Table 2.

Thirty Microsatellite Markers Showing Significant Association

in the First and Second Screenings and in the Subsequent Individual

Genotyping
P
95 Cases and 220 Cases and

Pooled DNA® 95 Controls 420 Controls
Marker Chromosome First Second 2x2° 2xmt  2%x2° 2xmt
D150500i 1g23.1 .046 00024 017 .28
D150583i 1q932.2 038 .049 .018 a1
01512087 1g932.2 045 045 .029 034 .0010 .0027
D151148i 1g31.2 .025 047 018 073
D25303 2pls 045 017 021 .19
D250878i 2p16.2 0011 .025 .0023 .0020 .0010 .00073
D350502i 3p22.2 .019 .036 037 .15
0350971i 3q22.2 .037 .016 031 .23
D3509781 3q24 .0031 0047 0044 041 .0081 .13
D351174i 3pi4.1 044 .027 .022 .0084 .0021 .0013
608391 4p15.1 041 047 044 .16
D4501401 4p15.1 .0027 .037 .0023 0067 .0020 .0070
D4504241 4p16.3 .038 .036 .049 .63
05500221 5g32 .012 .0084 .0040 .016 .011 .0017
D550565i 5p13.3 0051 .013 .0031 .052
D7504861 7p15.2 036 .0020 049 .68
D750760i 7pll.2 0044 .0040 016 .086
D751066i 7q11.22 .0089 .028 011 .095
D850068i 8 .018 .034 011 .30
D850584i 8q24.21 012 012 .018 11
014502841 14q31.3 .0030 .049 .0058 .018 .027 .38
D155150 15921.3 .020 .049 .024 21
D1550157i 15g21.3 .019 .0088 .010 .16
D1751300 17q24.3 022 .0071 .036 .13
D1750179i 17 .0044 .050 .018 .0090 .0016 .0060
017503067 17pil1.2 .0060 021 011 014 .0069 .076
020500277 20p11.21 .0055 014 024 .18
D2150098i 21g21.1 .023 .0044 .00029  .0051 .00031 .011
D2150241i 21q22.3 018 .00043 .0098 .018 .0012 .048
DX50660i1 Xp22.13 .00061  .0080 .0025 065

* P values calculated by Fisher's exact test, based on 2 x 2 cantingency tables with
estimated allele frequencies. The smailest P value was selected. The alletes that showed
the smallest P values in the pooled DNA genotypings were reflected in the individual

genotyping.

* P values calculated by Fisher's exact test, based on 2 x 2 contingency tables. The

smallest P value was selected.

¢ P values calculated by Fisher's exact test, based on 2 x m contingency tables.

microsatellite marker D2150012mm were in the same LD
block, whereas D2150241i was not. In addition, the
rs13046884 g allele, the rs13048981 t allele, and the
D2150012m (AC),, allele were found to be in strong LD
(#>0.94), and the estimated haplotype frequency was
4.5% in the controls.

The region around the three polymorphisms contains
three predicted genes registered in the UCSC Genome
Browser, each of which is supported by between two
and five mRNAs or ESTs (fig. 2C). These predicted genes
are on the reverse strand on chromosome 21q22.3,
with positions as follows: NLCI-A 45234209-4523842,
NLCI-B 45238709-45239923, and NLCI-C 45243550~
45249070 (Genome Browser accession numbers BC036902,
BCO009635, and BC0O27456, respectively). According to the

UCSC Genome Browser, NLCI-A produces two alterna-
tively spliced transcripts encoding different protein iso-
forms; the position of the short isoform is 45235619~
45238383. The functions of these predicted genes are
currently unknown.

We performed further variation screening on the three
genes by direct sequencing with 16 samples, and 26 poly-
morphisms were observed. Fourteen of the polymor-
phisms were new: eight SNPs in NLCI-4, two in NLCI-B,
and four in NLC1-C. Next, these new polymorphisms were
subjected to association analysis with 190 cases and 190
controls (fig. 2C). Four SNPs reached significance in the
analysis, but none was stronger than rs13048981 or
rs13046884, indicating that these two SNPs, as well as
D2150012m, are associated primarily in this region.
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Table 3. Association Analyses of 021502417, D2150012m, rs13048981, and
rs13046884 with 370 Patients with Narcolepsy and 610 Unaffected Controls

No. (%) of Individuals

Patients with Controt DRB1*1501-Positive
Narcolepsy Individuals Control Individuals
Marker or SNP and Allele (n = 370) . {n = 610) (n = 125)
021502413 .
(AAGG), 0 (.0) 1{.1)
(AAGG), 0 (.0) 1(.1)
(AAGG), 1(.1) 0 (.0)
(AAGG),,* 51 (6.9) 42 (3.4)
(AAGG),, 65 (8.8) 90 (7.4)
(AAGG),, 155 (20.9)° 258 (21.1)
(AAGG),, 154 (20.8) 249 (20.4)
(AAGG),, 195 (26.4) 359 (29.4)
(AAGG),, 94 (12.7) 180 (14.8)
(AAGG),; 24 (3.2) 35 (2.9)
(AAGG),, 1(.1) 5 (.4)
D2150012m:
(AC), 127 (17.2) 168 (13.8)
{AC), 447 (60.4) 762 (62.5)
(AD),o 12 (1.6) 54 (4.4)
(AQ),, 36 (4.9) 48 (3.9)
(AQ),, 117 (15.8) 188 (15.4)
(AQ), 1(1) 0(.0)
rs13048981:
Genotype™":
cc 360 (97.3) 561 (92.0) 115 (92.0)
cr 10 (2.7) 47 (1.7) 10 {8.0)
T 0 {.0) 2 (.3) 0 (.0)
Allele®:
¢ 730 (98.6) 1,169 (95.8) 240 (96.0)
T 10 (1.4) 51 (4.2) 10 (4.0)
rs13046884:
Genotype®™:
AA 359 (97.0) 559 (91.6) 115 (92.0)
AG 11 (3.0) 49 (8.0) 10 (8.0)
GG - 0 (.0) 2 (.3) 0(.0)
Allele™:
A 729 {98.5) 1,167 (95.7) 240 (96.0)
G 11 (1.5) 53 (4.3) 10 (4.0)

* OR 2.08; 95% (I 1.4-3.1; P = .00064.

® OR 0.36; 95% CI 0.2-0.7; P = .00068.

© P = 00095 (patients with narcolepsy compared with controls, by Fisher’s exact test based
on a 2x 3 contingency table).

¥ p =016 (patients with narcolepsy compared with DRB1*1501-positive controls, by
Fisher's exact test based on 2 2x3 co{ztingency table).

* OR0.31; 95% €I 0.16~0.60; P = .00039 (patients with narcolepsy compared with controls,
by Fisher’s exact test based on a 2 x 2 contingency table).

' OR 0.33; 95% (I 0.14-0.77; P = .017 (patients with narcolepsy compared with
DRB1*1501-positive controls, by Fisher's exact test based on a 2 x 2 contingency table).

9 P = ,0011 (patients with narcolepsy compared with controls, by Fisher’s exact test based
on a 2 x 3 contingency table).

" P = 022 (patients with narcolepsy compared with DRB1*1501-positive controls, by
Fisher’s exact test based on a 2 x 3 contingency table).

! DR 0.33; 95% (I 0.18-0.62; P = .00036 (patients with narcolepsy compared with controls,
by Fisher's exact test based on a 2 x 2 contingency table).

i OR 0.36; 95% CI 0.16-0.83; P = .023 (patients with narcolepsy compared with
DRB1*1501-positive controls, by Fisher's exact test based on a 2 x 2 contingency table).
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Expression Analyses Table 4. Association Analyses with High-
Density Microsatellite Markers around

We assessed the expression of these three predicted genes Marker D2150241i

in the human brain, hypothalamus, and other organs by
RT-PCR, using specific primers (fig. 44). Products with the
expected size were amplified for NLC1-A and NLCI-C in
whole brain and hypothalamus (fig. 48 and 4C). Moreover,
direct sequencing of the products confirmed that the cor-  in NLCI-A intron 1, and D2150012m is 424 bp upstream
rect sequence was amplified. However, for NLC1-B, the  of the transcriptional start site of NLCI-A, which suggests
amplified band was from genomic DNA, not from cDNA.  that NLCI-A may be a susceptibility/resistance gene for
These observations indicate that NLCI-A and NLCI-C  human narcolepsy. SNP 1513048981 is located 2,602 bp
were expressed in human whole brain and hypothalamus,  upstream of NLCI-8, which was not expressed in human
whereas NLCI-B was not. Notably, NLCI-A was also ex-  brain, and its position, 4,164 bp upstream of NLC1-4, sug-
pressed in human spleen, lung, kidney, and skeletal mus-  gests that its association with narcolepsy resulted merely
cle, and NLC1-C was also expressed in human spleen, pan-  from the LD with 513046884 and D2150012m. Thus, it
creas, lung, and sperm (fig. 4C), but neither was expressed  is unlikely that NLCI-B is a susceptibility/resistance gene
in peripheral blood (data not shown). SNP rs1304688+4 is  for human narcolepsy.

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
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Figure 2. High-density mapping with additional microsatellite markers and SNPs. 4, Association analyses using high-density micro-
satellite markers with 220 cases and 420 controls. Unblackened circles indicate microsatellite markers used in the first and second
screenings. Blackened circles indicate microsatellite markers newly developed for the high-density mapping. The dark line shows the
P values calculated by Fisher's exact test based on 2 x 2 contingency tables, whereas the lighter line shows those from 2 x m contingency
tables. B, Association analyses using SNPs with 190 cases and 190 controls. The X-axis indicates the distance from D2150012m. SNP
1512483718 is located near D2150241i. The Y-axis shows the P values calculated by Fisher's exact test based on 2 x 2 contingency
tables. Two SNPs, 1313048981 and rs13046884, showed the strongest associations in the NLC1 region. (, Variation screening and high-
density association analyses in the NLC1 region. Top, Exon-intron structures of NLC1-A, NLC1-8, and NLC1-C. Boxes indicate exons, with
unblackened boxes indicating untranslated regions and blackened boxes indicating coding regions. Predicted gene regions and 1 kb of
upstream region were screened for sequence variations. Fourteen additional polymorphisms, including two nonsynonymous substitutions,
were detected and were examined for possible associations, but no polymorphisms showed stronger association than D2150012m,
1513048981, and r513046884. Bottom, P values for individual SNPs.
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The figure is available in its entirety in the online
edition of The American Journal of Human 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)o, (CA), and (CA),, repeats or the rs13046884 a/g
genotype. These constructs were introduced into NB-1 or
Hela cells, and the expression of luciferase was examined
in three independent experiments. The differences of tran-
scriptional activity were assessed by t test. The luciferase
activities of each construct were divided by the ones of
empty vector. These values were used for the ¢ test. Figure
S 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-told lower than those
of other reporters in both NB-1 and HeLa cells, and the
differences assessed by t test reached statistical signifi-
cance (for NB-1 cel], t = 2.4-6.7 and P = .039-.0010; for
Helacell, 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 DZ150012m
(AC) 1513046884 g.

Discussion

We have systematically performed the first genomewide
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 association. 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 available 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 s, 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 between
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 NLC1-4, NCL1-B, and NCL1-C,
with the use of RT-PCR. A, Schematic drawing of the specific prim-
ers for RT-PCR. 8, Expected size of RT-PCR products from ¢DNA or
genomic DNA. On the basis of the UCSC Genome Browser, products
with the expected size were amplified from cDNA for NL(I-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 ((). Amplified products were confirmed by direct se-
quencing. Lane 1, Heart; lane 2, liver; lane 3, spleen; lane 4,
pancreas; [ane 5, lung; lane 6, whole brain; lane 7, hypothalamus;
lane 8, kidney; lane 9, skeletal muscle; lane 10, sperm. NC =
negative control. M = 100-bp ladder size marker.
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Figure 5. Effects of the microsatellite marker 02150012m in the
promoter region and of SNP 1513046884 in the intron 1 of NLCI-
A on transcriptional activity, Reporter-gene constructs contained
the sequences from IVS1+31 to IV51+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,” “NLCI-B,” and “NLC1-C.” Because of
the locations of the three most strongly associated
polymorphisms (D2150012m in intron 1 of NLCI-A,
rs13046884 424 bp upstream of NLCI-A and in the 3' UTR
of NLC1-B, and rs13048981 2,602 bp upstream of NLCI-
B), we focused on NLCI1-A and NLC-B. In RT-PCR analysis,
NLC1-A, but not NLCI-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 NLC1-4, 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 a 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 NLC1-A was also
performed using MOTIF and Motif-Finder, and NLC1-A
includes domains known as integrin §-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 (zes-
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 NLCI1-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 associationn 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-
clation 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, rheumatoid arthritis (RA [MIM 180300}), type Il
diabetes (NIDDM [MIM 125853}), hypertension (MIM
145500), psoriasis (MIM 177900), and schizophrenia
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(SCZD [MIM 181500])—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 NLCI-A are in progress, and
the remaining 29 candidate markers will be further
analyzed.
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dbsearch/pdb/pdb_seq.html
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Introduction

Abstract

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 chimpanzee
chromosomal segment containing the entire Patr-DRBI*0701 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*070101 and
Parr-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*0701 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 nucleotide 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 1072 per site per year
in humans and chimpanzee, respectively. Unexpectedly, the estimated rate in
humans was twofold lower than in chimpanzee (P < 1073, 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 DRBIJ 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 DRBI
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.
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difficult to estimate the mutation rate directly, it can be
inferred from the substitution rate (k), which is calculated
from the nucleotide difference (n) between two sequences of
different species whose divergence time (¢) is known (i.e. k=
nf21). 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 substitutionrate at DRB/
locus. Because the divergence of most allelic lineages
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predates the humans—chimpanzee divergence, the species
divergence time cannot be used as the divergence time for
two randomly selected DRBI 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 DRBI alleles, the allelic pair of HLA-
DRBI1*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-DRBI*070101 and Patr-
DRB1%0701 alleles were compared using the sequence of
HLA-DRBI*04011 as an outgroup. HLA-DRBI*04011
and HLA-DRBI*07010} alleles belong to the DRS3
haplotype group. Although the substitution rate at the
DRBI 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 DRBI] unless recombination has
occurred in the studied chromosomal segments to be
compared since the divergence of humans and chimpanzee.

Materials and metheds

To estimate the species-specific mutation rates at the DRBJ
locus in humans and chimpanzee, we analyzed the
nucleotide sequence of a 37.6-kb DNA of the chimpanzee
chromosomal region containing the entire Patr-DRBI*0701
allele and the flanking nongenic region. The 37.6-kb DINA
fragment detected in our previous study (11) was cloned
using the pWEI1S 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 AP006503.
The corresponding human genomic sequences containing the
entire HLA-DRBI locus and the flanking regions were ob-
tained from GenBank under accession numbers CR7538335
(HLA-DRBI*070101), CR753309 (HLA-DRBI*070101), and
AL137064 (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*04011 (denoted by m,) and

between Parr-DRBI*0701 and HLA-DRBI*04011 (de-
noted by mc) using SNPs-GrapHic (available at http://
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
(13, 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-DRRI*070101 (CR753835 and CR753309) and
HLA-DRBI*04011 (AL137064) alleles (Figure 1). vista
plots (14) showed that Patr-DRBI*0701 is more similar to
HLA-DRBI*070101 (CR753835 and CR753309) than to
HLA-DRBI*04011 (AL137064). Because the similarity
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Figure 1 VISTA plots showing the alignments between the chimpanzee
sequence containing Patr-DABT1*0701 and the two human sequences
containing HLA-DRB1*070101 (CR753835 and CR753309), with the
sequence HLA-DRB1*04011 (AL137064} as an outgroup. The seguence
conservation {per cent nuclectide identity) relative to Patr-DRB7*0701
allele was evaluated in 100-bp stretches. For each plot, the lowest
rmapped score is 50% and the maximum is 100%. The exons of DRB1are
indicated by shaded boxes above the plots. It should be noted that DRB1
is the only locus in the genomic region studied here.
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between the sequences containing HLA-DRBI*070/0{ and
Puatr-DRBI*0701 alleles was the same as that between the
DRB! locus and the flanking 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-DRBI*04011 alleles since the
divergence of HLA-DRBI*070101 and Patr-DRBI*0701
allele, a long sequential region with positive , — n, values
would be observed. However, no such region is shown in
Figure 2. Taken together with the similarity of sequences
between HLA-DRBI*070101 and Pair-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*04011 since the divergence of HLA-
DRBI*070101 and Patr-DRBI*0701 alleles.

To estimate the species-specific substitution rates of the
DRBI locus, using HLA-DRBI*04011 as an outgroup, we
identified the sequence-specific nucleotide differences be-
tween the HLA-DRBI*(70101 (CR753835 and CR753309)
and the Patr-DRB1%0701 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 + 701/2) 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$

Exon 3 Exon &
Exon 4 Exon2 Y b
0.05
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Figure 2 Plots of the difference in the proportion of nucleotide dif-
ference, . — m,. The proportions of nuclectide difference between Patr-
DRB1*070143 and HLA-DRB1*04011 and between HLA-DRB1*070101
and HLA-DRB1*04011 alleles are denocted by =, and my, respectively.
Window size is 200 bp, and step size is 50 bp. Alignment gaps are
excluded from the analyses. The exons of DRBT are indicated by shaded
boxes above the plots.
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(A)
a73108) 22 B3 patr-oRB1°0701
HLA-DRB1-04011 _
66 (a0~ HA-DRBT070101 (CR753835)
(B)

ar310s) 12 B3 patrpRa10701
HLA-DRB 104071

70 (43) HLA-DRB1"070101 (CR753308)

Figure 3 The number of unique nucleotide differences in each sequencs
(A) from the comparison of Patr-DRB1*0701, HLA-DRB1%#070101
(CR753838), and HLA-DRB1*04011 (AL137064) (B) and from the
comparison of Patr-DRB1*0701, HLA-DRB1*070101 (CR753309), and
HLA-DRB1T*04011 (AL137084) alleles. The number of unigue nucleotide
differences in the flanking region of the DRB7 locus is given in
parentheses.

(6 million years ago), the species-specific nucleotide sub-
stitution rates in this region are estimated to be 6.03 x 10710
and 1.13 x 107° 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*0701 showed
40 unique single nucleotide substitutions of 10,595 bp, and
comparison of HLA-DRBI*070101 {CR753309) and Patr-
DRBI*0701 showed 43 single nucleotide substitutions of
10,550 bp (Figure 3). Thus, the average specific substitution
rates in the flanking nongenic region were 6.53 x 107 '% and
131 x 107° per site per year for humans and chimpanzee,
respectively. Satta et al. (5) estimated the synonymous
substitution rate at the DRB/ locus (1.18 x 107° 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 x 107° 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 DRBJ 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
» 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 10™'° 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 2 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 DRBI
locus can be regarded as a mutation rate at the DRB/ locus.
Because the mutation rate at the DRB/ locus is unlikely to
be markedly different from that in the flanking regions, we
conclude that the mutation rates in the HLA-DRBI] 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 coefficient of
HLA-DRBI! 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 DRBI 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 < 1072 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 M HC locus appears
not to influence the substitution rate at the linked neutral
locus (22), but the estimated substitution ratein the flanking
region of the DRBI 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/ alleles
because the genomic structure is very different for the
various DR haplotypes (DR52, DRI, DR5I, DR53, and
DR8) in humans. To address these questions, it will be
necessary to analyze several sequences containing DRB!
and its flanking region from different species.
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BT A EPRHINTVLS. RNAI I Huntington IBOEE &3

iiﬁ%‘;’d : Huntington#s, EF/LEMI. RNAI,

BRFEDVEDTHBEEZIHNS.

BE, Jvodoy

Huntington J&t%, 1872 £E12 7 X 1 7 @ Dr. George
Huntington 2 & D 13 U THE S /- g
BThrY, BRaftEEEEHRAE LD, 40K

RIBICRIRT 2 2 L 3% 02 @isEfTiET, £
BRI R EE 2 TR L T 5 MBER & MR
EXEGE TIBMERIERETRT 52, &
AR, BORTRAD 0 TAED 4~7 AL Z W
2, DVBETIE 04 A S0 ED LR AEEND
559, FREERIC IR E O ERIBREITT, D
HREsEEL, 7Y 7 oMY, AMECILKEME
5%, 1993 42 Dr. James Gusella Z1E U0 & T 5
THEF — L BREDZHOBICE 4 YetafkEhi
HHRRAEEFEREL, ¥ F v F v (hunting-
tin) £ # & L %%, Huntingtin E 9 FE»H
350kDa DE KRG EHETZ OB IHTH 3
23, BEFEH T huntingtin BEFOE—x1 7V
YOEDEMRERICH 5 CAG BOoBHEL T
W3, ZD7®, Huntington Wi Y 7L v + Y
E—FEOD EDIMBSIT 6N T 5, 1997 4
IZ Dr. Gillian Bates 5D 7V —7 Ik hHEEL 7=
IV B ERETLI I VA 2y I

7 ADMERL & 41, Huntington 5 I2EL L 7R ESE
EETI3EFLEHYTH B I ENMEINEY M
X, TOEFALIRELVIEMIN-TICLD
BESNEEF LY 2% &R BB RE

HHRMICEMS N X R, Praa—a
DEMUEDNRHEENB R E, %%E&Eﬁ%k@ LT
B LORENEALE ST LY,

b, CNFTOWRDLS, HELEEROR
SRR ERE T - EAEOMIENEIEE L
PERE - DNA B2 EHABEROEBKE
b Y, THETOMBHEE L W E&ETET
Th{ HREHEEEAE L I RENBIERZEL
THEELEAFTHE I LBRINTETNS
C OSSR TN R REBICH B L&
ZonTEh, RREETFEWOESHEFED 5 »
BEDRERICEZBERNEDBET 203, MRE
HERBDOBRANBEERICAT V0 ED2DETH
3EEZONBEIICR-2TVRES, LEdoT,
WRROBBOA NS ORI IR R 2504k
BEPERINZ LI Ch-2TETED, T
DETED 2 D>H 5 RNAI DIEML &, gL kE
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1 RNAIOHIEE

BORANSGEIELBHVNS S IICEREIN
TETH5,

FETREESOMRELED T, RNAI 2 Hw 7
Huntington JRTGEMA O TR L IFk2 BN T 5.

| RNAI&

RNA interference (RNA) 13FEF B X /- fifE
MG FRBEFGESR T, Z48H RNA(dsRNA) I
ko CEFIBEMIC mRNA 0B E h, BETE
YThIEAEOTRIEEINIBFOILT
H5 (1), bedbEpTHMEE LTRES
n-BREYE CHEOERIELEo NS LBbR
205 TP ¥ X RNA IZ X B interference
D% FT > Tv> 7 Dr Andrew Fire 523 U ®
T dsRNA D EEhE %R L RNA interference & v»
3 ¥ A L CBSE, RNAL & W) BENSHT
ZIE S fEHh LT W 30 Dr Fire 5 DFCIC &
b, HEPICEA N7 dsRNA 235, —7Z 8 RNA
PEALAEALD LT3 ICHRMNIC mRNA
RERHT S 2 LI Lo THEBIIRE Nk,
Z D%, dsRNA OEADTEFASEMRIICB W THE
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MTH B LOHERS NI LR, RNAI
EREYEFILDHETEIELERTHICEY
TREFEBELTBA T .00 Y —LET TR
(, HoRBEERELLTHWERZOMAIER
FTBHINT: 3,

REE TCOMREIE T E RNAI OBF 2 ENT
3¢, M1 IR E S icHilEmIcE YA TN
dsRNA %, RNase MiZf8l7z dicer & ki3 A&
HRNAREBWNZVFX 7L 7—Fickb 20~25
HHE /N K 72 Z7REE RNA (small interfering RNA :
SIRNA)IC /R & L 31, SiRNA 1&, argonaute
EWHLYRVRRIZV7—EEERLOEHRE
(A4 )2 ECERERBRESHETH S
RISC(RNA induced silencing complex) IZHU D A& &
N, BEFCENT—HRERNALHBD, Zo—
A48 RNA % &1 RISC(FEMER RISC) 1, —A%H
RNA (25 L CHEMIVELS] %2 b D#EHY mRNA 23
WAL, A4 T —EREMEN mRNA % i
GBI T T 20, YIHT & 7B mRNA
BESILX 7 L7 —EitkoToREEh, HBRL
L CEBETHEREIIHIZNS. £7-, RISC /&
LTwkwv—2agd RNA BN REI 25 2
mRNA AL, RNAKRFH RNA RY X7 —¥
DT 74— LTHEATA I L REERTY
3. RNAMRER RNA B A Z—FIc L hERE
N7z AN RNA 1, dicer DFEH L2 D siRNA 23
ERRENS, BRI siRNA IE, RISC IZHLD
AENTERN mRNA DU 2T 0, —REICiE
¥ CENTSHU RNA REN RNA £ X
S—BDNTIA4w—E L TERAT 3,

| HuntingtonfsAEAY—ILELTO
sSiRNADVERL (B EH)

RNAI SHFEMECESTH 3 2 L B|EX
NTBSE, RNAI BfcBET 2 AN ERICER
L, siRNA ORGERECET 2 RN EHER
L7178 DR, ShERNZ2EFIORKET, siRNA
FRROBEIESR, ETNVEYEHWIIARER
WWHBAIN R LY ko, EHIIE T sIRNA
HSABEPICFE T % & RISC DO KIGHHFE X
N5 EH5, siRNA ZHilERICEAT 3FRE
LT 21~23 BEDER - ABERNA DI ¥ A
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5-GCCUUCGAGUCCCUCAAGUCC-3’

NN N N -
3’-UCCGGAAGCUCAGGGAGUUCA-5

' ® 2 Huntingtonss EEBETF (<3 T 5 SIRNA-HD
I 9V A DEEES

7 x 7 av, siRNA DBEFI% shRNA (short hair-
PinRNA) L LTHIRT BT IAIFRIF—-D b
VAT 7vav, HEBETA VAT F—
% FAv>7: sShRNA OEAZL EDEHIN T3, &
% 5 1% huntingtin BEFZ 7V v—FoN7
% siRNA 2V D&KL, E5IKEDOEIZ D
LIz Us Tae—4 —DHlfl T cYZES 2 &t
ShRNA & LTHRETETIRAIFRI I -2
BERL, BERY-—LVELToEMERZ MR
% TNC Dr. Bates 503 &E L€ T2 A (R6/
2 =7 A9 IZ B THREE L 721929

| Huntingtonf®EF ILORNAIDZNE

(BB

BMOEHSRNA & 2FO CAGVE—-+%2&
tr Huntingtin BEF 7V v 1 §E5RE4o & GFP
DEEEBRE * HEK293 Mg 3% v i Neuro2a
MBI —B PRI $ I X ¢, huntingtin BETRED
v IR ERE Lt 25, siRNA-HD
IV v LA ENT: siRNA(E 2) BIEBRE
12 huntingtin A& E QB O FHz FrEWICHIH
L79, 208581 400M & v 5 EIRED» ST
54, huntingtin BEF2& %%\ GFP EHER
BICkEEE2 52 b o7z,

# 2 C4% 2 HD Huntington JHE TN =7 A
IZ siRNA-HD =7 V¥ 1(200ng) 2 &LV R 7 =
7% I UVRR S50l AL, —EHE 0%, T8
B2 AT & RS 217 7. siRNA-HD
VY1 ERAREINZETLeT R,
MENE-7 A, 2vFro—L siRNA BE<T R
IHRFBEREIEN, GERD 7% L7
MERERCEEL (X3P, BB Y TIFRER,
rotor rod BB L A —7 v 74—V FRBRICE
VT S ITEIEE QR E I BRI lRETINE
ot RESENI BRI SIE S, B

© : treated(n=39)
100 s @ | mock-treated (n=9)
%_@ O : untreated (n==65)
80 o
E ot
®
2
% 40 ¢
20 ¢
0 i 3 i X “ I3 i)
40 80 80 100 120 140
age(days)
3 Huntingtonf§E7 L7 X & BUL -RNAIR

—— e FE AR

SiRNA-HD 27V v 1 0522 EFLoY
Ak, MAEeY R, 2 bo—/ siRNA #1533
ey A HREENEE L, ( YNRRERT
BERT.

ST huntingtin S 2 Wiz F F VB
DHEAE AEOHEEAD L7 (K 4), R5E
IZ &} % huntingtin mRNA L <)L O HIEIRIR X,
AR 2 B E CTHIETE, EHLVTR
huntingtin HEE IS 2 NHIZIFRIE 8 Bilh = TR
RN, REMFBPERECRCERN TS
THERDET O TH 2HF 20T
EARBHTH 253, —BYED IG5
BE 376 L7 &z Huntington JBDBBEED
ERLEELB)IZATEERALELSN Y,
2T, siRNA-HD =7V v 1 QEFl % &
shRNA #H 77 2 3 F2ERL L, Rk, ~
JVC Huntingtin BB F o067 2 HIIER 2 #E L
7=, ZOEE, Us 71— — T iicENETIc
WNT 7Ty ARSIV BRACMET S L)
BASNAFEB TSI R 3 FU6-shHD-323b o ¢ b
BIERZR L7, $ %, Us-shHD-3 1% huntingtin+
GFP @& EREORREZ REKEFEICIHEL, 7
SRIFRBICBOT 2ng o F®ERRLE, ©

. W4 2 H O Huntington € 7L< 7 A R6/

2 B¥IC U6-shHD-3 #iE A L, Huntington &S
FORRINF LFREOHREBELRAN L2 LT
%, Us-shHD-3 ##5& L 7= R6/2 Efglz 2~ b
O—L77 AL FEEEL A BE L REER
Dhsdinl, EFHBRZERCEE L. Z0O%)
HiZSRNA-HD =7V v 1 OEERS LD HE

E20&HDd Vol 219 No. 4 2006. 10. 28 | 271

- 121 —



wild-type treated

X40

X400

4 RNAAEEC & 3 EEMmhuntingtinB & BOED

untreated

mock-freated

: : 2
£ PP £ e L ‘5

SIRNA-HD =7V v 1 D% 5%2ZBEF e R, BAEYAR, avbo—)LsiRNA 855 F 7
27 AR, HIIERN huntingtin EEESEA L, BEE -7 A CREBEEGEREES sk o7z,

T (BHET).

| RNAIIZ & 2 HuntingtonfS;&&ED

RIRCEE

PLEo BERFIOFERIZ RNAI 23t F @ Huntington
RRREOBENRFRTHZARENSE LI 2R
LTw3, SRoOWAETRES2 HE W) EHo
BEPETFNVCIATENTHS Z LR ENL
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BN TE2FETH S, &B, R6/2 T AL b
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huntingtin BETFIBIRNTH 5720, FES DS
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1. BIEMMRNALE A 94— 2 OVEE

RNA interference (RNAi: RNATF#) &, =
A RNA (dsRNA) 12 & - THE SN 5 EFI4F
R EETFRAOBEEZI#HBIL THE. 0
REHELRHEE, 19984, Fire bl L » THES
FHWAMErSOER ST, £0%, RNAI
i, MEERUD, YavYavarn, EAEH
Yo, HHEDY, SOIHEPE S ESELEYRT
B haREENTCHETHH I ENVHL P
ol FOAAZRALE, 1) MEPICAED
72F\V dsRNA DS, Dicer & i 5 RNase I11#
R Lo THEHIESH, 821~25bp DE VTR
RNA, small interfering RNA (siRNA) "84k
&7, RIZ, 2) RNA-induced silencing com-
plex (RISC) &MEIh B HEEMEKIZZE D siRNAD
myAgh, 3) WMHAFhisiRNA &HHE%
4w Y % —RNA (mRNA) #*RISCIZ & -
TEHENIIUIENLEWIEIETHE. 0L
3 RIS BE Y& T, RNAIOBFFENLEE
TREADEEHIHI R 5.

b2 EOHAEMEO RNALE, 49, ¥
BIERRSEM S vo RO MM TOHE
BINB3ERLABTHLLEbR T Zh
3, WEAEMEAREOL ) —D DR RNA

T BIREERIERICE Lo TWA, RS
KMEHIER &, —EHoME % B 725 L O
BirAilE L, 30bp LLEDE v dsRNA AR
ALBE RNAILDBHELIA VS —Tza Vi
& By ANMAKIE) £51&EI L, HRENFH
HExhs (Fig. la). JOBKE, o200
BEFEboTwa, M E2lE, dsSRNAKED
» 37 BE¥ ) —¥ (interferon-inducible, ds-
RNA-activated protein kinase : PKR) # & %
kL, BREFTH2elFa%x ) Y B{LLCHIR
EELZFLTHEHR bH)—2i, 2547 T7
ToNVEBEREEE (2-5 oligoadenylate synthe-
tase : 2-5AS) TiEMEILL, FRIZL - THME
NizBY 7T F2VEEE AL TIRFR I RNase
LEFRELMTIRETHS. TRHORERERE,
dsRNAE AHE S ITEHIL S N5 72, Dicer
ZA L RNAIFEZBIET LI LFNTELR P
72, L Ladh, 20014F, CORERKEEH
BT AEMNL TV —2 A —2%, Tuschl H5®
V=TI ko THES N HHIE, LES
B L 7-siRNA Z &4 % EHEMIALE YK &
AL, MRaZE%5[&#E I 39, RNAIZ T % HE
THIELULRL2DTHE (Fig.1b). Z0F
HEIZL o T, 13IZETOFILEWMILIC RNAL 2
FETAIEAUMRELR Y, WIAEDRNAIGIE
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a Rapid responses to long dsRNAs
/ dsRNA (>30bp) \
TR
2’5 oligoadenylate

synthetase (2°-5°AS) N

T o ! !

2’5’ polyadenylic acid Suppression of
l protein synthesis

RNAi RNase L /

k (non-specific RNase) ApOpIOSiS /

b Induction of RNAIi by synthetic siRNA duplexes

dsRNA (<30bp)

eIF-2)
.
Synthetic PKR
siRNA
duplexes 2°,5 oligoadenylate

synthetase

\\ RNAI /

Fig.1 Schematic drawing of interferon responses (a) and RNAi induction by synthetic siRNA duplexes (b). (a) Long

double-stranded RNAs (>30bp) trigger a rapid translation inhibition involving the interferon-inducible, dssSRNA-ac-
tivated protein kinase, PKR, and a rapid and non-specific RNA degradation involving the sequence-non-specific
RNase, RNase L, in most of mammalian cells except for some undifferentiated cells. Consequently, these rapid re-
sponses to long dsRNAs may mask the sequence-specific RNA interference (RNAi) activity. (b) Chemically synthe-
sized siRNA duplexes (19~27bp) introduced into cells can induce sequence-specific RNAi without triggering the
rapid and non-specific RNA degradation and translation inhibition.
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Table 1

Disease Target (genes) of RNAi References

Triplet repeat diseases :

Huntington's disease Huntingtin 13~15

Spinocerebellar ataxia type 1 (SCA1) SCAl 16
Parkinsonism Tau (V337M variant) 17
Alzheimer's disease APP (Swedish variant) 1718

Tau (V337M variant) '

Slow channel congenital myasthenic syndrome Muscle acetylicholine receptor 19
(SCCMS) (AChR) subunits (¢ S226F variant)
Amyotrophic lateral sclerosis (ALS) SOD1 20, 21

PREBHCEREL. BETIE, £KsiRNAZ
AW TEERNAIZFET 5 FEOMI, BES
FSAI FEHCTHRATENAT ¥ VERNA
(shRNA) B €, Z0O#%Diceril 371
AR TSARNAZEREZE LS ¥ L HELH
WHNTWAE,

Il MEHRRRERCHET A
#HiEdRE - HERTORNAIGE

RNAiX, FORBELAIZALIIHTEE
MW ZERZZT TR, ENOAGTFRELHE
1, L2d@hcsiicsrzers, HERE
ETHERERE (BET/ v r¥o v FEk) &
LTHEBSRTWA, 8IS, EEAE - AI3EF
O RNAI B OISR & 2SR -h T
Wb,

RNAIDHEEFENDIGHIZOWTI, F0fE
BARE» 5, #BEE#E (gain of function) A%
boEBELR Y (BEEETFFHEETZEEOHEE
WhE) KNLTEMTHELELLONS., ZL
T, T TICHEALRERIIHLT, RNAIZHW
REBERBETR2 7Ty NeTB /v 5T
BHRLONT WS, BICHEGEREETR, BRE
HERETIEILDE  OEED gain of function 12
HET2H0TH), RNAIEMEHEWHEL2
ERENOHY EAD R ERTWwAS, Table 117,
ZO—ETREDH 5755, MEHEBICEET 2EE
FE5 =7y FELLRNAL v 7 9 v O#E
2E Lol

LEOL) REELHET GREESR) I2Lo

TEBVPERINRLZIOIENLT, HYAIOT
4 —ED LD L BIZTHREDESL (loss of func-
tion) PERE T ERIShAERLD L. 20
£ EBICH LTI, RNAIFE#EBwi-EE
F/v 0TI Lo T4 R A TORBEF
VERERERT A EITMETHLEELLN
5, FLT, ZhoDEFNVEYEHWLHLY
BREEPHREEOBRICERCELZEE LN
5,

BT, RREFTVAYOEBEEHE L
RNAITYH, REREBEFE2 Y-y v E&T2
RNAITH, HE LT 25HBH8 TRNAIYS
BRICHFE IR TERS v, 2, 204
BBLES 2T ER S 4wy, HIELEY O RNAL,
FOFEYHETH HSIRNATZEEKICKEL 7
RNAIEENH S Z EPBRICHe T35, L
Tedso T, F—4y MAEFIIN L THRNE /
v 7 ¥ rETILDIE, T, v RNAIE
HEBETIRT vy VEFEH-2SIRNAZE
HERE L 2TRIER SR, SHTIE, Bhi
ThRIVALZRWA TS 02E0CE
DL RsiRNAZEFZERETT5 2 AWk
o TWn5Y,

RNAI OBEEE/ZT TR {, RNAIZHET 3
MRa 0D RNAIFEOBEEREHE 5. &
WAL TIL, RNALIZE D B Dicer DRHAD
MBICERTENZ EDPBRICHALR T 559,
bhbhid & 51, Dicer Az, RISCOE
B Y YNV ETH B Ago2 (elF2C2) #fx
FRZORBIZTFT7 73 —ICET 5eIF2C,
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