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Huntington disease is an autosomal dominant neurodegenerative disorder caused by a toxic expansion in the CAG
repeat region of the huntingtin gene. Oligonucleotide approaches based on RNAi and antisense oligonucleotides
provide promising new therapeutic strategies for direct intervention through reduced production of the causative
mutant protein. Allele-specific and simultaneous mutant and wild-type allele-lowering strategies are being pur-
sued with local delivery to the brain, each with relative merits. Delivery remains a key challenge for translational
success, especially with chronic therapy. The potential of disease-modifying oligonucleotide approaches for Hun-
tington disease will be revealed as they progress into clinical trials.

Introduction

Huntington disease (HD) has the highest prevalence of all autoso-
mal CAG repeat neurodegenerative diseases. The mutant hunting-
tin gene, which has an expansion in the CAG repeat region to more
than 36 CAGs within exon 1 (1), confers toxicity ascribed to the
mutant protein, although mRNA contribution to the disease pro-
cess has yet to be fully tested. Neuropathology is characterized by
striatal and cortical neuronal atrophy (2). Patients with HD usually
develop involuntary movements, cognitive dysfunction, and behav-
ioral changes in the fourth decade of life.

Despite the identification of mutant huntingtin as the genetic
cause of HD in 1993 (1), there is a high unmet need for disease-modi-
fying therapy. Several therapeutic candidates with the potential to
alter the underlying progression of disease have been tested in clinical
trials (3-8). These agents include neuroprotective strategies to coun-
ter the toxic cellular effects of mutant huntingtin protein and cellular
replacement strategies to counter the loss of neurons in the striatum.
Such strategies are indirect and function downstream of the effects
of mutant huntingtin protein. At best, these approaches repair dam-
age after it has occurred. Moreover, mutant huntingtin protein has
multiple deleterious molecular and cellular consequences, each of
which could be the basis of a therapeutic approach. However, target-
ing these individually might be insufficient for significant clinical
benefit (Figure 1). With the advent of oligonucleotide approaches
to gene suppression such as RNAi and antisense oligonucleotides
(ASOs), therapeutic strategies directly targeting the causative gene —
mutant huntingtin — may be developed and tested. In theory, by
reducing huntingtin mRNA levels, the synthesis of mutant hunting-
tin protein would be reduced, representing a strategy upstream in the
pathogenetic process, potentially preventing cellular damage.

Gene silencing through RNAi or ASO action should be a viable
therapeutic strategy in the treatment of HD. Current oligonucle-
otide-based approaches have not allowed for the targeting of mutant
alleles with CAG repeat expansions, such as mutant huntingtin,
with high selectivity or potency in vitro (9, 10). Since wild-type hun-
tingtin has numerous physiological activities in cells that are impor-
tant for neuronal function, complete suppression of both mutant
and wild-type huntingtin may not be desirable (11), and allele-spe-
cific silencing of mutant huntingtin by targeting associated SNPs
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(12-14) represents a promising alternative. Another potential thera-
peutic strategy comprises simultaneous partial (rather than com-
plete) lowering of wild-type and mutant huntingtin expression, with
the aim of reducing mutant huntingtin expression sufficiently for
therapeutic benefit while preserving sufficient wild-type hunting-
tin expression for maintaining normal cellular physiology. Clearly,
specific and potent allelic silencing, if achievable, would be ideally
suited for therapy in autosomal dominant diseases such as HD.

Allele-specific silencing is predicated on experimentally veri-
fied functions of wild-type huntingtin. Huntingtin has multiple
effects in development (15) and neuronal physiology (15), includ-
ing regulation of transcription (16-18), membrane dynamics (19),
mitochondrial efficiency (20), BDNF transcription (15, 21, 22),
autophagy (23-26), and endosomal recycling (ref. 7 and Figure 1).
Huntingtin knockout mice (Hdh7~) exhibit embryonic lethal-
ity by day 8.5, at a time preceding nervous system development
(27). Elimination of wild-type huntingtin in adult mice is associ-
ated with neuronal loss in several brain regions, especially cortex
and striatum, motor deficits, behavioral changes, and shortened
lifespan (11). Overexpression of wild-type huntingtin improves
survival in cultured neuron-derived cells (28, 29) and neuroblas-
toma cells expressing mutant huntingtin (30). Loss of wild-type
huntingtin increases caspase-3 activity and apoptosis (31). Dur-
ing development, elimination of wild-type huntingtin reduces
neuronal survival and produces mice with behavioral changes (32).
Overexpression of wild-type huntingtin in the YAC128 mouse
model of HD reduces the extent of striatal neuropathology (33).

Wild-type huntingtin is associated with vesicles in neurons (34).
Huntingtin in axons moves in anterograde and retrograde direc-
tions (35), and reduction of wild-type protein levels is associated with
reduced BDNF (36) and mitochondrial trafficking in neurons (37).
Post-translational modification of wild-type huntingtin provides fur-
ther regulation of axonal trafficking (38). Wild-type huntingtin forms
acomplex with Rab11 and affects recycling of transferrin receptor and
EAACI, a receptor that controls uptake of cysteine in neurons (39, 40).
Loss of wild-type huntingtin impairs vesicle recycling and increases
production of reactive oxygen species (40). Mutant huntingtin has
similar effects in neurons as disrupting the Rab11 complex (39).

To summarize, elimination of wild-type huntingtin has multiple
harmful impacts on adult neurons: loss of pro-survival mecha-
nisms, decreased levels of an essential growth factor (BDNF), and
impaired axonal trafficking and endosomal recycling, leading to
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accumulation of toxic reactive oxygen species. Thus, silencing of
the huntingtin gene must be done with the recognition that wild-
type huntingtin expression should be maintained at safe levels.
Huntingtin is a large protein (~350 kDa) with many potential
sites of protein interaction, including the polyglutamine region. In
theory, expansion of the polyglutamine series can strengthen pro-
tein interactions or permit new interactions (41). Immunoisolation
and pull-down experiments have been used to create protein net-
works of huntingtin (42, 43). Wild-type huntingtin has many sites
for proteolytic cleavage and may be targeted by caspases, calpains,
and aspartyl proteases (44-47). Mutant huntingtin shares these sites
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Figure 1

Multiple pathogenic mechanisms of mutant huntingtin include loss of
BDNF neurotrophic support for striatal neurons, impaired axonal trans-
port, altered vesicle recycling, mitochondrial dysfunction, increased
autophagy, protein aggregation, and transcriptional dysregulation.
No single aberrant effect of mutant huntingtin explains neuronal dys-
function and early death. Mutant huntingtin disrupts the transcriptional
activation of BDNF expression, thereby reducing BDNF delivery from
cortex to striatum. Striatal neurons depend on BDNF to maintain their
health (21, 22). Huntingtin has been known to associate with vesicles
(34). Mutant huntingtin impairs endosomal recycling (39), thereby
reducing uptake of transferrin receptor and EAAC1, probably among
other recycled receptors (39, 40). Loss of cysteine (EAAC1 recycling
defect) decreases glutathione and increases reactive oxygen species
(40). Mutant huntingtin is associated with impaired axonal trafficking
(37) and loss of BDNF delivery from the cortical to striatal neurons
(36). Mitochondria defects (107) are well described, but it is unclear
whether these are early events. A role in HD pathogenesis of protein
aggregation in nuclear inclusions or cytoplasmic aggregates (48) is not
established. Cell death can occur without generation of mutant hun-
tingtin aggregation (108), and aggregates might be protective (109).
Interference with HDAC efficiency has led to the idea that HDAC inhibi-
tion can counter a harmful effect of mutant huntingtin (110). Autophagy
clears mutant huntingtin associated with organelles; an increase in
autophagy might have therapeutic value (111). A recent review details
these and other postulated molecular mechanisms in HD (15).

of proteolysis (45, 47). It is unclear if differences in cleavage rates
contribute to toxicity of mutant huntingtin fragments through
changes in folding, clearance of mutant huntingtin fragments, or
the propensity for mutant huntingtin (and fragments) to aggregate
or form aberrant protein interactions (48-50). Thus, combinatorial
changes by the mutant huntingtin and its fragments might underlie
complexities in HD pathogenesis. Thus, directly silencing mutant
huntingtin offers a most rational therapeutic strategy.

RNAi and ASOs are the two major approaches to therapeutic
gene suppression (Figure 2). They offer powerful solutions for
selectively inhibiting disease targets, including those such as hun-
tingtin that are difficult to modulate specifically with traditional
pharmaceutical classes such as small molecules or proteins, due
to protein size or intracellular location. Although small-molecule
screens have been conducted, initially to prevent huntingtin aggre-
gation (51) and more recently to reverse pathogenic processes (52),
clinical testing has not yet been initiated with these small mole-
cules. Furthermore, neither the function of the pathogenic protein
nor its interacting partners needs to be known to implement either
protein lowering approach; the only consideration is that excess
protein drives pathology, as is the case with mutant huntingtin
protein. A contribution of mutant mRNA to pathology would
also be susceptible to gene silencing. Both therapeutic approaches
require adequate in vivo delivery of drug; this critical aspect for
drug development is discussed in detail later in this review.

After entry into cells, synthetic siRNAs leverage the naturally
occurring process of RNAI in a consistent and predictable manner
by directing sequence-specific degradation of mRNA. Since siRNAs
harness an endogenous catalytic mechanism, potent and selective
siRNAs with picomolar ECss in vitro can usually be identified if the
starting pool of siRNAs is sufficiently large. Endogenous miRNA
can be derived from a stem-loop structure in which opposite RNA
strands have complementarity (Figure 2). miRNA precursor struc-
tures can be found in introns and give rise to endogenous miRNAs
through a series of enzymatic steps (53). The extent of complementa-
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rity between miRNAs and target mRNAs is quite variable. In theory,
the lack of exact complementarity could lead to off-target miRNA
effects. Recent evidence suggests that the miRNA silencing confers a
slow degradation of target mRINA, in contrast to the abrupt cleavage
found in RNAi (54). ASOs are single-stranded oligodeoxynucleo-
tides of approximately 15-25 nucleotides that suppress the synthe-
sis of the targeted protein. After entering the cell and binding to the
complementary mRNA, ASOs reduce gene expression by enabling
the RNase-H-mediated degradation of the target mRNA or physi-
cally blocking translation of the target mRINA (55).

With careful oligonucleotide sequence design and selection, these
approaches can be highly specific for the target of interest (Table 1),
and appropriate chemical modifications can provide stability in
vivo (56, 57). A preferred sequence design for potential therapeutics
comprises alignment of mRNAs from rodent, monkey, and human
and identification of all possible conserved target regions (58).
Typically, the starting pool comprises hundreds or thousands of
possible sequences. For a large gene such as huntingtin, with a tran-
script size of ~13 kb, approximately 13,000 sequences can be initial-
ly considered as candidates, since the starting pool of sequences is
obtained by tiling across the entire huntingtin transcript (Figure 3).
If sufficient homology exists across species, hundreds of sequences
against conserved regions can be designed and screened in vitro
for subsequent testing in preclinical models and potential clini-
cal advancement. The possible target regions within the mRNA of
interest are subjected to a BLAST-like analysis to select sequenc-
es that are unlikely to result in off-target silencing of genes that
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Figure 2

siRNA, miRNA, and shRNA cellular pathways. With successful delivery,
siRNAs enter the cell and gain access to the cytoplasmic compartment,
where they are incorporated into RNAi silencing complex (RISC). The
RISC complex with the active guide strand (in red) binds the complemen-
tary sequence within the target mRNA, resulting in Argonaut 2—-mediated
cleavage and subsequent mRNA degradation. Endogenous miRNAs are
derived from miRNA genes that are transcribed to primary miRNAs (pri-
mRNA) that are cleaved by Drosha to hairpin precursors (pre-miRNAs)
within the nucleus. Viral delivery of shRNAs requires entry into the
nucleus, where promoter-directed expression of pre-miRNA occurs.
These pre-miRNAs are exported to the cytoplasm by Exportin-5, and
then the hairpin precursor is cleaved by Dicer to form miRNAs that are
incorporated into RISC, leading to mRNA binding and cleavage.

have partial homology to the gene of interest (59). These selected
sequences are evaluated empirically in vitro to identify the most
potent siRNAs from dose-response studies in cell culture systems.

RNAs can potentially stimulate innate immunity (60). With use
of appropriate chemically modified nucleotides (e.g., 2’-O-methyl
substitutions), immune stimulation can be eliminated (Table 1)
without compromising silencing activity (61). These same chemi-
cal modifications, together with modifications at the 3" end such
as phosphorothioate linkages, provide the added benefit of sta-
bility against nucleases that are present in biological fluids (57).
Thus, with appropriate design, selection, and chemical modifica-
tion, potent and specific oligonucleotides can be identified for in
vivo studies and potential clinical testing.

Silencing the gene versus selectively silencing
the mutant allele: a comparison
Allele-specific silencing of mutant huntingtin by targeting associated
SNPs (12-14) and simultaneous partial lowering of wild-type and
mutant huntingtin expression (62, 63) represent alternative poten-
tial therapeutic approaches. shRNAs and siRNAs targeting wild-type
and/or mutant huntingtin have been evaluated in vivo. Suppression
of wild-type huntingtin mRNA in the adult mouse striatum by 70% is
tolerated for atleast 4 months, based on histological evaluation (64).
Partial lowering of mutant huntingtin over months in adult rodent
models of HD is effective in reducing neuropathology, improving
motor behavior, and prolonging survival (62, 63, 65-68). In the first
proof-of-principle studies, the mutant human huntingtin transgene
was selectively suppressed by targeting a region of the huntingtin
gene unique to the human (versus wild-type mouse) transcript (62,
63, 65-68). These experiments therefore addressed an allele-specific
huntingtin-lowering approach and demonstrated significant benefit
on neuropathology and motor behavior with approximately 50%-80%
lowering of mutant huntingtin mRNA in the presence of unaltered
expression of endogenous wild-type gene. However, the effects of
nonallele-specific huntingtin reduction had not yet been evaluated.
Would partial lowering of both mutant and wild-type huntingtin be
tolerated and beneficial in ameliorating the disease phenotype?
Adeno-associated viral delivery of an inhibitory shRNA (62) designed
to silence both mutant human and wild-type endogenous mouse
huntingtin simultaneously were administered into the striatum of
HD-N171-82Q transgenic mice. These mice express a fragment of
human huntingtin containing 82 CAG repeats and exhibit neuropa-
thology in the striatum, loss of body weight, and motor dysfunction.
In this mouse model, intrastriatal administration of RNAI initiated
at 7 weeks of age resulted in suppression of mutant and wild-type
huntingtin mRNAs by approximately 60% and 75% at weeks 11 and
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Comparison of oligonucleotide therapeutic modalities to suppress huntingtin

Parameter siRNA
Route of administration® IPa (68), i.c.v. (76)
Biodistribution Good (IPa) (68)

Dosing paradigm Chronic infusion

Control over drug dose High
Cellular site of action Cytoplasm
Gene specificity High
Allele specificity through SNP targeting High (13, 14)

Allele specificity through CAG targeting
Immune stimulation

Low-medium (112)
No (with chemical
modifications) (70)

RISC sequestration No (114)
Reversibility 2-4 weeks (95)
Clinical experience Multiple trials

(non-CNS)C (115-118)

Viral shRNA
IPa (62, 63) (65, 66)
Good (62, 63, 65)
Bolus injection(s) (62, 63, 65, 66)

ASO

IPa, i.c.v. (97)
Modest (i.c.v.) (98)
Chronic infusion

Low-medium High
Nucleus cytoplasm Nucleus cytoplasm
High High
Potentially high Low-medium (55)
NT Low-medium (69)
NT No (with chemical
modifications, TLR3?) (113)
PossibleB No
Not established >3 months (99)
NoneP Multiple trials (non-CNS)C

(119-123), 1 trial (CNS)E

IPa, intraparenchymal. NT, not tested. ASufficient biodistribution for potential clinical benefit remains to be demonstrated. BPotential for saturation of cellular
miRNA pathway (100); liver toxicity reduced by adjusting shRNA expression (101). ©Completed and in progress. PAAV used and tolerated in clinical studies.
EPhase | trial in amyotrophic lateral sclerosis in progress (ClinicalTrials.gov identifier: NCT01041222).

20, respectively. Histological evaluation for toxicity with markers of
striatal neurons (DARPP32) and microglia (Ibal) showed that after 3
months treatment was well tolerated compared with control groups.
Rotarod performance was improved by 10 and 14 weeks of age in the
treated group. Body weight loss was not affected by intrastriatal treat-
ment, as expected with local administration into the striatum, and
at 18 weeks of age, wild-type mice weighed significantly more than
transgenic mice, independent of treatment. Since the treated and con-
trol transgenic mouse groups were not significantly different in body
weight at 14 or 18 weeks of age, better rotarod performance could not
be attributed to lower body weight. In addition, the treated transgenic
mice exhibited a trend toward extended survival, with more than 75%
of animals surviving to week 20 (when the experiment was termi-
nated) compared with 45% in the control groups. This study demon-
strated that, despite significant suppression of wild-type huntingtin,
lowering of nonallele-specific huntingtin by up to 75% over 3 months
can improve behavioral abnormalities in a transgenic mouse model of
HD and is tolerated based on histological markers.

These observations were extended to longer time frames by evaluat-
ing the impact of concomitant silencing of mutant human and wild-
type mouse huntingtin on neuropathology in one mouse model of
HD (63). Using lentiviral delivery of an shRNA that targets a region
that the two transcripts have in common, the authors reported a sub-
stantial (though not quantified) reduction in huntingtin expression
level. Nine months following co-injection of the vectors with human
htt171-82Q and shRNA, there was amelioration of striatal neuro-
pathology in the treated group compared with the control group,
with almost complete elimination of ubiquitin-stained huntingtin
inclusions and a complete restoration of DARPP-32 staining. Thus,
this study demonstrated that simultaneous suppression of wild-type
and mutant huntingtin over 9 months can essentially normalize two
markers of disease pathology in the striatum (63). Taken together,
these studies support therapeutic potential of simultaneous partial
lowering of wild-type and mutant huntingtin, with the proviso that
a sufficient therapeutic index is demonstrated in more extensive pre-
clinical toxicology studies with chronic dosing.

These studies indicate that reduction of huntingtin can be toler-
ated in mice up to 9 months. The safety of this suppression should be
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contrasted with data (presented earlier) that huntingtin has signifi-
cant roles in the adult brain. Patients with HD will likely need to be
treated for decades, and longer-term neuronal tolerance for reduction
in huntingtin has not yet been determined. Therefore, strategies to
silence the mutant huntingtin allele selectively have been studied.

Ideal genetic therapy in autosomal dominant disease, as in HD,
comprises specific knock down of the mutant allele. CAG repeat
expansion diseases pose a particular complexity to this paradigm.
To date, oligonucleotides targeting the CAG repeat region have
only been reported to distinguish between mutant and wild-type
huntingtin mRNA with modest discrimination (up to ~7-fold selec-
tivity) and/or relatively high (nanomolar) in vitro concentrations
(62, 69),1n contrast to the picomolar potencies typically achieved with
siRNAs in vitro. A significant consideration is the small starting pool
of sequences, which greatly reduces the odds of identifying a potent
molecule and severely limits the possibility of selecting a molecule
that is highly specific for huntingtin over all other genes (Figure 3).
Nonetheless, this is clearly an exciting area of emerging research, and
with further effort, more potent oligonucleotides targeting the CAG
repeat region may be identified, particularly as additional chemical
modifications are applied (70). A key step for this approach will be
to demonstrate selective in vivo silencing of mutant huntingtin by
targeting the CAG repeat region; this has yet to be reported.

An alternative approach to selective silencing of the mutant allele is
SNP targeting. Numerous SNPs have been identified in the hunting-
tin gene and mRNA; several of these SNPs are associated only with the
mutant huntingtin allele. The HD mRNA has been associated with
three SNPs in 75% to 80% of patients with HD (13, 14). Approximately
50% of patients with HD are associated with a SNP that has linkage
disequilibrium with the mutant huntingtin allele and is much less
frequentin the general population. The SNP (RS362307) is located in
the 3' UTR, and only 13% of subjects without HD have this SNP het-
erozygosity. The other sites are found in the open reading frame, exon
39 (RS363125) and exon 57 (RS362237). The latter two SNP hetero-
zygosities are equally present in subjects with and without HD. The
presence of identifiable SNP heterozygosities serves as the foundation
for allelic mRNA silencing, which is distinguishable from gene silenc-
ing (which targets both wild-type and mutant alleles).
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Oligonucleotide therapeutic approaches for lowering huntingtin. Either
a non-allele-specific or an allele-specific approach can be taken. If a
non-allele-specific approach is taken, then the entire huntingtin mRNA
transcript can be used to design oligonucleotide sequences with bio-
informatics algorithms, generating hundreds of sequences for in vitro
potency and selectivity screens. If an allele-specific approach is taken,
then either SNP targeting or CAG targeting are possible options. With
both of these options, tens of sequences can be designed based on
current knowledge of targeting SNPs or the expanded CAG region, for
testing in vitro for potency and selectivity.

Advances in understanding RNAi structure and function make
allele-selective gene silencing practicable by targeting these SNPs.
Since a particular SNP may not be readily susceptible to RNAI, the
presence of SNP heterozygosities expands therapeutic targets in the
mutant allele. Deploying intentional nucleotide mismatches between
the guide strand and the target mRNA can confer nucleotide specific-
ity in silencing. Purine-purine mismatches provide the best nucleo-
tide discrimination (71). Some mutations or SNP heterozygosities are
amenable to siRNA mismatches for providing selectivity. The SNP site
RS362307 in mutant huntingtin linkage disequilibrium is particu-
larly troublesome because it is GC rich and because a single mismatch
is insufficient to discriminate between the wild-type and mutant
huntingtin alleles (14). Ordinarily, mismatch in the seed sequence
can abrogate RNA|, but in the circumstance of huntingtin SNP site
RS362307, dual mismatches provide RNAI allelic discrimination
with more than 10-fold selectivity (14). The selectivity of the siRNA
for mutant huntingtin over other transcripts and the demonstration
of in vivo silencing and doses required remain to be determined.

Practical considerations for a SNP-based RNAi approach to
selectively target mutant huntingtin include sequence specificity
and potency, given the small starting pool of possible allele-specif-
ic sequences for each SNP (Figure 3) versus the more than 13,000
sequences considered for gene silencing of both alleles. Potency
may be improved with chemical modifications (70), but specificity
for huntingtin over other genes is inherent to the oligonucleotide
sequence. Moreover, with a SNP-based approach, multiple allele-
specific drugs would ultimately need to be developed in order
to treat most patients with HD. It is likely that each drug would
require a separate Investigational New Drug-enabling safety/tox-
icity package, and separate drug manufacturing and analytical
chemistry assays would be needed to support initial clinical test-
ing. Approximately 25% of the HD population do not have a SNP
associated with the mutant allele and would not be candidates for
SNP-based RNAI therapy (13, 14).
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Delivery of RNAi therapeutics and ASO

Securing consistent in vivo delivery of siRNA and ASO therapeutic
candidates is critical to treating CNS disorders. These molecules are
not suitable for oral delivery due to poor absorption from the gas-
trointestinal tract, and the blood-brain barrier remains a formidable
challenge for accessing cells within the CNS (72). Thus, these drug
candidates require direct delivery to the brain via intraparenchy-
mal or intracerebroventricular routes of administration (Table 1).
Although transfection reagents have been used to enhance local CNS
delivery in animal models (73-78), such reagents are not required
for successful neuronal delivery and carry risk of cytotoxicity. The
mechanism of siRNA and ASO uptake into CNS neurons with
simple saline formulations is unknown, although there have been
multiple demonstrations of effective oligonucleotide delivery in vivo
(68,79-82). In vivo efficacy studies with siRNAs in the nervous sys-
tem have included inhibition of well-known molecular targets such
as dopamine and serotonin transporters (79, 80), P2X3 (81), d-opi-
oid receptor (74), a-synuclein (82), and huntingtin (68, 76). In these
studies, only the expected phenotypic effects were reported, which
supports the specificity of siRNAs. Silencing huntingtin in mouse
models of HD attenuated neuropathology and behavioral deficits.
In an acute mouse model generated by intrastriatal injection of
adeno-associated virus (AAV) to express a fragment of mutant hun-
tingtin, a single injection of cholesterol-conjugated siRNA target-
ing huntingtin into the adult striatum lowered huntingtin protein
by 66%, resulting in a reduction of neuropil aggregates by approxi-
mately 65%, an amelioration of clasping behavior by approximately
30%-40%, and a reduction in foot slips on a balance beam by approx-
imately 70% (68, 76). In the R6/2 transgenic mouse, which expresses
exon 1 of huntingtin with 144 CAG repeats, a single injection of
siRNA targeting huntingtin into the lateral ventricle at postnatal
day 2 led to approximately 55% decrease in huntingtin mRNA levels
that recovered to baseline after 14 days and resulted in phenotypic
benefit in the adult (68, 76). These studies demonstrate that partial
lowering of huntingtin with direct CNS delivery of siRNA can lead
to substantial effects in mouse models of HD, suggesting that this
approach may provide significant therapeutic benefit.

For chronic treatment of neurodegenerative diseases, continu-
ous or repeated long-term infusion of oligonucleotide directly
into the CNS may be required. Silencing in the CNS after intra-
venous administration of siRNA complexed to the rabies virus
glycoprotein peptide, postulated to be facilitated via interaction
with the nicotinic acetylcholine receptor, has been reported (77).
Successful delivery to intracranial tumors in rats using intrave-
nous administration of a biotinylated siRNA attached via a bio-
tin-streptavidin linker to a transferrin receptor antibody, has also
been reported (83). These approaches need to be confirmed and
optimized for drug development.

For direct delivery of therapeutics into the CNS, implantable infu-
sion systems have been used widely for chronic infusion (Table 1),
e.g., for intrathecal administration of pain medications and for clini-
cal trials of intraparenchymally administered glial cell derived neuro-
trophic factor (GDNEF) for the treatment of Parkinson disease (84-86).
Although differing efficacy results were obtained in the GDNF stud-
ies, the trials provide precedence for the use of implantable infusion
systems for direct intraparenchymal delivery of therapeutics to the
CNS, such as oligonucleotides for the treatment of HD.

Akey remaining challenge for CNS therapeutics, including RNAi
and ASO, is distribution to an area of brain sufficient for a clinically
meaningful effect. Local delivery of siRNA has produced silencing in
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neurons but with limited spatial distribution (56, 68,74, 77,79, 81).
Convection-enhanced delivery is a method of infusing molecules
under positive pressure to actively distribute the molecules through-
out the tissue region of interest. This method has been used suc-
cessfully for delivering small molecules (87, 88), proteins (89-91),
viral vectors (92, 93), and nanoparticles (94) throughout brain tis-
sue regions in animals and humans, resulting in far more extensive
distribution than possible by passive diffusion. For RNAi and ASO
approaches to HD, successful clinical translation of local CNS deliv-
ery will require scaling of drug distribution and effect over distances
substantially greater than those in preclinical species.

How long does the silencing last? The mRNA lowering effect of
siRNAs is durable, gradually returning to baseline over 2 to 4 weeks
after dosing in vivo (Table 1 and ref. 95). ASO effects can persist for
several months following termination of dosing in animals (96).
ASOs targeting huntingtin are being tested in preclinical studies
with direct CNS delivery (ref. 97 and Table 1). The half-lives of
ASOs in mouse and monkey tissues after direct CNS administra-
tion are 2-6 weeks (ref. 98 and Table 1). In the clinic, ASOs are
beginning to be evaluated for the treatment of neurodegenerative
disease, with a Phase I clinical study initiated recently in patients
with amyotrophic lateral sclerosis. In an earlier clinical study of
an ASO targeting apolipoprotein B, the reduction of circulating
apolipoprotein B was found to persist for at least 3 months after
cessation of dosing, likely resulting from the extended half-life of
ASOs in tissue (ref. 99 and Table 1). However, for ASO-based thera-
pies, a significant consideration, as with viral delivery of sShRNA,
is the ability to rapidly terminate drug exposure should there be
safety issues, whether due to on-target or non-specific effects.

AAV and lentivirus are promising neurotrophic vehicles for
the shRNA precursor to siRNA (Figure 2). AAV shRNA has been
demonstrated to successfully silence huntingtin mRNA in trans-
genic HD animal models, reducing mutant huntingtin protein
and delaying onset of disease (65). A complication of the shRNA,
neuronal damage, has been recognized (64). The cause of the
neuronal damage is not established, but medium-sized spiny neu-
rons in the striatum (the same that are first affected in HD) exhib-
ited neurotoxicity. Overexpression of shRNA can interfere with
small RNA pathways (100). A compelling example is overexpression
of AAV-shRNA in mouse liver, which led to hepatocyte death
(100). The cause is unclear, but excess siRNA has been postu-
lated to consume RNAI silencing complex (RISC) components
to a point that normal molecular events are impaired (Table 1).
To alleviate this complication but maintain effective mutant
huntingtin silencing, the stem-loop has been altered to include
miRNA-type structure and the promoter has been changed from
U6 based to Pol-II based (64, 101). With these modifications,
the AAV shRNAmir (short hairpin RNA expressing mictroRNA)
expression is reduced and the RNAi is well tolerated in the brain
(64). It is speculated that the critical changes include the use of
the Pol-II-based promoter and the miRNA-related shuttle, which
protect against overproduction of shRNA. The authors posit that
use of a miRNA shuttle protects against excessive huntingtin
knock down, keeping huntingtin expression to more than 50%
steady state to maintain neuronal health (102).

AAV delivery is epigenetic, while lentivirus becomes integrated
into the cellular genome, with the possibility of disrupting native
genes (103). AAV has many serotypes, expanding the neurotro-
pism and expression of cargo. AAV is not passed between sub-
jects and has no known pathology. It has been used in Phase I
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gene therapy studies of CNS with good safety in Parkinson disease
(104). Human complications are attributed to the surgical admin-
istration of the virus, rather than toxicity of the virus itself (105).
Self-complementary AAV (scAAV) presents an advance in AAV
technology. Traditional AAV is single stranded and needs to form
double-stranded DNA for expression. This process has limited effi-
ciency and slows AAV expression. scAAV contains an inverted repeat
genome that directly forms double-stranded DNA, thereby improv-
ing delivery of the scAAV cargo (106). New directions in AAV-based
therapy could include regulated expression of the shRNAmir, use
of multiple injections into the brain (Table 1) to yield sufficient
spread of the AAV package through bilateral striata and cortex, and
subsequent administration of AAV with different serotypes.

Safety and efficacy, associated with dosing, biodistribution, and
durability, will need to be evaluated further for all forms of gene
silencing: siRNA, ASO, and viral delivery of shRNA. For local CNS
delivery in particular, distribution to the region of interest needs
to be accurate and adequate for potential clinical benefit.

Concluding remarks

RNAi and ASOs provide novel and promising approaches to disease
modification that have been enabled by a unique feature of their
mechanisms of action — direct intervention at the mRNA level to
reduce production of the causative pathogenic protein. Preclinical
studies in animal models of HD have confirmed that siRNAs deliv-
ered by direct CNS administration in saline or in a viral package
silence mutant huntingtin and ameliorate neuropathology as well
as abnormal behaviors. Allele-specific silencing of mutant hunting-
tin versus simultaneous partial lowering of wild-type and mutant
huntingtin represent oligonucleotide therapeutic strategies with
their own relative merits. Practical considerations for allele-specific
approaches that target SNPs associated with the mutant allele or that
target the expanded CAG region include degree of discrimination
between mutant and wild-type huntingtin, selectivity for huntingtin
over other transcripts, doses required for silencing mutant hunting-
tin in vivo, and the number of different SNP-targeting sequences
required to cover the HD population. For all approaches, transla-
tional success will depend on delivery that is scalable to the target
region of interest in HD patients and will support chronic treatment.
Adequate distribution and accurate targeting will need to be shown,
and safety with long-term exposure will need to be demonstrated.
Successful outcomes in these future studies will support clinical test-
ing of oligonucleotide drug candidates in patients, providing for the
first time potential therapies that could substantially modify HD
progression. Demonstrating proof-of-concept for oligonucleotide
therapeutics in HD patients would not only be important for this
patient population but also have far-reaching implications for the
treatment of neurodegenerative diseases in general.
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