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Abstract

Objective: To investigate the involvement of microRNAs (miRNAs) in the pathogenesis of
obstructive sleep apnea-hypopnea syndrome (OSAHS).

Methods: In this study, we investigated miRNA profiles in the upper airway (UA) skeletal
muscles of four patients with OSAHS and four matched controls using the miRCURY miRNA
array. In another cohort of 12 OSAHS cases and 7 controls, the mRNA expression levels of
interleukin (IL)-6 and Lin-28 homolog A (Lin28A), targets of the downregulated let-7 family
members, were measured by real-time quantitative-PCR. The potential targets of the miRNAs
were predicted by miRNA target prediction databases miRanda, Microcosm, and Targetscan.
Results: The array identified 370 differentially expressed miRNAs, of which 18] were upregu-
lated and 189 were downregulated in OSAHS patients (based on a fold-change >2.0 and
p < 0.05). Upregulation of IL-6 and Lin28A was validated by quantitative reverse transcription
PCR. The 612 targets predicted by all three algorithms were subjected to gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. The results revealed
perturbations in signaling pathways and cellular functions.
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Conclusion: This study demonstrated profoundly altered miRNA expression profiles in upper
airway muscular tissues of patients with OSAHS, which might contribute to the formation and

development of OSAHS.
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Introduction

Obstructive sleep apnea-hypopnea syn-
drome (OSAHS) is a common chronic dis-
ease characterized by repetitive episodes of
upper airway (UA) collapse during sleep.'
These episodes are associated with brain
arousals that disturb the patient’s sleep
and therefore lead to excessive daytime
sleepiness and fatigue.! The prevalence of
OSAHS is 5% to 14% among adults aged
30 to 70 years and up to 45% in the obese
population.? The repetitive episodes of hyp-
oxia can result in a series of pathophysio-
logic consequences, including metabolic
disturbances,** systemic inflammation,’
and cardiovascular diseases.® Therefore,
OSAHS represents a major public health
concern, and understanding its pathogene-
sis is essential in the prevention and treat-
ment of this disease.

OSAHS is a multifactorial disease. The
most important pathophysiological factors
of OSAHS include UA collapsibility, ana-
tomical abnormalities, and pharyngeal
muscular dysfunction.”® In addition to
these anatomical factors, involvement of
systemic and local inflammation in the
development of OSAHS have been
reported.”'? Intermittent hypoxia caused
by OSAHS has been associated with
systematic inflammation with production
of inflammatory cytokines such as

interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a).!'"'3 However, it is
still unclear whether systemic inflammation
is the cause or the result of OSAHS.
Moreover, repeated snoring, hypoxia, and
other factors may lead to mechanical
trauma and local inflammation of UA
muscle tissues.'* These factors may lead,
in turn, to alterations in muscle fiber struc-
ture, which forms the histological basis for
the dysfunction of UA or lower pharynx
neuromuscular  tissues  during  sleep.
Furthermore, a variety of other factors
have been identified in the pathogenesis of
OSAHS, such as obesity,'” generation of
reactive oxygen species (ROS) due to oxida-
tive imbalance,'® genetic factors,!” and
altered matrix metalloproteinase expression
in the palatopharyngeal muscles.'® Despite
the rapidly growing body of studies in
OSAHS, its exact etiopathogenesis remains
largely unknown.

MicroRNAs (miRNAs) are small (22 to
25 nt) noncoding RNA molecules that neg-
atively regulate gene expression primarily
by binding to the 3’ untranslated regions
(3’ UTR) of mRNA transcripts to repress
their translation or promote their degrada-
tion."” Even subtle changes in miRNA
expression may lead to significant altera-
tions in cellular function. Therefore,
miRNAs have emerged as key regulators
of diverse biological processes, including



Hou et al.

4165

development, differentiation, cell apoptosis,
and proliferation.”® Recent studies have
revealed that miRNAs are associated with
OSAHS-related morbidities. Gharib et al.”!
reported that sleep fragmentation, a major
consequence of OSAHS, caused dysregu-
lated expression of miRNAs (19 differen-
tially expressed miRNAs were identified)
and profound transcriptional perturba-
tions, which were associated with interrup-
tion of signaling pathways particularly
involved in metabolic regulation, in mouse
visceral adipocytes. An et al.”> showed that
miR-130a was involved in the progression
of OSAHS-associated pulmonary hyperten-
sion by downregulating the growth arrest-
specific homeobox (GAX) gene. However,
the involvement of miRNAs in the
pathogenesis of OSAHS itself has not
been reported.

Altered expression of miRNAs has been
reported to occur on exposure to hypoxia,*?
mechanical stimulation,”® and inflamma-
tion,” among other factors. The altered
miRNA expression profile in turn may
affect these processes. Therefore, we
hypothesized that the miRNA expression
profile is profoundly altered in the UA tis-
sues of patients with OSAHS. Accordingly,
the primary goal of this study was to iden-
tify differentially expressed miRNAs in UA
muscle tissues of OSAHS patients and to
explore the potential role(s) of these
miRNA in the development of OSAHS.

Materials and methods

Human subjects and sample collection

This study was performed with the approval
of the Xi’an Jiaotong University ethics com-
mittee. All the participants gave informed
consent before beginning the study.

This study included 22 patients with
OSAHS, aged 25 to 48 years, who were
diagnosed between January 1, 2015, and
December 31, 2016. Another 17 patients

with chronic tonsillitis were included as
the control group. All patients were
recruited from the Department of
Otolaryngology at the Second Affiliated
Hospital of Xi’an Jiaotong University. All
patients were monitored by using overnight
polysomnography (PSG). All 22 patients
had severe OSAHS, defined by an apnea—
hypopnea index (AHI) >30 (i.e., the
number of apnea events per hour), whereas
the individuals with chronic tonsillitis (con-
trol group) had no or minimal OSAHS
(AHI <5). Age, sex, height, weight, smok-
ing and drinking histories, laboratory data
on metabolic variables, and PSG findings
were collected from participants’ medical
records. The demographic and clinical char-
acteristics of the patients and controls are
summarized in Table 1, Table 2, and
Table 3.

Upper airway skeletal muscle tissue
(about 0.5% 0.5 cm?) was collected under
surgery from the hypertrophy soft palate
tissue of patients with OSAHS and from
the area around the tonsils of individuals
in the control group. Within 30 minutes of
collection, the samples were washed with
PBS, snap frozen in liquid nitrogen, and
stored in a —80°C freezer before extraction
of total RNA.

RNA extraction

Total RNA was isolated using TRIzol
reagent (Invitrogen Corp., Carlsbad, CA,
USA) and further purified with the
miRNeasy mini kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s
instructions. RNA  concentration and
purity were measured by using the ND-
1000 Nanodrop spectrophotometer
(Nanodrop Technologies/Thermo Fisher
Scientific, Waltham, MA, USA). Samples
with a ratio of absorbance at 260 and 280
nm between 1.8 and 2.1 were considered
acceptable. Electrophoresis was used to
analyze RNA integrity, and only samples
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Table . Baseline characteristics of patients with OSAHS and controls.

OSAHS group Control group

(n=22) (n=17) p-value
Age (years) 3486+ 1.43 35.24+2.12 0.881
Male [no. (%)] 17 (77) 12 (65) 0.400
BMI (kg/m?) 29.64+0.95 26.13+0.81 0.620
TG (mmol/L) 297 +£0.47 1.27 £0.26 0.006%*
Fasting blood glucose (mmol/L) 5.18+0.24 454+0.18 0.051
AHI (events/hour) 69.20+4.12 1.99 +0.24 0.00 |**
Minimum oxygen saturation (%) 59.73 + 241 92.12 £ 0.47 0.00 |**
Average oxygen saturation (%) 88.39 + 1.00 97.284+0.27 0.00**
WBC (x 10°/L) 7.28+0.28 6.36 +0.45 0.078
Smoking history [no. (%)] 5(22.7) 4 (23.5) 0.521
Drinking history [no. (%)] 8 (36.4) 6 (35.2) 483

OSAHS = obstructive sleep apnea-hypopnea syndrome, BMI =body mass index, TG = triglyceride, AHI = apnea—hypo-
pnea index, WBC = white blood cell. Data represent the mean =+ standard error (SEM) or percentage of each group.
*p < 0.01: difference between the two groups by Mann—Whitney test or chi-squared test.

Table 2. Baseline characteristics of OSAHS patients and controls in qRT-PCR validation of the microar-
ray results.

OSAHS group Control group

(n=10) (n=10) p-value
Age (years) 3521 +1.86 36.83+1.97 0.362
Male [no. (%)] 7 (70.0) 5 (50.0) 0.055
BMI (kg/m?) 30.1441.05 27.56 +1.33 0.063
TG (mmol/L) 3.254+0.63 1.59+0.22 0.008**
Fasting blood glucose (mmol/L) 5.39+0.32 4.93£0.26 0.062
AHI (events/hour) 72.35+5.06 203+ 1.25 0.00**
Minimum oxygen saturation (%) 50.11 +4.67 94.42 +0.69 0.00 1%+
Average oxygen saturation (%) 86.75 £ 1.62 97.58 £0.56 0.00
WBC (x 10°/L) 7.85+0.43 7.034+0.73 0.125
Smoking history [no. (%)] 3 (30.0) 2 (20.0) 0.052
Drinking history [no. (%)] 5 (50.0) 4 (40.0) 0.077

OSAHS = obstructive sleep apnea-hypopnea syndrome, BMI =body mass index, TG = triglyceride, AHI = apnea—hypo-
pnea index, WBC = white blood cell. Data represent the mean = standard error (SEM) or percentage of each group.
*p < 0.01: difference between the two groups by Mann—Whitney test or chi-squared test.

with 28S/18S >2 were accepted in the pre- microarray analysis was conducted by
sent study. Kangcheng Bio-science Service Company
(Shanghai, China). After passing quality
control, miRNAs were labeled using the
The differentially expressed miRNAs  mercury Hy3/Hy5 Power labeling kit
between OSAHS patients and the control (Exiqon) according to the manufacturer’s
group were identified by wusing the  instructions. Briefly, 1 ng of RNA in 2.0 ul
miRCURY LNA microRNA Array of water was mixed with 1.0 pl of calf intes-
(v.18.0, Exiqon, Vedb&k, Denmark). The  tine phosphatase (CIP) buffer and CIP

MiIRNA labeling and array hybridization
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Table 3. Baseline characteristics of OSAHS patients and controls in gRT-PCR for IL-6 and Lin28A
expression levels.

OSAHS group Control group

(n=12) (n=7) p-value
Age (years) 3396+ 1.6l 3429+1.92 0.903
Male [no. (%)] 10 (45.5) 7 (41.2) 0.821
BMI (kg/m?) 28.24 +1.13 25.82£0.79 0.315
TG (mmol/L) 2.08+ 1.28 1.031+0.64 0.009**
Fasting blood glucose (mmol/L) 4.62+0.43 427 +0.24 0.005
AHI (events/hour) 66.34+5.87 1.20+0.34 0.00**
Minimum oxygen saturation (%) 63.16 +3.62 91.02+1.85 0.001%*
Average oxygen saturation (%) 90.42 £ 1.21 96.28£0.72 0.001%*
WBC (x 10°/L) 6.82 £0.34 6.21 £0.56 0.740
Smoking history [no. (%)] 2 (16.7) 2 (28.6) 0.061
Drinking history [no. (%)] 3 (25.0) 2 (28.6) 0.483

OSAHS = obstructive sleep apnea-hypopnea syndrome, BMI =body mass index, TG = triglyceride, AHI = apnea—hypo-
pnea index, WBC = white blood cell. Data represent the mean =+ standard error (SEM) or percentage of each group.
*p < 0.01: difference between the two groups by Mann—Whitney test or chi-squared test.

enzyme from the labeling kit. The mixture
was incubated for 30 minutes at 37°C, and
the reaction was terminated by incubation
for 5 minutes at 95°C. Then, 3.0 ul of label-
ing buffer, 1.5 pul of fluorescent label (Hy3),
2.0 ul of dimethyl sulfoxide (DMSO), and
2.0 pl of labeling enzyme were added into
the mixture. The labeling reaction was incu-
bated for 1 hour at 16°C and terminated by
incubation for 15 minutes at 65°C. After
the labeling procedure was stopped, the
Hy3-labeled samples were hybridized on
the miRCURY LNA microRNA array
according to the manufacturer’s instruc-
tions. Briefly, the total 25 pl mixture from
Hy3-labeled samples with 25 pl of hybridi-
zation buffer were denatured for 2 minutes
at 95°C, incubated on ice for 2 minutes, and
then hybridized to the microarray for 16
to 20 hours at 56°C in a [12-Bay
Hybridization System (NimbleGen Systems
Inc., Madison, WI, USA). Following
hybridization, the slides were washed several
times with the washing buffer and scanned
using the Axon GenePix 4000B microarray
scanner (Axon Instruments, Union City,
CA, USA).

Microarray data analysis

Scanned images were then imported into
the GenePix Pro 6.0 software (Axon
Instruments) for grid alignment and data
extraction to obtain the signal intensity of
each spot. After normalization, the
obtained average value for each miRNA
was used for statistics. The raw and normal-
ized array datasets have been deposited in
the NCBI Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.
gov/) under accession number GSE99239.
Differentially expressed miRNAs between
the two groups were filtered by two criteria:
fold change >2 (upregulated) or <0.5
(downregulated) and p-value <0.05. The
results are presented as fold changes in
miRNA expression. The expression profiles
of the differentially expressed miRNAs
between the two groups were then subjected
to hierarchical clustering.

Quantitative reverse transcription PCR
validation of the microarray results

To validate the initial microarray results,
we measured the levels of 10 differentially
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expressed miRNAs by quantitative reverse
transcription (qQRT)-PCR in 10 OSAHS
patients and 10 controls (a subset of the
22 patients and 17 controls in the main
study). Total RNA was isolated from 50
to 100mg of tissue homogenates using
TRIzol reagent as described above. The
quality and quantity of extracted RNA
were measured using a NanoDrop ND-
1000 spectrophotometer. Target miRNAs
were transcribed to cDNA using a cDNA
Synthesis kit (Epicentre, Madison, WI,
USA) with specific reverse transcription pri-
mers (listed in Table S1) according to the
manufacturer’s instructions. Then, the
cDNA was subjected to qRT-PCR by
using the Arraystar SYBR Green Real-
time qPCR Master Mix (Arraystar,
Rockville, MD, USA) with specific primers
(listed in Table S2). Each reaction mixture
contained 5 ul of master mix, 0.5 ul of miR-
RT primers F (10 uM), 0.5 pl of miR-RT
primers R (10 uM), and 2 pl of RNase-free
H,O. Finally, 2 pl of the corresponding
template cDNA was added to each reac-
tion. The qRT-PCR reactions were per-
formed using the ABI Prism 7900 system
(Applied Biosystems, Foster City, CA,
USA) under the following conditions:
1 cycle of pre-incubation, 95°C for
10 minutes; 45 cycles of amplification,
each consisting of denaturation at 95°C
for 10 s, annealing and elongation at 60°C
for 60 s; and 1 cycle of melting at 95°C for
10 s, 60°C for 1 minute, heating to 95°C for
15s; U6 small nuclear (sn)RNA was used as
an internal reference. Each sample was ana-
lyzed in triplicate. The expression level of
each miRNA was normalized to the U6
level and the fold change was calculated
using the 2722T method.

gRT-PCR for IL-6 and Lin28A
expression levels

The mRNA expression levels of IL-6 and
Lin-28 homolog A (Lin28A) were measured

by qRT-PCR in a second cohort that
included 12 OSAHS cases and 7 controls
(a subset of the 22 patients and 17 controls
in the main study). Total RNA was isolated
from 50 to 100mg of tissue homogenate
using TRIzol reagent as described above.
For each sample, 0.5 pg of total RNA was
reverse transcribed into cDNA with the
PrimeScript RT Master Mix kit (Takara)
according to the manufacturer’s instruc-
tions. The reaction mixture contained 4 pl
of 5x master mix, 0.5ug of RNA, and
H>O to a total volume of 20 ul, and the
reaction was run at 37°C for 60 minutes
followed by 85°C for 5 s. Then, the cDNA
was subjected to qRT-PCR by using the
Power SYBR Green PCR Master Mix kit
(Thermo Fisher Scientific) according to the
manufacturer’s instructions. Each reaction
mixture contained 10 pl of master mix, 1.0
ul of forward primer (10 uM), 1.0 pl of
reverse primer (10 pM), and 8 pl of
cDNA. The qRT-PCR reactions were per-
formed using the ABI ViiA 7 real-time PCR
system (Thermo Fisher Scientific) under the
following conditions: 1 cycle of pre-
incubation, 50°C for 3 minutes; 40 cycles
of amplification each consisting of denatur-
ation at 95°C for 3 minutes, annealing at
95°C for 10 s, and elongation at 60°C for
30 s; 1 cycle of melting from 60°C to 95°C
for 10 s with an increment at 0.5°C. Each
sample was analyzed in triplicate. The
expression levels of IL-6 and Lin28A were
normalized to the level of GAPDH and fold
changes were calculated using the 2 2A¢T
method.”® Primer sequences were as fol-
lows: GAPDH forward: 5-AGACAGC
CGCATCTTCTTGT-3 and reverse: 5'-
CTTGCCGTGGGTAGAGTCAT-3; 1L-6
forward: 5-GCCACTCACCTCTTCAGA
ACGA-3' and reverse: 5'- GCCTCTTTGC
TGCTTTCACAC-3'; Lin28A forward: 5'-
CTGGAATCCATCCGTGTCACC-3 and
reverse: 5-ACCTCCACAGTTGTAGCA
CCT-3'.
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Gene ontology and Kyoto Encyclopedia of
Genes and Genomes pathway
enrichment analyses

Three miRNA target prediction databases
(miRanda, Microcosm, and Targetscan)
were used to predict potential target
genes of the 6 downregulated miRNAs
(hsa-let-7b-5p, hsa-let-7g-5p, hsa-let-7i-5p,
hsa-miR-34a-5p, hsa-miR-92a-3p, and hsa-
miR-101-3p). The 612 candidate targets
predicted by the three algorithms were sub-
jected to gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses as
described previously.””*® A p-value < 0.05
was considered to indicate = signifi-
cant enrichment.

Statistical analysis

All statistical analyses were performed
using the GraphPad Prism 6 software
(GraphPad Software Inc., La Jolla, CA,
USA). Data are presented as mean
+standard error (SEM) or percentage of
each group. The differences between two
groups were analyzed with the Mann—
Whitney test or chi-squared test. A p-value
<0.05 was considered significant.

Results

Clinical characteristics and sleep studies
of subjects

In this study, we recruited 22 OSAHS
patients, aged 25 to 48 years, diagnosed
with overnight PSG at the Otolaryngology
Department of the Second Affiliated
Hospital of Xi’an Jiaotong University
between 1 January, 2015, and 31
December, 2016. The patients with OSAHS
were well matched, in terms of age and sex,
with 17 patients with chronic tonsillitis as
the control group. All 22 patients had
severe OSAHS (AHI >30), and the

17 patients with chronic tonsillitis in the con-
trol group had no or minimal OSAHS (AHI
<5). In addition, the OSAHS group had
obviously decreased minimum oxygen satu-
ration (59.73+2.41% vs. 92.124+0.47%,
p=0.001) and average oxygen saturation
(88.39 +£1.00% Vs. 97.28+0.27%,
p=0.001) compared with the control
group. The white blood cell count, as an
indicator of systemic inflammation, was in
the normal range and did not differ signifi-
cantly between the two groups, suggesting
that repetitive exposure to hypoxia was not
associated with occurrence of systemic
inflammation in the OSAHS patients.
The OSAHS group had significantly
higher triglyceride (2.97 +0.47 mmol/L vs.
1.27 +0.26 mmol/L, p=0.0006) levels com-
pared with the control group. These results
suggested that the OSAHS patients had
profound abnormality in ventilation
status. The fasting blood glucose level
and body mass index of the OSAHS
patients were numerically higher than
those of the controls, although not statis-
tically different. The two groups did not
differ significantly in age, sex, or smoking
and drinking history. The two subsets of
patients used for the array validation and
to assess IL-6 and Lin28A expression
levels had the same overall clinical charac-
teristics as the main group. The demo-
graphic and clinical characteristics of the
OSAHS and control groups are summa-
rized in Table 1, Table 2, and Table 3.

Differentially expressed miRNAs between
the two groups

To identify  differentially  expressed
miRNAs in UA skeletal muscles, total
RNA, including miRNAs of four OSAHS
patients and four controls, was subjected to
the seventh-generation Exiqgon miRCURY
LNA miRNAs array assay. This array con-
tains 3100 melting temperature (Tm)-nor-
malized locked nucleic acid (LNA)-
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enhanced capture probes, covering all
human miRNAs annotated in miRBase
19.0 and viral miRNAs related to humans.
Of the miRNAs assayed, 2076 (67.0%) were
detected above the background level. The
differentially expressed miRNAs were
defined by a fold change >2.0 (up- or
downregulated) and p < 0.05. According to
these criteria, 370 miRNAs were differen-
tially expressed, of which 181 were upregu-
lated and 189 downregulated in OSAHS
patients compared with controls (Table
S4). A volcano plot (Figure 1a) and a heat-
map (Figure 1b) of all differentially
expressed miRNAs were plotted to better
demonstrate the dysregulated miRNAs.
The microarray data revealed a global per-
turbation in the miRNA expression pattern
in UA muscle tissues of OSAHS patients.

Validation of differentially expressed
miRNAs by qRT-PCR

To validate the results of miRNA profiling,
the Tagman qRT-PCR assay was con-
ducted to measure the expression levels of
four upregulated miRNAs (hsa-miR-508-
5p, hsa-miR-631, hsa-miR-7-2-3p, and
hsa-miR-492) and six downregulated
miRNAs (hsa-let-7i-5p, hsa-let-7b-5p, hsa-
let-7g-5p, hsa-miR-34a-5p, hsa-miR-92a-
3p, and hsa-miR-101-3p) in a cohort of 10
OSAHS patients and 10 controls (Table 4).
These miRNAs represented those with high
to moderate fold changes on the microarray
(Table 2). According to the qRT-PCR
results, the expression levels of hsa-miR-
508-5p, hsa-miR-631, hsa-miR-7-2-3p, and
hsa-miR-492 did not differ significantly
between the OSAHS and control groups
(all p>0.05), whereas hsa-let-7i-5p, hsa-
let-7b-5p, hsa-let-7g-5p, hsa-miR-34a-5p,
hsa-miR-92a-3p, and hsa-miR-101-3p were
all significantly downregulated in OSAHS
patients compared with controls (all at
least p<0.01) (Figure 2a-j, Table 4); hsa-
miR-101-3p and hsa-miR-92a-3p were the

two most prominently downregulated
miRNAs (Figure 2i-j, Table 4).

Prediction of miRNA targets and
miRNA-gene regulatory network

We then identified the predicted target
genes of the six downregulated miRNAs
(hsa-let-7b-5p, hsa-let-7g-5p, hsa-let-7i-5p,
hsa-miR-34a-5p, hsa-miR-92a-3p, and hsa-
miR-101-3p) using three computational
target predicting databases, miRanda,
Microcosm, and Targetscan, which used
different algorithms. A total of 11,095
genes were potentially targeted by these
six miRNAs, and 612 candidate targets
were predicted by all three databases
(Figure 3a, Table S4). Only the targets
that were predicted by all three algorithms
were subjected to further bioinformatics
analyses. We then constructed a miRNA-
mRNA regulatory network based on the
interactions between the six miRNAs and
their potential targets to illustrate the key
regulatory relationships between them. The
network consisted of four distinctly sepa-
rated groups, which represented four func-
tional groups, and all six miRNAs had a
large group of target genes. The three
hsa-let-7 family members (hsa-let-7b-5p,
hsa-let-7g-5p, and hsa-let-7i-5p), which
interacted with relatively more target genes
than other miRNAs, represented the most
important components in this miRNA-
mRNA regulatory network (Figure 3b).

IL-6 and Lin28A mRNA expression was
upregulated in OSAHS

As shown in the network analysis, three let-
7 family members (hsa-let-7b-5p, hsa-let-7g-
Sp, and hsa-let-7i-5p) had a large body of
potential targets that are implicated in
wide-ranging cellular functions. IL-6,
a proinflammatory factor, is reported to
be a target of these three miRNAs. Our
gqRT-PCR data showed that IL-6 was
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Figure |. Differentially expressed miRNAs between the two groups. Total RNA was isolated from 50 to
100 mg of tissue homogenates of four patients with OSAHS and four controls using TRIzol reagent and
subjected to the seventh-generation Exigon miRCURY LNA miRNA array assay to identify differentially
expressed miRNAs. (a) Volcano plot showing the miRNAs identified in the microarray. The red dots rep-
resent the differentially expressed miRNAs that met the criteria of fold change >2.0 (up- or downregulated)
and p < 0.05. (b) Unsupervised hierarchical clustering of differentially expressed miRNAs that passed vol-
cano plot filtering. Red: upregulated in OSAHS, green: downregulated in OSAHS. OSAHS, patients with
obstructive sleep apnea-hypopnea syndrome; Ctrl, controls (patients with chronic tonsillitis but no OSAHS).

significantly upregulated in the OSAHS lead to local inflammation in OSAHS by
group compared with the controls upregulating IL-6. In this study, Lin28A
(p<0.05, Figure 4a), suggesting that the was upregulated in UA muscle tissues of
downregulated let-7 family members might OSAHS patients (p<0.05, Figure 4b),
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Table 4. qRT-PCR validation of |0 selected differentially expressed miRNAs.

Fold change on

Fold change by

array (OSAHS gqRT-PCR (OSAHS p-value
ID miRNA vs. control) vs. control) (qRT-PCR)
42812 hsa-miR-508-5p 16.806 1.230 0.2179
42700 hsa-miR-631 12.920 1.041 0.7055
42964 hsa-miR-7-2-3p 9.434 0.803 0.1528
42661 hsa-miR-492 2271 0.908 0.4650
9938 hsa-let-7i-5p 0.471 0.561 0.0008**
168586 hsa-miR-34a-5p 0.467 0.536 0.0017%*
147165 hsa-let-7b-5p 0.417 0.548 0.0005%**
46438 hsa-let-7g-5p 0.355 0.501 0.000 |
145693 hsa-miR-92a-3p 0.343 0.359 0.000 | #**
31026 hsa-miR-101-3p 0.285 0.405 0.000 | #**

p < 0.01, *¥p < 0.001: means of the OSAHS group and controls were compared by t-test.

suggesting that a negative regulatory loop
might exist, accounting for the downregula-
tion of the three let-7 miRNAs.

GO and miRNA-GO network analysis

To gain further insight into the cellular pro-
cesses potentially mediated by the six down-
regulated ~ miRNAs, GO function
enrichment analysis was performed to
explore the functional roles of their target
genes under the domains of biological pro-
cesses, cellular components, and molecular
functions. In terms of biological process,
the candidate targets were mainly enriched
in “anatomical structure morphogenesis,”
“multicellular organismal development,”
and “system development” (Figure 5a).
The top enriched cellular components
were involved in “SWI/SNF superfamily-
type complex,” “intracellular part,” and
“ESC/E(Z) complex” (Figure 5b). The top
enriched molecular functions included
“protein  binding,”  “guanyl-nucleotide
exchange factor activity,” and “phosphate
metabolic process” (Figure 5c¢). The com-
plete list of the enriched GO functions is
summarized in Table S5. In addition, we
constructed a miRNA-GO network to fur-
ther understand the key biological functions

of the six miRNAs. As shown in Figure 5d,
the six miRNAs were mainly associated
with cellular metabolic processes, such as
macromolecular metabolism and organic
substance metabolism.

KEGG pathway analysis and
miRNA-pathway network

KEGG pathway enrichment analysis was
performed to identify significant pathways
enriched in the target genes of the six
miRNAs, with a Fisher p-value <0.05 as
the cut-off criterion. The results indicated
that 30 KEGG pathways were significantly
enriched; the most highly enriched path-
ways included the MAPK signaling path-
way, amyotrophic lateral sclerosis (ALS)
pathway, and glycosaminoglycan biosyn-
thesis pathway. The top 10 enriched signal-
ing pathways are illustrated in Figure 6a
and the complete list of enriched pathways
is provided in Table S6. Next, to further
illustrate the key signaling pathways that
were potentially regulated by the six
miRNAs, we built a miRNA-pathway net-
work (Figure 6b). The six miRNAs were
mainly involved in regulating the MAPK
pathway, the cAMP pathway, and the
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Figure 2. Validation of the differentially expressed miRNAs by qRT-PCR. Total RNA was isolated from 10
OSAHS patients and 10 controls. The expression levels of four upregulated miRNAs: (a) hsa-miR-508-5p, (b)
hsa-miR-631, (c) hsa-miR-7-2-3p, and (d) hsa-miR-492, and six downregulated miRNAs: (e) hsa-let-7i-5p, (f)
hsa-let-7b-5p, (g) hsa-let-7g-5p, (h) hsa-miR-34a-5p, (i) hsa-miR-92a-3p, and (j) hsa-miR-101-3p were mea-
sured by qRT-PCR to validate the array results. Bars represent the mean 4= SEM of each group; means of the
two groups were compared by using a t-test: ¥p < 0.01, **p < 0.001, n.s. not significant. qRT-PCR, real-time
quantitative PCR; OSAHS, obstructive sleep apnea-hypopnea syndrome; Ctrl, controls (patients with

chronic tonsillitis but no OSAHS).

androgenic pathway and in mediating the
transcriptional misregulation in cancers.

Discussion

OSAHS is a common disorder character-
ized by recurrent UA collapse during sleep
and it is a major public health concern.

The reduced or completely ceased airflow
leads to arousals, sleep fragmentation, and
oxyhemoglobin desaturation. The repetitive
episodes of hypoxia and reoxygenation may
result in systemic disorders, including met-
abolic disturbances, systemic inflammation,
and cardiovascular diseases. In this study,
we recruited 22 patients with severe OSAHS
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Figure 3. Prediction of miRNA targets and miRNA-gene regulatory network. The candidate target genes
of the six downregulated miRNAs were predicted using miRanda, Microcosm, and Targetscan. (a) Venn
diagram of predicted targets, showing that 8688, 3850, and 2757 targets were predicted by miRanda,
Microcosm, and Targetscan, respectively, and 612 candidate genes were predicted by all three algorithms.
(b) A miRNA-mRNA regulatory network based on the interactions between the six miRNAs and their
potential targets. Red squares represent miRNAs, blue circular nodes represent candidate genes, and
arrows from miRNAs to genes represent potential regulatory pairs.
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Figure 4. Expression of IL-6 and Lin28A mRNA was upregulated in OSAHS. Total RNA was isolated and
mRNA expression levels of (a) IL-6 and (b) Lin28A were measured by qRT-PCR in 12 patients with OSAHS
and 7 controls. The bars represent the mean &= SEM of each group; means of the two groups were compared
with the Mann—-Whitney test: *p < 0.01. gRT-PCR, real-time quantitative PCR; OSAHS, obstructive sleep
apnea-hypopnea syndrome; Ctrl, controls (patients with chronic tonsillitis but no OSAHS).
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Figure 6. KEGG pathway analysis and the miRNA-pathway network. (a) Pathways that were enriched in
the candidate target genes of the six downregulated miRNAs. The vertical axis represents enriched path-
ways, and the horizontal axis shows the enrichment scores. (b) The miRNA-pathway network was gener-
ated based on regulation of the six miRNAs and significant pathways. Red square nodes represent miRNAs,
blue circular nodes represent KEGG terms, and arrows represent their relationships. (c) The genes enriched
in the MAPK signaling pathway. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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(AHI >30) and 17 patients with chronic
tonsillitis without OSAHS as the control
group (AHI <5). The OSAHS group had
decreased minimum oxygen saturation and
average oxygen saturation compared with
the control group, suggesting an hypoxic
status of these patients. In addition, the
OSAHS group had significantly higher
body mass index and triglyceride levels,
suggesting that the OSAHS patients had
profound metabolic abnormalities. These
results are consistent with the reported
spectrum of symptoms and comorbidities
of OSAHS patients.'

A variety of contributing factors have
been identified in the pathogenesis of
OSAHS, including obesity, anatomical
abnormalities, pharyngeal muscular dys-
function, ROS production, and systemic
and local inflammation. Despite the rapidly
growing list of factors, the exact etiopatho-
genesis of OSAHS remains largely
unknown. Therefore, discovery of novel
mechanism(s) for OSAHS development is
beneficial in fully understanding the disecase
and developing preventive and therapeutic
approaches. MiRNAs are key regulators of
diverse Dbiological processes, including
development, differentiation, cell apoptosis,
and proliferation. Recent studies have
revealed that some miRNAs are associated
with OSAHS-related morbidities. MiR-
130a was involved in the progression of
OSAHS-associated pulmonary hyperten-
sion by downregulating the GAX gene.*
However, the involvement of miRNAs in
the pathogenesis of OSAHS itself has not
been reported.

Upper airway muscular dysfunction rep-
resents one of the most important patho-
physiological factors of OSAHS and is the
main cause of the UA collapse. The UA
muscles of OSAHS patients are often
exposed to hypoxia, mechanical stimula-
tion, and inflammation. Altered miRNA
profiles have been reported in cells or tis-
sues exposed to these stimulating factors,

and the altered miRNA expression in turn
may affect these processes. Hua et al.*’
reported that mechanical stretch regulates
miRNA expression profile via nuclear
factor-kB activation in C2C12 myoblasts.
Mohamed et al.*® showed that mechanical
stretch selectively induced the transcription
of miR-26a and led to human airway
smooth muscle hypertrophy in severe
asthma by suppressing glycogen synthase
kinase-3PB (GSK-3p). Although it is possible
that the miRNA profile in the UA muscles
of OSAHS patients is altered, the miRNA
expression profile has not previously been
reported. In this study, we profiled
miRNA expression in the UA skeletal
muscles of four OSAHS patients and four
controls by using a miRNA array assay.
According to the criteria of fold change
>2.0 and p<0.05, 370 miRNAs were
shown to be differentially expressed (181
upregulated and 189 downregulated)
between OSAHS patients and controls.
Therefore, the present study is the first, to
the best of our knowledge, to reveal a
global perturbation in the miRNA expres-
sion pattern in the UA muscle tissues of
OSAHS patients.

We reviewed the literature on the differ-
entially expressed miRNAs and found
reports of several miRNAs that may be
associated with the pathogenesis of
OSAHS, in fat deposition, muscle tension
reduction, inflammation edema, and other
aspects. Considering the cost of analyzing
more miRNAs, we selected four upregu-
lated and six downregulated miRNAs
from above to verify. The four upregulated
miRNAs (hsa-miR-508-5p, hsa-miR-631,
hsa-miR-7-2-3p, and hsa-miR-492) were
validated by qRT-PCR in a cohort of 10
OSAHS patients and 10 controls.
However, the levels of these four miRNAS
were not significantly different between the
OSAHS group and the control group (all
p>0.05). qRT-PCR is a commonly used
validation tool for confirming gene
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expression results obtained from microar-
ray analysis; however, microarray and
gPCR data are often not in agreement.
Any error in RNA extraction, labeling,
hybridization, or signal reading might lead
to false-positive results. In addition, the
similarity in the sequence of miRNAs in
the same family might account for false-
positive results. For example, miR-508
belongs to the miR-506 family of
miRNAs, which also includes miR-509
and miR-514.%"3% The array might mistak-
enly read the signal of other family mem-
bers as miR-508 because of cross-
hybridization of these closely related
miRNAs with similar sequences. In con-
trast to the upregulated miRNAs, the six
selected downregulated miRNAs (hsa-
let-7i-5p,  hsa-let-7b-5p,  hsa-let-7g-5p,
hsa-miR-34a-5p, hsa-miR-92a-3p, and hsa-
miR-101-3p) were all validated by
gqRT-PCR in the same cohort of samples
(all p<0.05) (Figure 2a-j, Table 2). To
date, 10 members of the let-7 family have
been identified in humans, including let-7a,
let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-
7i, miR-98, and miR-202.** The let-7 family
of miRNAs is reported to be widely
involved in inflammation,* cell metabo-
lism,*’ response to hypoxia,*® and muscle
structure.’”  miR-34a, miR-92a and
miR-101 were also associated with inflam-
mation,*® *! hypoxia,**** and muscle struc-
ture, %" all aspects related to OSAHS.
Therefore, we selected these miRNAs for
validation by qRT-PCR and further bioin-
formatics analyses. Our results suggested
that the array data included a lot of false-
positive results; therefore, before initiating
further investigations of miRNAs, they
must be validated by qRT-PCR.

Systemic and local inflammation is
involved in OSAHS and its comorbidities.
Intermittent hypoxia caused by OSAHS has
been associated with systematic inflamma-
tion, with production of inflammatory cyto-
kines such as IL-6 and TNF-o. However, it

is still unclear whether systemic inflamma-
tion is a cause or a result of OSAHS.
Moreover, repeated snoring, hypoxia, and
other factors may lead to mechanical
trauma and local inflammation of UA
muscle tissues. Local inflammation in turn
leads to alterations in muscle fiber struc-
ture, which forms the histological basis for
the dysfunction of UA or lower pharynx
neuromuscular tissues during sleep. In this
study, we found that three let-7 family
members, hsa-let-7b-5p, hsa-let-7g-5p, and
hsa-let-7i-5p, were downregulated in UA
muscle tissues of OSAHS. IL-6 is a proin-
flammatory factor and has been reported to
be a target of these three miRNAs. Our
qRT-PCR data showed that IL-6 was signif-
icantly upregulated in OSAHS patients, sug-
gesting that the downregulated let-7 family
members might contribute to local inflam-
mation in OSAHS by upregulating IL-6.

Lin28A and Lin28B are selective sup-
pressors of let-7 miRNA expression and
function as oncogenes in a variety of
human cancers. They specifically bind to
the let-7 precursors and recruit ZCCHC
11/TUT4 uridylyltransferase, which intro-
duces terminal uridylation. Uridylated pre-
let-7s fail to be processed by Dicer and
undergo  degradation*®*. Moreover,
Lin28A has been predicted to be a target
of the three let-7 family miRNAs men-
tioned above. In this study, Lin28A was
also upregulated in the UA muscles tissues
of OSAHS patients (Figure 4), suggesting a
potential negative regulatory loop account-
ing for the downregulation of the three let-7
miRNAs. Further studies, such as luciferase
reporter assays, are necessary to confirm
this hypothesis.

A set of target genes regulated by an
individual miRNA generally constitutes a
biological network of functionally associat-
ed molecules in human cells. Therefore, it is
important to gain deeper insights into the
biological implications of the target net-
works of these six miRNAs. In our
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experiment, 612 targets were predicted and
could serve as the basis for future experi-
ments. The GO and KEGG enrichment
analyses revealed the profoundly perturbed
signaling pathways and cellular functions in
the UA muscles of OSAHS patients caused
by altered miRNA expression.

The limitations of this study need to be
addressed. The control group was a cohort
of patients with chronic tonsillitis, a disease
that represents a chronic inflammation
state, which might lead to perturbation of
miRNA profile and subsequent down-
stream gene changes, therefore compromis-
ing our conclusion. We failed to validate the
four upregulated genes by qRT-PCR, sug-
gesting the existence of false-positive results
in the array data. Study of any candidate
miRNA in the array needs to first validate
its differential expression. Furthermore, the
target genes of the six downregulated
miRNAs were predicted by bioinformatics
algorithms. Although we included only tar-
gets predicted by all three algorithms in our
analysis, the possibility of false prediction
remains. Therefore, the functional and
pathways analyses based on these predicted
targets may introduce bias. In future stud-
ies, we need to examine the transcriptional
profile together with the miRNA profile
and repeat the bioinformatics analyses.
This study analyzed only 6 of 380 potential-
ly dysregulated miRNAs; therefore, more
miRNAs must be investigated to reveal
the complete picture of dysregulated signal-
ing pathways and cellular functions in UA
muscular tissue of OSAHS patients. In
addition, functional studies of candidate
miRNAs in OSAHS cell lines or animal
models are warranted.

In summary, we identified a perturbed
miRNA profile in the UA muscles of
OSAHS patients. These dysregulated
miRNAs potentially led to profound alter-
ations in signaling pathways and cellular
functions, which might have contributed
to the pathogenesis of OSAHS. Some of

these miRNAs were associated with local
inflammation by upregulating inflammato-
ry factors, such as IL-6. This study is the
first to reveal an altered miRNA profile in
the UA muscular tissue of OSAHS patients
and therefore provides a theoretical basis
for developing novel miRNA-based inter-
ventions of OSAHS.
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