The figure is available in its entirety In the online
edition of The American Journal of Mumaon Genetics.

Figure 3. LD block structure. The legend is available in its en-
tirety in the online edition of The American Journal of Human
Genetics,

To test whether polymorphisms rs13046884 and
D2150012m directly Influence the transcription level of
NLC1-A, we performed reporter-gene assays. Six constructs
carrying different alleles of D2150012m or rs13046884
were prepared from individuals with D2150012m (CA),,
(CA), (CA),, and (CA),, repeats or the rs13046884 a/g
genotype. These constructs were introduced into NB-1 or
HelLa cells, and the expression of luciferase was examined
in three independent experiments. The differences of tran-
scriptional activity were assessed by ¢ test, The luciferase
activities of each construct were divided by the ones of
empty vector. These values were used for the ¢ test. Figure
5 shows that the luciferase activities of reporters carrying
the resistance alleles (g allele of 1513046884 and |AC],,
allele of D2150012m) were 1.5- to 2-fold lower than those
of other reporters in both NB-1 and HelLa cells, and the
differences assessed by ¢ test reached statistical signifi-
cance (for NB-1 cell, 1 = 2.4-6.7 and P = .039-.0010; for
Hela cell, t = 6.9-74.7 and P = .0034-.000000096). Thus,
the promoter activity of NLCI-A is likely to be reduced
in individuals who possess the haplotype D2150012m
(AC),~rs 13046884 g.

Discussion

We have systematically performed the first genomewlide
association analyses, to our knowledge, for detecting sus-
ceptibility or resistance genes to human narcolepsy, using
23,244 microsatellite markers. After two separate screen-
ings with pooled DNA samples, followed by individual
genotyping with 95 case and 95 control samples of 80
Initial candidate markers located outside chromosome 6,
30 microsatellite markers remained as candidates for as-
sociation with narcolepsy. Among them, one marker
(D2150241i) was further analyzed with a third set of cases
and controls, to confirm the assoclation. Although the
difference between cases and controls in the third set did
not reach statistical significance, the allele frequencies
were similar to those in the first and second sets. More-
over, a significant association was detected in an analysis
of all the avallable samples (370 cases and 610 controls).
In an analysis of the region surrounding D2150241i, one
microsatellite marker (D2150012m) and eight nearby
SNPs, all located ~70 kb from D2150241i, were signifi-
cantly associated with narcolepsy. D2150012m and two of
the SNPs were the markers most strongly associated with
narcolepsy (all P< .0005); these three polymorphisms are
in strong LD. The genomic region including these three

polymorphisms Is, therefore, a candidate region for hu-
man narcolepsy, which we tentatively designated “NLC1.”
For each of the three strongly associated polymorphisms,
a minor allele displayed significantly reduced frequency
in patients with narcolepsy compared with controls (OR
0.19-0.33), which suggests that these alleles confer resis-
tance to narcolepsy.

NLC1 is located on 21q22.3, 2.6 Mb away from a locus
recently reported as a candidate region for French familial
narcolepsy.'’ According to the SNP genotype data of 45
unrelated Japanese living in the Tokyo area registered in
the HapMap project database, there is no LD berween
NLC1 and the region reported In the French family study.
Therefore, the association of NLC1 with human narco-
lepsy is considered a novel observation.

The NLC1 region contains no known genes, but data-
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Figure 4. Expression analysis for NLCI-A, NCL1-B, and NCLI-C,

with the use of RT-PCR. A, Schematic drawing of the specific prim-
ers for RT-PCR. B, Expected size of RT-PCR products from cDNA or
genomic DNA. On the basis of the UCSC Genome Browser, products
with the expected size were amplified from cDNA for NLCI-A and
NLCI-Cin samples of whole brain, hypothalamus, and several other
organs, but, for NLC1-8, only the products from genomic DNA were
observed (C}. Amplified products were confirmed by direct se-
quencing. Lane 1, Heart: lane 2, liver; lane 3, spleen; laone 4,
pancreas; lane 5, lung; lane 6, whole brain; lane 7, hypothalamus;
lane 8, kidney; lane 9. skeletal muscle; lone 10, sperm. NC =
negative control. M = 100-bp ladder size marker,
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Figure 5. Effects of the microsatellite marker D2150012m in the
promater region and of SNP r313046884 in the intron 1 of NLCI-
A on transcriptional activity. Reporter-gene constructs contained
the sequences from IVS1+31 to IVS1+327 for rs13046884 or 80~
987 nt upstream of the transcription initiation site for D2150012m.
The chart shows luciferase expression from each reporter in trans-
fected Hela cells or NB-1 cells, relative to empty vector, Data are
means of at least three independent experiments. Error bars rep-
resent SDs.

bases show three predicted genes, which we tentatively
named “NLCI-A," "NLC1-B," and "NLCI-C." Because of
the locations of the three most strongly associated
polymorphisms (D2150012m in intron 1 of NLCI-A,
1513046884 424 bp upstream of NLC1-A and in the 3" UTR
of NLCI-B, and rs13048981 2,602 bp upstream of NLCI-
B), we focused on NLC1-A and NLC1-B. In RT-PCR analysis,
NLCI-A, but not NLCI1-B, was expressed in human hy-
pothalamus, which also expresses preprohypocretin,* a
protein important in orchestrating the sleep-wake cycle.”
Therefore, we finally focused on NLCI-A, and we tested
whether the D2150012m and rs13046884 polymorphisms
affect gene expression. In a reporter-gene assay, NLCI-A
fragments containing the alleles for narcolepsy resistance
(D2150012m [CA|,, allele and rs13046884 g allele) were
less transcriptionally active than were those of other al-
leles. This finding supports the hypothesis that the poly-
morphisms of NLCI-A may be directly involved In resis-
tance to human narcolepsy.

A motif search of the putative NLC1-A protein, with the
use of MOTIF (GenomeNet) and Motif-Finder (RIKEN), re-
vealed a3 domain known as “binding-protein-dependent
transport systems inner membrane component.” Binding-
protein-dependent transport systems have been charac-
terized as members of a superfamily of transporters found
not only in bacteria but also in humans, and they include

both import and export systems.** Therefore, NLC1-A
might function as a transporter of certain substances
(amino acids, sugars, large polysaccharides, or proteins).
A motif search of the cDNA sequence of NLCT-A was also
performed using MOTIF and Motif-Finder, and NLC1-A
includes domains known as integrin f-chain cysteine-rich
domain, anaphylatoxin domain, and epidermal growth
factor-1 domain signatures. Furthermore, the amino acid
sequence of NLCI-A was subjected to secondary structure
prediction (SOSUI program). NLC1-A has a long loop (res-
idues 78-125) with high hydrophilicity, flexibility, and
surface probability, which suggests that NLC1-A may be a
membrane protein. No carbohydrate-modification region
was predicted. The UCSC Genome Browser showed a
chimpanzee gene with 98% sequence identity to NLCT-A.
In contrast, there was no homologous gene in rodent or
canine genomes. Thus, NLCI-A is likely to exist only in
primates.

Recently, genomewide association analysis with hun-
dreds of thousands of SNPs has become realistic, but such
a systematic product was not available when we started
the present study. Therefore, we took a unique approach—
genomewide association analyses with highly polymor-
phic microsatellite markers that were selected every ~100
kb throughout the human genome.' Because pooled
DNAs were used in the first and second screenings, the
typing cost was reasonable, even when 23,244 markers
were used.

Because human narcolepsy is a multifactorial disorder
for which the relative risks of individual associated genes
may not be particularly high, we hypothesize that several
more susceptibility/resistance genes remain to be eluci-
dated. Thirty microsatellite markers displayed association
with human narcolepsy in both first and second screen-
ings. The observed associations of the microsatellite mark-
ers were not strong, and the markers were similar to each
other in the strength of association. Therefore, the re-
maining 29 uncharacterized regions may include other
susceptibility/resistance loci for narcolepsy. Some false-
positive results may still survive after both screenings with
the use of pooled DNA samples, but most of them can be
excluded in subsequent high-density mapping and asso-
ciation analysis with additional cases and controls. An
association study with an entirely separate set of cases and
controls or replication studies in other populations and
transmission disequilibrium test may be preferred to com-
pletely eliminate false-positive associations, although the
detection power is decreased because additional as-
sociation studies lead to an increase in false-negative
associations.

In conclusion, a genomewide association study with the
use of a dense set of microsatellite markers and pooled
DNA can be useful for the systematic search for candidate
regions of multifactorial disorders—such as human nar-
colepsy, theumatoid arthritis (RA [MIM 180300]), type Il
diabetes (NIDDM [MIM 125853]), hypertension (MIM
145500), psoriasis (MIM 177900), and schizophrenia
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(SCZD |MIM 1B1500))—for which pathophysiological
mechanisms remain unclear. We were able to detect 30
candidate microsatellite markers, among which one nar-
colepsy resistance gene, NLCI-A, was identified success-
fully. Functional analyses of NLC1-A are in progress, and
the remaining 29 candidate markers will be further
analyzed.
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Web Resources

Accession numbers and URLs for data presented herein are as
follows:

Celera database, http://www.celera.com/

dbSNP, hetp://www.ncbi.nlm.nih, gov/SNIP/

GOLD program, http://www.sph.umich.edu/csg/abecasis/GOLD/

HapMap, http://www. hapmap.org/

MOTIFE, http://motif.genome.ad.jp/

Motif-Finder, http://gibk26.bse.kyutech.ac jp/jouhou/HOMOLOGY/
dbsearch/pdb/pdb_seq.html

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi
nim.nih.gov/Omim/ (for narcolepsy, HLA-DRB1, HLA-DQBI,
TNFA, TNFR2, HCRTRZ2, prepohypocretin, RA, NIDDM, hyper-
tension, psoriasis, and SCZ20)

RepeatMasker program, hitp://www.repeatmasker.org/

SOS5UI program, http://sosul.proteome.bio.tuat.ac jp/sosuiframe()
.html

UCSC Genome Browser (November 2002 version, based on NCBI
Build 31), http://genome.ucsc.edu/ (For NLC1-A [accession
number BCO36902], NLCI-B [accession number BC009635),
and NLCI-C [accession number BCO27456])
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Introduction

Abstract

To estimate the species-specific mutation rates at the DRBI locus in humans and
chimpanzee, we analyzed the nucleotide sequence of a 37.6-kb chimpanzee
chromosomal segment containing the entire Patr-DRBI*070] allele and the
flanking nongenic region and we compared it with two corresponding human
sequences containing the HLA-DRBI*070101 allele using the sequence of HLA-
DRBI*04011 as an outgroup. Because the allelic pair of HLA-DRBI*07010] and
Patr-DRBI*0701 shows the lowest number of substitutions between the two
species, it appears that these sequences diverged close to the time of the humans-
chimpanzee divergence (6 million years ago). Alignment of the nucleotide sequences
for HLA-DRBI*070101 and Patr-DRBI*070] alleles showed that they share a high
degree of similarity, suggesting that the studied chromosomal segments with these
sequences have not been subjected to recombination since the humans-chimpanzee
divergence. Comparison of the flanking 10.6 kb of nongenic sequences revealed an
average of 41.5 and 83 single nuclcotide substitutions in humans and chimpanzee,
respectively. Thus, the species-specific nucleotide substitution rates in the flanking
nongenic region were estimated to be 6,53 x 10""and 1.31 x 1077 per site per year
in bumans and chimpanzee, respectively. Unexpectedly, the estimated rate in
humans was twofold lower than in chimpanzee (P < 1077, Tajima's relative rate
test) and lower than the average substitution rate in the human genome. Because the
nucleotide substitution rate in nongenic regions free from selection is expected to be
equal to the mutation rate, the estimated substitution rate should correspond to the
species-specific mutation rate at the DRA/ locus. Our results strongly suggest that
the mutation rate at DRB/ locus differs among species.

achieved partly by a high mutation rate. Although it is

A large number of alleles (>400) have been found at the
major histocompatibility complex (MHC) class Il DRB!
locus in humans. This high degree of polymorphism is
considered to be due to strong balancing selection such as
overdominant selection (1, 2) and frequency-dependent
selection (2-4), while the high allelic diversity may have been

*These authors contributed equally to this work,

© 2006 Tha Authars
Journal compdation 88 (427-431) & 2006 Blsckwell Munksgaard

difficult to estimate the mutation rate directly, it can be
inferred from the substitution rate (k), which is calculated
from the nucleotide difference (1) between two sequences of
different species whose divergence time () is known (i.e. k =
n[2t). Specifically, the divergence time of the two sequences
is assumed to be equal to ¢ in this case; however, it is not easy
to use this formula to estimate the substitution rate at DRB/
locus, Because the divergence of most allelic lincages
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Species-specific mutation rate at the DRBT locus

predates the humans—chimpanzee divergence, the species
divergence time cannot be used as the divergence time for
two randomly selected DRBJ sequences from humans and
chimpanzee.

To overcome this problem, we applied the minimum-
minimum method proposed by Satta and co-workers (5, 6),
which compares the most closely related sequences from two
different species. The human-specific substitution rate in the
HLA-DRBI region can be assessed only using the mini-
mum-minimum method to compare the two sequences with
the smallest difference between humans and chimpanzee
along with an outgroup sequence. Among the humans and
chimpanzee DRB] alleles, the allelic pair of HLA-
DRBI*0701 and Patr-DRBI*0701 is one of the most similar
pairs (7-9). Thus, these alleles appear to have diverged close
to the time of the humans-chimpanzee divergence, so that the
above formula can be used to estimate the substitution rate.

In this study, the nucleotide sequences of the genomic
region containing the entire HLA-DREI*070101 and Patr-
DRBI*0701 alleles were compared using the sequence of
HLA-DRBI*04011 as an outgroup. HLA-DRBEI*0401]
and HLA-DRBI*070101 alleles belong to the DRS53
haplotype group. Although the substitution rate at the
DRABI locus has been analyzed based on the number of the
synonymous substitutions (5, 6, 10), the synonymous
substitution rate may be different from the actual mutation
rate because synonymous sites are known to be subjected to
weak purifying selection. Thus, we considered that the
flanking nongenic region was more suitable for estimating
the mutation rate at DRB/ unless recombination has
occurred in the studied chromosomal segments to be
compared since the divergence of humans and chimpanzee

Materials and methods

To estimate the species-specific mutation rates at the DRB/
locus in humans and chimpanzee, we analyzed the
nucleotide sequence of a 37.6-kb DNA of the chimpanzee
chromosomal region containing the entire Parr-DRBI*070]
allele and the flanking nongenic region. The 37.6-kb DNA
fragment detected in our previous study (11) was cloned
using the pWE1S cosmid vector (Stratagene, Cedar Creek,
TX, USA), and the clone was sequenced according to the
methods previously described (12, 13). The GenBank
accession number for the analyzed sequence is APO06503.
The corresponding human genomic sequences containing the
entire HLA-DRBI locus and the flanking regions were ob-
tained from GenBank under accession numbers CR753835
(HLA-DRBI*070101), CR753309 (HLA-DRBI*070101), and
ALI137064 (HLA-DRBI*04011).

The four sequences were first aligned by vista (14) after
the repetitive sequences were masked using RepeatMasker
(AFA Smit, R Hubley and P Green, RepeatMasker at
http://repeatmasker.org). Next, after excluding the masked
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repetitive sequences and the flanking sites to avoid inclusion
of the misaligned nucleotides as point mutations, multiple
alignments were performed manually

To evaluate the possibility of recombination between the
studied chromosomal segments, we further calculated
the proportions of nucleotide difference between HLA-
DRBI*070101 and HLA-DRBI*(4011 (denoted by m,) and
between Patr-DRBI*0701 and HLA-DRBI*04011 (de-
noted by m.) using SNPs-Grapmic (available at hup://
bioinformatica.uab.es/dpdb/diversity.asp), where window
size was set to 200 bp and step size was 50 bp.

To examine whether the substitution rate is different
between humans and chimpanzee, Tajima's relative rate test
(15, 16) was performed using MEGA version 3.1 (17) based on
both transitions and transversions,

Results and discussion

Aligned sequences with the same lengths were visualized by
VISTA to compare the chimpanzee sequence containing the
Patr-DRBI*0701 allele with the human sequences contain-
ing HLA-DRBI*07010] (CR753835 and CR753309) and
HLA-DRBI*0401] (AL137064) alleles (Figure 1), vista
plots (14) showed that Parr-DRBI1*0701 1s more similar to
HLA-DRBI*070101 (CR753835 and CR753309) than to
HLA-DRB1*04011 (AL137064). Because the similarity

0.1k 24k Ak 6.1k 8.1k 10.1k

SIS SIS
ETNENEDE

103k 123kp W3 163K 203K

18.3kD

Figure 1 VISTA plots showing the alignments between the chimpanzee
sequence containing Patr-DRBT*0701 and the two human sequances
containing HLA-DAB1°070101 (CR753835 and CR753309), with the
sequence HLA-DAB1*04011 (AL137064) as an outgroup. The sequence
consanvation (per cent nucleotide identity) relative 1o Pair-DRB1*0701
allele was avaluated in 100-bp stretches. For each plot, the lowest
mapped score is 50% and the maximum is 100%. Tha exons of DRB 1 are
indicated by shaded boxes above the plots. It should be noted that DRB!
is the anly locus in the ganomic reglon studied here
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between the sequences containing HLA-DRBI1*07010] and
Patr-DRBI*070] alleles was the same as that between the
DRB] locus and the fMlanking nongenic region, it appears
that the nongenic region also diverged close to the time of
humans-chimpanzee divergence.

Figure 2 shows the difference in the proportion of nucle-
otide difference, n. — my. If recombination has occurred
between the studied chromosomal segments containing
HLA-DRBI*070101 and HLA-DRRBI*04011 alleles since the
divergence of HLA-DRRI*070101 and Patr-DRBI*0701
allele, a long sequential region with positive r, — &, values
would be observed. However, no such region 1s shown in
Figure 2. Taken together with the similarity of sequences
between HLA-DRBI*070101 and Patr-DRBI*0701 alleles
observed for the entire region in Figure 1, we can say that
recombination has not occurred between the studied
chromosomal segments containing HLA-DRBI*070101
and HLA-DRBI*(4011 since the divergence of HLA-
DRBI*070101 and Patr-DRBI*070! alleles.

To estimate the species-specific substitution rates of the
DRBI locus, using HLA-DRBI*040]/ as an outgroup, we
identified the sequence-specific nucleotide differences be-
tween the HLA-DRBI*070101 (CR753835 and CR753309)
and the Patr-DRBI*070] alleles (Figure 3). Because paral-
lel mutation is unlikely to occur, the number of unique
nucleotide differences can be regarded as the number of
substitutions that occurred in the sequence. Of 18,806 bp,
we observed 68 ([66 + 70]/2) and 128 single nucleotide
substitutions specific to the HLA-DRBI*070101 and Pair-
DRBI*0701 sequences, respectively. Here, only the regions
showing a high similarity for the three sequences were
used to estimate the nucleotide substitution rates, which
allowed us to consider only point mutations occurred after
the sequence divergence. Assuming that this allelic pair
diverged at the time of the humans-chimpanzee divergence

Exon4 Exon$
Exond k Exon§
Exon 1 Exon 2 !' !
0.05 !
=
B
|
g 0
=0.03
Okb S5kb 10 kb 15kb 20 kb

Figure 2 Plots of the difference in the proportion of nuclectide dif-
ference, x. — m, Tha proportions of nuclactida difference batween Palr-
DRB1*070143and HLA-DRB 104011 and betwean HLA-DRB1°070101
and HLA-DRB1°04011 alleles are denated by =, and =, respectvely
Window size is 200 bp, and step size s 50 bp. Alignment gaps are
excluded from the analyses. The exons of DRB! are indicated by shaded
baxes above the plots
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(A)
ar3gios) 22 8L paw-orRaro701

HLA-DRB1° 040711
86 (40) HLA-DRB1070101 (CR753835)

(B)
128 (83 .
HLA-DRET"04011 —1%9) e
i HLA-DR81"070101 (CR753309
70(43) -DRB 1070101 {CR )]
Figure 3 The number of unigue nucleotide differences in aach sequence
(A} from the companson of Fatr-ORB1*0701, HLA-DRB1*070101
(CR753835), and MLA-DRB1°04011 (AL137064) (B) and from the
companson of Patr-DRB! 0701, HLA-DRB1*070101 (CA763308), and
HLA-DRE1*04011 (AL137064) alleles. The number of unique nuclectide
differences mn the fanking region of the DRB! locus Is given in
parantheses

(6 million years ago), the species-specific nucleotide sub-
stitution rates in this region are estimated to be 6.03 x 107'°
and 1.13 x 1077 per site per year for humans and
chimpanzee, respectively. We performed the same analyses
for the flanking nongenic region, Comparison of HLA-
DRBI*070101 (CR753835) and Patr-DRBI*070] showed
40 unique single nucleotide substitutions of 10,595 bp, and
comparison of HLA-DRBI*07010/ (CR753309) and Patr-
DRBI*0701 showed 43 single nucleotide substitutions of
10,590 bp (Figure 3). Thus, the average specific substitution
rates in the flanking nongenic region were 6.53 x 10™'%and
1.31 x 1077 per site per year for humans and chimpanzee,
respectively, Satta et al. (5) estimated the synonymous
substitution rate at the DRB/ locus (1.18 » 1077 per site per
year) using the minimum-minimum method for the syn-
onymous substitutions. The estimated synonymous sub-
stitution rate is close to the species-specific nucleotide
substitution rate for the flanking nongenic region in
chimpanzee (1.31 = 10~ per site per year). Although the
estimated rates are largely dependent on the assumed
divergence time between two species to be compared, we
may say that the synonymous sites of the DRBI locus are
not subjected to strong purifying selection. The nucleotide
difference between humans and chimpanzee of 1.23% (18,
19) corresponds to the average substitution rate of 1.03
x 107" per site per year. Thus, the estimated species-specific
substitution rates in the entire (6.03 x 107'° per site per
year) and flanking nongenic regions (6.53 x 107" per site
per year) in humans are much lower than the average for the
entire genome,

Mutation is the ultimate source of allelic diversity at the
HLA-DRBI locus, whereas the rate of mutation is not fully
understood. According to the neutral theory of molecular
evolution (20), the nucleotide substitution rate in a nongenic
region free from selection (e.g., positive diversifying
selection, balancing selection, and purifying selection) is
expected to be equal to the mutation rate. Therefore, the
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mutation rate at the nongenic region flanking the DRB/
locus can be regarded as a mutation rate at the DR8] locus,
Because the mutation rate at the DRBJ locus is unlikely 1o
be markedly different from that in the flanking regions, we
conclude that the mutation rates in the HLA-DRE] region
in humans is approximately 6.53 x 107" per site per year.
This low mutation rate implies that a large number of alleles
observed at the HLA-DRBI locus have been maintained not
by frequent mutation but rather by strong balancing selec-
tion such as overdominant selection (1, 2) and frequency-
dependent selection (2-4). In fact, the selection coefTicient of
H1.A-DRB! has been estimated to be 0.019 under the
assumption of symmetric overdominant selection, which is
the second highest of seven HLA loci examined (21)

We observed a remarkable difference in nucleotide
substitution rate or mutation rate at DRB/ region between
humans and chimpanzee. This observation does not come
from recombination. The differences in the substitution rate
between humans and chimpanzee for the entire and the
flanking nongenic regions were highly significant according
to Tajima’s relative rate test (P < 10~ I for both regions). OF
particular interest, the estimated nucleotide substitution rate
at the DRBI locus and in the flanking region was ap-
proximately twofold lower in humans than in chimpanzee.

The difference in the substitution rate between humans
and chimpanzee may be due to the difference in intensity of
natural selection at the DRBI locus in the two species
because a higher substitution rate is the result of a stronger
balancing selection (22). Such balancing selection operating
at the antigen recognition sites of the MHC locus appears
not to influence the substitution rate at the linked neutral
locus (22), but the estimated substitution rate in the flanking
region of the DRB/! locus was also shown to be twofold
lower in humans than in chimpanzee. Therefore, it appears
that the difference in substitution rate cannot be explained
by the difference in selection intensity between chimpanzee
and humans.

The present data suggested that the mutation rate at the
DRBI region differed between humans and chimpanzee.
The mutation rate may also differ among DRB/I alleles
because the genomic structure is very different for the
various DR haplotypes (DR52, DRI, DR5I, DR33, and
DRS8) in humans. To address these questions, it will be
necessary to analyze several sequences containing DRE]
and its flanking region from different species.
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Abstract

MicroRNAs (miRNAs) are small noncoding RNAs, with a length of 19 to 23 nucleotides. which appear to be involved in the regulation of
gene expression by inhibiting the translation of messenger RNA. Expression profile analysis of miRNAs is necessary to understand their complex
role in the regulation of gene expression during the development and differentiation of cells and in various tissues. We describe here a detection
system for miRNA expression profiles. using a new type of DNA chip and fluorescent labeled cellular RNAs, which allows real-time detection of
hybnidization signals at every step of washing and results in highly reproducible miRNA expression profiles. Using the syslem, we investigated
the expression profiles of miRNA in the mouse central nervous system (CNS), namely the spinal cord. medulla oblongata, pons, cerebellum,
midbrain. diencephalons. and cerebral hemispheres. The results indicated that although the CNS subregions expressed similar miRNA genes, the
expression levels of the miRNAs varied among the subregions. suggesting that the CNS subregions specialized for different [unclions possess

different expression profiles of miRNAs.
© 2006 Elsevier B.V. All rights reserved.

Keywords: MicroRNA; DNA microarray. Expression profile; Fluorescence, Real-time detection: Central nervous system

L. Introduction

MicroRNAs (miRNAs) are small noncoding RNAs, with a
typical length of 19 to 23 nt. which are processed from longer
transcripts (primary miRNAs), forming stem-loop structures by
digestion with a microprocessor complex containing Drosha
and Pasha in the nucleus and Dicer in the cytoplasm (Lee et al.,
2003; Bartel, 2004; Denli et al., 2004). After Dicer processing,
the resultant miRNA duplexes undergo strand selection, and the
single-stranded mature miRNA elements are incorporated into

Abbreviations: RNA, nibonucleic acid; miRNA, microRNA; DNA,
deoxyribonucleic acid; RISC, RNA-induced silencing complex; CNS, central
nervous sysiem; mRNA, messenger RNA: cDNA, complementary DNA: nt.
nucleotide; PCR, polymerase chain reaction; RT, reverse transeription; AVE(nc),
average intensity; SD(nc), standard deviation; BI, background intensity; a.u.,
arbitrary units; NTC, no template control.
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the RNA-induced silencing complex (RISC) and function as
mediators (Hutvagner and Zamore, 2002), It is thought that
miRNAs play an important role in the regulation of gene
expression, by inhibiting translation of messenger RNAs
(mRNAs), which are partially complementary to the miRNAs,
during development, differentiation and proliferation (Doench
etal., 2003; Krichevsky et al., 2003; Zeng et al., 2003; Liu etal,,
2004; Cheng et al,, 2005), In addition, recent studies have
further suggested significant association of miRNA with various
cancers (Calin et al., 2002; Eis et al.,, 2005; He et al., 2003,
Johnson et al., 2005),

Hundreds of miRNA genes have been found in plants and
animals (Lagos-Quintana et al., 2002; Krichevsky et al., 2003;
Bartel, 2004). They appear to be expressed by RNA polymerase
11 (Lee et al., 2004), and tissue-specific expression of miRNA
has also been detected (Lagos-Quintana et al., 2002, Babak
ct al., 2004; Liu et al, 2004). Comprehensive analysis of
mIRNA expression 15 necessary 1o understand the complex
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regulation of gene expression involving miRNAs and 15 also
helpful in the characterization of miRNAs. However, although
expression profile analyses of miRNAs using conventional
DNA armrays have been performed (Krichevsky et al., 2003;
Babak et al., 2004; Liu et al., 2004; Miska et al., 2004), the
shortness of miRNA, at ~ 22 nt, appears to make such analyses
difficult. To address this problem, we used a new type of DNA
chip to make a microarray specific to miRNAs and to establish a
detection system for the expression profiles of miRNAs. The
system allows real-time detection of hybndization signals at
every step of washing and results in highly reproducible
miRNA expression profiles

Using this system for detection of miRNAs, we investigated
miRNA expression profiles in the mouse central nervous system
(CNS), which is composed of seven subregions specialized for
different functions. The results suggested differences
expression of miRNAs among the subregions.

mn

1. Materials and methods
2.1. DNA chip

Synthetic DNA oligonucleotides were installed as probes
onto Genopal® (Mitsubishi Rayon), which is composed of
plastic hollow fibers: oligonucleotide DNA probes are attached
10 a gel within the three-dimensional space of each hollow fiber
MiRNAs targeted for detection in this study are shown in
Supplementary Table S1.

2.2, Preparation of small-sized RNAs and fluorescent labeling

Total RNAs extracted from BALB/c mice frontal cortex,
cerebellum, hippocampus, thalamus, hypothalamus, brainstem,
pons, and spinal cord were purchased from Clontech, In
addition, total RNAs were also isolated from mouse cerebn and
cerebelli (ICR mouse strain). For preparation of cellular
miRNAs, small-sized RNAs containing miRNAs were isolated
from total RNA using the RNeasy MinElute Cleanup kit
{Qiagen) according to the user-developed protocol for punfying
miRNA from cells (Qiagen web site). Small-sized RNAs were
also prepared from various mouse tissues (ICR mouse strain)
using the mirVana™ miRNA [solation kit (Ambion) according
to the manufacturer’s instructions. The isolated RNAs (~ 1 pg)
were subjected to direct labeling with the fluorescent analogs of
Cy3 and Cy5 using the ULYSIS Alexa Fluor 546 and 647
nucleic acid labeling kits (Molecular Probes), respectively,
according to the manufacturer’s instructions: in this paper,
‘Cy3’ and ‘Cy5" represent the Alexa Fluor 546 and 647
fluorescent dyes, respectively. After labeling, the labeled RNAs
were purified from free fluorescent substrates using Micro Bio-
Spin P30 columns (BioRad) according to the manufacturer’s
instructions, and used in hybridization.

2.3. Hybridization, washing and signal detection

Hybridization was carried out in 100 pl of hybndization
buffer [6% SSC, 0.2% SDS and | pg of heat-denatured labeled

H. Hohwoh, T Fukushima
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Brain / Liver

Brain / Heart

Fig. 1. Propertics of the system for detection of miRNAs with a new DNA chip

{n) Merged image of miRNA expression profiles with different tissucs. RNA was
extracted from mouse brain, liver and heart, labeled with Cy3 or Cy5 fluorescent
substrates and subjected to hybnidization using a new DNA chip. Alter washing
(detaited in B), hybndization signals were examined using a DNA chip image
analyzer with the chip soaking in 2 55C. Examined tissues are mdicated. On
the merged images, brain signals and liver (upper panel) or heart (lower panel)
signals are represented in green and red, respectively. Armow a indicates the
tissuc-specific signal of miR-124a; b, miR-125; ¢, miR-128a: d. miR-128b; ¢
miR-9; f, miR-122a; g, miR-1; h, miR-133a; and i, miR-133h. (b) Profiles of
hyhridization signals during washing. Hybndization of Cy3-labeled mouse liver
and brain RNAs to DNA chips was performed and the chips then washed in
2 = SSC containing (.2% S1S at 40 °C, 42 °C, 45 °C, and 50 °C for 20 min cach

ep of washing: afier each step of

Hybndization signals were examined al every
washing. the DNA chips were nased in 2 # SSC at mom temperature and then
subyected (o examination of hyhndization signals while wet. Afer detection of
the signals, further washing was performed. Hybridization signal intensities
were indicated by arbitrary intensity units (a.u.)

RNAs] at 42 °C overnight using a hybridization chamber
specific for Genopal® chips (Mitsubishi Rayon). After
hybridization. the DNA chips were washed in 2 < SSC contain-
ing 0.2% SDS at 37 °C, 40-42 °C, 45 °C and 50 °C for 15~
20 min each, and hybridization signals were examined at every
step of washing using a DNA chip image analyzer (Mitsubishi
Rayon) sccording o the manufacturer’s instructions. Before
signal detection, DNA chips were briefly nnsed in 2xSSC at
room temperature, hybridization signals were examined with
the chips soaking in 2=SSC and then further washing was
carried out. A positive signal, numely, the presence of miRNA,
was judged as follows: Based on the signal intensities of
negative control spots, the average intensity [AVE(nc)] and
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Fig. | [continued ).
standard deviation [SD(nc)] were calculated. and background 2.4 Reverse (transcription- (real-time) polymerase chain
intensity (Bl) was estimated using the following formula: reaction
Bl=AVE(nc¢)+3 = SD(nc).
Detected hybridization signals that were higher than the In order to examme the expression levels of miRNAs, total
background intensity (BI) were regard as “positive’. RNA was extracted from mouse brain and was subjected to
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Fig. 2. Expression profile of miRNA in the mouse central nervous system (CNS). Small-sized RNA containing miRNAs was prepared from total RNA extracted from
the indicated CNS subregion, labeled with Cy5 and subjected to hybridization with s DNA chip. After hybridization, the chip was washed in 2 < S8C containing 0.2%
SD5 at 40 °C, 42 °C, 45 “C, and 50 °C for 20 min each. and hybridization signals then examined at every step of washing as in Fig. |. Based on the data after the 45 °C
washing, relative expression mfios of detected miRNAs were estimated: the percentage (%) of signal intensity (expression level) of each positive miRNA ogainst the
sum of signal intensities of all the positive miRNAs was calculated and plotted onto a pie graph. Major miRNAs expressed in the CNS are indicated and shown in
different colors

reverse transcription- (real-time) polymerase chain reaction as follows: has-miR-16, has-miR-34a, has-miR-138, has-miR-
[RT-(real-time) PCR] using the mirVana qRT-PCR detection kit 195, and 55 RNA.

{(Ambion) according to the manufacturer’s instructions. Real- End-point PCR analysis after RT reaction was also
time PCR was performed using the ABI PRISM 7300 sequence  performed using the GeneAmp PCR system 9700 (Applied
detection system (Applied Biosystems) with SuperTaq poly-  Biosystems) according to the manufacturer's instructions, The
merase (Ambion). The mirVana qRT-PCR primer sets used were PCR products were electrophoretically separated on 12%
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polyacrylamide gels, and wvisualized by ethidium bromide
slaming

3. Results and discussion
3.1. Detection of miRNAs with DNA chips

We examined 182 mouse miRNAs (see supplementary Table
S1) in this study. Small-sized RNAs containing miRNAs were

prepared, directly labeled with Cy3 or CyS fluorescent
substrate, and used in hybndization. Note that no liganon of
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the prepared RNAs with oligonucleotide anchors and no reverse
transcription followed by PCR was performed during fluores-
cent labeling of the isolated RNAs: thus, there was no biased
nucleotide labeling resulting from ligation and amplification
efficiencies in this system for detection of miIRNAs

Since hybridization signals can be examined with the chips
soaking in a washing buffer, the present system allows for the
real-time detection of hybridized signals on the chip at every
step of washing (Fig. 1), through which we can determine the
most suitable conditions for precise detection of miRNAs. A
drawback of this system is that there is a limitation in the
number of probes installed onto the DNA chip: up to 200 probes
can be installed onto the chip.

Because some miRNA genes are known to be expressed ina
tissue-specific manner, we investigated whether our system
with Genopal could detect such miRNAs and provide the tissue-
specific expression profiles of the miRNAs. Small-sized RNAs
extracted from mouse brain, liver, and heart were labeled with
Cy3 or Cy5 and then used in hybridization. A merged image of
expression profiles, as well as dual-color hybridization with
different RNA samples, detected tissue-specifically expressed
miRNAs, in which miRNAs known to be expressed in a tissue-
specific manner (Lagos-Quintana et al., 2002; Krichevsky et al.,
2003; Babak et al., 2004) were consistently detected: miR-124a,
~125, -128 and -9 were specifically expressed in the brain, miR-
1, =133a, and -133b in the heart; and miR-122a in the liver
(Fig. 1a). In addition, dual-color hybndization further showed
reliable data which agreed with the data obtained using
separated single-color hybndizations with the same RNA
samples (data not shown)

3.2, Expression profiles of miRNA in the central nervous

Sustem

The central nervous system (CNS) is composed of seven
subregions: spinal cord, medulla oblongata, pons, cerebellum,
midbrain, diencephalons, and cerebral hemispheres; these
subregions appear to be specialized for different functions.

Fig. 3. Expression levels of miR-16, -34a, -138 and -195 in the cerebrum and
cerebellum. (a) Merged unage of miRNA expression profiles of the mouse
cerebrum and cerebellum. Expression profile analysis with small-sized RNA
isolated from the mouse cerchrum and cerchellum was perforined as in Fig. |
The cerebral and cerebellar signals are mdicated in green and red, respectively
I'he signals of miIR-16. -34a. -1 38 and -195 are indicated. (b} Expression profiles
of miR«1t, -3da, -138 and -195 in the cerebrum (wine-red bars) and cerebellum
(blue barx). The levels of expression of mir-16, -34a, -138, -195, and 55 RNA as
controls were examuned by RT<{real-time) PCR with total RNA extracted from
the mouse cerebri and cerebelli. The expression levels of the miIRNAs were
normalized to that of the 5§ RNA and plotted when the expression level of each
miRNA in the cercbrum was |. The figure in parcatheses in the cerchellar miR-

195 indicates the avernge expression Jevel, which is over the plotted arca. Data
are averages of three independen! experiments. Error bars represent standard
deviations. (c) End-point PCR analysis of miR-16, -34a, -138, -195 and 55 RNA
(mdicated). Total RNA (25 ng) extracted from mouse cerebrum and cerebellum
(mdicuted) was subjected to cDNA synthesis. End-point PCR with the cDNAs
was performed according 1o the manufacturer’s instructions [Ambion). The
resultant PCR products were cxamined by electrophoresis through  12%
polyacrylamide gels followed by ethidium bronide staining. NTC: no template
control
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Becausc different tissues have different expression profiles of
miRNA, and because our present system for detection of
miRNA appeared to be able to detect such expression profiles
between different tissues (Fig. 1), we examined the expression
profiles of miIRNA in various CNS subregions using our
system, i.e., we investigated whether the CNS subregions
specialized for different functions show distinct expression
profiles of miRNA. RNAs extracted from mouse frontal cortex
(cerebral hemispheres), cerebellum, hippocampus (cerebral
hemispheres), hypothalamus (diencephalons), thalamus (dien-
cephalons), pons, brainstem (midbrain, pons, and medulla
oblongata) and spinal cord were examined. Fig. 2 shows the
results of relative miRNA expression ratios in the CNS
subregions examined. As shown in the figure, although the
CNS subregions appear to express similar miRNA genes, the
relative expression ratios of the major miRNAs vary among
the subregions; ¢.g., the difference in the expression ratios of
the miR-124a and let-7 genes among the subregions 15
marked.

Other than the major miRNAs expressed in the CNS, some
minor miRNAs also displayed marked differences in their
expression among the CNS subregions. In particular, the
cerebellum appeared to have intriguing expression of miRNAs,
different from those in the other CNS subregions, ie.. the
expression levels of the miR-16, -34a, and -195 genes in the
cercbellum appeared to be higher than those in the other
subregions., and in contrast, the expression of mR-138 looked
markedly lower in the cerebellum (Fig. 3a). To further confirm
these observations, we carried out quantitative RT-PCR to
examine the levels of expression of such miIRNAs with total
RNAs extracted from mouse cercbelli and cerebri. As shown in
Fig. 3b and ¢, the data consistently supported the observations
described above.

Together, the data presented here suggest that different
mouse CNS subregions most likely possess different expression
patterns of miRNAs, which leads to the possibility that the
different functions of the CNS subregions are reflected in the
differing expression of miRNAs, ie., different expression
patterns of miRNAs may confer different regulation of
expression of various genes, by which the CNS subregions
might exert their different functions. More extensive studies are
required to examine this possibility and the association of
miRNAs with CNS function.

3.3. Conclusion

The features of the miRNA detection system presented
here may be summarized as follows: (1) It uses direct labeling
of cellular RNAs with fluorescent substrates, which, unlike
cDNA-based labeling, appears to result in little or no
nucleotide bias; and (2) it allows for real-time detection of
hybridization signals during washing. These fcatures appear
to be important for the precise detection of small RNAs such
as miRNAs, and allow us to obtain highly reproducible
miRNA expression profiles. Finally, the expression profile

analyses of miRNA in various mouse CNS subregions by
means of the system suggested that different CNS subregions
which are specialized for different functions possessed
different expression profiles of miIRNAs,
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Abstract

MicroRNAs (miRNAs) are small noncoding RNAs, with a length of 19-23 nucleotides, which appear to be involved in the regulation
of gene expression by inhibiting the translation of messenger RNAs carrying partially or nearly complementary sequences to the miR-
NAs in their 3" untranslated regions. Expression analysis of miRNAs is necessary to understand their complex role in the regulation of
gene expression during the development, differentiation and proliferation of cells, Here we report on the expression profile analysis of
miRNAs in human teratocarcinoma NTere2D1, mouse embryonic carcinoma P19, mouse neuroblastoma Neuro2a and rat pheochromo-
cytoma PC12D cells, which can be induced into differentiated cells with long neuritic processes, i.c., after cell differentiation, such that the
resultant cells look similar to neuronal cells. The data presented here indicate marked changes in the expression of miRNAs, as well as
genes related to neuronal development, occurred in the differentiation of NTera2D1 and P19 cells, Significant changes in miRNA expres-
sion were not observed in Neuro2a and PC12D cells, although they showed apparent morphologic change between undifferentiated and
differentiated cells. Of the miRNAs investigated, the expression of miRNAs belonging to the miR-302 cluster, which is known to be spe-
cifically expressed in embryonic stem cells, and of miR-124a specific to the brain, appeared to be markedly changed. The miR-302 cluster
was potently expressed in undifferentiated NTera2D1 and P19 cells, but hardly in differentiated cells, such that miR-124a showed an
opposite expression pattern to the miR-302 cluster, Based on these observations, it is suggested that the miR-302 cluster and miR-
124a may be useful molecular indicators in the assessment of degree of undifferentiation and/or differentiation in the course of neuronal
differentiation.

@ 2007 Elsevier Inc. All rights reserved.

Keywords: MicrcoRNA; miR-302; miR-124a; Embryonic carcinoma cell; Undifferentiation; Neuronal differentiation; Neuron

MicroRNAs (miRNAs) are small noncoding RNAs,  tors in the suppression of gene expression [4]. MicroRNAs
typically 19-23 nt in length, which are processed from pri-  are thought to play an important role in the regulation of
mary miRNA transcripts forming stem-loop structures by ~ gene expression by inhibiting translation of messenger
digestion with a microprocessor complex containing Dro-  RNAs (mRNAs), which are partially complementary to
sha and Pasha in the nucleus and Dicer in the cytoplasm  the miRNAs, and by digestion of mRNAs which are nearly
[1-3]. After Dicer processing, the resultant miRNA  complementary to the miRNAs, such as RNA interference
duplexes undergo strand selection, and the single-stranded ~ (RNAI), during development, differentiation and prolifera-

mature miRNA elements are incorporated into the RNA-  tion [5-9] In addition, recent studies have further sug-

induced silencing complex (RISC) and function as media-  gested significant association of miRNA with various
cancers [10-13].

* Corresponding author. Fax: +81 42 346 1755, Hundreds of miRNA genes have been found in plants

E-mail address: hohjohh@nenp.go.jp (H. Hohjoh) and animals [3,5,14]. They appear to be expressed by
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RNA polymerase I1 [15], and tissue-specific or organ-spe-
cific expression of miRNAs has been detected [8,14,16],
suggesting their participation in tissue and organ-specific
functions. Additionally, certain miRNAs appear to be cor-
related with the maintenance of pluripotent cell state dur-
ing early mammalian development [17]. Comprehensive
analysis of miRNA expression is helpful for understand-
ing the complex regulation of gene expression involving
miRNAs and is also necessary for the characterization
of miRNAs, DNA microarray is a powerful tool for
analysis of the expression profiles of miRNAs, although
the shortness of miRNA, at ~22nt, appears to make
such analyses difficult [5,8,16,18]. In a previous study,
we established a detection system for the expression pro-
files of miRNAs with a new type of DNA chip, which
allowed real-time detection of hybridization signals at
every wash step and resulted in highly reproducible miR-
NA expression profiles [19]. Using the system for detec-
tion of miRNAs, we investigated miRNA expression
profiles in the mouse central nervous system (CNS),
which is composed of seven subregions specialized for
different functions, suggesting differences in miRNA
expression among the CNS subregions.

NTera2D|1 (a human teratocarcinoma cell line), P19 (a
mouse embryonic carcinoma cell line), Neuro2a (a mouse
neuroblastoma cell line), and PC12 D (a rat pheochromo-
cytoma cell line) cells can be induced to differentiate into
neurons or neuron-like cells which exhibit differentiated
morphology with long neuritic processes (Fig. 1). Since
miRNAs appear to be involved in the development and dif-
ferentiation of cells and also in the maintenance of plurip-
otent cell state, it is of interest to se¢ how miRNA
expression is associated with neuronal differentiation of
these cells. We investigated the expression of miRNAs
and also protein-coding genes associated with the develop-
ment of neuron in the course of their neuronal differentia-
tion. The results indicated expression profiles of miRNAs
in NTera2D] and P19 cells dramatically changed during
their neuronal differentiation; however, such a marked
change in the expression of miRNAs was hardly seen in
Neuro2a and PC12D cells.

Materials and methods

Cell culture and induction of differentiation. NTera2D| and Neuro2a
(N2a) cells were grown in Dulbecco's modified Eagle's medium
(DMEM) (Wako) supplemented with 10%% fetal bovine serum (Sigma),
100 U/mi penicillin and 100 ug/ml streptomycin (Sigma), as previously
described [20,21] PCI2D cells were grown in DMEM supplemented
with 10% fetal bovine serum, 5% horse serum and the antibiotics
mentioned above. P19 cells were grown in a-MEM (Wako) supple-
mented with 10% fetal bovine serum and the antibiotics listed above.
All the cells were cultured at 37°C in §% CO,-humidified chamber.

Induction of cell differentiation was carried out as follows.

Differentiarion of NTera2 Dl cells. NTera2D|1 cells were cultured in the
presence of 1x 107> M all-trans-retinoic acid (RA) (Sigma) for three
weeks. The treated cells were trypsinized, diluted with the fresh medium
lacking RA and sceded into poly-p-lysine (PDL) coated 12-well culture
plates (BD Bioscience). After 24-h incubation, medium was replaced with

the fresh medium containing 10 1M cytosine arabinoside (Ara-C) (Sigma),
and further incubated a1 37 *C.

Differentiation of P19 cells. P19 cells were cultured in the presence of
§% 10°" M RA for 4 days in Ultra low cluster plates (Costar), After 4 days
incubation, aggregated cells were collected, trypsinized, diluted with the
fresh medium lacking RA and seeded into PDL-coated 12-well culture
plates (BD Bioscience). After three-day mcubaucm !]u medium was
changed to the Neurobasal (Invitrogen) c B27 supple-
ment (Invitrogen) and 10 pM Ara-C, and then returned to 'Ih: incubator.

Differentiation of N2a cells. N2a cells were trypsinized, diluted with the
fresh medium and seeded into PDL-coated 12-well culture plates (BD
Bioscience), Aflter one-day incubation, the medium was changed to the
OPTI-MEM I (Invi ) medi ining §% 1077 M RA, and then
incubated at 37 °C.

Differentiation of PCI2D cells, PC12D cells N2a cells were trypsinized,
diluted with the fresh medium, and seeded mlo collagen I-coated 12-well
culture plates (BD Bioscience). After day bation, the medium was
changed to the DMEM/F 12 (Invitrogen) c g 1% ITS-X suppl
{Invitrogen), and the cells were cultured in the presence and absence of
100 ng/ml Murine 2.58 Nerve Growth Factor (Promega).

Preparation of small-sized RNAs and fluorescent lubeling. Total RNA
was extracted from cultured cells using Trizol reagent (Invitrogen). For
preparation of cellular miIRNAs, small-sized RNAs containing miRNAs
were isolated from total RNA using the RNeasy MinElute Cleanup kit
(Qiagen), as described previously. The isolated small-sized RNAs (~1 pg)
were subjected to direct labeling with a fluorescent dye using the Plati-
numBright 647 Infrared nucleic acid labeling kit (KREATECH), accord-
ing to the manufacturer's instructions. Aflter labeling, the lubeled RNAs
were purified from free fluorescent substrates using KREApure columns
(KREATECH) ling to the fi *s instructions, and used in
hybridization.

Hybridization with DNA chips. Hybridization was carried out with the
Genopal™MICM and -MICH DNA chips (Mitsubishi Rayon), where 180
and 127 oligonucleotide DNA probes are installed for detection of mouse
and human miRNAs, respectively, in 150 ul of hybndization buffer [2x
SSC, 0.2% SDS and ~| pg of heat-denatured labeled RNAs] at 50°C
overnight. After hybridization, the DNA chips were washed twice in 2x
SSC contaming 0.2% SDS at 50 °C for 20 min followed by washing in 2x
SSC at 50 °C for 10 min, and then hybridization signals were examined
and analyzed using a DNA chip image analyzer according to the manu-
facturer's instructions (Mitsubishi Rayon). The Chip analysis was repe-
ated at least two times, and hybridized signal intensities were analyzed as
described previously [19]

Reverse transcription-polymerase chain reaction (RT-PCR). In order to
examine the expression of genes related to neuronal differentiation, total
RNAs isolated from cultured cells were subjected to cDNA synthesis using
oligo{dT) primers and a Supcrscrlpt I reverse transcriptase (Invitrogen),
according to the urer’s instr The resultant cDNAs were
examined by polymerase chain reaction (PCR) with the ABl GeneAmp
PCR system 9'.-'D0 [Apphed B:usyxltmsl followed by agarose gel electro-
phoresis and eth bromide stai The PCR primer sets targeting
for the following genes were purchased I':om TaKaRa Bio Inc.: the human
POUSFI, ASCLI, MAP2, NEFL, GFAP and GAPDH genes; the mouse
Nefl and Gapdh genes; the rat Map2 Nefl, Gfap, and Gapdh genes. The
synthesized oligonucleotides for PCR primers were as follows:

Mouse Pousfl-F; 5'-AAGCTGCTGAAGCAGAAGAGGATC-Y

Mouse Pousfl-R; §'-ACCTCACACGGTTCTCAATGCTAG-3'

Mouse Ascll-F; 5-CCAACAAGAAGATGAGCAAGGTG-3'

Mouse Ascll-R; 5-AACACTAAAGATGCAGGATCTGCTG-3'

Mouse Map2-F; 5-TTAAACAGGCGAAGGATAAAGTCAC-3

Mouse Map2-R; 5" TGATTGCAGTTGATCCAGGGGTAG-3

RT—real time PCR analysis to see the expression levels of the mouse
miR-124a, miR-302¢, and UGRNA as a control was carried out by means
of the TagMan MicroRNA assay using the ABI 7300 Real Time PCR
system (Applied Biosy ) ding to the facturer's instructions.
The TagMan MicroRNA assays used (Assay name and Part number) were
as follows: mmu-miR-124a; 4373295, mmu-miR-302c; 4381036, RNUGB
(UI6); 4373381,
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DF

Fig. |. Morphological differentiation of NTera2D1 (a,A}, P19 (b,B), Neuro2a (c,C) and PCI12D (d,D) cells. Differentiation of the cells was performed as
described in the Materials and methods. Undifferentiated (UD) and completely differentiated (DF) cells are indicated by small and capital letters,

respectively.

Results and discussion

Marked change in miRNA expression during neuronal
differentiation of NTera2Dl and P19 cells

NTera2D1, P19, Neuro2a (N2a) and PC12D cells can be
induced into differentiated cells with long neuritic processes

(Fig. 1) which look very similar to neuronal cells. To see
the relationship between the differentiation and miRNAs,
we carried out expression profile analysis of miRNAs dur-
ing neuronal differentiation of the cells by means of the
Genopal-MICH and -MICM DNA chips (Mitsubishi
Rayon). The Genopal is a new type of DNA chip com-
posed of plastic hollow fibers, and oligonucleotide DNA
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probes are attached to a gel within the three-dimensional
space of each hollow fiber. The detection system for miR-
NAs with the Genopal allows real-time detection of
hybridization signals at every step of washing, resulting
in highly reproducible miRNA expression profiles [19].
Fig. 2 and Supplementary Fig. s1 show the results of the
expression profiles of miRNAs in undifferentiated and dif-
ferentiated cells. A marked difference in the expression pro-
files between undifferentiated and differentiated cells was
seen in NTera2D1 and P19 cells. Note that the expression
of miRNAs belonging to the miR-302 cluster [22], i.e.,
miR-302a, -302b, -302c, -302d and -367, which were specif-
ically expressed in embryonic stem (ES) cells [23], was
detected in a higher level in the undifferentiated NTera2DI
and P19 cells, but hardly in the differentiated neurons
(Figs. 2 and 3A). This was in contrast to the expression
of the brain-specific miRNA miR-124a [24]; miR-124a
was increased in its expression level after the differentiation
(Figs. 2 and 3A), and this was consistent with the previous
study [24]. In relation to the miR-302 cluster, the miR-290

Undifferentiation

Differentiation

363

295 cluster composed of miR-290, -291a, -292, -291b, -293,
-294, and -295 is also known as the ES-specific miRNAs
[17]. The expression levels of miR-291, -292, -293 and -
295, whose probes were installed into the chip, were consis-
tently decreased during the differentiation of P19 cells
(Supplementary Fig. s2), although those of the miRNAs
were detected at much lower levels than that of the miR-
302 cluster in undifferentiated cells. Accordingly, it is pos-
sible that the miR-302 cluster could be correlated with
maintenance of pluripotency versus the miR290-295 clus-
ter in such embryonic carcinoma cell lines and perhaps neu-
ronal stem cells.

When N2a and PCI2D cells were investigated, although
their marked morphologic changes were seen (Fig. 1), they
barely indicated qualitative differences in the expression of
several miRNAs between undifferentiated and differentiated
cells (Supplementary Fig. s1); and in PC12D cells some miR-
NAs appeared to be changed in their expression levels in
some degree between undifferentiated and differentiated
cells. In addition to the observations, we should mention that

Merged

K

Fig. 2. Expression profiles of miRNAs between undifferentiated and differentiated cells, Undifferentiation, differentiation and merged images of miRNA
expression profiles of each cell are indicated. NTera2D! (NT) cells were examined by the MICH DNA chips for detection of human miRNAs, P19, Nla
and PC12D cells (indicated) were examined by the MICM DNA chips for detection of mouse miRNAs, The miRNAs belonging to the miR-302 cluster

and miR-124a are indicated by arrowheads and arrows, respectively

144



>

H. Hohjoh, T. Fukushima | Biochemical and Biophysical Research Communications 362 (2007) 360-367

—&— has-mik-1 34
=i has-miR- W02
baa-miR- 3078
== hsa-milR- M0
== haa-miR- M4
== haa-miR- W67
== haa-miR: | 250

Signal intensity (a.u)

—— mmu-miR- 124y
—d— mma-miR-100
mmu-miR-12%
~#— mma-miR- 115k
—— mmu-miR- 9
—&— mmu-mik-1 36
—+—mmu-mk- 153

Signal inensity (3.u)

6000
E]
a SO00/
Zr 4000
g o0
E 2000
-
“ 1000
a
P19
4000
5 —e—mmu-miRk.20
" miR- 104
; 3000 mme-mil-10
3 —w—mmo-mik-19
a [~ mmu-mil-19
5 2000 —e— mmu-miR-91
a ——mmu-mik -9}
& 1000 —— mmu-mill-15
—— mmu-miR -2
mmu-miR-197
o

Norm. expression level

Fig. 3. Expression profiles of miRNAs during neuronal differentiation of NTeraZD1 and P19 cells. Cells were induced by all-trans-retinoic acid (RA) to

differentiate into neuronal cells. RNA samples were prepared from the cells
NTern2D1; 48 and 96 hours (h) in P19] and examined together with the sampl

at the indicated time point after RA treatment [1 and 3 weeks (W) in
es prepared from undifferentiated (UD) and differentiated (DF) cells. {A)

Expression profiles of the brain- and ES-specific miRNAs during neuronal differentiation. The expression levels of the brain- and ES-specific miRNAs
indicated were examined and displayed. (B} Expression profiles of miR NAs specifically enhanced during RA treatment. The expression data of miRNAs
indicated are shown as in (A). (C) Expression profiles of miR-124a and miR-302¢ during neuronal differentiation of P19 cells. The levels of expression of
miR-124a and -302c and UGRNA as a control were examined by means of RT- (real time) PCR with total RNA extracted from the cells. The expression

levels of the miRNAs were analyzed by the cycle threshold (Ct) method, and pl

lotted when the expression level of USRNA was |. As a negative control,

undifferentiated and differentiated N2a cells were also examined. Data are averages of three measurements by real time PCR analyses. Error bars represent

standard deviations,

little or no expression of the ES-specific mIRNAs was
detected even in undifferentiated N2a and PCI12D cells,
and also that significantly increased expression of the miR-

NAs specific for neuron and/or the brain tissue, ¢.g., miR-
124a, -125a, -125b, <136, and miR-9, was not detected in
differentiated N2a and PC12D cells (Supplementary Fig. s).

Since dramatic morphologic change in either NTera2D1
or P19 cells took place in the normal media in the absence
of RA after a certain period of RA treatment, we investi-
gated whether the marked change in the expression of miR-
NAs described above occurred during the treatment of RA
or in the course of their morphological change after RA

treatment. We examined the expression of miRNAs in
NTera2D1 and P19 cells in the presence of RA. As shown
in Fig. 3 and Supplementary Fig. s3, it was found that the
expression profile of miRNAs in cither NTera2D1 or P19
cells was dranatically changed during RA treatment. Note
that the expression of the miRNAs belonging to the miR-
302 cluster markedly decreased in the presence of RA in
both NTera2D1 and P19 cells, and that miR-124a, miR-
9a and miR-125b, which are brain-specific miRNAs, began
to increase in their expression by the treatment of RA
(Fig. 3A). Of the brain-specific miRNAs investigated,
miR-124a was greatly increased in its expression during



