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1
THERAPEUTIC AND DIAGNOSTIC
METHODS AND COMPOSITIONS FOR
NEURODEGENERATIVE DISEASES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 61/974,296, filed Apr. 2, 2014, which
is incorporated herein by reference as if set forth in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

Neurodegenerative disease is a term that encompasses a
range of pathologies that primarily affect neurons of the
central nervous system. Neurodegenerative discases are
typically characterized by the progressive degeneration and/
or death of neurons in different regions of the nervous
system and the resulting impairments in movement and
mental functioning. Neurodegenerative diseases, which are
incurable and often debilitating, have an enormous impact
on the lives of affected individuals and their families as well
as society as a whole.

Parkinson’s disease, amyotrophic lateral sclerosis (ALS),
and Alzheimer’s disease are the most well-known neurode-
generative diseases, but other conditions, such as Spinal
Muscle Atrophy, Charcot-Marie-Tooth disease, Hunting-
ton’s disease, spinocerebellar ataxias, Guillain-Barré syn-
drome, Parkinson’s disease-related disorders, and other
motor neuron diseases belong to the same clinical group.
Pathologies common to genetically inherited and sporadic
cases of these neurodegenerative diseases are the accumu-
lation of misfolded proteins, especially neurofilament (NF),
and axonal degeneration. It remains unknown how protein
aggregation, mitochondrial dysfunction, glutamate toxicity,
and disrupted calcium homeostasis promote axonal degen-
eration or why these processes selectively affect specific
populations of neurons, such as motor neurons in ALS,
although some evidence suggests that protein aggregates
disrupt axonal transportation and consequently promote
retraction of motor neuron axonal degeneration before the
loss of cell bodies.

Accordingly, there remains a need for a better understand-
ing of the etiopathology of neurodegenerative diseases. In
addition, there remains a need in the art for methods for
detecting neurodegenerative conditions before clinical
symptoms manifest, for facilitating accurate diagnosis of
neurodegenerative disease, for monitoring disease progres-
sion, and for identifying candidate therapeutic agents to
slow, halt, or reverse neurodegeneration.

SUMMARY OF THE INVENTION

In one aspect, the present invention provides a method of
diagnosing neurodegenerative disease in a subject. The
method can comprise the steps of obtaining induced pluri-
potent stem (iPS) cells from somatic cells of a subject, where
the iPS cells are capable of differentiation into neurons;
culturing the iPS cells under conditions suitable to differ-
entiate the iPS cells into neurons; and detecting an indicator
of neurofilament aggregation or neurite degeneration in the
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iPS cell-derived neurons, where increased neurofilament
aggregation or neurite degeneration relative to neurons
derived from iPS cells of an individual not having neuro-
degenerative disease indicates that the subject has a neuro-
degenerative disease, and thereby diagnosing neurodegen-
erative disease in the subject.

In some cases, the neurodegenerative disease can be
selected from the group consisting of amyotrophic lateral
sclerosis (ALS), Alzheimer’s Disease (AD), Parkinson’s
Disease (PD), a PD-related disorder, Huntington’s Disease
(HD), Charcot-Marie-Tooth disease (CMT), Spinocerebellar
ataxia (SCA), Spinal Muscle Atrophy (SMA), and Guillain-
Barré syndrome (GBS). The neurodegenerative disease can
be ALS, SMA, or CMT, and the subject’s iPS cells can
differentiate into motor neurons. Detecting neurofilament
aggregation can comprise determining a level of NF-L
mRNA in the subject’s iPS cell-derived motor neurons. In
some cases, the method can further comprise detecting a
level of phosphorylated neurofilament in a biological sample
of the subject. The biological sample of the subject can be
cerebrospinal fluid. The neurodegenerative disease can be
Alzheimer’s disease, and the subject’s iPS cells can differ-
entiate into glutamatergic neurons or cholinergic neurons.
The neurodegenerative disease can be Parkinson’s disease or
a PD-related disorder, and the subject’s iPS cells can dif-
ferentiate into dopaminergic neurons. The neurodegenera-
tive disease can be spinocerebellar ataxia and the subject’s
iPS cells can differentiate into granular neurons.

In another aspect, the present invention provides a method
of detecting a neurodegenerative disease in a subject. The
method can comprise the steps of determining a level of
NF-L mRNA in neurons derived from iPS cells obtained
from somatic cells of a subject; relating the determined level
to a reference level of NF-L; and thereby detecting neuro-
degenerative disease in the subject based on a reduced level
of NF-L relative to the reference level. The neurodegenera-
tive disease can be selected from the group consisting of
amyotrophic lateral sclerosis (ALS), Alzheimer’s Disease
(AD), Parkinson’s Disease (PD), a PD-related disorder,
Huntington’s Disease (HD), Charcot-Marie-Tooth disease
(CMT), Spinocerebellar ataxia (SCA), Spinal Muscle Atro-
phy (SMA), and Guillain-Barré syndrome (GBS). In some
cases, the neurodegenerative disease is ALS, where the
neurons can be motor neurons, and where the reference level
can be a level of NF-L mRNA in motor neurons derived
from iPS cells of an individual having ALS. The reduced
level of NF-L mRNA can be at least 50% lower than the
reference.

In a further aspect, the present invention provides a
method for treating a neurodegenerative disease in a subject
in need thereof. The method can comprise administering one
or more recombinant nucleic acid sequences encoding at
least a portion of NF-L to the subject, where the nucleic acid
sequences can be targeted to neurons, and where expression
of NF-L in targeted neurons can treat the neurodegenerative
disease. The neurodegenerative disease can be selected from
the group consisting of amyotrophic lateral sclerosis (ALS),
Alzheimer’s Disease (AD), Parkinson’s Disease (PD), a
PD-related disorder, Huntington’s Disease (HD), Charcot-
Marie-Tooth disease (CMT), Spinocerebellar ataxia (SCA),
Spinal Muscle Atrophy (SMA), and Guillain-Barré syn-
drome (GBS). The nucleic acid sequences can be adminis-
tered in a vector. The vector can be a virus or virus-derived.
The virus can be selected from the group consisting of an
adenovirus, retrovirus, herpes virus, and adeno-associated
virus. The vector can be a replication defective adenovirus.
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In another aspect, the present invention provides a method
for protecting against neurite degeneration in a subject in
need thereof. The method can comprise administering one or
more nucleic acid sequences encoding NF-L to tissue of the
subject, where the nucleic acid sequences are targeted to
neurons of the tissue, and where expression of NF-L protects
the targeted neurons from neurite degeneration. The subject
can have been diagnosed or can be suspected of having a
neurodegenerative disease. The neurodegenerative disease
can be selected from the group consisting of amyotrophic
lateral sclerosis (ALS), Alzheimer’s Disease (AD), Parkin-
son’s Disease (PD), a PD-related disorder, Huntington’s
Disease (HD), Charcot-Marie-Tooth disease (CMT), Spi-
nocerebellar ataxia (SCA), Spinal Muscle Atrophy (SMA),
and Guillain-Barré syndrome (GBS). The nucleic acid
sequences can be administered in a vector. The vector is a
virus or virus-derived. The virus can be selected from the
group consisting of an adenovirus, retrovirus, herpes virus,
and adeno-associated virus.

In a further aspect, the present invention provides a
method of evaluating a candidate neuroprotective agent. The
method can comprise the steps of contacting a candidate
neuroprotective agent to neurons derived from induced
pluripotent stem (iPS) cells obtained from somatic cells of a
human subject having a neurodegenerative disease, where
the neurons exhibit a phenotype typical of the neurodegen-
erative disease; and evaluating the contacted neurons for a
neuroprotective effect of the agent relative to non-contacted
iPS cell-derived neurons of the subject. The neurodegenera-
tive disease can be selected from the group consisting of
amyotrophic lateral sclerosis (ALS), Alzheimer’s Disease
(AD), Parkinson’s Disease (PD), a PD-related disorder,
Huntington’s Disease (HD), Charcot-Marie-Tooth disease
(CMT), Spinocerebellar ataxia (SCA), Spinal Muscle Atro-
phy (SMA), and Guillain-Barré syndrome (GBS). The neu-
roprotective effect can be selected from the group consisting
of a reduction in severity of neurodegeneration, a delay in
onset of neurodegeneration, a reduction in severity of neu-
rofilament (NF) aggregation, and increased motor neuron
viability in vitro.

In another aspect, the present invention provides a recom-
binant nucleic acid molecule comprising a motor neuron-
specific promoter operably linked to a nucleic acid sequence
encoding a human NF-L polypeptide. The invention also
provides a vector comprising said nucleic acid molecule.
The vector can be a plasmid. The vector can be a virus or
virus-derived. The virus can be selected from the group
consisting of an adenovirus, retrovirus, herpes virus, and
adeno-associated virus. The vector can be a replication
defective adenovirus.

In a further aspect, the present invention provides a kit for
diagnosing a subject predisposed to or suspected of devel-
oping a neurodegenerative disease or suffering from a neu-
rodegenerative disease. The kit can comprise at least one
oligonucleotide primer capable of hybridizing to a at least a
portion of a NF-L target nucleic acid; at least one reference
corresponding to a level of NF-L target nucleic acid; at least
one buffer or reagent; and a container. The at least one
oligonucleotide primer can comprise the nucleotide
sequence of any of SEQ ID NO:7-8. The neurodegenerative
disease can be selected from the group consisting of ALS,
SMA, and CMT.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-11 demonstrate iPS cell generation, neural
differentiation, and mutation correction. (FIG. 1A) Contrast
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image of iPS cell colonies generated by Sendai virus. (FIG.
1B) Immunofluorescent image of NANOG expression in
D90A SOD1 iPS cells. (FIGS. 1C-1D) DNA sequencing
showing heterozygous nucleotides (A/C) in D90A (C) and
homozygous nucleotide A in corrected (D90D) (D) SOD1
iPS cells. (FIG. 1E) Schematic protocol for MN and non-
MN differentiation. 3c: 3 small molecular compounds
(SB431542, LDN193189, and CHIR99021); Pur: purmor-
phamine; Cyclo: cyclopamine. (FIGS. 1F-1G) ALS (D90A)
and genetically corrected ALS (D90D) iPS cells differenti-
ated to OLIG2" MN progenitors at day-14, MNX1" post-
mitotic MNs at day-21, and CHAT* maturing MNs at
day-28. (FIGS. 1H-11) Quantification of TUJ* neuronal
population among total Hoechst labeled (HO) cells (FIG.
1H) and MNX1* MNs among neurons (FIG. 1I). Scale
bar=50 pm.

FIGS. 2A-2D demonstrate SOD1 expression and aggre-
gation in iPSC-derived neurons. (FIG. 2A) Allelic imbalance
assay showing the ratio of mutant (A) and wt (C) copy of
SOD1 transcripts in fibroblasts (FIB), reprogrammed stem
cells (iPS), and their differentiated neuroepithelia (NEP),
MN progenitors (MNP), MNs, and non-MNs. (FIG. 2B)
RT-gPCR analysis showing SOD1 mRNA expression in
MNs and non-MNs. (FIG. 2C) Representative Western blots
and relative SOD1 expression levels (to GAPDH) in MNs
and non-MNs. (FIG. 2D) SOD1 immuno-EM in neurites,
cytoplasm, nuclei, and mitochondria of MN and non-MN
cultures. Arrows=clusters of gold particles. No contrast
staining for ALS non-MNs to permit better views of fine
gold particles. Scale bar=2 pm.

FIGS. 3A-3D depict neurofilament (NF) aggregates in
ALS iPSC-derived neurons. (FIG. 3A) Immunofluorescent
images of NF-H, NF-M, and NF-L in CHAT* MNs. NF
staining in the insets is magnified on the right panel. Arrows
indicate NF aggregates in the cell body; arrowheads indicate
NF aggregates in neurites. Scale bar=50 um. (FIG. 3B) EM
showing NF arrangement in cell body (left) and neurites
(right) of MN cultures. Scale bar=2 um. (FIGS. 3C-3D)
Quantification of NF aggregate-containing cell bodies (FIG.
3C) and neurites (FIG. 3D) in MNs and non-MNs at day-4,
7, and 10 after plating. *p<0.05.

FIGS. 4A-4G depict degenerative changes in ALS MN
neurites. (FIG. 4A) Colorimetric measurement of LDH
(normalized to gDNA) in culture media from MN and
non-MN cultures. (FIG. 4B) Cleaved caspase3 staining
(arrows) and (FIG. 4C) quantification. (FIG. 4D) Phase
contrast images of MNs and non-MNs at day-10. Arrows
indicate bead-like swellings in neurites. Inset is magnified in
upper-right. (FIG. 4E) Immunofluorescent images of
p-NF-H in MNs and non-MNs. Arrowheads indicate bead-
like structures in neurites. Inset magnified in upper right.
(FIG. 4F) Quantification of beads on neurites. (FIG. 4G)
ELISA quantification of p-NF-H in media (normalized to
gDNA). *p<0.01. Scale bar=50 pm.

FIGS. 5A-5G present images demonstrating NF aggrega-
tion and neurite degeneration in neurons expressing D90A
SOD1 in a wild-type (wt) background. (FIG. 5A) Western
blots and relative expression of SOD1 (to GPDH) in MNs
and non-MNs derived from hESCs expressing D90A SOD1
or EGFP. (FIG. 5B) Immunofluorescent images of NF-H,
NF-M, and NF-L in CHAT™ cells from SODI1- and EGFP-
expressing hESCs. NF staining in the insets is magnified on
the right panel. Arrows indicate NF aggregates in the cell
body; arrowheads indicate NF aggregates in neurites. (FIGS.
5C, 5D) Quantification of NF aggregate-containing cell
bodies (FIG. 5C) and neurites (FIG. 5D) at day-4, 7, and 10
after plating neurons. (FIG. 5E) Phase contrast images of
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MNs and non-MNs from mutant SOD1- and EGFP-express-
ing hESCs. Arrows indicate bead-like formations in neurites.
Inset is magnified in upper-right. (FIGS. 5F, 5G) p-NF-H
(FIG. 5F) and LDH (FIG. 5G) in culture media from MN
and non-MN cultures derived from SODI1- or EGFP-ex-
pressing hESCs. *p<0.05; **p<0.01. Scale bar=50 pum.

FIGS. 6A-6F present data demonstrating expression of
NF subunits in neurons. (FIG. 6A) Relative levels of
mRNAs for NF-L, NF-H, and NF-M, and p-actin mRNA in
ALS (D90A) and corrected (D90D) MNs in the presence of
actinomycin D measured by RT-gPCR (p<0.05 between
D90A and DI0D). (FIG. 6B) Relative expression and rep-
resentative Western blots of NF-H, NF-M, and NF-L in MNs
and non-MNs as compared to neuron-specific enolase
(NSE). (FIG. 6C) The proportion of NF-L. among total NF
protein in MNs (upper panel) and non-MNs (lower panel).
*p<0.05 between ALS (D90A, A4V) and genetically cor-
rected ALS (D90D) or wt (IMR-90-4) cells. (FIG. 6D)
Relative levels of NF-L and p-actin mRNA in ALS (D90A)
and corrected (D90D) MNs in the presence of actinomycin
D measured by RT-gPCR (p<0.05 between D90A and
D90D). (FIG. 6E) Western blotting for mutant SOD1 in MN
and non-MN samples pulled down by the 3'UTR NF-L
mRNA probe. (FIG. 6F) Input samples were blotted for
AS5C3 antibody.

FIGS. 7A-7TH present data demonstrating the effects of
NF-L expression on NF aggregation and neurite degenera-
tion in ALS MNs. (FIG. 7A) Western blots and relative (to
neuron-specific enolase (NSE)) expression of NF-H, NF-M,
and NF-L in MNs from GFP-, NF-L-expressing ALS
(D90A) 1PS cells as well as genetically corrected (D90D1 &
2) ALS iPS cells. (FIG. 7B) The proportion of NF-L. among
total NF protein in the presence of 1 ug/ml of DOX. (C, D)
Quantification of NF aggregate-containing cell bodies (FIG.
7C) and neurites (FIG. 7D) in MNs. (FIG. 7E) Phase
contrast images of MNs at day-10. Arrows indicate bead-
like swellings in neurites. Inset is magnified in upper-right.
(FIG. 7F) Immunofluorescent images of pNF-H in MNs.
Arrowheads indicate bead-like structures in neurites. (FIG.
7G) Quantification of bead-like formations. (FIG. 7H)
ELISA quantification of pNF-H in media from MN cultures.
Scale bar=50 pm. *p<0.05.

FIGS. 8A-8C present data to demonstrate that sporadic
ALS motor neurons exhibit NF aggregates and changes in
NF-L mRNA levels. (FIG. 8A) Immunofluorescent staining
for NF-L in sporadic and control (IMR90) MNs at day-10.
Inset is magnified on the right. Arrow indicates aggregate in
cell body and arrowhead indicates inclusion in neurite. (FIG.
8B) Electron micrograph shows NF aggregate in a MN
neurite from ALS but not control (IMR-90). (FIG. 8C)
Quantification of NF-L. mRNA by RT-qPCR between control
(IMR-90) and sporadic ALS MNs.

FIGS. 9A-9B present (FIG. 9A) nucleotide (SEQ ID
NO:1) and (FIG. 9B) amino acid (SEQ ID NO:2) sequences
for NF-L.

FIGS. 10A-10B present (FIG. 10A) nucleotide (SEQ ID
NO:3) and (FIG. 10B) amino acid (SEQ ID NO:4) sequence
for NF-H.

FIGS. 11A-11B present (FIG. 11A) nucleotide (SEQ ID
NO:5) and (FIG. 11B) amino acid (SEQ ID NO:6) sequences
for NF-M.

FIGS. 12A-12F present immunofluorescent images of
NF-H, NF-M, and NF-L in CHAT* motor neurons (MNs)
and CHAT™ non-MN from wild-type (FIGS. 12A, 12D),
TDP43 mutant (FIGS. 12B, 12E), and sporadic ALS sub-
jects (FIGS. 12C, 12F). Staining in the insets is magnified on
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the right panel. Arrows indicate NF inclusions in the cell
body; arrowheads indicate NF inclusions in neurites. Scale
bar=50 pm.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is based, at least in part, on the
Inventors’ discovery that motor neurons differentiated from
induced pluripotent stem cells of ALS patients exhibit
phenotypes characteristic of neurodegenerative diseases
such as MN-selective accumulation of neurofilament (NF)
protein and axonal degeneration. The Inventors further dis-
covered that ALS-iPS cells exhibit altered proportions of NF
subunits and significantly reduced levels of NF-low (NF-L).
Using induced pluripotent stem (iPS) cells derived from
ALS patients, including those with genetic mutations (SOD1
and TDP43) and without genetic mutations (sporadic), the
Inventors discovered a motor neuron-selective NF aggrega-
tion at early stages and showed that these motor neurons
gradually undergo axonal degeneration. They further dis-
covered that ALS motor neurons show reduced expression
of neurofilament-low (NF-L) and altered proportion of NF
subunits (low, medium and high molecular weight). Impor-
tantly, they found that correction of NF-L. mRNA expression
in motor neurons restores the regular proportion of NF
subunits, prevents NF aggregation, and subsequently pro-
tects motor neurons from undergoing degeneration.

To date, animal models have failed to fully recapitulate
the neuropathology observed in human patients having
neurodegenerative diseases. As described herein, ALS-iPS
cells retain the ALS disease phenotype and have the capacity
for differentiation into neuronal cells that exhibit a pheno-
type typical of ALS. For example, motor neurons derived
from ALS-iPS cells undergo continual degeneration over
time. The Examples below disclose that iPS cells generated
from a human patient with ALS can be differentiated into
motor neurons that then exhibit disease-specific phenotypes
and undergo disease-specific cell death in the culture dish.
Accordingly, the work described herein represents a very
powerful example of a model in which to explore neurode-
generative disease mechanisms and to screen for novel
compounds that may attenuate or block neurodegenerative
disease processes.

In the specification and in the claims, the terms “includ-
ing” and “comprising” are open-ended terms and should be
interpreted to mean “including, but not limited to . . . . ”
These terms encompass the more restrictive terms “consist-
ing essentially of” and “consisting of.”

As used herein and in the appended claims, the singular
forms “a”, “an”, and “the” include plural reference unless
the context clearly dictates otherwise. As well, the terms “a”
(or “an”), “one or more” and “at least one” can be used
interchangeably herein. It is also to be noted that the terms
“comprising”, “including”, “characterized by” and “having”
can be used interchangeably.

Unless defined otherwise, all technical and scientific
terms used herein have the same meanings as commonly
understood by one of ordinary skill in the art to which this
invention belongs. All publications and patents specifically
mentioned herein are incorporated by reference in their
entirety for all purposes including describing and disclosing
the chemicals, instruments, statistical analyses and method-
ologies which are reported in the publications which might
be used in connection with the invention. All references
cited in this specification are to be taken as indicative of the
level of skill in the art.
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Methods of the Invention

a. Treatment Methods

One aspect of the present invention relates to methods for
treating or preventing a neurodegenerative disease and for
protecting against axonal degeneration in a subject in need
thereof. As used herein, the terms “treat” and “treating” refer
to both therapeutic treatment and prophylactic or preventa-
tive measures, wherein the object is to prevent or slow down
(lessen) an undesired physiological change or disorder, such
as progressive neurodegeneration. For purposes of this
invention, beneficial or desired clinical results include, with-
out limitation, an alleviation of one or more clinical indi-
cations, decreased motor neuron degeneration, reduced
severity of one or more clinical indications, diminishment of
the extent of disease, stabilization of the disease state (i.e.,
not worsening), delay or slowing, halting, or reversing
neurodegenerative disease progression, and partial or com-
plete remission, whether detectable or undetectable. “Treat-
ment” also refers to prolonging survival by weeks, months,
or years as compared to expected survival if not receiving
treatment according to a method provided herein. Subjects
in need of treatment can include those already having or
diagnosed with a neurodegenerative condition or disorder as
well as those prone to, likely to develop, or suspected of
having the neurodegenerative condition.

As used herein, the term “neurodegenerative disease”
refers to a disease or disorder affecting nerves of the central
nervous system that typically manifests as one or a combi-
nation of motor, sensory, sensorimotor, or autonomic neural
dysfunction. A neurodegenerative disease can be sporadic or
genetically acquired, can result from systemic disease or
traumatic injury, or can be induced by a neurotoxic agent
such as a chemotherapeutic agent. In exemplary embodi-
ments, a neurodegenerative disease appropriate for the pres-
ent invention is one associated with or characterized, at least
in part, by neurofilament (NF) aggregation and neurite
degeneration. Neurodegenerative diseases appropriate for
the present invention include, without limitation, Parkin-
son’s disease (PD), Alzheimer’s disease (AD), Huntington’s
disease (HD), Spinal Muscle Atrophy (SMA), spinocerebel-
lar ataxias (SCA), Guillain-Barré syndrome (GBS), Parkin-
son’s disease-related disorders, Charcot-Marie-Tooth dis-
ease (CMT), amyotrophic lateral sclerosis (ALS), and other
motor neuron diseases.

Huntington’s Disease (HD) is characterized by progres-
sive neuronal death in different areas of the brain and the
appearance of motor coordination deficits and hyperkinetic
movement disorders. The spinocerebellar ataxias (SCA) are
a group of neurodegenerative diseases characterized by
cerebellar ataxia (deficit or failure of muscular coordina-
tion), occulomotor abnormalities, upper and lower motor
neuron signs, cognitive decline, epilepsy, autonomic dys-
function, sensory deficits, and psychiatric manifestations.
See, e.g., Schols et al., Lancet Neurol 3(5):291-304 (2004).
Charcot-Marie-Tooth disease (CMT) (also known as
Hereditary Motor and Sensory Neuropathy, “HMSN”) is the
most common inherited disorder of the peripheral nervous
system, affecting approximately 1 in 2500 individuals. Clini-
cal subtypes of CMT are associated with progressive distal
muscle weakness, atrophy, demyelinating neuropathy (CMT
type 1), and axonal loss (CMT type 2).

Amyotrophic lateral sclerosis (ALS) is the most common
motor neuron (MN) disease having no effective treatment
(Robberecht and Philips, Nat. Rev. Neurosci. 14:248-264
(2013)). A clinical diagnosis of ALS, defined by progressive
signs and symptoms of upper and lower motor neuron
dysfunction, is typically confirmed using electromyography.
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Additional tests such as magnetic resonance imaging (MRI)
of the brain or spinal column can exclude other diseases. In
the absence of treatments to effectively delay or halt disease
progression, ALS patient care is largely palliative. While
mostly sporadic, some cases of ALS are associated with
genetic mutations, among which 20% is caused by muta-
tions in the copper zinc superoxide dismutase (SOD1) gene.

In some cases, the present invention provides a gene
therapy method for treating a neurodegenerative disease in
a subject in need thereof, where the neurodegenerative
disease affects motor neurons or is associated with motor
neuron degeneration. The primary goal of gene therapy is to
treat a loss-of-function genetic disorder by delivering cor-
recting therapeutic DNA sequences into the nucleus of a cell,
whereby long-term expression of such therapeutic DNA
sequences at physiologically relevant levels can partially or
fully correct the loss-of-function phenotype. Therapeutic
gene transfer offers potential advantages over direct admin-
istration of a polypeptide systemically or via continuous or
targeted production of a target gene product in vivo.
Embodiments of the invention comprise delivery of a gene
therapy vector having a heterologous gene of interest to
obtain stable gene expression in target cells or tissues. The
method can include contacting a cell or tissue of a subject in
need thereof to a vector comprising a heterologous gene,
wherein the vector is introduced into a motor neuron of the
subject and wherein expression of the heterologous gene
treats the neurodegenerative disease. In some cases, the
subject has been diagnosed or is suspected of having amyo-
trophic lateral sclerosis (ALS) or spinal muscular atrophy of
infancy.

As used herein, the phrase “expression of the heterolo-
gous gene” refers to expression of a therapeutically effective
amount of a heterologous gene in a cell or cells to which the
gene therapy vector has been introduced. The “heterolo-
gous” gene may be a second copy or an altered copy of a
gene that is already part of the subject’s genome. Continuous
in situ production of physiological concentration of the gene
product can provide a therapeutically effective amount of
such molecules, thereby treating the neurodegenerative dis-
ease. In some cases, the heterologous gene encodes NF-68
(L) protein (“NF-L”). Nucleotide and amino acid sequences
for NF-L are set forth as SEQ ID NO:1 and SEQ ID NO:2,
respectively. In such cases, introducing a viral gene therapy
vector comprising nucleic acid sequence encoding NF-L
polypeptide, and targeting the vector to one or more types of
neurons, can increase expression of NF-L mRNA and the
proportion of NF-L subunit to relative to subunits NF-200
(H) (“NF-H”) and NF-145(M) (“NF-M”), whereby the neu-
rodegenerative disease is treated. Nucleotide and amino acid
sequences for NF-H are set forth as SEQ ID NO:3 and SEQ
1D NO:4, respectively. Nucleotide and amino acid sequences
for NF-M are set forth as SEQ ID NO:5 and SEQ 1D NO:6,
respectively.

Targeted delivery of a therapeutically effective amount of
a heterologous gene can treat, prevent, reverse, remove, or
compensate for NF aggregation or neurite degeneration in
susceptible motor neurons. Accordingly, targeted delivery of
a therapeutic gene such as NF-L to vulnerable neurons of the
central nervous system or peripheral nervous system can be
a useful neuroprotective (e.g., prophylactic) or therapeutic
strategy for a subject having, suspected of having, predis-
posed to developing, or likely to be susceptible to a neuro-
degenerative disease.

In exemplary embodiments, recombinant nucleic acid
sequences are administered in a vector. Vectors appropriate
for use according to a method of the present invention
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include, without limitation, viral vectors, preferably adeno-
viruses, herpes viruses, adeno-associated viruses (AAV),
retroviruses including lentiviruses, poxviridae, baculovirus,
vaccinia or Epstein-Barr viruses. In exemplary embodi-
ments, vectors are adenoviruses. Various serotypes of adeno-
virus are known in the art. For example, an appropriate
adenovirus serotype for use according to a method of the
present invention can be a type 2 or type 5 human adeno-
virus (Ad2 or Ad5) or an adenovirus of animal origin (e.g.,
adenoviruses of bovine, canine, murine, ovine, porcine,
avian, and simian origin). In some cases, it is preferable to
use replication-defective adenoviruses, comprising at least
one non-functional viral region selected from E1, E2 and/or
E4. Such adenoviruses may be produced according to con-
ventional methods such as the method described by Dedieu
etal.,J. Virology 71:4626-4637 (1997). Recombinant adeno-
viruses carrying a replication defective genome can be
prepared according to methods known in the art using either
competent packaging cells or transient transfection (Graham
F. L. and Prevec L., Gene transfer and expression protocols;
Manipulation of adenovirus vectors, Methods in Molecular
Biology (1991), The Humana Press Inc, Cliften, N.J., chap-
ter 11, pp. 109-128). In some cases, a method of treating a
neurodegenerative disease in a subject in need thereof
comprises contacting a cell or tissue of a subject to a
recombinant adeno-associated virus vector comprising a
heterologous gene, wherein the vector is introduced into a
neuron (e.g., motor neuron) of the subject and wherein
expression of the heterologous gene treats the neurodegen-
erative disease.

In another aspect, the present invention provides a method
of protecting against axonal or neurite degeneration in a
subject in need thereof. The method comprises administer-
ing one or more recombinant nucleic acid sequences (poly-
nucleotides) encoding a NF-L polypeptide to tissue of the
subject, wherein the nucleic acid sequences are targeted to,
for example, neurons of the tissue (e.g., motor neurons), and
wherein expression of NF-L in targeted neurons protects the
motor neurons from neurite degeneration. In some cases, the
subject has been diagnosed or is suspected of having ALS or
spinal muscular atrophy of infancy. Recombinant nucleic
acid sequences can be administered in a vector such as a
viral vector or virus-derived vector. Viral vectors appropriate
for use according to a method provided herein include,
without limitation, adenoviruses, retroviruses, herpes
viruses, and adeno-associated viruses. In some cases, a
motor neuron-specific promoter can be used to drive expres-
sion of a therapeutic target gene such as NF-L. The efficacy
of gene therapy may be monitored by clinical assessment as
well as measurement of phosphorylated neurofilament levels
as reduction of axonal (neurite) degeneration will decrease
the release of phosphorylated neurofilament.

b. Diagnostic Methods

In another aspect, the present invention provides a method
of diagnosing a subject as having a neurodegenerative
disease. The method can comprise detecting neurofilament
protein aggregation, neurite degeneration, and/or cell death
as an indicator of neurodegenerative disease in the subject.
For example, a method of the present invention can com-
prise (a) obtaining induced pluripotent stem (iPS) cells from
somatic cells of a subject, wherein the iPS cells are capable
of differentiation into motor neurons; (b) culturing the iPS
cells under conditions suitable to differentiate the iPS cells
into motor neurons; and (c) detecting neurofilament levels
and aggregation or neurite degeneration in the iPS cell-
derived motor neurons, where reduced neurofilament levels,
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or neurofilament aggregation or neurite degeneration indi-
cates that the subject has a neurodegenerative disease.

In exemplary embodiments, the subject is a living human.
For example, the subject can be a living human suspected of
or at risk for developing a neurodegenerative disorder. Skin
biopsy or blood samples can be obtained from such indi-
viduals and reprogrammed into motor neurons either
directly (Vierbuchen et al., Nature 463:1035-1041; Son et
al., Cell Stem Cell 9:205-218) or indirectly via iPS cells as
exemplified herein. An individual’s (e.g., human patient)
motor neurons can be assayed for reduced levels of NF-L
polypeptide or mRNA, increased release of phosphorylated
neurofilament to culture media, or neurofilament aggrega-
tion, neurite degeneration, susceptibility to stress, or
increased cell death. NF-L levels can be assayed using, for
example, RT-PCR (for mRNA) or using an anti-NF-L anti-
body (e.g., Western blot). Release of soluble phosphorylated
NF into culture medium can be detected using, for example,
an enzyme-linked immunosorbent assay (ELISA). Such
assays could be readily performed in a clinical setting. In
some cases, diagnosis of an individual suspected of or at risk
for developing a neurodegenerative disorder may be vali-
dated by detecting increased levels of phosphorylated neu-
rofilament in a cerebral spinal fluid sample obtained from
the individual.

c¢. Screening Methods

In another aspect, the present invention provides methods
for identifying candidate therapeutic agents to treat a neu-
rodegenerative disease, to slow or halt neurodegeneration, to
alter a neurodegenerative disease mechanism, or to correct
an observed neurodegenerative disease phenotype. For
example, methods of the present invention can comprise
testing compounds for their ability to modify or restore
cellular levels of NF-L, to restore cellular proportions of NF
subunits, or to attenuate or prevent neurite degeneration.
Alternatively, the methods provided herein could identify
compounds that promote cell survival (e.g., compounds that
stimulate intracellular protective pathways or promote
secretion of growth factors) independent of NF function.

In some cases, the present invention provides a method of
evaluating a candidate neuroprotective agent, where the
method comprises the steps of contacting a candidate neu-
roprotective agent to motor neurons derived from induced
pluripotent stem (iPS) cells obtained from somatic cells of a
human amyotrophic lateral sclerosis (ALS) patient, wherein
the motor neurons exhibit a phenotype typical of ALS; and
evaluating the contacted motor neurons for a neuroprotec-
tive effect of the agent. In some embodiments, the method
will include evaluating the effect of the agent relative to
motor neurons derived from iPS cells obtained from somatic
cells of a human ALS patient that have not contacted the
agent. A “neuroprotective effect” can include, without limi-
tation, a reduction in severity of neurodegeneration, a delay
in onset of neurodegeneration, a reduction in severity of
neurofilament (NF) aggregation and neurite degeneration,
and increased motor neuron viability in vitro. For example,
a compound contacted to an ALS iPS-derived motor neuron
culture can alter neurofilament levels, neurofilament subunit
proportion, neurofilament aggregation, axonal or neurite
degeneration, or cell survival and such effects of the com-
pound can be assayed, selected, and validated. See, for
example, Yang et al., Cell Stem Cell. (2013) Boyd et al., J
Biomol. Screen. 19(1):44-56 (2014); Naohiro et al., Sci.
Transi. Med. 145:104 (2012); Sharma et al., Methods Enzy-
mol. 506:331-60 (2012); Burkhardt et al., Mol. Cell Neuro-
sci. 56:355-64 (2013).
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In some cases, the method can comprise differentiating
iPS cells, derived from somatic cells of a human subject, into
neurons, preferably as disclosed below, and examining the
effect of a test compound on NF subunit proportions or NF-L
levels of the motor neurons, where an increase in NF-L
protein relative to motor neurons derived from iPS cells
from somatic cells of an ALS patient that have not been
exposed to the test compound indicates that the compound
modifies cellular NF subunit proportions or NF-L levels. As
used herein, the phrases “differentiation into neurons” and
“differentiating into neurons” refer to promoting the differ-
entiation of iPS cells into cells having the genetic markers,
cell function, and cell morphology characteristic of a par-
ticular neuronal lineage (e.g., motor neurons, Gabaergic
neurons, cholinergic neurons, dopaminergic neurons).

The method can additionally or alternatively comprise
examining the effect of a test compound on axonal or neurite
degeneration relative to neurons derived from iPS cells from
somatic cells of a human subject having a neurodegenerative
disease that have not been exposed to the test compound. In
some cases, the method comprises examining the effect of a
test compound on axonal or neurite degeneration relative to
motor neurons derived from iPS cells of a human ALS
patient that have not been exposed to the test compound.
Such effects on ALS-patient derived motor neurons can be
detected by assaying for NF-L protein production, NF-L
mRNA levels, degree of neurite degeneration, and onset or
extent of cell death. Changes in neurite length are detected
as an indicator of neurite degeneration. In exemplary
embodiments, neurite length is measured using a reporter
system such as the luciferase reporter NanoLuc (Nluc) fused
with SYNAPTOPHYSIN (SYP), a synaptic glycoprotein
that targets the Nluc reporter to axonal membrane, as
described in U.S. Patent Application Ser. No. 62/112,441,
filed Feb. 5, 2015 (incorporated herein by reference in its
entirety).

In another embodiment, the method includes screening
test compounds for an effect on motor neuron survival.
Compounds that increase motor neuron cell survival, rela-
tive to ALS-patient derived motor neurons that have not
been exposed to the test compound, are excellent candidates
for further drug testing.

In some cases, the method further comprises obtaining a
population of iPS cells derived from somatic cells from
human subject known to have a neurodegenerative disease
such as ALS. In exemplary embodiments, the somatic cells
of an ALS patient are fibroblasts. Other types of somatic
cells may also be used, including without limitation, blood
cells, hair follicle cells, fat cells, and neural cells. To confirm
that reprogramming of wild-type and ALS fibroblasts to a
pluripotent state has occurred, one may wish to use standard
techniques including, but not limited to, quantitative PCR
with reverse transcription (qQRT-PCR), teratoma formation,
DNA fingerprinting and microarray analysis. Pluripotency
criteria have been described (see Chan et al., Live cell
imaging distinguishes bona fide human iPS cells from
partially reprogrammed cells, Nat. Biotech., 27:1033-1037,
2009). Typically, one would look for teratoma formation and
expression of endogenous Oct4, SSEA, TRA, and other
markers. One could also assay for the ability of the cells to
make embryoid bodies that produce all three dermal lin-
eages.

Compositions of the Invention

In a further aspect, the present invention provides com-
positions useful for treating a neurodegenerative disease or
protecting against neurite degeneration in a subject in need
thereof. In particular, the present invention provides recom-
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binant nucleic acid molecules and expression vectors com-
prising such nucleic acid molecules. In some cases, a
recombinant nucleic acid molecule comprises a nucleic acid
sequence encoding a NF-L polypeptide (e.g., human NF-L).
A recombinant nucleic acid molecule of the invention can
further comprise a motor neuron-specific promoter operably
linked to a target nucleic acid sequence (e.g., a nucleic acid
sequence encoding human NF-L).

In exemplary embodiments, a recombinant nucleic acid
molecule of the present invention is in a vector. In some
cases, the vector is a plasmid (e.g., plasmid expression
vector) or is a virus or virus-derived. For example, the vector
can be a virus selected from the following: an adenovirus, a
retrovirus, a herpes virus, and an adeno-associated virus. In
some cases, the vector is a replication-defective adenovirus
vector (e.g., a human replication-defective adenovirus). A
replication-defective adenovirus vector is capable of deliv-
ering its genome to an infected cell, but comprises one or
more disabling mutations that prevent activation of viral
early gene expression and DNA replication. For example,
the replication-defective adenovirus vector pAdRSV[gal
lacks the early region 1 (E1) genes needed to efficiently
activate transcription of the other viral early genes, including
those encoding viral DNA replication proteins and those
responsible for inactivating the cellular DNA damage
response. See Stratford-Perncaudet et al., J. Clin. Invest.
90:626-30 (1992).

In another aspect, the present invention provides kits
useful for the diagnosis, treatment, or monitoring of a
neurodegenerative disease. For example, a kit of the present
invention can be used to diagnose or monitor disease pro-
gression in a subject predisposed to or suspected of devel-
oping a neurodegenerative disease or suffering from a neu-
rodegenerative disease. In some cases, a kit of the present
invention can comprise the following components: at least
one oligonucleotide primer capable of hybridizing to or
amplifying a target NF-L nucleic acid sequence; at least one
reference corresponding to a level of NF-L target nucleic
acid; at least one buffer or reagent; and a container. By way
of example, oligonucleotide primers appropriate for a kit of
the present invention include, without limitation, the nucleo-
tide sequences of SEQ ID NO:7 (5'-ATGAGTTCCTTCA-
GCTACGAGC-3") and SEQ ID NO:8 (5'-CTGGGCAT-
CAACGATCCAGA-3").

While the present invention is susceptible to various
modifications and alternative forms, specific embodiments
thereof have been shown by way of example in the drawings
and are herein described in detail. It should be understood,
however, that the description herein of specific embodiments
is not intended to limit the invention to the particular forms
disclosed, but on the contrary, the intention is to cover all
modifications, equivalents and alternatives falling within the
spirit and scope of the invention as defined by the appended
claims.

The invention will be more fully understood upon con-
sideration of the following non-limiting Examples.

EXAMPLES
Example 1

Efficient Differentiation of ALS iPS Cells and
Genetically Corrected ALS iPS Cells to Motor
Neurons

Fibroblasts from a 50-year old female carrying the D90A
SOD1 mutation (ND29149, P3; Coriell Institute) were
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reprogrammed using the non-integrating Sendai virus as
described (Ban et al., Proc. Natl. Acad. Sci. U.S.4 108:
14234-14239 (2011)). A4V SOD1 mutant iPSC lines, estab-
lished with retrovirus, were obtained from Coriell
(ND35671). The IMR-90-4 iPSC line, generated from fetal
fibroblasts (Hu et al., 2010), was used as a wild-type (wt)
control. The iPS cells reprogrammed with Sendai virus were
integration-free as confirmed by qPCR analysis for viral
sequences (data not shown). All iPS cells became stable cell
lines, exhibited typical morphology, expressed the pluripo-
tency markers including NANOG (FIGS. 1A-1B), OCT4,
SSEA-4, and SOX2, generated teratomas in vivo, and
retained karyotype stability (some data not shown). Human
ESCs (H9 line, NIH registry 0046) were used as an addi-
tional wt control and as a recipient for transgenic expression
of mutant SOD1. The SOD1 D90A mutation was maintained
as confirmed by sequencing exon 4 of SOD1 (FIG. 1C, 1D).

To establish isogenic controls under the same genetic and
epigenetic background, we corrected the D90A mutation in
the iPS cells using TALEN mediated homologous recombi-
nation. Transgenes were targeted to the AAVSI locus in
hESCs and iPSCs by TALEN. The donor plasmid for
constitutive expression of D90A SOD1 was constructed by
replacing the CAG-GFP cassette of the plasmid AAV-CA-
GGS-EGFP (Addgene, Cambridge, Mass.) with the CAG-
D90A SODI cassette via Spel and Mlul double digestion.
Similarly, the Tet-inducible expression plasmid was con-
structed by replacing the CAG-GFP cassette with the CAG-
Tet-On 3G cassette (pTRE3G-SV40-polyA cassette, Clon-
tech, Mountain View, Calif.) via the Spel site. NF-L. cDNA
sequence was inserted into the Sall and Mlul sites of the
plasmid for conditional NF-L. expression. To correct the
SOD1 D90A mutation, a 986 basepair (bp) or 829 bp
fragment at both sides of the TALEN target point was
PCR-amplified using genomic DNA from H9 hESCs. The
digested fragments were then cloned into the multiple clone
site of plasmid PL452 (Frederick National Lab). TALENs
pairs targeting the AAVS1 locus was designed as described
(Hockemeyer et al., Nat. Biotechnol. 29:731-734 (2011)).
TALEN activity was assayed via surveyor nuclease (Trans-
genomic, Omaha, Nebr.). A standard protocol was used for
cellular transfection and cloning as described (Hockemeyer
et al., Nat. Biotechnol. 29:731-734 (2011)).

PCR analysis of individual single-cell-derived G418-
resistant clones using a primer external to the 5' donor
homology region and a primer against the PGK promoter
demonstrated disruption of the genomic locus and integra-
tion of the donor vector with a frequency of about 45% (data
not shown). Two selected clones, designated as D90D1 and
D90D2, showed successful correction of the targeted locus,
as revealed by TagMan SNP genotyping assays and by
sequencing (FIG. 1C, 1D). The corrected iPSCs displayed a
normal karyotype, uniform expression of pluripotency
markers, and generation of teratomas, and identical poly-
morphisms to their parental cells as assayed by short tandem
repeat analysis.

Pluripotent stem cells were first differentiated to neuroepi-
thelia in a neural medium consisting of DMEM/F12, N2
supplement, and non-essential amino acids in the presence
of SB431542 (2 pM), LDNI193189 (300 nM), and
CHIR99021 (3 uM; Stemgent) for 7 days. At day 8§, the
neuroepithelia were treated with RA (0.1 uM) and purmor-
phamine (0.5 pM) for 7 days for MN induction. For gen-
eration of non-MNs, cyclopamine (0.5 pM) was added in
place of purmorphamine. At day-14, both MN and non-MN
progenitors in the form of rosettes were isolated and
expanded as floating clusters in suspension in the same
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respective medium but without SB431542, .DN193189,
and CHIR99021 for an additional 7 days before plating on
laminin substrate for generating mature neurons. To generate
synchronized postmitotic neurons, the cultures were treated
from day 18-21 with compound E (0.1 uM) to block cell
proliferation.

Initial experiments were designed to assay whether MN
generation is altered by SOD1 mutations. Using a protocol
(FIG. 1E) modified from previous methods (Amoroso et al.,
J. Neurosci. 33:574-586 (2013)); Li et al., Stem Cells
26:886-893 (2008)), it was determined that both the mutant
SOD1 iPSCs (D90A and A4V) and genetically corrected
(D90D), as well as wt iPSCs (IMR-90-4), efficiently differ-
entiated into OLIG2* MN progenitors at day 14, MNX1*
postmitotic MNs at day 21, and CHAT* maturing MNs by
21-30 days (FIGS. 1F-1G), with 94% of the TUJ1* neurons,
or 90% of total differentiated cells being MNX1* MNs (FIG.
1H-I). These results indicated that ALS mutations do not
affect MN development. We also differentiated the iPSCs to
spinal neurons that were void of MNX1* or CHAT* MNs by
blocking hedgehog signaling using cyclopamine during neu-
ral patterning (FIG. 1E), which forms a non-MN control
within the individual iPSC line. At 4-5 weeks of iPSC
differentiation, no glial fibrillary acidic protein (GFAP)-
expressing astrocytes were observed (FIG. 1F-G), which is
a similar result to previous observations that GFAP-express-
ing astrocytes do not usually appear until after 2-3 months
of hPSC differentiation (Krencik et al., Nat. Biotechnol.
29:528-534 (2011); Serio et al., Proc. Natl. Acad. Sci. U.S.A
110:4697-4702 (2013)). Additionally, we used compound E,
a notch signaling inhibitor, to prevent generation of new
neurons from progenitors. The highly enriched and synchro-
nized MNs and non-MNs enable phenotypic characteriza-
tion at cellular and molecular levels.

Example 2

ALS Motor Neurons Exhibit Small Aggregates of
Mutant SOD1 and NF Aggregates

Expression of multiple copies of disease-causing mutant
SOD1 in animals results in increased expression and aggre-
gation of SOD1 (Bruijn et al., Science 281:1851-1854
(1998); Furukawa et al., Proc. Natl. Acad. Sci. U.S.A.
103:7148-7153 (2006); Karch et al., Proc. Natl. Acad. Sci.
U.S.A. 106:7774-9 (2009)). We first asked if SODI1 is
comparably expressed in MNs and non-MNs. Western blot-
ting indicated that the SODI1 level in day-30 MNs was
approximately 40% lower than that in non-MNs (FIG. 2C).
Next, we assayed whether a single copy of mutant SOD1
would alter the level of SOD1 and cause its aggregation in
human ALS neurons (neurons of human subjects having
ALS). By quantitative PCR (qPCR), it was observed that the
ratios between the mutant and wild-type (wt) alleles were
about 1 in fibroblasts, iPSCs, neuroepithelia, MN progeni-
tors, MNs, and non-MNs for the D90A mutant, whereas in
wt cells both copies were wt (FIG. 2A), indicating that the
mutant SOD1 copy is maintained during reprogramming and
neural differentiation. By RT-qPCR we then found that
mutant SOD1 MNs and non-MNs expressed a similar SOD1
level as wt and genetically corrected ALS cells (FIG. 2B).
Interestingly, Western blotting indicated that mutant MNs,
but not mutant non-MNs, expressed an even lower level of
SOD1 than wt and genetically corrected ALS MNs (FIG.
2C). This unexpected pattern of changes was replicated in
six sets of biological samples. Thus, unlike in transgenic
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animals, the total amount SOD1 protein does not increase in
ALS patients’ MNs, at least at the age analyzed.

Immunostaining for SOD1 and examination under con-
focal microscopy showed a ubiquitous expression pattern
without discernible aggregates in MNs. We reasoned that
aggregates may have been absent or too small to discern
under light microscopy. Immuno-electron microscopy (EM)
revealed an even distribution of fine gold particles in cyto-
plasm and neurites of MN cultures from wt and genetically
corrected ALS cells. In the ALS MN cultures, clusters of
gold particles, averaged 64+5 nm in diameter, were present
in cytoplasm, neurites, and nuclei (FIG. 2D). In transgenic
animals, SOD1 aggregates are often present on mitochon-
drial membrane (Bergemalm et al., J. Neurosci. 26:4147-
4154 (2006); Pasinelli et al., Neurorn 43:19-30 (2004);
Vijayvergiya et al., J. Neurosci. 25:2463-2470 (2005)).
Careful examination revealed no association of SODI1
aggregates with mitochondria in ALS patients” MNs (FIG.
2D). In the ALS non-MN cultures, there were more gold
particles than in MNs, but they were singular, of 10.73+£1.07
nm in diameter (FIG. 2D, the fine particles were revealed in
non-contrasted image for non-MNs). Thus, small SODI1
aggregates are present in the cytoplasm, nuclei, and neurites
but not in mitochondria of ALS MNs.

NF aggregates in the perikaryon and proximal axons of
spinal MNs is hallmark ALS pathology (Carpenter, Neurol-
ogy 18:841-851 (1968); Hirano et al., J. Neuropathol. Exp.
Neurol. 43:471-480 (1984)). Immunostaining for NF-200
(H), NF-145(M) and NF-68(L) at day-30 revealed distinct,
focal accumulation of immunoreactive products in cyto-
plasm and neurites of CHAT* ALS MNs (FIG. 3A). Such NF
aggregates were rare in ALS non-MNs or MNs from wt and
genetically corrected ALS iPSCs (see FIG. 3A). The aggre-
gates in the cytoplasm and proximal neurites were often
accompanied by lower immunofluorescent staining for NF
(FIG. 3A) and other proteins (CHAT) in distal neurites.
However, the distribution of pIlI-tubulin in ALS MN neu-
rites was not altered. The identity of the aggregates was
confirmed by electron microscopy, showing disorganized
NFs near the nucleus or in the proximal neurite with
mitochondria surrounding or inside of the aggregate (FIG.
3B).

NF aggregates were defined as a focal accumulation of
immunoreactive products with its intensity being 3 times
higher than that in its surroundings. Neurite swelling or
beading was defined as an enlargement of a neurite that is at
least twice the diameter of the neurite. At least 500 neurites
were counted in each group. Statistical analyses were per-
formed using one-way ANOVA (Tukey or Dunnett for
multiple comparisons) in SPSS13.0. Quantification of NF
aggregates indicated an increasing number of ALS MNs and
their neurites that contained NF aggregates at day-24, 27,
and 30, or 4, 7, and 10 days after plating day-21 cells for
maturation (FIGS. 3C-3D). By day-10, over 60% of the MN
cell bodies or 25% of neurites contained NF aggregates and
the average size of the NF aggregate was 42.4-75.4 um® in
cell bodies and 1.75-5.53 um? in neurites. The wt and
genetically corrected ALS MNs also contained an increasing
number of NF aggregates over culture but at a significantly
less degree, reaching about 20% of the cells and 8% of the
neurites. Fewer NF aggregates existed in non-MNs as com-
pared to MNs in the ALS cells. Thus, NF aggregates are
preferentially present in ALS MNs and over time more MN’s
contain aggregates.

In or surrounding the NF aggregates were often accumu-
lation of mitochondria (FIG. 3B). In SOD1 transgenic mice,
mitochondria are often swollen or contain vacuous forma-
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tions (Vijayvergiya et al., J. Neurosci. 25:2463-2470 (2005);
Gurney et al., Science 264:1772-1775 (1994); Wong et al.,
Neurorn 14:1105-1116 (1995); Liu et al., Neuron 43:5-17
(2004); Bergemalm et al., J Newrosci. 26:4147-4154
(2006)). This, however, was not observed in the ALS human
MNs (FIG. 3B) despite the presence of NF aggregates.

Example 3
Neurite Degeneration in ALS Motor Neurons

Since ALS MNs contain SOD1 aggregates and NF aggre-
gates, we asked if these neurons undergo degeneration or
cell death. Measurement of lactate dehydrogenase (LDH), a
soluble enzyme located in cytosol and released during cell
death, showed no obvious difference among ALS-, wt-, and
corrected-MNs or non-MNs at day-10 (FIG. 4A). Immunos-
taining for cleaved caspase-3 showed no significant differ-
ence among the groups (FIG. 4B). These results suggest that
the aggregate-containing MNs are surviving at this stage.

In ALS patients and animals, axons degenerate before
symptom onset and MN death (Bruijn et al., Science 281:
1851-1854 (1998); Tu et al., Proc. Natl. Acad. Sci. U.S.A.
93:3155-3160 (1996); Fischer et al., Exp. Neurol. 185:232-
240 (2004)). Indeed, we observed bead-like swellings along
neurites of ALS MNs under phase contrast microscopy as
early as day 7 after plating. At day 10, 25+2.4% neurites in
ALS MN cultures exhibited bead-like structures, whereas
only 5+0.4% of the neurites had such structures in control
MNs (FIGS. 4C, 4E). Few non-MNs exhibited beading
structures (FIG. 4C). Aggregated NF as well as axonal NF
is often heavily phosphorylated (Goldstein et al., Proc. Natl.
Acad. Sci. U.S.A. 80:3101-3105 (1983); Lee et al., J. Neu-
rosci. 6:850-858 (1986)). Plasma phosphorylated neurafila-
ment H (p-NF-H) levels closely reflect disease progression
and therapeutic response in the SOD1 (G93A) mice and are
regarded as an ALS biomarker (Calvo et al., PLoS. One.
7:¢32632 (2012)). Indeed, immunostaining for p-NF-H
showed dense staining in the bead structures in neurites of
the ALS MNs, giving a dotted staining appearance as
opposed to an even staining pattern in control MNs or
non-MNs (FIG. 4D). Similarly, CHAT staining was concen-
trated in the bead formations (FIG. 4D) as it was weak in
other areas of the ALS MN neurites. ELISA measurement of
p-NF-H in culture media indicated that its concentration in
ALS MNs was 3-6 fold higher than that in the wt and
corrected MNs (FIG. 4F). The p-NF-H level in non-MNs
across all groups was very low (FIG. 4F). With extended
cultures, we observed increased numbers of beads along the
neurites and fragmentation of the neurites (not shown),
suggesting neurite degeneration at a later stage. These
results suggest that axons of ALS MNs undergo degenera-
tion while the cell body is still structurally intact.

To further establish the cause/effect relationship between
mutant SOD1 and the above-described motor neuron pathol-
ogy, we expressed the D90OA mutant SOD1 or EGFP (con-
trol) in hESCs (H9 line) in the PPP1R12C (AAVS1) locus by
TALEN-mediated homologous recombination. Western
blotting revealed a 2.8 fold increase in SODI1 protein in the
SOD1-expressing group as compared to the EGFP control
group after differentiation of the pluripotent cells to MNs
and non-MNs (FIG. 5A). Expression of D90A SOD1 or
EGFP did not alter the differentiation of the hESCs to MNs
or non-MNs. Similar to the ALS cells, we observed pro-
gressively increased numbers of NF aggregates in both cell
bodies and neurites of MNs that were derived from the
D90A SOD1-expressing, but not EGFP-expressing ESCs
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over time (FIGS. 5B-5D). However, no significant differ-
ence in NF aggregates was discerned in non-MNs between
the D90A SOD1- and the EGFP-expressing groups (FIGS.
5C-5D).

Analysis of neurite degeneration indicated that 90+2% of
neurites presented bead-like structures in the D90A SOD1-
expressing MNs whereas only 4+0.3% of the MN neurites in
the EGFP-expressing group had such formations at day-10
(FIG. 5E). Few non-MNs exhibited beading structures (FIG.
5E). The p-NF-H in culture media was 6 fold higher in
D90A-expressing MNs than in the EGFP-expressing MNs.
By contrast, p-NF-H was barely detectable in non-MNs
(FIG. 5F). Measurement of LDH in the culture media
showed no significant difference among all the groups (FIG.
5G). These results indicate that expression of minimal
amount of mutant SOD1 (D90A) is sufficient to cause the
same disease phenotypes that are seen in cells with naturally
occurring mutations.

Example 4

ALS Motor Neurons Exhibit Altered NF Subunit
Proportion

Results of the neurite degeneration assays suggest that NF
aggregation is an early and key event leading to MN axonal
degeneration. NFs are assembled by copolymerization of
NF-L, NF-M, and NF-H in a tightly coordinated level
(Hoffman and Lasek, J Cell Biol. 66:351-366 (1975)).
Transgenic disruption of their balance results in NF aggre-
gation and MN degeneration (Cote et al., Cell 73:35-46
(1993); Xu et al., Cell 73:23-33 (1993)), resembling ALS
pathology. By RT-qPCR analysis, we found no difference in
the expression of NF-H and NF-M mRNA between ALS and
control (wt and D90D) MNs (FIG. 6A). Interestingly, NF-L.
mRNA was reduced by 40-60% in ALS MNs as compared
to control MNs (FIG. 6A). In non-MNs, however, no obvi-
ous difference in all the three NF subunit mRNAs was
observed between the disease and control groups (FIG. 6A).

At the protein level, Western blotting revealed that NF-H,
NF-M, and NF-L were all decreased in ALS MNs but not in
non-MNs as compared to control cells (FIG. 6B). Moreover,
NF-L was most prominently downregulated, representing
only 30% of the level in wt MNs (FIG. 6B). Because NF-L.
was downregulated more than the other two subunits, the
proportion of NF subunits was altered in ALS MNs but not
in non-MNs (FIG. 6C).

Similarly, in the MNs derived from hESCs that express
the D90A SOD1, mRNA levels of NF-L, but not NF-H and
NF-M, were significantly decreased as compared to controls
(expressing EGFP). Strikingly, Western blotting revealed
downregulation of NF subunits, especially NF-L, thus alter-
ing the proportion of NF subunits in D90A SOD1- but not
EGFP-expressing MNs. In contrast, expression of mutant
SOD1 or EGFP had no effect on the expression of NF
subunits in non-MNs. These results further support the
conclusion that mutant SOD1 alters NF compositions.

The above-described results suggest that mutant SOD1
alters the proportion of NF subunits, leading to NF aggre-
gation and neurite degeneration. To test this hypothesis, we
conditionally expressed NF-L. or EGFP (control) in the
PPPIR12C locus of D90A iPSCs by TALEN-mediated
homologous recombination. As indicated by dose-dependent
changes in EGFP intensity, the expression level of NF-L was
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increased in a dose-dependent manner when doxycycline
(DOX) was added to the MN cultures at day-21, as shown
by Western blotting. Remarkably, induction of exogenous
NF-L, but not EGFP in the ALS MNs, not only increased the
expression of NF-L, but also NF-H and NF-M, to the level
comparable to that in corrected MNs (FIG. 7A). At 1 ug/ml
DOX, the ratio of NF-L was close to that in wt or genetically
corrected MNs (FIG. 7B). Importantly, the NF-L-expressing
ALS MNs exhibited fewer NF aggregates in both cytoplasm
and neurites at day-10 after plating when compared to the
EGFP-expressing ALS MNs, with approximately 30% and
50% reductions in cytoplasm and neurites, respectively
(FIGS. 7C-7D). Similarly, the proportion of bead-containing
MN neurites was 12% in the NF-L-expressing group as
compared to 25% in the GFP-expressing group even though
it was still higher than that in the genetically corrected group
(FIGS. 7E, 7G). The p-NF-H in culture media in the
NF-L-expressing ALS MNs was significantly lower than in
the GFP-expressing ALS MNs (FIG. 7H). Together, these
results indicate that induction of NF-L in ALS MNs largely
restores NF subunit proportion, reduces NF aggregation, and
mitigates neurite degeneration.

NF accumulation has been observed in ALS patients and
transgenic animals (Carpenter, Neurology 18:841-851
(1968); Hirano et al., J. Neuropathol. Exp. Neurol. 43:471-
480 (1984); Bruijn et al., Science 281:1851-1854 (1998); Tu
et al., Proc. Natl. Acad. Sci. U.S.4. 93:3155-3160 (1996),
and transgenic alteration of NFs in neurons can cause
ALS-like pathology (Cote et al., Cell 73:35-46 (1993); Xu et
al.,, Cell 73:23-33 (1993)). Such similarity has led to a
hypothesis that altered stoichiometry of neuronal interme-
diate filaments results in ALS pathology (Julien and Kriz,
Biochim. Biophys. Acta 1762:1013-1024 (2006)). Using
gain-of-function (e.g., expressing mutant SOD1 in hESCs)
and loss-of-function (e.g., genetic correction of D90A SOD1
mutation) analyses, we have now established unequivocally
that mutant SOD1 leads to NF aggregation. The sequential
appearance of NF aggregation and neurite degeneration and
especially the mitigation of neurite degeneration following
prevention of NF aggregation strongly suggest that NF
disorganization triggers the cascade of events, leading to
axonal degeneration in ALS MNss.

The key question is how NFs are disorganized in ALS
MNss, leading to aggregation. It is known that over-expres-
sion of NF-H or NF-L leads to NF aggregation (Cote et al.,
Cell 73:35-46 (1993); Xu et al., Cell 73:23-33 (1993)),
highlighting the importance of correct proportion of NF
components for their physiological polymerization. In ALS
patients, NF subunit proportion may be altered as there was
one report showing a 60% reduction in NF-I,. mRNAs in
MNs using in situ hybridization (Bergeron et al., J. Neuro-
pathol. Exp. Neurol. 53:221-230 (1994)) although no infor-
mation is available whether the protein levels of NF subunits
are altered. Strikingly, we observed a significant and specific
reduction of NF-L but not NF-H or NF-M mRNA in mutant
MNs. At the protein level, all NF subunits are downregu-
lated but the NF-L is most significantly reduced to less than
one-third of the level in wild-type MNs. Thus, it is the down
regulation of NFs and perhaps more importantly the altered
proportion of NF subunits that result in NF aggregation. This
may appear counterintuitive as MNs contain substantially
higher amount of NFs than non-MNs (see FIG. 6) and it is
NF over-expression that results in NF aggregation and
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axonal degeneration in transgenic animals (Cote et al., Cell
73:35-46 (1993); Xu et al., Cell 73:23-33 (1993)). Our
present study demonstrates that when the proportion of NF
subunits is restored by conditionally upregulating NF-L, NF
aggregation and even neurite degeneration are significantly
mitigated in ALS MNs. We, therefore, propose that altera-
tion of NF subunit proportion in ALS MNs leads to NF
aggregation, which is a critical early step toward axonal
degeneration.

20
Example 6

NF Aggregates Observed in MNs from Sporadic
ALS Subjects and ALS Subjects Having a TDP43
Mutation

To determine if NF aggregation occurs in ALS patients
with other mutations or those without known genetic
defects, we established iPSCs from a patient with TDP43

-binding protein mutation and two
19" (TAR DNA-binding protein 43) mutation (G298S) and tw
Example 5 sporadic ALS patients (no known genetic defects) Sendai
) virus. As seen with SOD1 mutant ALS cells, iPSCs from
NF Aggrege}tlor} and NF'L mRNA TDP43 or sporadic ALS patients differentiated to motor
Down-Regulation in Sporadic ALS MNs 15 Deurons with similar efficiency. Interestingly, immunostain-
. . ing for NF-H, NF-M and NF-L indicated that the both
Skln ﬁblfob;asts villere iﬂolle.:lc.teldh.from 3ff£ErSadIICdAL§1 TDP43 and sporadic ALS MNs contained distinct, inclu-
patients who do not have familial history o oo nduce sion-like focal accumulation of immunoreactive products
PSC lines were obtained from the ALS patients’ fibroblasts -
. . . . . . (FIG. 12). The aggregates were present both in cell body and
using non-integrating Sendai virus. Differentiation of the . . .
ALS Tines indicated that MNs and non-MNs can be eener- 2° neurites. The number of NF inclusions in both cell body and
ated efficiently. Immunohistochemical staining for I%IF-H on neurites increased over time. The rates of neurofilament
NF-M, and NF-L showed NF aggregations in MNs but noi aggregation were significantly higher in ALS MNs com-
in non-MNs (FIG. 8), highlighting the recapitulation of pared to .that n non-ALS MNS (P<0.05) (EIG' 12). The
disease hallmarks by the iPSC model. RT-qPCR analysis average size of 2each NF inclusion was approximately 2.94—
indicated that NF-L mRNA, but not NF-H mRNA or NF-M ** 3.72x10™% mm” in cell bodies and approximately 3.75-
mRNA, was down-regulated in MNs but not in non-MNs 5.53x107" mm” in neurites at Day 10. o
that were differentiated from sporadic ALS iPSCs for 31 Together, these data demonstrate that NI aggregation is a
days (day-10 after plating day-21 cells) (FIG. 8, MN data are common motor neuron pathology to all ALS patients (those
shown). Such a striking similarity to the phenotypes having genetic defects and those without known genetic
observed in SOD1 familial ALS MNs highlights a common >° defects). These data also suggest there is a common under-
mechanism underlying MN degeneration. lying mechanism for ALS pathogenesis.
SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 8
<210> SEQ ID NO 1
<211> LENGTH: 1632
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 1
atgagttcct tcagctacga gecgtactac tegacctect acaageggeyg ctacgtggag 60
acgcceeggyg tgcacatcte cagegtgege ageggctaca gcaccgcacyg cteagettac 120
tccagetact cggegeeggt gtettecteg ctgteegtge geegeageta ctectecage 180
tctggategt tgatgeccag tetggagaac ctegacctga gcecaggtage cgccatcage 240
aacgacctca agtccatceg cacgcaggag aaggcgcage tccaggacct caatgaccge 300
ttcegecaget tcatcgageg cgtgcacgag ctggagcage agaacaaggt cctggaagece 360
gagetgetgyg tgctgegeca gaagcactce gagccatccece getteeggge getgtacgag 420
caggagatce gegacctygeg cctggeggeyg gaagatgceca ccaacgagaa gcaggegete 480
cagggcgage gcgaagggct ggaggagacce ctgegcaace tgcaggegeyg ctatgaagag 540
gaggtgctga gcegegagga cgccgaggge cggctgatgg aagegegeaa aggegccegac 600
gaggeggege tcegetegege cgagetegag aagcegcateyg acagettgat ggacgaaate 660
tcttttetga agaaagtgca cgaagaggag atcgccgaac tgcaggcegca gatccagtac 720
gegeagatet cegtggagat ggacgtgace aagcccgace tttecegeege getcaaggac 780
atcegegege agtacgagaa getggecgec aagaacatge agaacgctga ggaatggtte 840
aagagccgcet tcaccgtget gaccgagage gecgccaaga acaccgacge cgtgegegece 900
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-continued
gccaaggacyg aggtgtccga gagecgtegt ctgctcaagg ccaagaccct ggaaatcgaa 960
gcatgceggyg gcatgaatga agcgetggag aagcagetge aggagcetgga ggacaagcag 1020
aacgccgaca tcagegcetat gcaggacacg atcaacaaat tagaaaatga attgaggacce 1080
acaaagagtg aaatggcacg atacctaaaa gaataccaag acctcctcaa cgtgaagatg 1140
gctttggata ttgagattgce agcttacagg aaactcttgg aaggcgagga gacccgactce 1200
agtttcacca gcgtgggaag cataaccagt ggctactccc agagctccca ggtcectttgge 1260
cgatctgect acggeggttt acagaccagce tcctatctga tgtccacceg ctecttecceg 1320
tcctactaca ccagccatgt ccaagaggag cagatcgaag tggaggaaac cattgaggct 1380
gccaaggety aggaagccaa ggatgagccce ccectcetgaag gagaagcecga ggaggaggag 1440
aaggacaagg aagaggccga ggaagaggag gcagctgaag aggaagaagce tgccaaggaa 1500
gagtctgaag aagcaaaaga agaagaagaa ggaggtgaag gtgaagaagg agaggaaacc 1560
aaagaagctg aagaggagga gaagaaagtt gaaggtgctyg gggaggaaca agcagctaag 1620
aagaaagatt ga 1632

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 2
H: 543
PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 2

Met Ser Ser
1

Arg Tyr Val
Tyr Ser Thr
35

Ser Ser Leu
50

Met Pro Ser
65

Asn Asp Leu

Leu Asn Asp

Gln Gln Asn
115

His Ser Glu
130

Asp Leu Arg
145

Gln Gly Glu

Arg Tyr Glu

Met Glu Ala

195

Leu Glu Lys
210

Lys Val His
225

Phe Ser Tyr Glu Pro

5

Glu Thr Pro Arg Val

20

Ala Arg Ser Ala Tyr

40

Ser Val Arg Arg Ser

55

Leu Glu Asn Leu Asp

70

Lys Ser Ile Arg Thr

85

Arg Phe Ala Ser Phe

100

Lys Val Leu Glu Ala

120

Pro Ser Arg Phe Arg

135

Leu Ala Ala Glu Asp
150

Arg Glu Gly Leu Glu

165

Glu Glu Val Leu Ser

180

Arg Lys Gly Ala Asp

200

Arg Ile Asp Ser Leu

215

Glu Glu Glu Ile Ala
230

Tyr

His

25

Ser

Tyr

Leu

Gln

Ile

105

Glu

Ala

Ala

Glu

Arg

185

Glu

Met

Glu

Tyr

10

Ile

Ser

Ser

Ser

Glu

90

Glu

Leu

Leu

Thr

Thr

170

Glu

Ala

Asp

Leu

Ser

Ser

Tyr

Ser

Gln

75

Lys

Arg

Leu

Tyr

Asn

155

Leu

Asp

Ala

Glu

Gln
235

Thr Ser Tyr
Ser Val Arg
30

Ser Ala Pro
45

Ser Ser Gly
60

Val Ala Ala

Ala Gln Leu

Val His Glu

110

Val Leu Arg
125

Glu Gln Glu
140

Glu Lys Gln

Arg Asn Leu

Ala Glu Gly

190

Leu Ala Arg
205

Ile Ser Phe
220

Ala Gln Ile

Lys Arg
15

Ser Gly

Val Ser

Ser Leu

Ile Ser

80

Gln Asp
95

Leu Glu

Gln Lys

Ile Arg

Ala Leu

160

Gln Ala

175

Arg Leu

Ala Glu

Leu Lys

Gln Tyr
240
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24

Ala Gln Ile

Ala Leu Lys

Met Gln Asn

275

Glu Ser Ala
290

Val Ser Glu
305

Ala Cys Arg

Glu Asp Lys

Lys Leu Glu

355

Leu Lys Glu
370

Glu Ile Ala
385

Ser Phe Thr

Gln Val Phe

Leu Met Ser

435

Glu Glu Gln
450

Glu Ala Lys
465

Lys Asp Lys
Ala Ala Lys
Glu Gly Glu

515
Lys Val Glu

530

<210> SEQ I
<211> LENGT.
<212> TYPE:

Ser Val Glu Met Asp

245

Asp Ile Arg Ala Gln

260

Ala Glu Glu Trp Phe

280

Ala Lys Asn Thr Asp

295

Ser Arg Arg Leu Leu
310

Gly Met Asn Glu Ala

325

Gln Asn Ala Asp Ile

340

Asn Glu Leu Arg Thr

360

Tyr Gln Asp Leu Leu

375

Ala Tyr Arg Lys Leu
390

Ser Val Gly Ser Ile

405

Gly Arg Ser Ala Tyr

420

Thr Arg Ser Phe Pro

440

Ile Glu Val Glu Glu

455

Asp Glu Pro Pro Ser
470

Glu Glu Ala Glu Glu

485

Glu Glu Ser Glu Glu

500

Glu Gly Glu Glu Thr

520

Gly Ala Gly Glu Glu

D NO 3
H: 3063
DNA

535

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 3

atgatgagct

ggcggcagcc

getggetect

tegeccagec

agcaacgggc

ctgcaggege

cacaaccgca

thgngCgC

tccactacge

ccageggett

getteegtygyg

cggagggctyg

tgaacgaccyg

gectggaggy

gganCgCtg

gctageccga

ccactegtygyg

cgcaggegec

catggtggcg

cttegeegygy

cgaggctgcg

Val Thr Lys
250

Tyr Glu Lys
265

Lys Ser Arg

Ala Val Arg

Lys Ala Lys

315

Leu Glu Lys
330

Ser Ala Met
345

Thr Lys Ser

Asn Val Lys

Leu Glu Gly
395

Thr Ser Gly
410

Gly Gly Leu
425

Ser Tyr Tyr

Thr Ile Glu

Glu Gly Glu
475

Glu Glu Ala
490

Ala Lys Glu
505

Lys Glu Ala

Gln Ala Ala

ctgggegece
aagggtggcg
acacggacgt
gectcaagcea
gtggccacct

tacatcgaca

gegetgegge

Pro Asp Leu
Leu Ala Ala
270

Phe Thr Val
285

Ala Ala Lys
300

Thr Leu Glu

Gln Leu Gln

Gln Asp Thr

350

Glu Met Ala
365

Met Ala Leu
380

Glu Glu Thr

Tyr Ser Gln

Gln Thr Ser
430

Thr Ser His
445

Ala Ala Lys
460

Ala Glu Glu

Ala Glu Glu

Glu Glu Glu
510

Glu Glu Glu
525

Lys Lys Lys
540

cgttegegee
caggcgggac
cegtgagete
ccgacteget
cacgcagtga
aggtgcggca

agcagcaggce

Ser Ala
255

Lys Asn

Leu Thr

Asp Glu

Ile Glu
320

Glu Leu
335

Ile Asn

Arg Tyr

Asp Ile

Arg Leu
400

Ser Ser
415

Ser Tyr

Val Gln

Ala Glu

Glu Glu
480

Glu Glu
495

Gly Gly

Glu Lys

Asp

getgeatgge
gegeteegece
cgtgtecgee
ggacacgcetyg
gaaggagcag
getggaggeg

gggecgetee

60

120

180

240

300

360

420
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26

gctatgggcg

dgcgeggege

gtgcgecage

gegetggege

caggegetge

ctgeteggec

gacgccctga

cacgeggtge

tcggaggcag

taccggegte

tcactggaga

caggaagcca

cagctgegag

gcttacagaa

tcgettecag

gaagagaaga

acagaggaga

daggagggca

acaaagtctce

aaggaagagg

ccagccgaag

cegectgagy

ccegagaagyg

ccagagaagg

ccagtgaagyg

ccaacgaagg

aagtccectyg

aagtccccag

gaagcaaagt

aaggccaagt

aaggaagaag

gtgaagtctce

ttcecctgaaa

tctecectga

aagtccccag

aaggcagagg

aaagaggagg

getgtcegaaa

aaaaaagtcc

agctgtacga

geggtcaget

gectagacga

gettegegea

aggaggagtg

agatccaggg

agtgcgacgt

agagcacgct

ccaaggtgaa

agctgcagge

ggcagegete

ttcagcaget

aataccagga

aactcctgga

aaggactccc

tcaaagtggt

cccaagtgac

aggaggaaga

ccccagcaga

caaagtcacc

tcaagtccce

ccaagtccce

ccaagtccce

ccaagtccce

aagaagcaaa

aggaagcaaa

agaaggccaa

tgaaggcaga

ccectgagaa

ccccagtgaa

ctaagtccce

cagaagccaa

aggccaaaag

aggaggatgc

tgaaggagga

aagagaaagc

cacccaagaa

agcccaaaga

ccaccccaga

gegegaggte

acgcctggag

c¢gaggcececgyg

dgaggecgag

cggctaccetyg

cteceggegec

ganthgCg

gcagtccgag

cacagacgct

caggaccaca

tgagctggag

ggacgctgag

cctgeteaat

aggtgaagag

caaaattccce

ggagaagtct

tgaagaagtg

agggggtgaa

agaggctgca

ggctgaggcc

tgagaaggcc

agagaaggag

agcaaaggaa

agtgaaggaa

atctccaget

gtcecctgag

gtceccagty

agcaaagtcc

ggccaagtcee

ggaagaagca

agagaaggcc

gactccagceg

ccctgteaag

caaggccect

ggagaagcce

ccctgecaca

ggaggctcca

atccaaagtt

gaaggaggct

cgcgagatge

caggagcacc

cagcgagagyg

gcggegegcey

cggegecaca

gcgcaggege

ctgegegaga

gagtggttce

atgcgcetceag

gagctggagg

gaccgtcate

ctgaggaaca

gtcaagatgg

tgtcggattyg

tctgtgteca

gagaaagaaa

actgaagaag

gaagaggagyg

tcceccagaga

aagtccccag

aagtctccag

gaagcaaaat

gaggcaaagt

gaagcaaagt

gaggtcaagt

aaggccaagt

aaggcagaag

cctgagaagyg

ccagtgaagg

aagaccceceg

aagtccccag

aaggaggaag

gaggaggtca

dagaaggaga

caggaggtga

ccaaaaacag

aagcccaagg

gaagccaaga

cctgecaagyg

geggegeggt getgegectg

tgctcgagga catcgegcac

aggccgaggc ggcggceccgce

tggacctgca gaagaaggcg

accaggaaga ggtgggcgag

agatgcaggce cgagacgcge

ttcgegegea gettgaagge

gagtgaggct ggaccgactg

cgcaggagga gataactgag

cactgaaaag caccaaggac

aggccgacat tgectectac

ccaagtggga gatggccgec

ctctggatat agagatagec

getttggece aattccttte

ctcacataaa ggtgaaaagce

ctgtgattgt ggaggaacag

aggagaaaga ggccaaagag

cagaaggggyg agaagaagaa

aggaagccaa gtcaccagta

agaaggagga agcaaaatcc

caaaggaaga ggcaaagtca

ctccagetga ggtcaagtee

caccggctga ggccaagtet

caccggctga ggccaagtee

ccceggaaaa ggccaagtet

ccccagagaa ggaagaggec

caaagtccce tgagaaggec

ccaagtccce agtgaaggaa

aagaagcaaa gtcccctgag

agaaggccaa gtccccagtyg

agaaggccaa gactcttgat

caaggtccce tgcagacaaa

agtccccaga gaaggcgaaa

tcccaaaaaa ggaagaggtyg

aagtcaaaga gcccccaaag

aggagaagaa ggacagcaag

tggaggagaa gaaggaacct

aggaagaggc tgaagataag

tggaggtgaa ggaagacgct

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760
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28

aaacccaaag

cccagcaaac

aaggccaaga

accctctcaa

gaccaaaaag

taa

aaaagacaga
cagcagagaa
agcctgagga
aagagcctag

acagcaagcc

<210> SEQ ID NO 4
<211> LENGTH: 1020

<212> TYPE:

PRT

ggtagccaag
gaaggaggca
gaaacccaag
caagcctaag

tccagagaag

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 4

Met Met Ser
1

Pro Leu His
Gly Ala Gly
35

Ser Trp Thr
50

Phe Arg Gly
65

Ser Asn Gly

Glu Lys Glu

Asp Lys Val

115

Ala Ala Ala
130

Leu Tyr Glu
145

Gly Ala Ala

Asp Ile Ala

Glu Glu Ala
195

Ala Glu Ala
210

Glu Glu Cys
225

Leu Leu Gly

Ala Glu Thr

Glu Ile Arg

275

Ser Glu Glu
290

Lys Val Asn
305

Phe Gly Gly Ala Asp

5

Gly Gly Gly Ser Leu

20

Gly Thr Arg Ser Ala

40

Arg Thr Ser Val Ser

55

Ala Gly Ala Ala Ser

70

Pro Glu Gly Cys Met

85

Gln Leu Gln Ala Leu

100

Arg Gln Leu Glu Ala

120

Leu Arg Gln Gln Gln

135

Arg Glu Val Arg Glu
150

Arg Gly Gln Leu Arg

165

His Val Arg Gln Arg

180

Glu Ala Ala Ala Arg

200

Ala Arg Val Asp Leu

215

Gly Tyr Leu Arg Arg
230

Gln Ile Gln Gly Ser

245

Arg Asp Ala Leu Lys

260

Ala Gln Leu Glu Gly

280

Trp Phe Arg Val Arg

295

Thr Asp Ala Met Arg
310

aaggaaccag

gcaccggaga

acagaggcca

gcagaaaagg

gccacagaag

Ala

His

Ala

Ser

Ser

Val

Asn

105

His

Ala

Met

Leu

Leu

185

Ala

Gln

His

Gly

Cys

265

His

Leu

Ser

Leu

10

Tyr

Gly

Val

Thr

Ala

Asp

Asn

Gly

Arg

Glu

170

Asp

Leu

Lys

His

Ala

250

Asp

Ala

Asp

Ala

Leu

Ala

Ser

Ser

Asp

75

Val

Arg

Arg

Arg

Gly

155

Gln

Asp

Ala

Lys

Gln

235

Ala

Val

Val

Arg

Gln
315

atgatgccaa ggccaaggaa
aaaaagacac caaggaggag
aagccaagga agatgacaag

ctgaaaaatc ctccagcaca

acaaggccge caaggggaag

Gly Ala Pro Phe Ala
15

Leu Ala Arg Lys Gly
Ser Ser Gly Phe His
45

Ala Ser Pro Ser Arg
60

Ser Leu Asp Thr Leu
80

Ala Thr Ser Arg Ser
Phe Ala Gly Tyr Ile
110

Ser Leu Glu Gly Glu
125

Ser Ala Met Gly Glu
140

Ala Val Leu Arg Leu
160

Glu His Leu Leu Glu
175

Glu Ala Arg Gln Arg
190

Arg Phe Ala Gln Glu
205

Ala Gln Ala Leu Gln
220

Glu Glu Val Gly Glu
240

Gln Ala Gln Met Gln
255

Thr Ser Ala Leu Arg
270

Gln Ser Thr Leu Gln
285

Leu Ser Glu Ala Ala
300

Glu Glu Ile Thr Glu
320

2820

2880

2940

3000

3060

3063
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30

Tyr

Ser

Ala

Tyr

385

Ala

Pro

Ser

Lys

Gln

465

Glu

Gly

Glu

Glu

Lys

545

Pro

Glu

Lys

Lys

Glu

625

Pro

Lys

Glu

Lys

Pro
705

Lys

Arg

Thr

Gln

Glu

370

Gln

Tyr

Ile

Thr

Ser

450

Val

Glu

Glu

Lys

Ala

530

Ser

Pro

Val

Ser

Glu

610

Ala

Thr

Glu

Ala

Ser
690

Glu

Ala

Arg

Lys

Ala

355

Leu

Asp

Arg

Pro

His

435

Glu

Thr

Gly

Glu

Glu

515

Lys

Pro

Glu

Lys

Pro

595

Glu

Lys

Lys

Glu

Lys
675
Pro

Lys

Lys

Gln

Asp

340

Asp

Arg

Leu

Lys

Phe

420

Ile

Lys

Glu

Lys

Glu

500

Ala

Ser

Glu

Ala

Ser

580

Ala

Ala

Ser

Glu

Ala

660

Ser

Glu

Ala

Ser

Leu

325

Ser

Ile

Asn

Leu

Leu

405

Ser

Lys

Glu

Glu

Glu

485

Thr

Lys

Pro

Lys

Lys

565

Pro

Glu

Lys

Pro

Glu

645

Lys

Pro

Lys

Lys

Pro
725

Gln

Leu

Ala

Thr

Asn

390

Leu

Leu

Val

Thr

Val

470

Glu

Lys

Ser

Glu

Ala

550

Ser

Glu

Ala

Ser

Ala

630

Ala

Ser

Glu

Ala

Ser

710

Val

Ala

Glu

Ser

Lys

375

Val

Glu

Pro

Lys

Val

455

Thr

Glu

Ser

Pro

Lys

535

Lys

Pro

Lys

Lys

Pro

615

Glu

Lys

Pro

Lys

Lys

695

Pro

Lys

Arg

Arg

Tyr

360

Trp

Lys

Gly

Glu

Ser

440

Ile

Glu

Gly

Pro

Val

520

Glu

Ser

Glu

Ala

Ser

600

Ala

Val

Ser

Glu

Ala
680
Ser

Val

Glu

Thr

Gln

345

Gln

Glu

Met

Glu

Gly

425

Glu

Val

Glu

Gly

Pro

505

Lys

Glu

Pro

Lys

Lys

585

Pro

Glu

Lys

Pro

Lys

665

Lys

Pro

Lys

Glu

Thr

330

Arg

Glu

Met

Ala

Glu

410

Leu

Glu

Glu

Glu

Glu

490

Ala

Glu

Ala

Ala

Glu

570

Ser

Glu

Ala

Ser

Glu

650

Ala

Ser

Val

Glu

Ala
730

Glu

Ser

Ala

Ala

Leu

395

Cys

Pro

Lys

Glu

Glu

475

Glu

Glu

Glu

Lys

Lys

555

Glu

Pro

Lys

Lys

Pro

635

Lys

Lys

Pro

Lys

Glu
715

Lys

Leu

Glu

Ile

Ala

380

Asp

Arg

Lys

Ile

Gln

460

Lys

Glu

Glu

Ala

Ser

540

Glu

Ala

Ala

Ala

Ser

620

Glu

Ala

Ser

Val

Glu
700

Ala

Thr

Glu

Leu

Gln

365

Gln

Ile

Ile

Ile

Lys

445

Thr

Glu

Glu

Ala

Lys

525

Pro

Glu

Lys

Lys

Lys

605

Pro

Lys

Lys

Pro

Lys

685

Glu

Lys

Pro

Ala

Glu

350

Gln

Leu

Glu

Gly

Pro

430

Val

Glu

Ala

Ala

Ala

510

Ser

Ala

Ala

Ser

Glu

590

Ser

Val

Ala

Ser

Val

670

Ala

Ala

Ser

Glu

Leu

335

Asp

Leu

Arg

Ile

Phe

415

Ser

Val

Glu

Lys

Glu

495

Ser

Pro

Glu

Lys

Pro

575

Glu

Pro

Lys

Lys

Pro

655

Lys

Glu

Lys

Pro

Lys
735

Lys

Arg

Asp

Glu

Ala

400

Gly

Val

Glu

Thr

Glu

480

Gly

Pro

Ala

Val

Ser

560

Ala

Ala

Val

Glu

Ser

640

Glu

Ala

Ala

Ser

Glu

720

Ala
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32

Lys Ser Pro
Pro Glu Lys
755

Pro Ala Lys
770

Ala Lys Ser
785

Ser Pro Leu

Lys Glu Glu

Val Lys Val

835

Ala Thr Pro
850

Pro Lys Lys
865

Ala Val Glu

Ala Glu Asp

Lys Val Glu
915

Ala Lys Lys
930

Ala Glu Lys
945

Lys Ala Lys

Glu Asp Asp

Lys Ala Glu
995

Glu Lys Ala Thr Glu Asp Lys

1010

<210> SEQ I
<211> LENGT.
<212> TYPE:

Val Lys Glu Glu Ala

740

Ala Lys Thr Leu Asp

760

Glu Glu Ala Arg Ser

775

Pro Val Lys Glu Glu
790

Lys Glu Asp Ala Lys

805

Val Lys Ser Pro Val

820

Lys Glu Pro Pro Lys

840

Lys Thr Glu Glu Lys

855

Glu Ala Pro Lys Pro
870

Lys Pro Lys Glu Ser

885

Lys Lys Lys Val Pro

900

Val Lys Glu Asp Ala

920

Glu Pro Asp Asp Ala

935

Lys Glu Ala Ala Pro
950

Lys Pro Glu Glu Lys

965

Lys Thr Leu Ser Lys

980

Lys Ser Ser Ser Thr

D NO 5
H: 2751
DNA

1000

1015

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 5

atgagctaca

cgctegaget

tcecegegget

ctecgettaca

tegteectge

dagaaggagce

tacctggage

gectegeacy

ctggagatgg

cgttggacte

tcagcegegt

cgcccageac

geteggecat

tcaacggegy

agctgcaggg

agcagaataa

cccagetggy

tgaaccacga

getgggcaac

cagcggetec

cgtgtectee

gctecagetee

ctceggacee

gctgaacgac

ggagattgag

cgacgegtac

gaaggctcag

Lys Ser Pro
745

Val Lys Ser

Pro Ala Asp

Val Lys Ser

795

Ala Pro Glu
810

Lys Glu Glu
825

Lys Ala Glu

Lys Asp Ser

Lys Val Glu

875

Lys Val Glu
890

Thr Pro Glu
905

Lys Pro Lys

Lys Ala Lys

Glu Lys Lys

955

Pro Lys Thr
970

Glu Pro Ser
985

Glu Lys Ala
750

Pro Glu Ala
765

Lys Phe Pro
780

Pro Glu Lys

Lys Glu Ile

Glu Lys Pro

830

Glu Glu Lys
845

Lys Lys Glu
860

Glu Lys Lys

Ala Lys Lys

Lys Glu Ala

910

Glu Lys Thr
925

Glu Pro Ser
940

Asp Thr Lys

Glu Ala Lys

Lys Pro Lys
990

Lys Ser

Lys Thr

Glu Lys

Ala Lys
800

Pro Lys
815

Gln Glu

Ala Pro

Glu Ala

Glu Pro

880

Glu Glu
895

Pro Ala

Glu Val

Lys Pro

Glu Glu
960

Ala Lys
975

Ala Glu

Asp Gln Lys Asp Ser Lys Pro Pro

cegteegect

cegtecagty

tcctataage

gccgagagcea

ggcggcgact

cgetttgeeyg

geggagatee

gaccaggaga

gtgcagctgg

1005

Ala Ala Lys Gly Lys

1020

accggcgggt

getteegete

gcagcatgcet

gecttgactt

acaagctgte

gctacataga

aggcgctgcg

tcegegaget

actcggacca

aaccgagacc

gcagtegtgg

cgecececegege

cagccagtee

ccgetecaac

gaaggtgcac

gcagaagcag

gegegecace

cctggaggaa

60

120

180

240

300

360

420

480

540



33

US 10,024,870 B2

34

-continued
gacatccacce ggctcaagga gcgetttgag gaggaggcege ggttgegega cgacactgag 600
geggecatee gegegetgeg caaagacatce gaggaggegt cgetggtcaa ggtggagetg 660
gacaagaagyg tgcagtcgct gcaggatgag gtggecttee tgcggagcaa ccacgaggag 720
gaggtggceeyg accttetgge ccagatccag gecatcgcaca tcacggtgga gcgcaaagac 780
tacctgaaga cagacatctc gacggegetg aaggaaatcce gcetceccaget cgaaagccac 840
tcagaccaga atatgcacca ggccgaagag tggttcaaat gcecgctacge caagctcace 900
gaggcggeeyg agcagaacaa ggaggccatce cgctcegeca aggaagagat cgcecgagtac 960
cggcgecage tgcagtccaa gagcatcgag ctagagtegyg tgcgeggcac caaggagtcece 1020
ctggagcegge agctcagcga catcgaggag cgccacaacce acgacctcag cagctaccag 1080
gacaccatcc agcagctgga aaatgagctt cggggcacaa agtgggaaat ggctcgtcat 1140
ttgcgcgaat accaggacct cctcaacgtc aagatggctce tggatataga aatcgctgceg 1200
tacagaaaac tcctggaggg tgaagagact agatttagca catttgcagg aagcatcact 1260
gggccactgt atacacaccg acccccaatc acaatatcca gtaagattca gaaacccaag 1320
gtggaagctc ccaagcttaa ggtccaacac aaatttgtceg aggagatcat agaggaaacc 1380
aaagtggagg atgagaagtc agaaatggaa gaggccctga cagccattac agaggaattg 1440
geegttteca tgaaggaaga gaagaaagaa gcagcagaag aaaaggaaga ggaacccgaa 1500
gctgaagaag aagaagtagc tgccaaaaag tctccagtga aagcaactgc acctgaagtt 1560
aaagaagagg aaggggaaaa ggaggaagaa gaaggccagg aagaagagga ggaagaagat 1620
gagggagcta agtcagacca agccgaagag ggaggatccg agaaggaagg ctctagtgaa 1680
aaagaggaag gtgagcagga agaaggagaa acagaagctyg aagctgaagyg agaggaagcce 1740
gaagctaaag aggaaaagaa agtggaggaa aagagtgagg aagtggctac caaggaggag 1800
ctggtggcag atgccaaggt ggaaaagcca gaaaaagcca agtctcctgt gccaaaatca 1860
ccagtggaag agaaaggcaa gtctcctgtg ceccaagtcac cagtggaaga gaaaggcaag 1920
tctectgtge ccaagtcace agtggaagag aaaggcaagt ctcctgtgcc gaaatcacca 1980
gtggaagaga aaggcaagtc tcctgtgtca aaatcaccag tggaagagaa agccaaatct 2040
cctgtgecaa aatcaccagt ggaagaggca aagtcaaaag cagaagtggyg gaaaggtgaa 2100
cagaaagagg aagaagaaaa ggaagtcaag gaagctccca aggaagagaa ggtagagaaa 2160
aaggaagaga aaccaaagga tgtgccagag aagaagaaag ctgagtcccce tgtaaaggag 2220
gaagctgtgg cagaggtggt caccatcacc aaatcggtaa aggtgcactt ggagaaagag 2280
accaaagaag aggggaagcc actgcagcag gagaaagaga aggagaaagc gggaggagag 2340
ggaggaagtyg aggaggaagg gagtgataaa ggtgccaagg gatccaggaa ggaagacata 2400
gectgtcaatyg gggaggtaga aggaaaagag gaggtagagc aggagaccaa ggaaaaaggce 2460
agtgggaggg aagaggagaa aggcgttgtce accaatggec tagacttgag cccagcagat 2520
gaaaagaagyg ggggtgataa aagtgaggag aaagtggtgg tgaccaaaac ggtagaaaaa 2580
atcaccagtg aggggggaga tggtgctacc aaatacatca ctaaatctgt aaccgtcact 2640
caaaaggttg aagagcatga agagaccttt gaggagaaac tagtgtctac taaaaaggta 2700
gaaaaagtca cttcacacgc catagtaaag gaagtcaccc agagtgacta a 2751

<210> SEQ ID NO 6
<211> LENGTH: 916

<212> TYPE:

PRT
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-continued

<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 6

Met Ser Tyr Thr Leu Asp Ser Leu Gly Asn Pro Ser Ala Tyr Arg Arg
1 5 10 15

Val Thr Glu Thr Arg Ser Ser Phe Ser Arg Val Ser Gly Ser Pro Ser
20 25 30

Ser Gly Phe Arg Ser Gln Ser Trp Ser Arg Gly Ser Pro Ser Thr Val
35 40 45

Ser Ser Ser Tyr Lys Arg Ser Met Leu Ala Pro Arg Leu Ala Tyr Ser
50 55 60

Ser Ala Met Leu Ser Ser Ala Glu Ser Ser Leu Asp Phe Ser Gln Ser
65 70 75 80

Ser Ser Leu Leu Asn Gly Gly Ser Gly Pro Gly Gly Asp Tyr Lys Leu
85 90 95

Ser Arg Ser Asn Glu Lys Glu Gln Leu Gln Gly Leu Asn Asp Arg Phe
100 105 110

Ala Gly Tyr Ile Glu Lys Val His Tyr Leu Glu Gln Gln Asn Lys Glu
115 120 125

Ile Glu Ala Glu Ile Gln Ala Leu Arg Gln Lys Gln Ala Ser His Ala
130 135 140

Gln Leu Gly Asp Ala Tyr Asp Gln Glu Ile Arg Glu Leu Arg Ala Thr
145 150 155 160

Leu Glu Met Val Asn His Glu Lys Ala Gln Val Gln Leu Asp Ser Asp
165 170 175

His Leu Glu Glu Asp Ile His Arg Leu Lys Glu Arg Phe Glu Glu Glu
180 185 190

Ala Arg Leu Arg Asp Asp Thr Glu Ala Ala Ile Arg Ala Leu Arg Lys
195 200 205

Asp Ile Glu Glu Ala Ser Leu Val Lys Val Glu Leu Asp Lys Lys Val
210 215 220

Gln Ser Leu Gln Asp Glu Val Ala Phe Leu Arg Ser Asn His Glu Glu
225 230 235 240

Glu Val Ala Asp Leu Leu Ala Gln Ile Gln Ala Ser His Ile Thr Val
245 250 255

Glu Arg Lys Asp Tyr Leu Lys Thr Asp Ile Ser Thr Ala Leu Lys Glu
260 265 270

Ile Arg Ser Gln Leu Glu Ser His Ser Asp Gln Asn Met His Gln Ala
275 280 285

Glu Glu Trp Phe Lys Cys Arg Tyr Ala Lys Leu Thr Glu Ala Ala Glu
290 295 300

Gln Asn Lys Glu Ala Ile Arg Ser Ala Lys Glu Glu Ile Ala Glu Tyr
305 310 315 320

Arg Arg Gln Leu Gln Ser Lys Ser Ile Glu Leu Glu Ser Val Arg Gly
325 330 335

Thr Lys Glu Ser Leu Glu Arg Gln Leu Ser Asp Ile Glu Glu Arg His
340 345 350

Asn His Asp Leu Ser Ser Tyr Gln Asp Thr Ile Gln Gln Leu Glu Asn
355 360 365

Glu Leu Arg Gly Thr Lys Trp Glu Met Ala Arg His Leu Arg Glu Tyr
370 375 380

Gln Asp Leu Leu Asn Val Lys Met Ala Leu Asp Ile Glu Ile Ala Ala
385 390 395 400
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-continued

Tyr Arg Lys Leu Leu Glu Gly Glu Glu Thr Arg Phe Ser Thr Phe Ala
405 410 415

Gly Ser Ile Thr Gly Pro Leu Tyr Thr His Arg Pro Pro Ile Thr Ile
420 425 430

Ser Ser Lys Ile Gln Lys Pro Lys Val Glu Ala Pro Lys Leu Lys Val
435 440 445

Gln His Lys Phe Val Glu Glu Ile Ile Glu Glu Thr Lys Val Glu Asp
450 455 460

Glu Lys Ser Glu Met Glu Glu Ala Leu Thr Ala Ile Thr Glu Glu Leu
465 470 475 480

Ala Val Ser Met Lys Glu Glu Lys Lys Glu Ala Ala Glu Glu Lys Glu
485 490 495

Glu Glu Pro Glu Ala Glu Glu Glu Glu Val Ala Ala Lys Lys Ser Pro
500 505 510

Val Lys Ala Thr Ala Pro Glu Val Lys Glu Glu Glu Gly Glu Lys Glu
515 520 525

Glu Glu Glu Gly Gln Glu Glu Glu Glu Glu Glu Asp Glu Gly Ala Lys
530 535 540

Ser Asp Gln Ala Glu Glu Gly Gly Ser Glu Lys Glu Gly Ser Ser Glu
545 550 555 560

Lys Glu Glu Gly Glu Gln Glu Glu Gly Glu Thr Glu Ala Glu Ala Glu
565 570 575

Gly Glu Glu Ala Glu Ala Lys Glu Glu Lys Lys Val Glu Glu Lys Ser
580 585 590

Glu Glu Val Ala Thr Lys Glu Glu Leu Val Ala Asp Ala Lys Val Glu
595 600 605

Lys Pro Glu Lys Ala Lys Ser Pro Val Pro Lys Ser Pro Val Glu Glu
610 615 620

Lys Gly Lys Ser Pro Val Pro Lys Ser Pro Val Glu Glu Lys Gly Lys
625 630 635 640

Ser Pro Val Pro Lys Ser Pro Val Glu Glu Lys Gly Lys Ser Pro Val
645 650 655

Pro Lys Ser Pro Val Glu Glu Lys Gly Lys Ser Pro Val Ser Lys Ser
660 665 670

Pro Val Glu Glu Lys Ala Lys Ser Pro Val Pro Lys Ser Pro Val Glu
675 680 685

Glu Ala Lys Ser Lys Ala Glu Val Gly Lys Gly Glu Gln Lys Glu Glu
690 695 700

Glu Glu Lys Glu Val Lys Glu Ala Pro Lys Glu Glu Lys Val Glu Lys
705 710 715 720

Lys Glu Glu Lys Pro Lys Asp Val Pro Glu Lys Lys Lys Ala Glu Ser
725 730 735

Pro Val Lys Glu Glu Ala Val Ala Glu Val Val Thr Ile Thr Lys Ser
740 745 750

Val Lys Val His Leu Glu Lys Glu Thr Lys Glu Glu Gly Lys Pro Leu
755 760 765

Gln Gln Glu Lys Glu Lys Glu Lys Ala Gly Gly Glu Gly Gly Ser Glu
770 775 780

Glu Glu Gly Ser Asp Lys Gly Ala Lys Gly Ser Arg Lys Glu Asp Ile
785 790 795 800

Ala Val Asn Gly Glu Val Glu Gly Lys Glu Glu Val Glu Gln Glu Thr
805 810 815

Lys Glu Lys Gly Ser Gly Arg Glu Glu Glu Lys Gly Val Val Thr Asn
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-continued

820 825

Leu Leu Ser Pro Ala Asp Glu

840

Lys Lys Gly Gly

845

Gly Asp

835

Thr
855

Glu Glu Thr Val Glu Ile

850

Lys Val Val Val Lys Lys

860

Ala Thr Ile Thr Val

870

Gly Ser

865

Gly Asp Gly Lys Tyr Lys

875
Glu Glu

Thr Phe

890

Gln Val Glu Glu Glu Glu

885

Lys His Lys

Thr Val Val Thr His Ala Ile Val

900

Glu Ser

905

Lys Lys Lys

Thr Gln Ser

915

Asp

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 7

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: oligonucleotide primer
<400>

SEQUENCE: 7

atgagttcct tcagctacga go

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 8

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: oligonucleotide primer
<400>

SEQUENCE: 8

ctgggcatca acgatccaga

830

Asp

Thr

Thr

Leu

Lys
910

Lys Ser

Ser Glu

Val Thr

880

Val
895

Ser

Glu Val

22

20

We claim:

1. A method of detecting NF-L polypeptide or NF-L
mRNA in a living human subject, comprising the steps of

(a) obtaining induced pluripotent stem (iPS) cells from
somatic cells of the living human subject, wherein the
iPS cells are capable of differentiation into neurons;

(b) culturing the iPS cells under conditions suitable to
differentiate the iPS cells into motor neurons; and

(c) detecting a level of NF-L polypeptide or NF-L. mRNA
in the iPS cell-derived motor neurons using a NF-L-
specific antibody or a nucleic acid sequence that
hybridizes specifically to NF-L. mRNA.

2. The method of claim 1, further comprising detecting a
level of phosphorylated neurofilament in a biological sample
of the subject.

3. The method of claim 2, wherein the biological sample
of the subject is cerebrospinal fluid.

4. A method of detecting a neurodegenerative disease in
a living human subject, comprising the steps of:

(a) measuring a level of NF-L in motor neurons derived
from iPS cells obtained from somatic cells of a living
human subject using a NF-L-specific antibody or a
nucleic acid sequence that hybridizes specifically to
NF-L mRNA,;

(b) relating the level to a reference level of NF-L; and

(c) thereby detecting neurodegenerative disease in the
living human subject based on a reduced level of NF-L.
relative to the reference level.
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5. The method of claim 4, wherein the neurodegenerative
disease is selected from the group consisting of amyotrophic
lateral sclerosis (ALS), Charcot-Marie-Tooth disease
(CMT), and Spinal Muscle Atrophy (SMA).

6. The method of claim 5, wherein the neurodegenerative
disease is ALS, and wherein the reference level is a level of
NF-L mRNA in motor neurons derived from iPS cells of an
individual not having or not suspected of having ALS.

7. The method of claim 6, wherein the reduced level of
NF-L mRNA is at least 50% lower than the reference.

8. A method of detecting neurodegenerative disease in a
living human subject, comprising the steps of

(a) obtaining induced pluripotent stem (iPS) cells from
somatic cells of the living human subject, wherein the
iPS cells are capable of differentiation into neurons;

(b) culturing the iPS cells under conditions suitable to
differentiate the iPS cells into motor neurons;

(c) detecting a level of NF-L polypeptide or NF-L. nRNA
in the iPS cell-derived motor neurons using a NF-L-
specific antibody or a nucleic acid sequence that
hybridizes specifically to NF-L. mRNA, wherein a
reduced level of NF-L polypeptide or NF-IL. mRNA
relative to motor neurons derived from iPS cells of an
individual not having or not suspected of having a
neurodegenerative disease indicates that the subject has
a neurodegenerative disease selected from the group
consisting of amyotrophic lateral sclerosis (ALS), Spi-
nal Muscle Atrophy (SMA), and Charcot-Marie-Tooth
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disease (CMT), and thereby detecting the neurodegen-
erative disease in the subject; and
(d) administering one or more recombinant polynucle-
otides encoding NF-L to the subject having a neurode-
generative discase. 5
9. The method of claim 8, wherein the polynucleotides are
targeted to neurons, and wherein expression of NF-L in the
targeted neurons treat the neurodegenerative disease.
10. The method of claim 8, wherein the polynucleotides
are administered in a vector. 10
11. The method of claim 8, further comprising detecting
a level of phosphorylated neurofilament in a biological
sample of the subject.

12. The method of claim 11, wherein the biological
sample of the subject is cerebrospinal fluid. 15
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