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Abstract  

The aim was to investigate whether microRNA (miRNA) expression is modulated by inhaled 

corticosteroid (ICS) treatment.   

We performed genome-wide miRNA analysis on bronchial biopsies of 69 moderate/severe 

chronic obstructive pulmonary disease (COPD) patients at baseline and after 6- and 30-month 

treatment with the ICS fluticasone propionate or placebo. The effect of ICS on miRNA 

expression was validated in differentiated primary bronchial epithelial cultures, and functional 

studies were conducted in BEAS-2B cells. MiRNAs affected by ICS and their predicted targets 

were compared to an independent miRNA dataset of bronchial brushings from COPD patients 

and healthy controls.   

Treatment with ICS for both 6 and 30 months significantly altered the expression of four 

miRNAs, including miR-320d, which was increased during ICS treatment compared with 

placebo. The ICS-induced increase of miR-320d was confirmed in primary airway epithelial 

cells. MiR-320d negatively correlated targets were enriched for pro-inflammatory genes and 

were increased in the bronchial brushes of patients with lower lung function in the independent 

dataset. Overexpression of miR-320d in BEAS-2B cells dampened cigarette smoke extract-

induced pro-inflammatory activity via inhibition of nuclear factor-κB.   

Collectively, we identified miR-320d as a novel mediator of ICS, regulating the pro-

inflammatory response of the airway epithelium.  

8
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Introduction 

Chronic obstructive pulmonary disease (COPD) is characterized by chronic, not fully 

reversible airflow limitation that is usually progressive and associated with an inflammatory 

response in the airways [1]. Inhalation of noxious gases, including cigarette smoke, is the major 

risk factor for COPD. Several studies have investigated the efficacy of inhaled corticosteroids 

(ICS) in COPD [2-4], with conflicting results [2-4]. Only a subgroup of patients responds well 

to ICS. Given this heterogeneity, it is of relevance to perform studies on therapy response in 

COPD. Our Groningen and Leiden Universities study of Corticosteroids in Obstructive Lung 

Disease (GLUCOLD), a double-blind, randomized, placebo-controlled study to investigate the 

long-term efficacy of fluticasone propionate with or without added salmeterol in COPD, found 

a greater improvement in lung function decline upon ICS treatment than most earlier studies 

[5]. This may have been due to the distinct inclusion criteria, requiring patients to not have had 

ICS treatment for at least 6 months before inclusion in the study, and 95% of patients never 

used ICS at all. In GLUCOLD, placebo-treated patients experienced a considerable decline in 

their forced expiratory volume in one second (FEV1), whereas the rate of FEV1 decline was 

close to zero for fluticasone propionate and fluticasone propionate/salmeterol treatment [5]. 

These results suggest that ICS can be beneficial, at least in a subgroup of COPD patients. In a 

follow-up study, we performed genome-wide gene-expression analysis on bronchial biopsies 

from GLUCOLD patients at baseline, and after 6- and 30-months of treatment [6], which 

enabled us to distinguish between ICS sensitive and insensitive patients based on their gene-

expression profiles. However, the mechanisms controlling ICS-induced gene-expression 

changes remained unknown, and understanding this process may lead to identification of novel 

anti-inflammatory pathways.  

MicroRNAs (miRNA)s are small non-coding mRNA transcripts with the ability to degrade or 

inhibit of mRNA transcripts leading to suppression of protein levels. Since each individual 

miRNA can modulate the expression of >100 genes [7], variations in miRNA levels can 

radically alter gene-expression profiles. In the present manuscript, we hypothesized that 

miRNAs are crucial in regulating ICS-induced gene expression in the airways of COPD 

patients. To investigate this, we assessed alterations in miRNA expression after short- and long-

term treatment with ICS and we were able uncover their target genes, since both miRNA and 

mRNA data was available from the same bronchial biopsies. We confirmed the functional role 

of the identified miRNAs in-vitro in human bronchial epithelial cells. Our study identified miR-

320d, as a novel anti-inflammatory miRNA that is upregulated by corticosteroids.  
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Methods 

Patients and study design  

MiRNA expression profiling was performed in bronchial biopsies from COPD patients 

participating in the GLUCOLD study [5]. The inclusion criteria and GLUCOLD study design 

have been described previously [5]. Briefly, patients were required to be without ICS treatment 

for at least 6 months before inclusion, current or ex-smokers with moderate to severe COPD. 

Patients included in this study were treated with 1) placebo twice daily for 30 months; 2) 

fluticasone propionate 500µg twice daily for 30 months; 3) fluticasone propionate 500µg + 

salmeterol 50µg twice daily for 30 months (Table 1). Bronchial biopsies were taken at baseline 

and 6 and 30 months after treatment for microarray gene-expression profiling and histology. 

The study was approved by the local medical ethics committee and all patients provided their 

written informed consent. Methods for miRNA isolation, labeling, microarray hybridization 

(Affymetrix_GeneChip_miRNA_1.0 Array) are described in the online supplement, while the 

methods for the mRNA extraction and microarray processing have been previously described 

[6]. Gene- and miRNA expression data are available through the Gene Expression Omnibus 

repository (www.ncbi.nlm.nih.gov/geo/) with the accession numbers GSE36221 and 

GSE76774, respectively. In an independent cohort, microRNA expression profiling was 

obtained from bronchial brushings from 30 COPD and (defined by FEV1/FVC < 70 and FEV1% 

80) and 30 non-COPD controls using Illumina HiSeq (San Diego, CA, USA). 

Statistics 

To identify miRNAs altered by ICS treatment, we performed linear mixed-effects models with 

treatment as a categorical variable with two levels: ICS or ICS + long-acting β2-agonist 

(LABA) (two separate analyses were run) versus placebo (R statistical software V3.0.2). Time 

was defined as a categorical variable with three levels: baseline, 6- and 30-month treatment. 

These methods are explained in extensive detail in the supplementary material.  

Predicted target approach  

To identify the potential targets of differently expressed miRNAs, treatment-induced changes 

in miRNA expression were compared to changes in mRNA expression in the same biopsies 

[6]. Pearson correlations were conducted at 1) baseline and 2) change in miRNA and mRNA 

expression after 6 months focusing on predicted mRNA targets for each miRNA (based on the 

combination of Target Scan v7.1 [7] and DIANAmicroT). Negatively correlated miRNA 

8
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targets that were negatively correlated with both analyses (p <0.05) were selected for pathway 

analysis using Gene Set Enrichment Analysis (GSEA) and Gene Networks [6].   

Following this analysis, the negatively correlated predicted targets altered by ICS were studied 

in bronchial brushings from 63 smokers with COPD and 135 control smokers without a history 

of using ICS or oral corticosteroids in an independent cohort using the continuous COPD-

related measurement of FEV1. GeneNetwork analysis was performed to investigate the 

predicted targets of identified miRNAs (nominal p-value <0.05) [8].  

GeneNetwork analysis uses an independent gene expression dataset of ~78,000 samples to 

predict the function of genes in an unbiased way. We used this method to predict (currently 

unknown) gene functions based on known biological pathways available in the molecular 

signatures database MSigDB (GO biological process and the reactome) 

(http://www.broadinstitute.org) [8]. 

Primary bronchial epithelial cell culture   

Primary bronchial epithelial cells (PBECs) were obtained from tracheobronchial tissue of nine 

healthy lung donors by pronase treatment as described before [9]. Cells were cultured as 

described previously [9] and as detailed in the supplementary material. MiRNA expression was 

assessed by real time PCR as described in detail in the supplementary material.  

Preparation of cigarette smoke extract  

Cigarette smoke extract (CSE) was prepared as described previously and in the supplementary 

material [9]. Concentrations of CSE used for each cell line were evaluated by a concentration 

series of 0-50% CSE and then annexin V and propidium iodide (PI) staining [10]. A 

concentration for each cell line was selected to minimize cellular death compared to control. 

For BEAS-2B 10% CSE was selected while for PBECs 20% CSE was selected 

(Supplementary Figure S1a and b). 

MiR-320d overexpression in BEAS-2B cells and PBECs  

Human bronchial epithelial cell line BEAS-2B and PBECs were cultured as described 

previously [11]. For transfection, cells were seeded in duplicates in RPMI/5% fetal bovine 

serum or bronchial epithelial cell growth medium at 1x105 in 24-well plates for BEAS-2B and 

PBEC, respectively. After 24 hours, cells were then transfected with miR-320d mimic (1nM; 

Qiagen, Venlo, The Netherlands) and non-targeting control (1nM; Qiagen) using RNAimax 

(Invitrogen, Groningen, The Netherlands), grown to confluence, serum-deprived for 24 hours 
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and treated with BEAS-2B (10% CSE for 24 hours in presence and absence of fluticasone 

propionate (10-8 M) pre-treatment for 3 hours) while PBECs were treated with 20% CSE for 8 

and 24 hours. Annexin V PI staining was used to confirm no additional cellular death occurred 

between the transfection of scrambled and miR-320d mimic (Supplementary figure S1c). A 

higher dose of CSE was selected for PBECs as we have previously shown that primary cells 

are less sensitive to CSE than cell lines [12]. Cell lysates and cell-free supernatants were 

collected to determine the miR-320d expression and CXCL8 levels at the 24 hour time point 

(R&D systems Abingdon, United Kingdom), while mRNA was collected at 8 hours stimulation 

for PBECs and extracted to measure IL-1β and CXCL8 mRNA levels by quantitative PCR[13].  

Gene-expression analysis in publicly available datasets   

To investigate genes which lead to an increase of CXCL8 during smoke exposure we analyzed 

a publicly available dataset (GSE30660) of air-liquid interface (ALI)-differentiated PBECs 

(n=4) from healthy donors with/without repeated cigarette smoke challenge (30 min exposure 

on four separate days). We focused on genes that were increased by cigarette smoke (fold 

change >2, false discovery rate (FDR) <0.05) using R version 3.1.4 and the limma package.  

NF-κB activity   

To investigate whether overexpression of miR-320d directly suppresses NF-κB activity, we 

used a renilla luciferase reporter assay according to manufactures instructions (Promega, 

Leiden, The Netherldans) as described in the supplementary material.  

  

8
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Results  

Change in miRNA expression after 6- and 30-month treatment with ICS   

We identified six miRNAs with altered expression after 6 months of ICS treatment compared 

with placebo in bronchial biopsies of COPD patients (FDR <0.25). A full list is presented in 

Table 2 and a heatmap and volcano plots are illustrated in Figure 1a-c. Four of these six 

miRNAs (down-regulated: miR-708 and miR-155; and up-regulated: miR-320d, and miR-339-

3p) remained significant in the same direction after 30 months treatment (nominal p<0.05). 

None of the four miRNAs identified were found to be altered between current and ex-smokers 

at baseline, indicating smoking has no effect on these miRNAs (data not shown). 

Associations between changes in miRNA expression and mRNA expression   

We next examined whether the miRNAs altered by ICS negatively regulate the expression of 

their predicted targets in the COPD-derived bronchial biopsies. We conducted a cross-sectional 

analysis at baseline and longitudinal analysis between 6 months and baseline. All four 

identified miRNAs had at least one significant negative-correlated predicted target within 

either the cross-sectional or longitudinal analysis, with an overlap between these analyses for 

each miRNA ranging between 30.9 and 80.7% (Supplementary figure S2a-d). 

Supplementary Table S1 presents all associations. Connected network analysis identified two 

main clusters of miRNAs and their predicted targets: 1) miR-708 and miR-155, which were 

decreased by ICS treatment, and 2) miR-320d and miR-339-3p, which were increased by ICS 

treatment (Figure 1d). 

 

8
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Figure 1. MiRNA altered by inhaled corticosteroids (ICS) treatment compared to placebo in bronchial 

biopsies of COPD patients. a, b) heatmap showing changes in miRNA expression in response to ICS vs 
placebo at a) 6- and b) 30-montsh compared to baseline in bronchial biopsies of COPD patients. c) volcano 
plot showing changes in miRNA expression in response to ICS vs placebo after 6-months. d) cluster diagram 
of miRNA altered by corticosteroids and their anti-correlated predicted targets. Blue text indicated miRNAs 
decreased by ICS, while red text indicates miRNAs increased by ICS. Blue nodes indicate genes decreased 
by 6 months ICS treatment compared to placebo, red nodes indicate gene increased by ICS treatment and 
black nodes indicate no change during ICS treatment. The thickness of the edges (lines connecting miRNAs 
and genes) is associated with the strength of correlations between miRNA and target mRNA. 

 

Replication of miRNA altered by ICS   

For further validation of the identified miRNA, we investigated the third arm of the GLUCOLD 

cohort, i.e. patients treated with ICS + LABA. A candidate-based approach identified of the 

four miRNAs miR-320d, miR-339-3p, and miR-708 were also significantly altered in the same 

direction by ICS + LABA compared to placebo at 6 months treatment) (p <0.05). A comparison 

between the ICS and ICS + LABA analysis is illustrated in Supplementary figure S3. Next, 

we investigated in the independent dataset whether miR-320d, miR-339-3p, and miR-708 were 

altered between COPD patients using ICS (n=6) compared to COPD patients not on ICS 

(n=24). For the replication, we also focused on the miR-320 family as miR-320a-d all have 

very similar sequences and have the same predicted targets (Supplementary figure S4a). Here 
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we found that the miR-320 family (miR-320a, miR-320b-1, miR-320b-2, and miR-320c-2) 

were significantly increased by ICS, while miR-320c-1 and miR-320d were found to have a 

trend for an increase (p=0.057 and p=0.086, respectively) reflecting the results found in initial 

analysis (Supplementary figure S4b-g and Supplementary table S2). MiR-339-3p and miR-

708 were not found to be significantly altered by ICS in the same direction. 

Pathway analysis of miRNA targets  

Using GeneNetworks, we found that miR-320d negatively correlated predicted targets were 

associated with pro-inflammatory related pathways including “TNF-α signaling” and “cytokine 

production”, while miR-339-3p predicted targets were associated with “regulation of ion 

transport” (nominal p-value <0.05). Finally, miR-708 negatively correlated predicted targets 

were found to associate with the regulation of “ion transport” and “activation of phospholipase 

C activity” (nominal p-value <0.05). The list of the top five pathways for each miRNA is 

displayed in Table 3; an extended list is provided in the supplementary material 

(Supplementary Table S4). To evaluate whether the miRNA negatively correlated predicted 

targets were ICS sensitive, we performed GSEA on the GLUCOLD data before and after 6 

months of ICS treatment compared to placebo. As expected, the majority of miRNA negatively 

correlated predicted targets were altered by ICS in the opposite direction to their targeting 

miRNA, with miR-708 negatively-correlated targets being increased and miR-339-3p and 

miR-320d negative-correlated targets being decreased by ICS (Figure 2a and Supplementary 

figure S5).  

Treatment-related changes in miRNA expression are associated with presence of COPD 

or severity of airflow obstruction in an independent cohort   

To determine whether miRNAs affected by ICS treatment are clinically relevant, we 

investigated the association of miRNA expression and presence of COPD and level of FEV1% 

predicted in an independent cohort of bronchial brushings, where miRNA expression profiles 

were available from 30 smokers with and 30 without COPD [14]. Of the three miRNAs altered 

following ICS treatment, miR-708 was found to be altered in the opposite direction between 

COPD and controls, with higher expression in COPD-derived bronchial brushes (p <0.05). No 

difference was found for miR-320d or miR-339-3p.  

Next, to investigate whether the negatively correlated miRNA predicted targets are relevant to 

disease pathogenesis, we performed GSEA on an expanded population from the same 

independent cohort with whole-genome gene-expression data available in bronchial brushings  

8
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Table 3. Top 5 pathways associated with predicted microRNA gene targets 

Pathway or process  p-value  

miR-320d  

Positive regulation of protein oligomerization 4 x 10-7 

Necrotic cell death 7 x 10-5 

Tumor necrosis factor-mediated signaling pathway 7 x 10-5 

Regulation of protein homooligomerization 10 x 10-5 

Regulation of protein oligomerization 10 x 10-5 

miR-339-3p  

Positive regulation of transport 2 x 10-9 

Regulation of cellular localization 2 x 10-8 

Decond-messenger-mediated signaling 2 x 10-8 

Cytosolic calcium ion transport 3 x 10-8 

Positive regulation of ion transport 4 x 10-8 

miR-708   

Calcium ion transport 6 x 10-29 

Cellular ion homeostasis 7 x 10-29 

Regulation of ion transport 1 x 10-27 

Regulation of metal ion transport 5 x 10-27 

Second-messenger-mediated signaling 8 x 10-27 

miR-155  

Viral reproduction 2 x 10-63 

Nuclear transport 2 x 10-59 

Nucleocytoplasmic transport 1 x 10-58 

Protein targeting 8 x 10-56 

Protein localization to organelle 2 x 10-54 
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Figure 2. Gene set enrichment analysis of miRNA negatively correlated predicted targets and in-vitro 

validation. a) Negative correlated predicted targets of miR-320d and miR-339-3p were significantly 
decreased following inhaled corticosteroid (ICS) treatment compared to placebo in bronchial biopsies (6 
months-baseline), while miR-708 predicted targets were increased by ICS treatment. b) negative correlated 
predicted targets altered by ICS of miR-320d were increased in COPD bronchial brushings compared to non-
COPD, while miR-708 predicted targets were decreased in COPD. c) average log fold change in miRNA 
expression upon treatment with ICS compared to placebo at 6 months of treatment. d) log fold change of 
miRNA expression in epithelial cells grown at air-liquid interface and treated for 24 hours with fluticasone 
(10-8 M) compared to untreated control. Data are presented as mean ± SEM (n=9). Paired t-tests were used 
to test for statistical significance. e) graphical overview of miRNA results. qPCR: quantitative PCR; LABA: 
long-acting β2-agonist. *: p<0.05. 

  

8
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of 63 current or former smokers with and 135 without COPD [14]. As with the miRNA 

analysis, it was conducted on the continuous COPD-related FEV1 measurement. The miR-

320d negatively correlated predicted targets were enriched among the genes increased in 

subjects with lower lung function, while the miR-708 negatively correlated predicted targets 

were enriched among the genes decreased in subjects with lower lung function (Figure 2b and 

Supplementary figure S6). No such association was found for miR-339-3p predicted targets. 

MiR-320d is upregulated by corticosteroid treatment in vitro  

We next examined whether ICS directly regulates the expression of the identified miRNAs in 

ALI- differentiated PBECs from healthy donors. Treatment with FP (10 nM) for 24 hours 

resulted in significant up-regulation of miR-320d, while miR-708 expression trended to a 

decrease, and miR-339 was not altered (Figure 2c and d).   

MiR-320d acts as an anti-inflammatory miRNA through regulation of IL-1β-induced NF-

κκB signaling  

As miR-320d was predicted to target genes associated with cytokine production, we 

hypothesized that miR-320d regulates the expression of pro-inflammatory 

cytokines/chemokines such as CXCL8, a major pro-inflammatory cytokine that is increased in 

COPD. To investigate this, we overexpressed miR-320d in the human bronchial epithelial cell 

line BEAS-2B and PBECs (Figure 3a) and assessed CXCL8 release in response to 10% and 

20% CSE, respectively. Overexpression of miR-320d significantly reduced CSE-induced 

CXCL8 release in BEAS-2B and PBEC (Figure 3b and c). In addition, overexpression of miR-

320d also reduced CXCL8 mRNA levels during smoke exposure in the PBECs, supporting the 

protein data (Supplementary figure S7a). Incidentally, we found that smoking has a minimal 

effect on CXCL8 mRNA levels at 6 hours. CXCL8 is not a predicted target gene of miR-320d 

and therefore other upstream mediators are likely involved. To investigate how miR-320d 

affects cigarette smoke-induced pro-inflammatory epithelial responses, we used a publicly 

available dataset of ALI-cultured PBECs derived from healthy controls that were either 

exposed or not exposed to gaseous cigarette smoke (GSE30660). 62 genes were increased by 

cigarette smoke treatment (fold change >2, FDR <0.05). String network analysis identified that 

these 62 genes had an enrichment for protein-protein interactions and that this list was 

associated with chronic inflammation (Supplementary table S4, Supplementary figure S7b). 

Of interest, IL-1β was identified as a hub gene in this network (Supplementary figure S7c 

and d); IL-1β is a cytokine previously identified as a key positive regulator of inflammation 
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in COPD increased by cigarette smoke exposure [15]. In line, we previously observed that CSE 

upregulates IL-1 mRNA expression in PBECs [16]. Furthermore, we found that overexpression 

of miR-320d at baseline significantly decreases IL-1β mRNA levels (Supplementary figure 

7e). These results suggest that CSE induces CXCL8 production by activating the IL-1β 

pathway. 

Based on these findings, we assessed whether miR-320d can attenuate IL-1β-induced CXCL8 

production via inhibition of NF-κB, a well know downstream mediator of IL-1β-pro-

inflammatory function. To this end, BEAS-2B cells were transfected with a reporter construct 

for NF-κB and treated with IL-1β for 24 hours in the presence and absence of miR-320d 

overexpression. IL-1β treatment significantly activated NF-κB signaling, and miR-320d 

overexpression was found to significantly decrease the IL-1β-induced activation of NF-κB 

signaling compared to negative miRNA control (Figure 3d). A proposed mechanism of miR-

320d is provided in Figure 3e. 

8
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Figure 3. Functional analysis of miR-320d. BEAS-2B and primary bronchial epithelial cells (PBECs) were 
grown to confluence and serum-deprived overnight. a) Non-targeting miRNA (mimic control) or miR-320d 
was overexpressed in BEAS-2B and PBECs and its expression was determined by quantitative PCR. b, c) 
CXCL8 secretion upon overexpression of miR-320d mimic and mimic control in response to 24 hours 
exposure to CSE (n=6) in b) BEAS-2B or c) PBECs. d) NF-κB activity assay in BEAS-2B overexpressing 
miR-320d mimic and mimic control in response to 24-hour exposure to IL-1β (n=6). e) Diagram of proposed 
miR-320d function. Activity was expressed as NF-κB Activity compared to untreated scrambled control. 
Data are presented as mean ± SEM. Paired t-tests were used to test for statistical significance. * = p<0.05 
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Discussion  

In the present study, we identified four miRNAs that are affected by short- and long-term 

treatment with ICS compared to placebo in patients with moderate to severe COPD. 

Additionally, we show that the predicted targets of these miRNAs are altered by ICS treatment 

and that specifically miR-320d targets are enriched among genes associated with decreased 

lung function. In vitro, we confirmed the direct effect of ICS on miR-320d expression in 

bronchial epithelium and observed that miR-320d overexpression decreases CSE-induced 

CXCL8 release. This anti-inflammatory function was found to be in part mediated by inhibition 

of the IL-1β/NF-κB pathway.  

We further observed that the negatively correlated predicted targets of miR-320d are decreased 

by ICS treatment. Although miRNA profiling in bronchial brushes in an independent cohort 

showed no significant decrease in miR-320d with COPD, miR-320d predicted target genes 

were increased with COPD in this cohort. The latter may indicate that miR-320d regulation of 

gene expression may be disturbed in COPD.   

We have, for the first time, identified an anti-inflammatory role of miR-320d. This was 

suggested by our pathway analysis, which identified miR-320d as a negative regulator of genes 

associated with pro-inflammatory pathways, including “TNF-α signaling” and "cytokine 

production". The miR-320d anti-inflammatory role was validated in vitro in airway epithelium 

since we showed that miR-320d overexpression suppresses CSE-induced CXCL8 release 

through inhibition of NF-κB activation. Here, IL-1β stimulation was shown to be a potent 

inducer of NF-κB activity. Our data are in line with previous studies showing that airway 

epithelial cells release IL-1β in response to cigarette smoke treatment [17, 18]. Genes 

associated with the NF-κB pathway were upregulated in differentiated primary bronchial 

epithelial cells treated with cigarette smoke, and increased NF-κB activity has been observed 

in COPD [19, 20]. CXCL8 is a key mediator in neutrophil infiltration into airway tissue acting 

as neutrophils chemoattractant [21].   

Cigarette smoke provides one of the main inflammatory initiators in COPD [22, 23], however, 

the mechanism responsible for aberrant inflammatory response in smokers with COPD and 

why this cannot efficiently be suppressed by ICS in all patients remains uncertain. Our results 

support the hypothesis that miR-320d regulates cigarette smoke-induced CXCL8 by inhibiting 

NF-κB signaling, and may thus be involved in the anti-inflammatory effect of ICS. 
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In addition, miR-155 may also be of potential interest in regulating inflammatory responses, as 

it was identified in our original analysis and it has previously been shown to be associated with 

airway inflammation in murine models of asthma [24]. However, we did not investigate this 

miR-155 further as we could not replicate its downregulation in our second analysis. 

In contrast to our findings, a previous cross-sectional study was unable to find differences in 

the miRNA expression profile in bronchial biopsies between treatment with and without ICS 

in asthmatics [25]. We believe that the difference between the studies may be due to the 

longitudinal nature, rigorous selection criteria, and higher power of the current study, or is 

possibly due to the inherent difference between asthma and COPD patients.  

One of the main strengths of this study is the co-analysis of global miRNA and gene-expression 

change over time, therefore allowing us to correlate changes in miRNA expression with 

longitudinal changes in gene expression of predicted miRNA targets. This experimental setup 

overcomes one of the main unknown assumptions of cross-sectional studies on matched 

miRNA and mRNA samples, namely that the relationship between miRNA and gene 

expression remains consistent over time [26, 27]. Validation of our finding in a in vivo mouse 

model of COPD may provide further insight into the anti-inflammatory role of miR-320d [28]. 

There are also some limitations of our study. Despite all samples being, snap frozen at -80oC 

following collection, RNA degradation was found in some samples, as reflected by relatively 

low RNA integrity number (RIN) scores. Therefore, we adjusted for RIN score values in all 

analyses conducted in this study. Bronchial biopsies contain a mixture of cell populations. 

Importantly, after adjusting for inflammatory cell counts, miR-320d, miR-339-3p, and miR-

708 remained significant, indicating that the change in miRNA expression was not due to an 

ICS-induced change in inflammatory cell populations. Finally, as we used miRNA arrays we 

may have missed a number of novel miRNAs.  

In summary, we have profiled global miRNA expression in bronchial biopsies from patients 

with moderate to severe COPD, following longitudinal treatment with ICS compared to 

placebo at baseline, 6- and 30 months. We found four miRNAs (miR-320d, miR-339-3p, miR-

708, and miR-155) to be altered following ICS treatment. Furthermore, we identified miR-

320d as a novel anti-inflammatory miRNA that suppresses NF-κB activity in vitro. MiRNAs 

associated with ICS treatment and inflammation provide important candidates for future studies 

as possible biomarkers and therapeutic targets in chronic inflammatory diseases. 
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Supplementary information  

RNA isolation and size fractionation  

Endobronchial biopsies were immediately snap-frozen and stored at -80 oC. RNA was extracted 

from bronchial biopsies by using the miRNeasy mini kit (QIAGEN) according to the 

manufacturer’s protocol. The purity of RNA fractions was checked on NanoDrop 1000 UV-

Vis spectrophotometer. The RNA integrity was verified using RNA 6000 Pico Assay RNA 

chips run in Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). 

RNA processing and microarray hybridization  

All procedures were performed at Boston University Microarray Resource Facility as described 

in FlashTag™ Biotin HSR Labeling Kit (Affymetrix, Santa Clara, CA, current version 

available at www.affymetrix.com). The Qiagen miRNeasy Mini Kit and RNeasy MinElute 

Cleanup Kit were used to isolate small fractions of RNA.  

Statistical model for the identification of miRNAs differentially expressed between ICS 

treatment and placebo over 6 and 30 months.  

A linear mixed effects model was used with treatment defined as a categorical variable with 

two levels: treatment with ICS versus placebo (R_statistical_software_V3.0.2). Time was 

defined as a categorical variable with three levels: baseline, 6- and 30-month. The model was 

adjusted for the following confounding variables: RNA integrity number (RIN), smoking 

status, age and gender with patient ID as random effect variable. The model was structured as 

follows: 

 =   +   + _  

+  +  +  

+   + : +   +   

In this model, Me is the log2 microRNA expression for each miRNA for sample i from patient 

j, εij represents error that is assumed to be normally distributed and αj represents the patient 

random effect. The coefficients from the interaction term : from the 

linear mixed effects model was used to select miRNAs which significantly changed in the same 

direction after 6 and 30 months of ICS treatment versus placebo. Using a linear mixed effects 

model, no miRNA passed the FDR<0.25 level. We therefore decreased our cut off level to 

nominal p<0.05. 
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To determine whether alterations of inflammatory cell populations were responsible for the 

miRNA expression changes during treatment, we adjusted for changes in numbers of 

neutrophils, eosinophils, macrophages, mast cells, and epithelial cells in bronchial biopsies in 

a separate analysis.  

Independent cohort   

To determine the relationship between microRNA expression associated with long-term 

fluticasone use and microRNA expression profiles associated with COPD-related decreases in 

lung function, we examined an independent dataset of microRNA profiling from airway 

brushing samples obtained from individuals with (n=32) and without (n=32) COPD at the 

British Columbia Cancer Agency. This cohort and sample processing methods have been 

previously described (1).  

Low-molecular-weight RNA isolated from these bronchial brushings was profiled using the 

Illumina HiSeq 2000. Following library preparation with the TruSeq Small RNA Sample Prep 

Kit (Illumina), RNA adapters were ligated, the products reverse transcribed, and the resulting 

cDNA PCR-amplified using a six-base index tag to allow multiplexing of samples within a 

single flowcell lane. Six index-tagged PCR-enriched cDNA libraries were pooled, gel purified, 

and loaded into a single flowcell lane for cBot cluster generation using the TruSeq Single-Read 

Cluster Kit (Illumina). The flowcell was then sequenced using the Illumina HiSeq2000. 

Sequencing files were de-multiplexed and adapters trimmed using CASAVA and 

FastXClipper, respectively. We aligned sequences 15-100 base-pairs in length to hg19 using 

Bowtie, and annotated these reads using mirBase v18. A total of 4 samples were excluded 

based on quality metrics, leaving airway brushing microRNA-Seq data from 30 participants 

with COPD and 30 participants without COPD. After excluding microRNA with fewer than 

20 counts per sample, we evaluated the association of microRNA expression with FEV1% 

using a linear model adjusting for age, sex, smoking status, and pack-years of smoking as 

previously described. The replication of the ICS effects focused on the subset of COPD patients 

with known ICS status comparing ICS usage (n=6) to no ICS (n=24). The analysis was 

conducted using a linear model correcting for pack years.  

 

GSEA analysis   

GSEA analysis was then used to confirm that negatively correlated miRNA predicted targets 

were altered following ICS treatment. This analysis was conducted by comparing miRNA 

predicted targets which were negatively correlated, to a list of genes ranked according to their 
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strength of change in expression from ICS treatment to placebo between 6 months and baseline 

(2). Following this analysis, the predicted targets were studied in bronchial brushings from 63 

smokers with COPD and 135 control smokers without a history of using ICS or oral 

corticosteroids in an independent cohort using the continuous COPD-related measurement of 

FEV1. Genes from the independent cohort were ranked based on t-statistic values comparing 

patients based on their FEV1% predicted. GSEA was then utilised to investigate whether 

predicted miRNA gene targets of miRNAs altered both by ICS and in COPD were altered in 

COPD airway epithelium. A p-value<0.05 was considered significant.  

Validation in differentiated airway epithelial cells using air liquid-interface culture  

Air liquid interface (ALI) culture of primary bronchial epithelial cells (PBECs) was conducted 

according to a previous publication (5). Briefly, PBECs obtained from suspension cultures 

were seeded at 75,000 in 200μl Bronchial Epithelial Cell Growth Medium (BEGM, Lonza) in 

the apical part of the insert and 500μl BEGM at the basolateral part. When the cell-layer was 

confluent (3-5 days) the cells were exposed to air at the apical side and Dulbecco's Modified 

Eagle Medium (DMEM) / Bronchial Epithelial Basal Medium (BEBM) (1:1) with retinoic acid 

(15ng/ml) added to the basolateral side (500μl). Medium was refreshed every 3 days with 

DMEM / BEBM (1:1) with retinoic acid (15ng/ml). Cells were quiesced on day 14 with BEBM 

medium for 24H and then treated with fluticasone propionate (10-8) for 24H. Total mRNA was 

then collected in Tri Reagent protocol (Molecular Research Center, Inc, OH, USA) and stored 

at -80oC.  

PCR validation  

Real time PCR was conducted on total RNA obtained from ALI culture and extracted using 

standard Tri Reagent protocol (Molecular Research Center, Inc ). Total miRNA was selectively 

converted using miScript II RT Kit (Qiagen), with primers for miR-320d, miR-339-3p, and 

miR-708 and the housekeeping RNA RNU49. RT-PCR was conducted using Taqman primer 

system (Life Technologies), using an ABI7900HT PCR machine (Applied Biosystems).  

NF-κB activity assay  

Human bronchial epithelial BEAS-2B cells were cultured as described previously (6). For 

transfection, cells were seeded in duplicates in RPMI/5% FBS at 1x105 in 24-well plates. After 

24 hours, cells were then transfected with miR-320d mimic (1nM; Qiagen, Venlo, The 

Netherlands) and non-targeting control (1nM; Qiagen) using RNAimax (Invitrogen, 

Groningen, The Netherlands) and NF-κB activity plasmid and a renilla luciferase protein 
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control, grown to confluence, serum-deprived for 24 hours and treated with IL1B for 24 hours. 

Total protein was then collected for the Dual-Luciferase Reporter Assay System (Promega, 

Wisconsin, USA) according to manufactures’ protocol. Sample NFκB activity measurements 

were corrected for renilla luciferase protein in the lysate. Cigarette smoke extract (CSE) 

treatment was unable to be used in the current system as it influenced the Renilla plasmid, 

which is used as an internal to correct for transfection efficiency. 

 

Supplementary figures 

 

 

 

 

 

 

 

 

 

 

 

Figure S1 Cell viability staining. The influence of CSE exposure 0-50% of a) BEAS-2B and b) primary 
bronchial epithelial cells (PBECs) and c) miR-320d overexpression on BEAS-2B. The levels of apoptotic, 
necrotic and viable cells were analyzed using Annexin-V/PI staining for flow cytometry.  
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Figure S2 Comparison between cross-sectional and longitudinal miRNA – mRNA correlation. 

MiRNA-mRNA Pearson correlations comparisons between cross-sectional at baseline and longitudinal 
analysis (6-0 months, in matched samples) for a) mir-320d, b) miR-339-3p, c) miR-708 and d) miR-155.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 Comparison of change in miRNA expression after 6 month of ICS vs placebo compared to 

miRNA expression after 6 month of ICS + LABA vs placebo. Abbreviations ICS= Inhaled corticosteroids 

and LABA = Long-Acting Beta2-Agonists  

155588-Roffel_BNW.indd   212155588-Roffel_BNW.indd   212 14-04-2022   09:2214-04-2022   09:22



Chapter 8 
 

213 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure S4 Replication of ICS sensitive miRNA in independent cross-sectional COPD population. a) 
overlap of miR-320 family sequences. MiRNA levels of bronchial brushes of COPD patients current with 
and without ICS treatment were measured using small RNA seq. Violin plots of b) miR-320a, c) miR-320b-
1, d) miR-320b-2, e) miR-320c-1, f) miR-320c-2 and g) miR-320d. Plots show normalized gene expression 
counts corrected for pack years. 

  

B C

D E

F G

microRNA Sequence 
miR-320a A A A A C U G G G U U G A G A G G G C G A 
miR-320b A A A A C U G G G U U G A G A G G G C A A 
miR-320c A A A A C U G G G U U G A G A G G G U     
miR-320d A A A A C U G G G U U G A G A G G A       

 

A
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Figure S5 Gene Set Enrichment Analysis (GSEA) comparing negatively correlated miRNA predicted 

targets of a) miR-320d, b)miR-339-3p, c) miR-708, and d) miR-155-5p to change in expression during 

6 month ICS +/- LABA compared to placebo. The color bar indicates the genes ranked according to their 
association with change in expression during 6 month ICS +/- LABA compared to placebo in bronchial 
biopsies (blue representing a negative association with ICS +/- LABA compared to placebo and red 
indicating a positive association). 
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Figure S6 Gene Set Enrichment Analysis (GSEA) comparing negatively correlated miRNA predicted 

targets of a) miR-320d, b)miR-339-3p, c) miR-708, and d) miR-155-5p to difference in expression 

between healthy and COPD bronchial brushes. The color bar indicates the genes ranked according to 
their association with difference in expression between COPD and healthy bronchial brushes (blue 
representing a negative association between COPD and healthy bronchial brushes and red indicating a 
positive association). 
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Figure S7 Pathways altered by cigarette smoke exposure. Primary Bronchial Epithelial Cells (PBECs) 
were grown to confluence and hormonally-deprived overnight and transfected with non-targeting miRNA 
(mimic control) or miR-320d was overexpressed. a) CXCL8 mRNA expression was measured during 
overexpression of miR-320d mimic and scrambled control (ScR) in response to 6-hour exposure to 20 % 
cigarette smoke extract (CSE) (n=5). b) string network analysis of 62 genes increased (fold change> 2, 
FDR<0.05) in primary epithelial cells grown at ALI and treated with repeated cigarette smoke challenge 
(30mins exposure on four separate days), compared with no challenge. IL-1β highlighted in the red text was 
identified as a hub gene in this network. c) increased expression of IL-1β in ALIs exposed to cigarette smoke. 
Values represent mean ± SEM. d) GSEA analysis comparing the 62 genes increased by cigarette smoke to 
the NF-κB pathway. This analysis found that cigarette smoke in ALI's increases the expression of genes 
associated with the activation of the NF-κB pathway (p<0.05). e) IL-1β mRNA expression was measured 
during overexpression of miR-320d mimic and scrambled control (ScR) in response to 6-hour exposure to 
20 % cigarette smoke extract (CSE) (n=5). Abbreviation ALI= Air Liquid Interface, IL-1β = Interleukine-
1β, and GSEA= Gene Set Enrichment Analysis. All measurements were compared to A paired t-test was 
used to test for statistical significance. * =p<0.05 
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Table S2 Replication of Inhaled Corticosteroids in cross-sectional cohort of COPD 

patients with and without ICS treatment 

 chr pos start pos end t-value p-value 

hsa-miR-320a chr8 22102487 22102509 2.538 0.017 
hsa-miR-320b-1 chr1 117214408 117214430 2.465 0.020 
hsa-miR-320b-2 chr1 224444750 224444772 2.466 0.020 
hsa-miR-320c-1 chr18 19263519 19263539 1.988 0.057 
hsa-miR-320c-2 chr18 21901679 21901699 2.465 0.020 
hsa-miR-320d chr13 41301963 41301982 1.785 0.086 

Abbreviations Chr=Chromosome, pos= position  

 

Table S3. Top 20 Pathways associated with predicted miRNA gene targets 

Pathway or process   

miR-320d p-value 
positive regulation of protein oligomerization 4 x 10-7 
necrotic cell death 7 x 10-5 
tumor necrosis factor-mediated signaling pathway 7 x 10-5 
regulation of protein homooligomerization 10 x 10-5 
regulation of protein oligomerization 10 x 10-5 
cellular process involved in reproduction in multicellular organism 3 x 10-4 
regulation of release of cytochrome c from mitochondria 4 x 10-4 
regulation of JNK cascade 4 x 10-4 
JNK cascade 4 x 10-4 
release of cytochrome c from mitochondria 5 x 10-4 
regulation of JUN kinase activity 5 x 10-4 
positive regulation of release of cytochrome c from mitochondria 5 x 10-4 
organ regeneration 9 x 10-4 
positive regulation of JUN kinase activity 1 x 10-3 
activation of pro-apoptotic gene products 1 x 10-3 
regulation of protein serine/threonine kinase activity 2 x 10-3 
regulation of stress-activated protein kinase signaling cascade 2 x 10-3 
genitalia morphogenesis 2 x 10-3 
chemokine production 2 x 10-3 
suckling behavior 2 x 10-3 
  
miR-339-3p p-value 
positive regulation of transport 2 x 10-9 
regulation of cellular localization 2 x 10-8 
second-messenger-mediated signaling 2 x 10-8 
cytosolic calcium ion transport 3 x 10-8 
positive regulation of ion transport 4 x 10-8 
calcium ion transport 4 x 10-8 
calcium ion transport into cytosol 5 x 10-8 
positive regulation of cell differentiation 6 x 10-8 
regulation of secretion 6 x 10-8 
elevation of cytosolic calcium ion concentration 7 x 10-8 

negative regulation of transport 1 x 10-7 
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miR-339-3p (continued) p-value 

regulation of calcium ion transport 1 x 10-7 
termination of signal transduction 1 x 10-7 
regulation of homeostatic process 2 x 10-7 
termination of G-protein coupled receptor signaling pathway 2 x 10-7 
positive regulation of phosphorylation 2 x 10-7 
negative regulation of G-protein coupled receptor protein signaling pathway 2 x 10-7 
regulation of ion transport 2 x 10-7 
positive regulation of protein phosphorylation 2 x 10-7 
cytosolic calcium ion homeostasis 2 x 10-7 
  
miR-708 p-value 
calcium ion transport 6 x 10-29 
cellular ion homeostasis 7 x 10-29 
regulation of ion transport 1 x 10-27 
regulation of metal ion transport 5 x 10-27 
second-messenger-mediated signaling 8 x 10-27 
regulation of calcium ion transport 4 x 10-26 
regulation of phospholipase activity 4 x 10-26 
positive regulation of phospholipase C activity 2 x 10-25 
regulation of system process 5 x 10-25 
activation of phospholipase C activity 1 x 10-24 
positive regulation of lipase activity 2 x 10-24 
positive regulation of phospholipase activity 2 x 10-24 
regulation of lipase activity 3 x 10-24 
cellular metal ion homeostasis 1 x 10-23 
cellular calcium ion homeostasis 1 x 10-23 
cellular divalent inorganic cation homeostasis 2 x 10-23 
metal ion homeostasis 5 x 10-23 
divalent inorganic cation transport 1 x 10-22 
cAMP metabolic process 2 x 10-22 
blood circulation 3 x 10-22 
 
miR-155 p-value 
viral reproduction 2 x 10-63 
nuclear transport 2 x 10-59 
nucleocytoplasmic transport 1 x 10-58 
protein targeting 8 x 10-56 
protein localization to organelle 2 x 10-54 
interspecies interaction between organisms 6 x 10-54 
positive regulation of I-kappaB kinase/NF-kappaB cascade 5 x 10-53 
regulation of I-kappaB kinase/NF-kappaB cascade 10 x 10-53 
negative regulation of cell cycle 3 x 10-51 
viral reproductive process 5 x 10-51 
I-kappaB kinase/NF-kappaB cascade 5 x 10-50 
regulation of cellular response to stress 2 x 10-49 
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miR-155 (continued) p-value 
cell cycle arrest 1 x 10-47 
protein modification by small protein conjugation 1 x 10-45 
regulation of cell cycle arrest 1 x 10-43 
regulation of mitotic cell cycle 2 x 10-43 
regulation of cell cycle process 2 x 10-43 
RNA catabolic process 5 x 10-42 
protein modification by small protein conjugation or removal 7 x 10-42 
translation 1 x 10-41 

 

Table S4.  String pathway analysis  

Pathway description Observed gene count 

false 
discovery 

rate 

lipid metabolic process 16 0.000195 
chronic inflammatory response 4 0.000614 
cellular aldehyde metabolic process 5 0.000935 
steroid metabolic process 8 0.000935 
small molecule metabolic process 20 0.000935 
arachidonic acid metabolic process 5 0.00203 
response to organic cyclic compound 12 0.00257 
neutral amino acid transport 4 0.00259 
regulation of protein serine/threonine kinase activity 9 0.00421 
terpenoid metabolic process 5 0.00431 
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