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# 1 % RNA interference (RNAi) & microRNA (miRNA)
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# 1 E RNA interference (RNAi) & microRNA (miRNA)
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RNAi-Based Inhibition Specific for
Mutant Alleles in Autosomal Dominant
Diseases: Sequence-Dependent and
-Independent Discrimination of Mutant
and Wild-Type Alleles by siRNA

TAKANORI YOKOTA

1 Introduction

In autosomal recessive diseases, the protein products of the mutant genes are either
not expressed (null mutation) or lose their function. In contrast, in autosomal domi-
nant diseases the protein encoded by the mutant gene usually induces disease due to
its toxic property. This “gain of toxic function” of a mutant protein is predicted to
cause cell death in autosomal-dominant neurodegenerative diseases characterized by
a missense point mutation, such as occurs in familial amyotrophic lateral sclerosis,
familial Alzheimer disease, prion-induced disease, familial Parkinson’s disease, and
familial amyloid neuropathy. For all these familial diseases, a rational approach to
therapy is to develop a method to specifically eliminate the aberrant protein by RNA
interference (RNA1), even if the various mechanisms of cell death are unknown.

RNA interference is the process of sequence-specific, post-transcriptional gene
silencing, initiated by double-stranded RNA (dsRNA). This is a multi-step process that
involves the generation of 21- to 23-nt small interfering RNA (siRNA) and results in
the degradation of the homologous RNA (Elbashir et al. 2001a). The siRNA is long
enough to mediate gene-specific suppression, but short enough to evade the adverse
fates of long dsRNA in mammalian cells (Elbashir et al. 2001a), and is expected to be
a powerful tool for gene therapy of human diseases. In autosomal dominant disease,
a most effective therapeutic approach requires effective reduction or elimination of
the aberrant mutant protein while leaving the wild-type protein intact. In this chapter,
we describe a method to identify the point mutation in familial amyotrophic lateral
sclerosis (ALS) and the expanded CAG repeat in Machado-Joseph disease.

2 Optimal Location of a Mutation for Discriminating
Among Point Mutations in Familial ALS

In order to search for the best position for discriminating a point mutation, we exam-
ined the suppression effects of several siRNAs targeted to G93A SODI, the mutation

Department of Neurology and Neurological Science, Graduate School, Tokyo Medical and Dental
University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519, Tokyo
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A B

Cleavage efficiency(%)
T of mismatch sequence

100
5th 5-GAUGCUGUGGCCGAUGGUG TT-3

7th  5-AAGAUGCUGUGGCCGAUGU TT-3 80
9th  5-CAAAGAUGCUGUGGCCGAU TT-3 60
10th 5-ACAAAGAUGCUGUGGCCGA TT-3

13th 5-CTGACAAAGAUGCUGUGGC TT-3 40

16th 5-TGACTGACAAAGAUGGUGU TT-3 20
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No 5th 7th Sth __10th _ 13th _ 16th
mutation Mutation site

Fig. 1. Effect of a mutation caused by single-nucleotide mismatch in the sense strand on cleav-
age activity of siRNA. Underlined C is the mismatched RNA

causing familial ALS, on the expression of wild-type SOD1 (Fig. 1A). SOD1 expression
was monitored by subcloning the coding sequence of wild-type SOD1 ¢cDNA into the
5" end of the luciferese gene (pGL3-control, Pronega). By changing the mismatch
within the region between the fifth and the sixteenth nucleotides from the 5" end, the
mismatch in siRNA at the thirteenth position was found to cause the greatest decrease
in the cleavage activity of the siRNA (Fig. 1B).

3 siRNA Specific for G93A SOD1 with Point Mutation in
Familial ALS

The siRNAs were demonstrated to cleave the G93A SODI1 mutant, leaving the wild-
type intact. The results of two siRNAs targeting G93A SOD1 and corresponding to
regions 277-297 (siRNA G93A.1) and 275-294 (siRNA G93A.2) are shown in Fig. 2.
Western blot analysis revealed that the siRNA G93A.2 reduced the expression of G93A
SOD1 protein by about 90% when expression efficiency was adjusted to that of co-
transfected GFP (Fig. 2A). The suppression of G93A SOD1 protein by siRNA G93A.2
increased in a dose-dependent manner when the amount of siRNA was increased from
2.5 to 125 nM (data not shown). The siRNA was able to recognize an alteration of only
one nucleotide, because it wild-type SOD1 protein was suppressed to a much lesser
extent than G93A SODI. This was especially the case for siRNAG93A.2, which reduced
expression of the wild-type by only 1.8% (Fig. 2A, B). The suppression effect was con-
firmed by the reduction in GFP fluorescence when siRNA was co-transfected with a
GFP-fused SOD1-expressing plasmid (Fig. 2C), using DsRed fluorescence as a control
for transfection efficiency (data not shown).
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GY3A S50ODI wt SOD]

SiRNA  cont G93A1 GY3A2 cont G93A1 GY3A2
SODI 4

GFP

o
°

100

C

GFP-fused G93A SOD1

o Control
B GYIA SIRNA, 1
B GY3IASIRNA.2

Band intensity (% of control)

G93A S()D] wt SOD1

GFP-fused wild-type SOD1

FiG. 2. Effect of siRNA G93A.1 and .2 on G93A and wild-type SODI1 proteins expressed in 293T
cells as detected by Western blotting (A), and GFP fluorescence (C). B Percentages of band inten-
sity with siRNAG93A.1 compared to that with each mock transfection. siRNA G93A.2 is more
specific for cleaving G93A SOD1 RNA. Values are the mean and SEM. GFP cDNA was fused with
G93A SODI1 gene in the expression plasmids (C). The expression level of the target protein was
adjusted according to the expression level of co-transfected GFP (B) and DsRed fluorescence
(data not shown). Data obtained at 48h after transfections

4 siRNA Specific for the Mutant Allele in
Machado-Joseph Disease Using a Polymorphorism
Related to CAG Repeat Length

There is a C/G polymorphism just after the CAG repeat tract in the Machado-Joseph
(MJD)1 gene. Mutant alleles are always (CAG)nC, whereas normal alleles have both
(CAG)nG and (CAG)nC at similar frequencies (Fig. 3). Several siRNAs were designed
to target the MJD1 RNA sequence, including this C/G polymorphism (data not
shown). The siRNA with a mismatch at the eleventh nucleotide from the 5" end of the
sense sequence was best able to discriminate between mutant and wild-type MJD1
RNAs. .

The mutant MJD1 gene product (ataxin-3), Q79C, was most effectively suppressed
by 25nM of the MJD siRNA MJD. Western blotting showed a 96% decrease in signal
intensity compared with the control (Fig. 4). In contrast, expression of the wild-type
ataxin-3, Q22G, was hardly suppressed by the siRNA.
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F16.3. C/G polymorphorism following the CAG repeat of the MJD1 gene (A) and its bias in fre-
quency in mutant and wild-type alleles in 56 Japanese MJD patients (B)
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FiG. 4A,B. Specific effect of siRNA on the expression of mutant MJD1. A Comparison of the
effect of siRNA MJD3 on Q79C, Q22G, and Q22C expression. Western blot analysis of the effect
of siRNA MJD3 at 25nM on Q79C, Q22G, and Q22C expression. The results of siRNA(-) were
obtained with siRNAs with randomized sequences. B Quantitation of signal intensities. Per-
centage suppression was determined by comparison with the band intensity of the control.
Values are the mean and SEM. Almost no suppression of Q22G expression (5.9%), and mild sup-
pression of Q22C expression (22.5%) were noted using siRNAM]JD at 25nM siRNA, in contrast
to robust suppression of Q79C expression (96.0%)
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1 (cAG)79C| (CAG)22G|

! i3

F1G.5. Secondary structures of (CAG)79C, (CAG)79G, and (CAG)79C mRNA

5 Sequence-Independent Discriminations of Mutant
and Wild-Type Alleles by siRNA

Unexpectedly, MJD siRNA decreased the expression of another wild-type allele, Q22C,
only slightly, although the target sequence in (CAG)79C and (CAG)22C was the same
(Fig. 4, arrowhead). Figure 5 shows the secondary structure of (CAG)79C (CAG)22G
and (CAG)22C RNAs. The difference in cleavage activity by the MJD siRNA between
(CAG)79C and (CAG)22C might have been due to a difference in the secondary struc-
tures of the target RNAs.

6 Discussion

Amyotrophic lateral sclerosis is characterized by the degeneration of lower motor
neurons in the spinal cord and brainstem, and degeneration of the descending motor
pathway in the corticospinal tracts. Although most cases of ALS are sporadic and have
an unknown etiology, 5-10% of ALS cases are familial; of these, approximately 20%
are due to mutations in the gene encoding Cu,Zn superoxide dismutase (SODI1)
(Rosen et al. 1993). Most of the changes in the SOD1 gene in patients with familial
ALS involve a single nucleotide alternation (Radunivic et al. 1996). Recent studies with
transgenic mice and cell-culture models of ALS with SOD1 mutations indicated that
the mutations induce the disease by the toxic properties of the mutant proteins, and
not by a loss of SOD1 activity (Cleveland et al. 1999). Since SOD1 is an important
radical scavenger, discrimination of a single nucleotide mismatch is necessary to sup-
press expression of the mutant allele only, leaving the wild-type protein intact.
Machado-Joseph disease is an autosomal dominant neurodegenerative disorder
characterized clinically by cerebellar ataxia, pyramidal and extrapyramidal signs,
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peripheral neuropathy, and ophthalmoplegia. The number of CAG repeats in the
normal MJD1 gene is between 13 and 36, whereas in the defective gene this range is
between 62 and 84 (Kawaguchi et al. 1994). The pathogenosis of MJD is also con-
sidered to be due to a “gain of toxic function” (Ross 1995; Ikeda et al. 1996). There-
fore, an effective and simple gene therapeutic approach for MJD requires reducing the
amount of the aberrant mutant protein. Furthermore, it might be necessary to reduce
mutant ataxin-3 selectively, leaving the wild-type protein intact, because the wild type
M]JD1 gene product has an important role in cell survival, such as quality control of
processes in the endoplasmic reticulum (Kobayashi et al. 2002) and DNA repair (Wang
et al. 2000). We found that the CAG repeat tract in the MJD1 gene is followed by a C
or G, and there is extreme bias for this C/G polymorphism between mutant and
normal MJD1 alleles; mutant alleles have exclusively (CAG)nC, whereas normal alleles
have both (CAG)nG and (CAG)nC at similar frequencies (Matsumura et al. 1996;
Gaspar et al. 2001) (Fig. 3). We engineered siRNAs to selectively cleave mutant MJD
RNA by targeting the sequence including this C/G polymorphism.

Diverse effects of mismatches between siRNA and target sequences have been
reported. A central single mutation, namely, a mismatch in siRNA at the tenth and
eleventh positions, produces a marked decrease in siRNA cleavage activity (Elbashir
et al. 2001b). Mismatches in the 5" end have a more negligible effect on siRNA cleav-
age activity than those more centrally located. This bias might be linked to the pro-
posed existence of a “ruler” region in the siRNA that is used by the RISC complex to
“measure” the target RNA for cleavage (Holen et al. 2002). Of the six siRNAs exam-
ined in our study, those with mismatches at positions 10 and 13 from the 5" end of the
sense sequence were better able to discriminate mutations than those with outside
mismatches, especially at the 5 end. Our results are consistent with those previously
reported. siRNAs designed for familial ALS and MJD suppressed mutant allele expres-
sion by recognizing the point mutation in SOD1 mRNA and the C/G polymorphism
in MJD1 mRNA.

Surprisingly, there were significant differences in siRNA effects on Q22C and Q79C,
although the target sequences of their siRNAs were identical. This is the first report
of sequence-independent discrimination of mutant and wild-type alleles by siRNA.
One possible reason for this difference is that not all RNA sequences are equally acces-
sible to siRNAs: some sequences might be buried within the secondary structure of
target RNAs, especially when they are highly folded (Yoshinari et al. 2004). We also
observed that the best target site of siRNA for highly folded RNA is almost the same
as that for ribozyme, whose cleavage efficiency is greatly influenced by the secondary
structure of the target RNA (Yokota et al. 2003). The target site of the C/G polymor-
phism is just downstream of the CAG repeat, the secondary structure of which,
according to computer prediction, is a tight stem form. Although we have no data
indicating siRNA MJD3 is more accessible to (CAG)79C than (CAG)22C, a change in
the secondary structure of the MJD RNA due to a large difference of the CAG
repeat length might affect the efficiency of siRNA MJD3 (Fig. 5). Another possible
explanation is that there is a RNA-binding protein which preferentially binds
(CAG)22C over (CAG)79C and thus interferes with the access of siRNA MJD3 to
(CAG)22C RNA.

As demonstrated above, design of an siRNA specific for the mutant allele respon-
sible for autosomal dominant disease is possible even for single-nucleotide alterna-
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tions and change in the secondary structure of the mRNA. However, since these speci-
ficities are not complete, the selection of a highly effective siRNA sequence is neces-
sary for effective discrimination between mutant and wild-type alleles. When the
efficient and safe delivery of siRNA in vivo and the long-term expression of siRNA
are achieved, gene therapy for autosomal dominant diseases will no longer be a dream.
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Abstract

New technologies for treatment of neurological diseases : RNA interference
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RNA interference (RNAi) is a process whereby small noncoding RNAs silence specific genes. It is important
to realize that dsRNAs shorter than 30 base pairs (small interfering RNA : siRNA) could be used to trigger an

. RNAi response in mammals. Using the RNAi machinery, it would be possible to suppress the expression of genes

which cause many intractable neurological diseases. We have been studying to develop gene therapies for neuro-
logical diseases using siRNA. First, we have successfully developed specific siRNAs for many neurological dis-
eases including spinocerebellar ataxias and amyotrophic lateral sclerosis. Sporadic diseases such as Alzheimer’s
disease and cerebral infarction with arteriosclerosis could also be targets of siRNA therapy. SiRNA transgenic
mouse was produced and its crossing with SOD1%4 transgenic mouse revealed almost complete suppression of
the onset of ALS in the SOD1%% and siRNA double transgenic animals. In addition to neurological diseases, there
have been reported many studies on siRNA gene therapies for viral infections, cancers and so on. Vectors such as
adenovirus, adeno-associated virus, and liposome have been developed and improved resulting in sufficient sup-
pression of endogenous genes. The next problem is the delivery of siRNAs. We have succeeded to suppress a

- function of the brain endothelial cells by the hydrodynamic method. Further studies are necessary to deliver

siRNA into the brain parenchyma across the blood brain barrier and to address many questions regarding specific-
ity, efficacy, and safety of siRNA therapy in vivo.
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