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DYSREGULATION OF miRNAs IN NARCOLEPSY AND OTHER CENTRAL HYPERSOMNIAS

miRNA Profiles in Plasma from Patients with Sleep Disorders Reveal
Dysregulation of miRNAs in Narcolepsy and Other Central Hypersomnias
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Study Objectives: MicroRNAs (miRNAs) have been implicated in the pathogenesis of human diseases including neurological disorders. The aim
is to address the involvement of miRNAs in the pathophysiology of central hypersomnias including autoimmune narcolepsy with cataplexy and
hypocretin deficiency (type 1 narcolepsy), narcolepsy without cataplexy (type 2 narcolepsy), and idiopathic hypersomnia.

Design: We conducted high-throughput analysis of miRNA in plasma from three groups of patients—with type 1 narcolepsy, type 2 narcolepsy, and
idiopathic hypersomnia, respectively—in comparison with healthy controls using quantitative real-time polymerase chain reaction (qPCR) panels.

Setting: University hospital based sleep clinic and research laboratories.

Patients: Twelve patients with type 1 narcolepsy, 12 patients with type 2 narcolepsy, 12 patients with idiopathic hypersomnia, and 12 healthy controls.
Measurements and Results: By analyzing miRNA in plasma with gPCR we identified 50, 24, and 6 miRNAs that were different in patients with type
1 narcolepsy, type 2 narcolepsy, and idiopathic hypersomnia, respectively, compared with healthy controls. Twenty miRNA candidates who fulfilled
the criteria of at least two-fold difference and p-value < 0.05 were selected to validate the miRNA changes in an independent cohort of patients.
Four miRNAs differed significantly between type 1 narcolepsy patients and healthy controls. Levels of miR-30c, let-7f, and miR-26a were higher,
whereas the level of miR-130a was lower in type 1 narcolepsy than healthy controls. The miRNA differences were not specific for type 1 narcolepsy,
since the levels of the four miRNAs were also altered in patients with type 2 narcolepsy and idiopathic hypersomnia compared with healthy controls.
Conclusion: The levels of four miRNAs differed in plasma from patients with type 1 narcolepsy, type 2 narcolepsy and idiopathic hypersomnia

suggesting that alterations of miRNAs may be involved in the pathophysiology of central hypersomnias.
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INTRODUCTION

Hypersomnias of central origin include autoimmune narco-
lepsy with cataplexy and hypocretin deficiency (type 1 narco-
lepsy), narcolepsy without cataplexy (type 2 mnarcolepsy),
idiopathic hypersomnia, and recurrent and secondary hyper-
somnias.'? Type 1 narcolepsy is the most common of the central
hypersomnias, affecting one out of 3,000 individuals, and is the
most thoroughly described.?

Type 1 narcolepsy is characterized by excessive daytime
sleepiness and abnormal REM sleep manifestations including
sleep paralysis, hypnagogic hallucinations, and REM periods
at sleep onset.** Type 1 narcolepsy is caused by a loss of
hypocretin neurons in the lateral hypothalamus after an auto-
immune attack, which is reflected by low hypocretin-1 levels
in the cerebrospinal fluid (CSF) and a strong correlation with
HLA-DQB1*06:02.5¢ Type 2 narcolepsy seems to have a more
heterogeneous origin. Type 2 narcolepsy shows hypocretin-1
deficiency in only 25% of cases and positive HLA-DQB1*06:02
in 41% of cases (of Caucasian ethnicity) and the etiology of
type 2 narcolepsy is not known.”®
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Idiopathic hypersomnia is less common and less well defined
than type 1 narcolepsy. Patients are characterized by excessive
daytime sleepiness despite long sleeping hours.> The diagnosis
is based on clinical observations, documentation of long sleep
duration and otherwise normal overnight polysomnography,
short sleep latencies in a multiple sleep latency test (MSLT); but
no laboratory tests are available and no clear genetic predispo-
sition has been identified. The cause is complex and only 18%
of idiopathic hypersomnia patients (of Caucasian ethnicity) are
HLA-DQB1*06:02-positive.’

MicroRNAs (miRNAs) have recently emerged as an impor-
tant class of small RNAs, about 22 nucleotides long, that act
as post-transcriptional regulators of gene expression by base-
pairing with their target messengerRNAs (mRNAs).'*!'" In the
nervous system they regulate neuronal processes such as brain
morphogenesis, neuronal cell differentiation, and transcrip-
tion of neuronal-specific genes.'? Several studies have linked
miRNAs to human diseases, including neurological disor-
ders. Specific miRNAs have been identified in postmortem
brain tissue from patients with neurodegenerative diseases
like Parkinson and Alzheimer diseases."”” Changes in miRNA
levels have been described in plasma, peripheral blood mono-
nuclear cells, and CSF from patients with neurodegenerative
diseases.!*1

The role of miRNAs in sleep regulation has been studied in
experimental animal models. Sleep deprivation in rats results
in significant changes of miRNAs in the brain and adipose
tissue.!”!® Furthermore, sleep deprivation of mice resulted in
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changes of four miRNAs that are independent of elevated corti-
costerone levels." Finally, intraventricular and cortical injection
into rat brain of miRNA as well as specific inhibitors (anti-miR)
to miRNA alter sleep and electroencephalographic (EEG) slow
wave activity.?’?! So far the role of miRNAs in human sleep
regulation and sleep disturbances has not been studied.

In the present study we aimed to determine differences
between miRNAs in central hypersomnias that may be involved
in the pathophysiology of these sleep disorders. In a prelimi-
nary attempt we analyzed the miRNAs in CSF of hypersomnia
patients. However, miRNA levels were borderline, making it
impossible to validate significant miRNA differences between
hypersomnia patients and controls (A. Holm, unpublished
observation). Instead, plasma was analyzed instead of CSF
because of the higher circulating miRNA levels in plasma.?
Here we used quantitative PCR (qPCR) to compare the miRNA
profiles in plasma samples of hypersomnia patients with those
of healthy controls. We identified four miRNAs with signifi-
cantly different levels in plasma between patients with type 1
narcolepsy, type 2 narcolepsy, and idiopathic hypersomnia rela-
tive to healthy controls. The abnormal miRNA levels may give
insight into the pathophysiological mechanisms responsible for
the symptoms of these sleep disorders.

METHODS

Ethics Statement

After approval (KA03119) from the Danish Health Science
Ethical Committee (Capital Region) and obtaining written
informed consent, plasma was collected from Danish Cauca-
sian patients with various hypersomnias and normal controls
seen at the Danish Center for Sleep Medicine and the Depart-
ment of Neurology, Glostrup Hospital, Denmark.

Patients

Thirty-six patients diagnosed with central hypersomnia
were recruited for the initial screening of miRNAs in plasma,
including 12 patients each with type 1 narcolepsy, type 2
narcolepsy, and idiopathic hypersomnia. For the independent
validation of selected miRNAs in plasma, a new cohort of 12
type 1 narcolepsy patients, 6 type 2 narcolepsy patients, and
6 idiopathic hypersomnia patients were recruited. All patients
were examined at the Danish Center for Sleep Medicine, Glos-
trup Hospital, Denmark. Exclusion criteria were the presence
of neurological, psychiatric or medical disorders. All patients
were free of antidepressants and stimulants 7-14 days before
inclusion. The patients were evaluated by neurological exami-
nation, polysomnography, MSLT, CSF hypocretin-1 levels, and
HLA-typing of the DQB1*06:02 locus. Their hypersomnia
history was obtained by a semi-structured interview based on
the Stanford Sleep Questionnaire.

Type 1 narcolepsy diagnosis was based on the following
criteria: (1) excessive daytime sleepiness, (2) mean sleep
latency < 8 min, (3) cataplexy, (4) HLA-DQB1*06:02, and
(5) CSF hypocretin-1 < 110 pg/mL.> The criteria for the
diagnosis of type 2 narcolepsy were (1) excessive daytime
sleepiness, (2) mean sleep latency during MSLT < 8 min, (3)
absence of cataplexy, and (4) HLA-typing with approximately
20% HLA-DQB1*¥06:02.% For the diagnosis of idiopathic
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hypersomnia, the following criteria were met: (1) complaints
of excessive daytime sleepiness occurring daily for > 3 months;
(2) mean sleep latency during MSLT < 8 min; (3) no features to
suggest cataplexy; and (4) apnea-hypopnea index < 10.%

Twelve healthy controls without medical, neurological, or
sleep abnormalities were recruited for the initial screening of
miRNA by advertising for normal volunteers. To validate the
miRNAs, 12 healthy controls without medical, neurological, or
sleep disorders were recruited by the Department of Neurology
at Glostrup Hospital.

The demographic, clinical, sleep, and biological character-
istics of the two cohorts of patients with hypersomnias and
the healthy controls recruited for the miRNA screen and vali-
dation of miRNA candidates are presented in Tables 1 and
2. The mean age of the patient groups ranged between 27.8
to 34.2 years. Patients and controls were selected to have
a mean BMI in the range of 22.1-27.8 in order to minimize
confounding effects. All type 1 narcolepsy patients were HLA-
DQB1*06:02-positive and had CSF hypocretin-1 < 110 pg/mL.
Patients with type 2 narcolepsy and idiopathic hypersomnia had
CSF hypocretin-1 > 200 pg/mL. The average number of HLA-
DQB1*06:02-positive patients with type 2 narcolepsy and idio-
pathic hypersomnia in the screening and validation cohorts was
19.4%. All patients included in the study were Caucasian.

Measurement of CSF Hypocretin-1

CSF (10 mL) was collected between 08:00 am and 12:00,
cooled on ice and stored within 30 min at —80°C until analysis.
Hypocretin-1 was analyzed in crude CSF by radioimmuno-
assay from Phoenix Pharmaceuticals (Belmont, CA, USA) as
previously described.”® All samples were blindly measured in
duplicate and the means of the results were calculated. If the
intra-assay variability was > 5%, the sample was reanalyzed.
The standard curve range was 10-1280 pg/mL. Assay quality was
controlled by the positive control sample included in the assay
kit. Furthermore, one external reference sample of pooled CSF
from healthy individuals with an HCRT-1 concentration of 163
pg/mL was included in each assay to determine the inter-assay
variability, i.e. the precision of results between the assays. The
CSF samples were analyzed monthly and the inter-assay coef-
ficient of variation was determined as 9.9%. Finally, a sample
from the previous assay was included in each current assay to
estimate the day-to-day variability. The mean deviation between
two repeated measurements was 6.6%. The external reference
CSF sample was originally donated by Dr. E. Mignot, Stanford
Center for Sleep Sciences and Medicine, Stanford University,
USA. Accordingly, the CSF concentration of HCRT-1 in all
measurements was adjusted to the level of CSF HCRT-1 defined
at Stanford University. We applied previously used groupings
of CSF intervals for HCRT-1 concentrations: low (< 110 pg/
ml), intermediate (> 110 - <200 pg/ml), and normal (> 200 pg/
ml). 110 pg/ml and 200 pg/ml are the optimal cutoffs for type 1
narcolepsy and type 2 narcolepsy, respectively.®®

HLA Typing

The HLA-DQB1*06:02 locus was typed in different labo-
ratories over several years. Some type 1 narcolepsy samples
were typed at Stanford University using either Innotype reverse
dot-blot kits following the manufacturer’s recommendations
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Table 1—Demographic, clinical, sleep, and biological data of central hypersomnia patients and healthy controls in miRNA screen study.
Type 1 narcolepsy Type 2 narcolepsy Idiopathic hypersomnia ~ Healthy Controls
(N=12) (N=12) (N=12) (N=12)
Gender (male), n (%) 4 (33.3%) 5 (41.7%) 3(25.0%) 4 (33.3%)
Age, years 27.8 (6.84) 29.8 (8.88) 31.4 (13.13) 27.8 (4.78)
Body Mass index (BMI) 22.70 (2.27) 25.63 (4.96) 25.13 (4.34) 22.06 (2.48)
Disease duration 7. 58 (3.96) 1. 71 (8.41) 16. OO (0.00) -
HLA-DQB1*0602-positivity, n (%) 12 (100%) 12 (16.7%) 12 (8.3%) -
CSF HCRT-1 <110 pg/ml, n (%) 12 (100%) 12 (0%) 12 (0%) -
Epworth Sleepiness Scale 19.00 (2.09) 16.33 (2.93) 16.00 (3.57) -
Age of onset, years 20. 17 (4.29) 17. 38 (5.84) 12. 00 (0.00) -
Cataplexy, n (%) 12 (100%) 12 (0%) 12 (0%) -
Hypnagogic hallucinations, n (%) 12 (100%) 12 (58%) 2 (50%) -
Sleep paralysis, n (%) 12 (92%) 12 (27%) 2 (50%) -
Awakenings/night 7.50 (4.68) 0.91 (1.58) 0.50 (0.71) -
Sleep latency, sec. 195.83 (148.71) 275 (134.18) 298.06 (103.30) -
SOREMPs, number 3.75(0.87) 3.08 (0.90) 0.25 (0.45) -
Polysomnography (PSG)
Total sleep time (TST), min. 422.47 (80.21) 410.76 (59.19) 354.42 (134.17) -
Sleep efficiency, % 90.57% (15.74) 95.23% (5.19) 86.55% (25.72) -
N1, % 8.28% (6.60) 3.68% (3.57) 11.26% (15.69) -
N2, % 35.43% (12.39) 40.75% (10.62) 45.23% (12.24) -
N3+N4, % 30.96% (15.20) 31.52% (9.89) 25.92% (14.56) -
REM latency, min. 22.04 (30.39) 39.96 (28.12) 65.97 (42.78) -
REM latency < 15 min. (%) 67% 8% 17% -
AHI, event/hour 0.43 (0.68) 1.33(2.96) 1.80 (3.32) -
AHI =10 (%) 0% 0% 8.3% -
Data presented as mean (standard deviation) or n (%); n is the number of patients used for calculations.

or a sequence-specific oligonucleotide probe-enzyme-linked
immunosorbent assay technique. High resolution HLA typing
of DQB1 was performed at Stanford University. Some samples
were HLA typed at Glostrup Hospital by the PCR oligotyping
technique using the primers listed in the Table 3. The PCR
program was initiated for 15 min at 94°C, followed by 35
cycles of 94°C for 30 sec, 63°C for 30 sec and 72°C for 1 min,
and terminated for 10 min at 72°C.

Plasma Sample Handling and miRNA Isolation

Blood samples were drawn from all patients at the same
time as CSF collection, i.e., between 08:00 and 12:00. This was
strictly enforced to avoid possible diurnal oscillations of levels
of miRNAs in plasma as reported in mice. Nine milliliters
of blood was collected per participant by venipuncture into a
BD Vacutainer CPT glass tube with EDTA (Becton-Dickinson).
Within 30 min of blood collection, plasma was isolated from
the tube by centrifugation (10 min, 1600 g, 4°C), and 3x1 mL
aliquots were frozen at —80°C.

For the miRNA screening analysis the plasma samples
were pooled in order to minimize labor and cost. The number
of samples was reduced from 48 to 12 for the large screening
protocol, which was performed on 3 pools of 4 plasma samples
from each group of patients and controls, respectively. We
were aware that pooling could prevent the characterization of
individual variability and ultimately bias the analysis of the
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4 groups towards inclusivity. Consequently, the validation of
miRNA candidates in plasma found in the initial screen was
performed on individual samples from a new cohort of 24
hypersomnia patients and 12 healthy controls.

miRNA was isolated from 200 pL plasma using the
NucleoSpin miRNA plasma mini spin columns from Mach-
erey-Nagel (Diiren, Germany) following the manufacturer
protocol. The miRNAs were eluted in a total volume of 30
pL. NucleoSpin only isolates small RNAs, so the amount and
quality of miRNA could not be evaluated. However, we tested
the performance of NucleoSpin isolation by measuring the Ct
values of the RNA spike-in and hsa-miR-140-3p, concluding
that NucleoSpin gave a high miRNA yield.

cDNA Synthesis and miRCURY LNA Universal RT MicroRNA
PCR System

cDNA was synthesized from purified miRNA using
the Universal ¢cDNA synthesis kit from Exiqon (Vedbaek,
Denmark) according to the manufacturer’s instructions. The
cDNA product was diluted 50x in nuclease-free water and
mixed 1:1 with 2x SYBR Green master mix. Ten pL of SYBR
Green master mix:cDNA mix was added to each well on the
Ready-to-use microRNA PCR Human panels (I+II). The qRT-
PCRs were run on the CFX384 Real Time System from BioRad
(Hercules, CA, USA). In total, 24 human panels I and II were
used to identify miRNAs in plasma. A negative control plate for
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Table 2—Demographic, clinical, sleep and biological data of central hypersomnia patients and healthy controls in miRNA validation study.

Type 1 narcolepsy

(N=12)
Gender (male), n (%) 5 (42%)
Age, years 32.6 (10.39)
Body Mass index (BMI) 25.41 (3.51)
Disease duration 15. 25 (10.62)
HLA-DQB1*0602-positivity, n (%) 12 (100%)
CSF HCRT-1 < 110 pg/ml, n (%) 12 (100%)
Epworth Sleepiness Scale 17.58 (2.68)
Age of onset, years 21. 13 (13.11)
Cataplexy, n (%) 12 (100%)
Hypnagogic hallucinations, n (%) 10 (70%)
Sleep paralysis, n (%) 9 (66%)
Awakenings/night 3.13 (1.46)
Sleep latency, sec. 358.75 (192.32)
SOREMPSs, number 3.00 (1.35)

Polysomnography (PSG)
Total sleep time (TST), min.
Sleep efficiency, %

363.37 (93.24)
89.01% (7.75)

Type 2 narcolepsy  Idiopathic hypersomnia Healthy Controls

(N=6) (N=6) (N=12)

3 (50%) 1(17%) 4 (33%)

34.0 (1.90) 342 (11.1) 32.0 (11.2)

27.83 (5.67) 2493 (3.92) 24.4 (4.82)
11.25 (8.37) 16.33 (12.06) -
4 (50%) 6 (33%) -
6(0%) 6 (0%) -
13.67 (4.76) 14.40 (3.65) -
22.67 (8.38) 10.67 (5.03) -
6 (0%) 6 (0%) -
6 (33%) 4 (50%) -
6 (17%) 4 (50%) -
1.50 (1.76) 2.00(1.83) -
392 (91.36) 300 (102.51) -
2.33(1.63) 0.67 (0.52) -
414.50 (61.04) 466.38 (45.85) -
92.38% (9.11) 93.57% (4.42) -
6.65% (6.23) 6.67% (4.27) -
45.30% (12.71) 49.00% (5.55) -
27.58% (13.10) 18.67% (4.84) -
68.27 (20.84) 78.55% (24.30) -
0% 0% -
0.20 (0.43) 0.40 (0.87) -
0 0 -

(

(
N1, % 10.53% (8.76)
N2, % 43.57% (17.53)
N3+N4, % 24.52% (13.02)
REM latency, min. 41.91 (35.20)
REM latency < 15 min. (%) 42%
AHI, event/hour 1.87 (3.20)
AHI =10 (%) 8.3%

Data presented as mean (standard deviation) or n (%); n is the number of patients used for calculations.

Name Sequences Function

611F CCCGCAGAGGATTTCGTGTT
611R AACTCCGCCCGGGTCCC

DQB1*06:02 specific
DQB1*06:02 specific

Table 3—HLA typing of DQB1*06:02 of hypersomnia patients at Glostrup
Hospital performed by the PCR oligotyping technique using two sets of primers.

DRBEX3F TGCCAAGTGGAGCACCCAA DQB1*06:02 internal control
DRBEX4R  GCATCTTGCTCTGTGCAGAT DQB1*06:02 internal control

to miR-23a, which was stable among the samples. Three
pools of 4 plasma samples from each group of 12 patients
with type 1 narcolepsy, type 2 narcolepsy, and idiopathic
hypersomnia, respectively, and the 12 healthy controls
were analyzed. As shown in Figure S1 (supplemental
material) the Ct value of miR-451-5p minus Ct value of
miR-23a was less than 7, indicating that hemolysis was
not present in the samples as described in https://www.
exigon.com/ls/Documents/Scientific/microRNA-serum-

each panel was performed. Negative control plates contained
nuclease-free water purified on similar columns as plasma,
cDNA reaction performed in similar way as with the patient
samples and the qPCR were run on the CFX384 Real Time
System. If there was no back-group measurement on the nega-
tive control plate, we accepted a Ct value of 38. The selected
miRNAs were validated on a pick-and-mix panel performed by
Exiqon (Vedbaek, Denmark).

Hemolysis in Plasma

Hemolysis is known to inhibit the expression of some
miRNAs.?”” We tested the samples for hemolysis by analyzing
the plasma level of miR-451-5p, which is present in high
concentration in erythrocytes. However, miR-451-5p can also
be elevated in samples from patients as a result of disease.
Therefore, the miR-451-5p level was normalized with respect

SLEEP, Vol. 37, No. 9, 2014 1528

plasma-guidelines.pdf. Additionally, we analyzed oxyhe-
moglobin absorbance at 414 nm in the plasma samples, but no
peak absorbance was observed (data not shown). Based on this
we concluded that our plasma samples from the initial screen
and the validation cohort did not show hemolysis.

qPCR Analysis

qPCR data were analyzed with GenEx software developed by
MultiD Analyses AB (Gothenburg, Sweden).”® We used a version
of the GenEx qRT-PCR data analysis software specially adapted
for the microRNA gRT-PCR platform from Exiqon (Vedbaek,
Denmark). The analysis was performed using the step-by-step
analysis user guide http://www.exiqon.com/Is/Documents/Scien-
tific/Exiqon-data-analysis-guide.pdf. In summary, data obtained
from the negative control plate were subtracted from the data
from the miRNA PCR panels. The data were normalized to a
global mean. Furthermore, the top candidates for normalization
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were identified using two algorithms: NormFinder and Gene-
Norm. Normalization genes, miR-378 and miR-186, in plasma
were used as normalization genes in the validation study. The
fold change and statistical significance were calculated using the
delta-delta Ct method and Student’s t-test, respectively. A Dunn-
Bonferroni analysis was used to correct for multiple testing.
Data are presented as means and standard deviations. Principal
component analysis and hierarchical clustering analysis were
also performed using GenEx software.?

Analysis of miRNA Tissue Distribution

The distribution of the 4 miRNAs in human tissues was
analyzed using the miRNA Expression Atlas in Normal Tissues
(http://www.mirnabodymap.org).?

Pathway Analysis

The enrichment of the biological pathways regulated by the
differentially expressed miRNAs was investigated by a pathway
analysis in which the 4 aberrant miRNAs (miR-130a, miR-30c,
miR-26a, and let-7f) were combined. The pathway analysis tool
DIANA-mirPath Software (http://diana.cslab.ece.ntua.gr/path-
ways/) was used, with default settings.’**' The miRNA data-
base (http://www.mirbase.org)*? and the Kyoto Encyclopedia of
Genes and Genomes (KEEG) (http://www.genome.jp/kegg)/)*
were applied in the DIANA pathway analysis.

RESULTS

miRNA Screening of Plasma from Central Hypersomnia Patients
The miRNA screening was performed on 3 pools of 4 plasma
samples from each group of patients and controls, respectively,
using qPCR on miRNA PCR panels as described in Methods.
After data analysis miRNA candidates were selected by fulfill-
ment of the criteria of a significant (P < 0.05) two-fold or more
difference between type 1 narcolepsy, type 2 narcolepsy, and
idiopathic hypersomnia patients compared with healthy controls.
Based on these criteria, we identified 50 miRNA differences
between type 1 narcolepsy patients and healthy controls, 24
miRNA differences between type 2 narcolepsy patients and
healthy controls, and 6 miRNA differences between idiopathic
hypersomnia patients and healthy controls (Table S1, supple-
mental material). Five miRNAs (miR-100, miR-323-3p, miR-
337-5p, miR-361-5p, and miR-610) were different in both
type 1 narcolepsy and type 2 narcolepsy patients compared
to healthy controls. Furthermore, 2 miRNAs (miR-224* and
miR-643) were different in both type 2 narcolepsy and idio-
pathic hypersomnia. This suggests that the miRNA differences
are not specific to the 3 central hypersomnias. Dunn Bonferroni
correction for multiple testing confirmed the significant differ-
ences of the 3 miRNAs between type 1 narcolepsy patients and
healthy controls and of one miRNA between type 2 narcolepsy
patients and healthy controls (Table S2, supplemental material).

Validation of miRNA Changes in Central Hypersomnia Patients
The validation of altered miRNA candidates in plasma found
in the initial screen was performed on individual samples from
the new cohort of 24 hypersomnia patients comprising 12 type
1 narcolepsy, 6 type 2 narcolepsy, and 6 idiopathic hypersomnia
patients compared with 12 healthy controls, as described in the
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Methods. Since type 1 narcolepsy is more homogenous than
the other hypersomnias, the validation analysis focused on the
miRNAs that were different in the type 1 narcolepsy group
compared with the healthy controls. Twenty miRNA candidates
that fulfilled the criteria of two-fold or more difference and a
value of P < 0.05 were selected from the initial screen of type
1 narcolepsy patients versus healthy controls. Furthermore, 2
normalization genes, miR-378 and miR-186 in plasma, were
identified by calculations involving the screening data using
NormFinder and GeneNorm.

Four miRNAs in plasma were significantly different between
type 1 narcolepsy and healthy controls. miR-30c, let-7f, and
miR-26a were all found at a higher level in type 1 narcolepsy
patients than in healthy controls; the level of miR-130a was
lower in type 1 narcolepsy patients than in healthy controls
(Figure 1). After Dunn Bonferroni correction for multiple
testing, the level of miR-30c proved to be significantly higher
(3.67-fold) in type 1 narcolepsy patients than in healthy controls
(P-value = 2.0*10E-6). The miRNA changes were not specific
to type 1 narcolepsy, since the 4 miRNAs were significantly
different in type 2 narcolepsy and idiopathic hypersomnia
compared with healthy controls (Figure 2).

A principal component analysis (PCA) was performed on
the miRNA results from the analyzed samples to see how the
4 validated miRNAs were distributed in patients with type 1
narcolepsy, type 2 narcolepsy, idiopathic hypersomnia, and in
healthy controls. This clearly separated the 3 central hypersom-
nias from healthy controls, whereas type 1 narcolepsy, type 2
narcolepsy, and idiopathic hypersomnia could not be separated.
This suggests that the observed miRNA differences are related
to the pathophysiology of central hypersomnia rather than to
the individual disorders (Figure 3).

Hierarchical clustering analysis showed that healthy controls
were clustered in a separate group as with the PCA. Further-
more, type 1 narcolepsy and idiopathic hypersomnia were clus-
tered in 2 separate groups, whereas type 2 narcolepsy patients
were located in both groups. This suggests that the phenotype
of type 2 narcolepsy is heterogeneous and has similarities with
both type 1 narcolepsy and idiopathic hypersomnia (Figure 4).

DISCUSSION

Previous reports have described the detection of miRNAs
in plasma from healthy individuals as well as patients with
a variety of medical disorders including neurodegenerative
diseases. This study shows for the first time that it is possible
to detect differences in miRNA levels in plasma from patients
with sleep disorders. miRNA qPCR analysis of plasma samples
from patients with type 1 narcolepsy, type 2 narcolepsy, and
idiopathic hypersomnia revealed significant differences in the
plasma levels of four miRNAs, including miR-130a, miR-26a,
miR-30c, and let-7f. Our findings could be important in under-
standing the pathophysiology of central hypersomnias. We
used publicly available software to analyze three aspects of the
biological significance of the four aberrant miRNAs in central
hypersomnias: the tissue distribution of the miRNAs, their
involvement in cellular pathways, and their role in regulating
mRNA and protein expression.

The distribution in human tissues of the dysregulated
miRNAs was analyzed using the miRNA Expression Atlas
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in Normal Tissues.?” The four miRNAs show varying expres-
sion in human tissues (Figure S2, supplemental material). The
levels of miR-26a, miR-30c, and let-7f are relatively high in
the brain, whereas miR-130a expression is very low. However,
miR-130a is expressed in the heart, lung, kidney, jejunum,
colon, thyroid gland, and the reproductive system. The expres-
sion of miR-30c is particularly high in the heart, thyroid gland,

SLEEP, Vol. 37, No. 9, 2014 1530

blood cells, skeletal muscle, kidney and lung, but relatively
low in other tissues; miR-26a is expressed in the heart, thyroid,
skeletal muscle, colon, and reproductive system; and let-7f is
expressed in the heart, thyroid, blood cells, skeletal muscle,
and reproductive system. In general, the expression of these
four miRNAs is low in adipose tissue, liver, pancreas, adrenal
gland, spleen, and digestive tract.
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The tissue expression pattern of the four dysregulated
miRNAs implies that central hypersomnias are accompanied by
differences in the brain activity. Brain-specific miRNAs have
been detected in body fluids, indicating that miRNAs may cross
the blood-brain barrier, possibly in exosomes or other lipid
vesicles.* Furthermore, miRNA can be delivered to the mouse
brain by systemic injection of targeted exosomes.*

The different level of miRNAs in plasma that characterize
central hypersomnias may reflect abnormal function of periph-
eral organs in the human body. This is in agreement with obser-
vations that type 1 narcolepsy is associated with abnormal
cardiovascular control like altered blood pressure regulation
and heart rate response during sleep, muscular symptoms in
cataplexy, metabolic differences with lower energy expendi-
ture leading to weight gain in spite of reduced appetite, and
endocrine dysfunction with precocious puberty and obesity in
childhood.

miRNAs are key regulators of diverse biological processes
and their functional analysis is crucial to our understanding
of their specific effects and role in diseases. We performed
pathway analysis using DIANA-miRPath v2.0, which offers
tools specifically focused on miRNA-targeted genes and
pathways.’! We analyzed the four distinct miRNAs together
to identify how their target genes and pathways are enriched
when they are combined. The analysis predicted a number of
cellular processes, signaling pathways and pathological condi-
tions, where miR-130a, miR-26a, miR-30c, and let-7f are
combined in regulation of enriched sets of target genes in the
relevant pathways (Table S3, supplemental material). Overall
the predictions suggested that the miRNAs have broad tissue
distribution, multiple functions, and a large number of puta-
tive targets. The statistically significant (P < 0.05) predictions
included cellular processes of possible relevance to sleep disor-
ders such as axon guidance, focal

mRNA and inhibition of miR-130a in neuronal cells resulted
in substance P synthesis and release.*’ The CSF concentration
of substance P was significantly lower in type 1 narcolepsy
patients and the decreased levels were correlated with the dura-
tion of disease, severity of cataplectic symptoms, intensity of
sleepiness, and frequency of daytime sleep attacks.** However,
a relationship between CSF substance P levels and miR-130a in
plasma of type 1 narcolepsy patients remains unclear.

miR-30c is expressed in primary cardiomyocytes and
induces cellular hypertrophy.*® Patients with type 1 narcolepsy
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Figure 3—Principal component analysis of miRNAs that were detected
in all samples from patients with type 1 narcolepsy, type 2 narcolepsy,
and idiopathic hypersomnia, and healthy controls. Normalized values
were used for PCA. Gray circles: type 1 narcolepsy; gray triangles: type 2
narcolepsy; gray squares: idiopathic hypersomnia; black circles: healthy
controls.
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show altered night-time blood pressure regulation and heart
rate response that may be associated with increased cardiovas-
cular risk.*?¢ Furthermore, transgenic narcoleptic mice lacking
hypocretin neurons showed significant alterations in cardiovas-
cular control during sleep.’’

miR-26a as well as miR-26b downregulates brain-derived
neurotrophic factor (BDNF). However, the inhibition is allele
specific since there is a SNP located in the miRNA target site
of BDNF 3’UTR, although its biological significance is not
clear.** Serum BDNF levels were significantly higher in type 1
narcolepsy patients than in healthy controls (64.2 + 3.9 ng/mL
vs. 47.3 £2.6 ng/mL, P <0.01), while there were no significant
difference in nerve growth factor levels. The increased serum
BDNF levels were not correlated with disease duration and
sleep parameters in type 1 narcolepsy patients.*® The mecha-
nisms responsible for the markedly higher BDNF levels in type
1 narcolepsy patients and the role of miR-26a remain unknown.

Our miRNA target analysis further predicted that miR-26a
targets tribbles homolog 2 (TRIB2) mRNA. Autoantibodies
against TRIB2 have been detected by screening of sera in 14%
of type 1 narcolepsy patients versus 5% of controls.* TRIB2 is
not only expressed by hypocretin neurons, but is also present
in many other cell populations in the brain and in the periphery,
including immune cells.*’ This suggests that miR-26a may play
a role in the cellular changes following the loss of hypocretin
neurons in type 1 narcolepsy.

Let-7f is expressed in naive, effector, and memory T cells,*
and let-7f inhibits IL-23 receptor expression in memory T cells,
which may influence T-cell proliferation.* There is a SNP
(rs10889677) located in the 3’UTR of the IL-23 receptor, which
disrupts let-7f binding leading to increased IL-23 receptor
expression,” but the SNP in IL-23 receptor is not associated
with type 1 narcolepsy.’!

The present study has several limitations and strengths. The
limitations include the relatively small number of patients, the
unknown significance of plasma miRNA levels in brain disor-
ders, and the correlational nature of the findings. It is nonethe-
less the first study to report miRNA changes in plasma from
patients with central hypersomnias. First, the number of patients
and controls was limited to 48 individuals in the miRNA screen
and 36 individuals in the miRNA validation in order to analyze
the three groups of central hypersomnia patients and search
for differences and similarities between the sleep disorders in
comparison to controls. In spite of the small number of patients
we were able to identify statistically significant changes in four
miRNAs in plasma. Second, the role of circulating miRNA in
pathophysiology of sleep disorders is difficult to ascertain given
their unknown origin, function, or targets, i.c., each miRNA
has thousands of putative targets.”> We have compensated for
this by examining the expression characteristics of selected
miRNAs from a tissue databank. Furthermore, we performed
pathway analysis of the four altered miRNAs together to iden-
tify how their target genes and pathways are enriched. Finally,
literature search of the four miRNAs identified possible targets
relevant to the nervous system and hypersomnia. The predicted
targets of the altered miRNAs are speculative and additional
analysis of the specific functions of the four miRNAs in hyper-
somnia is needed. Third, the miRNAs changes in plasma from
hypersomnia patients are correlational. At present we cannot
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link the miRNAs to the pathophysiology of sleep disorders, but
they give clues about abnormalities in peripheral organs as well
as the nervous system.

In conclusion, we have identified four aberrant miRNAs in
plasma from patients with central hypersomnias. The biological
significance of miR-130a, miR26a, miR-30c, and let-7f in the
three hypersomnias—type 1 narcolepsy, type 2 narcolepsy, and
idiopathic hypersomnia—remains unclear. In silico analysis of
their tissue distribution, cellular pathways and biological func-
tions suggests that they reflect changes in the brain as well as
peripheral organs. We propose that looking at the targets of
these miRNAs will increase our understanding of the patho-
genesis of central hypersomnias. Our findings thus lend a new
perspective on investigating sleep disorders, and offer a new
approach to identifying relevant pathways in the pathogenesis
of central hypersomnias. Further studies are required to clarify
the importance of miRNAs in central hypersomnias.
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Figure S1—Hemolysis test. The levels of miR-451-5p and miR-23a were
analyzed by gPCR of 3 pools of 4 plasma samples from each group of
healthy controls (HC), and type 1 narcolepsy (NC), type 2 narcolepsy
(NwC), and idiopathic hypersomnia (IH) patients. The Ct value of miR-
451-5p minus Ct value of miR-23a was plotted for each pool.
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Figure S2—miRNA expression data in normal human tissues. Heat map illustrating the tissue expression
of 4 miRNAs: miR-30c, miR-130a, miR-26a, and let-7f. White, blue, rose, and red bars respectively indicate
absent, low, intermediate, and high levels of high expression.
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Table S1—miRNAs in plasma from type 1 narcolepsy, type 2 narcolepsy, and idiopathic hypersomnia patients with two-fold or more difference with respect
to healthy controls and P < 0.05.
Type 1 narcolepsy vs. n-fold Type 1 narcolepsy vs. n-fold Type 2 narcolepsy vs. n-fold Idiopathic hypersomnia n-fold
healthy controls change healthy controls change healthy controls change vs. healthy controls change
miR-340* 9.01 miR-27b 212 miR-1179 5.51 let-7i* 3.31
miR-31* 6.06 miR-30b 2.11 miR-551a 5.48 miR-643 3.24
miR-26a 5.93 miR-27b* 2.07 miR-204 4.81 miR-224* 2.37
miR-342-5p 5.16 miR-720 -2.33 miR-100 3.68 miR-502-3p 2.06
miR-150 4.68 miR-376b 2.35 miR-224* 3.14 miR-99b* -2.38
miR-30d* 4.64 miR-502-3p 243 miR-610 3.09 miR-196a -4.77
miR-664 4.15 let-7i =247 miR-20a* 2.78
miR-100 3.99 miR-210 -2.51 miR-496 2.72
miR-361-5p 3.61 miR-148a* -2.57 miR-361-5p 249
miR-610 3.57 miR-410 -2.62 miR-196b* 241
miR-28-3p 3.56 miR-629 -2.76 miR-643 2.14
miR-374b* 3.49 miR-570 291 miR-122 2.05
miR-24-1* 3.44 miR-323-3p -3.07 miR-10b 2.05
miR-155 2.83 miR-130a -3.45 miR-1249 2.00
miR-93* 2.82 miR-433 -3.93 miR-323-3p -2.07
miR-26b 2.71 miR-423-5p -4.08 miR-337-3p -2.53
let-7e 2.62 let-7i* -4.38 miR-933 -2.55
miR-181a* 2.62 miR-130b -4.39 miR-181c* -2.62
let-7f 2.57 miR-19b-1* -4.41 miR-556-3p -2.66
miR-374b 2.49 miR-1249 -4.69 miR-548d-5p -3.29
miR-200c 2.40 miR-33b -4.76 miR-335* -3.48
miR-532-3p 2.32 miR-363 -4.94 miR-23b* -3.57
miR-125a-5p 2.29 miR-337-5p -6.39 miR-7-1* -4.18
miR-491-5p 2.27 miRPlus-D1061 9.23 miR-92a-1* -6.91
miR-30c 2.16 miR-23a* -10.79
Table S2—microRNA candidates in plasma from patients with type 1
narcolepsy, type 2 narcolepsy, and healthy controls after Dunn Bonferroni
correction with P < 0.00087.
Type 1 narcolepsy vs. n-fold Type 2 nacolepsy vs. n-fold
healthy controls  change healthy controls  change
miR-26a 5.93 miR-92a-1* -6.91
miR-26b 2.71
miR-130b -4.38
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Table S3—Analysis of miRNA-targeted genes and pathways using DIANA-miRPath v2.0.
All let-7f miR-26a miR-130a miR-30c
no. genes -In(p) no. genes -In(p) no. genes -In(p) no. genes -In(p) no. genes -In(p)
Axon guidance 42 18.52 8 1.1 12 5.89 " 3.51 20 12.36
MAPK signaling pathway 65 13.55 26 13.22 22 8.76 17 2.37 21 2
TGF-beta signaling pathway 30 12.5 10 5.67 9 4.64 16 19.12 6 0
Focal adhesion 51 11.49 18 7.27 19 9.83 15 3.37 16 1.51
Glioma 23 11.35 7 3.79 6 2.66 9 717 9 4.09
Ubiquitin-mediated proteolysis 37 10.25 6 0.03 11 3.99 12 419 22 14.88
Amyotrophic lateral sclerosis 10 10.12 4 5.8 1 0.3 1 0.39 6 10.08
Wht signaling pathway 39 8.97 " 2.55 18 14.17 14 5.38 9 0.09
Long-term potentiation 21 8.72 2 0.13 11 14.62 6 2.2 " 7.69
Chronic myeloid leukemia 24 8.59 9 5.67 5 0.84 7 2.36 8 1.74
Melanoma 23 8.51 9 6.27 7 3.34 9 5.79 6 0.51
Calcium signaling pathway 42 8.26 15 5.66 10 1.38 15 5.09 17 3.57
Prostate cancer 26 7.7 7 1.8 8 3.29 11 7.04 9 1.77
Cell cycle 31 7.65 6 0.25 10 4 10 3.13 " 1.91
Circadian rhythm 7 7.28 1 0.08 1 0.05 2 1.44 4 6.19
ErbB signaling pathway 25 6.85 5 0.33 6 119 7 1.64 13 6.62
Regulation of actin cytoskeleton 48 6.67 12 1.05 " 0.83 12 0.83 25 8.15
ECM-receptor interaction 23 6.36 10 6.96 7 2.65 6 113 7 0.77
Colorectal cancer 24 6.27 9 4.54 4 0 8 2.82 9 1.97
Renal cell carcinoma 20 5.75 2 0.27 7 3.65 7 2.95 7 1.36
mTOR signaling pathway 15 5.45 5 245 5 2.75 7 5.95 4 0.31
Small cell lung cancer 23 5.29 6 1.06 6 1.28 6 0.91 8 1.18
Type Il diabetes mellitus 13 5.29 6 5.73 1 0.08 2 0.2 7 4.97
Pancreatic cancer 20 4.85 8 4.34 2 0.27 6 1.5 8 1.96
Glycan structures - biosynthesis 1 29 48 10 3.06 13 8.02 4 0.36 15 5.35
Prion disease 6 4.76 1 0.08 1 0.05 3 4.4 2 0.84
Non-small cell lung cancer 16 4.76 3 0.05 3 0.13 5 1.63 8 3.93
T cell receptor signaling pathway 23 4.54 6 0.9 5 0.41 6 0.75 12 4.89
Adipocytokine signaling pathway 19 4.51 6 1.89 4 0.33 10 8.18 7 1.3
Phosphatidylinositol signaling 19 4.31 1 1.06 5 1.06 8 4.21 10 4.54
Inositol phosphate metabolism 14 4.26 1 0.39 3 0.36 6 3.88 8 517
Melanogenesis 24 3.89 4 0.07 9 3.77 12 7.37 5 0.2
Keratan sulfate biosynthesis 6 3.65 1 0.18 3 4.15 2 113 3 2.35
Adherens junction 18 3.27 7 2.96 7 3.34 7 2.68 7 1.18
Huntington disease 9 3.1 2 0.16 3 1.46 4 2.87 2 0.21
Four altered miRNAs—let-7f, miR-26a, miR-130a, and miR-30c—were combined in the analysis. The predicted pathways and number of enriched target
genes for which P < 0.05 are shown for the combined miRNAs (All) and individual miRNAs.
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