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COMPOSITIONS AND METHODS FOR
TREATING MOTOR NEURON DISEASES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application 1s a divisional of U.S.
patent application Ser. No. 16/765,914, filed on May 21,
2020, which 1s a 371 National Stage of PCT/US2018/
063469, filed on Dec. 13, 2018, which claims priority to U.S.
Patent Application No. 62/598,093, filed Dec. 13, 2017, each

of which 1s hereby incorporated by reference 1n 1ts entirety.

STATEMENT OF GOVERNMENT SUPPORT

[0002] This invention was made with government support
under grant NS057482 awarded by the National Institutes of
Health. The government has certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present mnvention relates to compositions and
methods for treating motor neuron diseases.

BACKGROUND

[0004] Two of the most common and deadly motor neuron
diseases are spinal muscular atrophy (SMA), which primar-
1ly manifests in infancy, and amyotrophic lateral sclerosis
(ALS), which generally manifests in adulthood. Both con-
ditions carry a prognosis of 2-3 years, with few eflective
treatment options (Orrell R W, Motor neuron disease: sys-
tematic reviews of treatment for ALS and SMA, Br. Med.
Bull. 2010; 93: 145-59). SMA mortality results from a
degeneration of the spinal motor neurons and consequent
paralysis of muscles that the neurons nnervate.

[0005] Spinal muscular atrophy (SMA) 1s a severe, auto-
somal recessive, neuromuscular disorder and the most com-
mon inherited cause of infant mortality. SMA 1s caused by
mutations 1n the Survival of Motor Neuron 1 (SMN1) gene
and low levels of its translated product, the SMN protein' ™.
In humans, most (~90%) of the SMN protein derives from
SMNI1; an almost identical paralogue, SMN2, expresses the
rest but fails to prevent the onset of disease 1n individuals
lacking SMN1. SMA 1s a uniquely human disease, stemming
from the presence, in H. sapiens alone”, of a copy gene,
SMN2, which 1s invariably present in patients but unable to
prevent disease onset®. The inability of SMN2 to prevent
disease 1s owed to a synonymous, exon 7 C—T nucleotide
transition that alters the splicing pattern of the gene so that
only minimal amounts of full-length (FL) SMN transcript
and correspondingly low levels of functional protein are
expressed from it*>®’. However, since the SMN?2 splicing
defect can be rectified in vitro®” as well as in vivo'“:!!, it has
been the target of choice as a means to a treatment for
SMA'?. A splice-altering mutation within it that results in
diminished levels of the full-length transcript and, conse-
quently, low SMN protein, can be targeted to restore SMN
levels. This strategy has been vigorously pursued as a means
to a treatment for SMA, recently culminating in FDA
approval ol Spinraza®, SMN-inducing antisense oligo-
nucleotide (ASO) drug. However, explanations for how
SMN maintains the health and viability of the neuromuscu-
lar system and why depletion of the protein triggers selective
motor neuron (MN) death remain elusive.

[0006] The SMN protein 1s ubiquitously expressed and
best known for its essential role 1n orchestrating the splicing,
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cascade'>'*; complete loss of protein is lethal™>. Yet, low

levels such as those seen 1n SMA have a decidedly selective
ellect, triggering spinal MN loss and neuromuscular dys-
function'®. In most patients, other organ systems remain
relatively unaflfected. This lack of congruence between the
housekeeping function of the SMN protein and the selective
vulnerability of the nerve-muscle axis to protein depletion
has remained the single most puzzling aspect of the disease.
There 1s still no consensus on whether low SMN 1n muscle
1s truly deleterious and if restoring protein to this tissue will
yield any additional benefit to that observed following
CNS-specific repletion’’"**. Studies indicate that the SMN
protein also plays a role 1n the pathogenesis of other motor
neuron diseases such as amyotrophic lateral sclerosis (ALS).

[0007] Recent work has indicated there are genetic and
etiological similarities between SMA and ALS, namely, a
disruption of RNA processing appears to be mvolved 1n
both. These findings open up the possibility of a common
treatment strategy for SMA and ALS (Gama-Carvalho et al.,
Linking amyotrophic lateral sclerosis and spinal muscular
atrophy through RN A-transcriptome homeostasis: a genom-
ics perspective, ] Neurochem. 2017, 141(1): 12-30). There 1s
still a need to i1dentily effective treatments for SMA, ALS
and other motor neuron disorders.

SUMMARY

[0008] The present disclosure provides for a method of
treating a motor neuron disease in a subject. The present
disclosure provides for a method for treating a neurodegen-
erative disorder, as well as other conditions as described
herein.

[0009] The method may comprise administering an eflec-
tive amount of a nucleic acid molecule encoding a mutant
Hsp70 family member protein (e.g., a mutant Hspa8) to the
subject.

[0010] The method may comprise administering an eflec-
tive amount of a mutant Hsp70 family member protein (e.g.,
a mutant Hspa8) to the subject.

[0011] The mutant Hsp70 family member protein (e.g., a

mutant Hspa8) may comprise a missense mutation, such as
HspaSG4TDR

[0012] The mutant Hsp70 family member protein (e.g., a
mutant Hspa8) may comprise a mutation in a substrate
binding domain of the Hsp70 family member protein (e.g.,
Hspa8). The mutant Hsp70 family member protein (e.g., a
mutant Hspa8) may comprise a mutation in an ATPase
domain of the Hsp70 family member protein (e.g., HspaS8).

[0013] The mutant Hsp70 family member protein (e.g., a
mutant Hspa®8) may have a lower chaperone activity than the
wildtype Hsp70 family member protein (e.g., wildtype
Hspa8). The mutant Hsp70 family member protein (e.g., a
mutant Hspa8) may have a greater microautophagy activity
than the wildtype Hsp70 family member protein (e.g., wild-
type HspaQ8).

[0014] The method may comprise administering an eilec-
tive amount of a modulator of a Hsp70 family member
protein (e.g., Hspa8) to the subject.

[0015] The method may comprise administering an eilec-
tive amount of a nucleic acid molecule encoding a modu-
lator of a Hsp70 family member protein (e.g., Hspa8) to the
subject.

[0016] The modulator may bind to a substrate binding
domain of a Hsp70 family member protein (e.g., HspaS8).
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The modulator may bind to an ATPase domain of a Hsp70
family member protein (e.g., Hspa8).

[0017] The modulator may decrease a chaperone activity
of a Hsp70 family member protemn (e.g., Hspa8). The
modulator may increase a microautophagy activity of a
Hsp70 tamily member protein (e.g., Hspa8).

[0018] In one embodiment, the modulator 1s an inhibitor
of a Hsp70 family member protein (e.g., Hspa8).

[0019] The modulator may be a small molecule, a poly-
nucleotide (e.g., a small mterfering RNA (siRNA) or an
antisense molecule), or an antibody or antigen-binding por-
tion thereof. The modulator may comprise a CRISPR/Cas
system.

[0020] The modulator may be administered to the central
nervous system (CNS) of the subject. The modulator may be
administered to the spinal cord of the subject. The modulator
may be administered by intrathecal injection. The modulator
may be administered orally, intravenously, intramuscularly,
topically, arterially, or subcutaneously.

[0021] The nucleic acid molecule may comprise a recom-
binant adeno-associated virus (AAV) vector, such as AAV9
or any other AAV as described herein.

[0022] The nucleic acid molecule may be administered to
the central nervous system (CNS) of the subject. The nucleic
acid molecule may be administered to the spinal cord of the
subject. The nucleic acid molecule may be admimistered by
intrathecal imjection. The nucleic acid molecule may be
administered orally, intravenously, intramuscularly, topi-
cally, arterially, or subcutancously.

[0023] The method may further comprise administering a
SMN2 splicing modifier to the subject.

[0024] The motor neuron disease may be spinal muscular
atrophy (SMA) and/or amyotrophic lateral sclerosis (ALS).
The motor neuron disease may be hereditary spastic paraple-
gia (HSP), primary lateral sclerosis (PLS), progressive mus-
cular atrophy (PMA), progressive bulbar palsy (PBP), and/
or pseudobulbar palsy.

[0025] The subject may be a mammal, such as a human, a
rodent, or a simian.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] For the purpose of illustrating the invention, there
are depicted 1n drawings certain embodiments of the mnven-
tion. However, the mvention 1s not limited to the precise
arrangements and instrumentalities of the embodiments
depicted 1n the drawings.

[0027] FIGS. 1A-1D. SMN repletion rescues the disease
phenotype of SMA mice. Early postnatal restoration of the
SMN protein (A) extends lifespan, (B) augments SMN 1n
motor neurons; arrows depict nuclear SMN, (C) prevents
neurodegeneration and (D) restores muscle strength as
assessed 1n a grip strength assay.

[0028] FIG. 2. Linkage analysis scores. A genome-wide
SNP analysis of a limited cohort of F2 “typical” and
“modified” mutants by two independent methods indicates
linkage of the modified phenotype to loc1 on chromosomes
9 and 16.

[0029] FIGS. 3A-3E. Suppression of the severe SMA
phenotype 1n model mice. (A) Body weight curves of the
modified SMA mutants and relevant controls (n=20 mice of
cach cohort). (B) Kaplan-Meier curves depicting survival
phenotypes in typically aflected and modified F2 SMA
model mice (n=20 mice of each genotype). (C) Normal
numbers of spinal motor neurons 1n modified SMA mutants.
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nz3, t tests. (D) Spinal cord sections from modified SMA
mutants and controls depicting vGlutl-positive sensory bou-
tons abutting onto the motor neurons. (E) Graph depicting
equivalence in numbers of sensory synapses on motor
neurons of modified SMA mutants and controls. n=3, t tests.
[0030] FIG. 4. Mutant Hspa8 1s less eflicient as a chaper-
one as measured in the luciferase refolding assay suggesting
that 1ts activity 1s shifted toward synaptic microauto-phagy.
[0031] FIGS. S5A-5C. NMIJ electrophysiology 1 mild
SMA mutants. (A) mimiature end-plate potentials (mEPPs),
(B) end-plate potentials (EPPs) and (C) Quantal content
were all found to be restored in mixed (CS7xFVB) SMA
mice homozygous for a region of chromosome 9 harboring
the Hspa8G470R mutation. Note: Wild-type denotes mice
wild-type at the Smn locus. N=3 of each cohort; t test.
[0032] FIGS. 6 A-6C. Evidence of successtul delivery and
expression of therapeutic Hspa8. (A) Hspa8 transcript levels
increase following delivery of the molecule in AAV9 to
model mice. (B) A corresponding increase of the protein 1s
seen. (C) Western blot of therapeutic Hspa8 showing robust
increase 1n the protein in PND14 and PND26 mice above
baseline.

[0033] FIG. 7. The therapeutic version of Hspa8 increases
SMN 1n spinal cord tissue of SMA mice as assessed by
western blot analysis.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

[0034] The present disclosure provides methods of treat-
ing motor neuron diseases, including spinal muscular atro-
phy (SMA) and amyotrophic lateral sclerosis (ALS). A
modulator of a heat shock protein, such as an Hsp70 family
member protein, may be used 1n the present method. Alter-
natively, a mutant heat shock protein/polypeptide may be
used. The method may also serve as an adjunct therapy for
a motor neuron disease, or may be used to treat patients who
do not respond to an existing therapy (e.g., a SMN2 splicing
modiiier).

[0035] The Hsp70 family member proteins include, but
are not limited to, Hspa8 (Hsp70-8, or Hsc70), Hsp70,
Hsp70-2, Hsp70-4, Hsp70-4L, Hsp70-5, Hsp70-6, Hsp70-7,
Hsp70-9, Hsp70-12a, and Hsp70-14.

[0036] The present method of treating a motor neuron
disease 1n a subject may comprise administering an effective
amount of a nucleic acid molecule encoding a mutant Hsp70
family member protein/polypeptide (e.g., Hspa8) to the
subject. The present method may comprise administering an
ellective amount of a mutant Hsp70 family member protein/
polypeptide (e.g., Hspa8) to the subject.

[0037] The mutant Hsp70 family member protein (e.g.,
Hspa8) may have a point mutation, a missense mutation, a
nonsense mutation compared to the wildtype Hsp70 family
member protein (e.g., Hspa8). The mutation may decrease/
disrupt the chaperone activity of the protein (e.g., shifting
the function of the protein toward microautophagy such as
synaptic microautophagy). The mutation may be in the
substrate binding domain of the heat shock proteimn. The
mutation may be in the ATPase domain of the heat shock
protein. In one embodiment, the mutant Hsp70 family
member protein is Hspa8“+'%,

[0038] The mutant Hsp70 family member protein (e.g.,
Hspa8) may have a lower chaperone activity than the
wildtype Hsp70 family member protein (e.g., Hspa8). The
mutant Hsp70 family member protein (e.g., Hspa8) may




US 2024/0016889 Al

have a greater microautophagy activity than the wildtype
Hsp70 family member protein (e.g., Hspa8).

[0039] The nucleic acid molecule encoding the mutant
Hsp70 family member protein (e.g., Hspa8) may comprise a
viral vector, e.g., a recombinant adeno-associated virus
(AAV) vector, encoding the mutant Hsp70 family member
protein (e.g., Hspa8).

[0040] The present method of treating a motor neuron
disease 1n a subject may comprise admimstering an eflective
amount of a modulator of a mutant Hsp70 family member
protein/polypeptide (e.g., Hspa8) to the subject.

[0041] The present method of treating a motor neuron
disease 1n a subject may comprise admimstering an eflective
amount of a nucleic acid molecule encoding a modulator of
a mutant Hsp70 family member protein/polypeptide (e.g.,
Hspa8) to the subject.

[0042] In one embodiment, the modulator binds to a
substrate binding domain of a Hsp70 family member protein
(e.g., Hspa8). In another embodiment, the modulator binds
to an ATPase domain of a Hsp70 family member protein
(c.g., Hspa8).

[0043] The modulator may decrease a chaperone activity
of a Hsp70 family member protein (e.g., Hspa8). The
modulator may increase a microautophagy activity of a
Hsp70 family member protein (e.g., Hspa8). In one embodi-
ment, the modulator 1s an inhibitor of a Hsp70 family
member protein (e.g., Hspa8).

[0044] The modulator may be a small molecule, a poly-
nucleotide (e.g., a small mterfering RNA (siRNA) or an
antisense molecule), or an antibody or antigen-binding por-
tion thereof. The modulator may comprise a CRISPR/Cas9
system.

[0045] The nucleic acid molecule encoding the modulator
of a mutant Hsp70 family member protein/polypeptide (e.g.,
Hspa8) may comprise a viral vector, e.g., a recombinant
adeno-associated virus (AAV) vector, encoding the modu-
lator of a mutant Hsp70 family member protein/polypeptide
(c.g., Hspa8).

[0046] The present composition and method may result 1n
an increase 1n the autophagy (e.g., microautophagy) activity
of a Hsp70 family member protein (e.g., Hspa8), where the
autophagy (e.g., microautophagy) activity of a Hsp70 family
member protein (e.g., Hspa8) aflected by the present com-
position and method 1s (at least) about 2-1old, (at least) about
3-fold, (at least) about 4-fold, (at least) about 5-fold, (at
least) about 6-fold, (at least) about 7-fold, (at least) about
8-fold, (at least) about 9-fold, (at least) about 10-fold, (at
least) about 1.1-1fold, (at least) about 1.2-fold, (at least) about
1.3-fold, (at least) about 1.4-fold, (at least) about 1.5-fold,
(at least) about 1.6-fold, (at least) about 1.8-fold, at least
2-fold, at least 3-fold, at least 4-fold, at least 5-fold, at least
6-fold, at least 7-fold, at least 8-fold, at least 9-1fold, at least
10-fold, (at least) about 15-fold, (at least) about 20-fold, (at
least) about 50-fold, (at least) about 100-1old, (at least) about
120-1old, from about 2-fold to about 500-fold, from about
1.1-fold to about 10-tfold, from about 1.1-fold to about
5-fold, from about 1.5-fold to about 5-fold, from about
2-fold to about 5-fold, from about 3-fold to about 4-fold,
from about to about 10-fold, from about S-fold to about
200-1old, from about 10-fold to about 150-fold, from about
10-fold to about 20-fold, from about 20-fold to about
150-told, from about 20-fold to about 50-fold, from about
30-fold to about 150-fold, from about 50-fold to about
100-1old, from about 70-fold to about-150 fold, from about
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100-fold to about 150-fold, from about 10-fold to about
100-fold, from about 100-fold to about 200-fold,of the
original autophagy (e.g., microautophagy) activity of a
Hsp70 family member protein (e.g., Hspa8) (in the absence
of the present composition and method).

[0047] The present composition and method may result 1n
a decrease in the chaperone activity of a Hsp70 family
member protein (e.g., Hspa8), where the chaperone activity
of a Hsp70 family member protein (e.g., Hspa8) aflected by
the present composition and method 1s no greater than 90%,
no greater than 85%, no greater than 80%, no greater than
715%, no greater than 70%, no greater than 65%, no greater
than 60%, no greater than 355%, no greater than 50%, no
greater than 45%, no greater than 40%, no greater than 35%,
no greater than 30%, no greater than 25%, no greater than
20%, no greater than 15%, no greater than 10%, about 10%
to about 90%, about 15% to about 80%, about 20% to about
70%, about 25% to about 60%, about 30% to about 50%,
about 30% to about 40%, about 25% to about 40%, about
20% to about 30%, about 25% to about 35%, about 10% to
about 30%, about 5%, about 10%, about 15%., about 20%,
about 25%, about 30%, about 35%, about 40%, about 45%,
about 50%, about 55%, about 60%, about 65%, about 70%,
about 75%, about 80%, about 85%, about 90%, about 95%,
about 20% to about 50%, about 12.5% to about 80%, about
20% to about 70%, about 25% to about 60%, or about 25%
to about 50%, about 1% to about 100%, about 5% to about
90%, about 10% to about 80%, about 5% to about 70%,
about 5% to about 60%, about 10% to about 50%, about
15% to about 40%, about 5% to about 20%, about 1% to
about 20%, about 10% to about 30%, about 5% about 10%,
about 20%, about 30%, about 40%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 100%, about 10%
to about 90%, about 12.5% to about 80%, about 20% to
about 70%, about 25% to about 60%, or about 25% to about
50%, of the original chaperone activity of a Hsp70 family
member protein (e.g., Hspa8) (in the absence of the present
composition and method).

[0048] The present composition and method may result 1n
an increase 1n motor neuron number, neuromuscular junc-
tion (NMJ) electrophysiology (e.g., mimiature end-plate
potentials (mEPPs), end-plate potentials (EPPs), (Quantal
content), neurotransmission at the NMJ, muscle strength,
ctc. of the subject, where the motor neuron number, neuro-
muscular junction (NMJ) electrophysiology (e.g., miniature
end-plate potentials (mEPPs), end-plate potentials (EPPs),
Quantal content), neurotransmission at the NMJ, muscle
strength, etc. of the subject aflected by the present compo-
sition and method 1s (at least) about 2-fold, (at least) about
3-fold, (at least) about 4-fold, (at least) about 5-fold, (at
least) about 6-fold, (at least) about 7-fold, (at least) about
8-fold, (at least) about 9-fold, (at least) about 10-fold, (at
least) about 1.1-1old, (at least) about 1.2-1old, (at least) about
1.3-fold, (at least) about 1.4-fold, (at least) about 1.5-1old,
(at least) about 1.6-fold, (at least) about 1.8-fold, at least
2-fold, at least 3-fold, at least 4-fold, at least 5-fold, at least
6-fold, at least 7-fold, at least 8-fold, at least 9-fold, at least
10-1fold, (at least) about 13-fold, (at least) about 20-fold, (at
least) about 50-fold, (at least) about 100-1old, (at least) about
120-fold, from about 2-fold to about 500-fold, from about
1.1-fold to about 10-fold, from about 1.1-fold to about
5-fold, from about 1.5-fold to about 5-fold, from about
2-fold to about 5-fold, from about 3-fold to about 4-fold,
from about 5-fold to about 10-fold, from about 5-fold to
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about 200-fold, from about 10-fold to about 150-fold, from
about 10-fold to about 20-fold, from about 20-fold to about
150-1told, from about 20-fold to about 50-fold, from about
30-fold to about 150-fold, from about 50-fold to about
100-fold, from about 70-fold to about-150 fold, from about
100-fold to about 150-fold, from about 10-fold to about
100-fold, from about 100-fold to about 200-fold, of the
motor neuron number, neuromuscular junction (NMJ) elec-
trophysiology (e.g., miniature end-plate potentials (mEPPs),
end-plate potentials (EPPs), Quantal content), neurotrans-
mission at the NMJ, muscle strength, etc. of the subject in
the absence of the present composition and method.

[0049] The present composition and method may result 1n
a decrease 1n the neurodegeneration, morphological abnor-
malities of the neuromuscular junctions (NMlJs), etc. of the
subject, where the neurodegeneration, morphological abnor-
malities of the neuromuscular junctions (NMJs), etc. of the
subject allected by the present composition and method 1s no
greater than 90%, no greater than 85%, no greater than 80%,
no greater than 75%, no greater than 70%, no greater than
65%, no greater than 60%, no greater than 55%, no greater
than 50%, no greater than 43%, no greater than 40%, no
greater than 35%, no greater than 30%, no greater than 25%,
no greater than 20%, no greater than 15%, no greater than

10%, about 10% to about 90%, about 15% to about 80%,
about 20% to about 70%, about 25% to about 60%, about
30% to about 50%, about 30% to about 40%, about 25% to
about 40%, about 20% to about 30%, about 25% to about
35%, about 10% to about 30%, about 5%, about 10%, about
15%, about 20%, about 25%, about 30%, about 35%, about
40%, about 45%, about 50%, about 55%, about 60%, about
65%, about 70%, about 75%, about 80%, about 85%., about
90%, about 95%, about 20% to about 50%, about 12.5% to
about 80%, about 20% to about 70%, about 25% to about
60%, or about 25% to about 50%, about 1% to about 100%,
about 5% to about 90%, about 10% to about 80%, about 5%
to about 70%, about 5% to about 60%, about 10% to about
50%, about 15% to about 40%, about 5% to about 20%,
about 1% to about 20%, about 10% to about 30%, about 5%,
about 10%, about 20%, about 30%, about 40%, about 50%,
about 60%, about 70%, about 80%, about 90%, about 100%,
about 10% to about 90%, about 12.5% to about 80%, about
20% to about 70%, about 25% to about 60%, or about 25%
to about 50%, of the neurodegeneration, morphological

abnormalities of the neuromuscular junctions (NMJs), etc.

of the subject 1n the absence of the present composition and
method.

[0050] The present disclosure provides for a method of
treating a neurodegenerative disorder, including motor neu-
ron diseases, 1n a subject, the method comprising adminis-
tering to the subject an agent that upregulates microau-
tophagy (e.g., synaptic microautophagy).

[0051] The present method and composition may amelio-
rate the symptoms of a motor neuron disease 1n a subject.
The present method and composition may result 1n at least
partial correction of neuropathology and/or alleviation and/
or prevention and/or stabilization and/or slowing of disease
progression, and/or progression of the symptoms of the
motor neuron disease. The present method and composition
may prevent motor neuron death and muscle degeneration,
and/or delay the onset of paralysis and death.
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[0052] The present pharmaceutical composition may com-
prise, or consist essentially of (or consist of), a nucleic acid
molecule encoding a mutant Hsp70 family member protein
(e.g., Hspa8).

[0053] The present pharmaceutical composition may com-
prise, or consist essentially of (or consist of), a mutant
Hsp70 family member protein (e.g., Hspa8).

[0054] The present pharmaceutical composition may coms-

prise, or consist essentially of (or consist of), a modulator of
an Hsp70 family member protein (e.g., Hspa8).

[0055] The present pharmaceutical composition may com-
prise, or consist essentially of (or consist of), a nucleic acid
molecule encoding a modulator of an Hsp70 family member
protein (e.g., HspaQ8).

[0056] The present pharmaceutical composition (the
nucleic acid molecule encoding the mutant Hsp70 family
member protein (e.g., Hspa8), the mutant Hsp70 family
member protein (e.g., Hspa8), the modulator of an Hsp/70
family member protein (e.g., Hspa8), or a nucleic acid
molecule encoding a modulator of an Hsp70 family member
protein (e.g., Hspa8)) may be administered to the central
nervous system (CNS) of the subject. The present pharma-
ceutical composition may be administered to the spinal cord
or brain (e.g., the brainstem region) of the subject. The
present pharmaceutical composition may be administered by
intrathecal, intraventricular (known also as intracerebroven-
tricular or ICV), intracranial, or intramuscular administra-
tion (e.g., injection). The present pharmaceutical composi-
tion may be administered to a particular ventricle, e.g., to the
lateral ventricles or to the fourth ventricle of the brain. The
present pharmaceutical composition may be administered by
stereotaxic microinjection.

[0057] In one embodiment, the present pharmaceutical
composition may be administered via a pump. Such pumps
are commercially available, for example, from Alzet (Cuper-
tino, Calif.) or Medtronic (Minneapolis, Minn) The pump
may be implantable. Another way to administer the present
pharmaceutical composition 1s to use a cannula or a catheter.

[0058] The present pharmaceutical composition may be
administered intrathecally, orally, intravenously, ntramus-
cularly, topically, arterially, or subcutaneously.

[0059] The present composition and methods may be used
to treat a neurodegenerative disorder, including motor neu-
ron diseases. Non-limiting examples of motor neuron dis-
cases mclude, spinal muscular atrophy (SMA), amyotrophic
lateral sclerosis (ALS), spinal bulbar muscular atrophy
(SBMA), hereditary spastic paraplegia (HSP), primary lat-
eral sclerosis (PLS), progressive muscular atrophy (PMA),
progressive bulbar palsy (PBP), and pseudobulbar palsy.

[0060] The present composition and methods may be used
to treat a condition with defects 1n neurotransmission stem-

ming from perturbed synaptic autophagy.

[0061] In certain embodiments, the present composition
and methods may primarily act at the neuromuscular syn-
apse, enhancing neurotransmission without a significant
cllect on SMN levels. In certain embodiments, the present
composition and methods may increase SMN levels.

[0062] The present composition and methods may also be
used to treat conditions including, but not limited to, spinal
cerebellar ataxia, spinal muscular atrophy, traumatic spinal
cord mjury, and Tay-Sachs disease.

[0063] The present method may further comprise admin-
istering a SMN2 splicing modifier to the subject.
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[0064] The heat shock protein may be an Hsp70 family
member protein, including, but not limited to, HspaQ8
(Hsp70-8, Hsc70), Hsp70, Hsp70-2, Hsp70-4, Hsp70-4L,
Hsp70-5, Hsp70-6, Hsp70-7, Hsp70-9, Hsp70-12a, and
Hsp70-14.

[0065] Heat shock 70 kDa protein 8 (Hspa8), also known
as Hsp70-8 or Hsc/70, 1s a heat shock protein that 1n humans
1s encoded by the HSPAS gene on chromosome 11 (Gene ID
3312). The murine HSPAS has a Gene ID of 15481. As a
member of the heat shock protein family and a chaperone
protein, it facilitates the proper folding of newly translated
and misfolded proteins, as well as stabilize or degrade
mutant proteins. Its functions contribute to biological pro-
cesses 1ncluding signal transduction, apoptosis, autophagy,
protein homeostasis, and cell growth and differentiation.
Mayer et al., Hsp70 chaperones: cellular functions and
molecular mechanism, Cellular and Molecular Life Sci-
ences, 2003, 62 (6): 670-684. The Hsp'70 proteins have three
major functional domains: an N-terminal ATPase domain, a
substrate binding domain, and a C-terminal domain.

[0066] The NCBI Reference Sequence (RefSeq) accession
numbers for human Hspa8 mRINA may include NM_006597
and NM_153201. The NCBI RefSeq accession numbers for
human Hspa8 protein may 1include NP_006388 and
NP_694881. The NCBI RefSeq accession numbers for
murine Hspa8 mRNA may include NM_031165 and
NM_001364480. The NCBI RefSeq accession numbers for
murine Hspa8 protein may include NP_112442 and

NP_001351409.

[0067] There may be a number of different 1soforms for
cach of these heat shock proteins discussed 1n this disclo-
sure, provided herein are the general accession numbers,
NCBI Reference Sequence (RefSeq) accession numbers,
GenBank accession numbers, and/or UniProt numbers to
provide relevant sequences. The proteins/polypeptides may
also comprise other sequences. Any 1soform and transcript
variants of the Hsp70 family member protein (e.g., Hspag)
are encompassed by the present disclosure.

[0068] The present modulator may modulate the activity
and/or level of any 1soform of the heat shock protein (e.g.,
an Hsp70 family member protein such as Hspa8). The
present modulator may modulate the activity and/or level of
a wild-type or mutant heat shock protein (e.g., an Hsp70
family member protein such as Hspa8).

[0069] The term “Hspa8”, “Hspa8” “HSPAS” or “HSPAR”
1s meant to include the DNA, RNA, mRNA, cDNA, recom-
binant DNA or RNA, or the protein arising from the gene.
As used herein, Hspa8 can refer to the gene or the protein
encoded by the gene, as appropriate 1n the specific context
utilized. Additionally, 1n certain contexts, the reference will
be to the mouse gene or protein, and 1n others the human
gene or protein as appropriate in the specific context.

[0070] The present composition and methods may be used
in combination with other therapeutic treatments for the
condition, such as an agent that increases the level of SMN
protein. For example, the agent may be a SMN2 splicing
modifier. The SMN2 splicing modifier may act by shifting
SMN2 pre-mRNA splicing toward the production of full
length SMIN mRNA. The SMN2 splicing modifier may
modulate alternate splicing of the survival motor neuron 2
(SMIN2) gene, functionally converting 1t into SMN1 gene,
thus increasing the level of SMN protein in the CNS (e.g.,
Spinraza®). The other therapeutic treatments may nhibit
glutamate release (e.g., riluzole). The other therapeutic
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treatments may be a metalloporphyrin that neutralizes reac-
tive oxygen and nitrogen species. The other therapeutic
treatments may be a JNK Inhibitor, or an antioxidant that
scavenges reactive oxygen species (ROS) and inhibits proin-
flammatory responses.

[0071] The routes of administration of the pharmaceutical
compositions include oral, intravenous, subcutaneous, intra-
muscular, inhalation, or intranasal administration. Addition-
ally, specifically targeted delivery of the present composition
(comprising, €.g., nucleic acid, peptide, or small molecule)
could be delivered by targeted liposome, nanoparticle or
other suitable means.

[0072] The amount and/or activity of an Hsp70 family
member protein (e.g., Hspa8) may be downregulated by
RNA interference or RNA1 (such as small interfering RNAs
or siRNAs, small hairpin RNAs or shRNAs, microRNAs or
miRNAs, a double-stranded RNA (dsRNA), etc.), antisense
molecules, and/or ribozymes targeting the DNA or mRNA
encoding the an Hsp’70 family member protein (e.g., Hspa8).
The amount and/or activity of the an Hsp70 family member
protein (e.g., Hspa8) may be downregulated by gene knock-
out. The amount and/or activity of an Hsp70 family member
protein (e.g., Hspa8) may be downregulated by the cluster
regularly interspaced short palindromic repeat-associated
nuclease (CRISPR) technology.

[0073] The amount and/or activity of an Hsp70 family
member protein (e.g., Hspa8) may be modulated by intro-
ducing polypeptides (e.g., antibodies) or small molecules
which 1nhibit gene expression or functional activity of the an
Hsp70 family member protein (e.g., Hspa8).

[0074] Agents that bind to or modulate, such as down-
regulating the amount, activity or expression of an Hsp/70
family member protein (e.g., Hspa8), may be administered
to a subject or target cells. Such an agent may be adminis-
tered 1n an amount eflective to down-regulate expression
and/or activity of the an Hsp70 family member protein (e.g.,
Hspa8), or by activating or down-regulating a second signal
which controls the expression, activity or amount of the
Hsp70 family member protein (e.g., Hspa8).

[0075] Methods and compositions of the present disclo-
sure¢ may be used for prophylaxis as well as treating a
disease as described herein (such as a motor neuron disease).

[0076] For prophylaxis, the present composition may be
administered to a subject 1n order to prevent the onset of one
or more symptoms ol a disease such as a motor neuron
disease. In one embodiment, the subject 1s asymptomatic. A
prophylactically eflective amount of the agent or composi-
tion 1s administered to such a subject. A prophylactically
ellective amount 1s an amount which prevents the onset of
one or more symptoms of the disease such as a motor neuron
disease.

[0077] The present compositions may be used 1n vitro or
administered to a subject. The administration may be topi-
cal, intravenous, intranasal, or any other suitable route as
described herein.

[0078] The present methods may utilize adeno-associated
virus (AAV) mediated gene delivery. Additionally, delivery
vehicles such as nanoparticle- and lipid-based nucleic acid
or protein delivery systems can be used as an alternative to
viral vectors. Further examples of alternative delivery
vehicles include lentiviral vectors, lipid-based delivery sys-
tem, gene gun, hydrodynamic, electroporation or nucleofec-
tion microinjection, and biolistics. Various gene delivery
methods are discussed 1n detail by Nayerossadat et al. (4dv
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Biomed Res. 2012; 1: 2'7) and Ibraheem et al. (Int J Pharm.
2014 Jan. 1; 459(1-2):70-83).

[0079] The present methods may use nanoparticle-based
siRNA delivery systems. The nanoparticle-formulated
siRNA delivery systems may be based on polymers or
liposomes. Nanoparticles conjugated to the cell-specific
targeting ligand for effective siRNA delivery can increase
the chance of binding the cell surface receptor. The nan-
oparticles may be coated with PEG (polyethylene glycol)
which can reduce uptake by the reticuloendothelial system
(RES), resulting in enhanced circulatory hali-life. Various
nanoparticle-based delivery systems such as cationic lipids,
polymers, dendrimers, and inorganic nanoparticles may be
used 1n the present methods to provide effective and eflicient
siIRNA delivery 1n vitro or in vivo.

[0080] The present composition may be administered by
bolus mjection or chronic mnfusion. The present composition
may be administered directly into the central nervous system
(CNS). The present composition may be administered sys-
temically. The present composition may be administered by
topical administration, intraocular administration, parenteral
administration, intrathecal administration, subdural admin-
istration, and/or subcutaneous administration. The present
composition may be administered at or near the site of the
disease, disorder or 1njury, in an effective amount.

[0081] The present composition may be administered 1n a
local or systemic manner, for example, via injection directly
into the desired target site, e.g., in a depot or sustained
release formulation. The composition may be administered
in a targeted drug delivery system, for example, 1n liposomes
or nanoparticles coated with tissue-specific or cell-specific
ligands/antibodies. The liposomes or nanoparticles will be
targeted to and taken up selectively by the desired tissue or
cells. A summary of various delivery methods and tech-
niques of siIRNA administration 1n ongoing clinical trials 1s
provided in Zuckerman and Davis 2015; Nature Rev. Drug
Discovery, Vol. 14: 843-856, December 2015. In some
embodiments, the level of an Hsp70 family member protein
(c.g., Hspa8) 1s decreased mn a desired target cell. The
expression of the Hsp70 family member protein (e.g.,
Hspa8) may be specifically decreased only 1in the desired
target cell (i.e., those cells which are predisposed to the
condition, or exhibiting the disease already), and not sub-
stantially in other non-diseased cells. In these methods,
expression of the Hsp70 family member protemn (e.g.,
Hspa8) may not be substantially reduced in other cells, 1.e.,
cells which are not desired target cells. Thus, 1 such
embodiments, the level of the Hsp70 family member protein
(c.g., Hspa8) remains substantially the same or similar in
non-target cells i the course of or following treatment.

[0082] The vectors comprising the present nucleic acid
may be delivered into host cells by a suitable method.
Methods of delivering the present composition to cells may
include transfection of nucleic acids or polynucleotides
(e.g., using reagents such as liposomes or nanoparticles);
clectroporation, delivery of protein, e.g., by mechanical
deformation (see, e.g., Sharei et al. Proc. Natl. Acad. Sci.
USA (2013) 110(6): 2082-2087); or viral transduction.
Exemplary viral vectors include, but are not limited to,
recombinant retroviruses, alphavirus-based vectors, and
adeno-associated virus (AAV) vectors. In some embodi-
ments, the vectors are retroviruses. In some embodiments,
the wvectors are lentiviruses. In some embodiments, the
vectors are adeno-associated viruses.
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[0083] Vectors of the present disclosure can comprise any
of a number of promoters known to the art, wherein the
promoter 1s constitutive, regulatable or inducible, cell type
specific, tissue-specific, or species specific. In addition to the
sequence suflicient to direct transcription, a promoter
sequence ol the invention can also include sequences of
other regulatory elements that are involved in modulating
transcription (e.g., enhancers, kozak sequences and 1ntrons).
Many promoter/regulatory sequences useful for driving con-
stitutive expression of a gene are available 1n the art and
include, but are not limited to, for example, CMV (cyto-
megalovirus promoter), EFla (human elongation factor 1
alpha promoter), SV40 (simian vacuolating virus 40 pro-
moter), PGK (mammalian phosphoglycerate kinase pro-
moter), Ubc (human ubiquitin C promoter), human beta-
actin promoter, rodent beta-actin promoter, CBh (chicken
beta-actin promoter), CAG (hybrid promoter contains CMV
enhancer, chicken beta actin promoter, and rabbit beta-
globin splice acceptor), TRE (Tetracycline response element
promoter), H1 (human polymerase III RNA promoter), U6
(human U6 small nuclear promoter), and the like. Moreover,
inducible and tissue specific expression of an RNA, trans-
membrane proteins, or other proteins can be accomplished
by placing the nucleic acid encoding such a molecule under
the control of an inducible or tissue specific promoter/
regulatory sequence. Examples of tissue specific or induc-
ible promoter/regulatory sequences which are usetul for this
purpose include, but are not limited to, the rhodopsin
promoter, the MMTV LTR inducible promoter, the SV40
late enhancer/promoter, synapsin 1 promoter, ET hepatocyte
promoter, GS glutamine synthase promoter and many oth-
ers. Various commercially available ubiquitous as well as
tissue-specific promoters can be found at hail ww.invivogen.
com/prom-a-list and https://www.addgene.org/. In addition,
promoters which are well known 1n the art can be mduced
in response to inducing agents such as metals, glucocorti-
coids, tetracycline, hormones, and the like, are also contem-
plated for use with the invention. Thus, 1t will be appreciated
that the present disclosure includes the use of any promoter/
regulatory sequence known in the art that 1s capable of
driving expression of the desired protein operably linked
thereto.

[0084] Vectors according to the present disclosure can be
transformed, transfected or otherwise introduced into a wide
variety of host cells. Numerous methods of transfection are
known to the ordinarily skilled artisan, for example, lipo-
fectamine, calcium phosphate co-precipitation, electropora-
tion, DEAE-dextran treatment, microinjection, viral trans-
duction, and other methods known 1n the art. Transduction
refers to entry of a virus 1nto the cell and expression (e.g.,
transcription and/or translation) of sequences delivered by
the viral vector genome. In the case of a recombinant vector,
“transduction” generally refers to entry of the recombinant
viral vector mnto the cell and expression of a nucleic acid of
interest delivered by the vector genome.

[0085] The administration regimen may depend on several
factors, including the serum or tissue turnover rate of the
therapeutic composition, the level of symptoms, and the
accessibility of the target cells i the biological matrix.
Preferably, the administration regimen delivers suflicient
therapeutic composition to eflect improvement in the target
disease state, while simultaneously minimizing undesired
side eflects.
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[0086] In accordance with the present disclosure, there
may be numerous tools and techniques within the skill of the
art, such as those commonly used 1n molecular immunology,
cellular immunology, pharmacology, and microbiology (see,
e.g., Sambrook et al. (2001) Molecular Cloning: A Labora-
tory Manual. 3rd ed. Cold Spring Harbor Laboratory Press:
Cold Spring Harbor, N.Y.; Ausubel et al. eds. (2005) Current
Protocols 1n Molecular Biology. John Wiley and Sons, Inc.:
Hoboken, N.J.; Bonifacino et al. eds. (2005) Current Pro-
tocols 1n Cell Biology. John Wiley and Sons, Inc.: Hoboken,
N.I.; Coligan et al. eds. (20035) Current Protocols 1n Immu-
nology, John Wiley and Sons, Inc.: Hoboken, N.J.; Coico et
al. eds. (2003) Current Protocols in Microbiology, John
Wiley and Sons, Inc.: Hoboken, N.J.; Coligan et al. eds.
(20035) Current Protocols 1n Protein Science, John Wiley and
Sons, Inc.: Hoboken, N.J.; and Enna et al. eds. (2003)
Current Protocols in Pharmacology, John Wiley and Sons,
Inc.: Hoboken, N.J.)

[0087] As used herein, the term “modulator” refers to
agents capable of modulating (e.g., down-regulating,
decreasing, suppressing, or upregulating, increasing) the
level/amount and/or activity of the heat shock protein (e.g.,
HspaQ8).

[0088] As used herein, the term “inhibitor” refers to agents
capable of down-regulating or otherwise decreasing or sup-
pressing the level/amount and/or activity of the heat shock
protein (e.g., HspaS8).

[0089] The mechanism of modulation may be at the
genetic level (e.g., modulating such as interfering with,
inhibiting, down-regulating, decreasing, suppressing, or
upregulating, increasing, expression, transcription or trans-
lation, etc.) or at the protein level (e.g., binding, competition,
etc.).

[0090] The mechanism of inhibition may be at the genetic
level (e.g., imnterterence with or inhibit expression, transcrip-
tion or translation, etc.) or at the protein level (e.g., binding,
competition, etc.).

[0091] The present modulators may be a small molecule,
a polynucleotide, a polypeptide, or an antibody or antigen-
binding portion thereof. In one embodiment, the polynucle-
otide 1s a small interfering RNA (siRNA) or an antisense
molecule.

[0092] In one embodiment, the modulator 1s a CRISPR
(clustered regularly 1nterspaced short palindromic repeats)-
Cas system specific for the heat shock protein (e.g., HspaS8).
[0093] A wide variety ol suitable modulators may be
employed, guided by art-recognized criteria such as eflicacy,
toxicity, stability, specificity, half-life, etc.

Modulators of Heat Shock Proteins

Small Molecule Modulators

[0094] As used herein, the term “small molecules” encom-
passes molecules other than proteins or nucleic acids with-
out strict regard to size. Non-limiting examples of small
molecules that may be used according to the methods and
compositions of the present invention include, small organic
molecules, peptide-like molecules, peptidomimetics, carbo-
hydrates, lipids or other organic (carbon containing) or
inorganic molecules.

[0095] Non-limiting examples of the present modulators
of heat shock proteins include sulifogalactolipids (SGLs),
sulfogalactosyl ceramide (SGC), and sulfogalactoglycero-
lipid (SGG). In one embodiment, the SGL, SGC, or SGG
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bind to the N-terminal ATPase-containing domain of an
Hsp70 family member. Mamelak et al., Carbohyvdrate
Research, 2001, 335(2):91-100.

[0096] Non-limiting examples of the present modulators
of heat shock proteins include the compounds described 1n

U.S. Pat. Nos. 10,052,325; 9,567,318; and U.S. Patent
Publication No. 2009-0075948.

[0097] Non-limiting examples of the present modulators

of autophagy (e.g., microautophagy such as synaptic micro-
autophagy) 1nclude the compounds described 1n

W02017098467, and WO2014026372.

[0098] In certain embodiments, the inhibitor used 1n the
present methods and compositions 1s a polynucleotide that
reduces expression ol an Hsp70 family member protein
(e.g., Hspa8).

[0099] The nucleic acid target of the polynucleotides (e.g.,
siIRNA, antisense oligonucleotides, and ribozymes) may be
any location within the gene or transcript of an Hsp70 family
member protein (e.g., Hspa8).

RNA Interference

[0100] Si1RNAs (small interfering RNAs) or small-hairpin
RNA (shRNA) may be used to modulate (e.g., decrease) the

level of an Hsp70 family member protein (e.g., HspaS8).

[0101] SiRNAs may have 16-30 nucleotides, e.g., 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30
nucleotides. The siRNAs may have fewer than 16 or more
than 30 nucleotides. The polynucleotides of the mmvention
include both unmodified siRNAs and modified siRNAs such

as siRNA derivatives etc.

[0102] SiRNAs can be delivered into cells 1n vitro or 1n
vivo by methods known 1n the art, including cationic lipo-
some transiection and electroporation. SIRNAs and shRNA
molecules can be delivered to cells using viruses or DNA
vectors.

Antisense Polynucleotides

[0103] In other embodiments, the polynucleotide 1s an
antisense molecule that 1s complementary to a target region
within the mRNA of an Hsp70 family member protein (e.g.,
Hspa8). The antisense polynucleotide may bind to the target
region and inhibit translation. The antisense oligonucleotide
may be DNA or RNA, or comprise synthetic analogs of
ribo-deoxynucleotides. Thus, the antisense oligonucleotide
inhibits expression of an Hsp70 family member protein
(e.g., Hspa8).

[0104] An antisense oligonucleotide can be, for example,
about 7, 10, 15, 20, 25, 30, 35, 40, 50, 35, 60, 65, 70, 75, 80,
or more nucleotides in length.

[0105] The antisense nucleic acid molecules of the mven-
tion may be administered to a subject, or generated 1n situ
such that they hybridize with or bind to the mRNA of an
Hsp70 family member protein (e.g., Hspa8). Alternatively,
antisense nucleic acid molecules can be modified to target
selected cells and then administered systemically. For sys-
temic administration, antisense molecules can be modified
such that they specifically bind to receptors or antigens
expressed on a selected cell surface, e.g., by linking the
antisense nucleic acid molecules to peptides or antibodies
that bind to cell surface receptors or antigens. The antisense
nucleic acid molecules can also be delivered to cells using
viruses or DNA vectors.
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Ribozyme

[0106] In other embodiments, the polynucleotide 1s a
ribozyme that inhibits expression of the gene of an Hsp70
family member protein (e.g., Hspa8).

[0107] Ribozymes can be chemically synthesized in the
laboratory and structurally modified to increase their stabil-
ity and catalytic activity using methods known 1n the art.
Alternatively, ribozyme encoding nucleotide sequences can
be mtroduced into host cells through gene-delivery mecha-
nisms known in the art.

[0108] Other aspects of the invention include vectors (e.g.,
viral vectors, expression cassettes, plasmids) comprising or
encoding polynucleotides of the subject invention (e.g.,
siIRNNA, antisense nucleic acids, and ribozymes), and host
cells genetically modified with polynucleotides or vectors of
the subject mnvention.

Polypeptides

[0109] The present modulators can be a polypeptide that
modulates the activity and/or level of an Hsp70 family
member protein (e.g., Hspa8). The modulator may be an
inhibitor which 1s a polypeptide decreasing/inhibiting the
activity and/or level of an Hsp70 family member protein
(e.g., Hspa8).

[0110] Varnious means for delivering polypeptides to a cell
can be utilized to carry out the methods of the subject
invention. For example, protein transduction domains
(PTDs) can be fused to the polypeptide, producing a fusion
polypeptide, 1n which the PTDs are capable of transducing
the polypeptide cargo across the plasma membrane (Wadia,
I. S. and Dowdy, S. F., Curr. Opin. Biotechnol., 2002,
13(1)52-56).

[0111] According to the present methods, recombinant
cells may be administered to a subject, wherein the recom-
binant cells have been genetically modified to express a
nucleotide sequence encoding a modulatory or inhibitory
polypeptide.

Antibodies

[0112] The present modulators can be an antibody or
antigen-binding portion thereof that 1s specific to an Hsp70
family member protein (e.g., HspaQ8).

[0113] The antibody or antigen-binding portion thereof
may be the following: (a) a whole immunoglobulin mol-
ecule; (b) an scFv; (¢) a Fab fragment; (d) an F(ab')2; and (¢)
a disulfide linked Fv. The antibody or antigen-binding
portion thereof may be monoclonal, polyclonal, chimeric
and humanized. The antibodies may be murine, rabbit or
human antibodies.

Endonucleases

[0114] The Hsp70 family member protein (e.g., HspaS)
may be modulated (e.g., inhibited) by using a sequence-
specific endonuclease that target the gene encoding the
Hsp70 family member protein (e.g., Hspa8). Thus, the
modulator (e.g., an inhibitor) of a Hsp70 family member
protein (e.g., Hspa8) may comprise an endonuclease.

[0115] Non-limiting examples of the endonucleases
include a zinc finger nuclease (ZFN), a ZFN dimer, a

ZFNickase, a transcription activator-like eflector nuclease
(TALEN), or an RNA-guided DNA endonuclease (e.g.,
CRISPR/Cas9). Meganucleases are endonucleases charac-
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terized by their capacity to recognize and cut large DNA
sequences (12 base pairs or greater). Any suitable mega-
nuclease may be used in the present methods to create
double-strand breaks in the host genome, including endo-

nucleases 1 the LAGLIDADG and PI-Sce family.

[0116] An example of sequence-specific endonucleases
includes RNA-guided DNA nucleases, e.g., the CRISPR/

Cas system (Geurts et al., Science 325, 433 (2009);
Mashimo et al., PLoS ONE 3, e8870 (2010); Carbery et al.,
Genetics 186, 451-459 (2010); Tesson et al., Nat. Biotech.
29, 695-696 (2011). Wiedenhett et al. Nature 482,331-338
(2012); Jinek et al. Science 337,816-821 (2012); Mali et al.
Science 339,823-826 (2013); Cong et al. Science 339,819-
823 (2013)).

Conditions to be Treated

[0117] The present compositions and methods modulate,
correct, and/or augment motor function 1n a subject atilicted
with a motor neuron disease or motor neuronal damage.

[0118] Conditions to be treated by the present composi-
tions and methods include, but are not limited to, spinal
muscular atrophy (SMA), amytrophic lateral sclerosis
(ALS), spmnal bulbar muscular atrophy (SBMA), spinal
cerebellar ataxia, primary lateral sclerosis (PLS), or trau-
matic spinal cord injury, primary lateral sclerosis (PLS),
progressive muscular atrophy (PMA), hereditary spastic
paraparesis (HSP), X-linked spinobulbar muscular atrophy
(SBMA; Kenney disease), progressive bulbar palsy, pseudo-
bulbar palsy, post-polio syndrome (PPS), Huntington’s dis-
case, Essential tremor (ET), paralysis, and Parkinson’s dis-
ease.

[0119] Without being limited as to theory, the pathology
associated with motor neuron damage may include motor
neuron degeneration, gliosis, neurofilament abnormalities,
loss of myelinated fibers in corticospinal tracts and ventral
roots. Two types of onset are recognized: bulbar onset,
which affects brainstem motor neurons, (aifects the facial
muscles, speech, and swallowing); and limb onset, which
aflects spinal cord motor neurons, 1s retlected by spasticity,
generalized weakness, muscular atrophy, paralysis, and
respiratory failure. In ALS, subjects have both bulbar and
limb onset. In PLS, subjects have bulbar onset.

[0120] In some embodiments, the present composition
may decrease or prevent a particular symptom associated
with decreased motor neuron function. For example, the
present composition and method may improve, stabilize, or
prevent muscle atrophy, muscle weakness, fasciculation,
fibrilliation, hypotonia, hyporeflexia, weakness, hypertonia,
hyperreflexia, clonus, paralysis (e.g., quadriplegia, paraple-
gia, or monoplegia), spasticity, Babinski test, resting, trem-
ors, athetosis, chorea, ballismus, tardive dyskinesia, ridigity,
dystonia, ataxia, dysmetria, dysdiadochokinesia, nystagmus,
delay 1n imtiating movements, bradykinesia, or other move-
ment disorders.

Recombinant AAV Vectors

[0121] In certain embodiments, the nucleic acid is pro-
vided 1n a recombinant adeno-associated virus (AAV) vec-
tor. In additional embodiments, the AAV vector further
comprises a chicken Beta-actin promoter and wherein the
AAV 1s capable of crossing the blood-brain barrier (BBB).
In yet additional embodiments, the AAV 1s AAVS or AAV9.
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[0122] For example, an AAV vector may be administered
at or near the axon terminals of neurons. The neurons
internalize the AAV vector and transport 1t in a retrograde
manner along the axon to the cell body. Stmilar properties of
adenovirus, HSV, and pseudo-rabies virus have been shown
to deliver genes to distal structures within the brain (Soudas

et al. (2001) FASEB J. 15:2283-2285; Breakefield et al.
(1991) New Biol. 3:203-218; and deFalco et al. (2001)
Science, 291:2608-2613).

[0123] In aspects where gene transier 1s mediated by a
DNA viral vector, such as an adenovirus (Ad) or adeno-
associated virus (AAV), a vector construct refers to the
polynucleotide comprising the viral genome or part thereof,
and a transgene. Suitable neurotrophic viral vectors for the
practice of this mvention include, but are not limited to
adeno-associated viral vectors (AAV), herpes simplex viral
vectors and lentiviral vectors.

[0124] AAV of any serotype can be used. The serotype of
the viral vector used 1n certain embodiments of the invention

may be AAV1, AAV2, AAV3, AAV4, AAVS, AAV6, AAVT,
AAVE, and AAVI (see, e.g., Gao et al. (2002) PNAS,
99:11854-118359; and Viral Vectors for Gene Therapy: Meth-
ods and Protocols, ed. Machida, Humana Press, 2003).
Other serotype besides those listed herein can be used.
Furthermore, pseudotyped AAV vectors may also be utilized
in the methods described herein. Pseudotyped AAV vectors
are those which contain the genome of one AAV serotype 1n
the capsid of a second AAV serotype; for example, an AAV
vector that contains the AAV?2 capsid and the AAV1 genome
or an AAV vector that contains the AAVS5 capsid and the
AAV 2 genome (Auricchio et al., (2001) Hum. Mol. Genet.,
10(26):3075-81).

[0125] In certain embodiments, the concentration or titer
of the vector in the composition 1s at least: (a) 5, 6, 7, 8, 9,
10, 15, 20, 25, or 50 (x10** gp/ml); (b) 5, 6, 7, 8, 9, 10, 15,
20, 25, or 50 (x10” to/ml); or (¢) 5, 6, 7, 8, 9, 10, 15, 20, 25,
or 50 (x10*° tu/ml).

[0126] In experimental mice, the total volume of injected
AAV solution 1s for example, between 1 to 20 ul. For other
mammals, including the human brain, volumes and delivery
rates are appropriately scaled. For example, it has been
demonstrated that volumes of 150 ul can be safely mjected
in the primate brain (Janson et al. (2002) Hunt. Gene Ther.
13:1391-1412). Treatment may consist of a single 1njection
per target site, or may be repeated 1n one or more ventricles.
Suitable ventricles include the lateral ventricles, third ven-
tricle, and the fourth ventricle. Multiple injection sites can
be used. For example, in some embodiments, 1n addition to
the first administration site, a composition containing a viral
vector carrying a transgene 1s administered to another site
which can be contralateral or ipsilateral to the first admin-
istration site. Injections can be single or multiple, unilateral
or bilateral.

[0127] In addition to the elements i1dentified above for
recombinant AAV vectors, the vector may also include
conventional control elements which are operably linked to
the transgene 1n a manner which permits its transcription,
translation and/or expression 1n a cell transiected with the
plasmid vector or infected with the virus produced by the
invention. As used herein, “operably linked” sequences
include both expression control sequences that are contigu-
ous with the gene of interest and expression control
sequences that act 1n trans or at a distance to control the gene
of 1nterest. Expression control sequences include appropri-
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ate transcription 1nitiation, termination, promoter and
enhancer sequences; ellicient RNA processing signals such
as splicing and polyadenylation (polyA) signals; sequences
that stabilize cytoplasmic mRNA; sequences that enhance
translation efliciency (1.e., Kozak consensus sequence);
sequences that enhance protein stability; and when desired,
sequences that enhance secretion of the encoded product. A
great number ol expression control sequences, including
promoters which are native, constitutive, inducible and/or
tissue-specific, are known 1n the art and may be utilized.

[0128] As used herein, a nucleic acid sequence and regu-
latory sequences are said to be operably linked when they
are covalently linked 1n such a way as to place the expres-
s1on or transcription of the nucleic acid sequence under the
influence or control of the regulatory sequences. If it 1s
desired that the nucleic acid sequences be translated into a
functional protein, two DNA sequences are said to be
operably linked if induction of a promoter in the regulatory
sequences results 1n the transcription of the coding sequence
and 1f the nature of the linkage between the two DNA
sequences does not (1) result in the introduction of a
frame-shift mutation, (2) mterfere with the ability of the
promoter region to direct the transcription of the coding
sequences, or (3) interfere with the ability of the correspond-
ing RNA transcript to be translated into a protein. Thus, a
promoter region would be operably linked to a nucleic acid
sequence 1 the promoter region were capable of effecting
transcription of that DNA sequence such that the resulting
transcript might be translated into the desired protein or
polypeptide. Similarly two or more coding regions are
operably linked when they are linked 1n such a way that their
transcription from a common promoter results 1n the expres-
s10n of two or more proteins having been translated 1n frame.
In some embodiments, operably linked coding sequences
yield a fusion protein. In some embodiments, operably
linked coding sequences vield a functional RNA (e.g.,
shRNA, miRNA).

[0129] For nucleic acids encoding proteins, a polyade-
nylation sequence generally 1s 1nserted following the trans-
gene sequences and before the 3' AAV ITR sequence. An
AAV construct useful 1n the present immvention may also
contain an intron, desirably located between the promoter/
enhancer sequence and the transgene. One possible ntron
sequence 15 dertved from SV-40, and 1s referred to as the
SV-40 T itron sequence. Another vector element that may
be used 1s an internal ribosome entry site (IRES). An IRES
sequence 1s used to produce more than one polypeptide from
a single gene transcript. An IRES sequence would be used
to produce a protein that contain more than one polypeptide
chains. Selection of these and other common vector ele-
ments are conventional and many such sequences are avail-
able (see, e.g., Sambrook et al, and references cited therein
at, for example, pages 3.18 3.26 and 16.17 16.27 and
Ausubel et al., Current Protocols 1n Molecular Biology, John
Wiley & Sons, New York, 1989). In some circumstances, a
Foot and Mouth Disease Virus 2A sequence may be included
in a polyprotein; this 1s a small peptide (approximately 18
amino acids in length) that has been shown to mediate the
cleavage of polyproteins. The cleavage activity of the 2A
sequence has previously been demonstrated in artificial
systems 1ncluding plasmids and gene therapy vectors (AAV
and retroviruses) (Ryan et al., EMBO, 1994; 4: 928-933;
Mattion et al., J Virology, November 1996; p. 8124-8127;
Furler et al., Gene Therapy, 2001; 8: 864-873; and Halpin et
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al., The Plant Journal, 1999; 4: 453-439; de Felipe et al.,
Gene Therapy, 1999; 6: 198-208; de Felipe et al.,, Human
Gene Therapy, 2000; 11: 1921-1931.; and Klump et al.,
Gene Therapy, 2001; 8: 811-817).

[0130] The precise nature of the regulatory sequences
needed for gene expression in host cells may vary between
species, tissues or cell types, but shall in general include, as
necessary, 5' mnon-transcribed and 35' non-translated
sequences mvolved with the mitiation of transcription and
translation respectively, such as a TATA box, capping
sequence, CAAT sequence, enhancer elements, and the like.
Especially, such 3' non-transcribed regulatory sequences
will include a promoter region that includes a promoter
sequence for transcriptional control of the operably joined
gene. Regulatory sequences may also include enhancer
sequences or upstream activator sequences as desired. The
vectors may optionally include 5' leader or signal sequences.

[0131] Examples of constitutive promoters include, with-
out limitation, the retroviral Rous sarcoma virus (RSV) LTR
promoter (optionally with the RSV enhancer), the cyto-
megalovirus (CMV) promoter (optionally with the CMV
enhancer) (see, e.g., Boshart et al, Cell, 41:521-530 (1983)),
the SV40 promoter, the dihydrofolate reductase promoter,
the 13-actin promoter, the phosphoglycerol kinase (PGK)
promoter, and the EFla promoter [Invitrogen].

[0132] Inducible promoters allow regulation of gene
expression and can be regulated by exogenously supplied
compounds, environmental factors such as temperature, or
the presence of a specific physiological state, e.g., acute
phase, a particular differentiation state of the cell, or in
replicating cells only. Inducible promoters and inducible
systems are available from a variety of commercial sources,
including, without limitation, Invitrogen, Clontech and
Ariad. Examples of inducible promoters regulated by exog-
enously supplied promoters include the zinc-inducible sheep
metallothionine (MT) promoter, the dexamethasone (Dex)-
inducible mouse mammary tumor virus (MMTV) promoter,
the T7 polymerase promoter system (WO 98/10088); the
ecdysone 1nsect promoter (No et al., Proc. Natl. Acad. Sci.
USA, 93:3346-3351 (1996)), the tetracycline-repressible
system (Gossen et al. (1992) Proc. Natl. Acad. Sci. USA,
89:5547-5531), the tetracycline-inducible system (Gossen et
al. (1995) Science, 268:1766-1769, see also Harvey et al.
(1998) Curr. Opin. Chem. Biol., 2:512-318), the RU486-
inducible system (Wang et al. (1997) Nat. Biotech., 15:239-
243 and Wang et al. (1997) Gene Ther., 4:432-441) and the
rapamycin-inducible system (Magar1 et al. (1997) J. Clin.
Invest., 100:2865-2872). Still other types of inducible pro-
moters which may be useful 1n this context are those which
are regulated by a specific physiological state, e.g., tempera-
ture, acute phase, a particular differentiation state of the cell,
or 1n replicating cells only.

[0133] In another embodiment, the native promoter, or
fragment thereol, for the transgene will be used. The native
promoter may be preferred when 1t 1s desired that expression
of the transgene should mimic the native expression. The
native promoter may be used when expression of the trans-
gene must be regulated temporally or developmentally, or 1n
a tissue-specific manner, or 1n response to specific transcrip-
tional stimuli. In a turther embodiment, other native expres-
sion control elements, such as enhancer elements, polyade-
nylation sites or Kozak consensus sequences may also be
used to mimic the native expression.
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[0134] In some embodiments, the regulatory sequences
impart tissue-specific gene expression capabilities. In some
cases, the tissue-specific regulatory sequences bind tissue-
specific transcription factors that induce transcription in a
tissue specific manner Such tissue-specific regulatory
sequences (e.g., promoters, enhancers) are well known 1n the
art. Exemplary tissue-specific regulatory sequences include
but are not limited to the following tissue specific promoters:
neuronal such as neuron-specific enolase (NSE) promoter
(Andersen et al. (1993) Cell. Mol. Neurobiol., 13:503-13),
neurofilament light-chain gene promoter (Picciolr et al.
(1991) Proc. Natl. Acad. Sci. USA, 88:5611-5), and the
neuron-specific vgl gene promoter (Picciolr et al. (1995)
Neuron, 15:373-84). In some embodiments, the tissue-spe-
cific promoter 1s a promoter of a gene selected from:
neuronal nucler (NeuN), glial fibrillary acidic protein
(GFAP), adenomatous polyposis coli (APC), and 1onized
calcium-binding adapter molecule 1 (Iba-1). In some
embodiments, the promoter 1s a chicken Beta-actin pro-
moter.

[0135] Methods for obtaining recombinant AAVs having a
desired capsid protein have been described (See, for
example, US 2003/0138772, the contents of which are
incorporated herein by reference 1n their entirety). A number
of different AAV capsid proteins have been described, for
example, those disclosed mm Gao et al. (2004) J. Virol,
78(12):6381-6388; Gao et al. (2004) Proc Natl Acad Sci
USA, 100(10):6081-6086. For the desired packaging of the
presently described constructs and methods, the AAV9 vec-
tor and capsid 1s preferred. However, 1t 1s noted that other
suitable AAVs such as rAAVrh.8 and rAAVrh.10, or other
similar vectors may be adapted for use 1n the present
invention. Typically the methods involve culturing a host
cell which contains a nucleic acid sequence encoding an
AAV capsid protein or fragment thereof; a functional rep
gene; a recombinant AAV vector composed of AAV inverted
terminal repeats (ITRs) and a transgene; and suflicient
helper functions to permit packaging of the recombinant
AAV vector into the AAV capsid proteins.

[0136] The components to be cultured in the host cell to
package a rAAV vector in an AAV capsid may be provided
to the host cell 1n trans. Alternatively, any one or more of the
required components (e.g., recombinant AAV vector, rep
sequences, cap sequences, and/or helper functions) may be
provided by a stable host cell which has been engineered to
contain one or more of the required components using
methods known to those of skill 1in the art. Most suitably,
such a stable host cell will contain the required component
(s) under the control of an inducible promoter. However, the
required component(s) may be under the control of a con-
stitutive promoter. In still another alternative, a selected
stable host cell may contain selected component(s) under the
control of a constitutive promoter and other selected com-
ponent(s) under the control of one or more inducible pro-
moters. For example, a stable host cell may be generated
which 1s derived from 293 cells (which contain E1 helper
functions under the control of a constitutive promoter), but
which contain the rep and/or cap proteins under the control
of inducible promoters.

[0137] The recombinant AAV vector, rep sequences, cap
sequences, and helper functions for producing the AAV may
be delivered to the packaging host cell using any appropnate
genetic element (vector). The selected genetic element may
be delivered by any suitable method, including those
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described herein. See, e.g., Fisher et al. (1993) J. Virol,,
70:520-532 and U.S. Pat. No. 5,478,745.

[0138] In some embodiments, recombinant AAVs may be
produced using the triple transfection method (e.g., as
described 1n detail in U.S. Pat. No. 6,001,650). Typically, the
recombinant AAVs are produced by transfecting a host cell
with a recombinant AAV vector (comprising a transgene) to
be packaged into AAV particles, an AAV helper function
vector, and an accessory function vector. An AAV helper
function vector encodes the “AAV helper function”
sequences (1.e., rep and cap), which function 1n trans for
productive AAV replication and encapsidation. Preferably,
the AAV helper function vector supports ellicient AAV
vector production without generating any detectable wild-
type AAV virions (1.e., AAV virions containing functional
rep and cap genes). Non-limiting examples of vectors suit-
able for use with the present invention include pHLPI19,
described in U.S. Pat. No. 6,001,650 and pRep6cap6 vector,
described in U.S. Pat. No. 6,156,303, The accessory function
vector encodes nucleotide sequences for non-AAV derived
viral and/or cellular functions upon which AAV 1s dependent
for replication (1.e., “accessory functions™). The accessory
functions include those functions required for AAV replica-
tion, including, without limitation, those moieties ivolved
in activation of AAV gene transcription, stage specific AAV
mRNA splicing, AAV DNA replication, synthesis of cap
expression products, and AAV capsid assembly. Viral-based
accessory functions can be derived from any of the known
helper viruses such as adenovirus, herpesvirus (other than
herpes simplex virus type-1), and vaccima virus.

Pharmaceutical Compositions and Administration

[0139] The pharmaceutical compositions can further com-
prise one or more pharmaceutically acceptable excipient,
ligand, a conjugate, a vector, a lipid, a nanoparticle, a
liposome, a carrier, an adjuvant or a diluent.

[0140] Delivery vehicles such as liposomes, nanocapsules,
microparticles, microspheres, lipid particles, vesicles, and
the like can be used to deliver the nucleic acid molecules
described herein.

[0141] The formation and use of liposomes 1s generally
known to those of skill 1in the art. Recently, liposomes were
developed with improved serum stability and circulation
half-times (U.S. Pat. No. 5,741,516). Further, various meth-
ods of liposome and liposome like preparations as potential
drug carriers have been described (U.S. Pat. Nos. 5,567,434;
5,565,213; 5,738,868; and 5,795,587).

[0142] Liposomes have been used successiully with a
number of cell types that are normally resistant to transfec-
tion by other procedures. In addition, liposomes are free of
the DNA length constraints that are typical of viral-based
delivery systems. Liposomes have been used eflectively to
introduce genes, drugs, radiotherapeutic agents, viruses,
transcription factors and allosteric eflectors into a variety of
cultured cell lines and animals. In addition, several success-
tul clinical trials examining the eflfectiveness of liposome-
mediated drug delivery have been completed.

[0143] Liposomes are formed from phospholipids that are
dispersed 1 an aqueous medium and spontaneously form
multilamellar concentric bilayer vesicles (also termed mul-
tilamellar vesicles (MLVs). MLVs generally have diameters
of from 25 nm to 4 um. Sonication of MLVs results 1n the
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formation of small unilamellar vesicles (SUVs) with diam-
eters in the range of 200 to 500 A, containing an aqueous
solution in the core.

[0144] Alternatively, nanocapsule or nanoparticle formu-
lations may be used. Nanocapsules can generally entrap
substances 1n a stable and reproducible way. Nanoparticles
can be used to transport drugs through the BBB when
administered intravenously as well as the factors that influ-
ence 1its transportation.

[0145] NPs are colloidal carriers that can have a natural or
synthetic origin and can vary from 1 to 1000 nm in size.
Synthetic NPs may be prepared from polymeric matenals
such as poly(ethylenimine) (PEI), poly (alkylcyanoacry-
lates), poly (amido amine) dendrimers (PAMAM), poly(e-
caprolactone) (PCL), poly(lactic-co-glycolic acid) (PLGA),
polyesters (poly(lactic acid) (PLA), or from 1norganic mate-
rials such as gold, silicon dioxide (silica), among others.
These carriers can transport drugs by adsorbing, entrapping
or bounding covalently to them. Natural NPs are produced
from natural polymers, such as polysaccharides (chitosan
and alginate), amino acids (poly(lysine), poly(aspartic acid)
(PASA)), or proteins (gelatin and albumin) Natural NPs
have the advantage of providing biological signals to inter-
act with specific receptors/transporters expressed by
endothelial cells.

[0146] A number of ligands have been conjugated to NPs
to facilitate BBB penetration. Such molecules can be
grouped 1nto four different types: (1) ligands that mediate the
adsorption of proteimns from the bloodstream that interact
directly with BBB receptors or transporters; (11) ligands that
have direct mteraction per se with BBB receptors or trans-
porters; (111) ligands that increase charge and hydrophobic-
ity; and (1v) ligands that improve blood circulation time (e.g.
PEG).

[0147] Other methods for assisting the NPs to cross the
blood-brain barrier would include but are not limited to
receptor mediated transport, transporter mediated transport,
absorptive mediated transport, and cell penetrating trans-
port.

[0148] Mammalian virus vectors that can be used to
deliver RNA include oncoretroviral vectors, adenovirus vec-
tors, Herpes simplex virus vectors, and lentiviruses.

[0149] In particular, HSV vectors are tropic for the central
nervous system (CNS) and can establish lifelong latent
infections in neurons.

[0150] The AAVs may be delivered to a subject 1n com-
positions according to any appropriate methods known in
the art. The AAV, preferably suspended 1n a physiologically
compatible carrier (e.g., 1n a composition), may be admin-
istered to a subject, e.g., a human, mouse, rat, cat, dog,
sheep, rabbit, horse, cow, goat, pig, guinea pig, hamster,
chicken, turkey, or a non-human primate. In certain embodi-
ments, compositions may comprise an AAV alone, or in
combination with one or more other viruses (e.g., a second
AAV encoding having one or more different transgenes).

[0151] Suitable carriers may be readily selected by one of
skill 1n the art 1n view of the indication for which the AAV
1s directed. For example, one suitable carrier includes saline,
which may be formulated with a variety of bullering solu-
tions (e.g., phosphate buflered saline). Other exemplary
carriers 1nclude sterile saline, lactose, sucrose, calcium
phosphate, gelatin, dextran, agar, pectin, peanut oil, sesame
o1l, and water. The selection of the carrier 1s not a limitation
of the present invention.
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[0152] Optionally, the compositions of the mnvention may
contain, i addition to the AAV and carrier(s), other con-
ventional pharmaceutical ingredients, such as preservatives,
or chemical stabilizers. Suitable exemplary preservatives
include chlorobutanol, potassium sorbate, sorbic acid, sulfur
dioxide, propyl gallate, the parabens, ethyl vanillin, glyc-
erin, phenol, and parachlorophenol. Suitable chemical sta-
bilizers include gelatin and albumin.

[0153] The dose of AAV virions required to achieve a
desired eflect or “therapeutic effect,” e.g., the umts of dose
in vector genomes/per kilogram of body weight (vg/kg), will
vary based on several factors including, but not limited to:
the route of AAV administration, the level of gene or RNA
expression required to achieve a therapeutic eflect, the
specific disease or disorder being treated, and the stability of
the gene or RNA product. One of skill 1n the art can readily
determine an AAV virion dose range to treat a subject having
a particular disease or disorder based on the aforementioned
factors, as well as other factors that are well known 1n the art.
An eflective amount of the AAV 1s generally 1n the range of
from about 10 ul to about 100 ml of solution containing from
about 10” to 10'° genome copies per subject. Other volumes
of solution may be used. The volume used will typically
depend, among other things, on the size of the subject, the
dose of the AAV, and the route of administration. For
example, for intrathecal or intracerebral admimistration a
volume 1n range of 1 ul to 10 ul or 10 pl to 100 ul may be
used. For intravenous administration a volume 1in range of 10
wl to 100 ul, 100 pl to 1 ml, 1 ml to 10 ml, or more may be
used. In some cases, a dosage between about 10'° to 107
AAV genome copies per subject 1s appropriate. In certain
embodiments, 10" AAV genome copies per subject is effec-
tive to target CNS tissues. In some embodiments the AAV 1s
administered at a dose of 10'°, 10**, 10, 10>, 10'*, or 10*°
genome copies per subject. In some embodiments the AAV
is administered at a dose of 10'°, 10**, 10**, 10*°, or 10**

genome copies per kg.

[0154] In some embodiments, AAV compositions are for-
mulated to reduce aggregation of AAV particles in the
composition, particularly where high AAV concentrations
are present (e.g., about 10'° GC/ml or more). Methods for
reducing aggregation of AAVs are well known 1n the art and,
include, for example, addition of surfactants, pH adjustment,

salt concentration adjustment, etc. (See, e.g., Wright et al.
(2003) Molecular Therapy 12:171-178.)

[0155] Formulation of  pharmaceutically-acceptable
excipients and carrier solutions 1s well-known to those of
skill 1n the art, as 1s the development of suitable dosing and
treatment regimens for using the particular compositions
described herein 1n a variety of treatment regimens. Typi-
cally, these formulations may contain at least about 0.1% of
the active ingredient or more, although the percentage of the
active ngredient(s) may, ol course, be varied and may
conveniently be between about 1 or 2% and about 70% or
80% or more of the weight or volume of the total formula-
tion. Naturally, the amount of active ingredient i each
therapeutically-useful composition may be prepared 1s such
a way that a suitable dosage will be obtained 1n any given
unit dose of the compound. Factors such as solubility,
bioavailability, biological hali-life, route of admimstration,
product shelf life, as well as other pharmacological consid-
erations will be contemplated by one skilled in the art of
preparing such pharmaceutical formulations, and as such, a
variety of dosages and treatment regimens may be desirable.
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[0156] The pharmaceutical forms suitable for injectable
use include sterile aqueous solutions or dispersions and
sterile powders for the extemporaneous preparation of sterile
injectable solutions or dispersions. Dispersions may also be
prepared 1n glycerol, liquid polyethylene glycols, and mix-
tures thereof and in oils. Under ordinary conditions of
storage and use, these preparations contain a preservative to
prevent the growth of microorganisms. In many cases the
form 1s sterile and fluid to the extent that easy syringability
exists. It must be stable under the conditions of manufacture
and storage and must be preserved against the contaminating
action ol microorgamisms, such as bacteria and fungi. The
carrier can be a solvent or dispersion medium containing, for
example, water, ethanol, polyol (e.g., glycerol, propylene
glycol, and liquid polyethylene glycol, and the like), suitable
mixtures thereof, and/or vegetable oils. Proper fluidity may
be maintained, for example, by the use of a coating, such as
lecithin, by the maintenance of the required particle size 1n
the case of dispersion and by the use of surfactants. The
prevention of the action of microorganisms can be brought
about by various antibacterial and antifungal agents, for
example, parabens, chlorobutanol, phenol, sorbic acid,
thimerosal, and the like. In many cases, 1t will be pretferable
to include i1sotonic agents, for example, sugars or sodium
chloride. Prolonged absorption of the injectable composi-
tions can be brought about by the use 1n the compositions of
agents delaying absorption, for example, aluminum monos-
tearate and gelatin.

[0157] For administration of an injectable aqueous solu-
tion, for example, the solution may be suitably buflered, i
necessary, and the liquid diluent first rendered 1sotonic with
suflicient saline or glucose. These particular aqueous solu-
tions are especially suitable for intravenous, mtramuscular,
subcutaneous and intraperitoneal administration. In this con-
nection, a sterile aqueous medium that can be employed will
be known to those of skill in the art. For example, one
dosage may be dissolved 1n 1 ml of 1sotonic NaCl solution
and either added to 1000 ml of hypodermoclysis fluid or
injected at the proposed site of infusion, (see for example,
“Remington’s Pharmaceutical Sciences” 15th Edition).
Some variation in dosage will necessarily occur depending,
on the condition of the host. The person responsible for
administration will, 1n any event, determine the appropriate
dose for the individual host.

[0158] Stenile 1njectable solutions are prepared by incor-
porating the active AAV 1n the required amount in the
appropriate solvent with various of the other ingredients
enumerated herein, as required, followed by filtered steril-
1zation. Generally, dispersions are prepared by incorporating
the various sterilized active mngredients into a sterile vehicle
which contains the basic dispersion medium and the
required other ingredients from those enumerated above. In
the case of sterile powders for the preparation of sterile
injectable solutions, the preferred methods of preparation
are vacuum-drying and Ireeze-drying techmiques which
yield a powder of the active ingredient plus any additional
desired ingredient from a previously sterile-filtered solution
thereof.

[0159] The AAV compositions disclosed herein may also
be formulated in a neutral or salt form. Pharmaceutically-
acceptable salts, include the acid addition salts (formed with
the free amino groups of the protein) and which are formed
with 1organic acids such as, for example, hydrochloric or
phosphoric acids, or such organic acids as acetic, oxalic,
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tartaric, mandelic, and the like. Salts formed with the free
carboxyl groups can also be derived from inorganic bases
such as, for example, sodium, potassium, ammonium, cal-
cium, or ferric hydroxides, and such organic bases as 1so0-
propylamine, trimethylamine, histidine, procaine and the
like. Upon formulation, solutions will be administered 1n a
manner compatible with the dosage formulation and in such
amount as 1s therapeutically effective. The formulations are
casily administered in a variety of dosage forms such as
injectable solutions, drug-release capsules, and the like.

[0160] As used herein, “carnier” includes any and all
solvents, dispersion media, vehicles, coatings, diluents, anti-
bacterial and antifungal agents, 1sotonic and absorption
delaying agents, bullers, carrier solutions, suspensions, col-
loids, and the like. The use of such media and agents for
pharmaceutical active substances 1s well known 1n the art.
Supplementary active mgredients can also be incorporated
into the compositions. The phrase “pharmaceutically-ac-
ceptable” refers to molecular entities and compositions that
do not produce an allergic or similar untoward reaction when
administered to a host.

[0161] Delivery vehicles such as liposomes, nanocapsules,
microparticles, microspheres, lipid particles, vesicles, and
the like, may be used for the mftroduction of the AAV
compositions of the present invention into suitable host
cells. In particular, the AAV vector delivered components
may be formulated for delivery either encapsulated 1n a lipid
particle, a liposome, a vesicle, a nanosphere, or a nanopar-
ticle or the like.

[0162] In addition to the methods of delivery described
above, the following techniques are also contemplated as
alternative methods of delivering the AAV compositions to
a host. Sonophoresis (1.e., ultrasound) has been used and
described in U.S. Pat. No. 5,656,016 as a device for enhanc-
ing the rate and eflicacy of drug permeation 1nto and through
the circulatory system. Other drug delivery alternatives
contemplated are intraosseous imjection (U.S. Pat. No.
5,779,7708), microchip devices (U.S. Pat. No. 35,797,898),
ophthalmic formulations, transdermal matrices (U.S. Pat.
Nos. 5,770,219 and 5,783,208) and feedback-controlled
delivery (U.S. Pat. No. 5,697,899).

[0163] To prepare the present pharmaceutical composi-
tions, a conjugate, a vector, a lipid, a nanoparticle, a lipo-
some, an adjuvant or a diluent may be further admixed with
a pharmaceutically acceptable carrier or excipient. See, e.g.,
Remington’s Pharmaceutical Sciences and U.S. Pharmaco-
peia: National Formulary, Mack Publishing Company, Eas-

ton, PA (1984).

[0164] Formulations of therapeutic agents may be pre-
pared by mixing with acceptable carriers, excipients, or
stabilizers 1n the form of, e.g., lyophilized powders, slurries,
aqueous solutions or suspensions (see, €.g., Hardman, et al.

(2001) Goodman and Gilman’s The Pharmacological Basis
of Therapeutics, McGraw-Hill, New York, NY; Gennaro
(2000) Remington: The Science and Practice of Pharmacy,
Lippincott, Williams, and Wilkins, New York, NY; Avis, et
al. (eds.) (1993) Pharmaceutical Dosage Forms: Paventeral
Medications, Marcel Dekker, NY; Liecberman, et al. (eds.)
(1990) Pharmaceutical Dosage Forms: lablets, Marcel
Dekker, NY; Lieberman, et al. (eds.) (1990) Pharmaceutical
Dosage Forms: Disperse Systems, Marcel Dekker, NY;
Weiner and Kotkoskie (2000) Excipient Toxicity and Safety,
Marcel Dekker, Inc., New York, NY).
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[0165] Toxicity and therapeutic eflicacy of the therapeutic
compositions, administered alone or in combination with
another agent, can be determined by standard pharmaceuti-
cal procedures 1n cell cultures or experimental animals, e.g.,
for determining the LD., (the dose lethal to 50% of the
population) and the ED, (the dose therapeutically effective
in 50% of the population). The dose ratio between toxic and
therapeutic eflfects 1s the therapeutic index (LD /ED.,). In
particular aspects, therapeutic compositions exhibiting high
therapeutic indices are desirable. The data obtained from
these cell culture assays and animal studies can be used in
formulating a range of dosage for use in human. The dosage
of such compounds lies preferably within a range of circu-
lating concentrations that include the ED., with little or no
toxicity. The dosage may vary within this range depending
upon the dosage form employed and the route of adminis-
tration.

[0166] The mode of administration can vary. Suitable
routes of administration include oral, rectal, transmucosal,
intestinal, parenteral; intramuscular, subcutaneous, intrader-
mal, intramedullary, intrathecal, direct intraventricular,
intravenous, intraperitoneal, intranasal, intraocular, 1nhala-
tion, insufllation, topical, cutaneous, transdermal, or 1ntra-
arterial.

[0167] In particular embodiments, the composition or
therapeutic can be administered by an invasive route such as
by injection. In further embodiments of the invention, the
composition, therapeutic, or pharmaceutical composition
thereof, 1s administered intravenously, subcutaneously,
intramuscularly, intraarterially, tra-articularly (e.g. 1n
arthritis joints), intratumorally, or by inhalation, aerosol
delivery. Admimstration by non-invasive routes (e.g., orally;
for example, 1n a pill, capsule or tablet) 1s also within the
scope of the present mnvention.

[0168] In order to overcome any issue of the pharmaco-
logical agents crossing the blood/brain barrier, intrathecal
administration 1s a further preferred form of administration.
Intrathecal administration involves injection of the drug into
the spinal canal, more specifically the subarachnoid space
such that 1t reaches the cerebrospinal fluid. This method 1s
commonly used for spinal anesthesia, chemotherapy, and
pain medication. Intrathecal administration can be per-
formed by lumbar puncture (bolus injection) or by a port-
catheter system (bolus or infusion). The catheter 1s most
commonly inserted between the laminae of the lumbar
vertebrae and the tip 1s threaded up the thecal space to the
desired level (generally 1.3-1.4). Intrathecal formulations
most commonly use water, and saline as excipients but

EDTA and lipids have been used as well.

[0169] Compositions can be admimstered with medical
devices known in the art. For example, a pharmaceutical
composition of the invention can be administered by injec-
tion with a hypodermic needle, including, e.g., a prefilled
syringe or autoinjector.

[0170] The pharmaceutical compositions of the imnvention
may also be administered with a needleless hypodermic
injection device; such as the devices disclosed in U.S. Pat.
Nos. 6,620,135; 6,096,002; 5,399,163; 5,383,851; 5,312,
335; 5,064,413, 4,941,880; 4,790,824 or 4,596,556.

[0171] Alternately, one may administer the pharmaceut-
cal composition 1n a local rather than systemic manner, for
example, via injection of directly into the desired target site,
often 1 a depot or sustained release formulation. Further-
more, one may administer the composition 1n a targeted drug
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delivery system, for example, 1n a liposome coated with a
tissue-specific antibody, targeting, for example, the brain.
The liposomes will be targeted to and taken up selectively by
the desired tissue.

[0172] The administration regimen depends on several
factors, including the serum or tissue turnover rate of the
therapeutic composition, the level of symptoms, and the
accessibility of the target cells i the biological matrix.
Preferably, the administration regimen delivers suilicient
therapeutic composition to eflect improvement in the target
disease state, while simultaneously minimizing undesired
side eflects. Accordingly, the amount of biologic delivered
depends 1n part on the particular therapeutic composition
and the severity of the condition being treated.

[0173] Determination of the appropriate dose 1s made by
the clinician, e.g., using parameters or factors known or
suspected 1n the art to aflect treatment. Generally, the dose
begins with an amount somewhat less than the optimum
dose and it 1s increased by small increments thereafter until
the desired or optimum eflect 1s achieved relative to any
negative side eflects. Important diagnostic measures include
those of symptoms of, e.g., the inflammation or level of
inflammatory cytokines produced. In general, 1t 1s desirable
that a biologic that will be used 1s dertved from the same
species as the amimal targeted for treatment, thereby mini-
mizing any immune response to the reagent.

[0174] As used herein, the terms “therapeutically etflective
amount”, “therapeutically eflective dose” and “eflective
amount” refer to an amount of the present nucleic acid
molecules, mutant proteins/polypeptides, and/or modulators
that, when administered alone or in combination with an
additional therapeutic agent to a cell, tissue, or subject, 1s
ellective to cause a measurable improvement 1n one or more
symptoms of a disease or condition or the progression of
such disease or condition. A therapeutically eflective dose
turther refers to that amount of the agent suflicient to result
in at least partial amelioration of symptoms, e.g., treatment,
healing, prevention or amelioration of the relevant medical
condition, or an increase in rate of treatment, healing,
prevention or amelioration of such conditions. When applied
to an individual active ingredient administered alone, a
therapeutically eflective dose refers to that ingredient alone.
When applied to a combination, a therapeutically etlective
dose refers to combined amounts of the active ingredients
that result 1n the therapeutic effect, whether administered in
combination, serially or simultancously. An eflective
amount of a therapeutic will result 1n an 1improvement of a
diagnostic measure or parameter by at least 10%; usually by
at least 20%; preferably at least about 30%; more preferably
at least 40%, and most preferably by at least 50%. An
cllective amount can also result 1n an 1mprovement 1n a
subjective measure 1n cases where subjective measures are
used to assess disease severity. The present agents/compo-
sitions may prevent or delay onset or amelioration of symp-
toms of the condition 1n a subject or an attainment of a
desired biological outcome, such as correction of neuropa-
thology, e.g., cellular pathology associated with a motor
neuronal disease.

Kits

[0175] The present invention also provides kits compris-
ing the present composition/agent (nucleic acid molecules,
mutant proteins/polypeptides, and/or modulators) in kat
form. A kit of the present invention includes one or more
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components described herein, in association with one or
more additional components 1including, but not limited to a
pharmaceutically acceptable ligand, a conjugate, a vector, a
lipid, a nanoparticle, a liposome, an adjuvant, a diluent,
carrier or excipient.

[0176] If the kat includes a pharmaceutical composition for
parenteral administration to a subject, the kit can include a
device for performing such admimstration. For example, the
kit can include one or more hypodermic needles or other
injection devices as discussed above.

[0177] The kit can include a package insert including
information concerming the pharmaceutical compositions
and dosage forms 1n the kit. Generally, such information aids
patients and physicians 1n using the enclosed pharmaceutical
compositions and dosage forms eflectively and safely. For
example, the following information regarding a combination
of the mvention may be supplied in the insert: pharmaco-
kinetics, pharmacodynamics, clinical studies, eflicacy
parameters, indications and usage, contraindications, warn-
ings, precautions, adverse reactions, overdosage, proper
dosage and administration, how supplied, proper storage
conditions, references, manufacturer/distributor information
and patent information.

[0178] The term “about” 1s used herein to mean approxi-
mately, 1n the region of, roughly, or around. When the term
“about” 1s used in conjunction with a numerical range, it
modifies that range by extending the boundaries above and
below the numerical values set forth. In general, the term
“about” 1s used herein to modily a numerical value above
and below the stated value by a vanance of 20%.

[0179] ““Activation,” “stimulation,” and “treatment,” as 1t
applies to cells or to receptors, may have the same meaning,
¢.g., activation, stimulation, or treatment of a cell or receptor
with a ligand, unless indicated otherwise by the context or
explicitly. “Ligand” encompasses natural and synthetic
ligands, e.g., cytokines, cytokine varnants, analogues,
muteins, and binding compounds derived from antibodies.
“Ligand” also encompasses small molecules, e.g., peptide
mimetics of cytokines and peptide mimetics of antibodies.
“Activation” can refer to cell activation as regulated by
internal mechanisms as well as by external or environmental
factors. “Response,” e.g., of a cell, tissue, organ, or organ-
1sm, encompasses a change 1 biochemical or physiological
behavior, e.g., concentration, density, adhesion, or migration
within a biological compartment, rate of gene expression, or
state of diflerentiation, where the change 1s correlated with
activation, stimulation, or treatment, or with internal mecha-
nisms such as genetic programming.

[0180] ““‘Admunistration” and *“treatment,” as it applies to
an animal, human, experimental subject, cell, tissue, organ,
or biological fluid, refers to contact of an exogenous phar-
maceutical, therapeutic, diagnostic agent, or composition to
the amimal, human, subject, cell, tissue, organ, or biological
fluid. “Administration” and “treatment” can refer, e.g., to
therapeutic, pharmacokinetic, diagnostic, research, and
experimental methods. Treatment of a cell encompasses
contact of a reagent to the cell, as well as contact of a reagent
to a fluid, where the fluid 1s 1n contact with the cell.
“Administration” and “treatment” also means 1n vitro and ex
vivo treatments, e.g., of a cell, by a reagent, diagnostic,
binding compound, or by another cell. The term “subject”
includes any organism, preferably an animal, more prefer-
ably a mammal (e.g., rat, mouse, dog, cat, rabbit) and most
preferably a human, including a human patient.
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[0181] ““Ireat” or “treating” means to administer a thera-
peutic agent, such as a composition containing any of the
nucleic acid or AAV constructs or compositions of the
present invention, internally or externally to a subject or
patient having one or more disease symptoms, or being
suspected of having a disease or being at elevated at risk of
acquiring a disease, for which the agent has therapeutic
activity. Typically, the agent 1s administered 1n an amount
cllective to alleviate one or more disease symptoms in the
treated subject or population, whether by inducing the
regression of or inhibiting the progression of such symptom
(s) by any clinically measurable degree. The amount of a
therapeutic agent that 1s effective to alleviate any particular
disease symptom (also referred to as the “therapeutically
ellective amount”™) may vary according to factors such as the
disease state, age, and weight of the patient, and the ability
of the drug to elicit a desired response 1n the subject Whether
a disease symptom has been alleviated can be assessed by
any clinical measurement typically used by physicians or
other skilled healthcare providers to assess the severity or
progression status of that symptom.

[0182] The phrase “therapeutically effective amount™ 1is
used herein to mean an amount suflicient to cause an
improvement 1 a clinically significant condition 1n the
subject, or delays or minimizes or mitigates one or more
symptoms associated with the disease, or results in a desired
beneficial change of physiology 1n the subject.

[0183] “Isolated nucleic acid molecule” means a DNA or
RNA of genomic, mRNA, cDNA, or synthetic origin or
some combination thereof which 1s not associated with all or
a portion of a polynucleotide in which the isolated poly-
nucleotide 1s found 1n nature or 1s linked to a polynucleotide
to which it 1s not linked in nature. For purposes of this
disclosure, 1t should be understood that “a nucleic acid
molecule comprising’” a particular nucleotide sequence does
not encompass intact chromosomes. Isolated nucleic acid
molecules “comprising” specified nucleic acid sequences
may include, 1n addition to the specified sequences, coding,
sequences for up to ten or even up to twenty or more other
proteins or portions or fragments thereol or may include
operably linked regulatory sequences that control expression
of the coding region of the recited nucleic acid sequences,
and/or may include vector sequences.

[0184] The term “vector” includes any genetic element,
such as a plasmid, phage, transposon, cosmid, chromosome,
artificial chromosome, virus, or virion, which 1s capable of
replication when associated with the proper control elements
and which can transier gene sequences between cells. Thus,
the term includes cloming and expression vehicles, as well as
viral vectors. In some embodiments, useful vectors are
contemplated to be those vectors in which the nucleic acid
segment to be transcribed 1s positioned under the transcrip-
tional control of a promoter.

[0185] The phrase “‘control sequences” refers to DNA
sequences necessary for the expression of an operably linked
coding sequence 1n a particular host orgamism. The control
sequences that are suitable for prokaryotes, for example,
include a promoter, optionally an operator sequence, and a
ribosome binding site. Eukaryotic cells are known to use
promoters, polyadenylation signals, and enhancers.

[0186] A “promoter” refers to a DNA sequence recognized
by the synthetic machinery of the cell, or mtroduced syn-
thetic machinery, required to initiate the specific transcrip-
tion of a gene.
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[0187] The phrases “operatively positioned,” “operatively
linked,” “under control,” or “under transcriptional control”
means that the promoter 1s 1n the correct location and
orientation in relation to the nucleic acid to control RNA
polymerase initiation and expression of the gene.

[0188] The term “expression vector or construct” means
any type of genetic construct containing a nucleic acid 1n
which part or all of the nucleic acid encoding sequence 1s
capable of being transcribed. In some embodiments, expres-
sion includes transcription of the nucleic acid, for example,
to generate a biologically-active polypeptide product or
inhibitory RNA (e.g., shRNA, miRNA) from a transcribed
gene.

[0189] The present invention may be better understood by
reference to the following non-limiting examples, which are
presented 1 order to more fully illustrate the preferred
embodiments of the invention. They should 1n no way be
construed to limit the broad scope of the invention.

Example 1

[0190] Spinal muscular atrophy (SMA) 1s a common,
frequently fatal, neuromuscular disorder caused by muta-
tions in the Survival of Motor Neuron 1 (SMN1) gene and,
consequently, a paucity of the SMN protein. In humans, an
almost 1dentical copy gene, SMN2, 1s unable to fully com-
pensate for loss of SMN1 owing to a splicing defect and thus
an 1nability to express suflicient protein to stave ofl disease.
How low SMN protein evolves mto the SMA phenotype,
selectively triggering motor neuron death and preferentially
disabling the neuromuscular system 1s to be elucidated.
Identifying mediators that provide a logical explanation for
why splicing defects cause SMA or, uncovering additional,
more disease-relevant SMN functions 1s therefore important.
[0191] We exploit a novel line of SMA mice 1 which
carly mortality, motor neuron loss and a severe phenotype
are replaced by prolonged survival, intact motor neurons and
a decidedly mild phenotype. Our results show that a spon-
tancous mutation 1 a chaperone protein that the mice
express suppresses the SMA phenotype. We extend this
finding to determine how the chaperone modulates the
ellects of low SMN.

[0192] We discovered that the heat shock chaperone pro-
tein, Hspa8, has a marked mitigating eflect on the severe
SMA phenotype. In model mice affected with the disease, a
single amino acid change in Hspa8, 1s highly protective,
preventing motor neuron death, precluding muscle denerva-
tion and arresting the inexorable onset of paralysis and death
that characterizes spinal muscular atrophy. Accordingly,
altering Hspa8 function can serve as disease-modilying
treatment for SMA and other motor neurons diseases as well.
[0193] Validating the chaperone that we have 1dentified as
the bona fide mediator (suppressor) of the SMA phenotype
could assign a novel role to the SMN protein—in synaptic
micro-autophagy.

[0194] Despite recent progress 1n the quest to treat SMA,
very little 1s known about what mediates the selective
detrimental effects of low SMN on spinal motor neurons
(MNs). Genetic screens constitute one useful strategy to
identily relevant mediators. We have used such a screen to
identify a ~4 Mbp region of mouse chromosome 9 that
harbors a potent suppressor of the SMA phenotype. Our
studies show that a chaperone-expressing gene 1n this
region, invariably mutated in mice with the modified disease
phenotype, 1s the critical suppressor. We will itroduce the
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mutant chaperone mto SMA mice and examine the resulting
phenotype of the mutants using an array of molecular,
cellular and behavioral analyses.

Marked Suppression of the Severe Disease Phenotype 1n
SMA Model Mice

[0195] Mice devoid of the murine Smn gene but engi-
neered to harbor 2 copies of the human SMN2 gene express
little SMN protein and, as a consequence, sufler motor
neuron loss and muscle paralysis during early postnatal life,
succumbing to respiratory distress within the first two weeks
of life. Restoring SMN to SMA mice shortly after birth
enhances the protein 1 motor neurons and prevents their
degeneration, 1mproves motor performance and greatly

increases lifespan (FIGS. 1A-1D).

[0196] Notwithstanding the generally severe disease phe-
notype and reduced lifespan of SMA mice, we found that
some mutants died within a couple of days of birth while
others survived into the third postnatal week of life. In an
attempt to overcome these varnations, we generated con-
genic SMA mice on each of the C57B1/6 and FVB/N genetic
strain backgrounds. Interestingly, the latter strain somewhat
mitigated the severity of the disease [Mean lifespan on
FVB/N strain=6.7+£0.8 days; C57B1/6 strain=0.63+0.13
days] while F1 mutants [Mean survival=11.04x1.4 days]
were less severely aflected than SMA mice on erther parental
strain background. These observations suggested the pres-
ence ol strain-specific disease modilying genes.

The Chaperone, Hspa8, as a Major Determinant

(Suppressor) of the Mild SMA Phenotype

[0197] Considerning the frequency (~6% of all mutants;
~1.5% of all F2 progeny) with which we obtained the mild
SMA mutants, we assumed that there are likely two critical,
recessive mediators that must be inherited simultaneously to
mitigate the disease phenotype in our SMND7 SMA model
mice. To map and identify the mediators (suppressors), we
conducted a genome-wide association analysis using a panel
of 150 single nucleotide polymorphic (SNP) markers infor-
mative for the parental (FVB/N and C357B1/6) strains. We
found significant linkage (LOD score >3.0) between the
mild phenotype and mouse chromosome 9. We then con-
ducted a more detailed analysis by repeating the genotyping
using a panel of 1500 SNP markers. This confirmed our
carlier results, narrowing down our region of interest (ROI)
to a ~19 Mbp stretch between 48 Mbp and 29 Mbp. All of
the mild mutants analyzed were homozygous C57/B1/6 for
this region of chromosome 9. In contrast, only 2 of 13
typically affected mutants (as assessed by survival pheno-

types) were homozygous for this region. To further delimit
the ROI and to determine 1f it 1s suilicient to suppress severe
SMA, we first backcrossed mice harboring this region to
SMA carrier mice on the pure FVB/N strain over 6 succes-
sive generations, selecting for the 19 Mbp region ifrom
C57B1/6 at each generation. At generation 6, SMA carriers
that also carried the 19 Mbp ROI were assessed for strain
purity and animals that were pure FVB/N save for the
C57B1/6 ROI, which was 1n a heterozygous state, bred to
generate SMA mutants. As expected, 25% of the SMA
mutants from these carriers exhibited the mild phenotype
suggesting that the ROI does indeed harbor a suppressor.
Recombinants among these mutants were then used to
turther refine the ROI. Four such mutants have allowed us
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to 1dentily a ~4 Mbp region of chromosome 9 between 44
Mbp and 40 Mbp that 1s necessary to confer a mild pheno-
type on the SMA mutants.

[0198] Whole genome sequence analysis of the ~4 Mbp
region 1 each of 5 mild SMA mutants and 5 severely
aflected littermates revealed 14 non-synonymous changes,
in a total of 12 genes, which were consistently different
between the two cohorts. Of the missense mutations 1n the
remammg 11 genes, we turned our attention to a G470R
change in the chaperone Hspa8. We discovered that this
change was not present in either the severe SMA mutants or
the reference (C57B1/6) sequence, suggesting that it 1s
mutation that arose spontaneously in our C57B1/6 Colony
Using gene- spec1ﬁc primers, we conlirmed the presence of
the mutation 1n all of our mild mutants and then discovered
that the native amino acid (glycine) at this position 1s not just
conserved 1n 15 commonly used strains of inbred mice, but
1s also conserved across species from humans to worms.
This suggests an important function for the domain harbor-
ing the mutation.

[0199] To map the modifiers, we began by generating F2
mutants. Intriguingly, while most of the mutants exhibited a
severe phenotype with a survival of ~10 days, a small
proportion lived to —4 months idicating the presence of a
potent modifier deriving from one or the other strain. Some
of the mutants from the latter cohort survived beyond 12
months of age. A genome-wide linkage analysis of mice
from the two SMA cohorts (mild and severe) uncovered a
region on chromosome 9 of our C57/B1/mice that tightly
associated with the less severe phenotype (FIG. 2). To
ascertain whether a locus on this chromosome was respon-
sible for mitigating the severe SMA phenotype, we created
congenic SMA carriers deriving all except chromosome 9
from the FVB/N strain; chromosome 9 was derived from
C57B1/6. Based on a second genome-wide scan mvolving
~1500 polymorphic markers, we further narrowed the region
ol interest on chromosome 9 to a segment between 29 Mbp
and 52 Mpb. This was later refined, based on recombinants,
to a ~13 Mbp stretch of genomic sequence between the 39
Mbp and 52 Mbp region of chromosome 9.

[0200] Whilst carrying out our analysis to identily the
critical region of chromosome 9 harboring the SMA modi-
fier, we pursued two additional lines of investigation. First,
we conducted a detailed examination of our modified SMA
mice. Second, we sequenced a cohort of typically affected
SMA mice (survival of ~10 days) and compared the
sequence to that of our modified mutants (survival of ~4
months). Typically aflected SMA mice are significantly
smaller than wild-type controls. In contrast, the modified
mutants gained considerable weight during the first month of
life and were markedly larger than their typically affected
counterparts (FIG. 3A). Consistent with this finding, the
modified mutants had a greatly extended lifespan relative to
their typically afiected littermates (FIG. 3B). A signature
feature of SMA 1s the loss of spinal motor neurons. At 45
days of age, the modified mutants had normal numbers of
these cells, suggesting that the modifier had prevented motor
neuron degeneration (FIG. 3C). Moreover, sensory inputs
onto the motor neurons, which are reduced in SMA, were
restored 1n the modified mutants (FIGS. 3D, 3E). Finally,
neurotransmission at the neuromuscular synapse, which 1s
compromised i SMA, was found to be no different from
WT controls in the modified mutants. These results indicate
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that the SMA modifier markedly, 1f not completely, rescues
the neuromuscular disease phenotype so characteristic of the
human disease.

[0201] We previously generated severely aflected
“SMND7” SMA model mice*>*°. These widely-used
mutants model type 1 (severe) SMA 1in humans and succumb
to disease at about 2 weeks of age. In the course of
interbreeding carriers of this line of mice derived on the one
hand on the pure FVB/N strain and on the other on the
C57B1/6 strain (FVB/NxC57B1/6), we discovered that ~6%
of the F2 SMA mutants—irom an F1 cross—tfailed to
develop the severe SMA phenotype, instead surviving
beyond 1 year (FIG. 3B). This remarkable and spontaneous
suppression of the early death phenotype characteristic of
the SMND7 line of SMA model mice was accompanied by
a significant increase in body weight (FIG. 3A) and a
marked improvement 1n motor performance, deriving from
enhanced muscle strength relative to that observed 1n typi-
cally aflected mutants. Indeed, whereas typically aflected
mutants were essentially paralyzed by PNDI10, the milder,
modified mutants achieved a righting ability score much
closer to that of wild-type control littermates. By PND14,
the mild mutants performed as well as the controls (Righting,
ability score in arbitrary units—Typical SMA mutants:
0.5+£0.02; mild mutants: 5.7+0.25; wild-type: 6.0+0.5, n=10,
P>0.05 between mild mutants and controls, t test).

[0202] One of the most characteristic cellular phenotypes
associated with SMA is a loss of of the spinal MNs>*>®.
Incredibly, at PND70, we found that the mild mutants
exhibited no significant loss of these cells (FIG. 3C). Con-
sistent with this finding, we determined that the numbers of
sensory la afferents on the MNs, which are typically
reduced in severe SMA mutants*" ', were restored to nor-
mal 1n the mild mutants (FIGS. 3D, 3E). Peripheral MN
defects, exemplified by severe morphological abnormalities
of the neuromuscular junctions (NMJs), have been found to
precede MN cell body loss in SMND7 SMA model mice™”.
Accordingly, we examined the NMJs of the mild mutants at
PND70. In this case too, we failed to find evidence of any
abnormalities. Pre-synaptic defects in the ftriceps, as
assessed by NMJs with nerve terminals containing abnormal
accumulations of neurofilament (NF) protein, did not differ
appreciably between the mild mutants and controls (Mild
mutants: 4.13+1.56 defective NMlJs; wild-type: 3.26x1.33
defective NMJs, P=0.69, n=300 NMJs from N=3 mice of
cach genotype, t test). Similarly, acetylcholine receptor
(AChR) complexity, which 1s profoundly reduced 1n severe
SMA mice, as assessed by NMI perforations, appeared

equivalent 1n mild mutants and wild-type controls (Number
of NMlJs with >3 perforations—Mild SMA mutants: 63+3.

44; wild-type: 76£7.15, P=0.17 n=300 NMlJs from N=3
mice of each genotype, t test). These results suggest that in
young adult mild SMA mutants, the neuromuscular disease
phenotype 1s greatly mitigated, 1f not entirely ameliorated
based on the specific outcomes described above.

[0203] We hypothesize that the G4R mutation 1n our mild
SMA mutants 1s the critical mediator on chromosome 9 of
the modified phenotype. Hspa8 has recently been implicated
in synaptic microautophagy using Drosophila as a model
system”°. This process is important to neurotransmission,
and mutations 1n Hspa8 can actually potentiate neurotrans-
mitter release by increasing the readily releasable pool
(RRP) of synaptic vesicles. Moreover, in SMA mutants, we
and others have shown that evoked potentials and, conse-
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quently, neurotransmission 1s significantly depressed, likely
due to a decrease in the RRP?*°7~%. This depressed neu-
rotransmission appears to be mitigated in mild SMA
mutants. Our data support a role for Hspa8 in mediating the
mild SMA phenotype.

[0204] An altered disease phenotype 1n transgenic model
mice sometimes arises as a consequence of the gain or loss
of underlying transgenes™>. SMND7 SMA model mice har-
bor two transgenes—a genomic copy of the SMN2 gene and
a cDNA expressing SMND7>>. We used QPCR analysis to
demonstrate that no gain 1n number of either transgene had
occurred in the mild mutants. Congruent with this result, we
found that the mild SMA mutants, like their severely
allected counterparts, continued to express dramatically low
levels of the SMN protein 1n nervous as well as non-nervous
tissue. These aggregate findings provide compelling evi-
dence of a remarkable mitigation of the SMA phenotype 1n
mutants that typically exhibit an extremely aggressive form
of the disease.

[0205] To demonstrate that the SMA-modifying mecha-
nism associated with perturbations in Hspa8 involves the
process of synaptic microautophagy, we have conducted or
will conduct the following studies.

Experiment (Expt.) 1-—1s Hspa8 a Bona Fide
Mediator (Suppressor) of the Severe SMA
Phenotype in SMND7 Model Mice?

GA470R
3

[0206] Expt. 1A: Introducing the Hspa missense
mutation mto the SMA background. Every mildly afiected
SMND7 SMA mutant generated since the inception of this
study (n=100), without exception, was determined to be
homozygous for the Hspa8“™*’** mutation. To show that the
mutant Hspa8 1s suflicient to recapitulate the mild SMA
phenotype, we have introduced this mutation into SMNDY/
mutants that derive the rest of their genomes from the
FVB/N strain of mice.

[0207] The results of our sequencing data uncovered two
putative missense mutations i the ~13 Mbp region of
chromosome 9 of our modified SMA mutants. The first, in
the 0-COP gene, was found to stem from a pseudogene at a
different chromosomal locus and was quickly ruled out as a
candidate modifier. The second, a G470R mutation 1n the
Hspa8 gene, was further investigated by introducing 1t onto
the typically aflfected SMA background using standard
knock-in technology. Our results indicate that this mutation
1s indeed our modifier of iterest. SMA mutants carrying the
G470R change i1n the Hspa8 exhibit an improved motor
performance and a significantly extended lifespan. In other
studies, mutations 1n Hspa8 have been shown to improve
neurotransmission by enhancing synaptic microautophagy.
Experiments to investigate if the mechanism through which
the G470R mutation suppresses the SMA phenotype
involves synaptic microautophagy indicates that this 1is
indeed the case (FIG. 4). The mutation lowers the chaperone
activity of the protein, shifting the function of Hspa8 toward
synaptic microautophagy. This 1s consistent with our 1n vivo
findings in which neurotransmission was found to be normal
in the modified mutants.

[0208] Expt. 1B: Is the Hspa8“*“* mutation sufficient to
mediate the mild phenotype in typically severe SMNDY/
mutant mice? Once we have i1dentified potential founders,
we will establish crosses to generate SMA mice homozy-
gous for mutant Hspa8, heterozygous for the mutation or
wild-type at the locus. We will then characterize the mutants
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using a comprehensive battery of molecular, cellular and
behavioral assays which are described 1n greater detail
below.

[0209] Phenotyping Assays—The three cohorts of SMA
mutants and wild-type controls will be weighed daily from
birth until PND18 and, if necessary, weekly thereaiter. Peak
weight will be recorded 1n each nstance. Secondly, we will
assess survival in the mice. This simple but disease-relevant
assay will be plotted as Kaplan-Meier survival curves and
statistically evaluated for differences between the various
groups of mice using the log-rank test. Thirdly, we will
subject the animals to two tests of muscle strength, the
righting reflex assay administered daily between PND2 and
PNDS, and the hanging tube test administered on PND3, 6
and 7 (refs. 41, 42). The former test measures abdominal and
trunk muscle integrity; the latter assesses hind-limb strength.
Finally, 1n 1instances when survival 1s substantially enhanced,
we will pay close attention to gross phenotype, including
ability to groom and breed. We will compare, whenever
possible, the outcomes obtained 1 our knock-in mice to
those established 1n mutants carrying the ~4 Mbp and/or ~19
Mbp ROI that was identified in our mapping studies. Results
from our single Hspa8“*’°* line of mice support the notion
that the missense mutation 1s our suppressor; crosses estab-
lished using SMA carriers heterozygous for G470R have
thus far yielded ~6 SMA mice harboring one G470R mutant
allele and 1 SMA mouse homozygous for the mutation. In
cach instance, survival relative to that of typically affected

SMND7 SMA mice was markedly enhanced (SMA::
G470R**=45 days; SMA::G470R*~=19.7+3 days; SMA::
G470R~7~=10+2.5 days, P<0.004 log-rank test between the

latter two cohorts, n=6).

[0210] Neuromuscular Pathology—Spinal MN loss and
skeletal muscle atrophy are defiming attributes of the SMA
phenotype. Accordingly, each of these attributes will be
investigated in the mutants with or without the G470R
mutation. Spinal MNs will be quantified at lumbar, thoracic
and cervical levels, and muscle atrophy examined 1n both the
relatively resistant gastrocnemius as well as the more vul-
nerable triceps and splenius muscles. Given the widespread
NMI defects of SMA mice, we will also pay close attention
to the eflects of mutant Hspa8 on SMA synapses. Nerve
terminals, which are poorly arborized 1n SMA mutants, will
be examined immunohistochemically using antibodies
against NF protein and synaptophysin. The size, complexity
and staining intensity of the post-synaptic AChRs will be
determined following immuno-labeling with fluorescent
a-bungarotoxin. In parallel, we will make certain to quantity
any evidence of denervation by examining the extent to
which pre-and post-synapses are 1n periect register. Finally,
since the neuromuscular pathology that we and others have
observed 1s reflected 1n reduced neurotransmission, we will
also carry out electrophysiological recordings in the semi-
tendinosus NMJs of mutants with or without mutant Hspas.
mEPPs, EPPs, quantal content and the ability of junctions to
respond appropriately to repetitive stimulation will be
assessed (also see Expt. 2). We will conduct them as reported
earlier””>".

[0211] RNA and Protein Studies—The best-known modu-
lator of the SMA phenotype 1s the copy gene, SMN2. A gain
in SMN2 copy number or processes that induce 1t to express
higher levels of the FL-SMN transcript and thus higher
levels of SMN protein reliably mitigate the SMA phenotype.
Accordingly, we will examine SMN transcript as well as
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protein levels 1n the SMA mutants with or without the
G4'70R lesion. FL-SMN as well as SMND7 transcripts from
SMN2 will be evaluated and an assessment of their absolute
levels and relative ratios (FL-SMN:SMNDY/) used to deter-
mine 1f and how SMN2 gene transcription might be modu-
lated by mutant Hspa8. These studies will be complemented
with western blot experiments and, 1f necessary, quantitative
ELISA assays to assess SMN protein levels. RNA and
protein levels will be determined 1n a variety of tissues from
PND7 mice, revealing whether and precisely how (transcrip-
tional/post-transcriptional; SMN-dependent/SMN-1ndepen-
dent) the severe SMA phenotype 1s mitigated 1n mutants
harboring the mutant Hspa8 gene. These experiments may
be particularly informative given one report in which SMN
was found to interact with Hspa8*”.

[0212] While an examination of SMN levels in the SMA
mutants 1s critical to explaining the mild phenotype we have
identified, we will also assess the effects of the G470R
mutation on Hspa8 levels in the mice. QPCR will be used to
assess Hspa8 transcript levels; western blots will suflice to
quantily mutant protein levels. Studies on tissue of mild
SMA mice on the mixed (C57xFVB) background suggest
that the mutant Hspa8 and wild-type proteins are expressed
at equivalent levels. We will extend this result in a variety of
tissues from SMA mutants harboring the Hspa8“*’“* knock-
in. Assessments will be made at time points similar to those
proposed for examining SMN levels.

[0213] Bechavioral studies will employ nz15 based on
detecting an eflect size of at least 30% using t tests for
independent samples with common variances at a=0.05 and
power (1-b)=0.8 (StatMate, GraphPad). To assess SMN and
Hspa8 expression 1n the mice, sample sizes of n=5 will be
deemed suthlicient based on similar power analysis calcula-
tions. Mice of both genders will be used, but results reported
separately for the two. Appropriate controls will be gender
and age-matched littermates. Statistical tests employed for
comparisons of means will include t tests and ANOVA with
post-hoc analyses. Longitudinal data e.g., weight curves will
be analyzed using the Statmod statistical package™*

[0214] Expt. 2—Does improved microautophagy at the
neuromuscular synapse link the Hspa8G470R mutation to a
mitigation of the SMA phenotype? Hspa8 1s perhaps best
recognized for facilitating the proper folding of newly
translated or mistfolded proteins and thus as a chaperone that
ensures quality control of polypeptides™. However, its role
in cellular proteostasis 1s eflected in more ways than one.
One recent discovery suggests that 1t plays a critical role 1n
synaptic microautophagy—the process ol disassembling
damaged and dysfunctional proteins in endosomes/lyso-
somes into their constituent parts for eventual re-use*°. In
Drosophila such a mechanism for turning over proteins 1s
indispensable for ensuring proper neurotransmission at the
NMJ, and critically dependent upon proper Hspa8 func-
tion>°. We suggest that Hspa8 modulates the effects of low
SMN through this process; the G470R mutant version of the
protein potentiates microautophagy and restores normal
neurotransmission at the NMJ. In this regard, 1t 1s important
to note that Hspa8 1s one of the most abundant synaptic
proteins™’

[0215] Expt. 2A: Does the G470R mutation aflect Hspa8
chaperone activity? There 1s a fine balance between the
chaperone activity of Hspa8, which involves ATP and the
co-chaperone proteins Sgt (small glutamate-rich teratrico-
peptide repeat-containing protein) and CSP (cysteine string
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protein), and its role 1 microautophagy, which 1s effected
independently of ATP and the co-chaperones®°. Altering the
ratio of Hspa8 with respect to 1ts co-chaperones, or intro-
ducing mutations in certain Hspa8 domains, can shift the
balance towards or away from microautophagy and thus
alter neurotransmission at the NMJ. For instance, mutations
in the ATPase domain disrupt chaperone activity but leave
the role of Hspa8 in microautophagy intact. In contrast,
mutations 1n the C-terminal domain of Hspa8, which medi-
ate the interaction of the protein with the lysosomal/endo-
somal membrane, abolish microautophagy but fail to affect
the ability of the protein to refold proteins (chaperone
activity). We suggest that the G470R mutation, which lies 1n
the substrate binding domain, essential for chaperone activ-
ity, perturbs the ability of Hspa8 to refold proteins, shifting
activity towards microautophagy. To test this, we will exam-
ine the ability of Hspa8“*’"** to refold luciferase.

[0216] Briefly, recombinant Iluciferase (QuantiLum
Recombinant Luciferase, Promega) will be diluted in refold-
ing buller, denatured and then mixed with purified
Hspa8“*’#, CSP and Sgt. The bioluminescence from the
luciferase will be assayed, following the addition of Lucifer-
ase Assay reagent (Promega), at regular intervals in a
luminometer or plate reader. Controls will include wild-type
Hspa8 and an ATPase-dead mutant, Hspa8~'"" (ref. 48),
known to disrupt chaperone activity. We tested the chaper-
one activity of crude yeast lysate from cells transfected with
either an Hspa8“*"* or WT construct. Lysate containing the
mutant protein 1s only a third as eflicient as lysate containing

WT Hspa8 (FIG. 4). We will extend this finding using
purified proteins.

[0217] Expt. 2B: Does the G470R mutation affect HspaS-
dependent microautophagy? Hspa8-dependent microau-
tophagy relies on the ability of the protein to bind the
lysosomal/endosomal membrane. In so doing, Hspa8
deforms the membrane to form tubules, a phenomenon that
can be quantified using a “tubulation” assay °. Unlike its
presumed defective chaperone activity, we suggest that
Hspa8“*’* deforms membranes and therefore drives micro-
autophagy as robustly as wild-type protein. To test this, we
will subject the two proteins and a control, Hspa8>*<, that
fails to deform membranes™°, to the tubulation assay. Essen-
tially, bacterial lysate from FE. coli over-expressing the
different Hspa8 molecules will be combined with tluores-
cently labeled giant unilamellar vesicles (GUVs) made from
a defined mixture of lipids that roughly mimic synaptic
membranes™’, and the ability of the proteins to trigger
membrane deformation/tubule formation will be assessed by
fluorescence microscopy. To complement these 1n vitro
experiments, we will assess the ability of Hspa8“*’* protein
to deform membranes 1n vivo. For this, the protein and
relevant controls will be separately expressed 1n S. cerevisae
and vacuolar membrane invagination and intraluminal
vesicle formation determined using a co-expressed Vbal-
GFP construct as a marker 5°. An 1n vivo study employing
the WT and Hspa8“*’* proteins suggests that the mutant is
indeed competent 1n this microautophagy assay.

[0218] Expt. 2C: Testing the effects of Hspa8G470R on
synaptic protein levels. Hspa8-mediated synaptic microau-
tophagy depends on a pentapeptide motif on client proteins
biochemically related to the sequence, KFERQ>'. Roughly
53% of 170 synaptic proteins harbor at least one such
microautophagy recognition motitf 47 (MRM) which 1s
bound by Hspa8 before the target protein 1s delivered to the
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lysosome/endosome. In Hspa8 mutants that are unable or
ineflicient at eflecting microautophagy, the levels of synaptic
proteins with MRMs rise as damaged/dystunctional mol-
ecules accumulate; repletion of wild-type Hspa8 restores the
levels of the proteins to those constituting just the functional
pool®°. We will test the effect of the Hspa8“*’“* mutation on
microautophagy by assessing levels of at least 4 synaptic
proteins (Bassoon, Piccolo, Munc13a and Synaptojanin) that
harbor at least one MRM and are reportedly important for
neurotransmission, and an equal number of synaptic proteins
(Synaptophysin, a-SNAP, Complexinl and Synaptotag-
minl) devoid of an MRM. Levels of the protein will be
detected immunocyto-chemically at NMJs of PND7 SMA
mice (n=3) with or without the G470R mutation. In addition
to including wild-type (Smn™™) control animals, we will
include animals administered an AAV9-delivered shRNA
against Hspa8. The shRNA 1s expected to knock down levels
of the protein, concomitantly increasing levels of the syn-
aptic proteins harboring the MRM. We predict that the levels
of the synaptic proteins with the MRMs will increase 1n
SMA:;Hspa8”” mutants but be restored to normal in SMA;
Hspa8“*’* mutants. In contrast, levels of the synaptic pro-
teins devoid of the MRMs will remain identical 1n the two
cohorts of SMA mutants and mice knocked down for Hspa8.

[0219] Expt. 2D: Does the Hspa8“*’“* mutation mitigate
neurotransmission defects i SMND7 SMA mutants?
Defects in Hspa8-mediated microautophagy depress neu-
rotransmission whereas potentiating microautophagy either
by over-expressing wild-type Hspa8 or by tuning down the

chaperone activity of the protein restores neurotransmitter
release at the NMJ°°. This restored neurotransmission is
facilitated through a normalization/increase 1n the RRP of
synaptic vesicles. We will electrophysiologically examine
the effects of the Hspa8“*’* mutation on neurotransmission
in SMA mice. We and others have previously shown that
neurotransmission 1s significantly impaired i typically
affected SMND7 SMA model mice’*>"®, This derives, at
least 1n part, from a diminution of the RRP as well as a
decreased probability of release’’. We will examine a mul-
titude of electrophysiological parameters as surrogates of
neurotransmission i our SMA mice. mEPPs, EPPs, quantal
content and facilitation will all be examined 1n the semiten-
dinosus muscle of PND14 SMA mice (n=3) with or without
the Hspa8“*’* mutation. To calculate the size of the RRP, we
will plot quantal content of 1ndividual responses following
repetitive stimulation (20 Hz, 5 sec) against accumulated
quantal content and then draw a straight line through the
declining phase of the response to the x-axis. Release
probability will be calculated by dividing the quantal content
obtained from the first EPP by the RRP size. To complement
these studies with morphological data, we will consider
clectron microscopy analysis of individual NMlJs 1n the
muscle. This type of analysis 32 will enable us to visualize
the number of vesicles at NMJs, and 1f the vesicles are
docked for neurotransmitter release or not. Of particular
relevance to the electrophysiological experiments proposed
here, we have already shown, albeit 1n mixed background
mild, PND70 SMND7 SMA mice, that there 1s a consider-
able mitigation of neurotransmission defects (FIGS.

5A-5C).

[0220] Our data suggest that mutant Hspa8 1s a mediator
of the SMA phenotype, acting through 1ts role 1n synaptic
microautophagy to potentiate neurotransmission at the NM.J
and thus mitigate disease. Successtully demonstrating this
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will focus attention on a novel mechanism 1n SMA-SMN-
mediated proteostasis at the synapse, sparking interest in
how wild-type SMN levels maintain a healthy pool of NMJ
proteins that ensure that the synapse functions efliciently to
signal between nerve and muscle.

[0221] To test whether Hspa8“*’°* functions through
mechanisms other than microautophagy, we will examine
the role of the mutation in endocytosis, another process
thought to be perturbed at SMA junctions®*°>.

[0222] Postnatal day (PND) 1 mouse pups (11—3 for each
time point analyzed) were administered, through the retro-
orbital sinus, either vehicle or 10 ul of 4x10'" GC (genome
copies) (concentration is about 4x10'° GC/ml) of the AAV9-
Hspa8 therapeutic construct (AAV9-Hspa8“*'*). Following
the injection, the pups were euthanized at PND3J3, PND?9,
PND14 or PND26, and brain tissue extracted to assess total
levels of Hspa8 transcript and/or protein (including both
wildtype Hspa8 and Hspa8“*’*). Transcript levels were
assessed by Q-PCR on an Eppendort RealPlex 4 MasterCy-
cler. Protein levels were determined by standard western
blot analysis using O-tubulin as a loading control. Band
intensities were determined using the NIH Imagel software.
FIGS. 6A-6C show evidence of successful delivery and
expression of therapeutic Hspa8. Hspa8 transcript levels
increase following delivery of the molecule 1n AAV9 to
model mice (FIG. 6A). A corresponding increase of the
protein 1s seen (FIG. 6B). Western blot of Hspa8 shows
robust increase in the protein in PND14 and PND26 mice
above baseline (FIG. 6C).

[0223] PNDI10 mice of the indicated genotypes were
cuthanized, and the spinal cord tissue extracted to determine
SMN levels by western blotting. O-tubulin was used as a
loading control. Band intensities were determined using the
NIH Imagel software. FIG. 7 shows that the therapeutic
version of Hspa8 increases SMN 1n spinal cord tissue of
SMA mice as assessed by western blot analysis.
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configurations, constructions and dimensions. Numerous
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citation and discussion of such references 1s provided merely
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an admission that any reference 1s prior art to the mvention
described herein. All references cited and discussed 1n this
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tions of what 1s described herein will occur to those of
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scope of the mnvention. While certain embodiments of the
present invention have been shown and described, 1t will be
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What 1s claimed 1s:

1. A method of treating a neurodegenerative disorder in a
subject, the method comprising administering an effective
amount of a modulator of Hsa8 to the subject.

2. The method of claim 1, wherein the modulator 1s an
inhibitor of Hsa8.

3. The method of claim 1, wherein the modulator i1s a
small molecule, a polynucleotide, or an antibody or antigen-
binding portion thereof.

4. The method of claim 3, wherein the polynucleotide 1s
a small interfering RNA (siRNA) or an antisense molecule.

5. The method of claim 1, wherein the modulator com-
prises a CRISPR/Cas system.

6. The method of claim 1, wherein the modulator binds to
a substrate binding domain of Hspa8.

7. The method of claim 1, wherein the modulator binds to
an ATPase domain of Hspas.

8. The method of claim 1, wherein the modulator
decreases a chaperone activity of Hspa8.

9. The method of claim 1, wherein the modulator
increases a microautophagy activity of Hspas.

10. The method of claim 1, wherein the neurodegenera-
tive disorder 1s a motor neuron disease.

11. The method of claim 10, wherein the motor neuron
disease 1s spinal muscular atrophy (SMA) or amyotrophic

lateral sclerosis (ALS).
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12. The method of claim 10, wherein the motor neuron
disease 1s hereditary spastic paraplegia (HSP), primary lat-
eral sclerosis (PLS), progressive muscular atrophy (PMA),
progressive bulbar palsy (PBP), or pseudobulbar palsy.

13. The method of claim 1, wherein the modulator 1s
administered to the central nervous system (CNS) of the
subject.

14. The method of claim 1, wherein the modulator 1s
administered to the spinal cord of the subject.

15. The method of claim 1, wherein the modulator 1s
administered by intrathecal injection.

16. The method of claim 1, wherein the modulator 1s
administered orally, intravenously, intramuscularly, topi-
cally, arterially, or subcutancously.

17. The method of claim 1, further comprising adminis-
tering a SMN2 splicing modifier to the subject.

18. The method of claim 1, wheremn the subject 1s a
mammal.

19. The method of claim 18, wherein the mammal 1s a
human, a rodent, or a simian.

20. The method of claim 18, wherein the mammal 1s a
human.
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