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Efficient In Vivo Delivery of siRNA to the Liver by
Conjugation of a-Tocopherol
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RNA interference is a powerful tool for target-specific
knockdown of gene expression. However, efficient and
safe in vivo delivery of short interfering RNA (siRNA) to
the target organ, which is essential for therapeutic appli-
cations, has not been established. In this study we used
a-tocopherol (vitamin E), which has its own physiclogi-
cal transport pathway to most of the organs, as a carrier
molecule of siRNA in vivo. The a-tocopherol was cova-
lently bound to the antisense strand of 27/29-mer siRNA
at the 5-end (Toc-siRNA), The 27/29-mer Toc-siRNA was
designed to be cleaved by Dicer, producing a mature
form of 21/21-mer siRNA after releasing a-tocopherol.
The C6 hydroxyl group of a-tocopherol, associated with
antioxidant activity, was abolished. Using this new vector,
intravenous injection of 2mg/kg of Toc-siRNA, targeting
apolipoprotein B (apoB), achieved efficient reduction of
endogenous apoB messenger RNA (mRNA) in the liver.
The downregulation of apoB mRNA was confirmed by
the accumulation of lipid droplets in the liver as a phe-
notype. Neither induction of interferons (IFNs) nor other
overt side effects were revealed by biochemical and path-
ological analyses. These findings indicate that Toc-siRNA
is effective and safe for RNA interference-mediated gene
silencing in vivo.

Received 13 October 2007; accepted 7 January 2008; advance online
publication 12 February 2008. doi:10.1038/mt.2008.14

INTRODUCTION

Short interfering RNAs (siRNAs) have potential for therapeutic
application in a wide spectrum of disorders including cancer,
infectious diseases, and inherited diseases. Effective in vivo deliv-
ery of siRNAs to the specific target cells is the most important
challenge in respect of clinical applications. In vivo gene silenc-
ing with RNA interference has been reported using either viral
vectors' or high-pressure, high-volume intravenous injection of
synthetic siRNAs,** but these approaches have limitations in clini-
cal practice because of their side effects. Accordingly, a variety of
nonviral systems are being developed for delivery of siRNA to
liver, tumors, and other tissues in vivo.

Recent work in the area of nonviral delivery of synthetic
siRNAs has used cationic liposomes** or nanoparticles.” Among
these approaches, the most efficient systemic administration was
achieved using stable nucleic acid lipid particles.' However, a
therapeutic dose (2.5mg/kg) of these particles, when adminis-
tered in cynomolgus monkeys, caused marked liver damage.' A
key drawback of cationic liposomes and nanoparticles is that their
physical lipophilic property promotes passive transfer of siRNA
complexes to the liver, potentially causing toxicity. More recently,
a new class of receptor-mediated siRNA vectors, consisting of
a synthetic compound and a ligand, has been reported. These
ligands are (i) N-acetylgalactosamine® or galactose’ ligands that
target asialoglycoprotein receptors on hepatocytes, (ii) apolipo-
protein A-Iligands that target scavenger receptor class B typeTon
the hepatocytes," and (iii) rabies virus glycoprotein ligands that
target acetylcholine receptors on the neurons.' These receptor-
mediated delivery systems could increase efficiency and speci-
ficity of target cells in vivo, However, the synthetic molecules of
these vectors were found to exert an immunostimulatory effect.”

We hypothesized that the most effective in vivo carrier would
be a molecule that is essential for target tissue cells but cannot
be synthesized within the cells. Vitamins fit these requirements
well, and the only vitamin that is not toxic even at high doses
is vitamin E."* a-Tocopherol (vitamin E) is a fat-soluble natural
molecule that has many physiological pathways from serum to
liver. The majority of the absorbed vitamin E is transferred into
lipoproteins including chylomicrons, low-density lipoprotein,
and high-density lipoprotein, and these constitute an impor-
tant source of plasma vitamin E for hepatic uptake (reviewed in
ref. 13). In addition, the three a-tocopherol-associated proteins
(SEC14L2, SEC14L3, and SEC14L4), and the albumin-related
protein, afamin, are known to be vitamin E-binding proteins in
the serum (reviewed in ref. 14). In this study, we have tried to
utilize these physiological pathways of vitamin E transport to the
liver as an in vivo delivery system for siRNA.

RESULTS

Design of a-tocopherol-bound siRNA

Asymmetric double-strand RNA having 2 nucleotides (nt) in
3".averhang only in the antisense strand is good for predicting a
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siRNA) (@) Chemical structure af vitamin E (a-tocopherol)-bound
nRNA. (b) Sequences and chemical modifications of a-tocopherol-
bound siRNA for targeting apoB messenger RNA (apoB-1 Toc-siRNA) or
for targeting unrelated gene (control Toc-siRMA). The lower-case letters
represent sugar 2'-O-methylation, and asterisks represent phosphoro-
thicate backbone linkage. The predicted cleavage sites by Dicer' and
Argonaute2 (ref, 19) are indicated by black bars and arrowheads, respec.
tively, The sequences in bold letters indicate the predicted 21-mer siRNA
sequences after Dicer cleavage. Toc; a-tocopherol.

Dicer cleavage site and can therefore define the 21-mer siRNA
sequence cleaved from 27/29-mer siRNA by Dicer” The «
tocopherol was covalently bound o the 5'-end of the antisense
strand of these siRNAs. The chemical structure of a-tocopherol-
bound siRNA (Toc-siRNA) is shown in Figure 1a. The sequences
of (i) Toc-siRNA for targeting mouse apolipoprotein B (apoB)
messenger RNA (mRNA) (NM_009693) (apoB-1 Toc-siRNA)'*
and (ii) Toc-siRNA for targeting mouse beta-site APP cleaving
enzyme 1 (BACEI) mRNA (NM_011792) (control Toc-siRNA)
are shown in Figure 1b.

For in vive application of Toc-siRNA, it is essential to ensure
the stability of siRNA against serum-derived nucleases. For this
purpose, we made chemical modifications with phosphorothioate
backbone linkage and sugar 2°-O-methylation on both the sense
and the antisense strands. The portions of siRNA that were pre-
dicted to be cleaved out by Dicer, ie., 8nt in the 5-side of the
antisense strand and 6 nt in the 3'-side of the sense strand, were
substantially modified. Further, in order to increase stability
against endonucleases while preserving siRNA activity,'” partial
internal modifications were made to the siRNA sequences with
2'-O-methylation, in addition to modifications at the termini.’*
The Dicer cleavage sites in both sense and antisense strands, and
the Argonaute2 cleavage site” in the sense strand were spared any
modification (Figure 1b).

Improved stability of siRNA with preserved cleaving
efficiency by chemical modifications

The naked and the chemically modified siRNA in serum were
compared for stability in vitro. With and without -tocopherol,
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tion. (&) The stability of modified siRNA in the serum. The both-strands-
naked SiRNA (nak-nak), both-strands-modified siRNA (mod-mad),
only-sense-strand-modified siRNA (mod-nak), both-strands-naked a-
tocopherol-bound siRNA (Toc nak-nak), and both-strands-maodified a-
tocopherol-bound siRNA (Toc mod-mod) were incubated in the mouse
serum at 37°C for 4, 8, 16, and 24 hours. The samples were treated
with Proteinase K and electrophoresed in 2% agarose gel. (b) Reduction
of apoB messenger RNA (mRNA) levels in the Hepa 1-6 cell line after
transfection with apoB-1 siRNA using Lipofectamine RNAIMAX. The
quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR)
analyses of apoB mRNA levels relative to gopdh mRNA were performed
24 hours after transfection of both-strand-naked apoB-1 siRNA (nak-nak
apoB-1), both.strand-modified apoB-1 siRNA (mod-mod apoB-1), both-
strand-maodified apoB-1 Toc-siRNA (Toc apoB-1), and control Toc-siRNA
(Toc control). The data shown are relative to the values in untreated
cells (Cells alone). n = 3, Data are shown as mean values £ SEM. *P <
0.005 as compared (o cells-alone group. () Reduction of apoB mRNA
levels in the Hepa 1-6 cell line after transfection using apoB-1 Toc-siRNA
alone. The gRT-PCR analyses of apof mRNA levels relative to gapdh
mRNA were performed 24 hours after transfection with apoB-1 Toc-
SsIRNA (Toc apoB-1) and control Toc-siRNA (Toc control), The Hepa 1-6
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
only [serum-free medium (SFM)], or in DMEM supplemented with 10%
fetal bovine serum (109 FBS). The data shown are relative to the values
in untreated cells (Cells alone). n = 3, Data are shown as mean values +
SEM. "P < 0.005 as compared to cells-alone group. Toc; a-tocopherol.
gapdh, glyceraldehyde- 3-phasphate dehydrogenase.

the stability of the siRNA with both strands modified was much
greater than those of the siRNA with both strands naked, and the
siRNA with only the sense strand modified. The conjugation of
a-tocopherol did not increase the stability of siRNA (Figure 2a).
The impact of the silencing ability conferred by the chemical
modification of siRNAs and binding of a-tocopherol was studied
in cultured cells of mouse hepatocellular carcinoma (Hepa 1-6)
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using a transfection reagent. Even with considerable chemical
modification of both strands, the silencing effect of apoB-1 siRNA
on endogenous apoB mRNA in the Hepa 1-6 cells was not much
impaired when compared with the silencing effect of apoB-|
siRNA with both strands naked. Further, the binding of a-tocoph

erol to the apoB-1 siRNA with both strands modified also did not
interfere with the silencing activity (Figure 2b). In effect, we suc-
ceeded in carrying out considerable appropriate chemical modifi-
cations in the siRNA sequences to increase serum stability, while
preserving silencing activity.

Next, a-tocopherol-mediated induction of siRNA was con-
firmed in Hepa 1-6 cells without any transfection reagents. The
addition of apoB-1 Toc-siRNA to the culture medium reduced
endogenous apeB mRNA in Hepa 1-6 cells. This silencing effect
disappeared when serum was absent in the cultured medium
(Figure 2¢). This finding suggests that a-tocopherol can introduce
siRNA into the cells in association with molecules in the serum.

Effective delivery and processing of Toc-siRNA

in mice liver

In order to investigate whether successful delivery of Toc-siRNA
had been achieved, liver sections were taken from mice 1hour
ifter injection with Cy3-labeled Toc-siRNA (Cy3 bound to the
sense strand of siRNA), and the sections were subjected to con-
focal imaging. We observed marked accumulation of Cy3 signal
both in hepatocytes and nonparenchymal cells in the liver sinu-
soids. Almost all the hepatocytes had the Cy3 signal. There was
predominant signal density around central veins. There was no
Cy3 signal in the control liver sections from the mouse injected
with Cy3-labeled siRNA without a-tocopherol (Figure 3a). We
also confirmed a less prominent Cy3 signal in other organs includ-
ing lung; the details of the systemic distribution of Toc-siRNA are
to be published elsewhere,

In order to study whether Toc-siRNA is processed to a mature
form of 21/21-mer siRNA, northern blotting was performed on
mouse liver after injection of 32mg/kg Toc-siRNA. The assay
showed two bands of sizes ~21 ntand ~29 nt, corresponding to the

2t —

Cy3-abeled Toc-siRNA Cy3-abeled sIRNA
Figure 3 Targeled delivery of To
(o (a) Confocal images of liver sections from mice injected intrave-
nously with Cy3.labeled Toc-siRNA (left panel) and Cy3-labeled siRNA
(right panel), Cy3 signal (red) was noted in hepatocytes (arrowhead)
and nonparenchymal cells (arrows), Liver sections were stained with
Alexa-488 phalloidin to visualize cell outlines (green). Scale bar =
20pm. (b) Small RNAs isolated from livers of apoB-1 Toc-siRNA-injected
mice were probed with siRNA sense strand oligonucleotide in order to
examine for the presence of apoB-1 Toc-siRNA antisense strand using
northern blotting. The bands for the 21 nucleotides (nt) as well as the
29-30-nt antisense strands were detected. siRNA, short interfering RMNA;
Toc; a-tocopherol.

sIRNA to mice livers after injes
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processed 21-mer antisense strand and the 29-mer a-tocopherol-
bound antisense strand, respectively (Figure 3b). These results
clearly show that Toc-siRNA has the ability to enter mouse liver
cells and be processed by Dicer in the cytosol

Knockdown of target genes in liver and phenotypic
analyses of mice using Toc-siRNA

[n order to assess the silencing ability of Toc-siRNA in vivo, the
level of endogenous apoB mRNA in the liver was evaluated. The
liver was removed 48 hours afier the injection and assayed for apoB
mRNA levels using quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR). The 2 mg/kg apoB-1 Toc-siRNA mark-
edly suppressed apoB mRNA when compared with the effect pro-
duced by the same volume of maltose, and this silencing effect
disappeared when a-tocopherol was not bound to the siRNA.
The knockdown effect was specific for the target molecule, as evi-
denced by the finding that other endogenous mRNAs in the liver,
transthyretin (ttr) and glyceraldehyde-3-phosphate dehydrogenase
(gapdh), did not change, and that a control Toc-siRNA targeting
an unrelated gene did not affect them, when mRNA levels were
measured relative to total RNA (Figure 4a).

Next, we performed a time-course experiment to determine
the duration of apeB mRNA knockdown effect after single injec-
tion of apoB-1 Toc-siRNA. Afier injection, the reduction of apoB
mRNA in liver was maximal on day 1 and gradually returned to
the baseline level on day 4 (Figure 4b). We also performed a dose-
response experiment on day 2 after injection. Mice treated with 2,
8, and 32mg/kg of apoB-1 Toc-siRNA showed significant does-
dependent reduction in apoB mRNA levels (Figure 4¢). The intes-
tine, another organ where apoB is expressed, was also removed
24 hours afier injection and assayed for apoB mRNA levels using
qRT-PCR. There was no knockdown effect in the intestine as a
result of the apoB-1 Toc-siRNA injection (data not shown)

The reduction in liver apoB mRNA lowered the export of
very low-density lipoprotein (VLDL) from the liver, resulting in a
decrease of serum triglyceride (TG) and cholesterol levels and an
increase in hepatic lipids.* Injection of Toc-siRNA produced sig-
nificant reduction in TG and cholesterol levels on day | (Figure 5a
and b). Further, we performed pathological analysis using Sudan
111 lipid-staining of liver tissue. The liver sections from mice
injected with 2mg/kg of apoB-1 Toc-siRNA showed a higher
number of hepatic lipid droplets than liver sections from con-
trol Toc-siRNA-injected mice (Figure 5¢). Taken together, these
results indicate that apoB-1 Toc-siRNA inhibits apoB mRNA and
alters the phenotype of lipid metabolism in the liver.

No side effects are produced by Toc-siRNA
White blood cell and platelet counts and biochemical analysis
of the serum including total protein, aminotransaminases, and
blood urea nitrogen after the injection of 2mg/kg Toc-siRNA
(Table 1), and pathological analysis of the liver tissue stained with
hematoxylin/eosin (data not shown) did not show any marked
abnormalities.

The level of induction of interferons (IFNs) was examined at
3 hours (the time interval known to be the IFN phase) after the
injection of Toc-siRNA.* No IFN-a was detected in the serum
(Table 1), and RT-PCR of the liver RNA did not amplify IFN-£
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Figure 4 Toc-siRNA-mediated silencing of mouse opoll Messenger

HINA (mRNA) In lhvar is potent, specific, and dose-dependent. (a) The
quantitative reverse transcriptase-polymerase chain reaction (qQRT-PCR)
analyses of several endogenous mRMNAs, apoB, ttr, and gapdh mRNAs
in the liver (removed 2 days after injection) relative to total input RNA.
n =3, The data shown are mean values £ SEM. *P < 0.005 as compared
to the maltose injection group. (b) Duration of the gene silencing caused
by apoB-1 Toc-siRNA. The gRT-PCR analyses of liver apoB mRMNA levels
relative lo gapdh mRNA were performed at the indicated time points
after injection of apoB-1 Toc-siRNA (Toc apoB-1) or control Toc-siRNA
(Toc control). n= 3, The data shown are mean values + SEM. *P < 0.005
as compared 1o the maltose injection group. (€) Dose-dependent reduc-
tion of apoB mMRNA levels in the liver after injection of apoB-1 Toc-siRNA.
The apoB mRNA levels (normalized to gapdh mRMA) were determined
2 days after injection of apoB-1 Toc-siRNA quantitated by gRT-PCR. The
data shown are relative to those of mice receiving maltose alone. n= 3,
The data shown are mean values £ SEM. *F < 0.005 as compared to the
maltose injection group. sIRMNA, short interfering RMA; Toc; a-tocopherol,
gapdh, glyceraldehyde-3-phosphate dehydrogenase; ttr, transthyretin.

mRNA (data not shown). The chemical modifications have been
reported as preventing stimulation of Toll-like receptor in the
endosomes when siRNA is delivered with cationic liposomes. '
However, the absence of an [FN response to Toc-siRNA does not
seem (o be the result of chemical modification alone; indeed, a
2mg/kg dose of Toc-siRNA without chemical modifications also
did not induce 1FNs (data not shown).

DISCUSSION

We hypothesized that the most effective in vivo carrier of siRNA
would be a molecule that is essential for target tissue cells
but cannot be synthesized within the cells. Vitamins fit these
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Figure 5 Phenatypic change in lipid metabolism caused by inhibition
[ apoll messenger RNA (mBENA) Decreased levels of (a) serum
triglyceride (TG) and (b) cholesterol after knockdown of gpoB mRNA by
apoB-1 Toc-siRNA. Sera were collecied from mice before the injections
and at 24, 48, and 96 hours after the injections of apoB-1 Toc-siRNA (Toc
apoB-1) or control Toc-siRMA (Toc control). The sera were analyzed for
TG and cholesterol levels. The values obtained after the injections were
divided by those obtained before the injections, and the resultant ratios
were normalized to mice which treated with maltose injection. i = 3, The
data shown are mean values £ SEM. *P < 0.01, **P < 0.05 as compared
1o the maltose injection group. (€) Reduction in opoB MANA results in
increased hepatic lipid accumulation, Liver sections were prepared 4 days
after injection of apoB-1 Toc-siRNA and control Toc-siRNA. The sections
were fixed, and lipids were detected by staining with Sudan Il Scale
bar = 2pm. siRNA, short interfering RNA; Toc; a-tocopherol.

o liver

requirements well, and the least toxic of the vitamins even at high
doses is vitamin E.”” Among the eight natural isomers of vitamin
E. a- and y-tocopherol are the most abundant in human dietsand
are equally well absorbed, but peripheral tissues contain much
more of a-tocopherol than of y-tocopherol,” thereby indicating
the presence of a selective transport system for x-tocopherol. We
therefore planned to use a-tocopherol and its transport system
to effect the delivery of siRNA. Because (hydrophilic) siRNA and
(lipophilic) a-tocopherol cannot be admixed, we directly bound
a-tocopherol molecule to siRNA at the 5'-end of the 29-mer
siRNA antisense strand with a phosphate bond (Toc-siRNA)
(Figure la and b). We designed 27/29-mer Toc-siRNA with 2nt
3"-overhang of the antisense strand. The a-tocopherol with 6/8-
mer double-strand RNAs is to be cleaved by Dicer in the cytosol,
generating the mature form of 21/21-mer siRNA (Figure 1b). We
actually confirmed, using northern blotting, that the processed
21-mer siRNA antisense strand was detected in mouse liver after
injection with Toc-siRNA (Figure 3b), and that the binding of

www.moleculartherapy.org
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Table 1 IFN-a, BUN, TP, AST, ALT, WBC, and Pit levels in mouse serum after intravenous injection of 2mg/kg apoB-1 Toc-siRNA or maltose

Treatment IFN-a (pg/ml) BUN (mg/dl) TP (g/dl) AST (UM ALT (U WBC (/ul) Pt (x10%/ul)
apoB-1 3 hours <125
Toc-siRNA 34 pours 19.0% 10 51401 7841 223 2,800 £ 330 1220203
48 hours 240+24 55401 6744 2x] 2,600 £ 550 1122189
maltose 3 hours <125
24 hours 2.0x09 55101 T9+9 2542 2,600 £ 560 1178+ 138
48 hours 45215 55+01 60+3 26+3 3,700 £ 900 109070

Abbreviations: ALT, alanine aminotransterase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; [FN-a, interferon-u; Pit, platelet; TP, total protein;

WEC, white biood cell.
The values shown are mean values £ SEM (n = 3),

a-tocopherol did not interfere with the siRNA activity in vifro
(Figure 2b).

This study showed that the binding of a-tocopherol to siRNA
enables the efficient in viva delivery of siRNA to the liver. The
direct conjugation to siRNA of another lipophilic molecule, cho-
lesterol (Chol-siRNA}, was also reported to enhance liver uptake
of siRNA." However, the silencing effect produced by Toc-
siRNA was more efficient than that by Chol-siRNA, in relation
to the identical target gene; much higher doses of Chol-siRNA
(50-100 mg/kg) were required for achieving an efficient reduc-
tion of apoB mRNA in the liver.*'* Actually, when cholesterol
was conjugated to the same 27/29-mer apoB-1 siRNA with the
same chemical modifications as used in apoB-1 Toc-siRNA at the
3’-end of the sense strand, the reduction of apoB mRNA induced
by 2 mg/kg of this Chol-siRNA was not statistically significant in
the livers of mice (data not shown).

The mechanism of uptake of Toc-siRNA by the liver was not
elucidated, and the cause of the difference in silencing efficiency
between Toc-siRNA and Chol-siRNA is not known. However,
there are some possible explanations. First, if a-tocopherol and
cholesterol fuse into the lipid bilayer of hepatocyte membrane
as cationic liposome does, the difference in hydrophobicity and
polarity between a-tocopherol and cholesterol might influence the
efficiency of uptake of siRNA by the liver. This cannot be proved,
however, because the negative charge of siRNA cannot be can-
celled by the addition of a-tocopherol or cholesterol. Moreover,
our in vitro experiments indicated that Toc-siRNA does not enter
the hepatoma culture cell without serum. Second, Toc-siRNA
might be incorporated into the serum lipoproteins and enter the
hepatocytes via lipoprotein receptors. Recently, Chol-siRNA was
shown to use the lipoprotein receptor-mediated pathway to enter
hepatocytes.” In contrast to cholesterol, a-tocopherol is an exog-
enous lipid which cannot be synthesized in vivo, and therefore the
distribution of a-tocopherol among lipoproteins and the mediat-
ing receptors In the liver might be different from those of cho-
lesterol. Third, binding of a-tocopherol might enhance uptake of
siRNA in the liver by an interacting serum molecule other than
lipoprotein. Soutschek and colleagues' proposed that the mech-
anism of Chol-siRNA in vivo is related to enhanced binding to
serum protein such as albumin. Similarly, a-tocopherol is known
to interact with other serum proteins such as SEC14L2, SEC14L3,
SEC14L4, and afamin (reviewed in ref. 14).

We observed significant decreases of serum TG and choles-
terol and an increase in lipid droplets in the liver after injection
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of apoB-1 Toc-siRNA. The downregulation of liver ApoB-100
impairs VLDL export and is expected to decrease serum TG as
well as cholesterol, because large amounts of TG are incorporated
into VLDL particles. This is supported by the fact that the trans-
genic mouse of truncated apoB,™ and the microsomal TG transfer
protein-null mouse,”** neither of which can assemble and secrete
VLDL in the liver, show lower serum TG and cholesterol and an
accumulation of lipid droplets in the liver. Our results, showing
decrease in serum TG as well as in cholesterol, were similar to
those of a recent study that used a different siRNA in vivo deliv-
ery system.” Although the decreases in serum TG and choles-
terol might be caused by mechanisms other than impaired VLDL
export, these results indicate the phenotype of ApoB-100 silenc-
ing by Toc-siRNA.

‘There was no remarkable side effect in blood cell count and
biochemical analysisafier intravenous injection of Toc-siRNA. The
delivered amount of a-tocopherol was only 46 pg/kg when 2mg/kg
Toc-siRNA was injected. This value is very small, considering the
need of a-tocopherol as a nutritional element is estimated 10 mg/
day for man (125-200 pg/kg/day).”" In addition, the anti-oxidant
activity of a-tocopherol in Toc-siRNA is abolished, because the
reactive site of a-tocopherol for anti-oxidation, hydroxyl group at
the C6 position, is covalently connected to siRNA (Figure 1a).
More important, the Toc-siRNA did not induce IFN-« in serum
(Table 1) and IFN-f mRNA in the liver. This absence of adverse
side effects associated with the use of Toc-siRNA is important
to note, because it is in sharp contrast to the outcome generally
described for lipid vector-associated siRNA delivery. The latter is
known to produce an immunostimulatory effect,” which could
cause elevation of transaminases, thrombocytopenia, and lym-
phopenia.”* When synthetic lipid-coated siRNA is intravenously
injected, it is incorporated in the endosome and then induces IFNs
and cytokines through activation of Toll-like receptors located in
the endosomal membrane.”” The possible mechanism of escape
from an immunostimulatory effect in Toc-siRNA-injected mice
was that Toc-siRNA used the different pathway to enter the cells
from synthetic lipid-coated siRNAs, Together, Toc-siRNA is con-
sidered to be a noninvasive delivery method of siRNA.

In summary, vitamin E-mediated in vivo delivery of siRNA is
effective and safe. Although further investigation into the precise
delivery pathway of Toc-siRNA is required for better optimization
of its use, the findings of this study represent an important step in
advancing the use of synthetic siRNA as a very promising system
for gene therapy.
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MATERIALS AND METHODS

Synthesis of siRNAs. siRNAs were chemically synthesized. In order to com-
bine vitamin E with siRNA, a-tocopherol phosphoramidite was prepared.
and then was it connected with the 5-end of the antisense strand of the
siRNA. The pr-a-tocopherol was purchased from Tokyo Kasei, Tokyo,
Japan. Synthetic sense and antisense strands of siRNA were then annealed.

Cell culture. Hepa 1-6 cells were maintained in Dulbecco’s modified Eagle's
mediumn (Sigma-Aldrich, St Louis, MO) only, or supplemented with 10%
fetal bovine serum (Invitrogen, Carlsbad, CA), 100U/ml penicillin, and
100 pg of streptomycin at 37°C in 5% CO..

QRT-PCR. Total RNA was extracted from the culture cells or mice liver
using Isogen (Nippon Gene, Tokyo, Japan). The RNA was reverse tran-
scribed with Superscript 111 and random hexamers (Invitrogen, Carlsbad,
CA). The gRT-PCR was performed on 1.5pug of complementary DNA
using the TagMan Universal PCR. Master Mix (Applied Biosystems, Foster
City, CA) in accordance with the manufacturer’s instructions. The ampli-
fication conditions were 40 cycles of denaturation at 95°C for 15 seconds
and annealing at 60°C for 60 seconds with ABI PRISM 7700 Sequence
Detector, Primers for mouse apoB, gapdh, ttr, and IFN-f mRNAs were
designed by Applied Biosystems (Foster City, CA).

In vitro activity and stability assays. In order to determine in vitro activ-
ity of siRNAs, Hepa 1-6 cells were transfected with 10 nmol/l of siRNAs
using Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA), or transfected
with 2 pmol/l of Toc-siRNAs without any transfection reagents. The cells
were harvested 24 hours after transfection. Total RNA was extracted and
the amount of endogenous apoB mRNA was measured using gRT-PCR.
In order to study the stability of the siRNAs in serum, (i) siRNA
with both strands naked, (ii) siRNA with both strands modified. (i)}
siRNA with only the sense strand modified, (iv) Toc-siRNA with both
strands naked, and (v) Toc-siRNA with both strands modified (100 pmol
each) were incubated at 37 °C in mouse serum for 4, 8, 16, and 24 hours.
Aliquots taken at different time points were treated with Proteinase K
(Wako Pure Chemical Industries, Osaka, Japan) and frozen in urea Tris-
buffered electrophoresis-loading buffer. All samples were subjected 1o

electrophoresis on 2% agarose gels.

Northern blotting. Total RNA was extracted from mice liver using MirVana
(Ambion. Austin, TX), Total RNA was condensed with Ethachinmate
(Nippon gene) and 2 ug of RNA was sep d by electrophoresis on a
14% polyacrylamide-urea gel and transferred to a Hybond-N* membrane
(Amersham Biosciences, Piscataway, NJ), The blot was hybridized with
a probe of the siRNA antisense sequence which was labeled with fluo-
rescein using Gene Images 3'-Oligolabelling kit (Amersham Biosciences,
Piscataway, NJ). The signals were visualized by Gene Images CDP-star
detection Kit (Amersham Biosciences, Piscataway, NJ).

Pathological analysis. For pathological analysis of side eﬂ'uu by Tr.u:
siRNA, the liver sample was postfixed in 4% paraformaldehyd

buffered saline solution for 6 hour and embedded in ;unﬂi.n. sectioned at
bpml]nckuungllxlum MSﬂyosulanu Mncmmecuhr
Germany), and then i with h

To analyze of liver lipid accumulation, liver samples from apoB-1
and control Toc-siRNA-treated mice were sectioned (4um) and fixed in
4% parafi Idehyde/phosphate-buffered saline for 5 minutes, and then
smmd with filtrated Sudan 11 (Muto Pure Chemicals, Tokyo, Japan) 37°C
for 30 minutes. Counterstaining of nuclei was performed with Mayer
hematoxylin solution (Muto Pure Chemicals, Tokyo, Japan) for 3 minutes.

For pathological analysis of delivery of siRNA 1o liver, 8 mg/kg Cy3-
labeled siRNA with or without a-tocopherol within 0.25 ml of 10% maltose
was injected from the tail vein of ICR mouse. One hour after intravenous

injection, mouse was killed and liver samples were harvested. Liver
samples were fixed in 4% paraformaldehyde/phosphate-buffered saline
for 6 hour. Fixed tissue umplcs were smp-trozen in liquid nitrogen
Frozen tissue sections were prepared and stained with 13nmol/l Alexa-
488 phalloidin (Invitrogen, Carisbad, CA). The slides were analyzed using
LSM 510 confocal microscope (Carl Zeiss Microlmaging, Oberkochen,
Germany). Each image comprised a flattened projection of 11 optical
images (0.4 pm each) 1o represent combined fluorescence signals from a
4-pum thick section.

Ctatictical s-.-J

s t-test was used to evaluate differences
between siRNA- lnrufecr.cd groups and cells alone in vitro, and between
Toc-siRNA-injected groups and maltose only injected group in vive.
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MicroRNA and Central Nervous System

Takanori Yokota*

Abstract

MicroRNAs (miRNAs) are 21-24 nucleotide (nt) duplex RNAs that participate in the translational regula-
tion of messenger RNAs (mRNA). These miRNAs are created from precursor transcripts by subsequent
processing steps that are mediated by Drosha and Dicer-members of the RNAselIl family. One of the two
strands is incorporated into the active sites of a protein that belongs to the argonaute family of proteins,
where it serves as a guide for complementary sequences in the 3"-UTR site of the target mRNAs,

miRNAs are expressed at high levels within the as well as mature developing brain. These miRNAs
orchestrate the maintenance of adult neural cell traits, promote cellular homeostasis and dampen en-
dogenous and exogenous stress responses, and modulate multiple parameters that are associated with
synaptic plasticity, In this regard, the expression of a brain-specific miRNA (miR-124a) in nonneuronal
cells enables the conversion of the overall gene-expression pattern to a neuronal one. Another brain-
specific miRNA, namely, miR-134, modulates the development of dendritic spines-neuronal protrusions that
connect with other neurons-and therefore probably controls neuronal transmission and plasticity. Recent
evidence suggests that miRNAs may be a contributing factor cases of neurodegeneration, such as those in
Alzheimer diseases and polyglutamine diseases. Research on miRNAs in the context of neurodegeneration
has been rapidly advancing, and the goal of this review is to provide perspective for new data that may aid

specialists in this field.

Key words : miRNA, non-coding RNA, Drosha, agonaute family, antagomir
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HRALRETFRRN& TS 2 RNA T#8E8R2H,
ol RES WA EEBEBRTHD, &
EFEREEASY /  LORRERL L TRIEL TWAZ
Edibdof, RO non-coding RNA iCiEEX 28D
20~30 HEEED T/ E2 7% RNA (small RNA), #$ 0,
ZhETORNA T8 & UBESTFEEO BRI, S,
IheDERROREEON ST RNA PEBELRET
REMFMMERTLTWEZ EAHBALY, BRLT
TRNA#AVvyyyy;, ERERTVLAY,

ZD®D small RNA OWROHEFTDHEEL{,
piRNA, rasiRNA, ta-siRNA $AEE siRNA Z ¥ & £
Xz 4 RNA YA vy y 7 izMb 3 small RNA #5fFE
EFENTWE, EMTREOPTHRLHEIELT, B
FIGHA~DOHE L2 -7 microRNA (miRNA) &2
WT, *ORFABEHEZRLOMLY KoL THERL
Tz,

1. miRNA DBZEZOME

miRNA T~ 7 Y % £ 5§85 S Drosha,
Dicer 7t ¥ RNase i & o> THID 2 B 21~24 HE 3t
(Fic 22 #58%) O RNA,; L E#E I35, miRNA X Vie-
tor Ambros @ 27— 7#3 1993 ST #RH (C. elegans)
DB hoREALEET AR BT, FARFRY
AT S~7u 7 o=y Z7iBR{EF (heterochronic
gene) D 1 2k LT lin-¢ MEFEEELY, FBRETIF
EEY o 22 ¥ O non-coding RNA &% lin-14 @
REEFHEE LTI L 2HehZ LT, £EDO#, Mello
EDIN—7IE> T RNAIEREEHSERLE lind £
OEMTREN, ThoD/A A% RNAMELEEZBCT
BREEEH, RNAI ARCESEREFIMHCRLS L
BRENTEE, 5 miRNA ERRiZh, 74T
mRNA @ 30%i2 miRNA OXETich 0, EHORE
THROBREHMNCEECHE2LR-LTVSEIESY
REICTENRTWS,

miRNA 2889 mRNA @ 3-UTR (JESIRE®R) &
) Seed BFIDOHEMME L2 /- 2 BMBME LT, HE
BELTETOREFORFAEXMML TV S, 120
miRNA IZ 100 Bl EDFFHic%® { D mRNA +#a L ¥
58, TOMFEEZ 1.5~ 2 5B L EENEETH
DAREEIAZLRIFEALRZ W, 120 miRNA
HEHD mRNA 2T 201k, miRNA B2 8D
HEORGEFORE LM 244, £0O miRNA OH
HLELWEBENZFE L su—HoRETFeficER
LT, BREFFHLTVIAEEEFISATL

578, Fl2 i, R SRNCRET S miR-124 @
HHRETIR, 7V 7 PREMRL Y TRANCES S
5 mRNA CHLFEL T, #HcHBEMATERT S
mRNA KKIREEAEA29 5T (mutually exclusive
expression), £ DS OMRMEEHE L T\ 2 ATHEMES
FAHN3EY, TOL5EmRNAKRAZ I 2 HMH
OWMEHFHDHD, 1 2RFED L 22OHNRETD
EHEEWMT 00, b 1 ORFEORETF-H
T, HBRBOBRED /A A B L TZOMES: LW
HEERBHLEBIONTWE™, 21, 120 mRNA
REMEOmMRNA»HBELRY, Thoo@¥MD
miRNA RBHEAKE | 2OEM miRNA ORR & 10H
LTWwaY, 25 E—-0 0x—9—CHHD mi-
RNAMI—FanTwaHSHH D, #EO miRNA
ey P TRETIHSEHDHS (polycistronic miRNA
cluster), % %12, miRNA L b Evaic £ OFEHR % H#

E-THY, - miRNA BHFORALEEFHETE~
TRZ-THET I ATLNSE I LEREShI,
WA, Frs oM RR T 3 ESEET Pitxd i
miR-133b DEFEFF 43, miR-133b iF Pitx3 mRNA
@ 3-UTR I & & L T negative feedback # L T »
61“0

Z? & i miRNA L9 mRNA & '&06% 0BGk
THD, EFRUOREC LM THICSES {PEML
LT RAMEE L Twa, @2 omfloREix
EFT, #ikEFoBENosEe Bk oRRR
DEI#EIC b fine tuning 2T TW3EHFLHND,

. %/ LE® pri-miRNA OFES

F/hba—FaAhf: miRNABREFEEC—XE
B53FTH2 pri-miRNA (primary transcript ZDT
pri-miRNA) ELTEEENS, %< D pri-miRNA k&
mRNA L LTRNARY AF—¥URE-TEEZL
B7cd, 5'KWICCAPMEL 3'KIBICKYAT—
EEFIEES (188489 RNARY A7 —=¥liK &>
TEFEEH W), ¥ /AL, pri-miRNA X 0485
4> borfEsk (1823 FERER) cFEF LS
(intronic miRNA), €D I 580% R Ay Vv —
RNA (mRNA) o4 > ror#ilfic, B0 D 20%ik
non-coding RNA @4 > Fo it RHlEh T
(Fig.1)o Non-coding RNA IKRZ2 YV A by
LOWERKIc 2 M EoREFALLRESATYL
%, ZOE\v> noncoding RNA D& X CAPMEEL 3’
KA Y A7F—EEF 285, mRNA-like non-

BRAIN and NERVE 61#&2% 20094 2A



mRNA @
G =

mRBNA @
A bhOx

Bl RNADIOVUY
[ Non-coding RNA DT 7Y
Tf pri-miRNA

minsANA @
Avk0Ox

minsRMA . mRNA-like non-coding RNA

Non-coding ANA

169

)
@5‘ I [6A] 3
@
G~ ——

L{:}—E‘H:ﬂ:l—l: -
DQI2VY, 1 kAY
)
5 | it
cap (o L e L DA

Fig.1 # 7 LLt® pri-miRNA OFEBL

coding RNA (mlns RNA) W3, —7F, BT
i (intergenic region) =% pri-miRNA &L
T, MHOD Fox—F—%F 5, 3-4kb @ non-coding
RNA #—Ei L HEEE R T 5,

— 7, pri-miRNA HORBGHEO A H =Z L L EHE
THLIZW,BEETOLE I3 HHCRBIHEATHR Y,
/¢ 5 intergenic pri-miRNA @ FEB® promotor 7 iF
OERFEsSREEF—7550D, TOFEHOFEOE
MO—RNI pBbI DY, 8, wW{2HDpri
miRNA R CpG 74 7 FARKUBLTEY, KA FL
o7 £ F L BERERC L > TFOSRMERT S
EMSIEY AT 4w s RRBHEEZD, FOM
MEABAPHAERS L L EBCHELTWS,

. mBNAZROTOER (Fig.2A)

mMiRNA Q7o AL 3 >OEBEheaTWVE,
FERTESE SR 100 HEOKE XD pri-miRNA
REOAT LAMEORET I 11 HED 553 Drosha &
DGCRS (i3 ¥ 3 ¥/¢x T} Drosha &£ Pasha) 8
tr 500~650 kDa @ E X % microProcessor # & &
YoTYIDHER(T Oy &> 7), 60~T70 HED pre-
miRNA M4 2 1L 5 (Fig. 2 B) . Intronic miRNA O
&, KA MO mMRNA QAT 74 &7 DRI, Dro-
sha/DGCR8 = & % premiRNA @¥] 0 H L i mRNA
DATFAL v 7 kfTLTITHbh, mRNAOASZ
Ay 7EECpremiRNAOYID L i3 ENE L 4
Vi,

pri-miRNA##mRNA D4 » o rfilca—F =
T3S, mRNA FEAEO@EELNM 1 2O+

meE—O7oE—F —TRET 5, miRNA OFEY
IZEDEA® mRNA © 3" FEBRES CHMO B 58
BLhwBENRHILVIN, 772 V—BKT S
miRNA (polycistronic miRNA cluster) T, Ok
A F mRNA O8I 2BRL WBEHNE v, £z, pri-
mMRNADFTRTHmMRNAK 7o AE3hsdbidT
F4 <", pri-miRNA & miRNA SHERITHEBMAL 2w
ZEMREANTWAEY, FZIE, let-7® pri-miRNA it
RNABEEBTH 2 lin-28 12 £ - T Drosha DERET
ZOYHHLEHEHMEZ2U T, miIRNARGTRA + O
mRNA 337 L T pri-miRNA 2 & 0O 10 H L 0§
FEIITVEY,

—HT, ME{ > o206 08 preemiRNA TH
ZWENWESI NI, 1 ¥ Fo¥=preemiRNA Q¥ &
it mirtron £MEiEh, TOBERAT A v T ahi:
Aty EOE & premiRNA ELTRIEEL TZO
4% Drosha (220 BE A 1a,

B2ODAT w7 ELTpremiRNA i exportin-5 &2
& - TR & 11, RanGTP &7FEN o B d & MRS E I WiE
E2ha®, FIDAT v 7L LT, MIEEICHL pre-
miRNA i Dicer it £ - T 22 EEBEE @ 2 &8 RNA
izl 2, Dicer £ TRBP (TAR RNA binding pro-
tein) OIEWEHIZ L - T 5" KEHEHT AL F—/YIC
& DFLEL miRNA #10 A5 B0 % agonaute 25
bEOEBESHECIY AN, 15D miRNA $iizs
faha®, siRNA 2 G 0EOERM S, RISC
(RNA-induced silencing complex) &FEiEh 2419,
miRNA % & t2 # & 2 micro-ribonucleoprotein (mi-
RNP)* % miRNA-induced silencing complexe (miR-
ISC)™ LFEIENT W3,
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Fig. 2
A miRNASR® 7o+ 2 (Annual
Review of Neuroscience 2%: 77-103, 2006

SDHFTEWTER), B! PremiRNA

pre-miRNA

% 5 @ Drosha, Diceric X 591D H L
(Genes & Development 19: 517-529, 2005

pri-miRNA

¥av dav Xz TRIOTe £ X 2 Dicerl &
Agol #& L RISCKBE 2 siRNAD 7o+ A BN
FHAZILTwES, b P Tt Dicer iz 1 il T siRNA
FIMTHD, miRNA B 420 Agonaute 7 7 3 V) —
DOBWThELECRISCELMD AT TvEM, ¥ L
T, HEROMRIN&O% L LT, miRNA & 2 0OEN
mRNA, 8 & U argonaute EE IZMfAE A GW182 ®
pod L EDOMOMRE ST L £ b ICRRESER L T P-body
(processing body) #Erk+ 2,

IV. miRNA OBREFRBRIDH %

1. BAIOER (Fig.3A)

WMEOBRC L TO 3 >OFSHEBEL TS, B
L MELEMOREAE, RISCIZHID A7z miRNA
O5 e 2EE,S RIS TOTHED 'seed' L

LD LB TER),

RN S B G, M09 mRNA © 3-UTR(F I 5-UTR)
EREECHEMEE Ty FTECLTHSV B 1 HRED
ALEOEREICHET 28 mRNA OREFH, A/
BRUTHLLESENLERA TS, FE20FAE,
miRNA-mRNA @O REf453 12 buldge 42 3 A 7 v F 48
hidwidiwy, chddbdl, siRNADLI K
agonaute {EFFMED RNA UIFBE > TL£5, 8 3
DFEAIE mRNADO 3'"HOFFIZHE 13~16 0 4 HEN
B mRNA CHEESX S L L ETORBSUNENLAT
230, A 5i2fMA T, seed kA I mRNA @ 3'UTR
KERERAFEEL TEST A LNTES I LSS
Zhiz 48 RNA ORRE MG+ 2 LBERETH 5
DiEWan T 30

2. BRIDBIDOMF (Fig.1B)
miRNA @ @R & o ¥ F £ L T, @ agonaute,
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Fig.3 miRNA OR{EF R R IH BN
(Nature Review Genetics 9; 102-114, 2008 L 0 FFa] £ TiEM)

GW182 £ miRNA O# & (miRNP/miRICS) #5 CAP
WE~OTIRMEE T IFE OB S+ BEHEET 22
izt 2BIRMGOEE (FigIBET)™, @#F VA
F=NOBRTT=NbictsBELETFRICH &<
mRNA ©5+#% (Fig. 3 B £)*, @FRMEEOFRMHE
Bz £/ —ADKE (Fig. 3BAL)™, @FER
ANl OFER)RTFFOSME (Fig.1BH
Ty EBELLNTWE, ZHh60EMOHRITE
OBFOHBBFIL A BB 2L Tk, bkl
LbdD 15D mRNADEMIKELTHE, B1EBEE
L T miRNA BEREG#HFEL T, TOROEATR
FIO mMRNA £3BLTWLELH2 R TWEY, £z,
ForA iy 7 2T SERERET IS0 1 LD
XN THE, mRNA OBRHEAiESTEELL A5
h, LDREGIGHEZV-ENTRELALDES,

mRNA OFLEic EoTFcHHs s @lRCH
2%

BEROFAIT M &I, ZOBFNH OB
#EYmRNA £ VW7 2 siRNA OBfE L A IC R
o TWT, TOFEsiRNA O 2 F#EH i T
#HTHLS0iIc LT, miRNA/mIRNA @ 2 Z@Ea5H
i) = A 7 v F% G-U wohble 3N % & 10827
LOBEREISTRIAOATWLALEHFISAT L
B, ¥awPavirTid siRNA £ RISC loading
complex (RLC) 9@ Dicer-2/R2D2 I A 7w FE£8 %
2V 2 ASMABIRMIC RISC i) 70— T 2 BT
BLTwaMA, £ b TREOEBFRBEL- TRV,
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Table HERMEmMRNARR7O7 14—

PHUEE R AT miRNA @ miR-9, miR-124, miR-128, miR-134

RS REHE - miR-125
Bl R R L

REVM-sHm2cmmL THERCET © miR-9, miR-125b, miR-181a

FREMUA SH2 KNl THAETLFHHR © miR-103, miR-128

SROrERAY

FHEEM N FFRAY © miR-124, miR-128

TA o4 FFERY D miR-23, miR-26, miR-29

PRAFRY | miR-133b
E RN [ miR-384 *

* 7 F 2 o ABMOEEY

V. miRNA &R

— iz, B0 miRNA (o8 ic i L £ o fis
PREEASS <, 1,000 LLEO mIRNABEHELTWS
Lihbilao, BIZEENHO miRNA ORBENE{, »
2HET, €777 49 ¥ 2Tl Dicer DERTHEHER
DFEERKFCHEEZLSH, miR430 EHI LD A
TEOMFEOLZ ) DHFABHBEE L L0, ZOZ ¢k
iz, H—O miRNA #HEROREHO FZ 22707
F =LA BwTHEROBETORMSIIERN2RRAL
MR ICHE L TwaZ LERLTWS, £, pri
miRNAD 7oy ¥ » X E£§T-Tnas DGCR-8 M (E
F deletion T, FHENOMEEX*SLEZREFELET
3 DiGeorge BBV RIET 2 L35 N T VL5,

FEOTMEDEICRES SR b O RBIn T 2
Lk E, EFRBRACREBCREZEX IR L0MHE
ZEMHIENTVLAY, 25 ICHIBRNEREALLT,
i (RE) FRN PEEPRFRENZ miRNA® O
RBEVRESZINT 2 (Table), miR-134 Z EH LD
mRNAR ¥+ 72 HEB L T 5 synapsin 1,
ssynaptotagmin %, #HEEMRLOERZ2ECREL
TEHAL TS FF+—¥TH 5 Limk1*® & YOlEEY
ML TEY, Y7 AGRRIECTEEENCEE
ZMEELTWALEIONTLE,

EEMEFUEALLHERICO miRNAEREHL
THED, MEMEOE 2L AY—v 2, AEKE, SHEKE
DA ALRE, vF7AAEMCMb-TWwaZ LAt
HEEN TS, il -~ Bk ke
A, MBA P VAGEYEEEELAFLATHED
miRNA OERHTLT 2 Z LAH ST 495,
miR-124 iZWHALBY O L - R RO S (HERL
T3 miRNA T, BICRREL TwadT<XTO miRNA
D 25~48% % 5 5 L bl s,

miR-124 {4, #—0 miIRNA M EFOERICL > TH ¢

DO miRNA OEB#ELad, #ild0 707 » A L2k
EHEHELTLI I 2B TTREN/] mIRNA TH 5,
miR-124 ORBIZ L D HeLa il ® 174 OB TFHE
BETFTLT (£D76%E % 03-UTR I miR-124 ®
seed BF| ICfHMORT =B L THEZIF 2 h 3), Hela
HEOER 707 7 A NVRO T 7 74 MciET{ Z &
DR ERT,

VI. miRNA xR

e, FBEHICETE SR EE T 2 MEENE
HERBOMHE L miRNA #MEND S L5 MR HER
L2268 %, AT pre-miRNA £ miRNA i 7o+
A3 %, RNase THE Dicer 2/ w777 b T3 LHE
HFEIC 2 5150, Fo4s - hedlie i ¥ REY IS Dicer @
BHA /92T T3 L, Haoky Tt o/
FHE U Parkinson S OKEEIC L 2, Dicer 0%
RTSCAID Y arYav"zDEFLOEY ZNF
T EEAMET A LM TRENE®, Crelox ¥A T
LERWLL TN F o iR % Dicer @/ v 270
FEw AT, Tk @B LRSS oERS
Auhi®, Zh s OEEEEL, miRNA 2HEMRO
EFICAET, EOMREMTIMEEEOREICED S
SCEBERLELOEWZ S, 2642, Dicer DTHID
miRISC MER L g - OB L TR I N T i,
e XiEfmEFiE X f ik o FMR]I #{EFA O CGG
RERFIOMEICE D RET 2 ETEONBER*ET
HEFHOER T, FMR] #E8 (FMRP) O#fERE%
HEOFRAEHZENA TS, FMRP i RNABSEH
T, RISC DT £ L T agonaute EH L @EELTH
U,RISC T® miRNA/siRNA OBRMGIEEIC BT
& CHR A REARLLTEY, 2OERC L IBEE
WETHIERIECHENEL 59,

—F, BMREOHEEHEBTOMEELHE CBITS
miRNA OESOERBIZOWLWTIREFBES AT L,
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Hébert 5% i AD B4@ miRNA 7o 271 Y 7%
BELT, EENREEABLTAgDEECMb ST
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DEEEZRH LI, FO9PT, #513 AD BEFEDOH 30%
T BACEl EgRigNL Twa twbhs—7A,
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B T® miR-29a OFEHMAH 30% K2 L, miR-29a/b-1
DOFEBUR - BACEl 0EBaRICAOHEMSBH 5= L 2§
& L e, E#EC, Wang 5° & AD R % MCI (mild
cognitive impairment) BPIERNTLEATOH 5FE
BAmELs, BAROT WIERAMER LERL T, E
AFOHBERICHML TRERMETL T, »oU0@H
L E—/MER (diffuse Lewy body disease: DLB) Réic
D vy miRNA & LT miR-107 ##E L 7=, miR-
107 iz 5B L, AD BET in situ hybridization
ETHRBETHRE N, miR-107 £ 723 £ @ par-
alog 2 BACEl ® mRNA @ 3-UTR # 4 #Frse@m L
T, ADBT miR-107 ORBMIBETL Tz,

7z, bt MEEEROTAERCHLTTIAI = A
PHEBETHEA F L AR D THRET 25 miR-9, miR-
125b %> miR-128 %% AD O ER T L REHSMWML Tw
2 LAEE SR T3, miR-125b I synapsin 1 %
synapsin I Z8icLTH Y, ADRO >+ 7 ARE L
OFEMAELIL TV 5%,

2. RUTILI=ZUHE
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phin #8# L T2 miR8 £+ 3 v ¥ a v zDEFIL
THEEBMANZTE miR-8 2B\ THITT 5 &, atrophin
mRNA L~2vid 2 fEiciinL T, #EMES £ Of
RIZME L 72%%, BBRIC Lee 5* 1T ataxinl D> 3
UTR #8#7 % miR-19, miR-101, miR-130 #3En0ic
ataxinl OB EIH T 5 = L 2R/L, FIC miR-101,

173

miR-130 B 7V F Il TRAL TH D, ataxinl O
3-UTR OoFE@MBUOERCLI-THY 209 £ L ER
PHETLI LS ZOMBMET I EHI, Th
ORI, AEEO mMRNAKEZRY IV F I D
RERD fine tuning’ = £ o T, TOESESERIEL
L@sZLimRaniz, E5ICSCA3 D avdaun
IREFLTRENAZ) =Y tk->TREEN:
miRNA bandam i2, #Y 71 % 3 »BYEEFOTHT
LS 5 LAMREZ ALY,

VI. miBNA ZRALVcia®

ERD LI, W opOMERBICS T miRNA
BEOFO7 74 MCE LMD D, FhLHEERRICH
ELTwaAfEESHD, FOREL miRNA E#0
HME LR DS S5, BEMEB T, A2 Let7T %
¥, v 250 miRNA B SR ET (FRET)
ELTZDEBILZVAShEL-TEY, BRELEE
EoHRET L Lo T b,

BE L mRNAZB T2 AEEL T B0
miRNA s 1 F#O S RNAME S L
‘antagonir’ £PEILH, 2°0- A F LB LNAZEDWL D
PORE ZEEFHOEMTP IV AT o— LRSS H
zHOPEE SR T A%, i, M short-haipin
o2 AX#RNAERMMT S Lic kY miRNA T1H
% LR =851, miRNA-RISC-mRNA HESF
HOMAEZOMFEE LTREL TE D BEELY,
Antagonir RFFIRES PHEAZS 2P 02885
Lo TP OEICET Y ) —TaJRE T H 5 ptenes,
FEHEADT V) — R E FEEN T {, HBEE
SPICFTAAILTRHP LY, BodhiEfER~0T7TY
NY—DOMEXZOBKICAE L > TRKEsEEL 2o
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—7, miRNA Z#aricBA =€ 28413, (L2EEm
miRNA % Drosha 28 & L TO{E%¥ &AL pre-miRNA
BHVENTWAEN, Iy pvo PRIFOBRCIE AV
AR F—REEAVWLEREBRAN miRNAXERTH 5.
shRNA™ % pre-miRNA™ % Pol Il 7o £—F—TH
B3 HENEEsNLTWAL, shRNA OFEFRES
%1 = NEM miRNA & exportin5 OBEHELCTA
AEmRNAORBRBREC L 2FENESEA T
B EOHCHRL T, REBROLLER D2 Polll 7
U E—# —T Drosha £®® pre-miRNA 28R &€ 3
FELREENTWAE™, Pollll 7OoE®—#%—i32t
FEAGRFERIZN, Polll 7oE—F—2AwaI LR
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