 
versus multiple donors, culture methods and TGF-β1 stimulation time (2 h versus 24 h). 
Notably, upregulation of miR-455-3p and miR-23a-3p after TGF-β stimulation has been 
observed in other cell types (28-31). Other studies observed increased expression levels of 
miR-27a-3p and miR-199a-5p upon TGF-β stimulation in MRC-5 lung fibroblasts in 
accordance with our initial miRNA array results (8, 32). 

Using Ago2-RIP-Chip, we defined the miRNA-targetomes of both unstimulated and 
TGF-β1-stimulated primary lung fibroblasts. By assessing which of the miR-455-3p and 
miR-21-3p predicted targets are present in these targetomes we gained insight in the 
potential role of these TGF-β1-induced miRNAs in lung fibroblasts. To our knowledge this 
is the first time that the miRNA-targetomes have been identified in primary lung fibroblasts. 
The lists of experimentally proven targets of miRNAs in primary lung fibroblasts with and 
without TGF-β1 stimulation represent a valuable source for future studies. The predicted 
miR-455-3p and miR-21-3p targets present in the miRNA-targetomes of unstimulated and 
TGF-β1-stimulated lung fibroblasts were significantly enriched for genes related to the 
TGF-β processes and signaling pathway. These findings suggest that there is significant 
cross-talk between miRNAs and the TGF-β pathway. Moreover, the enrichment of the 
TGF-β signaling pathway suggests a role for these miRNAs in regulating ECM 
homeostasis by lung fibroblasts (6). 
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Previous data suggested that the TGF-β1-induced miR-455-3p expression is regulated 
through a SMAD2/3 binding element and that miR-455-3p directly targets SMAD2, 
ACVR2B and CHRDL1 (31). This suggests a feedback loop resulting in decreased 
SMAD2/3 signaling. From these reported targets of miR-455-3p, ACVR2B was found in the 
miRNA-targetome of unstimulated primary fibroblasts. SMAD2 and CHRDL1 were 
expressed in primary lung fibroblasts but were not enriched in the IP fractions. Of the IP-
enriched and predicted miR-455-3p target genes, the levels of enrichment of DLD and NGF 
transcripts in the Ago2-IP fraction were increased upon TGF-β1 stimulation. Both genes 
were predicted by GeneNetwork to play a role in the TGF-β-related processes and signaling 
pathway. DLD is a sub-protein of the pyruvate dehydrogenase protein complex, which is 
involved in the cellular metabolism (33). Interestingly, pyruvate dehydrogenase activity 
was found to be decreased in the muscles of COPD patients (33). NGF is a neurotrophin 
which can be produced and released by lung fibroblasts during inflammation. A previous 
study showed that NGF accelerates the migration of human fetal lung fibroblasts to 
fibronectin indicating that NGF may stimulate repair (34). Furthermore, NGF itself and 
TGF-β enhance the NGF release by MRC-5 cells and NGF, similarly to TGF-β, induces α-
SMA expression in these cells (35). The same study showed that expression of NGF and its 
receptors, trkA and p75, was increased in fibrotic lung tissue compared to normal tissue 
(35). Taken together, NGF may have pro-fibrotic effects in the lung and TGF-β1-induced 
miR-455-3p may serve to control NGF production inhibiting its pro-fibrotic effects on lung 
fibroblasts. 

A second gene set enriched within the Ago2-IP-enriched miR-455-3p targets is the 
Wnt signaling pathway, with TCF7L1 being a predicted target and present in the miRNA-
targetomes of both unstimulated and TGF-β1-stimulated lung fibroblasts. TCF7L1 
mediates the transcription of the canonical Wnt signaling target genes (36). DLD was a 
second gene predicted to be involved in the Wnt signaling pathway. The Wnt pathway 
regulates the differentiation of lung fibroblasts into myofibroblasts after activation via 
TGF-β and this enhances the ECM production (37). Therefore, activation of the Wnt 
signaling pathway has been suggested to be an important factor in tissue repair. 
Deregulation of this pathway via miRNAs may thus contribute to the disturbed ECM 
homeostasis in lung diseases. 

The lower expression level of miR-455-3p in COPD patients compared to control 
subjects indicates its potential role in aberrant tissue repair and remodeling of the lungs via 
effects on the target genes involved in the Wnt and TGF-β signaling pathways. 

As mentioned above, the TGF-β signaling pathway was also enriched amongst the IP-
enriched and predicted miR-21-3p target genes. HHEX is one of the genes whose Ago2-IP 
enrichment increases upon TGF-β1 stimulation and predicted to be involved in the TGF-β 
signaling pathway. The expression of this homeobox containing gene was found to be 
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regulated by the BMP signaling pathway and is implied to be involved in lung 
organogenesis (38). 

Other IP-enriched and predicted miR-21-3p target genes that were more enriched after 
TGF-β1 stimulation are CHORDC1 and ZBTB49. CHORDC1 has been shown to inhibit 
kinase activity of ROCK2 in mouse embryonic fibroblasts (39). Rho kinases have been 
implicated in asthma and COPD and have been suggested as a promising therapeutic target 
for these lung diseases (40). ZBTB49 is a zinc finger that can inhibit cell proliferation of 
HEK293 and HCT116 cells and thus may affect cell proliferation in lung fibroblasts as well 
(41). 
 

CONCLUSIONS 
We demonstrated that TGF-β1 affects the expression of several miRNAs in primary 
parenchymal lung fibroblasts, including miR-455-3p and miR-21-3p. Furthermore, we 
showed that the targets of miR-455-3p and miR-21-3p play a role in the TGF-β and Wnt 
signaling pathways. In addition, our study showed that TGF-β1-dependent miRNA 
modulation affects several genes that may influence the function of lung fibroblasts via 
several processes including tissue repair, cellular metabolism, cell migration and cell 
proliferation. Interestingly, we found a difference in miR-455-3p expression between 
COPD patients and control subjects, which suggests a role for this miRNA in COPD 
pathogenesis. These findings add to our understanding of the role of miRNAs in the 
functionality of lung fibroblasts in tissue repair and remodeling and support a role for 
aberrant miRNA regulation in lung diseases such as COPD in which high TGF-β levels 
have been reported. 
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ABSTRACT 
COPD is associated with disturbed tissue repair, possibly due to TGF-β-regulated miRNA 
changes in fibroblasts. Our aim was to identify TGF-β-regulated miRNAs and their 
differential regulation and expression in COPD compared to control fibroblasts. 

Small RNA sequencing was performed on TGF-β-stimulated and unstimulated lung 
fibroblasts from 15 COPD patients and 15 controls. Linear regression was used to identify 
TGF-β-regulated and COPD-associated miRNAs. Interaction analysis was performed to 
compare miRNAs that responded differently to TGF-β in COPD and control. Re-analysis of 
previously generated Ago2-IP data and Enrichr were used to identify presence and function 
of potential target genes in the miRNA-targetome of lung fibroblasts. 

In total, 46 TGF-β-regulated miRNAs were identified in COPD and 86 in control 
fibroblasts (FDR<0.05). MiR-27a-5p was the most significantly upregulated miRNA. MiR-
148b-3p, miR-589-5p and miR-376b-3p responded differently to TGF-β in COPD 
compared to control (FDR<0.25). MiR-660-5p was significantly upregulated in COPD 
compared to control (FDR<0.05). Several predicted targets of miR-27a-5p, miR-148b-3p 
and miR-660-5p were present in the miRNA-targetome, and were mainly involved in the 
regulation of gene transcription. 

In conclusion, altered TGF-β-induced miRNA regulation and differential expression 
of miR-660-5p in COPD fibroblasts, may represent one of the mechanisms underlying 
aberrant tissue repair and remodelling in COPD. 
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INTRODUCTION 
Chronic obstructive pulmonary disease (COPD) is characterized by a variable extent and 
combination of (small) airway disease and emphysema. It is a major and still growing cause 
of death worldwide (1, 2). One of the features underlying the development of COPD is 
aberrant tissue repair and remodelling (3), leading to a disturbed extracellular matrix (ECM) 
homeostasis. In COPD patients, narrowing of the (small) airways is observed, due to 
airway wall fibrosis (4). In contrast, proper tissue repair is diminished in the parenchyma 
contributing to the development of pulmonary emphysema (4, 5). Malfunction of lung 
fibroblasts through dysregulation of the TGF-β signalling pathway may be pivotal to this 
aberrant tissue repair and remodelling (5). Lung fibroblasts are the principal cells in 
controlling ECM homeostasis by producing ECM proteins, matrix metalloproteases and 
tissue inhibitors of matrix metalloproteases. Transforming growth factor-β (TGF-β) is the 
main inducer of ECM production in lung fibroblasts. TGF-β levels are increased in COPD 
(5-8) and alterations in the TGF-β signalling pathway have been demonstrated in COPD 
compared to control fibroblasts (9). 

MicroRNAs (miRNAs) regulate the vast majority of cellular processes and pathways 
by negatively influencing protein expression of multiple target genes (10). These small 
non-coding RNAs play a role in various human diseases (11). Several studies suggested 
that miRNAs contribute to COPD pathogenesis based on differential expression in e.g. 
whole blood, bronchoalveolar lavage cell fraction and lung tissue from COPD patients 
compared to smoking controls (12, 13). Previously, Ikari et al. compared miRNA 
expression changes between COPD and control fibroblasts (n=5 per group) (14) and 
selected miR-503, which was decreased in COPD fibroblasts, for further validation (15). 
MiR-503 was demonstrated to enhance the production of VEGF, a direct target of miR-503 
(15). Apart from these findings on miRNA expression in lung fibroblasts, limited 
information on differential miRNA expression in COPD fibroblasts is available. In our 
previous study, we identified 29 TGF-β-regulated miRNAs in primary parenchymal lung 
fibroblasts from control subjects (16). Of these miRNAs, miR-455-3p and miR-21-3p were 
shown to target genes that are involved in the TGF-β and WNT signalling pathways, 
indicating a role of these miRNAs in tissue repair (16). We hypothesize that TGF-β-
regulated changes in miRNA expression in lung fibroblasts are involved in the 
pathogenesis of COPD. 

To better understand the alterations in the TGF-β-regulated tissue repair response in 
COPD, it is of interest to identify miRNAs that are regulated by TGF-β in COPD and 
control lung fibroblasts and to identify miRNAs that are differentially regulated by TGF-β 
in COPD compared to control fibroblasts. In the present study, we used small RNA 
sequencing analysis; 1) to identify TGF-β-regulated miRNAs in clinically well-
characterized severe COPD and control fibroblasts, 2) to identify which miRNAs are 



3

 
Chapter 3  
 

58 

ABSTRACT 
COPD is associated with disturbed tissue repair, possibly due to TGF-β-regulated miRNA 
changes in fibroblasts. Our aim was to identify TGF-β-regulated miRNAs and their 
differential regulation and expression in COPD compared to control fibroblasts. 

Small RNA sequencing was performed on TGF-β-stimulated and unstimulated lung 
fibroblasts from 15 COPD patients and 15 controls. Linear regression was used to identify 
TGF-β-regulated and COPD-associated miRNAs. Interaction analysis was performed to 
compare miRNAs that responded differently to TGF-β in COPD and control. Re-analysis of 
previously generated Ago2-IP data and Enrichr were used to identify presence and function 
of potential target genes in the miRNA-targetome of lung fibroblasts. 

In total, 46 TGF-β-regulated miRNAs were identified in COPD and 86 in control 
fibroblasts (FDR<0.05). MiR-27a-5p was the most significantly upregulated miRNA. MiR-
148b-3p, miR-589-5p and miR-376b-3p responded differently to TGF-β in COPD 
compared to control (FDR<0.25). MiR-660-5p was significantly upregulated in COPD 
compared to control (FDR<0.05). Several predicted targets of miR-27a-5p, miR-148b-3p 
and miR-660-5p were present in the miRNA-targetome, and were mainly involved in the 
regulation of gene transcription. 

In conclusion, altered TGF-β-induced miRNA regulation and differential expression 
of miR-660-5p in COPD fibroblasts, may represent one of the mechanisms underlying 
aberrant tissue repair and remodelling in COPD. 
  

 
Marked TGF-β-regulated miRNA expression changes in both COPD and control lung fibroblasts 

 

59 

INTRODUCTION 
Chronic obstructive pulmonary disease (COPD) is characterized by a variable extent and 
combination of (small) airway disease and emphysema. It is a major and still growing cause 
of death worldwide (1, 2). One of the features underlying the development of COPD is 
aberrant tissue repair and remodelling (3), leading to a disturbed extracellular matrix (ECM) 
homeostasis. In COPD patients, narrowing of the (small) airways is observed, due to 
airway wall fibrosis (4). In contrast, proper tissue repair is diminished in the parenchyma 
contributing to the development of pulmonary emphysema (4, 5). Malfunction of lung 
fibroblasts through dysregulation of the TGF-β signalling pathway may be pivotal to this 
aberrant tissue repair and remodelling (5). Lung fibroblasts are the principal cells in 
controlling ECM homeostasis by producing ECM proteins, matrix metalloproteases and 
tissue inhibitors of matrix metalloproteases. Transforming growth factor-β (TGF-β) is the 
main inducer of ECM production in lung fibroblasts. TGF-β levels are increased in COPD 
(5-8) and alterations in the TGF-β signalling pathway have been demonstrated in COPD 
compared to control fibroblasts (9). 

MicroRNAs (miRNAs) regulate the vast majority of cellular processes and pathways 
by negatively influencing protein expression of multiple target genes (10). These small 
non-coding RNAs play a role in various human diseases (11). Several studies suggested 
that miRNAs contribute to COPD pathogenesis based on differential expression in e.g. 
whole blood, bronchoalveolar lavage cell fraction and lung tissue from COPD patients 
compared to smoking controls (12, 13). Previously, Ikari et al. compared miRNA 
expression changes between COPD and control fibroblasts (n=5 per group) (14) and 
selected miR-503, which was decreased in COPD fibroblasts, for further validation (15). 
MiR-503 was demonstrated to enhance the production of VEGF, a direct target of miR-503 
(15). Apart from these findings on miRNA expression in lung fibroblasts, limited 
information on differential miRNA expression in COPD fibroblasts is available. In our 
previous study, we identified 29 TGF-β-regulated miRNAs in primary parenchymal lung 
fibroblasts from control subjects (16). Of these miRNAs, miR-455-3p and miR-21-3p were 
shown to target genes that are involved in the TGF-β and WNT signalling pathways, 
indicating a role of these miRNAs in tissue repair (16). We hypothesize that TGF-β-
regulated changes in miRNA expression in lung fibroblasts are involved in the 
pathogenesis of COPD. 

To better understand the alterations in the TGF-β-regulated tissue repair response in 
COPD, it is of interest to identify miRNAs that are regulated by TGF-β in COPD and 
control lung fibroblasts and to identify miRNAs that are differentially regulated by TGF-β 
in COPD compared to control fibroblasts. In the present study, we used small RNA 
sequencing analysis; 1) to identify TGF-β-regulated miRNAs in clinically well-
characterized severe COPD and control fibroblasts, 2) to identify which miRNAs are 



 
Chapter 3  
 

60 

differentially regulated by TGF-β between COPD and control fibroblasts and 3) to 
determine miRNAs differentially expressed between COPD and control fibroblasts. 

 

MATERIALS AND METHODS 

Subjects 
Primary fibroblasts were obtained from 15 stage IV COPD patients undergoing lung 
transplant surgery and 15 non-COPD controls with normal lung function undergoing lung 
tumour resection surgery. For the latter group lung fibroblasts were isolated from left-over 
parenchymal lung tissue located far away from the tumour without histological 
abnormalities (17, 18). Lung tissue from 18 stage IV COPD patients and 17 non-COPD 
controls was used to replicate the results. 

This study was performed in accordance with the national ethical and professional 
guidelines on the use human body material (“Code of conduct; Dutch federation of 
biomedical scientific societies”; https://www.federa.org/codes-conduct) and the Research 
Code of the University Medical Centre Groningen (https://www.umcg.nSiteCollection 
Documents/English/Researchcode/umcg-research-code-2018-en.pdf). The left-over lung 
material, which was used to isolate lung fibroblasts or to replicate the results, was at the 
time of the experiments not subject to the act on medical research involving human subjects 
in the Netherlands. Therefore, an ethics waiver was provided by the Medical Ethical 
Committee of the University Medical Centre Groningen (METc UMCG). All samples and 
clinical information were de-identified before experiments were performed. 

 

Cell culture, TGF-β stimulation and RNA isolation 
Primary fibroblasts were isolated from lung parenchyma using the explant technique as 
described previously (19). The fibroblasts were cultured in complete medium consisting of 
Ham’s F12 medium, 10% (v/v) fetal calf serum (FCS), 100 U/ml penicillin/streptomycin 
and 200 mM L-glutamine (all from Lonza, Breda, The Netherlands). The experiments were 
performed on fibroblasts at passage 5. Lung fibroblasts were stimulated with 7.5 ng/ml 
TGF-β1 (R&D Systems, Abingdon, UK) in complete Ham’s F12 medium containing 0.5% 
(v/v) FCS for 24 h. Total RNA was isolated from primary parenchymal lung fibroblasts and 
lung tissues using TRIzol (Invitrogen, Carlsbad, CA, USA), according to the protocol of the 
manufacturer. The RNA concentration was measured with a NanoDrop 1000 
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 
 

cDNA synthesis and qPCR for ECM genes and α-SMA 
To confirm effective TGF-β stimulation, expression levels of several known TGF-β-
regulated genes FN1, COL1A1 and α-SMA in lung fibroblasts (20, 21) were determined by 
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RT-qPCR, as described previously (16). 18S rRNA (18S) and RNA polymerase II (RP2) 
were used as reference genes. Positive and negative controls were included in each run. The 
formula 2-ΔCp was used to calculate the relative mRNA expression levels. 

 

Small RNA sequencing 
Libraries were generated with the NEXTflex Small RNA-seq kit V3 (Bioo Scientific, Uden, 
The Netherlands) using total RNA (approximately 1 μg) of the lung fibroblasts 
with/without TGF-β stimulation and sequenced on the NextSeq 500 (Illumina, San Diego, 
CA, USA) according to the protocol of the manufacturer. TrimGAlore 0.3.7 was used to 
trim the adapter sequences of the raw reads. Subsequently, the reads were allocated to the 
human miRNAs (miRBase Release 21, http://www.mirbase.org/) allowing one mismatch 
using the miRDeep2 V2.0.0.8 software (22). The reads of miRNAs with the same mature 
sequence were summed up. Only miRNAs with ≥10 reads per million in more than half of 
the samples in at least one group (lung fibroblasts of COPD patients or controls, with or 
without TGF-β stimulation) were included. After applying these filtering steps, 349 
miRNAs were left for further analyses. 

 

cDNA syntheses and qPCR for miRNAs 
To validate and replicate the small RNA sequencing results, RT-qPCR was performed as 
described previously (16, 23). Briefly, cDNA was synthesized using 10 ng total RNA of the 
parenchymal fibroblasts and/or lung tissues and reverse transcription primers from 
TaqMan® microRNA Assay kits, small nucleolar RNA, C/D box 48 (RNU48) (Assay ID: 
001006), hsa-miR-27a* (Assay ID: 002445), hsa-miR-148b (Assay ID: 000471) and efu-
miR-660 (Assay ID: 475114_mat) (Applied Biosystems, Carlsbad, CA, USA). Assays were 
selected based on the most abundant miRNA sequence identified in the small RNA 
sequencing data. Next, qPCR was performed in LightCycler 480 Probes Master reaction 
mix (Roche Diagnostics GmbH, Mannheim, Germany) and the above mentioned TaqMan 
microRNA assays. RNU48 was used as reference gene, and positive and negative controls 
were included in each run. The relative miRNA expression levels were calculated using the 
formula 2-ΔCp. 

 

Ago2-IP and gene ontology/pathway analyses 
Data of our previously published argonaute-2-immunoprecipitation (Ago2-IP) experiments 
in primary lung fibroblasts from two control subjects were used to identify genes targeted 
by miRNAs selected in this study, as described previously (16). Control 1 had in total 
19,874 expressed genes of which the top-1,500 IP-enriched probes consisted of 1,298 
unique genes (16). Control 2 had in total 17,779 expressed genes of which the top-1,500 IP-
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enriched probes encounter for 1,306 unique genes (16). For poorly conserved miRNAs, 
predicted targets with a cumulative weighted context++ score ≤-0.2 were included in the 
analyses (TargetScan version 7.2 (24)). For broadly conserved miRNAs, predicted targets 
with conserved binding sites were considered. To assess the potential functional relevance 
of individual miRNAs, we identified the top-10 most IP-enriched and TargetScan predicted 
genes. For each miRNA, the top-10 most enriched predicted target genes were subjected to 
Enrichr (25, 26) to identify the biological processes (gene-set library: 
GO_Biological_Process_2018) and Reactome pathways (gene-set library: Reactome_2016). 
We focused on pathways for which at least two of the top-10 enriched genes are involved 
in, without taking the significance of the process/pathway enrichment into account. 
 

Statistical analyses 
The Mann Whitney U test was used to compare differences in subject characteristics 
between COPD patients and control subjects, and between the fibroblast and lung tissue 
donors (IBM SPSS Statistics version 22). Small RNA sequencing data were analysed in R 
(v3.5.2) (27) with the Bioconductor-Limma package (v3.38.3) (28). 

Three separate analyses were conducted; 1) a linear regression model (TGF-β - 
baseline) was performed to investigate the effect of TGF-β overall on miRNA expression in 
controls and COPD fibroblasts, separately, 2) interaction analysis ((COPD TGF-β - COPD 
baseline) - (control TGF-β - control baseline)) was conducted to investigate whether 
miRNAs are differentially regulated by TGF-β in COPD compared to control fibroblasts, 
and 3) a linear regression model (COPD baseline - control baseline) was run to look at the 
differences of miRNA expression between COPD and control fibroblasts at baseline. For 
the interaction analyses, we focused on miRNAs that were differentially expressed upon 
TGF-β stimulation in fibroblasts from COPD patients and/or controls. These models were 
adjusted for age, gender, smoking status and library preparation batch. Results were 
corrected for multiple testing using the Benjamini-Hochberg false discovery rate (FDR). 

The TGF-β effect on miRNA expression levels determined by RT-qPCR was analysed 
using the one-sided paired Wilcoxon signed rank test. Enrichment of predicted target genes 
in the Ago2-IP was assessed by a chi-square test on the percentage of predicted targets in 
the top-1,500 enriched probes compared to the percentage of predicted targets in all 
expressed genes. A p-value below 0.05 was considered statistically significant. 
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RESULTS 
Subject characteristics 
Clinical characteristics of the 30 lung fibroblast and 35 lung tissue donors are shown in 
Table 1. Six of the lung fibroblasts donors in the control group were current smokers. The 
other 24 lung fibroblasts donors and all lung tissue donors were ex-smokers. No differences 
were identified in age and number of pack-years between controls and COPD patients, and 
also not between lung fibroblast and lung tissue donors. 
 
Table 1. Subject characteristics 

Characteristics 
Lung fibroblast donors Lung tissue donors 

Controls COPD patients Controls COPD patients 

N  15  15 17 18 
Male/Female, n  7/8  6/9 8/9 6/12 
Age (range), yearsa    65 (50 – 68)  57 (52 – 59) 59 (53 – 70) 55 (52 – 60) 
Ex-/ current smoker, n  9/6  15/0 17/0 18/0 
FEV1, %predicteda,b     94.7 (89.4 – 98.1)  18.4 (15.0 – 22.3)  89.2 (85.0 – 99.0) 16.0 (13.8 – 23.5) 
FEV1/FVC, %a,c   75.8 (72.5 – 79.1)  24.9 (20.5 – 28.7)  75.0 (70.2 – 79.0) 27.8 (26.2 – 36.0) 
Pack-years, na   32.5 (23.3 – 48.3)  37.5 (30.0 – 43.3) 32.0 (10.0 – 43.0) 30.0 (20.4 – 36.3) 

a Median (Interquartile range). 
b FEV1, % predicted, percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the 

same sex, age and height. 
c FEV1/FVC, Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage, a measurement for 

obstruction in the lungs. 

 

Differentially expressed miRNAs in response to TGF-β stimulation 
As a control of successful TGF-β stimulation we first analysed the expression of 
fibronectin-1 (FN1), collagen type I alpha I (COL1A1), and alpha-smooth muscle actin (α- 
SMA), three known TGF-β-induced genes. A significant upregulation was observed for all 
three genes in both COPD and control fibroblasts (Supplementary Figure 1, p<0.001). The 
total number of reads obtained of each sample and the percentages of reads mapping to 
miRBase Release 21 are shown in Supplementary Table 1. The ten most abundant miRNAs 
(Figure 1) were expressed at similar levels in lung fibroblasts from control and COPD 
fibroblasts, either with or without TGF-β stimulation. The majority of the reads in all four 
groups were derived from miR-21-5p. Together, the top-10 most abundant miRNAs 
accounted for approximately 65% of all reads in unstimulated and TGF-β-stimulated lung 
fibroblasts (Figure 1). 
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predicted targets with a cumulative weighted context++ score ≤-0.2 were included in the 
analyses (TargetScan version 7.2 (24)). For broadly conserved miRNAs, predicted targets 
with conserved binding sites were considered. To assess the potential functional relevance 
of individual miRNAs, we identified the top-10 most IP-enriched and TargetScan predicted 
genes. For each miRNA, the top-10 most enriched predicted target genes were subjected to 
Enrichr (25, 26) to identify the biological processes (gene-set library: 
GO_Biological_Process_2018) and Reactome pathways (gene-set library: Reactome_2016). 
We focused on pathways for which at least two of the top-10 enriched genes are involved 
in, without taking the significance of the process/pathway enrichment into account. 
 

Statistical analyses 
The Mann Whitney U test was used to compare differences in subject characteristics 
between COPD patients and control subjects, and between the fibroblast and lung tissue 
donors (IBM SPSS Statistics version 22). Small RNA sequencing data were analysed in R 
(v3.5.2) (27) with the Bioconductor-Limma package (v3.38.3) (28). 

Three separate analyses were conducted; 1) a linear regression model (TGF-β - 
baseline) was performed to investigate the effect of TGF-β overall on miRNA expression in 
controls and COPD fibroblasts, separately, 2) interaction analysis ((COPD TGF-β - COPD 
baseline) - (control TGF-β - control baseline)) was conducted to investigate whether 
miRNAs are differentially regulated by TGF-β in COPD compared to control fibroblasts, 
and 3) a linear regression model (COPD baseline - control baseline) was run to look at the 
differences of miRNA expression between COPD and control fibroblasts at baseline. For 
the interaction analyses, we focused on miRNAs that were differentially expressed upon 
TGF-β stimulation in fibroblasts from COPD patients and/or controls. These models were 
adjusted for age, gender, smoking status and library preparation batch. Results were 
corrected for multiple testing using the Benjamini-Hochberg false discovery rate (FDR). 

The TGF-β effect on miRNA expression levels determined by RT-qPCR was analysed 
using the one-sided paired Wilcoxon signed rank test. Enrichment of predicted target genes 
in the Ago2-IP was assessed by a chi-square test on the percentage of predicted targets in 
the top-1,500 enriched probes compared to the percentage of predicted targets in all 
expressed genes. A p-value below 0.05 was considered statistically significant. 
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RESULTS 
Subject characteristics 
Clinical characteristics of the 30 lung fibroblast and 35 lung tissue donors are shown in 
Table 1. Six of the lung fibroblasts donors in the control group were current smokers. The 
other 24 lung fibroblasts donors and all lung tissue donors were ex-smokers. No differences 
were identified in age and number of pack-years between controls and COPD patients, and 
also not between lung fibroblast and lung tissue donors. 
 
Table 1. Subject characteristics 

Characteristics 
Lung fibroblast donors Lung tissue donors 

Controls COPD patients Controls COPD patients 

N  15  15 17 18 
Male/Female, n  7/8  6/9 8/9 6/12 
Age (range), yearsa    65 (50 – 68)  57 (52 – 59) 59 (53 – 70) 55 (52 – 60) 
Ex-/ current smoker, n  9/6  15/0 17/0 18/0 
FEV1, %predicteda,b     94.7 (89.4 – 98.1)  18.4 (15.0 – 22.3)  89.2 (85.0 – 99.0) 16.0 (13.8 – 23.5) 
FEV1/FVC, %a,c   75.8 (72.5 – 79.1)  24.9 (20.5 – 28.7)  75.0 (70.2 – 79.0) 27.8 (26.2 – 36.0) 
Pack-years, na   32.5 (23.3 – 48.3)  37.5 (30.0 – 43.3) 32.0 (10.0 – 43.0) 30.0 (20.4 – 36.3) 

a Median (Interquartile range). 
b FEV1, % predicted, percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the 

same sex, age and height. 
c FEV1/FVC, Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage, a measurement for 

obstruction in the lungs. 

 

Differentially expressed miRNAs in response to TGF-β stimulation 
As a control of successful TGF-β stimulation we first analysed the expression of 
fibronectin-1 (FN1), collagen type I alpha I (COL1A1), and alpha-smooth muscle actin (α- 
SMA), three known TGF-β-induced genes. A significant upregulation was observed for all 
three genes in both COPD and control fibroblasts (Supplementary Figure 1, p<0.001). The 
total number of reads obtained of each sample and the percentages of reads mapping to 
miRBase Release 21 are shown in Supplementary Table 1. The ten most abundant miRNAs 
(Figure 1) were expressed at similar levels in lung fibroblasts from control and COPD 
fibroblasts, either with or without TGF-β stimulation. The majority of the reads in all four 
groups were derived from miR-21-5p. Together, the top-10 most abundant miRNAs 
accounted for approximately 65% of all reads in unstimulated and TGF-β-stimulated lung 
fibroblasts (Figure 1). 
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Figure 1. Top-10 most abundant miRNAs in lung fibroblasts of controls and COPD patients with/without 
TGF-β stimulation. Relative fractions of the read counts of the top-10 most abundant miRNAs in unstimulated 
(Left) and in TGF-β-stimulated lung fibroblasts (Right). The read counts in control and COPD lung fibroblasts 
were combined, as the expression levels of these ten miRNAs were similar in control and COPD fibroblasts. 

 
Next, we identified miRNAs that were differentially expressed upon TGF-β 

stimulation in lung fibroblasts from controls and COPD patients. In control subjects, we 
identified 86 differentially expressed miRNAs (49 up- and 37 downregulated, FDR<0.05, 
Figure 2A, Supplementary Table 2). In COPD patients, 46 miRNAs were differentially 
expressed upon TGF-β stimulation (33 up- and 13 downregulated, FDR<0.05, Figure 2B, 
Supplementary Table 2). The overlap between the control and COPD fibroblasts was 27 for 
the TGF-β-induced and 9 for the TGF-β-repressed miRNAs (Figure 2C-D). In total, 96 
miRNAs were significantly differentially expressed upon TGF-β stimulation in lung 
fibroblasts of controls and/or COPD patients, including the most abundantly expressed 
miRNAs miR-21-5p, miR-26a-5p, miR-221-3p and miR-222-3p (Supplementary Table 2). 
The most significantly differentially expressed miRNA for both groups was miR-27a-5p 
with a fold change of 4.1 in control and 3.0 in COPD fibroblasts (Figure 2E). The TGF-β-
induced differential expression of miR-27a-5p was validated in the same lung fibroblasts 
using RT-qPCR (p-value<0.001, Figure 2F). 
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Figure 2. Differentially expressed miRNAs upon TGF-β stimulation in lung fibroblasts. A-B) Volcano plot of 
the 349 miRNAs included in the analyses of the small RNA sequencing data. The lowest horizontal line represents 
the nominal p-value cut-off of 0.05. The upper horizontal line represents the FDR of 0.05. Differentially expressed 
miRNAs are indicated with red dots (FDR<0.05). C) Overlap of the upregulated miRNAs and D) downregulated 
miRNAs after TGF-β stimulation in lung fibroblasts from controls and COPD patients. E) MiR-27a-5p expression 
in the lung fibroblasts from controls and COPD patients with/without TGF-β stimulation based on the small RNA 
sequencing data. ****FDR<0.0001. F) Validation of miR-27a-5p expression in lung fibroblasts from 15 controls 
and 12 COPD patients with and without TGF-β stimulation using RT-qPCR. The data are presented as relative 
expression to RNU48 (2-ΔCp). ***p-value<0.001, ****p-value<0.0001. 
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MiRNAs differentially regulated by TGF-β in COPD compared to 
control fibroblasts  
To identify miRNAs that are differentially regulated by TGF-β in COPD compared to 
control fibroblasts, we performed an interaction analysis on the 96 TGF-β-regulated 
miRNAs identified above. Three miRNAs, miR-148b-3p, miR-589-5p and miR-376b-3p, 
responded differently to TGF-β stimulation in lung fibroblasts from COPD patients 
compared to controls (all FDR<0.25, Figure 3). MiR-148b-3p and miR-589-5p levels were 
significantly decreased upon TGF-β stimulation in control fibroblasts, whereas no effect 
was observed in COPD fibroblasts. The levels of miR-376b-3p were significantly increased 
upon TGF-β stimulation in control fibroblasts, while again no change was observed in 
COPD fibroblasts. Despite reasonable read counts for miR-148b-3p, RT-qPCR revealed 
very high Cp values (34-37), precluding a reliable validation (data not shown). MiR-589-5p 
and miR-376b-3p had low read counts and were therefore not selected for RT-qPCR 
validation. 
 

 

Figure 3. TGF-β ~ COPD interaction. Lung fibroblasts of COPD patients responded differently to TGF-β 
stimulation compared to those of controls with respect to expression of miR-148b-3p, miR-589-5p and miR-376b-
3p (p-value miR-148b-3p=0.0026, p-value miR-589-5p=0.0053, p-value miR-376b-3p=0.0057; FDR of interaction 
analysis all<0.25), based on small RNA sequencing data. *FDR TGF-β effect in controls<0.05, ***FDR TGF-β 
effect in controls<0.001. 

 

Small RNA sequencing analysis of COPD and control lung fibroblasts 
Linear regression analysis of the 349 miRNAs obtained after filtering revealed one miRNA 
with a higher expression in lung fibroblasts from COPD patients at an FDR cut-off <0.05 
(miR-660-5p, FC=1.4, FDR p-value=5.9x10-3, Figure 4A-B). Additionally, 37 other 
miRNAs showed differential expression between COPD and control fibroblasts at a 
nominal p-value<0.05 (Supplementary Table 3). Validation of the differential expression of 
miR-660-5p by RT-qPCR in lung fibroblasts was not feasible due to low expression levels 
(Cp values 33-37, data not shown). In the lung tissue samples used for replication, miR-
660-5p expression levels were within the range of detection (Cp values 30-32), however, no 
differences were observed between lung tissue from COPD patients and from controls 
(Figure 4C). 
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Figure 4. MiR-660-5p in lung fibroblasts and lung tissue from COPD patients. A) Volcano plot of the 349 
miRNAs included in the analyses of the small RNA sequencing data. The lowest horizontal line represents the 
nominal p-value cut-off of 0.05. The upper horizontal line represents the FDR of 0.05. MiR-660-5p, indicated with 
a red dot, was higher expressed in lung fibroblasts from COPD compared to controls (FC=1.4, FDR=5.9x10-3). B) 
MiR-660-5p expression in the lung fibroblasts from controls and COPD patients based on the small RNA 
sequencing data. ** FDR=5.9x10-3. C) MiR-660-5p expression in lung tissue from controls and COPD patients 
using RT-qPCR. The data are presented as relative expression to RNU48 (2-ΔCp).  

 

Predicted targets of miR-27a-5p, miR-148b-3p and miR-660-5p 
For the identification of target genes of miR-27a-5p, miR-148b-3p and miR-660-5p 
relevant in lung fibroblasts we re-analysed our previously published miRNA-targetome 
dataset (generated with Ago2-IP) of primary lung fibroblasts from two control subjects (16). 
For miR-27a-5p a significant enrichment of miRNA target genes in the top-1,500 of most 
IP-enriched probes compared to all expressed genes was observed in one of the two 
controls (Figure 5A). For miR-148b-3p, we observed a significant enrichment of predicted 
targets in both controls (p-value<0.0001, Figure 5B). For miR-660-5p, a significant (p-
value<0.05) and a borderline significant (p=0.0554) enrichment of predicted target genes 
was observed (Figure 5C).  

The top-10 most IP-enriched predicted target genes for each of these three miRNAs 
are shown in Figure 5, including the ranking in the IP-enrichment for each control. 
Phosphatidylcholine Transfer Protein (PCTP) was the most IP-enriched predicted target 
gene of the TGF-β-induced miR-27a-5p. Of the most enriched predicted target genes of 
miR-27a-5p, Nuclear Receptor Subfamily 6 Group A Member 1 (NR6A1) and PR/SET 
Domain 1 (PRDM1) are both involved in negative regulation of transcription, and NHL 
Repeat Containing 3 (NHLRC3) and Trafficking Protein Particle Complex 1 (TRAPPC1) 
are engaged in neutrophil mediated immunity (Supplementary Table 4). High Mobility 
Group AT-Hook 2 (HMGA2) was the most IP-enriched predicted target of miR-148b-3p. Of 
the top-10 most enriched predicted miR-148b-3p target genes, seven genes play a role in 
the regulation of gene transcription. For miR-660-5p, Solute Carrier Family 46 Member 3 
(SLC46A3) and Zinc Finger Protein 273 (ZNF273) were the most enriched predicted target 
genes. Five of the top-10 most IP-enriched predicted miR-660-5p target genes were 
involved in regulation of gene transcription. 
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was observed (Figure 5C).  

The top-10 most IP-enriched predicted target genes for each of these three miRNAs 
are shown in Figure 5, including the ranking in the IP-enrichment for each control. 
Phosphatidylcholine Transfer Protein (PCTP) was the most IP-enriched predicted target 
gene of the TGF-β-induced miR-27a-5p. Of the most enriched predicted target genes of 
miR-27a-5p, Nuclear Receptor Subfamily 6 Group A Member 1 (NR6A1) and PR/SET 
Domain 1 (PRDM1) are both involved in negative regulation of transcription, and NHL 
Repeat Containing 3 (NHLRC3) and Trafficking Protein Particle Complex 1 (TRAPPC1) 
are engaged in neutrophil mediated immunity (Supplementary Table 4). High Mobility 
Group AT-Hook 2 (HMGA2) was the most IP-enriched predicted target of miR-148b-3p. Of 
the top-10 most enriched predicted miR-148b-3p target genes, seven genes play a role in 
the regulation of gene transcription. For miR-660-5p, Solute Carrier Family 46 Member 3 
(SLC46A3) and Zinc Finger Protein 273 (ZNF273) were the most enriched predicted target 
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Figure 5. Ago2-IP-enrichment of predicted targets of miR-27a-5p, miR-148b-3p and miR-660-5p. The 
percentages of predicted targets of A) miR-27a-5p, B) miR-148b-3p and C) miR-660-5p were calculated in all 
expressed genes and in the top-1,500 most IP-enriched probes in lung fibroblasts of two control subjects (Control 
1 and 2). For miR-27a-5p, miR-148b-3p and miR-660-5p, 922, 677and 421 predicted targets, respectively, were 
included in the analyses. Chi-square test was used to determine whether the number of predicted targets in the top-
1,500 most Ago2-IP-enriched probes was significantly different from the expected based on the number of 
predicted targets in all expressed genes. All the other numbers in the bars are the number of predicted targets of 
each miRNA.  *p-value<0.05, ****p-value<0.0001. The top-10 most IP-enriched predicted target genes are shown 
in the table. The numbers in the table indicate the rankings of the predicted target genes based on the IP-
enrichment, i.e. 1=most IP-enriched predicted target gene, 2=second most IP-enriched target gene. 

Predicted miR-27a-5p targets 
ranked based on IP-enrichment 

 Control 1 Control 2 
PCTP 1 1 
NR6A1 2 2 
FAM135A 3 10 
MAP3K1 4 3 
PCGF3 5 8 
FAM222B 6 5 
PRDM1 7 4 
ZNF783 8 15 
NREP 9 11 
ARHGAP28 10 6 
NHLRC3 12 7 
TRAPPC1 15 9 

   

Predicted miR-148b-3p targets 
ranked based on IP-enrichment 

 Control 1 Control 2 
HMGA2 1 1 
BCL2L11 2 2 
TET2 3 3 
AQP11 4 5 
SCML2 5 14 
BACH2 6 10 
CHD7 7 6 
SLC2A3 8 8 
BRWD3 9 17 
PRKAA1 10 23 
ARRDC3 13 4 
SLC2A14 19 7 
TNRC6A 12 9 
   

Predicted miR-660-5p targets  
ranked based on IP-enrichment 

 Control 1 Control 2 
SLC46A3 1 3 
ZNF273 2 1 
ZBTB34 3 2 
NREP 4 6 
RBM24 5 11 
ZNF699 6 16 
ZNF268 7 14 
LURAP1L 8 4 
DEPDC1B 9 9 
SATB2 10 8 
CREBZF - 5 
C2orf69 13 7 
ATOX1 15 10 
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DISCUSSION 
Using small RNA sequencing, we identified 96 TGF-β-regulated miRNAs in lung 
fibroblasts from controls and/or COPD patients, from which miR-27a-5p was the most 
strongly TGF-β-induced miRNA. In addition, we identified miR-148b-3p, miR-589-5p and 
miR-376b-3p as differentially regulated by TGF-β in COPD compared to control 
fibroblasts. Of these miRNAs, only miR-148b-3p was highly expressed based on our small 
RNA sequencing data. Furthermore, we demonstrated higher expression of miR-660-5p in 
COPD compared to control fibroblasts. Using our previously published miRNA-targetome 
dataset, we identified multiple IP-enriched and predicted targets of miR-27a-5p, miR-148b-
3p and miR-660-5p, representing possible targets through which these miRNAs may affect 
lung fibroblast function in COPD. 

TGF-β stimulation had a strong effect on the miRNA expression profile in lung 
fibroblasts from COPD patients and controls. Interestingly, we found much less TGF-β-
regulated miRNAs in COPD fibroblasts compared to controls. A previous study reported 
that the TGF-β release by COPD fibroblasts was elevated, whereas their repair responses 
were reduced compared to control fibroblasts (5). This may suggest that COPD lung 
fibroblasts are also less responsive to TGF-β stimulation in our study. Of the TGF-β-
regulated miRNAs, miR-27a-5p was the most prominent in lung fibroblasts from both 
COPD and controls. These findings were consistent with our previous study investigating 
TGF-β effects on control lung fibroblasts (16). The most IP-enriched predicted target gene 
of miR-27a-5p was PCTP. This gene encodes a protein that regulates intermembrane 
transfer of phosphatidylcholine, which is one of the most abundant phospholipids in plasma 
membranes (29). Our enrichment and pathway analysis suggest that miR-27a-5p is 
involved in negative regulation of transcription by targeting NR6A1 and PRDM1. NR6A1 
can repress gene expression by binding to DNA and recruiting DNA methyltransferases 
(30). PRDM1 is a transcription factor that can repress β-interferon expression (31). In 
addition, PRDM1 downregulates p53 transcription by binding to its promoter, while p53 
positively regulates transcription of PRDM1 (32). Knockdown of PRDM1 in human 
fibroblasts resulted in growth arrest (32). Together this indicates that TGF-β-induced miR-
27a-5p expression in lung fibroblasts may represent a mechanism to control TGF-β induced 
cell proliferation via targeting PRDM1. Pathway analyses suggested that miR-27a-5p may 
also be involved in neutrophil mediated immunity by targeting NHLRC3 and TRAPPC1. 
However, expression of these genes is not restricted to neutrophils; our previously 
published Ago2-IP dataset demonstrated high expression levels of these genes in primary 
lung fibroblasts (16). A recent study showed that miR-27a-5p affected NF-κB signalling in 
human aortic endothelial cells (33), but none of those NF-KB signalling genes were 
enriched in the miRNA-targetome of our lung fibroblasts. 

In the interaction analyses, we found only miR-148b-3p with high read counts that 
responded differently to TGF-β in lung fibroblasts from COPD patients compared to 
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can repress gene expression by binding to DNA and recruiting DNA methyltransferases 
(30). PRDM1 is a transcription factor that can repress β-interferon expression (31). In 
addition, PRDM1 downregulates p53 transcription by binding to its promoter, while p53 
positively regulates transcription of PRDM1 (32). Knockdown of PRDM1 in human 
fibroblasts resulted in growth arrest (32). Together this indicates that TGF-β-induced miR-
27a-5p expression in lung fibroblasts may represent a mechanism to control TGF-β induced 
cell proliferation via targeting PRDM1. Pathway analyses suggested that miR-27a-5p may 
also be involved in neutrophil mediated immunity by targeting NHLRC3 and TRAPPC1. 
However, expression of these genes is not restricted to neutrophils; our previously 
published Ago2-IP dataset demonstrated high expression levels of these genes in primary 
lung fibroblasts (16). A recent study showed that miR-27a-5p affected NF-κB signalling in 
human aortic endothelial cells (33), but none of those NF-KB signalling genes were 
enriched in the miRNA-targetome of our lung fibroblasts. 
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responded differently to TGF-β in lung fibroblasts from COPD patients compared to 
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controls, with lower expression upon TGF-β treatment in the controls and no change in 
COPD patients. It is tempting to speculate that processes are activated in lung fibroblasts 
from controls in the presence of TGF-β, which may contribute to tissue repair and 
remodelling. This response may be attenuated in lung fibroblasts from COPD patients. In 
bronchial smooth muscle cells from asthma patients, miR-148b-3p was upregulated (34). 
HMGA2 was the most IP-enriched target gene of miR-148b-3p and was shown to be 
required for TGF-β-induced transcription of several genes, including GATA6 (35). It was 
suggested that GATA6 may mediate the TGF-β-induced upregulation of alpha-smooth 
muscle actin (α-SMA) in fibroblasts from idiopathic pulmonary fibrosis with histopathology 
of usual interstitial pneumonia (36). As miR-148b-3p was downregulated upon TGF-β-
stimulation in lung fibroblasts from controls, it is plausible that miR-148b-3p may 
indirectly contribute to the TGF-β-induced upregulation of α-SMA. HMGA2 can also 
induce apoptosis and growth arrest in human lung fibroblasts (37), which may be due to the 
decreased miR-148b-3p expression after TGF-β stimulation. 

We found a significantly higher expression of miR-660-5p in lung fibroblasts from 
COPD patients compared to controls. MiR-660-5p did not pop up in the previous miRNA 
profiling study of Ikari et al. (14). Previously, circulating miR-660-5p levels were shown to 
be positively associated with FEV1/FVC of asthmatic children (38). This positive 
association of miR-660-5p with lung function was not found in lung fibroblasts of severe 
COPD patients included in our study. A possible explanation for this might be that this 
miRNA has cell type and/or organ specific functions. Pathway analysis demonstrated that 
five predicted miR-660-5p targets, including the top gene ZNF273, are involved in 
regulating gene transcription. ZNF273 is a C2H2 zinc-finger motifs and Krüppel-associated 
box (KRAB)-domain-containing protein. Members of the KRAB-containing protein family 
are involved in transcriptional repression of RNA polymerase promoters, binding and 
splicing of RNA, and control of nucleolus function (39). In addition, another target, 
SLC46A3 has been shown to be upregulated in bronchial epithelial cells of COPD 
compared to controls (40). This is different from our findings of higher miR-660-5p levels 
in COPD lung fibroblasts, which would rather be associated with lower SLC46A3 
expression in COPD. Again, this might be due to different involvement in cell type specific 
functions. Previously, miR-660-5p was shown to directly target MDM2 (41), which was 
among the IP-enriched target gene in one of our controls (16). MDM2 is involved in 
degradation of p53 protein (42) and downregulation of p53 in control lung fibroblasts 
increased the proliferation rate and the migration and invasion capacity (42). A miR-660-
5p-regulated decrease in MDM2 expression in lung fibroblasts may thus modulate 
fibroblast proliferation and motility via p53. Interestingly, because in line with the 
increased miR-660-5p in COPD, it was reported that p53 protein levels were elevated in 
emphysematous lung tissue (43, 44). 
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Whereas small RNA sequencing revealed differential regulation upon TGF-β 
stimulation for miR-148b-3p in COPD fibroblasts and differential expression of miR-660-
5p, both miRNAs could not be validated using RT-qPCR in the same samples, since the 
expression levels were too low to be quantified reliably. Especially for miR-148b-3p which 
had high read counts in the small RNA sequencing data and very strong enrichment of 
predicted target genes, this was a surprise. It may be explained by lack of specificity of the 
assays. Although overall read counts of miR-660-5p were relatively low, differences in 
small RNA sequencing data were clear and significant enrichment of predicted target genes 
in lung fibroblast does suggest that this miRNA is active in these cells. Further 
investigation, including biological validation, is needed to confirm our results. 

In conclusion, we showed that TGF-β affects expression of a considerable number of 
miRNAs in primary lung fibroblasts. Three of these TGF-β-regulated miRNAs responded 
differently to TGF-β in COPD compared to control fibroblasts. In contrast, only one 
miRNA was differentially expressed in COPD fibroblasts. Altered miRNA regulation, i.e. 
differential response to TGF-β stimulation in COPD compared to control fibroblasts and 
differentially expressed miR-660-5p in COPD, may be one of the mechanisms underlying 
aberrant tissue repair and remodelling in COPD. 
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SUPPLEMENTARY FIGURE 
 

 

Supplementary Figure 1. Upregulation of ECM genes and α-SMA upon TGF-β stimulation in primary 
parenchymal lung fibroblasts. Effective TGF-β stimulation in lung fibroblasts was confirmed by the TGF-β-
induced FN1 (fibronectin 1), COL1A1 (collagen type I alpha I) and α-SMA (alpha smooth muscle actin). 18S 
rRNA (18S) and RNA polymerase II (RP2) were used as reference genes. The relative mRNA expression level was 
calculated using the formula 2-ΔCp.The gene expression of one control and two COPD patients are missing due to 
technical reasons. ***p-value<0.001, ****p-value<0.0001. 
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SUPPLEMENTARY TABLES 
 
Supplementary Table 1. Number of reads obtained by small RNA sequencing and percentage 
mapped to miRBase  

 Total after trimming Mapping to miRBase release 21 

Group Sample Reads Reads Percentage 

Controls Control 1 8,613,228 954,721 11.1% 

 Control 2 5,967,036 1,764,687 29.6% 

 Control 3 13,582,970 1,310,675 9.6% 

 Control 4 13,664,253 1,194,114 8.7% 

 Control 5 13,176,488 2,280,947 17.3% 

 Control 6 5,447,263 1,256,637 23.1% 

 Control 7 15,633,258 1,583,379 10.1% 

 Control 8 7,078,531 2,219,801 31.4% 

 Control 9 5,551,348 2,396,604 43.2% 

 Control 10 8,892,472 1,461,870 16.4% 

 Control 11 16,834,054 1,048,153 6.2% 

 Control 12 7,789,705 1,213,615 15.6% 

 Control 13 12,844,518 1,314,038 10.2% 

 Control 14 11,511,590 1,999,201 17.4% 

 Control 15 9,459,738 1,080,041 11.4% 
Controls+TGF-β Control 1 17,197,731 1,521,799 8.8% 

 Control 2 13,613,880 3,003,560 22.1% 

 Control 3 12,674,248 1,849,882 14.6% 

 Control 4 11,621,975 2,639,920 22.7% 

 Control 5 10,226,650 1,950,132 19.1% 

 Control 6 7,046,034 999,718 14.2% 

 Control 7 25,079,361 3,113,395 12.4% 

 Control 8 14,211,350 1,166,374 8.2% 

 Control 9 9,570,145 1,577,600 16.5% 

 Control 10 9,483,992 667,585 7.0% 

 Control 11 11,639,209 997,702 8.6% 

 Control 12 14,850,821 1,705,361 11.5% 

 Control 13 6,963,231 2,701,890 38.8% 

 Control 14 12,850,125 1,259,353 9.8% 

 Control 15 12,519,447 2,406,067 19.2% 
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 Control 4 11,621,975 2,639,920 22.7% 

 Control 5 10,226,650 1,950,132 19.1% 

 Control 6 7,046,034 999,718 14.2% 
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Supplementary Table 1. Continued 

 Total after trimming Mapping to miRBase release 21 

Group Sample Reads Reads Percentage 

COPD COPD 1 3,798,325 1,248,672 32.9% 

 COPD 2 13,795,142 1,236,137 9.0% 

 COPD 3 4,950,861 1,587,487 32.1% 

 COPD 4 14,425,189 1,898,930 13.2% 

 COPD 5 13,161,948 2,378,268 18.1% 

 COPD 6 13,443,281 1,189,760 8.9% 

 COPD 7 7,891,188 1,851,893 23.5% 

 COPD 8 15,810,780 1,314,752 8.3% 

 COPD 9 12,340,571 892,651 7.2% 

 COPD 10 4,371,237 1,381,489 31.6% 

 COPD 11 12,712,033 1,434,376 11.3% 

 COPD 12 26,010,757 3,077,254 11.8% 

 COPD 13 11,634,021 932,389 8.0% 

 COPD 14 11,815,943 1,581,333 13.4% 

 COPD 15 17,981,408 3,119,150 17.3% 
COPD+TGF-β COPD 1 11,939,405 2,376,454 19.9% 

 COPD 2 8,367,109 3,142,737 37.6% 

 COPD 3 11,233,282 1,916,242 17.1% 

 COPD 4 12,375,463 2,273,604 18.4% 

 COPD 5 11,167,125 1,857,121 16.6% 

 COPD 6 11,926,975 1,057,745 8.9% 

 COPD 7 9,597,946 2,128,859 22.2% 

 COPD 8 6,286,481 2,091,980 33.3% 

 COPD 9 10,554,139 998,231 9.5% 

 COPD 10 14,033,738 1,096,912 7.8% 

 COPD 11 8,904,112 1,405,006 15.8% 

 COPD 12 19,065,046 2,044,723 10.7% 

 COPD 13 6,331,380 1,482,085 23.4% 

 COPD 14 14,171,053 2,637,211 18.6% 

 COPD 15 15,439,873 1,250,475 8.1% 

  

 
Marked TGF-β-regulated miRNA expression changes in both COPD and control lung fibroblasts 

 

79 

Supplementary Table 2. Differentially expressed miRNAs upon TGF-β stimulation in lung 
fibroblasts from controls and COPD patients  

 

miRNA Controls COPD 
FC p-value FDR FC p-value FDR 

miR-27a-5p 4.1  5.45E-21 1.90E-18 3.0  5.20E-16 1.81E-13 
miR-503-5p 2.5 1.37E-11 1.20E-09 2.5 1.03E-11 1.20E-09 
miR-23a-5p 2.5 9.00E-11 6.28E-09 1.9 1.11E-06 4.32E-05 
miR-424-3p 2.1 1.10E-07 3.49E-06 2.5 7.75E-10 5.41E-08 
miR-21-3p 2.1 1.86E-16 3.24E-14 1.7 2.09E-11 1.82E-09 
miR-424-5p 2.0 3.23E-07 9.39E-06 1.8 4.45E-06 1.20E-04 
miR-154-3p 1.9 4.07E-09 2.37E-07 1.5 1.92E-04 3.19E-03 
miR-27b-5p 1.9 4.86E-12 5.65E-10 1.7 1.98E-09 1.15E-07 
miR-455-5p 1.8 2.34E-06 4.80E-05 1.4 5.20E-03 4.13E-02 
miR-376b-3p 1.8 2.70E-05 3.92E-04    
miR-181b-3p 1.8 5.73E-04 4.17E-03 2.2 1.17E-05 2.92E-04 
miR-125a-3p 1.8 2.45E-08 1.07E-06 1.6 3.87E-06 1.13E-04 
miR-214-5p 1.7 5.71E-07 1.42E-05 1.4 1.17E-03 1.20E-02 
miR-23b-5p 1.7 7.49E-06 1.29E-04 1.7 1.90E-06 6.63E-05 
miR-100-3p 1.6 3.18E-04 2.74E-03    
miR-4521 1.6 1.31E-04 1.27E-03    
miR-181a-3p 1.6 5.18E-08 1.81E-06 1.6 1.57E-07 7.82E-06 
miR-455-3p 1.6 2.84E-06 5.51E-05 1.6 3.57E-06 1.13E-04 
miR-181a-2-3p 1.6 2.89E-08 1.12E-06 2.0 4.20E-13 7.33E-11 
miR-132-5p 1.5 4.59E-05 5.54E-04    
miR-4455 1.5 8.07E-04 5.41E-03    miR-1185-1-3p 1.4 1.04E-03 6.72E-03    
let-7f-1-3p 1.4 5.73E-05 6.66E-04 1.4 5.63E-04 6.77E-03 
miR-125b-1-3p 1.4 4.55E-07 1.22E-05 1.3 1.53E-04 2.66E-03 
miR-410-3p 1.4 4.56E-05 5.54E-04    
miR-143-5p 1.4 3.46E-04 2.74E-03 1.5 1.28E-04 2.35E-03 
miR-487a-3p 1.4 4.06E-04 3.02E-03 1.5 4.76E-05 9.78E-04 
miR-145-3p 1.4 3.77E-06 6.93E-05 1.5 4.30E-07 1.87E-05 
miR-495-3p 1.4 7.08E-05 7.72E-04    
miR-132-3p 1.4 1.70E-04 1.60E-03 1.4 4.48E-04 6.01E-03 
miR-210-5p 1.4 1.10E-02 4.63E-02    let-7a-2-3p 1.4 9.56E-03 4.17E-02    
let-7e-3p 1.3 4.53E-05 5.54E-04    
miR-92a-1-5p 1.3 6.23E-03 2.94E-02 1.4 1.48E-03 1.48E-02 
miR-24-2-5p 1.3 8.85E-05 9.09E-04    
miR-199a-5p 1.3 3.27E-04 2.74E-03    
miR-136-3p 1.3 1.76E-04 1.62E-03    miR-376a-3p 1.3 1.27E-04 1.27E-03    miR-431-5p 1.3 7.69E-03 3.44E-02    
miR-214-3p 1.3 3.18E-03 1.76E-02 1.4 1.02E-04 1.98E-03 
miR-199-3p 1.3 3.44E-04 2.74E-03    miR-376c-3p 1.3 3.46E-04 2.74E-03    
miR-4286 1.3 5.83E-03 2.83E-02 1.3 6.24E-03 4.73E-02 
miR-1260b 1.2 8.71E-03 3.85E-02    miR-21-5p 1.2 8.14E-05 8.61E-04    
miR-337-3p 1.2 5.27E-03 2.63E-02    miR-22-5p 1.2 5.15E-03 2.63E-02    miR-27a-3p 1.2 1.55E-03 9.84E-03 1.2 5.40E-03 4.19E-02 
miR-23a-3p 1.1 4.19E-03 2.22E-02 1.2 4.98E-04 6.21E-03 
miR-26a-5p -1.1 6.66E-04 4.65E-03    
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Supplementary Table 1. Continued 
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Supplementary Table 2. Continued 

  

miRNA Controls COPD 
FC p-value FDR FC p-value FDR 

let-7g-5p -1.1 6.96E-03 3.20E-02      
miR-26b-5p -1.2 5.43E-03 2.67E-02      
miR-128-3p -1.2 4.18E-03 2.22E-02      
miR-140-5p -1.2 9.69E-03 4.18E-02      
miR-361-3p -1.2 2.86E-03 1.64E-02      
miR-454-3p -1.2 3.65E-04 2.83E-03 -1.2 6.06E-04 7.05E-03 
miR-30d-5p -1.2 1.76E-03 1.08E-02      
miR-500a-3p -1.2 1.20E-02 4.87E-02      
miR-1301-3p -1.2 6.63E-03 3.08E-02      
miR-221-3p -1.2 7.29E-04 4.99E-03 -1.2 4.28E-03 3.55E-02 
miR-1307-3p -1.2 5.25E-03 2.63E-02      
miR-7-5p -1.2 3.11E-03 1.75E-02      
miR-25-3p -1.3 3.48E-03 1.90E-02      
miR-362-5p -1.3 2.78E-04 2.49E-03      
miR-10a-5p -1.3 2.51E-03 1.46E-02      
miR-28-3p -1.3 1.18E-02 4.84E-02      
miR-29b-3p -1.3 7.67E-03 3.44E-02      
miR-589-5p -1.3 2.26E-03 1.34E-02      
miR-1287-5p -1.3 5.92E-03 2.83E-02      
miR-532-5p -1.3 8.83E-04 5.82E-03      
miR-92b-3p -1.3 8.13E-06 1.29E-04      
miR-146b-3p -1.3 1.17E-02 4.84E-02      
miR-148b-3p -1.3 4.60E-05 5.54E-04      
miR-2277-5p -1.4 9.99E-03 4.25E-02      
miR-30c-5p -1.4 4.34E-05 5.54E-04 -1.3 3.24E-04 4.70E-03 
miR-501-3p -1.4 1.59E-03 9.92E-03      
miR-222-3p -1.4 1.18E-06 2.56E-05 -1.3 3.37E-04 4.70E-03 
miR-155-5p -1.4 2.27E-05 3.45E-04      
miR-500a-5p -1.4 3.73E-04 2.83E-03 -1.4 3.34E-04 4.70E-03 
miR-584-5p -1.5 2.03E-03 1.22E-02      
miR-30a-3p -1.5 6.12E-04 4.36E-03      
miR-221-5p -1.5 1.59E-08 7.95E-07 -1.3 2.86E-05 6.23E-04 
miR-218-5p -1.5 7.74E-06 1.29E-04 -1.3 2.01E-03 1.94E-02 
miR-1303 -1.8 7.08E-05 7.72E-04      
miR-4485-3p -2.1 4.39E-03 2.28E-02 -2.5 7.19E-04 7.85E-03 
miR-222-5p -2.1 7.40E-07 1.72E-05 -1.5 2.38E-03 2.07E-02 
miR-370-5p    1.5 9.52E-04 1.01E-02 
miR-320b    1.4 1.84E-05 4.29E-04 
miR-25-5p    1.4 3.96E-03 3.37E-02 
miR-99b-3p    1.3 4.77E-03 3.87E-02 
miR-181b-5p    1.2 2.04E-04 3.23E-03 
miR-99b-5p    1.2 4.65E-04 6.01E-03 
miR-103a-3p    -1.1 6.53E-04 7.35E-03 
miR-660-5p    -1.2 2.32E-03 2.07E-02 
miR-130b-3p    -1.2 2.32E-03 2.07E-02 
miR-331-5p    -1.3 2.36E-03 2.07E-02 

 
Marked TGF-β-regulated miRNA expression changes in both COPD and control lung fibroblasts 

 

81 

Supplementary Table 3. Differentially expressed miRNAs between COPD and controls 
(nominal p-value<0.05) 

miRNA FC p-value FDR 
miR-660-5p 1.4 1.69E-05 5.90E-03 
miR-362-5p 1.4 3.25E-04 5.67E-02 
miR-155-5p -1.5 8.55E-04 7.43E-02 
miR-137 1.6 9.18E-04 7.43E-02 
miR-181a-2-3p -1.4 1.26E-03 7.43E-02 
miR-23b-3p 1.3 1.28E-03 7.43E-02 
miR-103a-3p 1.2 1.60E-03 7.98E-02 
miR-500a-5p 1.5 3.98E-03 1.73E-01 
miR-331-3p 1.3 5.81E-03 2.17E-01 
miR-598-3p -2.0 6.24E-03 2.17E-01 
miR-409-5p 1.4 7.26E-03 2.17E-01 
miR-502-3p 1.3 7.67E-03 2.17E-01 
miR-532-3p 1.5 8.08E-03 2.17E-01 
miR-106b-3p -1.3 1.02E-02 2.54E-01 
miR-495-3p 1.3 1.27E-02 2.86E-01 
miR-28-3p -1.4 1.44E-02 2.86E-01 
miR-98-3p 1.4 1.54E-02 2.86E-01 
miR-22-5p 1.3 1.54E-02 2.86E-01 
miR-369-5p 1.5 1.65E-02 2.86E-01 
miR-7-5p -1.3 1.75E-02 2.86E-01 
miR-27b-3p 1.2 1.79E-02 2.86E-01 
miR-145-3p -1.3 1.85E-02 2.86E-01 
miR-500a-3p 1.3 1.91E-02 2.86E-01 
miR-25-3p -1.3 1.96E-02 2.86E-01 
miR-92a-3p -1.2 2.06E-02 2.88E-01 
miR-299-3p -1.3 2.38E-02 3.19E-01 
miR-154-3p 1.4 2.48E-02 3.20E-01 
miR-337-3p 1.3 2.65E-02 3.31E-01 
miR-656-3p 1.4 3.02E-02 3.52E-01 
miR-452-5p 1.3 3.03E-02 3.52E-01 
miR-501-5p 1.4 3.22E-02 3.63E-01 
miR-335-5p -1.5 3.45E-02 3.76E-01 
miR-655-3p 1.2 3.81E-02 3.96E-01 
miR-25-5p -1.4 3.86E-02 3.96E-01 
miR-107 1.2 4.17E-02 4.16E-01 
miR-374a-3p -1.4 4.69E-02 4.55E-01 
miR-4455 1.4 4.89E-02 4.55E-01 
miR-24-3p 1.2 4.96E-02 4.55E-01 
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Supplementary Table 2. Continued 

  

miRNA Controls COPD 
FC p-value FDR FC p-value FDR 

let-7g-5p -1.1 6.96E-03 3.20E-02      
miR-26b-5p -1.2 5.43E-03 2.67E-02      
miR-128-3p -1.2 4.18E-03 2.22E-02      
miR-140-5p -1.2 9.69E-03 4.18E-02      
miR-361-3p -1.2 2.86E-03 1.64E-02      
miR-454-3p -1.2 3.65E-04 2.83E-03 -1.2 6.06E-04 7.05E-03 
miR-30d-5p -1.2 1.76E-03 1.08E-02      
miR-500a-3p -1.2 1.20E-02 4.87E-02      
miR-1301-3p -1.2 6.63E-03 3.08E-02      
miR-221-3p -1.2 7.29E-04 4.99E-03 -1.2 4.28E-03 3.55E-02 
miR-1307-3p -1.2 5.25E-03 2.63E-02      
miR-7-5p -1.2 3.11E-03 1.75E-02      
miR-25-3p -1.3 3.48E-03 1.90E-02      
miR-362-5p -1.3 2.78E-04 2.49E-03      
miR-10a-5p -1.3 2.51E-03 1.46E-02      
miR-28-3p -1.3 1.18E-02 4.84E-02      
miR-29b-3p -1.3 7.67E-03 3.44E-02      
miR-589-5p -1.3 2.26E-03 1.34E-02      
miR-1287-5p -1.3 5.92E-03 2.83E-02      
miR-532-5p -1.3 8.83E-04 5.82E-03      
miR-92b-3p -1.3 8.13E-06 1.29E-04      
miR-146b-3p -1.3 1.17E-02 4.84E-02      
miR-148b-3p -1.3 4.60E-05 5.54E-04      
miR-2277-5p -1.4 9.99E-03 4.25E-02      
miR-30c-5p -1.4 4.34E-05 5.54E-04 -1.3 3.24E-04 4.70E-03 
miR-501-3p -1.4 1.59E-03 9.92E-03      
miR-222-3p -1.4 1.18E-06 2.56E-05 -1.3 3.37E-04 4.70E-03 
miR-155-5p -1.4 2.27E-05 3.45E-04      
miR-500a-5p -1.4 3.73E-04 2.83E-03 -1.4 3.34E-04 4.70E-03 
miR-584-5p -1.5 2.03E-03 1.22E-02      
miR-30a-3p -1.5 6.12E-04 4.36E-03      
miR-221-5p -1.5 1.59E-08 7.95E-07 -1.3 2.86E-05 6.23E-04 
miR-218-5p -1.5 7.74E-06 1.29E-04 -1.3 2.01E-03 1.94E-02 
miR-1303 -1.8 7.08E-05 7.72E-04      
miR-4485-3p -2.1 4.39E-03 2.28E-02 -2.5 7.19E-04 7.85E-03 
miR-222-5p -2.1 7.40E-07 1.72E-05 -1.5 2.38E-03 2.07E-02 
miR-370-5p    1.5 9.52E-04 1.01E-02 
miR-320b    1.4 1.84E-05 4.29E-04 
miR-25-5p    1.4 3.96E-03 3.37E-02 
miR-99b-3p    1.3 4.77E-03 3.87E-02 
miR-181b-5p    1.2 2.04E-04 3.23E-03 
miR-99b-5p    1.2 4.65E-04 6.01E-03 
miR-103a-3p    -1.1 6.53E-04 7.35E-03 
miR-660-5p    -1.2 2.32E-03 2.07E-02 
miR-130b-3p    -1.2 2.32E-03 2.07E-02 
miR-331-5p    -1.3 2.36E-03 2.07E-02 
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Supplementary Table 3. Differentially expressed miRNAs between COPD and controls 
(nominal p-value<0.05) 

miRNA FC p-value FDR 
miR-660-5p 1.4 1.69E-05 5.90E-03 
miR-362-5p 1.4 3.25E-04 5.67E-02 
miR-155-5p -1.5 8.55E-04 7.43E-02 
miR-137 1.6 9.18E-04 7.43E-02 
miR-181a-2-3p -1.4 1.26E-03 7.43E-02 
miR-23b-3p 1.3 1.28E-03 7.43E-02 
miR-103a-3p 1.2 1.60E-03 7.98E-02 
miR-500a-5p 1.5 3.98E-03 1.73E-01 
miR-331-3p 1.3 5.81E-03 2.17E-01 
miR-598-3p -2.0 6.24E-03 2.17E-01 
miR-409-5p 1.4 7.26E-03 2.17E-01 
miR-502-3p 1.3 7.67E-03 2.17E-01 
miR-532-3p 1.5 8.08E-03 2.17E-01 
miR-106b-3p -1.3 1.02E-02 2.54E-01 
miR-495-3p 1.3 1.27E-02 2.86E-01 
miR-28-3p -1.4 1.44E-02 2.86E-01 
miR-98-3p 1.4 1.54E-02 2.86E-01 
miR-22-5p 1.3 1.54E-02 2.86E-01 
miR-369-5p 1.5 1.65E-02 2.86E-01 
miR-7-5p -1.3 1.75E-02 2.86E-01 
miR-27b-3p 1.2 1.79E-02 2.86E-01 
miR-145-3p -1.3 1.85E-02 2.86E-01 
miR-500a-3p 1.3 1.91E-02 2.86E-01 
miR-25-3p -1.3 1.96E-02 2.86E-01 
miR-92a-3p -1.2 2.06E-02 2.88E-01 
miR-299-3p -1.3 2.38E-02 3.19E-01 
miR-154-3p 1.4 2.48E-02 3.20E-01 
miR-337-3p 1.3 2.65E-02 3.31E-01 
miR-656-3p 1.4 3.02E-02 3.52E-01 
miR-452-5p 1.3 3.03E-02 3.52E-01 
miR-501-5p 1.4 3.22E-02 3.63E-01 
miR-335-5p -1.5 3.45E-02 3.76E-01 
miR-655-3p 1.2 3.81E-02 3.96E-01 
miR-25-5p -1.4 3.86E-02 3.96E-01 
miR-107 1.2 4.17E-02 4.16E-01 
miR-374a-3p -1.4 4.69E-02 4.55E-01 
miR-4455 1.4 4.89E-02 4.55E-01 
miR-24-3p 1.2 4.96E-02 4.55E-01 
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Supplementary Table 4. Biological processes and pathways of selected IP-enriched predicted targets of miR-27a-5p, miR-148b-3p and 
miR-660-5p 

Biological process miR-27a-5p miR-148b-3p miR-660-5p 
Regulation of gene expression (GO:0010468)  PRKAA1;CHD7;HMGA2;BACH2 ZNF699;ZNF268 
Regulation of transcription, DNA-templated (GO:0006355)  CHD7;HMGA2;BACH2;BRWD3 CREBZF;SATB2;ZNF699;ZNF268 
Regulation of transcription from RNA polymerase II promoter (GO:0006357) NR6A1;PRDM1 TET2;HMGA2;BRWD3 SATB2;ZNF268 
Regulation of nucleic acid-templated transcription (GO:1903506)  CHD7;HMGA2;BACH2 ZNF699;ZNF268 
Positive regulation of gene expression (GO:0010628)  PRKAA1;HMGA2  
Positive regulation of transcription, DNA-templated (GO:0045893)  TET2;HMGA2  
Positive regulation of transcription from RNA polymerase II promoter (GO:0045944)  TET2;HMGA2  
Negative regulation of transcription, DNA-templated (GO:0045892) NR6A1;PRDM1  CREBZF;ZNF268 
Negative regulation of transcription from RNA polymerase II promoter (GO:0000122) NR6A1;PRDM1   
Neutrophil mediated immunity (GO:0002446) TRAPPC1;NHLRC3   
Neutrophil activation involved in immune response (GO:0002283) TRAPPC1;NHLRC3   
Neutrophil degranulation (GO:0043312) TRAPPC1;NHLRC3   
Regulation of apoptotic process (GO:0042981)  PRKAA1;BCL2L11;HMGA2  
Positive regulation of apoptotic process (GO:0043065)  BCL2L11;HMGA2  
Positive regulation of programmed cell death (GO:0043068)  BCL2L11;HMGA2  
Negative regulation of apoptotic process (GO:0043066)  PRKAA1;HMGA2  
Negative regulation of programmed cell death (GO:0043069)  PRKAA1;HMGA2  
Regulation of cellular macromolecule biosynthetic process (GO:2000112)  CHD7;HMGA2;BACH2 ZNF699;ZNF268 
Positive regulation of macromolecule metabolic process (GO:0010604)  PRKAA1;HMGA2  
Reactome Pathways miR-27a-5p miR-148b-3p miR-660-5p 
Gene Expression_Homo sapiens_R-HSA-74160 NR6A1;PRDM1 PRKAA1;TET2;TNRC6A ZNF273;ZNF699;ZNF268 
Generic Transcription Pathway_Homo sapiens_R-HSA-212436 NR6A1;PRDM1 PRKAA1;TNRC6A ZNF273;ZNF699;ZNF268 
Transcriptional Regulation by TP53_Homo sapiens_R-HSA-3700989  PRKAA1;TNRC6A  
TP53 Regulates Metabolic Genes_Homo sapiens_R-HSA-5628897  PRKAA1;TNRC6A  
Cellular Senescence_Homo sapiens_R-HSA-2559583  HMGA2;TNRC6A  
Cellular responses to stress_Homo sapiens_R-HSA-2262752  PRKAA1;HMGA2;TNRC6A  
Signal Transduction_Homo sapiens_R-HSA-162582  PRKAA1;BCL2L11;TNRC6A  
Signalling by NGF_Homo sapiens_R-HSA-166520  BCL2L11;TNRC6A  
Transmembrane transport of small molecules_Homo sapiens_R-HSA-382551  AQP11;SLC2A3  
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Supplementary Table 4. Biological processes and pathways of selected IP-enriched predicted targets of miR-27a-5p, miR-148b-3p and 
miR-660-5p 

Biological process miR-27a-5p miR-148b-3p miR-660-5p 
Regulation of gene expression (GO:0010468)  PRKAA1;CHD7;HMGA2;BACH2 ZNF699;ZNF268 
Regulation of transcription, DNA-templated (GO:0006355)  CHD7;HMGA2;BACH2;BRWD3 CREBZF;SATB2;ZNF699;ZNF268 
Regulation of transcription from RNA polymerase II promoter (GO:0006357) NR6A1;PRDM1 TET2;HMGA2;BRWD3 SATB2;ZNF268 
Regulation of nucleic acid-templated transcription (GO:1903506)  CHD7;HMGA2;BACH2 ZNF699;ZNF268 
Positive regulation of gene expression (GO:0010628)  PRKAA1;HMGA2  
Positive regulation of transcription, DNA-templated (GO:0045893)  TET2;HMGA2  
Positive regulation of transcription from RNA polymerase II promoter (GO:0045944)  TET2;HMGA2  
Negative regulation of transcription, DNA-templated (GO:0045892) NR6A1;PRDM1  CREBZF;ZNF268 
Negative regulation of transcription from RNA polymerase II promoter (GO:0000122) NR6A1;PRDM1   
Neutrophil mediated immunity (GO:0002446) TRAPPC1;NHLRC3   
Neutrophil activation involved in immune response (GO:0002283) TRAPPC1;NHLRC3   
Neutrophil degranulation (GO:0043312) TRAPPC1;NHLRC3   
Regulation of apoptotic process (GO:0042981)  PRKAA1;BCL2L11;HMGA2  
Positive regulation of apoptotic process (GO:0043065)  BCL2L11;HMGA2  
Positive regulation of programmed cell death (GO:0043068)  BCL2L11;HMGA2  
Negative regulation of apoptotic process (GO:0043066)  PRKAA1;HMGA2  
Negative regulation of programmed cell death (GO:0043069)  PRKAA1;HMGA2  
Regulation of cellular macromolecule biosynthetic process (GO:2000112)  CHD7;HMGA2;BACH2 ZNF699;ZNF268 
Positive regulation of macromolecule metabolic process (GO:0010604)  PRKAA1;HMGA2  
Reactome Pathways miR-27a-5p miR-148b-3p miR-660-5p 
Gene Expression_Homo sapiens_R-HSA-74160 NR6A1;PRDM1 PRKAA1;TET2;TNRC6A ZNF273;ZNF699;ZNF268 
Generic Transcription Pathway_Homo sapiens_R-HSA-212436 NR6A1;PRDM1 PRKAA1;TNRC6A ZNF273;ZNF699;ZNF268 
Transcriptional Regulation by TP53_Homo sapiens_R-HSA-3700989  PRKAA1;TNRC6A  
TP53 Regulates Metabolic Genes_Homo sapiens_R-HSA-5628897  PRKAA1;TNRC6A  
Cellular Senescence_Homo sapiens_R-HSA-2559583  HMGA2;TNRC6A  
Cellular responses to stress_Homo sapiens_R-HSA-2262752  PRKAA1;HMGA2;TNRC6A  
Signal Transduction_Homo sapiens_R-HSA-162582  PRKAA1;BCL2L11;TNRC6A  
Signalling by NGF_Homo sapiens_R-HSA-166520  BCL2L11;TNRC6A  
Transmembrane transport of small molecules_Homo sapiens_R-HSA-382551  AQP11;SLC2A3  
 



3

 
Chapter 3  
 

82 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Supplementary Table 4. Biological processes and pathways of selected IP-enriched predicted targets of miR-27a-5p, miR-148b-3p and 
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Supplementary Table 4. Biological processes and pathways of selected IP-enriched predicted targets of miR-27a-5p, miR-148b-3p and 
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ABSTRACT 
Background Cigarette smoking is an important cause of inflammation and tissue damage 
in the lungs. Lung fibroblasts play a major role in tissue repair. Previous studies have 
shown effects of smoking on fibroblast responses and extracellular matrix protein 
production. Furthermore, smoking-associated methylation changes have been reported. Our 
aim was to identify the effect of current smoking on expression of miRNAs in primary lung 
fibroblasts. 
 
Materials and Methods Small RNA sequencing was performed on primary parenchymal 
lung fibroblasts of 9 current and 6 ex-smoking individuals with normal lung function. 
Differential expression was assessed using DESeq2. Replication of differential miRNA 
expression was done by RT-qPCR in lung tissue and bronchial biopsies from healthy 
individuals. Regional methylation was determined by methylation-specific qPCR. 
Previously published Ago2-IP data were used to identify proven miRNA targets relevant in 
lung fibroblasts. 

 
Results MiR-335-5p and miR-335-3p (FDR<0.01) were significantly downregulated in 
primary lung fibroblasts from current compared to ex-smokers. The decreased expression 
of miR-335-5p, but not miR-335-3p, in current smokers was validated with RT-qPCR and 
replicated in lung tissue (p<0.05). MiR-335-5p expression was also decreased in bronchial 
biopsies from healthy smokers compared to never-smokers (p=0.037). In lung tissue, the 
regional methylation pattern of the miR-335 host gene did not differ between current and 
ex-smokers. Next, we identified miR-335-5p target genes Rb1, CARF and SGK3, as being 
Ago2-IP enriched in lung fibroblasts. 
  
Discussion/Conclusion We have shown that miR-335-5p expression was lower in lung 
fibroblasts, tissue and bronchial biopsies of active smoking individuals in comparison to 
ex-smokers or never-smokers. The change in expression was not associated with changes in 
the regional methylation pattern of the miR-335 host gene. Our study indicates that miR-
335-5p downregulation due to current smoking may affect the function of lung fibroblasts 
by targeting Rb1, CARF and SGK3.  
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INTRODUCTION 
Cigarette smoke consists of a complex mixture of thousands of toxic chemicals and over 
1015 reactive oxygen species (1). Oxidative stress caused by cigarette smoking can 
dysregulate cell function, and induce damage and death of the cellular constituents of the 
lungs (2). Several studies have shown smoking-induced changes in gene expression 
patterns in the lung. Epithelial cells are the first cells that encounter the inhaled smoke. 
Consequently, aberrant gene expression signatures were reported in epithelial cells when 
comparing current smokers with never-smokers (3, 4). In addition, marked changes in 
microRNA (miRNA) expression signatures have been reported in bronchial airway 
epithelial cells of current smokers compared to never-smokers (5). The altered expression 
signatures may be due to a direct effect of smoking, but can also be caused by smoking-
induced aberrant DNA methylation patterns (6). Most of the observed changes in gene 
expression and methylation are (slowly) reversible, while some of the effects may be 
permanent (4, 6). 

Lung fibroblasts are the main guardians of connective tissue homeostasis. Therefore, 
lung fibroblasts, in close concert with other structural cells like the epithelium, are 
considered crucial cells for tissue repair and remodelling of the lungs. Cigarette smoke 
suppresses lung repair by affecting lung cells including fibroblasts (7). A previous study 
showed that upon exposure to cigarette smoke extract (CSE) the production of the 
extracellular matrix (ECM) proteins, fibronectin and elastin, by human lung fibroblasts was 
inhibited (8, 9). In addition, lung fibroblasts were hampered in their proliferation, 
contractile function and migration towards fibronectin upon CSE exposure (8-10). 
Furthermore, human lung fibroblasts showed characteristics of senescence when treated 
with CSE (11). 

To date, limited information on differential miRNA expression in lung fibroblasts 
from donors with different smoking statuses is available. We hypothesized that the miRNA 
expression profile in lung fibroblasts is different in current smoking compared to ex-
smoking donors and that these changes in miRNA expression may affect the function of the 
fibroblasts. The aim of our study was to identify smoking status-related miRNA expression 
changes in lung fibroblasts and to assess miRNA-related functions that may be affected by 
current smoking. 

 

MATERIALS AND METHODS 
Subjects 
Small RNA sequencing was performed on human parenchymal lung fibroblasts isolated 
from tissue samples of nine ex-smokers and six current smokers with normal lung function 
who underwent lung tumour resection surgery. Left-over, macroscopically normal lung 
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tissue samples located far away from the tumour were used for isolation of lung fibroblasts 
(12, 13). 

As replication cohorts, we analysed lung tissue samples of eighteen ex-smoking and 
ten current smoking individuals with normal lung function by RT-qPCR. In addition, we 
analysed data from bronchial biopsies of 42 never-smoking and of 40 currently smoking 
healthy individuals with normal lung function and no respiratory symptoms (ClinicalTrials 
Identifier = NCT00848406 (14)). 

This study was performed in accordance with the national ethical and professional 
guidelines on the use human body material (“Code of conduct; Dutch federation of 
biomedical scientific societies”; https://www.federa.org/codes-conduct) and the Research 
Code of the University Medical Centre Groningen (https://www.umcg.nl/SiteCollection 
Documents/English/Researchcode/umcg-research-code-2018-en.pdf). At the time of the 
experiments, use of left-over lung tissue to isolate fibroblasts or to replicate the results did 
not fall within the scope of medical research involving human subjects in the Netherlands. 
Therefore, an ethics waiver was provided by the Medical Ethical Committee of the 
University Medical Centre Groningen (METc UMCG). All samples and clinical 
information were de-identified before start of the experimental procedures in this study. 

 

Isolation, cell culture and CSE treatment of primary lung fibroblasts 
Primary lung fibroblasts were isolated, and grown in complete Ham’s F12 medium 
supplemented with 10% (v/v) foetal calf serum (FCS), 100 U/ml penicillin/streptomycin 
and 200 mM L-glutamine (all from Lonza, Breda, The Netherlands) and stored in liquid 
nitrogen until further use as previously described (15, 16). Fibroblast cultures were restored, 
cultured until passage 5, grown to around 90-100% confluence in complete Ham’s F12 
culture medium and then serum-starved (0.5% (v/v) FCS) for 24 hours before harvesting of 
the cells for RNA isolation. 

Fibroblasts of four ex-smoking individuals were treated with 0%, 2.5% and 5% CSE 
for 21 days to determine long-term smoke-exposure effects. Two 3R4F research-reference 
filterless cigarettes (Tobacco Research Institute, University of Kentucky, 12/2006) were 
bubbled into 25 ml complete Ham’s F12 medium supplemented with 10% (v/v) FCS, 100 
U/ml penicillin/streptomycin and 200 mM L-glutamine (all from Lonza) using a peristaltic 
pump. This was considered as 100% CSE, which was then diluted to 2.5%, and 5% CSE in 
complete medium. The CSE treatment started at passage 5 and lasted until the cells had 
reached a minimum of three cell divisions. During cell culturing, half of the medium with 
and without CSE was replaced with fresh medium whenever there was an obvious change 
in colour. The fibroblasts were harvested at passage 7 for RNA and DNA isolation. 
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RNA and DNA isolation 
Total RNA was isolated from primary lung fibroblasts and lung tissue samples using 
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. 
Genomic DNA was isolated using salt-chloroform extraction and isopropanol precipitation 
using standard procedures. The RNA and DNA concentrations were measured with a 
NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). For small 
RNA sequencing, the RNA quantity and quality were determined using the LabChip GX 
(Perkin Elmer, Waltham, MA, USA).   

 

Small RNA sequencing 
Total RNA (approximately 1 μg) was used to generate libraries with the NEXTflex Small 
RNA-seq kit V3 (Bioo Scientific, Uden, The Netherlands). Sequencing was performed on 
the NextSeq 500 sequencing system (Illumina, San Diego, CA, USA) according to the 
protocol of the manufacturer. TrimGAlore 0.3.7 was used to trim the adapter sequences of 
the raw reads. Subsequently, the reads were allocated to the known human miRNAs 
allowing one mismatch using the miRDeep2 V2.0.0.8 software (17) and miRBase Release 
21 (http://www.mirbase.org/). The reads of miRNAs with the same mature sequence were 
summed up. Using the default filtering setting of the DESeq2 package in R, miRNAs not 
expressed in all samples were removed. This resulted in 1,339 miRNAs for further analyses. 

 

RT-qPCR 
To validate and replicate the differential miRNA expression, RT-qPCR was performed as 
described previously (15). First, 10 ng of total RNA was reverse transcribed using a 
multiplex approach with TaqMan primers (reference gene: RNU48 (Assay ID: 001006) or 
RNU44 (Assay ID: 001094), ssc-miR-335-5p (Assay ID: 244560_mat) and hsa-miR-335* 
(hsa-miR-335-3p, Assay ID:002185); Applied Biosystems, Carlsbad, CA, USA) (18). 
Subsequently, qPCR was done using TaqMan microRNA assays (Applied Biosystems) and 
LightCycler®480 Probes Master (Roche Diagnostics GmbH, Mannheim, Germany).  

The reactions were run in triplicate on the LightCycler®480 Real-Time PCR system 
(Roche Diagnostics GmbH). The LightCycler®480 software release 1.5.0 (Roche 
Diagnostics GmbH) was used to analyse the data. The relative miRNA expression levels 
were calculated using the formula 2-ΔCp. 

 

Bisulfite treatment and methylation-specific qPCR 
DNA from primary lung fibroblasts and lung tissue samples was treated with bisulfite using 
the EZ DNA Methylation-Gold™ Kit (Zymo Research, Irvine, CA, USA) according to the 
protocol of the manufacturer. DNA of leukocytes in vitro methylated by SssI 
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methyltransferase was used as a positive control and untreated DNA as a negative control 
(19). Methylation-specific qPCR for the miR-335 host gene was done on 10 ng bisulfite-
treated DNA using SYBR green PCR master mix (Applied Biosystems) and previously 
published methylated-specific primers (Forward 5’-TTGTAATAGGTGGCGTTGAC-3’ 
and Reverse 5’-ACTCGAAACTAAAACGTCGC-3’) and unmethylated-specific primers 
(Forward 5’- TTTTTGTAATAGGTGGTGTTGAT-3’ and Reverse 5’-ACTCAAAACTAA 
AACATCACCAA -3’) (20). For each sample, qPCR with the methylated-specific and 
unmethylated-specific primers (annealing temperature 58°C for 1.20 min.) were run in 
triplicate on the same plate. The methylation status was determined as follows: 2^(mean Cp 
value methylated-specific primers - mean Cp value unmethylated-specific primers). 

 

Identification of miR-335-5p targets relevant for lung fibroblasts 
We re-analysed our previously published argonaute 2-immunoprecipitation (Ago2-IP) data 
of primary lung fibroblasts from two control subjects to identify miR-335-5p target genes 
that are Ago2-IP-enriched, and thus targeted by miRNAs in lung fibroblasts (15). This was 
done for a list of predicted targets of miR-335-5p identified using TargetScan version 7.2 
(21) and for a list of experimentally proven, direct targets of miR-335-5p that was 
generated based on validation with luciferase reporter assays. 

 

Statistical analyses 
To compare the subject characteristics between and within the study groups, Mann 
Whitney U test was used in IBM SPSS Statistics 20 software. Differential expression 
analysis of the small RNA sequencing data comparing miRNA expression in lung 
fibroblasts of ex- and current smokers, and in bronchial biopsies of never- and current 
smokers was performed using the Bioconductor-DESeq2 package (version 1.14.1) in R 
Project software (version 3.3.2). The data were adjusted for age, gender and library 
preparation batch. A Benjamini-Hochberg false discovery rate (FDR) <0.05 was considered 
statistically significant. 

For RT-qPCR data, significant differences for miR-335-5p levels in lung fibroblasts 
and lung tissues between current and ex-smokers were tested using the one-tailed Mann 
Whitney U test. Chi-square test was performed on the percentage of predicted targets in the 
top-1,500 enriched probes compared to the percentage of predicted targets in all expressed 
genes to assess the enrichment of predicted target genes in the Ago2-IP. A p-value below 
0.05 was considered statistically significant. 
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RESULTS 
Subject characteristics 
Clinical characteristics of lung fibroblast, lung tissue and bronchial biopsy donors are 
shown in Table 1. No significant difference was observed between current, ex- and never-
smokers in age, FEV1/FVC and pack-years. Furthermore, the characteristics of subjects 
from whom we have obtained lung fibroblasts and those from whom we obtained lung 
tissue were not significantly different. 

 

Differential miRNA expression in lung fibroblasts of current and ex-smokers 
The miRNA expression profile of lung fibroblasts of nine ex-smoking and six current 
smoking subjects was determined using small RNA sequencing. Total read counts and 
percentages of reads mapping to miRBase Release 21 are shown in Supplementary Table 1. 
The top-10 most abundant miRNAs in both current and ex-smokers covered 65% of all 
reads (Figure 1A). MiR-21-5p was the most abundant miRNA in both subgroups. 

A total of 16 miRNAs (5 up- and 11 downregulated) differed between current and ex-
smokers at nominal p-value of <0.05 with FC<1.5 (data not shown). At an FDR cut-off 
<0.05, miR-335-5p and miR-335-3p were significantly differentially expressed with lower 
expression levels in current smokers compared to ex-smokers (FC = -1.8, FDR = 0.003 and 
FC = -1.6, FDR = 0.0285, respectively; Figure 1B, Figure 2A, Supplementary Figure 1A). 
Differential expression of miR-335-5p (p = 0.01, Figure 2B), but not miR-335-3p 
(Supplementary Figure 1B) was validated using RT-qPCR in the same samples. 
 

Replication of miR-335-5p differential expression in lung tissue and 
bronchial biopsies 
We replicated the differential miR-335-5p expression in lung tissue from current smokers 
compared to ex-smokers (p-value <0.05, Figure 2C). In lung tissue samples of never-
smokers, miR-335-5p expression was not significantly different from current smokers 
(Supplementary Figure 2). In bronchial biopsies of healthy subjects with normal lung 
function, we observed a significantly lower expression of miR-335-5p in current smokers 
compared to never-smokers (p-value<0.05, FC = -1.2, Figure 2D).  

To assess whether there is a direct smoke effect on miR-335-5p expression, we treated 
lung fibroblasts from four ex-smokers with 2.5% and 5% cigarette smoke extract (CSE). 
This experiment supported our findings (Figure 3) pointing towards a CSE-dependent 
decrease in miR-335-5p levels. 
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This experiment supported our findings (Figure 3) pointing towards a CSE-dependent 
decrease in miR-335-5p levels. 
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Table 1. Patient characteristics of the donors of lung fibroblasts, lung tissue and bronchial biopsy 

 Lung fibroblast donors Lung tissue donors Bronchial biopsy donors 

Characteristics  Ex-smokers Current smokers Ex-smokers Current smokers Never-smokers Current smokers 

N  9  6 33 20 42 40 

Male/Female, n  6/3  1/5 21/12 7/13 23/19 23/17 

Age, years a  65.0 (55.0 – 68.0)  56.5 (48.5 – 69.0) 65.0 (54.0 – 71.5) 61.0 (51.3 – 67.8) 38.1 (21.6 – 57.8) 43.0 (23.4 – 52.4) 

Pack-years, n a   31.5 (17.9 – 43.1)  36.5 (27.8 – 52.0) 33.5 (20.0 – 46.3) 34.0 (20.3 – 50.8) NA 15.9 (3.9 – 30.3) 
FEV1, % predicted 
a,b  96.9 (86.8 – 97.7)  92.4 c 90.9 (84.2 – 104.3) 94.2 (86.1 – 107.7) 101.2 (92.0 – 108.6) 97.7 (93.3 – 107.3) 

FEV1/FVC, % a,d  76.0 (71.4 – 79.9)  73.8 (73.1 – 79.2) 73.3 (70.0 – 78.9) 75.7 (72.6 – 79.2) 79.5 (75.0 – 85.4) 78.0 (73.9 – 83.0) 
a Median (interquartile range) 
b FEV1, % predicted = percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the same sex, age and height. 
c FEV1, % predicted was only available for three out of six current smokers who donated lung fibroblasts. Of these three donors the FEV1 in liters is known. 
d FEV1/FVC, % = Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage. 
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Figure 1. MiRNAs in primary lung fibroblasts of ex- and current smokers A) Top-10 most abundant miRNAs 
in primary lung fibroblasts of ex- and current smokers. B) Volcano plot of the 1,339 miRNAs included in the 
analyses of the small RNA-sequencing data. The lowest horizontal line represents the nominal p-value cut-off of 
0.05. The upper horizontal line represents the FDR of 0.05. The two vertical lines represent the negative (left) and 
positive (right) fold change of 1.5. Differentially expressed miRNAs are indicated with a red dot. MiR-335-5p (FC 
= -1.8, FDR = 0.0030) and miR-335-3p (FC = -1.6, FDR=0.0285) were lower expressed in current smokers 
compared to ex-smokers. 

 

 

Figure 2. Differentially expressed miR-335-5p in current smokers A) Standardized reads of miR-335-5p in 
lung fibroblasts of ex- and current smokers, derived from small RNA sequencing data. ** FDR = 0.0030. B) 
Validation of miR-335-5p differential expression in the same lung fibroblasts samples using RT-qPCR. The data 
are presented as relative expression to RNU48 (2-ΔCp). One ex-smoker sample is missing due to a failure in 
experimental procedures. ** p-value = 0.0100. C) MiR-335-5p RT-qPCR analysis in lung tissues of ex- and 
current smokers. The data are presented as relative expression to RNU48 and RNU44 (2-ΔCp). *p-value = 0.048 D) 
MiR-335-5p standardized read counts from small RNA sequencing data of bronchial biopsy samples. * p-value = 
0.018. 
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Table 1. Patient characteristics of the donors of lung fibroblasts, lung tissue and bronchial biopsy 

 Lung fibroblast donors Lung tissue donors Bronchial biopsy donors 

Characteristics  Ex-smokers Current smokers Ex-smokers Current smokers Never-smokers Current smokers 

N  9  6 33 20 42 40 

Male/Female, n  6/3  1/5 21/12 7/13 23/19 23/17 

Age, years a  65.0 (55.0 – 68.0)  56.5 (48.5 – 69.0) 65.0 (54.0 – 71.5) 61.0 (51.3 – 67.8) 38.1 (21.6 – 57.8) 43.0 (23.4 – 52.4) 

Pack-years, n a   31.5 (17.9 – 43.1)  36.5 (27.8 – 52.0) 33.5 (20.0 – 46.3) 34.0 (20.3 – 50.8) NA 15.9 (3.9 – 30.3) 
FEV1, % predicted 
a,b  96.9 (86.8 – 97.7)  92.4 c 90.9 (84.2 – 104.3) 94.2 (86.1 – 107.7) 101.2 (92.0 – 108.6) 97.7 (93.3 – 107.3) 

FEV1/FVC, % a,d  76.0 (71.4 – 79.9)  73.8 (73.1 – 79.2) 73.3 (70.0 – 78.9) 75.7 (72.6 – 79.2) 79.5 (75.0 – 85.4) 78.0 (73.9 – 83.0) 
a Median (interquartile range) 
b FEV1, % predicted = percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the same sex, age and height. 
c FEV1, % predicted was only available for three out of six current smokers who donated lung fibroblasts. Of these three donors the FEV1 in liters is known. 
d FEV1/FVC, % = Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage. 
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Pack-years, n a   31.5 (17.9 – 43.1)  36.5 (27.8 – 52.0) 33.5 (20.0 – 46.3) 34.0 (20.3 – 50.8) NA 15.9 (3.9 – 30.3) 
FEV1, % predicted 
a,b  96.9 (86.8 – 97.7)  92.4 c 90.9 (84.2 – 104.3) 94.2 (86.1 – 107.7) 101.2 (92.0 – 108.6) 97.7 (93.3 – 107.3) 

FEV1/FVC, % a,d  76.0 (71.4 – 79.9)  73.8 (73.1 – 79.2) 73.3 (70.0 – 78.9) 75.7 (72.6 – 79.2) 79.5 (75.0 – 85.4) 78.0 (73.9 – 83.0) 
a Median (interquartile range) 
b FEV1, % predicted = percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the same sex, age and height. 
c FEV1, % predicted was only available for three out of six current smokers who donated lung fibroblasts. Of these three donors the FEV1 in liters is known. 
d FEV1/FVC, % = Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage. 
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Figure 1. MiRNAs in primary lung fibroblasts of ex- and current smokers A) Top-10 most abundant miRNAs 
in primary lung fibroblasts of ex- and current smokers. B) Volcano plot of the 1,339 miRNAs included in the 
analyses of the small RNA-sequencing data. The lowest horizontal line represents the nominal p-value cut-off of 
0.05. The upper horizontal line represents the FDR of 0.05. The two vertical lines represent the negative (left) and 
positive (right) fold change of 1.5. Differentially expressed miRNAs are indicated with a red dot. MiR-335-5p (FC 
= -1.8, FDR = 0.0030) and miR-335-3p (FC = -1.6, FDR=0.0285) were lower expressed in current smokers 
compared to ex-smokers. 

 

 

Figure 2. Differentially expressed miR-335-5p in current smokers A) Standardized reads of miR-335-5p in 
lung fibroblasts of ex- and current smokers, derived from small RNA sequencing data. ** FDR = 0.0030. B) 
Validation of miR-335-5p differential expression in the same lung fibroblasts samples using RT-qPCR. The data 
are presented as relative expression to RNU48 (2-ΔCp). One ex-smoker sample is missing due to a failure in 
experimental procedures. ** p-value = 0.0100. C) MiR-335-5p RT-qPCR analysis in lung tissues of ex- and 
current smokers. The data are presented as relative expression to RNU48 and RNU44 (2-ΔCp). *p-value = 0.048 D) 
MiR-335-5p standardized read counts from small RNA sequencing data of bronchial biopsy samples. * p-value = 
0.018. 
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Table 1. Patient characteristics of the donors of lung fibroblasts, lung tissue and bronchial biopsy 

 Lung fibroblast donors Lung tissue donors Bronchial biopsy donors 

Characteristics  Ex-smokers Current smokers Ex-smokers Current smokers Never-smokers Current smokers 

N  9  6 33 20 42 40 

Male/Female, n  6/3  1/5 21/12 7/13 23/19 23/17 

Age, years a  65.0 (55.0 – 68.0)  56.5 (48.5 – 69.0) 65.0 (54.0 – 71.5) 61.0 (51.3 – 67.8) 38.1 (21.6 – 57.8) 43.0 (23.4 – 52.4) 

Pack-years, n a   31.5 (17.9 – 43.1)  36.5 (27.8 – 52.0) 33.5 (20.0 – 46.3) 34.0 (20.3 – 50.8) NA 15.9 (3.9 – 30.3) 
FEV1, % predicted 
a,b  96.9 (86.8 – 97.7)  92.4 c 90.9 (84.2 – 104.3) 94.2 (86.1 – 107.7) 101.2 (92.0 – 108.6) 97.7 (93.3 – 107.3) 

FEV1/FVC, % a,d  76.0 (71.4 – 79.9)  73.8 (73.1 – 79.2) 73.3 (70.0 – 78.9) 75.7 (72.6 – 79.2) 79.5 (75.0 – 85.4) 78.0 (73.9 – 83.0) 
a Median (interquartile range) 
b FEV1, % predicted = percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of the same sex, age and height. 
c FEV1, % predicted was only available for three out of six current smokers who donated lung fibroblasts. Of these three donors the FEV1 in liters is known. 
d FEV1/FVC, % = Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage. 
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Figure 3. MiR-335-5p expression in CSE-treated lung fibroblasts. MiR-335-5p expression in lung fibroblasts 
of four ex-smokers treated with A) 2.5% and B) 5% CSE (RT-qPCR). The data are presented as relative 
expression to RNU48 (2-ΔCp).  
 

No regional hypermethylation in miR-335 host gene in lung tissue of 
current smokers  
In a previous study of hepatocellular carcinoma, decreased miR-335-5p expression was 
shown to be associated with aberrant hypermethylation of a specific CpG island in an 
enhancer region of the miR-335 host gene (20). To examine whether the decreased miR-
335-5p expression in current smokers is due to hypermethylation we did a methylation 
specific PCR on the lung tissue samples used for measuring the miR-335-5p expression in 
Fig. 2C. The location of miR-335-5p, the methylated CpG island and the primers used for 
the methylation specific qPCR are shown in Figure 4A. We found no differences in the 
proportion of methylated DNA between current and ex-smokers (Figure 4B). The 
proportion of methylated DNA was also not correlated with miR-335-5p expression in lung 
tissue (not shown). Furthermore, the methylation status did not show any obvious change 
after CSE-treatment in lung fibroblasts from ex-smokers (Supplementary Figure 3A-B).  
 

 
Figure 4. Methylation status in specific CpG island in the enhancer region of miR-335-5p in lung tissue. A) 
Location of the primers for methylation specific qPCR (MSP) and miR-335 (figure adapted from Dohi O, et al. 
(20)). B) Methylation status in specific CpG island was determined in lung tissue from 33 ex-smokers and 18 
current smokers. The methylation status was determined as follows: 2^(mean Cp value methylated-specific 
primers - mean Cp value unmethylated-specific primers). A clear difference was observed between the in vitro 
methylated and the unmethylated control DNA sample (not shown). 
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Predicted and experimentally proven targets of miR-335-5p in the 
miRNA-targetome of lung fibroblasts 
To identify miR-335-5p target genes relevant in lung fibroblasts, we first assessed the 
enrichment of predicted target genes in our previously published miRNA-targetome from 
two control subjects (15). In both controls, we observed 16 miR-335-5p predicted target 
genes in the top-1,500 probes, but these genes were not significantly enriched compared to 
the proportion of miR-335 targets in all expressed genes (Supplementary Table 2). 

Next, we identified 40 experimentally proven target genes of miR-335-5p based on 
published luciferase reporter assays (22-59) (Supplementary Table 3). Of these genes, RB 
transcriptional corepressor 1 (Rb1) (22, 23), calcium responsive transcription factor 
(CARF) (24) and serum/glucocorticoid regulated kinase family member 3 (SGK3) (25) 
were present in the miRNA-targetome of lung fibroblasts. 

 

DISCUSSION 
In this study, we found miR-335-5p levels to be lower in parenchymal lung fibroblasts of 
current smokers compared to those of ex-smokers, and this was replicated in lung tissue. 
Moreover, we also observed a lower miR-335-5p in bronchial biopsies from healthy current 
smokers compared to never-smokers. A smoking related decrease in miR-335-5p was 
supported by decreased miR-335-5p levels upon CSE treatment of fibroblasts. The lower 
expression level of this miRNA in fibroblasts and lung tissue of current smokers was not 
associated with hypermethylation of the previously reported CpG island. Next, we found 
that three previously published miR-335-5p target genes, i.e. Rb1, CARF and SGK3, were 
present in the miRNA-targetome of lung fibroblasts. 

The differential expression of miR-335-5p in lung fibroblasts, suggests a potential 
role of this miRNA in smoking-induced changes in fibroblast function. However, the exact 
role of miR-335-5p in lung fibroblasts is yet unknown. In bone-marrow derived human 
mesenchymal stem cells overexpression of miR-335-5p had an inhibitory effect on cell 
proliferation, migration and differentiation (38). This suggests that lower miR-335-5p 
levels as observed in current smokers and upon CSE exposure in this study could result in 
enhanced proliferation, also in other cell types like fibroblasts. However, other studies in 
lung fibroblasts showed the opposite, i.e. short and long term CSE exposure reduced the 
proliferation and migration (9, 10). As the predicted targets of miR-335-5p were not 
significantly enriched, we searched for the experimentally proven targets. Three of these 
experimentally proven targets, i.e. Rb1, CARF and SGK3, were enriched in the Ago2-IP 
fraction in lung fibroblasts. Presence of these genes in the miRNA-targetome shows active 
targeting by miRNAs, and this might involve targeting by miR-335-5p in lung fibroblasts. 
As we found a decreased expression of miR-335-5p in lung fibroblast from current smokers, 
we speculated that these genes might be upregulated in current smokers. In the RNA 
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Figure 3. MiR-335-5p expression in CSE-treated lung fibroblasts. MiR-335-5p expression in lung fibroblasts 
of four ex-smokers treated with A) 2.5% and B) 5% CSE (RT-qPCR). The data are presented as relative 
expression to RNU48 (2-ΔCp).  
 

No regional hypermethylation in miR-335 host gene in lung tissue of 
current smokers  
In a previous study of hepatocellular carcinoma, decreased miR-335-5p expression was 
shown to be associated with aberrant hypermethylation of a specific CpG island in an 
enhancer region of the miR-335 host gene (20). To examine whether the decreased miR-
335-5p expression in current smokers is due to hypermethylation we did a methylation 
specific PCR on the lung tissue samples used for measuring the miR-335-5p expression in 
Fig. 2C. The location of miR-335-5p, the methylated CpG island and the primers used for 
the methylation specific qPCR are shown in Figure 4A. We found no differences in the 
proportion of methylated DNA between current and ex-smokers (Figure 4B). The 
proportion of methylated DNA was also not correlated with miR-335-5p expression in lung 
tissue (not shown). Furthermore, the methylation status did not show any obvious change 
after CSE-treatment in lung fibroblasts from ex-smokers (Supplementary Figure 3A-B).  
 

 
Figure 4. Methylation status in specific CpG island in the enhancer region of miR-335-5p in lung tissue. A) 
Location of the primers for methylation specific qPCR (MSP) and miR-335 (figure adapted from Dohi O, et al. 
(20)). B) Methylation status in specific CpG island was determined in lung tissue from 33 ex-smokers and 18 
current smokers. The methylation status was determined as follows: 2^(mean Cp value methylated-specific 
primers - mean Cp value unmethylated-specific primers). A clear difference was observed between the in vitro 
methylated and the unmethylated control DNA sample (not shown). 
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Predicted and experimentally proven targets of miR-335-5p in the 
miRNA-targetome of lung fibroblasts 
To identify miR-335-5p target genes relevant in lung fibroblasts, we first assessed the 
enrichment of predicted target genes in our previously published miRNA-targetome from 
two control subjects (15). In both controls, we observed 16 miR-335-5p predicted target 
genes in the top-1,500 probes, but these genes were not significantly enriched compared to 
the proportion of miR-335 targets in all expressed genes (Supplementary Table 2). 

Next, we identified 40 experimentally proven target genes of miR-335-5p based on 
published luciferase reporter assays (22-59) (Supplementary Table 3). Of these genes, RB 
transcriptional corepressor 1 (Rb1) (22, 23), calcium responsive transcription factor 
(CARF) (24) and serum/glucocorticoid regulated kinase family member 3 (SGK3) (25) 
were present in the miRNA-targetome of lung fibroblasts. 

 

DISCUSSION 
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associated with hypermethylation of the previously reported CpG island. Next, we found 
that three previously published miR-335-5p target genes, i.e. Rb1, CARF and SGK3, were 
present in the miRNA-targetome of lung fibroblasts. 

The differential expression of miR-335-5p in lung fibroblasts, suggests a potential 
role of this miRNA in smoking-induced changes in fibroblast function. However, the exact 
role of miR-335-5p in lung fibroblasts is yet unknown. In bone-marrow derived human 
mesenchymal stem cells overexpression of miR-335-5p had an inhibitory effect on cell 
proliferation, migration and differentiation (38). This suggests that lower miR-335-5p 
levels as observed in current smokers and upon CSE exposure in this study could result in 
enhanced proliferation, also in other cell types like fibroblasts. However, other studies in 
lung fibroblasts showed the opposite, i.e. short and long term CSE exposure reduced the 
proliferation and migration (9, 10). As the predicted targets of miR-335-5p were not 
significantly enriched, we searched for the experimentally proven targets. Three of these 
experimentally proven targets, i.e. Rb1, CARF and SGK3, were enriched in the Ago2-IP 
fraction in lung fibroblasts. Presence of these genes in the miRNA-targetome shows active 
targeting by miRNAs, and this might involve targeting by miR-335-5p in lung fibroblasts. 
As we found a decreased expression of miR-335-5p in lung fibroblast from current smokers, 
we speculated that these genes might be upregulated in current smokers. In the RNA 
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sequencing dataset of bronchial biopsies, we observed an increase of SGK3 (FC 1.1, p-
value<0.05), whereas Rb1 and CARF were not significantly different. SGK3 is a 
serine/threonine-protein kinase and to our knowledge, the function of this gene in lung 
fibroblasts is still unknown. Rb1 was the most prominently IP-enriched target gene of miR-
335-5p. This protein coding gene can negatively regulate the cell cycle by interacting with 
E2F1, a transcription factor required for activation of genes involved in the S phase of the 
cell cycle (60). A previous study showed that nicotine increased Rb1 expression in non-
small cell lung cancer cell lines and knockdown of Rb1 inhibited cell proliferation (61). In 
contrast to this finding, cigarette smoking has been shown to inhibit proliferation of lung 
fibroblasts (9). The second IP-enriched miR-335-5p target was CARF, which is a 
transcriptional activator. CARF was shown to induce the transcription of brain-derived 
neurotrophic factor (BDNF) exon III in rat neurons (62). BDNF is also expressed in lung 
fibroblasts and it was previously reported that BDNF increased cell proliferation of lung 
fibroblasts (63). However, it is unknown whether CARF also induces BDNF transcription 
in lung fibroblasts. Additional experiments are required to investigate the role of miR-335-
5p and the function of the identified target genes in lung fibroblasts. 

Furthermore, miR-335-5p has been reported to be involved in different cancer types, 
either as a tumour suppressor or as an oncomiR (64). Downregulation of miR-335-5p in 
different cancer types was shown to be associated with aberrant DNA methylation (20, 65, 
66). As lung fibroblasts had differential miRNA expression after isolation and in vitro 
culturing of the fibroblasts, it is conceivable that epigenetic changes are involved in the 
persistent change in miR-335-5p expression. Pilot data using 5-aza-2’-deoxycytidine (data 
not shown) suggested that miR-335-5p expression in fibroblasts indeed may be regulated 
by DNA methylation. In our study, we focussed on a specific CpG island in the miR-335 
host gene enhancer region that was reported by Dohi et al. (20). However, we did not find 
differences in methylation status in lung tissue from current and ex-smokers. Moreover, the 
methylation status of this specific region was also unchanged in lung fibroblasts from ex-
smokers after CSE treatment. Thus, our findings suggest that the smoking-related 
downregulation of miR-335-5p in lung fibroblast is not due to aberrant DNA methylation at 
this specific region. However, we cannot exclude that aberrant DNA methylation is present 
at other regions which also may affect miR-335-5p expression. In addition to aberrant DNA 
methylation, cigarette smoke-induced histone modification in the lung has been reported 
(67), and thus worthwhile to investigate. 

We showed lower miR-335-5p levels in fibroblasts and lung tissue from current 
smokers compared to ex-smokers. A lower miR-335-5p expression was also observed in 
bronchial biopsies from current smokers compared to never-smokers. However, in lung 
tissue we did not observe a difference between current and never-smokers. This could be 
due to lack of power, as the never-smoking group only consisted of 14 subjects. 
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In conclusion, we showed a lower miR-335-5p expression in lung fibroblasts and 
tissues from current smokers compared to ex-smokers, without changing the regional 
methylation pattern of its host gene. MiR-335-5p was also lower expressed in bronchial 
biopsies from current smokers compared to never-smokers. Decreased expression of miR-
335-5p in lung fibroblasts from current smokers may have an effect on the cell function via 
targeting Rb1, CARF and SGK3. 
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SUPPLEMENTARY FIGURES 
 

 
Supplementary Figure 1. Differentially expressed miR-335-3p in current smokers compared to ex-smokers 
A) The standardized reads of miR-335-3p in the lung fibroblasts of the ex- and current smokers, derived from the 
small RNA sequencing data. * FDR=0.0285. B) Validation of miR-335-3p differential expression in the same lung 
fibroblasts samples using RT-qPCR. The data are presented as relative expression to RNU48 (2-ΔCp). 

 

 
Supplementary Figure 2. MiR-335-3p expression in lung tissue from never- and current smokers. A) The 
RT-qPCR miR-335-5p expression data are presented as relative expression to RNU48 and RNU44 (2-ΔCp). B) 
Patient characteristics. a Median (interquartile range); b FEV1, % predicted = percentage of Forced Expiratory 
Volume in one second of the predicted normal value for an individual of the same sex, age and height;  
c FEV1/FVC, % = Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage. 

 

 

Supplementary Figure 3. Regional methylation status in CSE-treated lung fibroblasts. The methylation 
pattern in a specific CpG island in the enhancer region of miR-335 host gene (20) was determined in the same 
lung fibroblasts that were treated with A) 2.5% and B) 5% CSE. The methylation pattern was determined as 
follows: 2^(mean Cp value methylated-specific primers - mean Cp value unmethylated-specific primers). 

 Lung tissue donors 

Characteristics Never-smokers Current smokers 

N 14 20 
Male/Female, n 6/8 7/13 
Age, years a   56.0 (48.8 – 73.8) 61.0 (51.3 – 67.8) 
Pack-years, n a  NA 34.0 (20.3 – 50.8) 
FEV1, % predicted a,b   102.0 (91.2 – 116.5) 94.2 (86.1 – 107.7) 
FEV1/FVC, % a,c 78.0 (72.8 – 83.0) 75.7 (72.6 – 79.2) 
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SUPPLEMENTARY TABLES 
 
Supplementary Table 1. Number of reads obtained by small RNA sequencing and percentage 
mapped to miRBase  

 Total after trimming Mapping to miRBase release 21 

Group Sample Reads Reads Percentage 

Current smokers Control 1 8,613,228 954,721 11.1% 

 Control 3 13,582,970 1,310,675 9.6% 

 Control 4 13,664,253 1,194,114 8.7% 

 Control 7 15,633,258 1,583,379 10.1% 

 Control 12 7,789,705 1,213,615 15.6% 

 Control 15 9,459,738 1,080,041 11.4% 
Ex-smokers Control 2 5,967,036 1,764,687 29.6% 

 Control 5 13,176,488 2,280,947 17.3% 

 Control 6 5,447,263 1,256,637 23.1% 

 Control 8 7,078,531 2,219,801 31.4% 

 Control 9 5,551,348 2,396,604 43.2% 

 Control 10 8,892,472 1,461,870 16.4% 

 Control 11 16,834,054 1,048,153 6.2% 

 Control 13 12,844,518 1,314,038 10.2% 

 Control 14 11,511,590 1,999,201 17.4% 
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Supplementary Table 2. Predicted miR-335-5p target genes in miRNA-targetome of lung 
fibroblasts 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
MiR-335-5p is broadly conserved and had in total 289 predicted targets. The numbers in the table indicate the rankings of the 
predicted target genes based on the IP-enrichment, i.e. 1=most IP-enriched predicted target gene, 2=second most IP-enriched target 
gene. 

  

Predicted target genes Control 1 Control 2 

HIC2 1 1 
MON2 2 7 
CTDSPL2 3 5 
KLHL28 4 3 
EIF4EBP2 5 4 
NABP1 6 6 
SECISBP2L 7 9 
MFAP3 8 8 
ZBTB10 9 - 
CRIM1 10 - 
RCC2 11 16 
CCNF 12 - 
KLHDC10 13 - 
LCOR 14 - 
RBFOX2 15 11 
MAX 16 - 
SPATA2 - 2 
ACVR1C - 10 
FAM107B - 12 
DDI2 - 13 
ARHGAP18 - 14 
RNF141 - 15 
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Supplementary Table 3. Reported proven miR-335-5p target genes in miRNA-targetome of 
lung fibroblasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Enriched in miRNA-targetome 
of lung fibroblasts Proven targets  Refs 

Yes 
Rb1 (22, 23) 
CARF (24) 
SGK3 (25) 

No 

PARP1 (26) 
Sp1 (27, 29, 30) 
DAAM1 (31) 
RASA1 (32) 
EPHA4 (33) 
TUG1 (34) 
FMN2 (35) 
IGF1R (27) 
DAAM2 (35) 
CPNE1 (36) 
MAPK1 (37) 
SOX4 (38-40)  
ICAM1 (41) 
ZEB2 (42) 
ESR1 (27) 
CDH11 (43) 
RUNX2 (38) 
MET (44) 
PLAUR (45, 46) 
BCL2L2 (29, 30, 47, 48) 
TNC (39)  
KDM4C (49) 
PAX6 (50) 
TWIST1 (51) 
FMNL3 (35) 
PTPRN2 (39) 
BIRC5 (52) 
TNFSF11 (53) 
POU5F1 (54) 
ROCK1 (28, 34, 37, 55) 
WBP5 (56) 
RBBP8 (57) 
TRA2B (58) 
CXCR4 (45) 
LRG1 (37)  
MERTK (39)  
TRIM29 (59) 
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ABSTRACT 
Knowledge on age-related miRNA changes in healthy individuals and their interaction with 
mRNAs is lacking. We studied age-related mRNA and miRNA expression changes and 
their interactions in normal airways. 

RNA and small RNA sequencing was performed on bronchial biopsies of 86 healthy 
individuals (age: 18-73) to determine age-related expression changes. Per age-related 
miRNA we determined the enrichment of age-related predicted targets and their 
correlation. 

We identified 285 age-related genes and 27 age-related miRNAs. Pathway enrichment 
showed that genes higher expressed with age were involved in synapse-related processes. 
Genes lower expressed with age were involved in cell cycle regulation, the immune system 
and DNA damage/repair. MiR-146a-5p, miR-146b-5p and miR-142-5p were lower 
expressed with increasing age and we found a significant enrichment for predicted targets 
of these miRNAs among genes that were higher expressed with age. The expression levels 
of the enriched predicted targets RIMS2 and IGSF1 were negatively correlated with both 
miR-146a-5p and miR-146b-5p. RIMS2 was present in the enriched process, i.e. positive 
regulation of synaptic transmission. 

In conclusion, genes decreased with ageing are involved in several of the ageing 
hallmarks. Genes higher expressed with ageing were involved in synapse-related processes, 
of which RIMS2 is potentially regulated by two age-related miRNAs. 
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INTRODUCTION 
Worldwide, the proportion of individuals over 60 years old is predicted to increase from 
12% in 2015 to 22% in 2050 (1). This rise in the number of elderly individuals in the 
population will lead to an increase in ageing-associated diseases. Ageing is a process in 
which the body homeostasis progressively declines, resulting in increased risk of disease or 
death (2). Nine hallmarks have been defined for ageing: genomic instability, telomere 
attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, 
mitochondrial dysfunction, cellular senescence, stem cell exhaustion and altered 
intercellular communication (3). In the ageing lung, dysregulation of the extracellular 
matrix has been proposed as an additional hallmark (4).  

During normal ageing lung function declines over time due to a variety of 
mechanisms and anatomic changes including smaller thoracic cavity, reduced respiratory 
muscle function, senile emphysema and reduced mucus clearance (5). Knowledge about 
changes in the airways due to ageing is scarce. Previously it was shown that airway wall 
thickness was decreased with higher age (6) and a murine study showed that senescence of 
airway progenitor cells impairs airway regeneration (7).         

It is likely that changes in gene and microRNA (miRNA) expression play a role in 
ageing-associated processes in the lung. To gain insight in these processes, several gene 
and miRNA expression studies have been performed. Previously, we identified 3,509 age-
related genes in lung tissue that were involved in lung development, cell-cell contact, 
calcium signalling and immune response (8). Dugo et al. found enrichment of genes 
involved in extracellular matrix production and function, pro-inflammatory responses and 
wound healing among the 217 age-related genes in lung tissue (9). Multiple miRNAs have 
been proposed to be involved in the process of ageing (10-13) and especially in cellular 
senescence, for example by targeting genes that play a role in the p53/p21 and p16/Rb 
senescence pathways (14). In addition, expression levels of miR-210 and miR-494 were 
induced by DNA damage and oxidative stress in human foetal lung fibroblasts and vice 
versa. These miRNAs induced DNA damage and oxidative stress via a positive feedback 
loop (15). 

Although several genes and miRNAs have been suggested to be involved in ageing of 
the lungs, limited information is available about the underlying age-related mRNA-miRNA 
interactions. Moreover, so far no studies have been performed in healthy subjects with a 
normal pulmonary function and without respiratory complaints. In the present study we 
aimed to identify age-related mRNA and miRNA changes and their interactions in 
bronchial biopsies of 86 healthy individuals with an age range of 18-73 years. 
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MATERIALS AND METHODS 
Bronchial biopsies from respiratory healthy subjects 
We included bronchial biopsies (airway tissue samples) obtained from 94 respiratory 
healthy subjects participating in the study to obtain normal values of inflammatory 
variables from healthy smoking and never-smoking subjects (NORM study) (ClinicalTrials 
Identifier = NCT00848406 (16)). Subjects did not have a history of lung disease, had no 
respiratory symptoms and had a normal lung function, which was defined by absence of 
bronchial hyperresponsiveness to methacholine (provocative concentration inducing a 20% 
fall in FEV1 (PC20) >16 mg/ml), forced expiratory volume in one second/forced vital 
capacity (FEV1/FVC) higher than lower limit of normal and reversibility of the FEV1 to 
salbutamol <10%. The study was approved by the Medical Ethical Committee of the 
University Medical Center Groningen (METc 2009/007) and conducted according to the 
Good Clinical Practice guidelines. All subjects gave their written informed consent (16). 

 

RNA and small RNA sequencing  
RNA and small RNA sequencing was performed to assess changes in mRNA and miRNA 
expression, respectively. Total RNA was isolated from the bronchial biopsies using AllPrep 
DNA/RNA/miRNA Mini kit (Qiagen, Venlo, The Netherlands). RNA yield and quality was 
determined using the LabChip GX (Perkin Elmer, Waltham, MA, USA). The Ribo-Zero 
Gold kit (Illumina) was used to remove ribosomal RNA. RNA sequencing libraries were 
prepared using the TruSeq Stranded Total RNA Sample Preparation kit (Illumina) on the 
Caliper Sciclone NGS Workstation (PerkinElmer, Waltham, MA). Libraries were paired-
end sequenced (2x100bp) on the HiSeq 2500 (Illumina), which resulted in total read counts 
that passed the Illumina’s filter ranging from 44,780,324 to 113,186,108. FastQC (version 
0.11.3) was used for the quality control of raw RNA sequencing data. HISAT (version 0.1.5 
(17)) and SAMtools (version 1.2 (18)) were used for alignment to build b37 of the human 
reference genome and for sorting the aligned reads, respectively. Ensembl (release 75 (19)) 
was used as the gene annotation database and the aligned reads were quantified with 
HTSeq (version 0.6.1p1). Quality control of the aligned reads was performed using Picard-
tools (version 1.130). After filtering against genes with less than half of the samples 
achieving ≥5 standardized reads, 22,744 expressed genes were available for analyses. Small 
RNA libraries were generated with the NEXTflex Small RNA-seq kit V3 (Bioo Scientific, 
Uden, The Netherlands) without gel-based purification. The libraries were single-end 
sequenced (1x50bp) on the Illumina HiSeq 2500 (Illumina, San Diego, CA, USA). Quality 
control was performed using FastQC (version 0.11.5). Trimming of the adapter sequences 
of the raw reads was performed using TrimGAlore 0.3.7. The miRDeep2 V2.0.0.8 software 
package (20) was used to allocate the reads to the known human miRNAs (miRBase 
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Release 21, http://www.mirbase.org/) allowing one mismatch. After filtering out miRNAs 
with a median expression <1 FPM, 518 miRNAs were available for analyses.  

Of the available 94 bronchial biopsies, some samples were excluded from the analysis 
due to absence of RNA, poor alignment metrics, low total read counts (<100,000 reads) or 
technical errors during library preparation. In the small RNA sequencing data, principal 
component analysis showed an effect of library preparation batch on expression levels of 
the samples. Therefore these data were corrected for this factor in the subsequent analysis. 

 

Statistical analyses of (small) RNA sequencing data 
The RNA and small RNA sequencing data analyses were performed using R version 3.3.2 
with the Bioconductor-DESeq2 package (version 1.14.1). Associations between mRNA and 
miRNA expression and age were analysed using a generalized linear model. For these 
analyses, the following R-codes were run; 
1) Design.mRNA = ~ gender + current smoking + age 
2) Design.miRNA = ~ gender + batch + current smoking + age 

Results were corrected for multiple testing using the Benjamini-Hochberg false 
discovery rate (FDR). Genes and miRNAs with an FDR adjusted p-value<0.05 were 
considered statistically significant associated with age. Genesis software version 1.7.6 
(Graz University of Technology, Graz, Austria) (21) was used for supervised hierarchical 
clustering of the age-related mRNAs and miRNAs using Pearson's correlation and to 
generate heatmaps. The subjects were ordered from young to old. 

 

Replication of age-related genes in lung tissues 
To replicate the age-related gene expression changes, we compared the 285 age-related 
genes of our present study with our previously published lung tissue dataset (8). In our 
previously published study, lung tissues obtained from 1,197 subjects (age range: 4-85 
years) were used for the gene-expression signature for lung ageing. In total, 3,509 
significantly differentially expressed genes with age were identified in lung tissue 
(FDR<0.0001). In our present study, we compared the 285 age-related genes identified in 
bronchial biopsies with the 3,509 age-related genes identified in lung tissues. An age-
related gene in our study was considered as replicated when the gene was also significantly 
related to age in the same direction in lung tissues at a nominal p-value<0.05. 

 

Gene ontology and pathway analyses  
Genes with higher and lower expression levels with age were separately subjected to 
Enrichr (22, 23) and g:Profiler (24) to identify enriched biological processes (gene-set 
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library: GO_Biological_Process_2018) and Reactome pathways (gene-set library: 
Reactome_2016 in Enrichr and Reactome_2018 in g:Profiler). 

 

Predicted target gene enrichment 
The potential role of the miRNAs with age-related expression changes were explored by 
identifying enrichment of their predicted targets in the set of genes with higher and lower 
expression levels with age. For the analyses of enrichment of the age-related genes with 
predicted binding sites for the age-related miRNAs, we included the genes in RNA 
sequencing data that are also present in the gene list of TargetScan (version 7.1 (25)). Of 
the 149 genes that are higher expressed with age and the 136 lower expressed genes, 126 
genes and 127 genes, respectively, were present in TargetScan. Of all expressed genes in 
RNA sequencing data, 15,235 genes were present in TargetScan. Significant enrichment 
was assessed as percentages of predicted target genes in age-related genes with either 
higher (n=126 genes) or lower (n=127 genes) expression levels, respectively, as compared 
to percentages of predicted target genes among all expressed genes (n=15,235). Differences 
were determined by Chi-square, considering a p-value smaller than 0.05 as significant. 

Correlation between gene and miRNA expression levels was assessed using the 
Spearman’s correlation (two-tailed). A correlation with p<0.05 was considered statistically 
significant. 

 

RESULTS 
Subject characteristics 
After quality control, RNA sequencing data of 77 and small RNA sequencing data of 82 
bronchial biopsies were available for further analyses, resulting in a total of 86 biopsies 
originating from subjects with an age range of 18-73 years (Table 1). Of these 86 subjects, 
73 had both mRNA and small RNA sequencing data available. 
 

Age-related genes in human bronchial biopsies 
Significant age-related changes in expression were observed for 285 genes (FDR adjusted 
p-value <0.05, Figure 1, Supplementary Table 1A-B). Of these genes, 149 were higher 
expressed and 136 were lower expressed with increasing age. The association with age of 
the top-3 higher expressed genes (TMTC1, CPS1 and RP11-550F7.1) and top-3 lower 
expressed genes (TIMELESS, KNTC1 and BRIP1) with lowest FDR adjusted p-values are 
shown in Supplementary Figure 1A. 
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Table 1. Subject characteristics 
Characteristics  Subjects 
N 86 
Male / Female, n 48 / 38 
Age range, years   18 – 73 
Never-smoker / smoker 44 / 42 
FEV1, % predicted a 98.7 (93.6 – 107.7) 
FEV1/FVC, % b 78.8 (74.5 – 84.1) 
Pack-years, n 15.4 (4.4 – 29.3) 

Medians (interquartile ranges) are shown unless otherwise stated. 
a FEV1, % predicted = percentage of Forced Expiratory Volume in one second of the predicted normal value for an individual of 

the same sex, age and height. 
b FEV1/FVC, % = Forced Expiratory Volume in one second/Forced Vital Capacity ratio expressed in percentage. 

 

 
Figure 1. Age-related genes in human bronchial biopsies. Heatmap of the supervised hierarchical 
clustering of the 285 age-related genes. The 77 subjects were ordered by age. The heatmap shows the 
median-centered expression of the 285 genes of which 136 genes were lower expressed and 149 were 
higher expressed with increasing age (FDR adjusted p-value<0.05). 

 

Replication of age-related genes in lung tissue 
Of the 149 higher expressed and the 136 lower expressed genes with increasing age, 117 
and 118 genes, respectively, were also detected in our previously published lung tissue 
dataset (8). In this dataset we replicated the association with age for 58 out of 117 higher 
expressed genes (49.6%) and 43 out of 118 lower expressed genes (36.4%) (p-value<0.05, 
Supplementary Table 1A-B). 
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Biological processes and pathway enrichment of age-related genes 
The biological processes and pathway enrichment analyses in Enrichr revealed amongst the 
age-related genes 155 and 116 significantly enriched processes and pathways respectively 
(FDR adjusted p-value<0.05, Supplementary Table 2). The genes higher expressed with 
age were enriched for synapse-related processes (n=19 genes) and pathway related to 
muscle contraction (n=8 genes). The genes lower expressed with age were enriched for 
processes and pathways related to cell cycle (n=54 genes), the immune system (n=44 
genes) and DNA damage and repair (n=25 genes). Similar results were obtained using 
g:Profiler (Supplementary Table 3). 

 

Age-related miRNAs in human bronchial biopsies 
Significant age-related expression changes were observed for 27 miRNAs (FDR adjusted p-
value<0.05, Figure 2, Supplementary Table 1C-D). This included 13 miRNAs with lower 
expression levels and 14 with higher expression levels with increasing age. The association 
with age for the top-3 higher expressed miRNAs (miR-3195, miR-1247-5p, and miR-1-3p) 
and top-3 lower expressed miRNAs (miR-146b-5p, miR-155-5p and miR-20a-5p) based on 
FDR adjusted p-values are shown in Supplementary Figure 1B. 
 

Figure 2. Age-related miRNAs in human bronchial biopsies. Heatmap of the supervised hierarchical clustering 
of the 27 age-related miRNAs. The 82 subjects were ordered by age. The heatmap shows the median-centered 
expression of the 27 miRNAs of which 14 miRNAs were higher expressed and 13 miRNAs were lower expressed 
with increasing age (FDR adjusted p-value<0.05). 
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Enrichment of age-related predicted miRNA target genes  
To identify potential interactions between age-related mRNA and miRNA expression 
changes, we determined whether the predicted target genes of age-related miRNAs were 
enriched among the genes that were either higher or lower expressed with age as compared 
to all expressed genes. Of the 13 miRNAs that were lower expressed with increasing age, 
miR-146b-5p, miR-142-5p and miR-146a-5p showed a significant enrichment of their 
predicted target genes among genes higher expressed with increasing age (p-value<0.05), 
and a similar trend was observed for miR-409-3p (p-value=0.098, Figure 3). MiR-146b-5p, 
miR-142-5p and miR-146a-5p had five, 16 and five predicted targets that were higher 
expressed with increasing age, respectively (Supplementary Table 4). Of the 14 miRNAs 
that were higher expressed with increasing age no significant enrichment of predicted target 
genes was found among genes lower expressed with increasing age. 

 

 
Figure 3. Enrichment of predicted miRNA target genes within the age-related genes. MiRNA target gene 
enrichment analysis for miRNAs that were lower expressed with increasing age. All = all expressed genes (n total 
= 15,235 genes); High = genes that were higher expressed with age (n = 126 genes); The numbers in the bars 
indicate the number of predicted target genes divided by all expressed genes (15,235 genes, light grey bars) or by 
the 126 genes that were higher expressed with age (dark grey bars); * p-value<0.05, *** p-value<0.001. 
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three miRNAs and their age-related predicted target genes (Figure 4). For miR-146b-5p, we 
found a significant negative correlation for four of the five enriched predicted target genes 
(Figure 4A). For miR-142-5p, we found a negative correlation for three out of sixteen 
(Figure 4B) and for miR-146a-5p for two out of five enriched predicted target genes 
(Figure 4C). The nine significant negative correlations involved seven different target 
genes. Of these, RIMS2 and IGSF1 were negatively correlated with both miR-146b-5p and 
miR-146a-5p. RIMS2 was the 4th and IGSF1 was the 6th most significant gene with higher 
expression with age (Supplementary Table 1A). 

 

DISCUSSION 
In this study, we investigated the potential role of miRNAs in the ageing process in healthy 
airways by combining age-related miRNA and gene expression changes. We identified 285 
genes and 27 miRNAs of which the expression levels were changed with increasing age in 
bronchial biopsies. The genes with higher expression levels with increasing age were 
mainly involved in synapse-related processes. The genes with lower expression levels with 
increasing age were mainly involved in DNA damage and repair, cell cycle regulation and 
the immune system. MiR-146b-5p, miR-142-5p and miR-146a-5p expression levels were 
lower with increasing age and a significant enrichment of their predicted target genes was 
found among the genes higher expressed with increasing age. RIMS2 and IGSF1 were 
negatively correlated with miR-146b-5p and miR-146a-5p. Of these predicted target genes, 
RIMS2 was involved in positive regulation of synaptic transmission, one of the significantly 
enriched biological processes amongst the age-related genes. To our knowledge, this is the 
first study in which age-related genes were connected to age-related miRNAs in airway 
biopsies from respiratory healthy subjects. 

Interestingly, the above-mentioned miRNAs have been associated with age in 
previous studies. In accordance with our study, the levels of miR-142-5p in human serum 
were lower with increasing age (26). Different to our findings, the expression levels of 
miR-146a-5p were shown to be higher with increasing age in human mesenchymal stem 
cells (27) and both miR-146a-5p and miR-146b-5p levels were increased in senescent 
compared to quiescent as well as proliferating human foreskin fibroblasts (28). These 
disparate findings might be related to differences in cell type and/or tissue specific 
expression changes of these miRNAs with age. The host gene of miR-146a, i.e. 
MIR3142HG (29), was also significantly lower expressed with age in our study (p-
value<0.05), which is in agreement with our findings for miR-146a. 

Our study showed that genes with higher expression levels with increasing age in 
bronchial biopsies were involved in synapse-related processes. The nervous system of the 
respiratory tract regulates the calibre of the bronchi and pulmonary vessels, but how the 
 

 
Age-related gene and miRNA expression changes in airways of healthy individuals 

 

119 

 
  

 
Figure 4. Correlation between miRNA expression and expression of their age-related predicted targets. Lower expressed miRNAs with increasing age, (A) 
miR-146b-5p, (B) miR-142-5p and (C) miR-146a-5p correlated with their predicted target genes that are higher expressed with age. Spearman’s correlation 
coefficient r and p-values are shown in the graphs. 
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Figure 4. Correlation between miRNA expression and expression of their age-related predicted targets. Lower expressed miRNAs with increasing age, (A) 
miR-146b-5p, (B) miR-142-5p and (C) miR-146a-5p correlated with their predicted target genes that are higher expressed with age. Spearman’s correlation 
coefficient r and p-values are shown in the graphs. 
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nervous system of the respiratory tract changes during ageing is still poorly understood 
(30). RIMS2, known to be involved in the synapse-related processes, is one of the genes 
with higher mRNA expression levels with age. More specifically, RIMS2 is a presynaptic 
protein in the synaptic vesicle release site, so called the active zone, and interacts with 
several synaptic proteins including Rab3 to regulate Ca2+-dependent neurotransmitter 
release from synaptic vesicles (31, 32). Previous study suggested that ageing may decrease 
the active zone density of neuromuscular junctions in mice and rats which may affect 
neurotransmission (33). However, RIMS2 is lowly expressed in our study and so far, no 
studies have shown an association between RIMS2 and ageing human airways. We 
demonstrated that RIMS2 expression was negatively correlated with two miRNAs that were 
lower expressed with age, i.e. miR-146b-5p and miR-146a-5p, suggesting that these 
miRNAs may regulate synapse-related changes during ageing. 

In our correlation analyses, we found a significant negative correlation of IGSF1 with 
expression levels of miR-146b-5p and miR-146a-5p, which are from the same miRNA seed 
family. This suggests that higher IGSF1 expression is regulated by these miRNAs with 
increasing age. The IGSF1 gene encodes an immunoglobulin superfamily glycoprotein of 
which the function and molecular mechanisms are not well defined yet (34). Previous 
studies suggested that the IGSF1 protein may inhibit the TGF-β and activin signalling 
pathways by interacting with type I receptors (34, 35). As IGSF1 is higher expressed with 
increasing age, the transcription of TGF-β- and activin-specific target genes might be 
negatively affected during ageing. The TGF-β pathway plays an important role in tissue 
repair and remodelling, and therefore the inhibition of this pathway may negatively affect 
the extracellular matrix protein production. Thus, our IGSF1 findings would be in line with 
the previous observation of reduced airway wall thickness with ageing (6). So far, the 
proposed correlations have not been experimentally validated (36). 

The genes with lower expression levels with increasing age were mainly involved in 
DNA damage and repair, cell cycle regulation and the immune system. These processes and 
pathways are linked to three of the hallmarks of ageing, i.e. genomic instability, cellular 
senescence and altered intercellular communication (4). Furthermore, the top-3 genes with 
the most significantly decreased expression levels with increasing age, i.e. TIMELESS, 
BRIP1 and KNTC1, were enriched in the processes/pathways DNA damage and repair, 
and/or cell cycle regulation. TIMELESS mediates DNA repair by binding to PARP1 that is 
involved in various DNA repair pathways and in maintaining genomic instability (37, 38). 
BRIP1 is a DNA helicase and has been reported to be involved in double-strand break 
repair by interacting with BRCA1 (39). In addition to DNA repair, the interaction between 
BRIP1 and BRCA1 is involved in DNA damage–induced checkpoint control during the G2 
to M phase transition (40). KNTC1 is a mitotic checkpoint regulator that checks whether 
the chromosomes are properly aligned during cell division (41). The decreased expression 
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levels of TIMELESS, BRIP1 and KNTC1 may thus contribute to the decline in DNA repair 
capacity during ageing. 

For the replication of the age-related gene expression changes we used our previously 
published lung tissue dataset (8). Despite differences in tissue origin and subject inclusion, 
we were able to replicate our findings for a substantial proportion of the genes, showing the 
robustness of our results. Several aspects might explain why not all genes could be 
replicated in the lung tissue dataset. For example, the cell composition and partly also the 
function of cells differ between bronchial biopsies derived from central airways and lung 
tissues derived from peripheral lung. Moreover, we only included bronchial biopsies from 
respiratory healthy subjects, while in the lung tissue dataset both patients with lung diseases 
and control subjects with normal lung function were included. One of the unique features of 
our study is that we used bronchial biopsies from respiratory healthy individuals 
(volunteers). This also brings us to the most important limitations, i.e. cross-sectional data, 
and availability of similar publicly available datasets for replication. As an alternative way 
of replication, we assessed the expression of six age-related miRNAs in lung tissue samples 
from 35 subjects with normal lung function with an age range of 42-82 years. We could not 
replicate the association with age for these miRNAs, as expression levels were quite 
variable in these samples and therefore power was limited (data not shown). Although our 
study showed negative correlations between the predicted and age-related target genes and 
the miRNAs within the same biopsies, additional experiments are required to show that 
these interactions can occur in relevant cell types present in the airways. 

In conclusion, we identified changes in the expression of several genes and miRNAs 
and several potential mRNA-miRNA interactions in the airways during normal ageing. The 
genes that were lower expressed with increasing age are part of processes and pathways 
involved in three main hallmarks of ageing, i.e. genomic instability, cellular senescence and 
altered intercellular communication. The genes that were higher expressed with increasing 
age are involved in synapse-related processes, thus possibly in innervation of the airways of 
which RIMS2 is potentially regulated by two age-related miRNAs miR-146b-5p and miR-
146a-5p. 
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SUPPLEMENTARY FIGURE 
 

 
Supplementary Figure 1. Top-3 higher and lower expressed genes and miRNAs with increasing age in 
bronchial biopsies. The correlation plots with age of the (A) genes and (B) miRNAs that had the lowest FDR 
adjusted p-values were made using unadjusted data. FDR adjusted p-values are shown in the graphs. 
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Chronic obstructive pulmonary disease (COPD) is a complex and incurable lung disease 
that is mainly caused by cigarette smoke, and other exposures like indoor cooking and air 
pollution (1). Because of its slow, long-term development COPD is mainly prevalent from 
middle age. Given the overlap between COPD and certain features of ageing it has been 
proposed as an ageing lung disease (2). With the age-shift in the population and high 
prevalence of smoking, the burden of COPD continues to increase (3). 

During normal ageing, lung function will decline in part due to extracellular matrix 
(ECM) changes which can contribute to thickening of the airway walls and loss of elasticity 
of alveolar septa (4, 5). Loss of proper ECM homeostasis is one of the ageing hallmarks 
that plays a role in COPD (6). However, in COPD ECM changes in general occur at an 
earlier age compared to normal ageing and result in the presence of emphysema in the 
peripheral parts of the lung with lack of repair and/or remodelling of the (small) airway 
walls (7). This abnormal repair and remodelling response in COPD is driven by the 
exposure to smoke resulting in chronic inflammation, extracellular matrix damage and 
hampered tissue repair (8). In the lung, fibroblasts are the principal cells that play an 
essential role in lung connective tissue homeostasis and their activity is mainly regulated by 
TGF-β as an external factor. As miRNAs are important intracellular regulators of cell 
function, these can be expected to also play a main regulatory role in fibroblasts in 
maintaining the homeostasis. 

In this thesis, we hypothesized that miRNAs with deregulated expression in lung 
fibroblasts, are crucial players in the impaired lung tissue repair and remodelling as 
observed in COPD. To explore this, we focused on miRNA expression changes in the lung. 
The effects of TGF-β as a main regulator and current smoking as a main pathogenetic 
factor were studied in fibroblasts. Comparisons were made between COPD derived 
fibroblasts and those from subjects with normal lung function. For these studies, we used 
primary parenchymal lung fibroblasts obtained from stage II, III and IV COPD patients and 
from non-COPD control subjects with a normal lung function. The non-COPD control 
subjects had a lung tumour but no other lung diseases. Stage IV COPD lung fibroblasts 
were derived from stage IV COPD patients undergoing lung transplantation surgery. The 
primary fibroblasts from stage II and III COPD patients, and non-COPD control subjects 
were isolated from parenchymal lung tissue located far away from the tumour. The non-
COPD control lung fibroblasts are referred to as control lung fibroblasts. 

Furthermore, the association of ageing with gene and miRNA expression and their 
interactions were investigated in bronchial biopsies from healthy individuals. 

 

TGF-β-regulated miRNA expression changes in lung fibroblasts 
TGF-β is a cytokine with multiple functions, which is involved in lung homeostasis, tissue 
repair and remodelling (9). It regulates the functionality of lung fibroblasts, the major 
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extracellular matrix (ECM) producers in the lung (10). We investigated the effect of TGF-β 
on miRNA expression profiles in peripheral lung fibroblasts. 

In chapters 2 and 3, we identified 21 and 49 miRNAs upregulated in control lung 
fibroblasts, using microarray (chapter 2) and small RNA sequencing (chapter 3), 
respectively. Sixteen of these miRNAs were upregulated in both studies (Figure 1A). The 
overlap between the miRNAs downregulated upon TGF-β treatment in control lung 
fibroblasts was limited to three miRNAs (Figure 1B). It is noticeable that we identified 
more TGF-β-regulated miRNAs using small RNA sequencing than in the microarray study. 
This difference might be explained by the larger group size for the small RNA sequencing 
(n=15) as compared to the microarray (n=9), which means more power in the small RNA 
sequencing analyses. Furthermore, the TGF-β stimulation was stronger in terms of 
concentration (3.1 ng/ml in chapter 2 versus 7.5 ng/ml in chapter 3). Another possible 
explanation might be that the microarray data are less quantitative as compared to small 
RNA sequencing to detect these differences (11). Finally, the microarray contained probe 
sets for 847 human miRNAs, whereas with small RNA sequencing we analysed the 
expression of all 2,588 human miRNAs. After filtering, we ended up with more miRNAs in 
small RNA sequencing compared to microarray that were included in the analyses (349 
miRNAs from the small RNA sequencing versus 205 miRNAs from the microarray).   

Subsequently, we have focussed on miR-455-3p (chapter 2), miR-21-3p (chapter 2) 
and miR-27a-5p (chapter 3), which were all three significantly upregulated upon TGF-β 
stimulation in both studies (Figure 1A). We performed Ago2-IP to identify the genes 
targeted by miRNAs (miRNA-targetomes) in TGF-β stimulated and unstimulated control 
lung fibroblasts. Ago2-RIP-Chip is an unbiased genome-wide approach for capturing 
Ago2-miRNA-mRNA complexes and thereby identifying all miRNA target genes in a 
specific cell population. For miR-455-3p and miR-21-3p we identified TGF-β and Wnt 
signalling pathway related target genes (i.e. NGF, DLD, HHEX) to be more enriched in the 
Ago2-IP after TGF-β stimulation. This is of interest as both signalling pathways are 
involved in tissue repair and remodelling by regulating ECM production amongst others 
(12-14). Our findings suggest that these two miRNAs might fine tune tissue homeostasis, 
repair and remodelling in the lung. To provide further evidence on how these three target 
genes are involved in these signalling pathways in lung fibroblasts, we should establish the 
functional consequences induced by modulation of the miRNAs and their target genes. 
Such experiments may include inhibition of the miRNAs and/or overexpressing of the 
target genes and assessing potential effects on well-known TGF-β-induced genes, e.g. FN1, 
COL1A1 and α-SMA (15), and Wnt target genes, e.g. GREMLIN2, HOXB3 and AXIN2 (16). 

The IP-enriched miR-27a-5p target genes (i.e. NR6A1 and PRDM1) are involved in 
negative regulation of transcription. Future studies should include confirmation of direct 
targeting of miR-27a-5p to their transcripts in lung fibroblasts. As a next step, we could 
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establish which genes are repressed by NR6A1 and PRDM1 in lung fibroblasts and 
subsequently elucidate their role in tissue repair and remodelling. 

Another TGF-β-induced miRNA that was identified in both studies was miR-503-5p. 
In chapter 2, we were not able to validate the TGF-β-induced upregulation of miR-503-5p 
using RT-qPCR, which may be explained by lack of specificity of the specific assay for this 
miRNA. The upregulation of this miRNA was confirmed in chapter 3 by small RNA 
sequencing. A previous study showed that miR-503-5p regulates VEGF protein expression 
in lung fibroblasts by targeting the VEGF transcript (17). Seemingly contradictory, TGF-β 
was previously shown to upregulate VEGF gene expression in MRC-5 fibroblasts (18). An 
explanation may be that miR-503 induction by TGF-β provides a negative feedback 
mechanism to control VEGF production in lung fibroblasts. 

 

 
Figure 1. Overlap of TGF-β-regulated miRNAs in lung fibroblasts between chapter 2 and 3. The TGF-β-
regulated miRNAs in lung fibroblasts were identified using microarray (chapter 2) and small RNA sequencing 
(chapter 3). A) Overlap of upregulated miRNAs upon TGF-β stimulation. B) Overlap of downregulated miRNAs 
upon TGF-β stimulation. 
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In chapter 3, we have also identified TGF-β-regulated miRNAs (33 up- and 13 
downregulated) in COPD lung fibroblasts. The TGF-β effect in COPD lung fibroblasts was 
less pronounced than in control lung fibroblasts (46 versus 86 differentially expressed 
miRNAs, respectively). Based on this difference, we speculate that COPD lung fibroblasts 
are less or differently responsive to TGF-β stimulation, possibly due to continuous 
exposure to high TGF-β levels (19). 

We next set out to identify miRNAs differentially regulated by TGF-β in COPD 
compared to control lung fibroblasts in chapter 3. We identified three miRNAs, miR-148b-
3p, miR-589-5p and miR-376b-3p, which responded significantly different to TGF-β in 
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COPD compared to control lung fibroblasts. Of these miRNAs, only miR-148b-3p was 
expressed at reasonable levels (>1,000 standardized reads) and therefore selected for 
further validation. MiR-148b-3p expression levels were decreased in control lung 
fibroblasts upon TGF-β stimulation, whereas no change was observed in COPD lung 
fibroblasts. This is in line with the speculation that COPD lung fibroblasts may be less 
responsive to TGF-β compared to control lung fibroblasts. 

The most IP-enriched predicted target gene of miR-148b-3p was HMGA2. MiR-148b-
3p may indirectly influence α-SMA expression via targeting this gene. HMGA2 is required 
for transcription of GATA6, which mediates TGF-β-induced upregulation of α-SMA 
expression (20, 21). Other targets of miR-148b-3p that were enriched in the miRNA-
targetome of control lung fibroblasts were mainly involved in the regulation of gene 
transcription. Further functional analysis of miR-148b-3p target genes should focus on 
possible associations with aberrant tissue repair and remodelling in COPD. It would for 
instance be interesting to directly investigate whether miR-148b-3p can influence the ECM 
production by overexpressing miR-148b-3p in lung fibroblasts. In addition, it is of interest 
to see how and whether this miRNA influences the activity of lung fibroblasts by 
measuring its effects in a collagen gel contraction assays. Lung fibroblasts contracting 
three-dimensional collagen gels is a commonly used model of tissue repair and remodelling 
(22). As miR-148b-3p regulates several genes related to regulation of gene transcription, 
further experiments should also focus on the identification of genes and pathways that are 
regulated by miR-148b-3p target genes. 

To explain the less pronounced TGF-β effect in COPD lung fibroblasts, it is of 
interest to check basal levels of TGF-β and the TGF-β receptors type I and type II in lung 
fibroblasts from COPD patients and non-COPD control subjects. In addition, it might be of 
interest to study the expression of factors required for the processing of the latent form of 
TGF-β into its active form, e.g. proteolysis and reactive oxygen species (9). 

A previous study showed that MMPs, including MMP-9, can activate TGF-β (23). 
Although it has been shown that MMP-9 is increased in emphysema (24), it is yet to be 
investigated whether MMP-9 expression and activity is different in COPD compared to 
control lung fibroblasts and its role in TGF-β activation. MiRNAs may also be involved in 
activating TGF-β by targeting factors that are involved in this process. MMP-9 for example 
is a direct target of let-7e (25). In addition, reactive oxygen species can also activate TGF-β; 
a previous study showed that superoxide dismutase and catalase reduced the TGF-β 
activation (26). 

It would also be interesting to investigate which other TGF-β regulating 
mechanisms/factors are different in COPD compared to control fibroblasts. One of the 
important mechanisms is the regulation by binding to and release of TGF-β by decorin, an 
important proteoglycan in the lung, also involved in collagen fiber stability (27, 28). In our 
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COPD compared to control lung fibroblasts. Of these miRNAs, only miR-148b-3p was 
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activation (26). 
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previous studies we found reduced peribronchial decorin in COPD in lung tissue (29) and 
also less decorin production by COPD lung fibroblasts (30, 31). 

 

Differential miRNA expression in COPD lung fibroblasts 
Different from the marked effect of TGF-β on miRNA expression, we found only one 
miRNA differentially expressed between COPD and control lung fibroblasts: higher miR-
660-5p levels in COPD (chapter 3). One of the reasons for not finding more differentially 
expressed miRNAs could be lack of power due to limited group sizes and high donor 
variability in primary cells. We may therefore need to expand the number of donors to 
study differentially expressed miRNAs in COPD. Another reason could be that differences 
are lost upon cell isolation and cell culture, which will be further discussed below. 

An interesting consequence of the increased miR-660-5p levels might be that this 
miRNA indirectly increases p53 protein levels, by targeting MDM2 (32, 33). Increased p53 
levels have been associated with emphysema (34, 35). The predicted targets of miR-660-5p 
that were enriched in the miRNA-targetome of lung fibroblasts were mainly involved in the 
regulation of gene transcription. Similar further studies as described above for miR-148b-
3p, should clarify whether and how this miRNA is involved in aberrant tissue repair and 
remodelling in COPD. 

 

Downregulation of miR-335-5p in lung fibroblasts from current 
smokers 
Apart from the effects of TGF-β on miRNA expression in fibroblasts, exposure to cigarette 
smoking may also have impact on miRNA expression. In chapter 4 we studied miRNA 
expression in control lung fibroblasts from current and ex-smokers. We found a lower miR-
335-5p expression in control lung fibroblasts from current smokers compared to ex-
smokers. This finding was replicated in lung tissue. We also found a lower miR-335-5p 
expression in bronchial biopsies from current smokers compared to never-smokers. It is 
remarkable that we do find differences in ex-vivo cultured fibroblasts, in which smoke 
exposure is not continued. One of the explanations of finding a difference in miRNA 
expression in control lung fibroblasts between current and ex-smokers could be smoking-
induced epigenetic modifications that remain even after stopping exposure to smoke. A 
previous study showed that tobacco-smoking can change the methylation pattern (36) and 
that these changes in DNA methylation may be reversible or permanent (36, 37). As miR-
335-5p expression was shown to be associated with aberrant hypermethylation in 
hepatocellular carcinoma (38), we investigated DNA methylation in the enhancer region of 
the miR-335 host gene in our cigarette smoke extract-treated control lung fibroblasts and in 
the replication set of lung tissues. In both cases, no differences in methylation of the tested 
enhancer were observed. Nevertheless, we cannot rule out that aberrant methylation has 
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occurred at other loci in the promoter region and impacted on miR-335-5p expression. 
Treatment of control lung fibroblasts from current smokers with 5-aza-2’-deoxycytidine 
revealed increased miR-335-5p levels (Figure 2). However, DNA hypomethylation by 5-
aza-2’-deoxycytidine is not specific for the miR-335-5p locus and might be an indirect 
effect of demethylation at other genomic loci. Thus, it is possible that there is an indirect 
(trans-)effect on miR-335-5p expression. The mechanism of regulation of miRNA 
expression by DNA methylation is supported by the presence of CpG rich sequences in the 
promoter regions in almost half of all miRNA genes (39, 40). Therefore, it would be 
interesting for future studies aiming to identify the effect of current smoking on miRNA 
expression and to analyze aberrant methylation. In addition, it would be worthwhile to 
correlate miRNA expression changes with aberrant methylation patterns. 
 

 

Figure 2. 5-aza-2’-deoxycytidine increased miR-335-5p expression in control lung fibroblasts from current 
smokers MiR-335-5p expression in control lung fibroblasts (n=3) of current smokers, treated with 1 μM 5-aza-2’-
deoxycytidine for 25 days (RT-qPCR). The data are presented as relative expression to RNU24 (2-ΔCp). 

 
In chapter 4, we only focused on DNA methylation. However, other epigenetic 

factors, including histone deacetylase (HDAC) and polycomb group proteins (PcG), have 
been reported to regulate miRNA expression as well (40, 41). Moreover, DNA methylation 
and histone modifications often cooperate to regulate miRNA expression (41). Thus, it 
would be of interest to study other epigenetic mechanisms, in addition to DNA methylation, 
in regulating miR-335-5p expression in lung fibroblasts from current and ex-smokers. 

Of note, information about the time since smoking cessation of ex-smoking donors in 
our study is not complete. Of the nine ex-smoking donors of lung fibroblasts, the time since 
smoking cessation of four donors is known (range: 0.5-20 years). This information is 
crucial as previously published epigenome-wide association studies in blood samples 
identified CpG sites whose methylation level reverts to the same level as never-smokers 
after smoking cessation (42). This reversibility of the methylation patterns is depended on 
the dose, the duration of smoking and of smoking cessation (42-44). It is plausible that the 
time since smoking cessation also influences the methylation pattern in lung fibroblasts, 
which subsequently may affect the expression of certain genes and miRNAs. The large 
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range of time since smoking cessation (minimally 20 years) may lead to a dispersion of the 
expression of certain miRNAs in lung fibroblasts from ex-smokers, which could also be the 
case for miR-335-5p. Moreover, the number of years after smoking cessation may also be a 
reason for the fact that we only observed a limited smoking status-related effect in our 
small RNA sequencing data. In addition to current smoking donors, it will be worthwhile to 
include never-smokers and multiple groups of ex-smoking donors of control lung 
fibroblasts based on years of smoking cessation and assess the correlation between miRNA 
expression profiles and DNA methylation patterns in these lung fibroblasts. 

We identified three miR-335-5p target genes (i.e. Rb1, CARF and SGK3) in our 
miRNA-targetome that were previously proven as direct targets using luciferase reporter 
assays. In bronchial biopsies, we observed a lower miR-335-5p and a slightly higher SGK3 
expression in current smokers compared to never-smokers. Additional studies are required 
to assess the function of miR-335-5p in lung fibroblasts through targeting these three and 
potentially other target genes. 

 

Studying COPD in primary parenchymal lung fibroblasts 

Chapters 2, 3 and 4 focused on miRNA expression changes in relatively large groups of 
well-characterized primary parenchymal lung fibroblasts from control subjects and COPD 
patients. The control subjects included in our studies were patients with a normal lung 
function undergoing lung surgery for a lung tumour. Left-over lung tissues located far away 
from the tumour were used for fibroblast isolation. Whether these lung tissues indeed 
represent normal tissue is to be questioned, but currently this is the best source of control 
lung fibroblasts that we have available. A recent study showed that the transcriptomic 
profile of histologically normal tissue located >2 cm away from the tumour was different 
from non-tumour-bearing tissue (45). However, these non-tumour-bearing tissues were 
derived from autopsies in subjects who may have passed away due to other diseases than 
cancer. Alternative options are left-over cells from lungs that are rejected for lung 
transplant or cells derived from post-mortem analysis. In both cases limited information is 
present regarding lung function and smoking history and it can be doubted whether these 
would be more “normal”. Another alternative is to use transbronchial biopsies that also 
contain parenchymal lung tissue to isolate lung fibroblasts (46), although the yield would 
be low and this method may lead to ethical discussions. 

In the studies presented in this thesis, we used parenchymal lung fibroblasts. Previous 
studies showed that the phenotype and function of parenchymal lung fibroblasts are 
different from airway fibroblasts (31, 47, 48). Therefore, our results only apply for the lung 
parenchyma. Given that COPD is characterized by a lack of repair in the lung parenchyma 
and excessive ECM deposition in the airway walls (27), it would be of interest to compare 
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miRNA expression profiles in parenchymal lung fibroblasts with those of airway 
fibroblasts from control subjects and COPD patients as well. 

The lung fibroblasts used in this thesis were isolated, cultured, stored in liquid 
nitrogen until further use (31), replenished and cultured until passage 5. It is possible that 
during this whole culturing process, expression levels of miRNAs might have changed and 
differences in expression levels might have disappeared. A previous study showed that 
culture conditions (i.e. cell density and passage) affect miRNA expression in primary lung 
fibroblasts (49). In our studies, lung fibroblasts were cultured till passage 5 to obtain 
enough number of cells for our experiments. MiRNA expression profiles in lung fibroblasts 
measured directly after isolation may be more representative of the actual expression 
profile. However, larger pieces of lung tissue will be needed to isolate enough cells and 
over time differences in cell culture conditions may influence the results. 

In our studies, the lung fibroblasts were cultured as monolayer. There are three-
dimensional (3D) culturing models, including decellularized lung scaffolds, available that 
may give complementary information as these better reflect the functional micro-
environment in vivo (50-54). It will thus be worthwhile to investigate the miRNA 
expression changes and the role of differentially expressed miRNAs in lung fibroblasts in 
3D culturing models. 
 

Using Ago2-RIP-Chip to identify miRNA target genes relevant in lung 
fibroblasts 
For each miRNA of interest, we used Ago2-IP data and predicted targets in TargetScan (55) 
to identify their target genes relevant in lung fibroblasts. For the Ago2-IP, we used TGF-β 
stimulated and unstimulated control lung fibroblasts from two control subjects. Initially, we 
planned to compare the miRNA-targetomes between all lung fibroblast groups (i.e. TGF-β 
vs no TGF-β, COPD vs controls, current vs ex-smokers). We started with Ago2-IP in lung 
fibroblasts from two control subjects and two COPD patients with and without TGF-β 
stimulation. In this experiment, we observed differences in the efficiency of the Ago2 
enrichment between the lung fibroblasts, in particular between the two COPD patients 
where COPD patient 1 showed an overall lower enrichment compared to COPD patient 2 
(Figure 3). With this experiment we learned that due to the heterogeneity between primary 
fibroblasts from different donors, the resulting miRNA-targetomes of COPD and control 
donors might lack consistency due to a main effect of donor heterogeneity and Ago2-IP 
efficiency. Therefore, we decided not to compare Ago2-IP on multiple COPD and control 
donors, but to use the Ago2-IP data from the two control subjects to define the top-1,500 
most enriched probes as the miRNA-targetome of parenchymal lung fibroblasts. 

Our Ago2-IP approach of identifying miRNA target genes is not specific for the 
miRNAs of interest. By overexpressing the miRNA of interest in lung fibroblasts and then 
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performing Ago2-IP (56), we could experimentally identify the target genes of a specific 
miRNA without partly relying on target gene prediction program. Other techniques that can 
be considered for target gene identification are high-throughput sequencing of RNA 
isolated by crosslinking immunoprecipitation (HITS-CLIP) and crosslinking, ligation, and 
sequencing of hybrids (CLASH) (57, 58). HITS-CLIP provides more detailed information 
on the miRNA binding site region and thus a more accurate prediction of the most likely 
miRNA that was bound to the target gene. By direct ligation of the miRNA binding site to 
the miRNA, CLASH provides exact information on which miRNA binds to which region 
of a target gene (58). 

 

 

Figure 3. IP/T ratio of the top-1,500 probes in COPD and control lung fibroblasts. Lung fibroblasts from two 
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nucleic acid modified miR-122 inhibitor for treating hepatitis C virus infection (62, 63). For 
miRNAs downregulated in COPD, miRNA mimics may be a putative therapeutic strategy 
(61). However, whether miRNA-based therapeutic strategies can be used for treating 
COPD in the future has yet to be determined. One factor complicating the selection of 
miRNA candidates is the poor overlap between differentially expressed miRNAs between 
studies (59, 64). So far, miR-660-5p has not been reported as differentially expressed in 
COPD other than in lung fibroblasts as discussed in chapter 3. Another limiting factor is 
that the function of candidate miRNAs and the functional consequences of aberrant miRNA 
expression in COPD are frequently not well characterized. This might lead to undesired 
side effects in lung fibroblasts or other cell types. Delivering the miRNA-based 
therapeutics to the correct cell type in the lung, for example to parenchymal lung fibroblasts, 
without being degraded or excreted before reaching their target cells, is also a big challenge 
(65). Moreover, as a miRNA can target multiple target genes, the use of miRNA-based 
therapeutics may induce many side effects. Studies investigating the functions of the 
miRNA candidates using in vitro as well as in vivo models are therefore crucial. Altogether, 
there is still a long road to go before reaching the stage of using miRNA-based therapeutics 
in the clinic for COPD. 

 

Effect of age on gene and miRNA expression changes and their 
interactions 
In chapter 5, we identified age-related genes and miRNAs in bronchial biopsies from 
healthy individuals. Genes with higher expression levels with age were shown to be 
involved in synapse-related processes. It would be of interest to investigate how the 
nervous system of the respiratory tract changes during ageing, as that is still poorly 
understood (66). Genes with lower expression levels with age were mainly involved in 
three ageing hallmarks, i.e. genomic instability, cellular senescence and altered intercellular 
communication. Of the identified age-related miRNAs, miR-146a-5p, miR-146b-5p and 
miR-142-5p showed lower expression levels with age. Moreover, predicted target genes of 
these miRNAs were enriched amongst genes with higher expression levels with age. Our 
further analyses showed that RIMS2, a gene expressed at higher levels with age, was 
negatively correlated with miR-146a-5p and miR-146b-5p. 

Our study was a cross-sectional study. When investigating ageing-related topics, such 
as age-related gene and miRNA expression changes, it would be worthwhile to perform a 
longitudinal study to obtain a more accurate picture of the age effect. An obvious downside 
of performing a longitudinal study for this goal and a disease like COPD is that the study 
probably would take up to decades to finish. In addition, the participants included in the 
study would need to undergo bronchoscopy multiple times. Considering such limitations, 
our study provides a good starting point for hypothesis generation which should be 
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confirmed in further studies. One of the strengths of our study is that we assessed the effect 
of age in respiratory healthy individuals. Thus, no other lung-related diseases interfered 
with the observed age-related gene and miRNA expression profiles. 
 

CONCLUSIONS 
In conclusion, in this thesis we identified miRNAs in primary parenchymal lung fibroblasts 
of which the expression levels were affected by TGF-β stimulation, presence of COPD and 
smoking status. New light has been shed on the possible role of these miRNAs in the 
function of lung fibroblasts, which play an important role in lung tissue homeostasis and 
tissue repair. Furthermore, we identified miRNA expression changes related to ageing in 
bronchial biopsies from healthy individuals. Linking of these data to gene expression 
changes associated with age was used to identify potential functionally relevant interaction. 
An overview of the most important miRNAs identified in our studies is shown in Figure 4. 

We found a strong TGF-β effect on miRNA expression in primary parenchymal lung 
fibroblasts from control subjects and COPD patients. There was a remarkably more 
pronounced TGF-β effect in the lung fibroblasts from control subjects compared to COPD 
patients, which may suggest that the TGF-β response is different in COPD lung fibroblasts. 
Next, we identified miR-148b-3p, miR-589-5p and miR-376b-3p to be differentially 
regulated by TGF-β in COPD compared to control lung fibroblasts. Furthermore, we 
identified miR-660-5p to be upregulated in COPD compared to control lung fibroblasts. In 
addition to TGF-β- and COPD-related miRNA expression changes, smoking status of 
subjects also affected expression levels of miRNAs. We identified miR-335-5p to be 
expressed at lower levels in current smokers compared to ex-smokers. Our studies suggest 
that the identified differentially expressed miRNAs may affect the function of lung 
fibroblasts, including their function in tissue repair and remodelling. 

In the airways of healthy individuals, we identified genes and miRNAs that were 
related to ageing. Genes with lower expression with ageing were involved in hallmarks of 
ageing. Genes with higher expression with ageing were involved in synapse-related 
processes, of which RIMS2 may be targeted by miR-146a-5p and miR-146b-5p, two 
miRNAs with lower expression with age. 

Altogether, these studies provide a good stepping stone for further studies aiming to 
clarify the complex role of these miRNAs in relation to abnormal tissue repair in COPD 
and ageing. 
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Figure 4. Overview of miRNA expression changes induced by different for COPD relevant factors identified 
in this thesis. 
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NEDERLANDSE SAMENVATTING VOOR NIET-INGEWIJDEN 
 
Patiënten met de chronische obstructieve longziekte COPD hebben moeite met ademhalen 
door afwijkingen aan de longen. Deze chronische longaandoening is tot op heden 
ongeneeslijk en de huidige behandeling is met name gericht op het bestrijden van de 
symptomen. Beter inzicht in de onderliggende ziektemechanismen van COPD is dus nodig 
voor het ontwikkelen van nieuwe geneesmiddelen. In westerse landen wordt COPD 
voornamelijk veroorzaakt door blootstelling aan sigarettenrook. Bij de meerderheid van de 
patiënten treden de klachten pas op vanaf ongeveer 50 jaar door de lange 
ontwikkelingsduur van de ziekte. Bovendien zijn er veel overeenkomsten aangetoond 
tussen veranderingen die optreden in de longen op oudere leeftijd en bij COPD patiënten, 
maar dan op relatief jongere leeftijd. De verwachting is dan ook dat het aantal COPD 
patiënten wereldwijd in de komende jaren verder zal toenemen als gevolg van de nog 
steeds hoge prevalentie van rokende individuen en de vergrijzende bevolking in veel landen. 

Tijdens normale veroudering zal de longfunctie geleidelijk achteruitgaan o.a. door 
veranderingen in het bindweefsel en de verminderde capaciteit tot weefselherstel. Deze 
veranderingen kunnen bijdragen aan de verdikking van de luchtwegwand en aan de 
verminderde elasticiteit van longblaasjes. Veranderingen van bindweefsel homeostase en 
verminderde weefselherstel zijn kenmerken van veroudering die ook een rol spelen bij 
COPD. Echter, bij COPD komen de veranderingen in het bindweefsel over het algemeen op 
een vroegere leeftijd en in sterkere mate voor dan bij normale veroudering. 

De pathologische veranderingen in de longen van een COPD patiënt worden 
gekenmerkt door longemfyseem en/of door chronische bronchitis. Bij longemfyseem is er 
sprake van afbraak van de longblaasjes en gebrek aan weefselherstel. Dit in tegenstelling 
tot chronische bronchitis waarbij er sprake is van fibrosering of verlittekening van de 
(kleine) luchtwegwand met een ongeremde weefselherstelreactie en overmatige 
slijmproductie. Deze abnormale weefselherstelreactie in COPD wordt veroorzaakt door 
blootstelling aan o.a. sigarettenrook. Deze blootstelling leidt tot een chronische 
ontstekingsreactie in de luchtwegen en de longblaasjes wat resulteert in schade aan het 
bindweefsel en verstoord weefselherstel van de longen. Longfibroblasten spelen een 
essentiële rol in de bindweefsel homeostase. Deze cellen zijn de belangrijkste cellen in 
weefselherstel en dit doen ze door o.a. matrixeiwitten te produceren. De functie van 
longfibroblasten wordt voornamelijk gereguleerd door de groeifactor transforming growth 
factor beta (TGF-β). 

Cellulaire activiteit wordt ook gereguleerd door microRNAs (miRNAs). Deze kleine 
niet-coderende RNA moleculen kunnen de productie van nieuwe eiwitten remmen door te 
binden aan de RNA transcripten van genen. Om te binden aan deze zogenoemde 
targetgentranscripten, worden de miRNAs geïncorporeerd in het eiwitcomplex genaamd 
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RNA induced silencing complex (RISC), waarin argonaute (Ago) eiwitten een belangrijke 
rol spelen (Figuur 1). Het miRNA/RISC complex bindt aan de targetgentranscripten op 
basis van homologie met de miRNA sequentie. Dit leidt vervolgens tot afbraak van het 
targetgentranscript of het remmen van de eiwitproductie. Op deze manier kunnen miRNAs 
de processen van cellen, inclusief longfibroblasten, beïnvloeden. Het is dus aannemelijk dat 
miRNAs in longfibroblasten betrokken zijn bij de regulatie van de bindweefsel homeostase. 

 

Figuur 1. MiRNA biogenese (aangepast van een figuur gemaakt door N Teteloshvili (The role of microRNAs in 
T cell activation and ageing: University of Groningen; Thesis 2016)). In de kern van de cel worden de DNA-
gedeeltes die coderen voor miRNAs afgelezen door RNA polymerase II (RNA Pol II) en vormen zo de primaire 
miRNA-structuren (pri-miRNAs). De DiGeorge syndrome Critical Region 8 (DGCR8)-Drosha complex zet de pri-
miRNAs om in precursor miRNAs (pre-miRNAs), welke vervolgens worden getransporteerd naar het cytoplasma 
door exportin-5. Daarna knipt de Transactivation Responsive RNA-Binding Protein (TRBP)-Dicer complex de 
pre-miRNAs wat resulteert in miRNA-duplexen. Een streng van het miRNA-duplex wordt opgenomen in het 
RNA-induced silencing complex (RISC) dat argonaute (Ago) eiwitten bevat. De opgenomen miRNAs leiden de 
RISC complex naar hun targetgentranscripten. Vervolgens kunnen miRNAs de hoeveelheid eiwitten beïnvloeden 
door de translatie naar het eiwit te remmen of door de targetgentranscripten af te breken. 

 
De hypothese van het onderzoek in dit proefschrift was dat een verstoorde regulatie 

van de hoeveelheid miRNAs in longfibroblasten een cruciale rol speelt in de afwijkende 
longweefselherstelreactie in COPD patiënten. Om dit uit te onderzoeken, hebben we ons 
gericht op veranderingen in de hoeveelheid miRNAs in de long. We hebben de hoeveelheid 
miRNAs vergeleken in 1) longfibroblasten die wel en niet met TGF-β gestimuleerd waren, 
2) tussen longfibroblasten van COPD patiënten en van controles, en 3) tussen 
longfibroblasten van actieve rokers en ex-rokers. Hiervoor hebben we longfibroblasten 
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geïsoleerd uit het perifere longweefsel, waaronder de longblaasjes, van stadium II, III en IV 
COPD patiënten en van controle individuen die een normale longfunctie hadden. De 
controle longfibroblasten waren afkomstig van individuen die longtumor hadden, maar 
verder geen aanwijzingen hadden voor andere longziekten. Deze longfibroblasten werden 
geïsoleerd uit het perifere longweefsel ver van de longtumor vandaan. 

Daarnaast hebben we onderzocht welke genen en miRNAs betrokken zijn bij 
longveroudering. Dit hebben we gedaan in luchtwegbiopten van gezonde vrijwilligers. 
 

Veranderingen in de hoeveelheid miRNAs in longfibroblasten onder 
invloed door TGF-β 
TGF-β speelt een belangrijke rol bij bindweefsel homeostase en weefselherstel, o.a. door de 
functie van longfibroblasten te reguleren. In hoofdstuk 2 en 3 beschreven we het effect van 
TGF-β stimulatie op de hoeveelheid miRNAs in controle longfibroblasten. In deze 
hoofdstukken hebben we de hoeveelheid miRNAs vergeleken tussen longfibroblasten van 
controle individuen die wel of niet gestimuleerd waren met TGF-β met behulp van twee 
verschillende technieken, te weten microarray (hoofdstuk 2) en small RNA sequencen 
(hoofdstuk 3). We hebben aangetoond dat TGF-β de heoveelheid van veel miRNAs 
beïnvloedt; 29 miRNAs in hoofdstuk 2 en 86 miRNAs in hoofdstuk 3. Negentien miRNAs 
vonden we in beide studies, waaronder miR-455-3p, miR-21-3p en miR-27a-5p. De 
hoeveelheid van deze drie miRNAs nam toe in longfibroblasten na TGF-β stimulatie. 
Vervolgens hebben we aan de hand van Ago2-RNA immunoprecipitatie (Ago2-IP) en 
vervolgens met genexpressie profilering onderzocht welke genen door miRNAs worden 
beïnvloed, ofwel ‘getarget’, in longfibroblasten van twee controle individuen. Met deze 
technieken worden alle celtype-specifieke miRNA-targetgenen geïdentificeerd. Deze set 
van genen noemen we het miRNA-targetoom. 

We hebben in totaal 964 en 945 genen geïdentificeerd als het miRNA-targetoom van, 
respectievelijk, ongestimuleerde en TGF-β-gestimuleerde longfibroblasten. Verschillende 
beschikbare voorspellingsprogramma’s, waaronder TargetScan, kunnen voor specifieke 
miRNAs voorspellen welke genen ze mogelijk zouden kunnen binden. Voor miR-455-3p, 
miR-21-3p en miR-27a-5p die beïnvloed werden door TGF-β, hebben we de door 
TargetScan voorspelde targetgenen geïdentificeerd in het miRNA-targetoom. Uit onze 
vervolganalyse is gebleken dat de voorspelde targetgenen van miR-455-3p en miR-21-3p, 
waaronder NGF, DLD, HHEX, een rol spelen in TGF-β en/of Wnt signalering. Dit 
suggereert dat deze TGF-β-gereguleerde miRNAs in longfibroblasten de bindweefsel 
homeostase en het longweefselherstel kunnen beïnvloeden en op die manier kunnen 
bijdragen aan longziekten. 
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Verschillende invloed van TGF-β op de hoeveelheid miRNAs in COPD 
vergeleken met controle longfibroblasten 
Naast het bestuderen van het TGF-β effect op de hoeveelheid miRNAs in controle 
longfibroblasten, hebben we in hoofdstuk 3 ook het TGF-β effect onderzocht in 
longfibroblasten geïsoleerd uit perifere longweefsel van 15 patiënten met zeer ernstige 
COPD (stadium IV). We vonden in totaal 46 TGF-β-gereguleerde miRNAs. 

Vervolgens hebben we onderzocht of longfibroblasten van COPD patiënten anders 
reageren op TGF-β dan longfibroblasten van controle individuen met betrekking tot de 
hoeveelheid miRNAs. We lieten zien dat miR-148b-3p, miR-589-5p en miR-376b-3p 
anders werden beïnvloed door TGF-β in COPD vergeleken met controle longfibroblasten. 
MiR-148b-3p was geselecteerd voor vervolganalyse vanwege de hoge hoeveelheid in de 
longfibroblasten. Het aantal miR-148b-3p moleculen was afgenomen door TGF-β in 
controle longfibroblasten, terwijl er geen verandering was in COPD longfibroblasten na 
TGF-β stimulatie. Eén van de voorspelde targetgenen van miR-148b-3p die ook gevonden 
was in het miRNA-targetoom van longfibroblasten is HMGA2. MiR-148b-3p zou via het 
reguleren van dit targetgen de bekende TGF-β-geïnduceerde toename van α-SMA indirect 
kunnen beïnvloeden. 
 

Verschil in de hoeveelheid miRNAs in COPD longfibroblasten 
In tegenstelling tot het duidelijke effect van TGF-β op de hoeveelheid miRNAs, was er 
maar één miRNA waarvan de hoeveelheid verschilde in COPD vergeleken met controle 
longfibroblasten (hoofdstuk 3). De hoeveelheid miR-660-5p was significant hoger in 
COPD longfibroblasten. Uit eerder onderzoek is gebleken dat MDM2 een direct targetgen 
is van miR-660-5p. Dit gen was ook aanwezig in het miRNA-targetoom van 
longfibroblasten van één van de twee controle individuen. MDM2 is betrokken bij de 
afbraak van p53 eiwit. De miR-660-5p-gereguleerde afname van de hoeveelheid MDM2 
zou de celdeling en motiliteit van longfibroblasten kunnen beïnvloeden door het toenemen 
van de hoeveelheid p53 eiwit. De toename van p53 eiwit was in een eerdere studie ook 
gerelateerd aan longemfyseem. Deze toegenomen hoeveelheid miR-660-5p in COPD 
longfibroblasten zou dus één van de onderliggende mechanismen kunnen zijn van het 
verstoorde weefselherstel in COPD patiënten. 
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Verlaagde hoeveelheid van miR-335-5p in longfibroblasten van actieve 
rokers 
Naast effecten van TGF-β op de hoeveelheid miRNAs in longfibroblasten, zou 
sigarettenrook ook de hoeveelheid miRNAs kunnen beïnvloeden. In hoofdstuk 4 
vergeleken we de hoeveelheid miRNAs in controle longfibroblasten van actieve rokers met 
die van ex-rokers. We hebben aangetoond dat de hoeveelheid van miR-335-5p afgenomen 
was in controle longfibroblasten van actieve rokers. Deze afgenomen hoeveelheid zagen we 
ook in longweefsel van actieve rokers vergeleken met dat van ex-rokers. Daarnaast was de 
hoeveelheid miR-335-5p ook afgenomen in luchtwegbiopten van gezonde vrijwilligers die 
actief roken vergeleken met die van vrijwilligers die nooit hebben gerookt. In een eerdere 
studie werd gevonden dat de hoeveelheid miR-335-5p in leverkanker geassocieerd was met 
een afwijkende regulatie van het gastheergen van miR-335-5p. Echter, we vonden in onze 
studie geen verschil in deze genregulatie in longweefsel van actieve rokers vergeleken met 
dat van ex-rokers. Vervolgens hebben we in de miRNA-targetoom van longfibroblasten de 
targetgenen Rb1, CARF en SGK3 gevonden die in eerdere studies bewezen waren directe 
targetgenen van miR-335-5p te zijn. Onze studie suggereert dat de afgenomen hoeveelheid 
van miR-335-5p door actief roken de functie van longfibroblasten zou kunnen beïnvloeden 
via Rb1, CARF en SGK3. 

 

Het effect van veroudering op veranderingen in de hoeveelheid genen 
en miRNAs, en hun interacties 
Hoofdstuk 5 hebben we de veroudering-geassocieerde veranderingen in de hoeveelheid 
genen en miRNAs in de luchtwegen van gezonde individuen bestudeerd. In totaal was de 
verandering in 285 genen gerelateerd aan toenemende leeftijd in luchtwegbiopten. Een deel 
van de genen die een verhoogde hoeveelheid lieten zien met toenemende leeftijd waren 
betrokken in synaps-gerelateerde processen. Een deel van de genen die met toenemende 
leeftijd een verlaagde hoeveelheid lieten zien, waren vooral betrokken in celcyclus 
regulatie, het immuunsysteem en DNA schade en herstel. Daarnaast vonden we 27 
miRNAs waarvan de veranderingen in hoeveelheid gerelateerd waren aan toenemende 
leeftijd. De hoeveelheid van miR-146a-5p, miR-146b-5p en miR-142-5p was verlaagd met 
toenemende leeftijd. Hun voorspelde targetgenen die in onze studie een verhoogde 
hoeveelheid lieten zien met toenemende leeftijd, waren significant verrijkt. Van deze 
targetgenen was RIMS2 negatief gecorreleerd met miR-146a-5p en miR-146b-5p. Onze 
studie liet zien dat de genen die een verlaagde hoeveelheid lieten zien met leeftijd 
betrokken zijn bij verschillende kenmerken van veroudering zoals genomische instabiliteit 
en veranderde intercellulaire communicatie. Daarnaast liet onze studie zien dat de genen 
die een verhoogde hoeveelheid lieten zien met toenemende leeftijd een rol spelen in 
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synaps-gerelateerde processen, waarvan de hoeveelheid RIMS2 mogelijk door twee 
veroudering-geassocieerde miRNAs reguleerd wordt. 

 

Conclusie 
Concluderend zijn in dit proefschrift 106 miRNAs geïdentificeerd waarvan de hoeveelheid 
beïnvloed werd door TGF-β stimulatie van longfibroblasten COPD patiënten en/of van 
controle individuen. Hiervan werden miR-148b-3p, miR-589-5p en miR-376b-3p anders 
beïnvloed door TGF-β in COPD vergeleken met controle longfibroblasten. Daarnaast is een 
verhoogde hoeveelheid miR-660-5p gevonden in longfibroblasten van COPD vergeleken 
met die van controle longfibroblasten en een verlaagde hoeveelheid miR-335-5p in 
longfibroblasten van actieve rokers vergeleken met die van ex-rokers. De studies in dit 
proefschrift hebben nieuwe inzichten gegeven in de mogelijke rol van deze miRNAs in het 
functioneren van longfibroblasten, door longfibroblast-specifieke targetgenen te 
identificeren. Verder zijn veranderingen in hoeveelheid miRNAs gevonden in 
luchtwegbiopten van gezonde vrijwilligers die gerelateerd waren met toenemende leeftijd. 
Door deze resultaten te koppelen aan de veranderingen in hoeveelheid genen die 
geassocieeerd waren met veroudering, hebben we potentiële interacties tussen miRNAs en 
genen relevant voor het verouderingsproces kunnen identificeren. De resultaten van studies 
in dit proefschrift vormen een goede basis voor toekomstig onderzoek gericht op het verder 
ophelderen van de complexe rol van miRNAs in relatie tot abnormale weefselherstel en 
veroudering in COPD. 
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中文概述 （CHINESE SUMMARY） 
 

慢性阻塞性肺病（COPD）患者因肺部异常而呼吸困难。这种慢性肺病

目前无法治愈，目前的治疗只能缓解症状。因此，开发新药需要更好

地了解慢性阻塞性肺病的基本机制。在西方国家，慢性阻塞性肺病主

要是由吸烟引起的。在大多数患者中，由于疾病的发展时间较长，症

状发生在 50 岁左右。此外，已经证明了在年老时和慢性阻塞性肺病患

者肺部发生的变化，以及相对年轻的年龄发生的变化之间的许多相似

之处。因此，由于许多国家中吸烟人群和老龄化人口的高发生率，预

计未来几年世界范围内的慢性阻塞性肺病患者数量将进一步增加。 

在正常衰老过程中，由于结缔组织的变化和组织修复能力的降低，

肺功能将逐渐下降。这些变化可导致气道壁增厚和肺泡弹性降低。组

织内稳态的变化和组织修复能力的下降是衰老的特征，也是慢性阻塞

性肺病的一个原因。然而，与正常的衰老相比，慢性阻塞性肺病中结

缔组织的变化通常发生在更早的年龄和更大的程度上。 

COPD 患者肺部的病理变化以肺气肿和/或慢性支气管炎为特征。

肺气肿时，肺泡破裂，组织修复缺乏。与慢性支气管炎不同的是，慢

性支气管炎的气道壁（小）出现纤维化或瘢痕，伴随无节制的组织修

复反应和粘液分泌过多。COPD 的这种异常组织修复反应是由于香烟烟

雾暴露等引起的。这种暴露导致呼吸道和肺泡的慢性炎症反应，导致

结缔组织损伤和肺组织修复中断。肺成纤维细胞在组织内稳态中起着

重要作用。这些细胞是组织修复中最重要的细胞，它们通过产生基质

蛋白等来实现这一点。肺成纤维细胞的功能主要受转化生长因子 β

（TGF-β）调节。 

细胞活性也受微小 RNAs（miRNAs）的调节。这些小的非编码

RNA 分子可以通过与基因的 RNA 转录物结合来抑制新蛋白的产生。为

了与这些所谓的靶基因转录物结合，miRNA 被整合到被称为 RNA 诱导

沉默复合物（RISC）的蛋白复合物中，其中，argonaute（ago）蛋白起

着重要作用。基于与 miRNA 序列的同源性，miRNA-RISC 复合物与靶
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基因转录物结合。这会导致目标基因转录物的降解或抑制蛋白质的产

生。这样，miRNA 可以影响包括肺成纤维细胞在内的细胞过程。因此，

肺成纤维细胞中的 miRNA 参与组织内稳态的调节是合理的。 

在本论文中，我们假定肺成纤维细胞中表达不受控制的 miRNAs

在受损肺组织修复和重塑中起着关键作用，正如在慢性阻塞性肺病

（COPD）中观察到的一样。为了探索这一点，我们重点研究了肺中的

miRNAs 表达变化。研究了 TGF-β 作为主要调节因子和当前吸烟作为主

要致病因子对成纤维细胞的影响。比较了 COPD 患者来源的成纤维细

胞和肺功能正常者的成纤维细胞。在这些研究中，我们采用了从 II、

III 和 IV 期 COPD 患者和肺功能正常的非 COPD 对照受试者获得的原代

实质性肺成纤维细胞。非 COPD 对照受试者有肺部肿瘤，但无其他肺

部疾病。IV 期 COPD 肺成纤维细胞来源于接受肺移植手术的第 IV 期

COPD 患者。从远离肿瘤的实质性肺组织中分离出 II 期和 III 期 COPD

患者和非 COPD 对照组的原代成纤维细胞。非 COPD 对照肺成纤维细

胞称为对照肺成纤维细胞。此外，研究了健康人支气管活检中与衰老

相关的基因和 miRNAs 表达的关系及其相互作用。 
 

肺成纤维细胞中 TGF-β调节的 miRNAs 表达变化 

TGF-β 通过调节肺成纤维细胞的功能，在组织内稳态和组织修复等方

面发挥重要作用。在第 2 章和第 3 章中，我们描述了 TGF-β 刺激对对

照肺成纤维细胞中 miRNAs 表达的影响。在这些章节中，我们使用两

种不同的技术，即微阵列技术（第 2 章）和 miRNAs 测序技术（第 3

章），比较了对照个体未受刺激的和 TGF-β 刺激的肺成纤维细胞之间

的 miRNAs 表达情况。我们已经证明 TGF-β可以影响许多 miRNAs 的表

达；其中，第 2 章有 29 个 miRNAs，第 3 章有 86 个 miRNAs。在这两项

研究中，有 19 个 miRNAs 是重合的，包括 miR-455-3p、miR-21-3p 和

miR-27a-5p。在 TGF-β 刺激后，这 3 个 miRNAs 在肺成纤维细胞中的表

达增加。接下来，我们采用 Ago2-RNA 免疫沉淀（Ago2-IP）获得的基

因表达谱研究了在两个对照个体的肺成纤维细胞中哪些基因受到影响
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中文概述 （CHINESE SUMMARY） 
 

慢性阻塞性肺病（COPD）患者因肺部异常而呼吸困难。这种慢性肺病
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了与这些所谓的靶基因转录物结合，miRNA 被整合到被称为 RNA 诱导

沉默复合物（RISC）的蛋白复合物中，其中，argonaute（ago）蛋白起

着重要作用。基于与 miRNA 序列的同源性，miRNA-RISC 复合物与靶
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达；其中，第 2 章有 29 个 miRNAs，第 3 章有 86 个 miRNAs。在这两项

研究中，有 19 个 miRNAs 是重合的，包括 miR-455-3p、miR-21-3p 和

miR-27a-5p。在 TGF-β 刺激后，这 3 个 miRNAs 在肺成纤维细胞中的表

达增加。接下来，我们采用 Ago2-RNA 免疫沉淀（Ago2-IP）获得的基
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或者说是被 miRNAs 所“靶向”。利用这些技术，所有细胞型特异性

miRNA 靶基因都被鉴定出来。我们把这组基因命名为 miRNA 靶向体。 

我们分别鉴定了 964 个未受 TGF-β刺激和 945 个受 TGF-β刺激肺成

纤维细胞的基因作为 miRNA 靶点。各种可用的预测程序包括

TargetScan，都可以预测特定的 miRNA 及这些 miRNA 可能潜在的结合

哪些基因。对于受 TGF-β影响的 miR-455-3p、miR-21-3p 和 miR-27a-5p，

我们确定了 TargetScan 预测的靶基因。我们的随访分析表明，包括

NGF、DLD、HHEX 在内的 miR-455-3p 和 miR-21-3p 的预测靶基因在

TGF-β 和/或 Wnt 信号通路中起的作用。这表明在肺成纤维细胞中，这

些 TGF-β调节的 miRNAs 可以影响组织内稳态和肺组织修复，从而导致

肺部疾病。 
 

与对照肺成纤维细胞相比，COPD 中 TGF-β对 miRNA 表达的差异调节 

在第 3 章中，我们还研究了 TGF-β对 15 例 COPD 患者肺成纤维细胞中

miRNA 表达的影响。我们鉴定了 46 个 TGF-β 调节的 miRNAs。接下来，

我们将在第 3 章中确定与对照肺成纤维细胞相比，COPD 中 TGF-β调节

的 miRNAs 差异。我们鉴定了三种 miRNAs，即 miR-148b-3p、miR-589-

5p 和 miR-376b-3p，与对照组肺成纤维细胞相比，它们对 COPD 中 TGF-

β 的反应显著不同。在这些 miRNAs 中，只有 miR-148b-3p 的表达处于

合理的水平（>1000 个标准读数），因此被选择用于进一步验证。在

TGF-β 刺激下，对照肺成纤维细胞中的 miR-148b-3p 表达水平降低，而

在 COPD 肺成纤维细胞中没有观察到变化。这符合以下推测：与对照

肺成纤维细胞相比，COPD 肺成纤维细胞对 TGF-β的反应可能较低。在

肺成纤维细胞的 miRNA 靶点中也发现一个预测的 miR-148b-3p 靶基因

是 HMGA2。miR-148b-3p 可通过调控靶基因间接影响已知的 TGF-β诱导

α-SMA增加。 
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COPD 肺成纤维细胞中的差异性 miRNA 表达 

与 TGF-β 对 miRNA 表达的显著影响不同，我们发现在 COPD 和对照肺

成纤维细胞之间只有一种 miRNA 的差异表达：COPD 中 miR-660-5p 的

表达水平更高（第 3 章）。以往的研究表明，MDM2是 miR-660-5p 的直

接靶基因，该基因也存在于两个对照个体之一的肺成纤维细胞的

miRNA 靶基因中。MDM2 参与 p53 蛋白的分解。miR-660-5p 调节的

MDM2 表达下降可能通过增加 p53 蛋白的含量来影响肺成纤维细胞的

细胞分裂和运动。p53 蛋白水平的上升也与之前研究显示的肺气肿有关。

因此，miR-660-5p 在 COPD 肺成纤维细胞中的表达升高可能是 COPD 患

者组织修复受损的潜在机制之一。 
 

当前吸烟者肺成纤维细胞中 miR-335-5p 的下调 

除了 TGF-β 对成纤维细胞中 miRNA 表达的影响外，吸烟也可能影响

miRNA 的表达。在第 4 章中，我们研究了当前吸烟者和前吸烟者的肺

成纤维细胞中 miRNA 的表达情况。我们发现，来自当前吸烟者的对照

肺成纤维细胞中的 miR-335-5p 表达较前吸烟者低。这一结果在肺组织

中重复出现。我们还发现，当前吸烟者的支气管活检中，与从不吸烟

者相比，miR-335-5p 的表达更低。由于 miR-335-5p 的表达与肝细胞癌异

常高甲基化有关，我们研究了在香烟烟雾暴露处理的对照肺成纤维细

胞以及肺组织重复细胞中 miR-335 宿主基因增强子区 DNA 的甲基化情

况。在这两种情况下，未观察到被测增强子甲基化的差异。接下来，

我们在我们的 miRNA 靶组中鉴定了 miR-335-5p 的三个靶基因，即 Rb1、

CARF和 SGK3，这些 miRNA 靶组之前被证明是使用荧光素酶报告分析

的直接靶基因。在支气管活检中，我们观察到与从不吸烟者相比，当

前吸烟者的 miR-335-5p 更低及 SGK3表达略高。 
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年龄对基因和小 RNA 表达变化及其相互作用的影响 

在第 5 章中，我们从健康人的支气管活检样本中鉴定了与年龄相关的

基因和 miRNAs。我们发现 285 个年龄相关基因和 27 个年龄相关

miRNAs。随着年龄的增长，高表达水平的基因参与了突触相关过程；

表达水平较低的基因主要参与三个衰老特征，即基因组不稳定、细胞

衰老和细胞间通讯的改变。在已鉴定的年龄相关的 miRNAs 中，随着

年龄的增长，miR-146a-5p、miR-146b-5p 和 miR-142-5p 的表达水平降低。

此外，随着年龄的增长，这些 miRNAs 的预测靶基因富集在更高表达

水平的基因中。我们的进一步分析表明，RIMS2，一种随年龄增长而表

达水平更高的基因，与 miR-146a-5p 和 miR-146b-5p 呈负相关。 
 

结论 

综上所述，我们在本论文中鉴定了 106 个 miRNAs，它们的表达受

COPD 和/或对照肺成纤维细胞 TGF-β 刺激的影响。其中，与对照肺成

纤维细胞相比，COPD 中的 TGF-β 对 miR-148b-3p、miR-589-5p 和 miR-

376b-3p 的影响不同。此外，与对照肺成纤维细胞相比，COPD 肺成纤

维细胞中的 miR-660-5p 表达增加；而与前吸烟者相比，当前吸烟者肺
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miRNAs 在 COPD 和衰老中异常组织修复中的复杂作用的研究打下了很
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