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Abstract

Cystic fibrosis (CF), a genetic disorder, is characterized by chronic lung disease. Small non-coding RNAs are key reg-
ulators of gene expression and participate in various processes, which are dysregulated in CF; however, they remain
poorly studied. Here, we i the RNAs (miRNAs) expression pattern in three CF ex vivo
models. The miRNA profiles of air-liquid interface cultures of airway epithelia (bronchi, nasal cells, and nasal polyps)
samples from patients with CF and non-CF controls were obtained by deep sequencing. Compared with non-CF con-
trols, several miRNAs were deregulated in CF samples; for instance, miR-181a-5p and the miR-449 family were
upregulated. Moreover, mature miRNAs often showed variations (i.e. isomiRs) relative to their reference sequence,
such as miR-101, suggesting that miRNAs consist of heterogeneous renertoires of multiple isoforms with different
effects on gene expression. Analysis of miR-181a-5p and miR-101-.  les indicated that they regulate the expres-
sion of WISP1, a key comp, of cell prolif ion/migration prog . We showed that miR-101 and miR-181a-
5p participated in aberrant recapitulation of wound healing programs by controlling WISP1 mRNA and protein level.
Our miRNA expression data bring new insights into CF physiopathology and define new potential therapeutic targets

in CF.

©2020 The Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

In cystic fibrosis (CF), the most common life-shortening
genetic disorder in Caucasians, mutations of the CFTR
gene, which encodes a chloride channel located at the
apical membrane of epithelial cells, result in ion trans-
port dysfunctions that contribute to impair mucociliary
clearance, favoring bacterial colonization and inflamma-
tion, and ultimately leading to lung destruction. Small
non-coding RNAs are key regulators of gene expression
and contribute to various processes which are dysregu-
lated in CF, including inflammation [1,2], but their pre-
cise role in this disease remains to be elucidated.
Mature microRNAs (miRNAs), a distinct class of
small non-coding RNAs of 20-24 nucleotides in length,
have been described in most animal species [3]. They
regulate gene expression by binding to the target gene
typically in the 3’-untranslated region (UTR) and then
by modulating mRNA level and translation efficiency.
Target recognition by miRNAs is based on the

of specific that are phylogeneti-
cally conserved. Importantly, in animals, a perfect match
is required between the target site and 7-8 nucleotides at
the miRNA 5’-end (a region known as ‘seed’, nucleo-
tides 2-7 or 2-8). Nucleotides further downstream
(nucleotides 13—16) can also contribute to base pairing
with the mRNA target [4]. In animals, miRNA genes
are transcribed into a primary miRNA (pri-miRNA) that
is processed by the DROSHA enzyme to generate a pre-
cursor miRNA (pre-miRNA). This precursor is recog-
nized by DICER and cut to obtain the mature miRNA.
Moreover, miRNA variants, called isomiRs [5-7], are
also g dfolle gh geneous, i.e. imprecise,
cleavage by DROSHA or/and DICER [8]. In these vari-
ants, the ‘seed” sequence might be altered relative to the
canonical miRNA, thus modifying the mRNA targets.
Several studies have compared the miRNA expression
profiles of CF IB3-1 and control IB3-1/S9 lung epithelial
cells [9], CF and non-CF (NCF) bronchial brushing sam-
ples [10], and CF and NCF air-liquid interface (ALI)




airway epithelium cultures [11]. However, these data
were obtained using TagMan Low-Density microRNA
Arrays (TLDAs), a sensitive targeted approach that
allowed the quantification of only about 25% of all the
existing miRNAs.

In this study, we used an exhaustive method (miRNA
sequencing) to obtain the complete miRNA expression
profile in three ex vivo CF models (ALI cultures derived
from bronchial, nasal, and nasal polyp epithelium). We
identified deregulated miRNAs in all three ex vivo
models including miR-181a-5p and investigated their
involvement in the regulation of the gene expression
encoding factors of the PI3K-Akt and wound healing
pathways, which are altered in CF [12,13]. We also iden-
tified several variants of isomiR-101 and tested their
effect on the expression of several of its gene targets,
including EZH2, CEBPA, and CFTR, on which we pre-
viously demonstrated its importance [14], and WISP1, a
new target of miR-101-3p and miR-181a-5p. These data
bring new insights into CF physiopathology and open
new research opportunities in CF.

Materials and methods

Human airway epithelial cells

For human primary nasal polyp epithelial ALI cell cul-
tures (ALI-polyps), primary cells from four healthy indi-
viduals (NCF) and four patients with CF (homozygous
p-Phe508del in CFTR) were recovered after polypect-
omy and cultured, according to approved ethical proto-
cols (Comité d’Ethique de la Recherche du CHUM)
and with written informed consents at CHUM Hospital
(Montréal, QC, Canada) [12,15].

Human nasal cells (ALI-nasal) from three patients
with CF (homozygous p.Phe508del in CFTR) and three
healthy donors (NCF) were cultured as previously
described [14]. Human bronchial epithelial cells (ALI-
bronchial) from lung tissues of NCF donors (n = 5) or
patients with CF (n = 5), obtained during surgery, were
purchased from Epithelix (Plan-Les-Ouates,
Switzerland).

Primary normal and CF human airway epithelial cell
lines (hAECB and hAECB-CF, respectively) of bron-
chial origin were purchased from Epithelix.

Immortalized human bronchial epithelial cell line
BEAS-2B, 16HBE140™ cells (16HBE) and CFBE410™
(CFBE) derived from human normal or CF bronchi,
respectively, were cultured. Details are provided in Sup-
plementary materials and methods.

Small RNA sequencing, miRNA annotation, and
differential expression

One microgram of total RNA with RNA integrity num-
ber (RIN) greater than 7 was used for library construc-
tion using a TruSeq Small RNA kit (Illumina®, San
Diego, CA, USA). After size control validation using
an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,

CA, USA), 12 small-RNA libraries were prepared and
pooled together, and then sequenced at 12 pM using an
MiSeq (Illumina®). In total, we prepared 24 libraries
(n=5 for NCF/CF bronchial ALI cells, n=4 for
NCF/CF nasal ALI cells, and n = 3 for NCF/CF polyp
ALI cells). To annotate miRNAs and conduct differen-
tial expression, the FastQ files were analyzed using the
sRNAbench webserver [16], which integrates sSRNAde,
a computational tool (v1.0) for differential expression
analysis which is based on different algorithms includ-
ing DESeq, edgeR, and NOlIseq [17]. For high confi-
dence results, a minimum readcount of 10 and a length
between 18 and 26 nt were set.

Luciferase reporter assays

BEAS-2B (10 000 cells per well) were co-transfected
with reporter constructs pGL3c-3’-UTR gene and
miRNA (20 nm), isomiRs (20 nm), and miRNA inhibi-
tors (100 nm) (see Supplementary materials and
methods). All luciferase activities represent at least three
independent experiments, with each construct tested in
triplicate per experiment.

In vitro wound healing assays

16HBE and CFBE cell monolayers (seeded at 50 000
cells per well) were transfected with miRNA inhibitors
and scratched using a sterile plastic micropipette P20
tip (for details see Supplementary materials and
methods). Twenty-four hours after transfection, cells
were then washed three times with PBS and medium to
remove cell debris. Several areas were marked on the
Petri dishes so that photographs could be taken at exactly
the same places at defined times (0 and 24 h of wound
closure). The wound closure rate was evaluated using
microscopy images on a confocal Leica SP8-UV
(Leica Microsystems, Wetzlar, Germany; X20 objective
enlargement) and images were processed using ImageJ
software (NIH, Bethesda, MD, USA). For each condi-
tion, two independent experiments were produced for
16HBE cells and four independent experiments for
CFBE cells. The ratio of wound closure healing corre-
sponds to the wound closure for the treated condition
versus the control condition.

Indirect immunofluorescence

16HBE and CFBE cells were transfected with inhibi-
tors for 24 h and prepared as detailed in Supplemen-
tary materials and methods. In brief, the cells were
incubated with anti-WISP1 (1:50) for 1 h, then with
anti-mouse Alexa 647 conjugated secondary antibody
(1:500) for 1 h, and counterstained with DAPI
(1:5000) for 1 min.

Quantification of mRNAs and miRNAs

Total RNA was purified with TRIzol™ Reagent (Life
Technologies SAS, Saint-Aubin, France). Reverse tran-
scription (RT) was performed using 1 pg of total RNA



by using M-MLV reverse transcriptase (Fisher Scien-
tific, Illkirch, France) or 40 ng of total RNA using a
miRCURY LNA™ Universal ¢cDNA Synthesis Kit

material, Figure S1). Filtering of the list of miRNAs with
I < 0.05 between CF and NCF samples indicated the

(Exigon, Vedbaek, Denmark) for mRNA or miRNA
quantification, respectively. For both mRNAs and
miRNAs, RT-qPCR was performed using a 1:10 dilution
of ¢cDNA on a Roche LC480 LightCycler instrument
(Roche Diagnostics, Meylan, France) as described previ-
ously [14]. Relative expression of mRNAs and miRNAs
of interest was determined using the 2(—ddCt) method.

mRNA expression by PCR array

Reverse transcription was performed using 400 ng of
total RNA from ALI-bronchial cells (same samples used
for small RNA sequencing) by using an RT? First Strand
kit (Qiagen, Courtaboeuf, France) following the manu-
facturer’s protocol. We used an RT” Profiler PCR Array
(Qiagen) that focuses on genes for WNT signaling tar-
gets, wound healing, and PI3K-AKT signaling path-

gulation of 35, 68, and 50 miRNAs in CF ALI-bron-
chial, ALI-nasal, and ALI-polyp samples, respectively
(Figure 1C). An additional filtering of the list of
miRNAs with considered deregulated miRNAs with
fold-change >2 or <0.5 between CF and NCF samples
indicated that nine miRNAs were upregulated and
16 were downregulated in CF ALI-bronchial samples
compared with NCF samples (Table 1). Moreover,
16 and 20 miRNAs were upregulated in CF ALI-nasal
and ALI-polyp samples, respectively, and 23 and
11 were downregulated, respectively, compared with
NCF controls (supplementary material, Tables S1 and
S2). Among the dysregulated miRNAs, five were
detected in all three models: miR-9-5p, miR-1246,
miR-181a-5p, miR-181a-2-3p, and miR-10a-5p. miR-
9-5p was strongly downregulated in CF ALI-bronchial
and AlLI-nasal cells (data confirmed by RT-qPCR; sup-

ways; reactions were performed using a 1:5 dilution of
first-strand cDNA. Relative expression levels were cal-
culated using the comparative AACt method with five
genes as endogenous controls (ACTB, B2M, GAPDH,
HPRTI, RPLPO).

Western blotting

Proteins (25-50 pg) were electrophoresed through 7%
(for CFTR proteins) or 10% (for other proteins) SDS
polyacrylamide gels. After transfer and blocking steps,
membranes were incubated overnight at 4 °C with pri-
mary antibodies (for details see Supplementary materials
and methods).

Details of transient transfection assays and the statisti-
cal analyses used are provided in Supplementary mate-
rials and methods.

Results

miRNA expression profiles in ALl airway cell cultures

Genome-wide sequencing analysis of the miRNA
expression profiles in NCF and CF ALI-polyp, ALI-
nasal, and ALI-bronchial samples showed that, on aver-
age, 266 microRNAs were detected in each sample type
and 179 had a readcount higher than 10 reads
(Figure 1A). About 70% of reads mapped to human
miRNAs (miRBase v21). Comparison of the expression
of the top 20 miRNAs (on average, 80% of all expressed
miRNAs) in NCF ALI-bronchial, ALI-polyp, and ALI-
nasal samples indicated that they were similarly
expressed in all three models, and particularly between
ALI-polyp and ALI-nasal samples (Figure 1B). Then
sRNAde, a computational tool integrated in the SRNA-
bench webserver for differential expression analysis,
was used to rank the miRNAs that were differentially
expressed in CF and NCF samples. The correlation
between miRNA expression in CF and NCF samples
was consistent (#* =0.91 and 0.92) (suppl y

'y material, Figure S2A) and overexpressed in
CF ALI-polyp cultures. miR-1246, miR-181a-5p, and
miR-181a-2-3p were upregulated in CF ALI-bronchial
and ALI-nasal cells, and downregulated in ALI-polyp
samples. miR-10a-5p was overexpressed in CF ALI-nasal
cells and downregulated in CF ALI-bronchial and ALI-
polyp samples. Overall, ALI-nasal and ALI-bronchial
miRNA profiles were the most similar (30% of deregu-
lated miRNAs were the same in the two models).

miR-181a-5p targets the PI3K-AKT and wound
healing pathways

TargetScan (http://www.targetscan.org/vert_72/),
miRDB  (http://www.mirdb.org/), and Diana tools
microT-CDS  (http://diana.imis.athena-innovation.gr/
DianaTools/index.php?r=site/index) were used to build
the list of genes predicted to be targeted by the miRNAs
that were differentially expressed in CF cultures, and
these data were integrated in DAVID (v6.8, Database
for Annotation, Visualization and Integrated Discovery)
bioinformatics resources. This analysis retained the
same top ten pathways for all three models, particularly
the PI3K-AKT pathway (Figure 2A). We chose to fur-
ther investigate this pathway (p = 0.0052) because it
contains numerous genes targeted by deregulated
miRNA and it has been recently described in CF [13].
Targeted PCR array (Qiagen) analysis with 84 pre-
designed primer sets for assessing the expression of
genes included in the PI3K-AKT pathway showed that
in CF samples, four genes were downregulated (AK73,
CDI14, IGF1, and PIK3CG) and two were upregulated
(PDGFRA and PRKCA). Because some of the deregu-
lated miRNAs targeted the wound healing pathway and
related genes (p = 0.0043), a targeted PCR array was
also employed. Among the 84 genes tested, six were
upregulated (CCL2, COLI4Al, COLA4Al, CXCLII,
MMP1, and PLG) and four were downregulated (CTSL2,
FI3A1, IGFI, and WISPI). These results were con-
firmed by RT-qPCR in CF bronchial epithelium using
newly designed primers (data not shown). Among these
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Figure 1. miRNA level in CF and NCF ALl cultures of airway epithelium obtained by miRNA sequencing. (A) Bar charts showing the distribution
of miRNA total readcounts for each sample type (CF, cystic fibrosis; NCF, non-CF). As more than one million reads were obtained per sample,
for each condition (NCF/CF ALI-bronchial, n = 5; NCF/CF ALl-nasal, n = 3; NCF/CF ALI-polyp samples, n = 4), the average percentage of miR-
NAs (x-axis) for each specific range of reads (sequencing depth) is shown. (B) Expression profiles of the 20 most expressed miRNAs in NCF ALI-
bronchial (Br., n = 5), ALl-nasal (Na., n = 3), and ALI-polyp samples (Po., n = 4). miRNA expression counts were normalized using edgeR and
log, d for casicr visualization. Circular expression heatmaps were plotted with the R ggplot2 package (red, low expression; green,
high expression) for the most expressed miRNAs in ALI-bronchial cells (hsa-miR-92b-3p to hsa-miR-125a-5p). (C) Venn diagrams displaying
the number of miRNAs significantly deregulated (edgeR algorithm, p < 0.05) in CF compared with NCF in ALI-nasal (Na.), ALI-bronchial (Br.),

and ALl-polyp samples (Po.).

deregulated genes, IGFI and WISP] were predicted to
be targeted by miR-181a-5p that was overexpressed in
all three CF ALI-culture models. Moreover, a previous
study reported that IGF1 is downregulated in CF [18],
and WISP1 is a key protein in the wound healing mech-
anism [19] that includes the WNT pathway [20]. Based
on these observations, we decided to ascertain the contri-
bution of miR-181a-5p in IGFI and WISP] mRNA
downregulation (Figure 2B, left bar charts). Our data
showed that introduction of a miR-181a-5p inhibitor in
CF ALI-bronchial cells led to an increase in /GF/ and
WISP1 mRNA expression compared with the negative
control, confirming that miR-181a-5p may play a role
in their deregulation (Figure 2B, right bar charts).

IsomiR distribution in CF and NCF samples

We analyzed the isomiR distribution in CF and NCF
ALI cultures (n =35 each) to determine the extent of
miRNA sequence variation and its possible biological
implications (Figure 3A). As isomiRs are the results of
combinations of different 5°- and 3’-ends of the canoni-
cal miRNA sequence, the observed frequency of indi-
vidual ends was used to represent the isomiR
distribution changes using sSRNAbench. Analysis of the
distribution of 329 expressed miRNAs revealed that
the canonical sequence was the dominant isoforms

(>50%) for about 46% of these miRNAs (Figure 3A)
in CF and NCF ALI samples. The most common alter-
ation in all ALI models was a change in the 3’-end posi-
tion. Overall, sequence variations included nucleotide
substitution (13.1%), 3’- ion (7.3%), 3’-tri

(19.7%), 5’-extension (0.8%), 5’-trimming (1.6%), and
multiple variants (3.6%). Analysis of the relative expres-
sion [normalized using the Trimmed Mean of M-values
(TMM) method] of the 30 most expressed miRNAs in
NCF ALI-bronchial, ALI-nasal, and ALI-polyp samples
indicated that for some miRNAs, such as miR-22, the
canonical sequence (94% in all three models) was pre-
dominant (Figure 3B and supplementary material,
Table S3). For about 16% of all miRNAs, the canonical
form was detected in 80% of samples. Conversely, for
some miRNAs (e.g. miRNA-141-3p, miR-30a/d/e, and
miR-34b/c/449¢), isomiR forms were predominant (sup-
plementary material, Figure S2B). For instance, for miR-
34b/c/449c¢, only 2% of sequences correspond to the
canonical form, as previously published [21], and 61%
of the detected forms had a divergent 5’-end with a mod-
ified ‘seed’ region compared with the reference sequence
(supplementary material, Figure S2B). Moreover, analy-
sis of the miR-101-3p variant sequence distribution
showed differences between CF and NCF ALI-nasal
samples. In NCF ALI-nasal samples, about 50% of all
reads for miR-101-3p had a 5’-extension (divergent 5°-




Table 1. List of dysrequlated miRNAs identified in ALI-bronchial cells CF versus NCF.

miRNA name log FC
Up-requlated
hsa-miR-138-5p 5.08
hsa-miR-4485-3p 269
hsa-miR-3065-3p 1.87
hsa-miR-1246 1.59
hsa-miR-449c-5p 1.48
hsa-miR-181b-5p 1.44
hsa-miR-449b-5p 131
hsa-miR-4532 119
-561-5p 1.00
-181a-5p 0.97
-181a-2-3p 094
hsa-miR-19b-3p 0.85
hsa-miR-181a-3p 0.85
0.80
0.79
hsa-miR-92a-3p 0.74
hsa-miR-191-5p 0.72
hsa-miR-769-5p 0.72
Down-regulated
hsa-miR-9-5p
hsa-miR-127-3p
hsa-miR-10a-5p
hsa-miR-153-3p
hsa-miR-362-5p
hsa-miR-502-3p
hsa-miR-203a-3p
hsa-miR-501-3p
hsa-miR-486-5p
hsa-miR-152-5p
hsa-miR-135b-5p
hsa-miR-339-5p
hsa-miR-654-3p -138
hsa-miR-365a-3p/hsa-miR-365b-3p -1.37
hsa-miR-500a-3p 125
hsa-miR-532-3p -1.18
hsa-miR-193b-3p -0.92

p EdgeR p DeSeq
<0.0001 <0.0001
<0.0001 <0.0001
0.0001 0.0050
00272 NS
0.0018 0.0193
00001 00033
00093 00342
0.0067 NS
00288 NS
0.0006 0.0015
0.0081 0.0422
00299 NS
0.0237 0.0424
0.0214 NS
00116 NS
0.0360 0.0470
0.0240 NS
0.0364 NS
<0.0001 <0.0001
<0.0001 NS
<0.0001 0.0288
0.0004 0.0002
0.0002 0.0005
0.0021 0.0109
0.0452 NS
0.01M 0.0016
0.0267 NS
0.0137 NS
0.0006 0.0032
0.0029 0.0226
0.0145 0.0440
0.0020 0.0139
0.0006 0.0127
0.0336 0.0294
00172 00361

miRNAS deregulated using the log FC and p < 0.05 identified as significantly derequlated by the EdgeR algorithm. DeSeq associated P values are also indicated when

significant (NS, non-significant).

Log FC corresponds to the log of the ratio of miRNA level counts in ALl cells taken from five CF donors versus five healthy donors.

end) and about 50% had an unchanged 5’-end
(Figure 3C). The canonical form represented 10.4% of
total reads, and 26.2% of sequences had a 3’-extension
and a conserved 5’-end. Among sequences with altered
‘seed” due to a divergent 5’-end (5’-exlension), there
were sequences with an unchanged 3’-end (19.6%) or
with 3’-trimming (23.5%), while the others showed 3°-
extensions. The number of all miR-101-3p sequences
with altered ‘seed’ seq was significantly d d
by about 5% in CF nasal samples compared with NCF
samples (Figure 3D). Overall, about 50% of miRNA
sequences were divergent and 1.6% had a different 5°-
end that could perturb the miRNA/mRNA interaction.

miR-101-3p and its isomiR expression and
functional role

Previous studies showed that miR-101-3p is upregulated
in lung disorders, including COPD [22], and is involved
in CFTR mRNA regulation [14]. Moreover, in silico
analysis of both WISPI and IGFI 3’-UTR regions

predicted the presence of miR-101-3p recognition
motifs. To assess the functionality of the major miR-
101-3p isomiR, which probably results from a I-nt shift
of the DROSHA and DICER cleavage sites, oligonucle-
otides with 5°- or 3’-extensions were designed. IsomiR-
101A, which corresponded to 18.5% of all sequences,
was downregulated in CF ALI-nasal cells (=21%) and
displayed a divergent ‘seed’ sequence with a 5’-
extension and an unchanged 3’-end. Two other isoforms
were studied, isomiR-101B (15.2% of all sequences and
upregulated in CF ALI-bronchial cells, +23%) and
isomiR-101C (5.9% of all sequences and upregulated
in CF ALI-nasal cells, +35%) that displayed a 5’-end
unchanged and a 3’-end with an extension (Figure 4A).
The canonical miR-101-3p represented 9.5% of all
E and was downregulated in CF ALI-nasal cells
(—38%). The effect of the canonical miR-101-3p and
isomiR variants on gene expression was then (ested in
BEAS-2B cells using a luciferase reporter assay under
the control of the 3’-UTR of CEBPA, EZH2 or CFTR,
all three targeted by miR-101 (supplementary material,
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Figure 2. Genes and pathways targeted by deregulated miRNAs. (A) The ten pathways potentially most affected by the miRNAs deregulated in
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mRNA expression. Quantification of endogenous IGF1 and WISPT mRNA levels in CF and NCF ALl-bronchial samples (left panels) and in
CF ALI-bronchial cells after miR-181a-5p silencing or not (right panels). Mean + SEM. Welch's test, *p < 0.05, ***p < 0.001

Figure S3A.B). We focused on these genes as
encodes a polycomb complex protein and is a well-
known miR-101-3p target [23]. CEBPA is a key tran-
scription factor in lung morphogenesis, and CFTR
expression is regulated by miR-101-3p [ 14]. We showed
that introduction of the canonical form of miR-101
induced a decrease in the luciferase level relative to
CEBPA, EZI12, and CFTR 3’-UTR (Figure 4B). The iso-
forms 101A, 101B, and 101C had a repressive effect
only on the 3-UTR of EZH2 and CFTR (Figure 4B).
The effects of the canonical and isomiR miR-101-3p
variants on EZH2 and CEBPA mRNA expression were
assessed in BEAS-2B cells. Canonical miR-101-3p

reduced EZH2 and CEBPA expression by 20-30%
(Figure 4C), as we previously showed for CFTR [14].
The isomiR variants did not have any significant effect
on CEBPA mRNA cxpression. Conversely, isomiR-
101A negatively affected EZH2 mRNA expression.
Overexpression of each isoform was confirmed
(Figure 4D). Analysis by western blotting for CFTR pro-
tein was carried out in 16HBE cells because of a weak
expression in BEAS-2B cells, and the results showed
that all isomiRs negatively affected the CFTR protein
expression level (with a less pronounced effect with the
canonical form) (Figure 4E). The isomiR variants also
reduced EZH2 protein expression in BEAS-2B cells, in
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agreement with the luciferase assay and mRNA data for
miR-101 and isomiR-101A, suggesting a cumulative
impact of isoforms. Conversely, CEBPA prolein expres-
sion was reduced only by isomiR-101A, and by isomiR-
101B to a lesser extent, differently from the luciferase
assay and mRNA results (Figure 4E). Taken together,
these findings suggest that the effects of miR-101-3p
and isomiR-101 change according (o the target mRNA.

To further clucidate the function of miR-101-3p, bioin-
formatics tools were used to predict miR-101-3p targets.
The WNT signaling pathway was among the top ten tar-
geted pathways in the DAVID database. We silenced
miR-101-3p in NCF human bronchial primary cells, and
assessed the mRNA expression of genes related to the

WNT signaling pathway using PCR array analysis with
pre-designed primers. Silencing of miR-101-3p led to
overexpression of mRNA for transcription factors such
as paired-like homeodomain 2 (PITX2), growth factors
such as IGF1, and WNT signal-transduction factors such
as secreted frizzled related protein 2 (SFRP2) and
WNTI9A as well as WISP1 (Figure 4F).

miR-101-3p and miR-181a-5p influence the wound
healing process

We sought roles for miR-101-3p and miR-181a-5p in
regulation of WISP/ expression, a key component of cell
proliferation/migration programs. First we showed that
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introduction of miR-101-3p and miR-181a-5p in bron-  incr

in WISP1 cxpression after the inhibition of

chial cells induced a significant decrease in luciferase
activity controlled by the 3’-UTR of WISP/
(Figure 5A). Next we showed that silencing of miR-
101-3p (which induces downregulation only for miR-
101, isomiR-101B, and isomiR-101C; supplementary
malterial, Figure 3C) and miR-181a-5p induced an
increase in WISPI expression in CFBE cells at both
mRNA and protein levels (Figure SB,C), where it is nor-
mally downregulated compared with 16HBE NCF cells
(Figure 5D), data confirming the results obtained in CF
ALI-bronchial samples (Figure 2B, lower right pancl).
Quantification of the levels of WISP1 by densitometry
(at least three independent transfections) confirmed the

miR-101-3p and miR-181a-5p cxpression (Figure S5C,
right panel). Silencing of miR-101-3p and miR-181a-
5p was confirmed by RT-qPCR in CF cells (supplemen-
tary material, Figure 3D), although the miRNA amount
quantified after transfection of its inhibitor should be
considered with caution, duc to potential limitations
(inhibition through inhibitor/miRNA interaction without
the miRNA degradation, interfering with PCR reaction)
[24]. Similarly, miR-101-3p silencing induced an
increase in WISP1 protein levels in non-CF bronchial
cells, associated with an increasce in B-catenin protein
(Figure SE), and in primary CF human bronchial pri-
mary cells (Figure 5F), which may play a role in driving
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Figure 5. Impact of miR-101-3p and miR-181a-5p on WISP1 expression. (A) The impact of miR-101-3p or miR-181a-5p on the 3'-UTR-
WISP1 was evaluated using luciferase activity in BEAS-2B cells. Mean + SEM. Pvalues were determined using the non-parametric Wilcoxon
(unpaired) Mann-Whitney test. *p < 0.05. (B) Quantification of endogenous WISPT mRNA levels in CFBE cells after silencing of miR-101-3p
(inh-101) or miR-181a-5p (inh-181a) compared with the control (inh-CTL). Data were normalized to GAPDH transcript levels. Mean + SEM.
Welch's t-test, *p < 0.05. (C) Impact of miR-101-3p or miR-181a-5p silencing on the expression of WISP1 by western blotting in CFBE cells
(left panel). Densitometric analysis of WISP1 protein band (western blotting) after miRNA silencing (shown in the left panel) in CFBE cells
(right panel). Data were normalized to lamin A/C protein expression in each condition and are represented in normalized relative ratio. Mean-
+ SEM. Welch's t-test, *p < 0.05. (D) Quantification of endogenous WISPT mRNA levels in CFBE cells in comparison with 16HBE cells. Data
were normalized to GAPDH transcript level. Mean -+ SEM. Welch's test, ***p < 0.001. (E) Effect of miRNA silencing on the expression of WISP1
and p-catenin (differentiation marker) by western blotting in BEAS-2B cells. Mean + SEM. Welch's test, ***p < 0.001. (F) Effect of miR-
101-3p or miR-181a-5p silencing on the expression of WISP1 protein in CF human bronchial primary cells (hAECB-CF). (G) 16HBE cells
(top) and CFBE cells (bottom) were treated with inhibitor of miR-101-3p, miR-181a-5p or control for 24 h, then fixed and subjected to indi-
rectimmunofluorescence with anti-WISP1 antibodies. Cells were then stained with an Alexa-conjugated antibody (red). For nuclear staining,
cells were counterstained with DAPI (blue). (H) Impact of silencing of miR-101-3p and miR-181a-5p on repair was observed in 16HBE and
CFBE cells treated with inhibitor of miR-101-3p (inh-101), miR-181a-5p (inh-181a) or control (inh-CTL). Repair was measured 24 h after
wounding and represented the mean of two independent experiments for 16HBE (4 or 5 areas per condition) and three independent exper-
iments for CFBE cells (813 arcas per condition). The percentage indicated corresponds to the wound repair rate compared with the control
condition (inh-CTL).

the proliferative phase of wound healing, suggesting that ~ WISP1 expression, controlled by miR-101-3p and
the WISP1 inhibition observed in CF cells could be asso- ~ miR-181a-5p.

ciated with impairment in cell repair. Immunofluores-

cence confirmed increased WISP1 levels after miR-

101-3p and miR-181a-5p silencing, with the strongest . .

effect for miR-101-3p (Figure 5G). Finally, increased ~ Discussion

wound healing was observed after miR-101-3p and

miR-181a-5p silencing in monolayers of non-CF and  The establishment of miRNA expression patterns with
CF cell lines (less marked with miR-181a silencing) biological rel e ins challengi Three main
(Figure SH). These results suggest the importance of  methods are used o quantify miRNA expression levels:




RT-qPCR [25,26], microarray hybridization [27,28],
and massive parallel/next-generation  sequencing
(NGS) [29]. Although NGS data can be influenced by
sequencing errors, this technology has accelerated the
discovery of new miRNAs as well as sequence modifica-
tions in existing miRNAs, reflecting subtle variations in
the landscape of mature miRNA sequences.

Here, we generated and compared the complete miRNA
expression profiles of three ex vivo models of CF epithe-
lium (polyps, nasal and bronchial cells from patients with
the same genetic background: homozygous for the p.
Phe508del CFTR mutation), and also identified novel
miRNAs, including  isomiRs,  deregulated  in
CF. Comparison of the miRNA expression profiles in CF
and NCF samples revealed that five miRNAs are dysregu-
lated in all three ex vivo CF models compared with NCF
controls. Our analysis indicated that miR-9-5p expression
was strongly decreased in CF ALI-bronchial and CF ALI-
nasal cultures compared with NCF ALI cultures, differ-
ently from a recent study showing miR-9 upregulation in
CFBE4lo™ bronchial epithelial cell lines [30]. This
miRNA is considered (o have an anti-fibrotic role because
of its reduced response (o H,0,, and because many genes
involved in the TGF-f pathway are its predicted targets
[31]. NF-xB, a transcriptional factor that regulates a bat-
tery of genes and that is critical to innate and adaptive
immunity, is upregulated in CF [32] and a well-described
target for miR-9 [33]. Other miRNAs that were previously
found to be upregulated in CF cultures showed similar
expression in our CF and NCF cultures, for instance miR-
138-5p [34]. It was previously reported that miR-138-5p
enhances CFTR biogenesis and partially rescues p.Phe508-
del-CFTR function in CF airway epithelia [34].

By using computational (ools, we focused on gene tar-
gets belonging to the PI3K-Akt pathway, involved in
cell proliferation, apoptosis, migration, and invasion,
and to the wound healing signaling cascade that is per-
turbed in CF [35]. Indeed, recurrent infections and the
associated inflammation in CF airways lead (o a cycle
of damage and repair of the epithelium surface [36,37].
As the estimates of false positives for conserved sites
of some programs are close to 50% [38], it was crucial
to functionally confirm the role on the predicted gene tar-
gets by using miRNA inhibitors. We found that silencing
of miR-181a-5p (a miRNA that was upregulated in all
three CF models) induced a marked increase in WISP/
and /GFI mRNA expression in CF ALI-bronchial cul-
tures. NGS also allowed evaluation of the distribution
of miRNA variants, called isomiRs in NCF and CF sam-
ples. Comparison of all miR-101-3p sequence: ALI-
nasal cultures showed that the isoform distribution was
altered in CF samples compared with healthy controls.
Moreover, for miR-449¢, a member of the miR-449 fam-
ily that are key factors required for motile ciliogenesis
[39], isomiR variants represented the main sequences,
as recently reported [21]. We then assessed the cffect
of miR-101-3p canonical and variant sequences on the
expression/function of some of its targets. Previous stud-
ies showed that miR-101, which is evolutionarily con-
served in vertebrates, controls CFTR mRNA stability

in CF [14], in smoking-induced experimental conditions
[40], and in other pulmonary diseases such as chronic
obstructive pulmonary discase [41]. Variations in
miRNA sequences can potentially affect the targetable
genes/pathways due to an alternative choice between
canonical and non-canonical ‘seed’ and/or by a 3’-
compensatory interaction. The rules of target recogni-
tion by miRNAs are still not fully understood. Morcover,
the identification of miRNA isoforms complicates the
prediction of gene targets because the bioinformatics
programs used are often based on canonical,
i.e. referenced, miRNAs. Therefore, predictions remain
uncertain and require experimental confirmation. As
mRNA targets, we chose EZI2, which belongs to the
polycomb group proteins, which are epigenetic regula-
tors with an essential role in development through the
deposit of repressive marks (o maintain tissue-specific
gene expression into adulthood [42]. Galvis et al demon-
strated that EZH2 loss in lung epithelium leads to defec-
tive lung development. Indeed, EZH2 controls basal cell
fate determination in embryonic lung endoderm, partly
through repression of IGF1 expression [43]. Interest-
ingly, potential miR-101-3p recognition motifs have
been detected on IGF1 and WISPI mRNA scquences.
Inhibition of miR-101-3p expression in ALI-bronchial
and ALI-nasal cells induced an increase in the IGF/
and WISP! mRNA expression level. WISP1 (CCN4),
like other members of the CCN family, is considered a
matricellular protein that operates essentially in the
extracellular microenvironment between cells, but with
intracellular roles [44]. We finally demonstrated that
the increase in WISPI protein expression level induced
by miR-101-3p and miR-181a-5p silencing is associated
with a significant increase in wound closure in non-CF
and CF cells.

In conclusion, our deep sequencing analysis of the
miRNA profiles in CF and NCF ALI cultures of airway
epithelium indicated that the expression of 15-27% of
miRNAs is altered in CF samples, with variations also
in isomiR distribution. Morcover, functional analysis
showed that miR-181a-5p and miR-101-3p repress
WISP1 expression in bronchial epithelial cell lines and
ALI cultures of airway epithelium, and that miR-
101-3p and miR-181a-5p silencing are associated with
the concomitant rescue of WISP1 and f-catenin expres-
sion. Our findings suggest that deregulated miRNA
expression may contribute to the outcomes of epithelial
integrity loss in CF airway epithelium. Our complete
analysis of miRNA expression patterns in CF ALI
airway epithelia brings new insights into CF physiopa-
thology and identified new candidates, WISP1 and/or
miR-101, miR-181a, that could be further investigated
as therapeutic targets.
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