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The Journal of Immunology

Genome-Wide Posttranscriptional Dysregulation by
MicroRNAs in Human Asthma as Revealed by Frac-seq

Rocio T. Martinez-Nunez,*,† Hitasha Rupani,†,‡ Manuela Platé,x Mahesan Niranjan,{

Rachel C. Chambers,x Peter H. Howarth,†,‡,1 and Tilman Sanchez-Elsner†,1

MicroRNAs are small noncoding RNAs that inhibit gene expression posttranscriptionally, implicated in virtually all biological

processes. Although the effect of individual microRNAs is generally studied, the genome-wide role of multiple microRNAs is less

investigated. We assessed paired genome-wide expression of microRNAs with total (cytoplasmic) and translational (polyribosome-

bound) mRNA levels employing subcellular fractionation and RNA sequencing (Frac-seq) in human primary bronchoepithelium

from healthy controls and severe asthmatics. Severe asthma is a chronic inflammatory disease of the airways characterized by poor

response to therapy. We found genes (i.e., isoforms of a gene) and mRNA isoforms differentially expressed in asthma, with novel

inflammatory and structural pathophysiological mechanisms related to bronchoepithelium disclosed solely by polyribosome-

bound mRNAs (e.g., IL1A and LTB genes or ITGA6 and ITGA2 alternatively spliced isoforms). Gene expression (i.e., isoforms

of a gene) and mRNA expression analysis revealed different molecular candidates and biological pathways, with differentially

expressed polyribosome-bound and total mRNAs also showing little overlap. We reveal a hub of six dysregulated microRNAs

accounting for ∼90% of all microRNA targeting, displaying preference for polyribosome-bound mRNAs. Transfection of this hub

in bronchial epithelial cells from healthy donors mimicked asthma characteristics. Our work demonstrates extensive posttran-

scriptional gene dysregulation in human asthma, in which microRNAs play a central role, illustrating the feasibility and impor-

tance of assessing posttranscriptional gene expression when investigating human disease. The Journal of Immunology, 2018, 201:

251–263.

M
icroRNAs are small regulatory molecules (∼22 nu-
cleotides long) that inhibit gene expression by pairing
mainly to the 39 untranslated regions (UTRs) of their

target mRNAs (1). MicroRNA effects include mRNA destabili-
zation and inhibition of translation, with a body of literature
supporting both as main effector mechanisms (2–5). The biolog-
ical relevance of microRNAs expands to most cellular processes,
as thousands of mRNAs contain microRNA responsive elements
(MREs). Consequently, microRNA dysregulation has been dem-
onstrated to underlie disease pathophysiological mechanisms,
making microRNAs novel therapeutic targets (6).
Although the effects of individual microRNAs in disease have been

explored extensively, there are fewer reports on the role of microRNAs
acting as networks in this setting. We have previously shown
that microRNAs dysregulated in bronchial epithelial cells (BECs)

from asthmatic patients may have different effects, even opposite
effects, when modulating their levels individually versus simulta-
neously (7). Our work and others (8) highlight the need for integrative
genome-wide approaches to understand the role and importance of
microRNAs in cellular and pathological processes.
Asthma is a common chronic inflammatory disease of the airways

affecting ∼350 million people worldwide and with a spectrum of
severity. Severe asthma (SA) is characterized by the need for or the
failure to respond to high-dose glucocorticoids in conjunction with
other additional controller therapies (9). The underlying mechanisms
of SA remain incompletely understood, and it therefore represents a
major unmet clinical need, accounting for the majority of the
healthcare budget dedicated to asthma. Current therapy for asthma
targets the inflammatory and smooth muscle constrictor components
of the disease. Because SA patients remain uncontrolled, it is
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probable that additional mechanisms or steroid-unresponsive processes
contribute to the disease persistence. As the airway epithelium or-
chestrates both inflammatory and remodeling processes relevant to
SA (10, 11), we have focused on investigating alterations in this cell
population. Moreover, we have centered on investigating posttran-
scriptional control of gene expression in asthma given that posttran-
scriptional control is considered key in the regulation of inflammation
(12) and requires further understanding in many diseases, including
asthma.
Popular approaches to studying complex diseases using high-

throughput methodologies focus on the transcriptome, measured
with arrays and sequencing technologies. However, it is appreci-
ated that gene transcription and gene translation are not synony-
mous. From transcription to translation into protein, mRNA
undergoes multiple processes, including splicing, stabilization,
targeting by microRNAs, and decay (13), which affect mRNA
loading into polyribosomes and subsequent translation. It is well
acknowledged that the transcriptome shows weak correlation with
the corresponding protein levels, as has been noted in early work
(14). More recent works (15–17) show that the weak correlation
can be improved upon by a machine-learning approach integrating
transcript levels, transcript stability, polyribosome binding, and
other sequence-based proxies of translation rates. Thus, the dis-
parity between mRNA and protein levels in a variety of systems
reflects the relevance of posttranscriptional mRNA regulation,
demonstrating that cytoplasmic mRNA expression inadequately
reflects actual translation into protein (13, 18). This disparity is
even more pronounced in mammalian cells because of mRNA
splicing. Alternative splicing (AS) generates several mRNAs from
one single gene, with virtually all genes undergoing splicing (19).
Alternatively spliced mRNA isoforms show preferential binding to
polyribosomes (20) and heavily influence protein levels (21).
Together, these observations highlight the need for consideration
of splicing and translation when performing genome-wide mRNA
expression measurements.
Given that microRNAs may affect mRNA levels and/or their

translation into protein, as well as their importance in asthma, we
sought to determine the genome-wide relationship between
microRNAs and their mRNA targets in human asthma in different
subcellular compartments. To this end, we performed microRNA
profiling using small RNA sequencing (RNA-seq) and integrated it
with subcellular fractionation and RNA-seq (Frac-seq) (20) in
BECs isolated from human clinical samples from healthy volun-
teers and well-characterized SA patients. Frac-seq combines
subcellular fractionation and RNA-seq, measuring mRNA levels
in both cytoplasm (all mRNAs, cytoplasmic mRNA [Total]) and
polyribosome-bound mRNA (Polysome; undergoing translation)
fractions (22), facilitating the study of posttranscriptional mRNA
regulation on a genome-wide scale.
Our work presents for the first time, to our knowledge, evidence

that global control of mRNA splicing and translation is at the
center of a human disease and asthma pathophysiology. Our re-
sults show that microRNAs are predicted to preferentially target
polyribosome-associated mRNAs in asthma, adding valuable
knowledge to the long-standing debate about microRNA effects
on their targets (2, 5, 23, 24). More strikingly, among the
microRNAs detected as differentially expressed between health
and asthma, our results show that ∼50% of the changes in mRNA
binding to polyribosomes is modulated by a small hub of only six
microRNAs. These six microRNAs account for ∼90% of all cel-
lular microRNA targeting and recapitulate disease characteristics
when modulated in cells from healthy donors. Our work highlights
the relevance of studying microRNAs in their molecular and
cellular context and demonstrates the feasibility and importance of

studying posttranscriptional gene regulation in asthma, opening a
novel path in the understanding of the asthmatic process and po-
tentially other inflammatory pathologies.

Materials and Methods
Study volunteers and consent to participate

Nonsmoking volunteers aged 18–65 y were recruited from the Wessex
Severe Asthma Cohort and age/sex matched with healthy controls (HCs)
from a departmental database (Supplemental Table I). All participants gave
written informed consent. Adults with no history of respiratory disease, no
current symptoms, and who did not achieve a 20% drop in forced expi-
ratory volume in one second with inhaled methacholine at 16 mg/ml were
defined as HCs. SA patients had inadequately controlled disease, (Asthma
Control Questionnaire score of $1.5), despite management at Step 4/5 of
the British Thoracic Society/Scottish Intercollegiate Guidelines Network
asthma guidelines (four at step 5) and fulfilled the European Respiratory
Society/American Thoracic Society criteria for SA. The study had prior
ethics approval from the Southampton and South West Hampshire local
research ethics committee (REC; REC reference number 05/Q1702/165).
BECs used in the microRNA transfection experiments also had ethical
approval (REC reference number 06/Q0505/12).

Spirometry, bronchoscopy, and cell culture

Spirometry was performed using the JAEGER MasterScreen with Viasys
software. Measures were made before and 15min after the administration of
nebulized salbutamol (2.5 mg).

Flexible bronchoscopy was undertaken as previously described (25)
according to British Thoracic Society guidelines and the local depart-
mental standard operating procedure in the National Institutes for Health
Research Respiratory Bioscience Research Unit, which is part of the
Southampton Centre for Biomedical Research at Southampton General
Hospital (Southampton, U.K.). Four separate sets of epithelial brushings
were obtained from the right bronchus intermedius using disposable,
sheathed bronchial brushes (BC-202D-1210; Olympus). Brushings were
spun in plain RPMI 1640 and supplemented with penicillin/streptomycin
(Thermo Fisher Scientific, Loughborough, U.K.) at 1200 rpm for 10 min.
The medium was discarded, and cells were resuspended in complete BEC
growth medium (Lonza, Blackley, U.K.). BECs were cultured as previ-
ously described (7). Briefly, BECs were cultured in collagen-coated
(Thermo Fisher Scientific) T25 flasks in BEC growth complete medium
(Lonza) and passaged onto 15 cm2 dishes when 80% confluent. All ex-
pression experiments were done in passage 1 cells. BECs employed in the
microRNA transfection experiments were isolated as in Crowley et al. (26)
and were of passages 3–4.

Small RNA-seq

Libraries and small RNA-seq were done in Ocean Ridge Biosciences
(Deerfield Beach, FL). Libraries were made employing NEBNext Small
RNA-Seq Library Preparation Kit (New England BioLabs, Ipswich, MA)
according to manufacturer’s instructions and purified using a gel-based
extraction method. The quality and size distribution of the amplified li-
braries were determined using an Agilent 2100 High Sensitivity DNA
Bioanalyzer microfluidic chip. Libraries were quantified using the KAPA
Library Quantification Kit (KK4824; Kapa Biosystems, Boston, MA).
Libraries were pooled at equimolar concentrations and diluted prior to
loading onto the flow cell of the cBot cluster station (Illumina, San Diego,
CA). Libraries were extended and bridge amplified to create single-
sequence clusters using the TruSeq Rapid SR Cluster Kit – HS. Ten per-
cent FX174 phage DNAwas spiked in all sequencing lanes for sequencer
calibration. Real-time image analysis and base calling were performed on
the instrument using the HiSeq Sequencing Control Software version
2.0.12.0 (Illumina). Libraries were sequenced with 50 bp single-end reads
plus index read (TruSeq Rapid SBS Kit- HS 200 Cycle; Illumina). An
average of 4.6 M reads passing trimming and minimum count filter ($5
reads) was generated per sample.

CASAVA software version 1.8.4 was used for demultiplexing, removal of
low quality reads, and production of FASTQ sequence files. The FASTX
(http://hannonlab.cshl.edu/fastx_toolkit/index.html) application was used
to trim the 39 end of sequence reads to remove the 39 adaptor sequence.
Sequences without any 39 adapter sequence, as well as sequences of ,17
nucleotides after trimming, were removed. A perl script was used to
remove sequences with any amount of 59 adapter sequence. FASTX was
also used to collapse identical reads into single entries retaining the read
count for each unique sequence. Alignment results files were parsed by a
custom perl script to generate FASTA files containing the read count and
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annotation for each unique sequence. An additional perl script was used to
parse the annotated FASTA to determine the raw sequence read count for
each target database entry in each sample; these counts were written to
tabular format text files. To filter out any sequencing errors, only sequence
reads that occurred $5 were retained for further analysis. Nonredundant
sequences were then aligned to genomic (hg19) and mRNA sequence
(hg19) using bowtie2 (27); sequences with perfect match and 1 nt mismatch (to
aid mapping) were retained for further analysis. The genome-mapped se-
quences were further aligned to precursor and mature microRNAs in
miRBase 21.0 (28) using OMAP# alignment software developed at Ocean
Ridge Biosciences. To facilitate statistical analysis, the raw reads were
converted to reads per million (RPM) (genome) mapped reads. Only se-
quences with a perfect match were retained for statistical analysis. Mature
microRNA RPM values were normalized using the following formula: raw
count/perfectly matched microRNA reads 3 1,000,000. Tables were fil-
tered to retain a list of annotated RNAs having a minimum of 10 mapped
reads (detection threshold) in 25% of samples; for these filtered read ta-
bles, missing values were replaced with the average RPM value equivalent
to one read. Library packages are available on CRAN. The principal
component analysis plot in Fig. 1 was done employing Qlucore Omics
Explorer. MicroRNA clustering in Fig. 1 was done in R using kendall/
ward.D method.

Polyribosome profiling

Polyribosome profiling was done as described previously (20, 22), with the
addition of 500 mg/ml cycloheximide (Sigma-Aldrich, Dorset, U.K.) in the
lysis buffer, in passage 1 BECs. Briefly, cytoplasmic extracts were spun at
8000 rpm at 4˚C in a minifuge. Supernatants were carefully removed, and
10% was saved for cytoplasmic (Total) RNA extraction; the rest was care-
fully loaded onto sucrose gradients. Preparation of the gradients, reading of
polyribosome profiles, and extraction of individual polyribosome peaks were
all done employing a Gradient Station (BioComp Instruments, Fredericton,
NB, Canada) equipped with Bioprobes. Polyribosome profiles were gener-
ated reading the absorbance at 260 nm of spun gradients immediately after
ultracentrifugation. The 80S-to-polyribosome ratio is a signature of the
translational status of cells, and it is greatly modified when global translation
is increased or impaired (29). We did not observe a difference in the
translational profile between HCs and SA, as shown by similar ratios of
monosome (80S) to polyribosome peaks (Fig. 3B, Supplemental Fig. 1).
Polysome excludes the monosomal fraction (80S) as this may contain
mRNAs not undergoing translation or lowly expressed genes (29, 30). RNA
was isolated from the individual polyribosomal peaks (as well as total RNA)
employing TRizol LS (Sigma-Aldrich) following manufacturer’s instructions
and was pooled to constitute the Polysome fraction and sequenced.

RNA-seq

RNA quality was assessed using a Bioanalyzer (Agilent) with all sequenced
samples showing an RNA integrity number value .7 (RNA integrity number
average 6 SD = 8.95 6 0.62). Libraries and sequencing were done in Ex-
pression Analysis (Durham, NC). Libraries were made using TruSeq Stranded
mRNA Library Prep Kit (Illumina) and sequenced in a Hiseq 2500 (Illumina)
platform (100 bp, paired-end sequencing). A minimum of 14 M reads per
sample was generated. Upon completion of sequencing, base call files were
converted into FASTQ files using Illumina Software (CASAVA). To prepare
the reads for alignment, the sequencing adapters and other low-quality bases
were clipped. Reads were aligned to External RNA Controls Consortium se-
quences to assess the success of library construction and sequencing. A subset
(∼1 M reads) was aligned to other spiked-in control sequences (PhiX and other
Illumina controls used during library preparation), residual sequences (globin
and rRNA), and poly-A/T sequences that persisted after clipping. The reads
were also aligned to a sampling of intergenic regions to assess the level of
DNA contamination. To determine the origin of all reads as a method of
quality control, the unaligned reads were aligned to the full genome (not
transcriptome) using Burrows–Wheeler Aligner 0.6.2 (31). RSEM v1.2.0 was
used to quantify and compute estimated counts by genes and transcripts (32)
using the University of California, Santa Cruz Genome Browser knownGene.
All 77,000 isoforms defined by the University of California, Santa Cruz Ge-
nome Browser hg19 were considered as initial candidates; 12,485 isoforms are
associated with only one gene, and thus were not considered further. Over
12,000 isoforms had 0 or nearly 0 counts for all subjects. Upper quartile
normalization was used to normalize between different samples with different
read depths for both aggregate gene expression and isoform analysis. Each
sample was scaled so that the upper quartile of counts was equal to 1000. Only
genes and isoforms with median counts of 10 or more on each group (Total or
Polysome) were taken into account. PROC-GLM was used to perform pre-
liminary statistical analysis (code at https://gist.github.com/rociotmartinez/
7284e38817fe3ba09aca515c4f845bdb). Clustering methods employed were

in heatmaps for differentially expressed genes (DEGs; Figs. 2, 3) using the
Pearson/McQuitty method and in heatmaps for differentially expressed iso-
forms (DEIs; Figs. 4, 5) using the Kendall/centroid method. Heatmaps and
generation of z-scores (which scales values according to mean and SD) were
done in R.

Reverse transcription, quantitative PCR, and splicing assays

MicroRNA validations were performed using the miScript system (Qiagen,
Manchester, U.K.) following manufacturer’s instructions. MicroRNA ex-
pression was normalized against hsa-let-7a-5p.

RNA was reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Validations for DEGs in Total
and Polysome and microRNA effects (Figs. 2–6) were performed employing
quantitative PCRs (qPCRs) using TaqMan Gene Expression Assays (Thermo
Fisher Scientific) and using the primers with maximum coverage. EGFR
primers in Supplemental Fig. 8 were kindly provided by N. Smithers and
designed by Dr. D. Smart (both at the University of Southampton, South-
ampton, U.K.) and used as a SYBR Green assay (GoTaq qPCR Master Mix;
Promega, U.K.). Primers employed for splicing assays in Figs. 4 and 5 were
as follows: ACBD4_FOR: 59-TGAATGGAGATGTTGGGGCT-39; ACBD4_
REV: 59-TAGTGCTCGAACTGTCCCCA-39; IRAK3_FOR: 59-CACACG-
CTGCTGTTCGAC-39; IRAK3_REV: 59-TATATTTGGAAATCCACCTTC-
CTG-39; ITGA2_FOR: 59-CTGGTGTTAGCGCTCAGTCA-39; ITGA2_REV:
59-GTTCCTGGTGAGGATCAAGC-39; ITGA6_FOR: 59-GTGTTTATAC-
TATGGAAGTGTGG-39; ITGA6_REV: 59-CGTTCCACTTTGTGATCCACT-
39. Primers employed in Supplemental Fig. 8 for EGFR detection were as
follows: EGFR FOR: 59-GGAGAACTGCCAGAAACTGACC-39, EGFR
REV: 59-GCCTGCAGCACACTGGTTG-39.

Gene expression was normalized against GAPDH. Splicing was mea-
sured employing a Bioanalyzer 2100 (Agilent), and the percentage spliced
was calculated as Included/(Included + Skipped).

Pathway analysis

Data were analyzed using QIAGEN’s Ingenuity Pathway Analysis (IPA;
QIAGEN, www.qiagen.com/ingenuity), employing genes/isoforms with a
cut-off of p # 0.05 [Benjamini–Hochberg adjusted p # 0.05 (33)].
Analysis with a cut-off of p # 0.01 missed important disease-related in-
formation. Grouping of pathways was done employing the IPA database
and bibliography.

MicroRNA analysis

MicroRNA::target interaction in Fig. 6 was determined by cross-
referencing the upregulated DEIs and DBIs (as gene identifier [ID]) with
the downregulated microRNAs and vice versa, employing TargetScan
7.1 (34). We increased the stringency by accounting only for isoform ratios
(SA/HC) of .1.5 or ,0.66. Importantly, when sliding the ratios to ,0.5
or.2 as well as not adding any restrictions on ratios, our results relating to
the mRNA expression cumulative distributions differences remained sig-
nificant (Supplemental Fig. 4). Interactive networks in Supplemental
Interactive Figs. 1 and 2 were done employing networkD3 package in R.

MicroRNA transfections

MicroRNA transfections were performed using INTERFERin (Polyplus
Transfection, Illkirch, France) following manufacturer’s instructions as in
Martinez-Nunez et al. (7). Briefly, 16 nM of each anti- or pre-microRNA
were transfected into BECs from HCs. Forty-eight hours posttransfection,
cells were preincubated or not with 1027 M dexamethasone during 2 h and
stimulated with 10 ng/ml IL-1b (or vehicle). Cells were harvested 24 h
after stimulation, and RNA was extracted and analyzed.

Image processing

Graphs for polyribosome profiles, validations, pathway analyses, and
microRNA analyses were produced using GraphPad Prism versions 6.07
or 7 (GraphPad Software, San Diego, CA, www.graphpad.com). Heatmaps
were produced using R statistical language, version 3.2.0 (R project for
Statistical Computing, https://www.r-project.org/), and their labels were
clarified in Adobe Illustrator CS5. All packages used in R are available in
the CRAN repository. All figures panels were put together using Adobe
Illustrator CS5. Frequency distribution plots in Supplemental Fig. 4 were
done by adjusting the data to a nonlinear regression to facilitate and clarify
data presentation employing GraphPad Prism v6.07.

Statistical analysis

Clinical parameters statistics (except for sex and atopy) as well as statistical
analyses of validations were done employing a Mann–Whitney U test for
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nonparametric data and unpaired t tests for parametric data comparisons,
according to D’Agostino & Pearson omnibus normality test. Differences in
sex and atopy between HC and SAwere tested employing a Fisher exact test.
Statistical analysis was performed using GraphPad Prism version 6.07 or 7.

MicroRNAs shown in Fig. 1A and 1B had a p # 0.05 and a restricted
fold change of ,0.66 or .1.5 (SA/HC), which showed a false discovery
rate (FDR) #0.05 when corrected using the Benjamini–Hochberg method
(33). For gene and isoform expression, a restrictive p # 0.01 (two-group
t test) was taken to perform the heatmaps in Figs. 2–5. Nominal significant
p values from RNA-seq datasets (two-group test, p # 0.01 and p # 0.05,
Supplemental Datasets 1, 3, 5, 7) were corrected by applying the
Benjamini–Hochberg method (33) employing R, which showed an FDR #
0.05 for all genes and isoforms displayed in Figs. 2–5 and used in pathway
analysis. FDR was calculated experimentally also, based on the gene ex-
pression assays (0.136) and was in the 0.1–0.2 range in accordance with
previous studies (20, 35). The p value displayed in all pathway analyses
was calculated in IPA employing a Fisher exact test.

Statistical analysis of proportions for microRNA targeting between Total
and Polysome (Fig. 6) was done employing the Fisher exact test in
GraphPad Prism version 6.07. Statistics comparing cumulative distribu-
tions in Supplemental Fig. 4 were performed employing a Kolmogorov–
Smirnov test as in Agarwal et al. (34) using GraphPad Prism v6.07.

The sequencing datasets used for analysis have been deposited and are
publicly available in the National Center for Biotechnology Information
Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo/)
under accession numbers GSE85216, GSE85215, and GSE85214.

Results
SA BECs present genome-wide differences in microRNA levels
compared with healthy donors

To determine microRNA expression, we performed small RNA-seq
on BECs (HC = 5; SA = 8). The demographics of the study
population are in Supplemental Table I, highlighting the main
clinical characteristics that differed between healthy controls and
severe asthmatic patients. Lung function and cellular profile of
their bronchoalveolar lavage was found statistically significant
between health and SA, as expected. There were no statistically
significant differences in age, sex, atopy, or weight (body mass
index) between the two groups. HCs had no history of respiratory
disease or current symptoms and no evidence of abnormal bron-
chial reactivity on methacholine inhalation challenge testing. SA
patients had inadequately controlled disease and fulfilled the Eu-
ropean Respiratory Society/American Thoracic Society criteria for
SA. Principal component analysis (employing microRNAs with a
p , 0.05 between HC and SA, 0.66 . SA/HC ratio . 1.5,
Supplemental Table II) identified that widespread microRNA ex-
pression is different between HC and SA patients. Unsupervised
hierarchical clustering of 21 differentially expressed microRNAs
separated the samples between health and disease, with the ex-
ception of SA3 (Fig. 1B). We validated these findings with
microRNA qPCRs on an expanded cohort (n = 9 HC and n = 11
SA, Fig. 1C, most differentially expressed microRNAs). Micro-
RNAs -19b-3p, -20a-5p, 135b-5p, -574-3p, and 625-3p were val-
idated, whereas only miR-127-3p showed no significant
differences between SA and HC among the candidates tested.
IPA highlighted the impact of the remaining 20 dysregulated

microRNAs on molecular and cellular functions of relevance to
asthma (Supplemental Table III), as well as association with
“Organismal Repair and Abnormalities” (18 microRNAs),
“Inflammatory Response,” and “Immunological Disease” (nine
microRNAs each). Thus, microRNAs dysregulated in SA may
underlie important general pathological processes in asthma re-
lated to epithelial repair and inflammation via posttranscriptional
mRNA regulation.

Total mRNA expression is altered in SA bronchial epithelium

As microRNAs may regulate mRNA levels by destabilization
(4, 24), we performed transcriptomics analysis by RNA-seq.

Genome-wide mRNA expression analysis revealed 16,277
expressed genes in BECs (median read counts $10) with 194
DEGs (p # 0.01, Supplemental Dataset 1). Unsupervised cluster
analysis of DEGs separated HC and SA samples (Fig. 2A). qPCRs
(Fig. 2B, Supplemental Fig. 2) validated a decreased expression
of COL21A1, CEBPA, and CTSD mRNAs and an upregulation
of IGFL1, IL23A, ABCC4, PDPN, and IL31RA gene expression
in SA compared with HC on an expanded cohort (n = 10 HC,
n = 11 SA).
IPA identified dysregulated pathways attributable to the detected

DEGs (Fig. 2C, Supplemental Dataset 2). This revealed non–type
2 inflammatory pathways, as well as glucocorticoid activation–-
and drug metabolism-related pathways. The pathway with the
strongest statistically significant dysregulation (p = 0.001) was
PXR/RXR (pregnane X receptor/retinoid X receptor), related to
endobiotic and xenobiotic/drug metabolism (36), consistent with
the high-dose corticosteroid therapy prescribed to the severe
asthmatics (37). Dysregulated LPS/IL-1 mediated inhibition of
RXR function (p = 0.0055) and 1,25-dihydroxyvitamin D3 bio-
synthesis (p = 0.0049) were also evident.

Translation in SA bronchial epithelium is altered at the
genome-wide level

Frac-seq was performed to determine the levels of mRNAs un-
dergoing translation in BECs (Fig. 3A) in the same healthy indi-
viduals and SA patients as in Figs. 1 and 2. Fig. 3B depicts two
representative polyribosome profiles of both HCs and SA patients
(remaining in Supplemental Fig. 1). The same mRNAs as previ-
ously detected (Fig. 2) were evident in the Polysome fraction
(16,277 genes, median read counts $ 10). SA patients and healthy
donors differed in the binding to polyribosomes for 243 genes
(differentially bound genes [DBGs], p # 0.01, Supplemental
Dataset 3). Unsupervised hierarchical clustering of DBGs distin-
guished between HC and SA (Fig. 3C). Of note, SA patients with
earlier-onset disease (onset ,25 y old) clustered differently to the
other five SA samples (onset .40 y old). Fig. 3D and
Supplemental Fig. 3 show the results from the validations of
several candidate genes on the expanded cohort employing qPCRs
(n = 10 HC, n = 11 SA). This confirmed that IGFL1, IL23A, IL1A,
PDPN, IL31RA, ABCC4, and LTB genes were all more bound to
polyribosomes in SA than in HC. In contrast to total mRNA, there
was no evidence of decreased polyribosomal binding of COL21A1
in SA.
Pathway analysis was undertaken, and dysregulated pathways

were clustered into the same categories as in Fig. 2C (Fig. 3E,
Supplemental Dataset 4). Unlike DEGs in Total, DBGs in Poly-
some did not map to glucocorticoid or endobiotic metabolism.
Pathways present in Polysome DBGs and absent in Total DEGs
included TLR signaling (p = 0.04) and IL-1–related inflammation
(p = 0.004), both implicated in SA (38, 39), as well as phagosome
formation (p = 0.025).
Together, these results identify that there is genome-wide dys-

regulation of translation (mRNAs bound to polyribosomes) in
asthma and that this impacts additional pathways and genes that
differ from those detected when analyzing total mRNA levels,
suggestive of an underlying strong posttranscriptional signature.

Isoform mRNA analysis reveals structural and inflammatory
anomalies in SA bronchial epithelium not disclosed by
aggregate gene expression

AS analysis of the RNA-seq data revealed 30,831 mRNAs (median
counts $10) in both Total and Polysome fractions. Differential
expression analysis of isoforms (DEIs; p # 0.01, Supplemental
Dataset 5) revealed 319 mRNA isoforms differentially expressed
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between HC and SA in Total. Unsupervised clustering of DEIs
clearly distinguished healthy and SA samples (Fig. 4A), indicating
that the bronchial epithelial expression of alternatively spliced
mRNAs is different globally between HC and SA.
The DEIs mapped to genes that were detected as differentially

expressed in Total genes (Fig. 2, overlap of ∼32% DEIs gene IDs
in DEGs at p , 0.01), although AS analysis also revealed new
candidates validated employing splicing assays. Fig. 4B depicts
the results: the left column shows the results from AS assays (RT-
PCRs quantified using a Bioanalyzer), and the right column shows
those of aggregate gene expression (i.e., all isoforms, measured by
qPCRs). The skipped isoform of IRAK3 (IL-1 receptor–associated
kinase 3) was increased in SA BECs but was not detected dif-
ferentially expressed employing aggregate gene expression assays.
In contrast, aggregate gene expression analysis detected ACBD4

as downregulated in SA, whereas AS analysis revealed no dif-
ference. Thus, AS analysis reveals novel candidates related to
asthma biology involved in inflammatory functions of bronchial
epithelium not disclosed by aggregate gene expression analysis.
DEIs were mapped onto pathways using IPA and grouped

similarly to Figs. 2 and 3 with the addition of epithelial repair/
remodeling pathways (Supplemental Dataset 6), which became
apparent when performing AS analysis. Fig. 4C shows six path-
ways among the top 10 according to p value. Consistently with our
previous findings in Total DEGs (Fig. 2C), Total DEIs affected
glucocorticoid signaling (p = 0.0044), but analysis of isoforms
detected new pathways, including IL-6–JAK/STAT signaling
(p = 0.004).
To interrogate the impact of AS on mRNA translation, we also

analyzed alternatively spliced isoforms on polyribosome-bound

FIGURE 1. MicroRNAs are dysregulated in human SA bronchial epithelium. (A) Principal component analysis plot showing the distribution of healthy

(yellow) and SA (blue) samples, according to the levels of differentially expressed microRNAs (microRNAs with a p , 0.05, 0.66 . SA/HC ratio . 1.5).

(B) Heatmap depicting unsupervised clustering of HCs and severe asthmatics based on the expression values of differentially expressed microRNAs

(p , 0.05, 0.66 . SA/HC ratio . 1.5). (C) Dot plots (mean + SEM) representing qPCR analysis of several microRNAs (n = 9 HC, n = 11 SA). Statistics

were done employing t tests. *p , 0.05, **p , 0.01.
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mRNAs. This identified 335 mRNA isoforms differentially bound
to polyribosomes (differentially bound isoforms [DBIs]) between
HC and SA (Supplemental Dataset 7) that allowed unsupervised
clustering of the samples (Fig. 5A). Several candidates in the
Polysome fraction were validated by splicing assays and possible
differences with aggregate gene expression (overlap of ∼37%
DBIs gene IDs in DBGs at p , 0.01) assessed using qPCRs (Fig.
5B). The skipped isoforms of ITGA2 and ITGA6 genes presented
increased polyribosome binding in SA, information that is missed
when performing gene expression analysis. ITGA6 and ITGA2
encode for integrins, key structural proteins in cell adhesion, and
signaling (40). IRAK3 skipped isoform (increased only in Total
DEIs, Fig. 4B) showed increased binding to polyribosomes when
performing analysis of aggregate gene expression.
IPA of Polysome DBIs revealed downregulation of Notch sig-

naling (Fig. 5C, Supplemental Dataset 8), suggesting a decreased
airway type 2 response (41) in SA. DBIs in Polysome determined
dysregulation of telomere extension, with telomere length in
leukocytes previously related to asthma (42). Polysome DBIs also
revealed pathways relating to epithelial cell repair/remodeling

(e.g., Calpain protease or Paxillin signaling) consistent with the
airways epithelium impairment observed in asthma (43).
Together, these data show that AS is dysregulated in SA

bronchial epithelium at a global scale, affecting the translation of
mRNAs encoding structural and inflammatory factors.

MicroRNAs associate with genome-wide changes in mRNA
expression at the transcriptional and translational levels

To determine the genome-wide effect of microRNAs dysregulated
in the bronchial epithelium of asthma patients, we aimed to identify
which differentially expressed mRNAs were targeted by micro-
RNAs on each fraction. To do so, we cross-referenced the predicted
targets from TargetScan 7.1 (34) for the 20 microRNAs (Fig. 1, all
except for miR-127-3p) with the DEIs in Total and Polysome
(Figs. 4, 5), as microRNAs are known to target specific isoforms
(44). This showed that microRNAs significantly modify the levels
of both cytoplasmic and translating mRNAs (Supplemental Fig. 4).
The overlap between targets in the cytoplasmic and Polysome
fractions was very low (Fig. 6A, 11.2% of Total DEIs and 7.6%
of Polysome DBIs), suggesting that microRNAs dysregulated in

FIGURE 2. Genome-wide mRNA expression is dysregulated in SA. (A) Heatmap showing unsupervised clustering of DEGs (p # 0.01) in the

Total fraction. (B) Dot plots (mean + SEM) representing qPCRs validating the RNA-seq dataset (n = 10 HC, n = 11 SA). Statistics were done

employing t tests. (C) Table showing 6 of the top 10 pathways predicted by IPA for DEGs. Statistics were done employing Fisher two-tailed test.

*p , 0.05, **p , 0.01.
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asthma may have different effects depending on the mechanism
of action (mRNA degradation or blocking of translation).
MicroRNAs showed preferential targeting of polyribosome-
bound mRNAs (172/288) compared with cytoplasmic mRNAs
(116/231) (Supplemental Fig. 5A, two-tailed Fisher exact test
p = 0.0331) consistent with mRNAs presenting more or less MREs
according to their association with polyribosomes [Supplemental
Fig. 5B (20)]. These results suggest that dysregulated microRNAs

in asthma may have more impact in protein translation than on
mRNA levels.
The relevance of each one of the 20 microRNAs in targeting

Total and Polysome mRNAs was then evaluated. Fig. 6B shows the
number of targets per microRNA, which revealed that a group of
only eight microRNAs controls most of the mRNA changes de-
tected in SA both at cytoplasmic and polyribosome binding levels.
Among those eight microRNAs, dysregulated expression of six

FIGURE 3. Genome-wide translation is dysregulated in SA. (A) Schematic of Frac-seq experiment. RNA-seq was performed on Total and Polysome

mRNA; Total HC versus Total SA and Polysome HC versus Polysome SA datasets were then compared. (B) Representative polyribosome profiles from

healthy (left) and SA (right) BECs. (C) Heatmap showing unsupervised clustering of DBGs (p # 0.01) in the Polysome fraction. (D) Dot plots (mean +

SEM) representing qPCRs validating the RNA-seq dataset (n = 10 HC, n = 11 SA). Statistics were done employing t tests. (E) Table showing six pathways

predicted by IPA for DBGs not found in the Total fraction. Statistics were done employing Fisher two-tailed test. *p , 0.05, **p , 0.01, ***p , 0.001.
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microRNAs was validated in our larger cohort of patients (n = 11
for each group, Fig. 6C, Supplemental Fig. 6). These six micro-
RNAs were also predicted to preferentially modulate changes on
translating mRNAs (48.2% as opposed to 35.9% in Total, Fig. 6D,
p = 0.0056). Network analyses of microRNA target interactions
showed that the target mRNAs of these six microRNAs are in many
cases coregulated by multiple microRNAs. This suggests that the
expression of these mRNAs is tightly controlled but disrupted in SA
patients (interactive networks in Supplemental Interactive Figs. 1, 2,
data in Supplemental Datasets 9, 10). Strikingly, this network of six
microRNAs was predicted to control almost 90% of all targeted
mRNAs in the Polysome fraction (Fig. 6E), which mapped to
inositol pathways and cell cycle (Fig. 6F, Supplemental Table IV),
the latter desynchronized in asthma (45).
To validate our findings, we transfected BECs from healthy donors

with the microRNA network to evaluate the effects of the dysregu-
lated microRNA hub found in SA BECs. Namely, anti–miR-22-5p,
anti–miR-148a-3p, pre–miR-342-3p, pre–miR-495-3p, pre–miR-
543, and pre–miR-197-3p oligonucleotides were cotransfected at
equimolar concentrations and compared with BECs cotransfected
with negative anti-microRNA and pre-microRNA controls at

equimolar concentrations. Cells were then treated with IL-1b,
which is found upregulated in SA (and highlighted in our pathway
analysis), as well as assessed for glucocorticoid sensitivity. Fig. 6G–
I show that the microRNA network was able to ablate the inhibition
by glucocorticoids of IL-1b–driven IL-6 mRNA expression
(Fig. 6I). The microRNA hub was also able to upregulate TGFBR2
mRNA expression (Fig. 6H) as well as significantly increase IL-1b–
driven TNF mRNA expression. These are all characteristics well
defined in SA patients, highlighting the biological importance of
microRNA dysregulation in SA bronchial epithelium.
Integrated together, our data demonstrate that there is widespread

deregulation of posttranscriptional processes in human asthma. Our
work shows that the dysregulation of a microRNA hub causes
genome-wide dysfunction in the translation of mRNAs encoding
structural and inflammatory factors in the bronchial epithelium of SA
patients and demonstrates the value of integrating multiple omics
datasets when investigating human biological processes.

Discussion
Our work integrating Frac-seq and small RNA-seq reveals that
microRNAs, cytoplasmic mRNAs, and translating mRNAs are all

FIGURE 4. Genome-wide mRNA AS is dysregulated in SA and adds novel information to that detected by gene expression analysis. (A) Heatmap

showing unsupervised clustering of donors according to DEIs (p # 0.01) in the Total fraction between HC and SA. (B) Dot plots (mean + SEM) rep-

resenting the RT-PCR splicing assays for IRAK3 and ACBD4 skipped isoforms (HC n = 5, SA n = 8, left column) and their corresponding qPCR assay for

aggregate gene expression (HC n = 6, SA n = 8, right column). RT-PCRs were quantified using an Agilent Bioanalyzer DNA microfluidic chip, and the

percentage of splicing was calculated and plotted as % inclusion = [included isoform]/([included isoform]+[excluded isoform]). Statistics were done

employing t tests. (C) Table showing six pathways predicted by IPA for DEIs in the Total fraction. Statistics were done employing Fisher two-tailed test.

*p , 0.05. ns, nonsignificant.
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dysregulated in human primary airway cells from asthma patients.
Integrating differentially expressed microRNAs and mRNAs de-
termines that altered microRNA expression impacts the detected
mRNA changes, underlying abnormalities relating to inflamma-
tion, glucocorticoid sensitivity, and epithelial repair detected by
pathway analysis. This is affected through genome-wide modu-
lation of mRNA levels and, most predominantly, through regulation
of mRNA binding to polyribosomes. To our knowledge, ours is the
first study to employ polyribosome profiling in human clinical
samples and demonstrates that this approach reveals disease
pathways and mRNA candidates not disclosed by other approaches,
mainly transcriptomics, widely employed when studying human
disease. For example, SA patients with an earlier disease onset

clustered differently than those with later onset (Fig. 3) in the
Polysome fraction. Although more numbers are needed to confirm
this observation, it is consistent with reports suggesting that early-
and late-onset SA represent stratified types of asthma with dif-
ferent etiologies (46). Polyribosome-bound mRNA analysis
therefore highlights disease-related information overlooked by
Total measurements and may serve as a novel tool to endotype
patients, key in understanding and managing patients with com-
plex diseases such as asthma and one of the hallmarks of per-
sonalized medicine.
One of the key advantages of Frac-seq is that it has more

coverage (i.e., number of molecules revealed) than current pro-
teomics approaches and informs about underlying molecular

FIGURE 5. Genome-wide binding of mRNA isoforms to polyribosomes is dysregulated in SA, providing novel information to that detected by gene

expression analysis. (A) Heatmap showing unsupervised clustering of donors according to DBIs (p # 0.01) in the Polysome fraction between HC and SA.

(B) Dot plots (mean + SEM) representing the RT-PCR splicing assays for ITGA2, ITGA6, and IRAK3 skipped isoforms (HC n = 5, SA n = 8, left column)

and their corresponding qPCR results for aggregate gene expression (HC n = 6, SA n = 8, right column). RT-PCRs were quantified using an Agilent

Bioanalyzer DNA microfluidic chip, and the percentage of splicing was calculated and plotted as % inclusion = [included isoform]/([included isoform]

+[excluded isoform]). Statistics were done employing t tests. (C) Table showing six pathways predicted by IPA for DBIs not found in the Total fraction.

Statistics were done employing Fisher two-tailed tests. *p , 0.05. ns, nonsignificant.
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mechanisms of mRNA regulation, revealing mRNA isoforms
preferentially bound to polyribosomes (20). Additionally, it reveals
AS events that may lead to changes in 39UTRs or 59UTRs, which
may not render differences in the amino acid sequence of proteins
but strongly impact mRNA translation regulation. Expression
changes in mRNAs undergoing translation revealed pathway

abnormalities in SA relating to TLR signaling, the IL-1 pathway,
and to p38 MAPK. Importantly, IL1A was detected as differen-
tially translated and not transcribed (Fig. 3, Supplemental Fig. 2,
respectively). These are all pathways distinct from those re-
lated to classical type 2 inflammation described in untreated
steroid-responsive asthma (47) and mostly absent in our cohort

FIGURE 6. A subset of six microRNAs controls most of the mRNA targeting in SA bronchial epithelium. (A) Venn diagram depicting the overlap

between total and polyribosome-bound microRNA targets by cross-referencing differentially expressed/bound isoforms with differentially expressed

microRNAs in SA. (B) Bar plot depicting the number of targets for each differentially expressed microRNA in the Total (yellow) and Polysome (magenta)

fractions. Highlighted in red are microRNAs with most abundant sites. (C) Dot plots (mean + SEM) representing qPCRs validating the subset of

microRNAs among those with the highest number of targets in both fractions (n = 11 HC, n = 11 SA). Statistics were done employing t tests. (D) Bar plot

depicting the proportional abundance of targets for the six validated microRNAs in Total (yellow) and Polysome (magenta) fractions. Polyribosome bound

mRNAs have a higher abundance of microRNA targets (two-tailed Fisher exact test). (E) Pie chart depicting the proportion of targets among mRNAs

controlled by microRNAs in the polyribosome-bound fraction that is potentially regulated by the validated six microRNAs. (F) Table showing the main

asthma-related pathways predicted by IPA for mRNA DBIs and potentially targeted by the hub of six microRNAs. Red: upregulated; blue: downregulated.

Statistics were done employing Fisher two-tailed test (72, 73). (G–I) Bar plots showing the results from transfecting the hub of six microRNAs (MiR MiX)

compared with pre-microRNA and anti-microRNA controls at equimolar concentrations onto BECs from HCs. Forty-eight hours posttransfection cells were

pretreated or not during 2 h with dexamethasone, stimulated or not with IL-1b, and harvested 24 h later. *p , 0.05, **p , 0.01. CmiR, control pre- and

anti-microRNA mixture; MiR MiX, microRNA hub.
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(Supplemental Fig. 7). Moreover, the dysregulated microRNA
network was found to regulate IL-1b responses in BECs (Fig. 6I),
highlighting the intricate posttranscriptional dysregulation under-
lying disease characteristics in SA BECs.
Recent studies suggest that all human genes undergo AS, pro-

ducing at least two alternative mRNA isoforms (19), with around
80% of AS events estimated to lead to protein modifications (48)
and AS influencing protein output (21). Moreover, 25% of
disease-related mutations have been linked to defects in splicing
(49). If such changes existed in asthma, they could have profound
and genome-wide implications in the proteins expressed by cells
and, thus, in cellular function (21). The more in-depth analysis of
mRNA DBIs identified, among other findings, defective signaling
related to epithelial repair/remodeling pathways (e.g., Calpain
protease or Paxillin signaling), supporting evidence from other
approaches that there is an altered epithelial repair phenotype in
SA (10, 50). These results are also supported by increased binding
to polyribosomes of ITGA2 and ITGA6 mRNA isoforms in SA
(Fig. 5), integrins being key adhesion and signaling proteins in the
barrier (40).
The relevance and implications of employing Frac-seq in human

clinical samples are also supported by previous findings at the
protein level. The identification of increased epithelial polyribo-
somal EGFR mRNA binding in SA (Supplemental Fig. 8) sup-
ports the reported increased epithelial expression of Egfr protein
(51). This has been attributed to a repair phenotype promoted by
TGFb-induced cell cycle inhibition (52). The present finding of
increased binding to polyribosomes of TGFBR2 (Supplemental
Fig. 8), the main epithelial receptor for TGFb, regulated by the
microRNA hub (Fig. 6H), would underlie this potential. Bacterial
products induce inflammatory responses via EGFR- and TLR-
mediated pathways (53), with TLR-signaling present in path-
ways altered in Polysome, and viruses and bacteria exploiting Egfr
to facilitate their survival (54, 55) or to attenuate the host response
(56). Increased IL23A, IL31R, and IL1A translation in the epi-
thelium would be consistent with an immune system orientated
toward type I– and type 17–directed inflammation (Supplemental
Fig. 7), more characteristic of a bacterial driven process, as would
be the TLR pathway activation, phagosome formation, and the
evidence of altered IL6 isoforms binding to polyribosomes as well
as IL-6 signaling in DBIs (Supplemental Datasets 7 and 8).
The translation of genes linked to innate immune responses

raises the possibility that they arise in response to the altered airway
microbiome in SA (57). An altered airway microbiome may also
contribute to steroid resistance, one of the features of SA. Patients
with SA suffer from persistent disease despite use of maxi-
mum therapy, including high doses of glucocorticoids. In the
current study, glucocorticoid signaling was detected in Total
(Supplemental Datasets 2 and 6), suggesting that corticosteroids
are effectively reaching the airways of these patients and indi-
cating that the lack of effect of steroid treatment is not a reflection
of lack of adherence to treatment. Consideration needs to be given
as to whether some of the differential expression changes in SA
reflect steroid treatment. This does not appear the case for
microRNAs as previous in vivo studies have reported that gluco-
corticoids have little effect on microRNA expression in bronchial
epithelium (58, 59). Whereas steroids affect mRNA expression,
there was no overlap between the identified upregulated genes in
Total or Polysome, and gene changes described from previous
genome-wide studies aimed at determining the effect of corticoids
on gene expression (60, 61). Thus, the majority of described
differential gene changes are likely to reflect alterations related to
the underlying disease pathophysiology rather than directly be-
cause of their current therapy. Although glucocorticoid signaling

was evident in Total, no glucocorticoid signaling was detectable in
the polyribosome-associated pathways. DUSP1 was identified as
downregulated in SA, whereas several studies have highlighted the
importance of this in glucocorticoid anti-inflammatory effects
(62, 63). Indeed, we found that the microRNA network ablated
the inhibition by glucocorticoids of IL-1b–driven IL-6 mRNA
expression (Fig. 6G), potentially mimicking SA insensitivity to
corticosteroids. IL-6 and IL-8 are typical inflammatory cytokines
that are expressed by BECs and inhibited by glucocorticoids (64)
and are upregulated in the airways of patients with SA (65). We
also tested IL-8 mRNA expression, which showed a similar pat-
tern but was nonstatistically significant (data not shown). Thus, in
SA, there are nonsteroid responsive pathways evident within the
bronchial epithelium mRNA translational signature and regulated
by the hub of six microRNAs. These results may relate with the
reported studies showing microRNAs not being affected by cor-
ticosteroid treatment and our results showing their preferential
role in translation in asthma (Fig. 6). Together, these data high-
light the need for the development of additional or alternative
approaches to therapy in these patients and the importance of
using polyribosome profiling to reveal novel pathophysiological
mechanisms of potential implications in other inflammatory dis-
eases, as previously implied in cancer (66).
Integrating small RNA expression allowed us to associate

changes between mRNA and microRNA levels. Although previous
studies have demonstrated the relevance of individual microRNAs
in disease and particularly in asthma (67–69), there are no genome-
wide studies addressing the relationship of microRNA levels with
cytoplasmic and translational mRNA changes in asthma and, to
our knowledge, in any other disease employing human clinical
samples. Our results show that microRNA effects mostly rely on a
hub of six microRNAs that potentially regulates ∼50% of all
dysregulated mRNAs undergoing translation and ∼35% of cyto-
plasmic mRNA changes detected in asthma patients. We consid-
ered 6-, 7-, and 8-mer MREs, consistent with previous studies
showing that all these contribute to target abundance (70). Our
results are also consequent with microRNAs affecting both mRNA
degradation (4, 24) and translation inhibition (2, 5). Recent work
showing the relevance of ribosome binding for microRNA action
(5), as well as mRNA degradation happening cotranslationally
(71), supports our observation that microRNAs preferentially
modulate mRNAs bound to polyribosomes. We could not find a
relationship between the number of mRNA targets and the ex-
pression levels of the dysregulated microRNAs, as previously
noted by Dessi et al. (66) in neuroblastoma. miR-148a-3p, with
the highest expression in healthy individuals, and miR-197-3p,
with the highest expression in asthmatic individuals, had the
fewest number of mRNA targets among the hub of six micro-
RNAs. Our results add novelty on a broad spectrum of biological
contexts, as we have considered physiological changes in micro-
RNA and mRNA levels in disease, rather than studying the iso-
lated behavior of individual microRNAs or target mRNAs. In this
context, microRNAs seem to target different mRNA populations
when analyzing cytoplasmic or polyribosome-bound mRNAs
(Fig. 6). We cannot exclude the possibility that inhibition of
translation may have precluded cytoplasmic changes due to decay
(4), or indeed, that some of the upregulation observed for
microRNA targets may be due not only to a release of inhibition
from microRNAs downregulated but also to transcriptional acti-
vation. Our data were obtained at one given time for both cyto-
plasmic and polyribosomal compartments together with the
cytoplasmic microRNAome, considering mRNA physiological
levels and supporting a preferential role for microRNAs in regu-
lating mRNA translation and driving a disease phenotype in BECs
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(Fig. 6). Our validations place these microRNAs as key players in
regulating SA characteristics, such as steroid refractoriness and
inflammation. This is likely due to targeting of multiple signaling
molecules in these pathways at the level of mRNA translation,
such as DUSP1. Our results add to the latest studies demonstrating
the intricate relationship between ribosome binding and mRNA
fate with regards to stability and microRNA action.
In conclusion, our work demonstrates that although translation

and AS are well-controlled processes in health, they are dysreg-
ulated genome-wide in asthma patients and that microRNAs ac-
count for many of the observed mRNA changes. This study reveals
a new role for microRNAs in controlling impaired translation in
asthma of potential implications in other inflammatory-related
diseases, placing a hub of six microRNAs as potential future
therapeutic candidates to address steroid-unresponsive epithelial
activation in asthma. Our approach demonstrates the feasibility and
added value of studying posttranscriptional gene regulation when
investigating human biology and disease.
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