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INTRODUCTION

NARCOLEPSY IS A DISABLING DISORDER CHARACTER-
IZED BY RECURRENT DAYTIME SLEEPINESS AND CATA-
PLEXY, WITH OR WITHOUT HYPNAGOGIC HALLUCINA-
TIONS, and sleep paralysis.1 An immunological pathogenesis for 
narcolepsy has been suggested in view of the close association 
between narcolepsy with cataplexy and the human leukocyte anti-
gen (HLA)-DRB1*1501-DQB1*0602. However, it remains to be 
clarified whether any autoimmune mechanism or immune-related 
alteration is involved in the pathophysiology of narcolepsy.2

There is evidence that the inflammatory cytokines tumor ne-
crosis factor (TNF)-alpha and interleukin (IL)-6 are involved in 
physiological sleep regulation and are associated with sleepiness.3 
The levels of the TNF-alpha subtypes and IL-6 are significantly 
elevated in narcolepsy patients as compared to those in normal 
controls.4 A significant association between a single nucleotide 
polymorphism in the TNF-alpha gene promoter or in the TNF 
receptor 2 gene and human narcolepsy was suggested.5,6 Himm-
erich et al demonstrated increased plasma levels of soluble TNF 
receptor p75, which is one of the TNF receptors in serum, in pa-

tients with narcolepsy having cataplexy.7 A functional alteration 
of the TNF-alpha cytokine system is suggested. Intravenous im-
munoglobulin that might help in suppressing proinflammatory 
cytokines reduced the number of cataplexy attacks in narcoleptic 
patients at disease onset.8 Recently, it was found that the level 
of C-reactive protein, an inflammatory-associated factor, was 
increased in the serum of hypocretin-1 deficient narcoleptic pa-
tients9 as compared to that in healthy controls after body mass 
index adjustment.

We hypothesized that some immunological dysregulations oc-
cur in narcoleptic patients that are reflected in the gene expression 
changes in white blood cells. Genes expressed in white blood cells 
are not limited to but are often related to the immune mechanism. 
In this study, we attempted to identify differentially expressed 
genes in the white blood cells of patients with narcolepsy with 
cataplexy by a differential display method using annealing con-
trol primers (ACPs). Our goal was to identify biological markers 
of narcolepsy in white blood cells.

METHODS

This research was approved by the ethical committees of the 
collaborative institutes. Written informed consents were obtained 
from all participants. All patients were diagnosed clinically as 
having narcolepsy with cataplexy according to the International 
Classification of Sleep Disorders, 2nd edition (ICSD-2)1 at the Neu-
ropsychiatric Research Institute (Tokyo, Japan). All narcoleptic 
patients were HLA-DRB1*1501/DQB1*0602 positive. Blood 
samples and clinical data were collected at the Neuropsychiat-
ric Research Institute and the Tokyo Institute of Psychiatry (To-
kyo, Japan). None of the control subjects experienced excessive 
daytime sleepiness or exhibit any signs of immunological ab-
normalities based on the questionnaires obtained at the time of 
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blood collection. HLA typing for the HLA-DRB1 and DQB1 loci 
was performed for all the subjects at the NPO HLA Laboratory 
(Kyoto, Japan). All 32 narcoleptic patients and 7 of the 32 control 
subjects (4 of the 12 subjects used for initial screening and 3 of the 
20 subjects used in the validation study) tested positive for HLA-
DRB1*1501-DQB1*0602.

Five milliliters of whole blood was collected in PAXgene Blood 
RNA tubes (Becton Dickinson, UK). Total RNA was isolated us-
ing a PAXgene Blood RNA Kit (QIAGEN, CA), according to the 
manufacturer’s protocol. The eluted total RNA was treated with 
DNase I and cleaned using an RNeasy MinElute Cleanup kit (QIA-
GEN) to obtain concentrated total RNA. For the first screening, 
total RNA from 12 narcolepsy patients with a disease onset of 
10 years or less and total RNA from age- and sex-matched 12 
healthy controls were pooled. We used pooled samples to reduce 
individual variation and enhance the gene expression changes 
specific for narcolepsy. To compare the differentially expressed 
genes in the white blood cells of the narcolepsy patients and the 
healthy control patients, GeneFishing DEG kits (Seegene, Ko-
rea) were used according to the manufacturer’s instructions. The 
synthesis of single-stranded cDNA was carried out using 3 µg of 
the total RNA from each pool, ReverTra Ace (TOYOBO, Japan), 
and dT-ACP1 whose 3′-end core portion comprises a hybridiz-
ing sequence complementary to the poly-A region of the mRNA 
transcripts. In brief, PCR was conducted by using arbitrary ACPs 
to synthesize second-stranded cDNAs under conditions such that 
the 3′-end core portion of dT-ACP2 is prevented from annealing 
to single-stranded cDNAs and only the 3′-end core portion of the 

arbitrary ACP anneals to the single-stranded cDNAs. Arbitrary 
ACPs contain random 10-mers as the 3′-end core sequences. Only 
those ACPs that are sufficiently complementary to a region of a 
first-strand cDNA were expected to anneal and be amplified. Two 
microliters of the PCR products ware separated by electrophore-
sis on 2% agarose gels. Bands showing different amounts of the 
resultant PCR products were extracted by the DE81 paper (QIA-
GEN) method, cloned into a pGEM-T easy vector (Promega, 
Madison, WI), and then sequenced using the BigDye Terminator 
v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA) 
and ABI 7700 DNA sequencer. After identification of clones by 
BLAST analysis, semiquantitative PCR using gene-specific prim-
ers (Table 1) and the pooled samples was carried out to select 
candidate genes that were differentially expressed between the 
narcolepsy and the healthy control patients. The band intensities 
were determined using the NIH Image 1.61 software (National 
Institute of Health, Bethesda, MD). Human beta 2-microglobulin 
(B2M) was used as a control to confirm the integrity of the total 
RNA samples. Genes that showed a difference of more than 2-
fold in their expression intensity were considered to be differen-
tially expressed. The identified candidate genes were then further 
studied by quantitative real-time PCR by using a new set of cases 
without regarding disease duration (20 narcolepsy-cataplexy 
patients and 20 age- and sex-matched healthy controls). The ex-
pression levels of these identified genes were determined with 
the ABI 7300 RT-PCR system using SYBR Green (TAKARA, 
Japan) and gene-specific primers. Single-stranded cDNA was 
synthesized using the SuperScript III first-strand synthesis sys-

Table 1—Primer Sequences Used in Semiquantitative RT-PCR and Real-Time RT-PCR.

Gene Symbol Accession Number Gene-Specific Primers

MX2 (MxB) M30818 5′-TCTGTCACTATCAGTGTCCATCTCTAC (*2)
  5′-TCTTTGCTTTATTAAATTCCTCTTCAA (*1)
  5′-AGAAATTACATTCTTTCAAACACATCC (*2)
  5′-GATCTCAAATGTCTTGTAGTTGACAAA (*2)

ATP6V1E1 BC004443 5′-AGAAGAAGAGTTCAACATAGAGAAAGGT
  5′-ATTTAGTAGGTCTGTGATAAGGTCATCTCT

GMFG BC101818 5′-CTAGAAGACAGCGGAACTAAGAAAAG
  5′-GTTTTTACTCCCTGCATACATCATC

IFI6 BC015603 5′-GTTCTCACTATATTGTCCAGGCTAGAGT
  5′-AGTTTATTCTGTTTTCACATCTAGGTTGTT

PRPF8 BC064370 5′-GAATCTATGAAGTGGAAGAAGCTAACTAAT
  5′-ATTGTCTCCTTTTGTACTGTCTCAATTT

c19orf43 BC000216 5′-AGGATGAGGTATTAACAAGTAAAGGTGAC
  5′-GACAGTAAACCACTGTTCTATGAAGTCTC

c20orf77 BC033629 5′-ATTAATGAGTCTATAAGGTTTTTCTTCCAG
  5′-ATTCATTTACATAATTGCTACAGTTTCATT

NALP1 BC051787 5′-GTCAGGAATTTACTACACAGAAATCAGA
  5′-CAAATAAGTCTCTGATCTCAATTAAATGTC

PARP6 BC110902 5′-AAGATTCTTCTTTGTATATGAGGATGGT
  5′-ATTTTATTGTTTTATTTACAAACAGGGTGA

FLJ45432 AK127358 5′-GATGGTGATTGATCCTTTGACAC
  5′-GCTGGAAAAAGGAAGCACTCT

B2M BC032589 5′-TGCTGTCTCCATGTTTGATGTATCT
  5′-TCTCTGCTCCCCACCTCTAAGT
(*1) 3′ specific region primer for MxB; (*2) common region primers for MX2 and MxB
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tem with random hexamer (Invitrogen, Carlsbad, CA). According 
to the Applied Biosystems guide to performing relative quantita-
tion of gene expression using real-time quantitative PCR, the rela-
tive quantity of target gene expression was evaluated using the 
comparative threshold method with beta 2-microglobulin as an 
internal control. Distributions of relative gene expressions were 
compared between the narcolepsy group (n = 20) and the healthy 
control group (n = 20) using the Mann-Whitney U test. A value of 
P <0.05 was considered to be significant.

The time of blood collection was generally between 14:00 and 
16:00, although some samples were collected in the morning or in 
the evening. To examine the circadian variations in the expression 
levels of the candidate genes, we developed a distribution graph 
and conducted an analysis of variance (ANOVA) test by dividing 
all subjects (both narcolepsy and control patients) into 3 groups, 
depending on the time of blood sampling, and checked whether 

there were any differences in the relative gene expression level 
between these groups. Blood was drawn between 08:00 and 12:00 
in the first group, between 12:01and 16:00 in the second group, 
and between 16:01 and 20:00 in the third group.

RESULTS

By using the first 10 most efficient commercially available 10 
primers (ACP1 to 10), we successfully cloned 11 PCR products 
that appeared to be differentially expressed between the pooled 
RNA samples from the narcolepsy patients and those from the 
healthy controls (Figure 1A). Eleven clones were sequenced and 
identified as follows: [myxovirus (influenza virus) resistance 2] 
(MX2) (Acc#: BC035293), [ATPase, H+ transporting, lysosomal 
31 kDa, V1 subunit E1] (ATP6V1E1) (Acc#: BC004443), [glia 
maturation factor gamma] (GMFG) (Acc#: BC101818), [interfer-
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Figure 1—Differentially expressed genes in narcoleptic white blood cells. (A) Representative PCR band patterns for genes that are differentially 
expressed between healthy subjects and patients with narcolepsy using annealing control primers and pooled-RNA samples. Equal amounts (3 µg) of 
pooled total RNA was used as a reverse transcription-polymerase chain reaction (RT-PCR) template. The PCR products were separated by electro-
phoresis on 2% agarose gels. M, lane containing a 100-bp DNA ladder marker; C, healthy control subject; N, patients with narcolepsy. (B) Semiquan-
titative PCR products obtained with 30 cycles using gene-specific primers and pooled total RNA samples for further confirmation. MX2, myxovirus 
resistance 2; ATP6V1E1, ATPase, H+ transporting, lysosomal 31 kDa, V1 subunit E1; IFI6, interferon-inducible peptide precursor; PRPF8, pre-
mRNA processing factor 8; B2M, beta-2 microgloblin. (C) Quantitative real-time PCR analysis with gene-specific primers using the delta-delta cycle 
threshold method. Each dot corresponds to the relative value of the gene expression level in each subject. Horizontal lines indicate the mean of each 
group and squares indicate the standard error of each group. The asterisk shows the significant difference between the 2 groups (P <0.0005)
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on (IFN)-inducible peptide precursor] (IFI6) (Acc#: BC015603), 
[pre-mRNA processing factor 8] (PRPF8) (Acc#: BC064370), 
[c19orf43] (Acc#: BC000216), [c20orf77] (Acc#: BC033629), 
[NACHT, leucine rich repeat and PYD (pyrin domain) containing 
1] (NALP1) (Acc#: BC051787), [poly(ADP-ribose) polymerase 
family, member 6] (PARP6) (Acc#: BC110902), [FLJ45432] 
(Acc#: AK127358), and [IFN-induced cellular resistance media-
tor protein] (MxB) (Acc#: M30818). Among them, 2 selected 
genes, i.e., MxB and MX2, happened to be a splice variant of the 
same gene. To verify the expressional difference of the selected 
genes of interest, semiquantitative RT-PCR was carried out with 
the same pooled sample using gene-specific primers (Table 1). 
Four candidate genes—MX2, ATP6V1E1, IFI6, and PRPF8—
were differentially expressed between the 2 groups (Figure 1B).

With regard to MX2, we conducted PCR amplification using 2 
sets of primers to determine if the differentially expressed clones 
were MxB, MX2, or both. One pair of primers (the top 2 lines in 
Table 1) includes the MxB-specific 3′ region and the other pair (the 
next 2 lines in Table 1) is located in the common region of MX2 and 
MxB from nucleotide positions 2522 to 2679 on MxB. We found 
that both clones (MxB and MX2) were amplified, and the relative 
expression levels of the MX2 and MxB clones in 40 individuals 
showed a strong correlation (Spearman’s correlation coefficient 
test: n = 40, R2 = 0.7848), suggesting that 2 PCR products were 
amplified from a single gene. There were absolutely no differences 
in the registered open reading frame sequences of MX2 and MxB. 
MX2, which is registered as a representative clone in GenBank, 
might just be a shorter isoform of MxB, not a full-length clone. 
Therefore, we used 1 primer set from the common region of MX2 
and MxB for the further analysis of these genes.

The 4 candidate genes that were found to be differentially 
expressed were further studied by quantitative real-time PCR 
analysis. Among them, 1 gene, i.e., MX2, was clearly down-regu-
lated in patients with narcolepsy, and the U test showed a sig-
nificant difference between the narcolepsy (mean ± SD; 2.32 ± 
0.83) and control groups (mean ± SD; 4.10 ± 1.77) (Figure 1C,P 
<0.00005). The relative MX2 expression levels in 3 healthy con-
trols with HLA-DRB1*1501-DQB1*0602 were 3.45, 3.66, and 
3.82 and were within the mean ± twice the standard error (4.10 ± 
0.79) values of the healthy subjects. In order to evaluate the ef-
fect of circadian variation on MX2 expression, we conducted an 
ANOVA test between the 3 groups of subjects that were divided 
according to the blood sampling time and found no significant 
difference between the groups (P = 0.14).

DISCUSSION

In this study, we applied the new ACP technology to RNA ex-
tracted from blood cells and successfully identified the MX2 gene 
as a dysregulated gene in narcoleptic patients. This is the first re-
port to identify the biological markers of narcolepsy using gene 
expression in white blood cells. Recent advances in narcolepsy 
research have revealed the importance of the hypocretin system, 
but it remains to be clarified why narcolepsy shows a very close 
HLA association and whether an immunological alteration under-
lies the pathophysiology of narcolepsy. Our method that involves 
the use of mRNA from white blood cells has the advantage of de-
tecting immune-related narcolepsy genes. Although gene expres-
sion in white blood cells is expected to vary greatly according to 
an individual’s health condition, using a pooled-sample strategy 

can reduce individual variations and enhance group-specific ex-
pression changes. Therefore, genes that are consistently upregu-
lated or downregulated in the groups can be efficiently detected.

The human genome contains 2 conserved IFN-regulated 
genes—MX1 and MX2. These gene are specifically induced by 
IFN-alpha and beta.10,11 MX proteins belong to the family of large 
GTPases and are highly homologous with dynamins within their 
GTP-binding domain. MX proteins have a conserved C-terminal 
leucine zipper element. MX2 exists in 78-kDa and a 76-kDa forms, 
and these 2 molecules form hetero-oligomers via the C-terminal 
leucine zipper.12 They are translocated into the nucleus under IFN-
alpha stimulation. Although MX2 exists both in the nucleus and 
cytoplasm, no colocalization/oligomerization with the cytoplasmic 
MX1 was demonstrated. Each protein might have differential an-
tiviral activities in the nucleus or cytoplasm, whereas no antiviral 
activity has been demonstrated by the human MX2 protein yet. In 
the absence of IFNs, both MX1 and MX2 form inactive oligomeric 
molecules. On viral challenge (such as bunyavirus infection), an-
tivirally competent MX1 monomers are released from these oligo-
meric molecules and bind to viral targets.13 Although no specific 
viral targets of MX2 have been identified, it is conceivable that 
MX2 monomers also exhibit antiviral properties by binding to their 
own viral targets, which have not yet been identified.12

It is also known that MX genes are highly polymorphic among 
species, indicating differential antiviral activities.14,15 In mice, all 
feral strains examined show the expression of MX2 mRNA, but 
no laboratory mice have detectable levels of the MX2 gene15 be-
cause the single nucleotide adenine insertion in laboratory mice 
results in premature termination of MX2 protein synthesis. Unex-
pectedly, we found that this undetectable level of MX2 mRNA in 
laboratory mice was probably caused by nonsense mRNA-medi-
ated decay.16,17 Human MX2 might also be polymorphic, exhibit-
ing different antiviral activity according to racial and/or residen-
tial differences.

Two IFN-inducible MX proteins, MX1 and MX2, are located 
on human chromosome 21q22.3. Recently 2 genome-wide associ-
ation studies indicated a strong association between human narco-
lepsy and chromosome 21q22.3.18,19 Kawashima et al have already 
identified candidate genes in the 21q22.3 gene locus.19 The nearest 
marker rs12483718 is different from the MXs loci. No candidate 
genes have been identified from the narcolepsy susceptibility gene 
locus reported by Dauvillier et al. The locus is located on 21q22.3 
from the ABCG1 gene to the D21S267 genetic marker,18 and this 
5.2 Mb region contains 2 MX loci. Therefore, MX2 might be a 
novel susceptibility gene for narcolepsy as suggested by a human 
narcolepsy study in a large French family.18

This study identifies a novel gene, MX2, which shows clear 
transcriptional changes in narcolepsy; however, the direct rele-
vance of this gene in narcolepsy has not been elucidated. Further 
study is needed to explore the functional relationship between the 
MX2 gene and narcolepsy and characterize the effect of IFNs in 
narcolepsy. Type I IFNs (IFN-alpha and beta) are potent antivi-
ral cytokines and modulators of the adaptive immune system. It 
should be noted that the activity of the prepro-orexin promoter 
is modulated by IFN-alpha.20 It may be possible that narcoleptic 
patients have different IFN status or responsiveness against IFNs 
as compared with healthy subjects. In this context, a technical 
improvement for IFN measurement is required because conven-
tional enzyme-linked immunosorbent assay detects not only bio-
logically active forms but also inactive form of IFNs.

Differentially Expressed Genes in Narcolepsy Blood—Tanaka et al
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The other candidate genes selected are also of potential inter-
est because they may indicate the factors related to narcolepsy. 
However, like MX2, their functions are sometimes hypothetical 
and have not always been elucidated. Among these genes, some 
are implicated in viral infection. IFI6 is transcriptionally induced 
by IFN-alpha and beta,11,21,22 virus infections,23-25 and TNF26, how-
ever, the precise functions of IFI6 remain unknown. ATPV1E1 is 
one component of the ATP catalytic site of the vacuolar proton 
pump (V-ATPase). V-ATPase is responsible for the acidification 
of endosomes and transportation of hydrogen.27 Endosome acidi-
fication has been observed in virus infections such as influenza.28 
Acidification of endosomes stimulates fusion of the viral and en-
dosomal membranes; this causes a structural change in the viral 
homotrimeric glycoprotein hemagglutinin. An abnormality in one 
subunit on V-ATPase might be relevant to viral infection. PRPF8 
is a component of mammalian spliceosomes, which are large 
multiprotein complexes involved in the removal of introns from 
mRNA precursors.29 Mutations in PRPF8 have been observed in 
autosomal dominant retinitis pigmentosa.30 The relationship be-
tween narcolepsy and PRPF8 has not been addressed yet.

A limitation of this study is that the HLA-DRB1*1501-
DQB1*0602 haplotype was detected only in approximately 20% 
of our control subjects. The use of HLA-matched controls would 
have yielded better results. We believe that the change in the MX2 
expression levels observed here is not solely due to the difference 
in HLA haplotypes, because these levels in the HLA-DRB1*1501-
DQB1*0602-positive controls were close to the mean of the healthy 
control subjects (Figure 1C). Another limitation is that we did not 
collect the cerebral spinal fluid (CSF) from the subjects for analy-
sis. CSF hypocretin measurement would be necessary to clarify the 
relationship between MX2 expression and hypocretin status.

In conclusion, we show here, for the first time, a downregu-
lation of MX2 in narcoleptic white blood cells by using a new 
ACP technology. MX2 is known to be influenced by IFN status 
and has potential antiviral activity. Further studies are required 
to determine its functional relationship to the pathophysiology of 
narcolepsy. Analysis using this new technology reveals the gene 
expression changes specific for narcolepsy. Applying this technol-
ogy to other hypersomnias might be helpful in identifying bio-
logical markers useful for the differential diagnosis of narcolepsy 
in the future.
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