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FUS/TLS-BASED COMPOUNDS AND METHODS FOR DIAGNOSIS, TREATMENT

AND PREVENTION OF AMYOTROPHIC LATERAL SCLEROSIS AND RELATED
MOTOR NEURON DISEASES

RELATED APPLICATION
This application claims the benefit under 35 U.S.C. 119(e) of U.S. provisional
application serial number 61/135,689, filed July 22, 2008, the entire contents of which is

incorporated by reference herein.

GOVERNMENT FUNDING
This invention was made with Government support from the National Institute of
Neurological Disorders and Stroke (NINDS) under Grant No. RO1 NS050557-01. The

Government has certain rights in the invention.

FIELD OF THE INVENTION
The invention relates to diagnosis and treatment of motor neuron diseases, particularly

amyotrophic lateral sclerosis.

BACKGROUND OF THE INVENTION

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neurodegenerative disorder.
Its incidence has been reported to be 0.6-2.6/100,000 (Roman, J Neurol Neurosurg Psychiatry.
1996. 61(2):131-7) with a slight male predominance. The disease incidence peaks in the sixth
decade of life (Nelson, Clin. Neurosci. 3, 327 (1995)); survival is typically 2 to 5 years. ALS
inevitably leads to death from respiratory paralysis in the absence of mechanical ventilation.
Familial cases account for about 10% of ALS; mutations in cytosolic copper-zinc superoxide
dismutase 1 (SOD1) have been shown to account for 20-25% of these familial cases (Rosen,
Nature 364, 362 (1993)). Mutations in vesicle-associated membrane protein-associated
protein (VAPB) have been shown to cause either classical ALS or atypical motor neuron
disease in a small number of Brazilian families. A handful of other genes have been
implicated in atypical motor neuron disease, including upper-motor-neuron-predominant
ALS2 (alsin), juvenile ALS (senataxin), and lower motor neuropathy (DCTN1). A second

form of juvenile inherited ALS (recessive in this case) has been linked to chromosome 15q
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(Hentati et al., Neurogenetics 2, 55 (1998)). In the majority of familial classical ALS cases,
however, the causative gene is unknown. High-penetrance classical ALS pedigrees have been
reported with linkage to chromosomes 16, and 18, while families with ALS with and without

frontotemporal dementia have been reported with linkage to chromosome 9.

SUMMARY OF THE INVENTION

We have discovered that mutations in the human FUS/TLS gene are associated with
human amyotrophic lateral sclerosis (ALS) and related motor neuron diseases. Here we
report mutations in the FUS/TLS gene on chromosome 16 associated with both dominant
classical and apparently recessive, atypical, ALS. Accordingly the invention provides
methods for the diagnosis and treatment of amyotrophic lateral sclerosis and other motor
neuron diseases. Methods are provided for treating familial amyotrophic lateral sclerosis and
amyotrophic lateral sclerosis as well as other motor neuron diseases which are the result of
altered FUS/TLS activity and/or altered FUS/TLS physical characteristics. In addition,
therapeutics for diseases caused by alterations in the FUS/TLS biochemical pathway are
provided.

In one aspect, the invention provides a method for diagnosing ALS or related motor
neuron disease in a subject comprising detecting in a sample obtained from an individual one
or more genetic markers in a FUS/TLS nucleic acid or fragment thereof, wherein the one or
more genetic markers are selected from the group consisting of C1551G, C1561G, G1542T,
G1543T, C1561T, G1562A, A1564G or G1572C, and wherein the presence of the one or
more markers indicates that the individual has ALS or a related motor neuron disease or has a
genetic predisposition or susceptibility for ALS or a related motor neuron disease.

In one embodiment, the mutation(s) is/are in exon 15 of FUS/TLS. In one
embodiment, one or more of the genetic markers encodes an amino acid change in the
FUS/TLS protein (relative to wild type). In one embodiment, the amino acid change is at
H517Q, R521G, R514S, G515C, R521C, R521H, R522G, or R524S. In one embodiment, the
method comprises detecting a haplotype comprising all 8 markers. In one embodiment, the
nucleic acid is DNA, genomic DNA, RNA, cDNA, hnRNA or mRNA. In one embodiment,
the detection is accomplished by sequencing, hybridization, restriction fragment analysis,

oligonucleotide ligation assay or allele specific PCR. In one embodiment, the one or more
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genetic markers are identified using an antibody or antigen-binding fragment thereof that
binds selectively to the mutant FUS/TLS protein.
In another aspect, the invention provides a diagnostic kit and/or a research Kkit,

comprising at least one combination of probes for detecting at least one of the genetic

markers described herein.

In another aspect, the invention provides a method of treatment or prophylaxis of ALS
or related motor neuron disease comprising performing the diagnostic method as described
above or otherwise herein to identify an individual that has ALS or related motor neuron
disease or has a genetic predisposition or susceptibility for ALS or related motor neuron
disease, and administering to the individual a therapeutically effective amount of a
composition suitable to delay, reduce or prevent ALS or the related motor neuron disease in
the individual and/or treating the individual with therapy.

In one embodiment, the composition comprises a modulator of mutant FUS/TLS
activity. In another embodiment, the modulator is a siRNA molecule that reduces mutant
FUS/TLS expression. In another embodiment, the modulator is an expression vector that
increases wild-type FUS/TLS expression.

In another aspect, the invention provides a genetically engineered organism
comprising one or more genetic markers selected from the group consisting of C1551G,
C1561G, G1542T, G1543T, C1561T, G1562A, A1564G or G1572C in a FUS/TLS gene or
one or more genetic markers selected from the group consisting of H517Q, R521G, R5148S,
G515C, R521C, R521H, R522G, or R524S in a FUS/TLS protein.

In one embodiment, the genetic marker is/are in exon 15 of FUS/TLS. In another
embodiment, the organism is a mouse.

In still another aspect, the invention provides a method for screening for molecules
that bind selectively to a mutant FUS/TLS protein or nucleic acid comprising contacting
wild-type and mutant FUS/TLS nucleic acid or protein with a candidate molecule, and
measuring binding of the candidate molecule to wild-type and mutant FUS/TLS nucleic acid
or protein, wherein a level of binding to mutant FUS/TLS that is 5-fold greater than the level
of binding to wild-type FUS/TLS is indicative of a molecule that binds selectively to mutant
FUS/TLS.
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The invention further features methods of diagnosing an increased likelihood of
developing cell death disease in a patient. The methods include analyzing the DNA of the
patient to determine whether the DNA contains a mutation in the FUS/TLS coding sequence,
such a mutation being an indication that the patient has an increased likelihood of developing
a cell death disease. The methods may be used to diagnose a cell death disease, particularly
neurodegenerative disease, more particularly amyotrophic lateral sclerosis (ALS).

ALS may be familial, sporadic typical, or atypical in nature.

The methods described herein may also be used to determine the likelihood of
developing another neurodegenerative condition such as but not limited to Parkinson's
disease, Huntington's disease, Alzheimer's disease, Hallervorden-Spatz disease,
olivopontocerebellar atrophy, multiple system atrophy, progressive supranuclear palsy,
diffuse lewy body disease, corticodentatonigral degeneration, progressive familial myoclonic
epilepsy, strionigral degeneration, torsion dystonia, familial tremor, Gilles de la Tourette
syndrome, and Hallervorden-Spatz disease.

The methods may include amplifying a FUS/TLS-encoding gene of the patient, and
then analyzing the amplified gene. The DNA may be analyzed by nucleotide sequencing,
SSCP analysis, RFMP, heteroduplex analysis or RFLP analysis. The amplifying may be
carried out by PCR reaction, by reverse transcriptase PCR or by any other method available
to obtain a sufficient amount of DNA.

Antibodies which recognize (and thus bind) proteins or peptides coded by the mutant
nucleic acids of the invention but which do not recognize (and thus do not bind) proteins or
peptides coded by the wild-type (non-SNP mutation containing nucleic acids) may be used
for the diagnosis of amyotrophic lateral sclerosis, including familial ALS.

According to another aspect of the invention, diagnostic kits and/or research kits are
provided. The kits include at least one combination of probes for detecting at least one of the
mutations described herein.

The invention further provides kits for the diagnosis of a cell death disease, such as
ALS, in a subject. The kits may include one or more FUS/TLS gene-specific PCR primers or
antibodies recognizing the FUS/TLS mutant proteins or peptides. The PCR primers may
include a FUS-specific nucleic acid sequence, a TLS-specific nucleic acid sequence, and/or a

FUS/TLS-specific nucleic acid sequence, whether normal or mutant (as for example provided
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by the invention as a result of SNP mutations in the FUS/TLS sequence. These kits may be
used to diagnose any of the above-referenced diseases.

The invention provides methods for performing a diagnostic method as described
herein to identify an individual that has a genetic predisposition or susceptibility for ALS or
other related motor neuron disease, and administering to the individual a therapeutically
effective amount of a composition suitable to delay, reduce or prevent ALS or the other
related motor neuron disease in the individual and/or treating the individual with therapy.

The invention further provides a method for treating a patient with a disease involving
a mutant FUS/TLS gene. This method includes first identifying a mutant FUS/TLS gene in
the DNA of the patient, and second administering to the patient a therapeutic amount of the
anti-sense RNA homolog of a gene encoding a FUS/TLS mutant protein.

Also included is a method for treating a patient with a disease involving a mutant
FUS/TLS gene, wherein the mutant FUS/TLS gene in the DNA is identified in the patient,
and a therapeutic amount of a transgene encoding the wild-type FUS/TLS homolog is
administered.

Also part of the invention is a method of treating a patient with a disease involving a
FUS/TLS gene by administering to the patient an antibody which is sufficient to partially
inactivate the mutant FUS/TLS protein.

The diagnostic methods of the invention also can be used to determine when not to
treat an individual suspected of having ALS or other related motor neuron disease as a result
of the screening results.

The invention further provides the SNP containing FUS/TLS nucleic acids of the
invention, protein or peptides encoded by such nucleic acids, binding partners that bind
specifically to the nucleic acids or proteins, vectors and cells (e.g., bacterial or mammalian)
containing such nucleic acids, and methods of use thereof.

These and other aspects of the invention, as well as various embodiments thereof, will

become more apparent in reference to the drawings and detailed description of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1: A and B. FUS/TLS ALS index pedigrees and gene information. C.

Evolutionary conservation of FUS/TLS. Mutations observed in ALS patients are shown, in
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red, above the human sequence. “(SC)” refers to a 2 bp mutation (in c¢is) in one individual
causing 2 consecutive mis-sense mutations (R514S and G515C).

Figure 2: FUS/TLS tissue and cell staining and RNA binding. A. F55 ALS patient vs.
control, brain (cortex) stained with anti-NeuN/gfp and anti-lipofuschin/Cy3 antibodies,
merged images (left) or with anti-FUS/TLS antibody + DAB secondary. B. F55 ALS patient
vs. control, spinal cord stained with anti-NeuN/Cy3 and anti-FUS/TLS antibodies and DAPI,
with merged images. C. gel-shift assay using mutant (R521G or H517Q) recombinant
FUS/TLS and 24-base RNA oligomer.

Figure 3: Transfection and cell fractionation studies. A. SK-NAS (top) or N2A
(bottom) cells transfected with wild-type or mutant (F55 =R521G or F577 = H517Q)
recombinant FUS/TLS-gfp fusion protein, counterstained with DAPI, merged images.
Percentage of cells observed with significant nuclear vs. cytosolic FUS/TLS. staining indicated
to right. B. Cell fractionation studies. SK-NAS cells transfected with wild-type or mutant (F55
= R521G or F577 = H517Q) recombinant FUS/TLS-gfp fusion protein, harvested and
fractionated at 24 hrs., Western blotted and stained with anti-gfp antibody/ECL. Lamin and

GAPDH loading control staining below, densitometric ratios to right.

DETAILED DESCRIPTION OF THE INVENTION

We have identified mutations in the FUS/TLS gene in human ALS patients (including
dominantly- and recessively-inherited familial ALS). Using the knowledge of the mutations
in this gene sequence, and clinical information on patients carrying FUS/TLS mutations, ALS
can be diagnosed and predicted in symptomatic and at-risk individuals. Moreover, mutations
can be introduced into the FUS/TLS gene in experimental animals and cultured cells to study
ALS and motor neuron biology. Such animals and cells can be used to develop and test
therapeutic interventions (including drugs, siRNA, and gene and protein therapy) for use in
human patients with ALS and related disorders.

The official full name of the FUS gene is “fusion (involved in t(12;16) in malignant
liposarcoma)”. The gene is also known as FUS, TLS; FUS/TLS; CHOP; FUS1; FUS-CHOP;
TLS/CHOP; and hnRNP-P2. The gene has 15 exons and a transcript length of 2,002
nucleotides. The FUS/TLS gene encodes a 75 kDa DNA-pairing nuclear protein that binds
both single-stranded and double-stranded DNA and promotes ATP-independent annealing of

complementary single-stranded DNAs and D-loop formation in superhelical double-stranded
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DNA. The length of the protein is 526 amino acid residues. FUS/TLS sequences are

provided herein as follows and are contained in the Sequence Listing attached herewith and

incorporated herein:

SEQ ID NO:1 is the gene sequence,

SEQ ID NO:2 is the cDNA sequence;

SEQ ID NO:3 is the protein coding sequence; and

SEQ ID NO:4 is the amino acid sequence of the protein.

FUS/TLS has been found to be a major nuclear-aggregate-interacting protein in a
model of Huntington disease. Depletion of FUS/TLS by sequestration in aggregates may
contribute to neuronal cell death in polyglutamine-expansion-mediated diseases; loss of
function of FUS/TLS in recessive cases of motor neuron disease may mimic this pathology
(of note, CBP, one binding partner of FUS/TLS, also contains a polyglutamine tract).

Unexpectedly, several mutations have been found in the sequence of the FUS/TLS
gene in ALS patients (both familial ALS and sporadic ALS). The numbering of the sequence
starts with the A of the start codon as base 1 and intronic bases relative to the nearest exon,

plus or minus).

Familial ALS (FALS):

Exon 15:

DNA change location/aa change other

GG1542-3TT R514S/G515C [cis and/or trans] possible splicing change
CI1551G HS517Q (Family 577)"

C1561T R521C

C1561G R521G (Family 55)>

G1562A R521H

G1562T R521L

A1564G R522G

G1572C R524S

C1574G P525R

T-C 3°’UTR +22 possible RNA stability change
T-C 15421VS-8 possible splicing change

Exon 3:

G66A G22G (silent)

CS8T Q20X
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Exon §:
T196C Y155H
Intron 8:
C-T @ 1VS833-11 possible splicing change
Intron 11:
A-G @ IVS1067-11 possible splicing change

Sporadic ALS (SALS):
exon 15 G-C Q519C

'Family 577 is a multigenerational pedigree segregating ALS as a pseudo-dominant trait,
believed to be recessive [family contains at least one consanguineous loop]; the most
significant region of identity-by-descent in affected individuals is on chromosome 16.

Affecteds have a non-bulbar (thus non-fatal) form of lower > upper motor neuron disease.

Family 55 is a multigenerational pedigree segregating ALS as a dominant trait (linked to

chromosome 16, reported by our group).

One family may segregate both X-linked spinobulbar muscular atrophy and FUS/TLS-

mediated motor neuron disease.

The term “allele” is used herein to refer to variants of a nucleotide sequence. A
biallelic polymorphism has two forms. Typically the first identified allele is designated as the
original allele whereas other alleles are designated as alternative alleles. Diploid organisms
are homozygous or heterozygous for an allelic form.

The term “genotype” as used herein refers the identity of the alleles present in an
individual or a sample. The term “genotyping” a sample or an individual for an allelic
marker consists of determining the specific allele or the specific nucleotide carried by an
individual at an allelic marker.

The term “haplotype” refers to a combination of alleles present in an individual or a
sample.

The methods described herein relate to the detection of SNP markers. As used herein,

the term “SNP” includes all single base variants and also includes single nucleotide insertions
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and deletions in addition to single nucleotide substitutions (e.g., A->G). A single nucleotide
polymorphism occurs at a polymorphic site occupied by a single nucleotide, which is the site
of variation between allelic sequences. The typical frequency at which SNPs are observed is
about 1 per 1000 base pairs (Li and Sadler, Genetics, 129:513-523, 1991; Wang et al.,
Science, 280:1077-1082, 1998; Harding et al., Am. J. Human Genet., 60:772-789, 1997,
Taillon-Miller et al., Genome Res., 8:748-754, 1998).

Typically, between different genomes or between different individuals, the
polymorphic site is occupied by two different nucleotides. SNPs occur at defined positions
within genomes and can be used for gene mapping, defining population structure, and
performing functional studies. SNPs are useful as markers because many known genetic
diseases are caused by point mutations and insertions/deletions. The conformation of the
nucleic acid molecule is generally detectable, identifiable and/or distinguishable using
methods known in the art, such as electrophoretic mobility as measured by gel
electrophoresis, capillary electrophoresis, and/or susceptibility to endonuclease digestion etc.

“Linkage” describes the tendency of genes, alleles, loci or genetic markers to be

inherited together as a result of their location on the same chromosome, and can be measured

- by percent recombination between the two genes, alleles, loci or genetic markers. Loci

occurring within 50 centimorgan of each other are linked. Some linked markers occur within
the same gene or gene cluster.

“Linkage disequilibrium” or “allelic association” means the preferential association of
a particular allele or genetic marker with a specific allele, or genetic marker at a nearby
chromosomal location more frequently than expected by chance for any particular allele
frequency in the population. Linkage disequilibrium may result from natural selection of
certain combination of alleles or because an allele has been introduced into a population too
recently/to have reached equilibrium with linked alleles.

“Genetic variant” or “variant” means a specific genetic variant which is present at a
particular genetic locus in at least one individual in a population and that differs from a
reference sequence.

The genetic material to be assessed can be obtained from any nucleated cell from the
individual. The nucleic acids used in the methods according to the present invention can be
DNA, genomic DNA, RNA, cDNA, hnRNA and/or mRNA. For assay of genomic DNA,

virtually any biological sample (other than pure red blood cells) is suitable. For example,
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convenient tissue samples include whole blood, semen, saliva, tears, urine, fecal material,
sweat, skin and hair. For assay of cDNA or mRNA, the tissue sample must be obtained from
an organ in which the target nucleic acid is expressed. For example, cells from the central
nervous system or brain are suitable sources for obtaining cDNA for the FUS/TLS gene.

Applicable diagnostic techniques include, but are not limited to, DNA sequencing
including mini-sequencing, primer extension, hybridization with allele-specific
oligonucleotides, oligonucleotide ligation assays, PCR using allele-specific primers, dot blot
analysis, flap probe cleavage approaches, restriction fragment length polymorphism, kinetic
PCR, and PCR-SSCP, fluorescent in situ hybridisation, pulsed field gel electrophoresis
analysis, Southern blot analysis, single stranded conformation analysis, denaturing gradient
gel electrophoresis, temperature gradient gel electrophoresis, denaturing HPLC and RNAse
protection assays, all of which are presently known to the person skilled in the art and
routinely practiced in the art.

Many of the methods described herein require amplification of DNA from target -
samples. This can be accomplished by e.g., PCR. See generally PCR Technology: Principles
and Applications for DNA Amplification (ed. H. A. Erlich, Freeman Press, NY, N.Y., 1992);
PCR Protocols: A Guide to Methods and Applications (eds. Innis, et al., Academic Press, San
Diego, Calif., 1990); Mattila et al., Nucleic Acids Res. 19, 4967 (1991); Eckert et al., PCR
Methods and Applications 1, 17 (1991); PCR (eds. McPherson et al., IRL Press, Oxford); and
U.S. Pat. No. 4,683,202.

Other suitable amplification methods include the ligase chain reaction (LCR) (see Wu
and Wallace, Genomics 4, 560 (1989), Landegren et al., Science 241, 1077 (1988),
transcription amplification (Kwoh et al., Proc. Natl. Acad. Sci. USA 86, 1173 (1989)), and
self-sustained sequence replication (Guatelli et al., Proc. Nat. Acad. Sci. USA, 87, 1874
(1990)) and nucleic acid based sequence amplification (NASBA). The latter two
amplification methods involve isothermal reactions based on isothermal transcription, which
produce both single stranded RNA (ssRNA) and double stranded DNA (dsDNA) as the
amplification products in a ratio of about 30 or 100 to 1, respectively.

The nucleotides which occupy the polymorphic sites of interest can be identified by a
variety methods, such as Southern analysis of genomic DNA; direct mutation analysis by
restriction enzyme digestion; Northern analysis of RNA; denaturing high pressure liquid

chromatography (DHPLC); gene isolation and sequencing; hybridization of an allele-specific
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oligonucleotide with amplified gene products; single base extension (SBE); A sampling of
suitable procedures are discussed below.

The design and use of allele-specific probes for analyzing polymorphisms is described
by e.g., Saiki et al., Nature 324, 163-166 (1986); Dattagupta, EP 235,726, Saiki, WO
89/11548. Allele-specific probes can be designed that hybridize to a segment of target DNA
from one individual but do not hybridize to the corresponding segment from another
individual due to the presence of different polymorphic forms in the respective segments
from the two individuals. Hybridization conditions should be sufficiently stringent that there
is a significant difference in hybridization intensity between alleles, and preferably an
essentially binary response, whereby a probe hybridizes to only one of the alleles.
Hybridizations are usually performed under stringent conditions, for example, at a salt
concentration of no more than 1 M and a temperature of at least 25°C. For example,
conditions of 5 X SSPE (750 mM NaCl, 50 mM NaPhosphate, 5 mM EDTA, pH 7.4) and a
temperature of 25-50°C, or equivalent conditions, are suitable for allele-specific probe
hybridizations. Equivalent conditions can be determined by varying one or more of the
parameters given as an example, as known in the art, while maintaining a similar degree of
identity or similarity between the target nucleotide sequence and the primer or probe used.

Some probes are designed to hybridize to a segment of target DNA such that the
polymorphic site aligns with a central position (e.g., in a 15-mer at the 7 position; in a 16-
mer, at either the 8 or 9 position) of the probe. This design of probe achieves good
discrimination in hybridization between different allelic forms.

Allele-specific probes are often used in pairs, one member of a pair showing a perfect
match to a reference form of a target sequence and the other member showing a perfect match
to a variant for;n. Several pairs of probes can then be immobilized on the same support for
simultaneous analysis of multiple polymorphisms within the same target sequence.

The polymorphisms can also be identified by hybridization to nucleic acid arrays
(e.g., microarrays), some examples of which are described in WO 95/11995. WO 95/11995
also describes subarrays that are optimized for detection of a variant form of a
precharacterized polymorphism. Such a subarray contains probes designed to be
complementary to a second reference sequence, which is an allelic variant of the first
reference sequence. The second group of probes is designed by the same principles, except

that the probes exhibit complementarity to the second reference sequence. The inclusion of a
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second group (or further groups) can be particularly useful for analyzing short subsequences
of the primary reference sequence in which multiple mutations are expected to occur within a
short distance commensurate with the length of the probes (e.g., two or more mutations
within 9 to 21 bases).

An allele-specific primer hybridizes to a site on target DNA overlapping a
polymorphism and only primes amplification of an allelic form to which the primer exhibits
perfect complementarity. See Gibbs, Nucleic Acid Res. 17, 2427-2448 (1989). This primer is
used in conjunction with a second primer which hybridizes at a distal site. Amplification
proceeds from the two primers, resulting in a detectable product which indicates the
particular allelic form is present. A control is usually performed with a second pair of
primers, one of which shows a single base mismatch at the polymorphic site and the other of
which exhibits perfect complementarity to a distal site. The single base mismatch prevents
amplification and no detectable product is formed. The method works best when the
mismatch is included in the 3'-most position of the oligonucleotide aligned with the
polymorphism because this position is most destabilizing to elongation from the primer (see,
e.g., WO 93/22456).

The direct analysis of the sequence of polymorphisms of the present invention can be
accomplished using either the dideoxy chain termination method or the Maxam-Gilbert
method (see Sambrook et al., Molecular Cloning, A Laboratory Manual (2nd Ed., CSHP,
New York 1989); Zyskind et al., Recombinant DNA Laboratory Manual, (Acad. Press,
1988)).

Amplification products generated using the polymerase chain reaction can be
analyzed by the use of denaturing gradient gel electrophoresis. Different alleles can be
identified based on the different sequence-dependent melting properties and electrophoretic
migration of DNA in solution. Erlich, ed., PCR Technology, Principles and Applications for
DNA Amplification, (W. H. Freeman and Co, New York, 1992), Chapter 7.

Alleles of target sequences can be differentiated using single-strand conformation
polymorphism analysis, which identifies base differences by alteration in electrophoretic
migration of single stranded PCR products, as described in Orita et al., Proc. Nat. Acad. Sci.
86, 2766-2770 (1989). Amplified PCR products can be generated as described above, and
heated or otherwise denatured, to form single stranded amplification products. Single-

stranded nucleic acids may refold or form secondary structures which are partially dependent
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on the base sequence. The different electrophoretic mobilities of single-stranded
amplification products can be related to base-sequence differences between alleles of target
sequences.

An alternative method for identifying and analyzing polymorphisms is based on
single-base extension (SBE) of a fluorescently-labeled primer coupled with fluorescence
resonance energy transfer (FRET) between the label of the added base and the label of the
primer. Typically, the method, such as that described by Chen et al., (PNAS 94:10756-61
(1997), incorporated herein by reference) uses a locus-specific oligonucleotide primer labeled
on the 5' terminus with 5-carboxyfluorescein (FAM). This labeled primer is designed so that
the 3' end is immediately adjacent to the polymorphic site of interest. The labeled primer is
hybridized to the locus, and single base extension of the labeled primer is performed with
fluorescently labeled dideoxyribonucleotides (ddNTPs) in dye-terminator sequencing fashion,
except that no deoxyribonucleotides are present. An increase in fluorescence of the added
ddNTP in response to excitation at the wavelength of the labeled primer is used to infer the
identity of the added nucleotide.

A polymorphism may be one of a group of two or more polymorphisms in the
FUS/TLS gene, or in linkage disequilibrium with such polymorphisms, that form a haplotype
which contributes to the presence, absence or severity of ALS or other related motor neuron
disease. An assessment of other polymorphisms within the FUS/TLS gene, or in linkage
disequilibrium with such polymorphisms, can be undertaken, and the separate and combined
effects of these polymorphisms on the patient’s phenotype can be assessed.

Correlation between a particular phenotype and the presence or absence of a particular
allele is performed for a population of individuals who have been tested for the presence or
absence of the phenotype. Correlation can be performed by standard statistical methods as
known in the art and as described herein and statistically significant correlations between
polymorphic form(s) and phenotypic characteristics are noted.

Furthermore, it may be possible to identify a physical linkage between a genetic locus
associated with a trait of interest and polymorphic markers that are not associated with the
trait, but are in physical proximity with the genetic locus responsible for the trait and co-
segregate with it. Such analysis is useful for mapping a genetic locus associated with a
phenotypic trait to a chromosomal position, and thereby cloning gene(s) responsible for the
trait. See Lander et al., Proc. Natl. Acad. Sci. (USA) 83, 7353-7357 (1986); Lander et al.,
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Proc. Natl. Acad. Sci. (USA) 84, 2363-2367 (1987); Donis-Keller et al., Cell 51, 319-337
(1987); Lander et al., Genetics 121, 185-199 (1989)). Genes localized by linkage can be
cloned by a process known as directional cloning. See Wainwright, Med. J. Australia 159,
170-174 (1993); Collins, Nature Genetics 1, 3-6 (1992).

Individuals diagnosed according to the methods of the invention as having an above-
normal likelihood of having or developing ALS or other related motor neuron disease may
also be treated with compounds that modulate FUS/TLS function or activity. The modulator
treatment can be provided alone or in combination with other known treatment modalities for
ALS and related motor neuron diseases. One possible modulator is an inhibitor molecule that
inhibits the function of mutant FUS/TLS (i.e., FUS/TLS comprising one or more of the
mutations provided by the invention) or reduces expression of mutant FUS/TLS (i.e.,
FUS/TLS comprising one or more of the mutations provided by the invention), such as a
siRNA or antisense molecule. In one particular embodiment, the inhibitor is an antisense
oligonucleotide or siRNA molecule that selectively binds to a mutant FUS/TLS nucleic acid
molecule, to reduce the expression of the encoded mutant FUS/TLS gene product in a cell.

As used herein, the term “antisense oligonucleotide” or “antisense” describes an
oligonucleotide that is an oligoribonucleotide, oligodeoxyribonucleotide, modified
oligoribonucleotide, or modified oligodeoxyribonucleotide which hybridizes under
physiological conditions to DNA comprising a particular gene or to an mRNA transcript of
that gene and, thereby, inhibits the transcription of that gene and/or the translation of that
mRNA. The antisense molecules are designed so as to interfere with transcription or
translation of a target gene upon hybridization with the target gene or transcript. Those
skilled in the art will recognize that the exact length of the antisense oligonucleotide and its
degree of complementarity with its target will depend upon the specific target selected,
including the sequence of the target and the particular bases which comprise that sequence.

As used herein, a “siRNA molecule” is a double stranded RNA molecule (dsRNA)
consisting of a sense and an antisense strand, which are complementary (Tuschl, T. et al.,
1999, Genes & Dev., 13:3191-3197; Elbashir, S.M. et al., 2001, EMBO J., 20:6877-6888). In
one embodiment the last nucleotide at the 3° end of the antisense strand may be any
nucleotide and is not required to be complementary to the region of the target gene. The
siRNA molecule may be 19-23 nucleotides in length in some embodiments. In other

embodiments, the siRNA is longer but forms a hairpin structure of 19-23 nucleotides in
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length. In still other embodiments, the siRNA is formed in the cell by digestion of double
stranded RNA molecule that is longer than 19-23 nucleotides. The siRNA molecule
preferably includes an overhang on one or both ends, preferably a 3° overhang, and more
preferably a two nucleotide 3’ overhang on the sense strand. In another preferred
embodiment, the two nucleotide overhang is thymidine-thymidine (TT). The siRNA
molecule corresponds to at least a portion of the mutant FUS/TLS gene of interest. In a
preferred embodiment the first nucleotide of the siRNA molecule is a purine. Many
variations of siRNA and other double stranded RNA molecules useful for RNAi inhibition of
gene expression will be known to one of ordinary skill in the art.

The siRNA molecules can be plasmid-based. In a preferred method, a polypeptide
encoding sequence of the mutant FUS/TLS gene is amplified using the well known technique
of polymerase chain reaction (PCR). The use of the entire polypeptide encoding sequence is
not necessary; as is well known in the art, a portion of the polypeptide encoding sequence is
sufficient for RNA interference. For example, the PCR fragment can be inserted into a vector
using routine techniques well known to those of skill in the art. The insert can be placed
between two promoters oriented in opposite directions, such that two complementary RNA
molecules are produced that hybridize to form the siRNA molecule. Alternatively, the
siRNA molecule is synthesized as a single RNA molecule that self-hybridizes to form a
siRNA duplex, preferably with a non-hybridizing sequence that forms a “loop” between the
hybridizing sequences. Preferably the nucleotide encoding sequence is part of the coding
sequence of the mutant FUS/TLS gene. The siRNA can be expressed from a vector
introduced into cells.

Vectors comprising the mutant FUS/TLS gene sequences are provided for production
of siRNA, preferably vectors that include promoters active in mammalian cells. Non-limiting
examples of vectors are the pPSUPER RNAI series of vectors (Brummelkamp, T.R. et al.,
2002, Science, 296:550-553; available commercially from OligoEngine, Inc., Seattle, WA).
In one embodiment a partially self-complementary nucleotide coding sequence can be
inserted into the mammalian vector using restriction sites, creating a stem-loop structure. In a
preferred embodiment, the mammalian vector comprises the polymerase-III H1-RNA gene
promoter. The polymerase-III HI-RNA promoter produces a RNA transcript lacking a
polyadenosine tail and has a well-defined start of transcription and a termination signal

consisting of five thymidines (T5) in a row. The cleavage of the transcript at the termination
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site occurs after the second uridine and yields a transcript resembling the ends of synthetic
siRNAs containing two 3’ overhanging T or U nucleotides. Other promoters useful in siRNA
vectors will be known to one of ordinary skill in the art.

Vector systems for siRNA expression in mammalian cells include pSUPER RNAi
system described above. Other examples include but are not limited to pSUPER .neo,
pSUPER .neo+gfp and pSUPER.puro (OligoEngine, Inc.); BLOCK-iT T7-TOPO linker,
pcDNA1.2/VS5-GW/lacZ, pENTR/U6, pLenti6-GW/U6-laminshrna and pLenti6/BLOCK-iT-
DEST (Invitrogen). These vectors and others are available from commercial suppliers.

It is preferred that the antisense oligonucleotide or siRNA molecule be constructed
and arranged so as to bind selectively with the target under physiological conditions, i.e., to
hybridize substantially more to the target sequence than to any other sequence in the target
cell under physiological conditions. One of skill in the art can easily choose and synthesize
any of a number of appropriate antisense or siRNA molecules for use in accordance with the
present invention. In order to be sufficiently selective and potent for inhibition, such
antisense oligonucleotides should comprise at least 10 and, more preferably, at least 15
consecutive bases which are complementary to the target, although in certain cases modified
oligonucleotides as short as 7 bases in length have been used successfully as antisense
oligonucleotides (Wagner et al., Nature Biotechnol. 14:840-844, 1996). Most preferably, the
antisense oligonucleotides comprise a complementary sequence of 20-30 bases. For siRNA
molecules, it is preferred that the molecules be 21-23 nucleotides in length, witha 3’ 2
nucleotide overhang, although shorter and longer molecules and molecules without
overhangs are also contemplated as useful in accordance with the invention.

The antisense is targeted, preferably, to sites in which mRNA secondary structure is
not expected (see, e.g., Sainio et al., Cell Mol. Neurobiol. 14(5):439-457, 1994) and at which
polypeptides are not expected to bind. Other methods for selecting preferred siRNA
sequences are known to those of skill in the art (e.g., the “siRNA Selection Program” of the
Whitehead Institute for Biomedical Research (2003)).

In one set of embodiments, the antisense oligonucleotides or siRNA molecules of the
invention may be composed of “natural” deoxyribonucleotides, ribonucleotides, or any
combination thereof. That is, the 5' end of one native nucleotide and the 3' end of another
native nucleotide may be covalently linked, as in natural systems, via a phosphodiester

internucleoside linkage. These oligonucleotides may be prepared by art recognized methods
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which may be carried out manually or by an automated synthesizer. They also may be
produced recombinantly by vectors, including in situ.

In preferred embodiments, however, the antisense oligonucleotides or siRNA
molecules of the invention also may include “modified” oligonucleotides. That is, the
oligonucleotides may be modified in a number of ways which do not prevent them from
hybridizing to their target but which enhance their stability or targeting or which otherwise
enhance their therapeutic effectiveness.

The term “modified oligonucleotide” as used herein describes an oligonucleotide in
which (1) at least two of its nucleotides are covalently linked via a synthetic internucleoside
linkage (i.e., a linkage other than a phosphodiester linkage between the 5' end of one
nucleotide and the 3' end of another nucleotide) and/or (2) a chemical group not normally
associated with nucleic acids has been covalently attached to the oligonucleotide. Preferred
synthetic internucleoside linkages are phosphorothioates, alkylphosphonates,
phosphorodithioates, phosphate esters, alkylphosphonothioates, phosphoramidates,
carbamates, carbonates, phosphate triesters, acetamidates, carboxymethy! esters and peptides.

The term “modified oligonucleotide” also encompasses oligonucleotides with a
covalently modified base and/or sugar. For example, modified oligonucleotides include
oligonucleotides having backbone sugars which are covalently attached to low molecular
weight organic groups other than a hydroxyl group at the 3' position and other than a
phosphate group at the 5' position. Thus modified oligonucleotides may include a 2'-O-
alkylated ribose group. In addition, modified oligonucleotides may include sugars such as
arabinose instead of ribose. The present invention, thus, contemplates pharmaceutical
preparations containing modified antisense molecules that are complementary to and
hybridizable with, under physiological conditions, the mutant FUS/TLS gene, together with
pharmaceutically acceptable carriers.

Another possible modulator is an expression vector that expresses functional
FUS/TLS protein, by which FUS/TLS activity is increased. Suitable expression vectors are
well known in the art, as are techniques for constructing, producing and administering
recombinant expression vectors in order to express a protein, in this case FUS/TLS.

The invention is also directed to a diagnostic kit and/or a research kit that comprises
at least one probe for detecting the FUS/TLS SNPs that are markers for and indicative of

ALS and other related motor neuron diseases according to the present invention. The kit can
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contain other compounds such as enzymes, buffers, and/or dyes for performing the method(s)
of the present invention. The kit can also include instructions for performing the SNP-
analysis and/or the software for a statistical analysis as described herein.

Preferably he invention further provides kits comprising at least one allele-specific
oligonucleotide as described herein. Often, the kits contain one or more pairs of allele-
specific oligonucleotides hybridizing to different forms of a polymorphism. In some kits, the
allele-specific oligonucleotides are provided immobilized to a substrate. For example, the
same substrate can comprise allele-specific oligonucleotide probes for detecting any one or
more of the polymorphisms disclosed herein. Optional additional components of the kit
include, for example, restriction enzymes, reverse-transcriptase or polymerase, the substrate
nucleoside triphosphates, means used to label, and the appropriate buffers for reverse
transcription, PCR, or hybridization reactions. Usually, the kit also contains instructions for
carrying out the methods.

The invention further provides efficient methods of identifying pharmacological
agents or lead compounds for agents and molecules that reduce mutant FUS/TLS activity.
Generally, the screening methods involve assaying for compounds which modulate the
amount of activity of mutant FUS/TLS. As will be understood by one of ordinary skill in the
art, the screening methods may measure the amount of activity directly, by using methods
well known in the art. In addition, screening methods may be utilized that measure a
secondary effect of mutant FUS/TLS activity.

A wide variety of assays for pharmacological agents can be used in accordance with
this aspect of the invention, including, labeled in vitro protein-protein binding assays,
electrophoretic mobility shift assays, immunoassays, cell-based assays such as two- or three-
hybrid screens, expression assays, etc. The assay mixture comprises a candidate
pharmacological agent. Typically, a plurality of assay mixtures are run in parallel with
different agent concentrations to obtain a different response to the various concentrations.
Typically, one of these concentrations serves as a negative control, i.e., at zero concentration
of agent or at a concentration of agent below the limits of assay detection.

Candidate agents useful in accordance with the invention encompass numerous
chemical classes, although typically they are organic compounds. Preferably, the candidate
pharmacological agents are small organic compounds, i.e., those having a molecular weight

of more than 50 yet less than about 2500, preferably less than about 1000 and, more
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preferably, less than about 500. Candidate agents comprise functional chemical groups
necessary for structural interactions with proteins and/or nucleic acid molecules, and typically
include at least an amine, carbonyl, hydroxyl or carboxyl group, preferably at least two of the
functional chemical groups and more preferably at least three of the functional chemical
groups. The candidate agents can comprise cyclic carbon or heterocyclic structure and/or
aromatic or polyaromatic structures substituted with one or more of the above-identified
functional groups. Candidate agents also can be biomolecules such as peptides, saccharides,
fatty acids, sterols, isoprenoids, purines, pyrimidines, derivatives or structural analogs of the
above, or combinations thereof and the like. Where the agent is a nucleic acid molecule, the
agent typically is a DNA or RNA molecule, although modified nucleic acid molecules as
defined herein are also contemplated.

It is contemplated that cell-based assays as described herein can be performed using

cell samples and/or cultured cells. Biopsy cells and tissues as well as cell lines grown in
culture are useful in the methods of the invention.

Candidate agents are obtained from a wide variety of sources including libraries of

‘synthetic or natural compounds. For example, numerous means are available for random and

directed synthesis of a wide variety of organic compounds and biomolecules, including
expression of randomized oligonucleotides, synthetic organic combinatorial libraries, phage
display libraries of random peptides, and the like. Alternatively, libraries of natural
compounds in the form of bacterial, fungal, plant and animal extracts are available or readily
produced. Additionally, natural and synthetically produced libraries and compounds can be
readily be modified through conventional chemical, physical, and biochemical means.
Further, known pharmacological agents may be subjected to directed or random chemical
modifications such as acylation, alkylation, esterification, amidification, etc. to produce
structural analogs of the agents.

A variety of other reagents also can be included in the mixture. These include
reagents such as salts, buffers, neutral proteins (e.g., albumin), detergents, etc. which may be
used to facilitate optimal protein-protein and/or protein-nucleic acid binding. Such a reagent
may also reduce non-specific or background interactions of the reaction components. Other
reagents that improve the efficiency of the assay such as protease inhibitors, nuclease

inhibitors, antimicrobial agents, and the like may also be used.
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The order of addition of components, incubation temperature, time of incubation, and
other parameters of the assay may be readily determined. Such experimentation merely
involves optimization of the assay parameters, not the fundamental composition of the assay.
Incubation temperatures typically are between 4°C and 40°C. Incubation times preferably are
minimized to facilitate rapid, high throughput screening, and typically are between 0.1 and 10
hours.

After incubation, the activity of mutant FUS/TLS is detected by any convenient
method available to the user. For cell-free binding type assays, a separation step is often used
to separate bound from unbound components. The separation step may be accomplished in a
variety of ways. Conveniently, at least one of the components is immobilized on a solid
substrate, from which the unbound components may be easily separated. The solid substrate
can be made of a wide variety of materials and in a wide variety of shapes, e.g., microtiter
plate, microbead, dipstick, resin particle, etc. The substrate preferably is chosen to maximum
signal to noise ratios, primarily to minimize background binding, as well as for ease of
separation and cost.

Separation may be effected for example, by removing a bead or dipstick from a
reservoir, emptying or diluting a reservoir such as a microtiter plate well, rinsing a bead,
particle, chromatographic column or filter with a wash solution or solvent. The separation
step preferably includes multiple rinses or washes. For example, when the solid substrate is a
microtiter plate, the wells may be washed several times with a washing solution, which
typically includes those components of the incubation mixture that do not participate in
specific bindings such as salts, buffer, detergent, non-specific protein, etc. Where the solid
substrate is a magnetic bead, the beads may be washed one or more times with a washing
solution and isolated using a magnet.

Detection may be effected in any convenient way for cell-based assays such as two-
or three-hybrid screens, such as reporter gene transcription as described in the Examples
below. For cell-free binding assays, at least one of the components usually comprises, or is
coupled to, a detectable label. A wide variety of labels can be used, such as those that
provide direct detection (e.g., radioactivity, luminescence, optical or electron density, energy
transfer, etc.) or indirect detection (e.g., epitope tag such as the FLAG or myc epitopes,

enzyme tag such as horseradish peroxidase, etc.).
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A variety of methods may be used to detect the label, depending on the nature of the
label and other assay components. For example, the label may be detected while bound to the
solid substrate or subsequent to any separation from the solid substrate. Labels may be
directly detected through optical or electron density, radioactive emissions, nonradiative
energy transfers, etc. or indirectly detected with antibody conjugates, strepavidin-biotin
conjugates, etc. A variety of methods for detecting the labels are well known in the art.

The present invention is described in further detail in the following non-limiting

Examples.

EXAMPLES

Amyotrophic lateral sclerosis (ALS) is a fatal degenerative disorder of upper and
lower motor neurons. ALS is predominantly sporadic in occurrence, although 10% of cases
are familial, segregation is typically autosomal dominant although many small familial
clusters are observed with unclear mode of inheritance. Most familial cases, though, involve
as-yet unidentified genes. We identified several different mutations in the FUS/TLS gene
associated with autosomal dominant ALS as well as a unique mutation associated with a rare,
recessive, non-fatal ALS variant. The cognate protein is widely expressed and is found in both
the nucleus and cytoplasm. FUS/TLS is involved with several cellular processes, particularly
with mRNA splicing and transport. Mutant forms of FUS/TLS still bind RNA but accumulate
in clumps in the cytoplasm of cells in vitro; patient brain and spinal cord likewise show
cytoplasmic FUS/TLS retention as well as nuclear ubiquitin staining. These results suggest a

role for RNA processing and/or transport in ALS.

Materials and Methods

Loss-of-Heterozygosity mapping. DNA samples were amplified and hybridized to
250k (Sty I) SNP microarrays (Affymetrix) at the TGEN genomics core facility. Genotype
data were analyzed using autoSNPa software and graphically visualized using the IBD
(“identical by descent”) module, using a 20-SNP-run cutoff and selecting for regions
homozygous in all 3 F577 patients.

PCR and Sequencing. Human (patient, family members, and controls) FUS/TLS
sequences were obtained by PCR amplification with M13 forward and reverse-tailed primers,

Exonuclease I/Shrimp alkaline phosphatase treatment, and direct sequencing. DNA samples
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were extracted from lymphoblastoid cell lines or whole blood; some of the latter were
amplified with a Genomiphi kit (GE Healthcare Lifesciences). For screening of candidate
gene exons, primers were designed using the UCSC genome browser, targeting coding
sequences and 60 bp flanking regions; primer pairs failing PCR amplification were
redesigned using the Whitehead Institute Primer3 software. For FUS/TLS gene sequencing,
primer sequences were as follows:

Cloning. A full-length human FUS/TLS ¢cDNA, MGC-8537, (InVitrogen) was
obtained (in pOTB7) and the insert was cloned into pcDNA3.2V5 (Invitrogen) by atf site
recombination using pPDONR221 as the entry vector and the BP and LR Clonase kits
(InVitrogen). Mutations corresponding to F55 and F577 patients were introduced using a
QuikChange II Site-Directed Mutagenesis kit (Stratagene). Mutations were confirmed by
sequencing.

Extraneous pOTB7 sequences and cDNA 5’ UTR sequences were removed by
amplification with attB-site-tailed primers (so as to avoid addition of extra N-terminal amino
acids after the N-terminal tag) into pcDEST53 and pcDEST17 (InVitrogen), via pDONR221,
as above.

Mutations were confirmed by sequencing; additionally, the pcDEST53 plasmids were
sequenced in their entirety.

Cell Culture. Human neuroblastoma SKNAS cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 4
mM L-glutamine. Murine neuroblastoma N2A cells were cultured in minimal essential
medium (MEM) containing 10% FBS, 4 mM L-glutamine, and 1 mM sodium pyruvate. Cells
were maintained in a humidified 10% CO; chamber at 37°C. All tissue culture reagents were
purchased from Gibco (Invitrogen).

Transfection of mammalian cells with GFP-FUS plasmids. For fluorescence
microscopy, 7.5x10* SKNAS cells/well or 1.0x10° N2A cells/well per were plated in 24-well
dishes and allowed to adhere to poly-L-lysine coated glass coverslips (BD Biosciences) for
~14 h. The media was then replaced with OPTI-MEM containing 800 ng plasmid DNA and
1.25 uL Lipofectamine 2000 reagent according to the manufacture’s instructions (Invitrogen).
After 5 h, the media was replaced with the respective serum-containing medium.
Transfections were allowed to proceed for a total of 24 h. Cells grown on coverslips were

then thoroughly rinsed with phosphate buffered saline (PBS), fixed with 3%
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paraformaldehyde for 15 min, and adhered onto glass slides with Vectashield hard mount
containing DAPI (Vectorlabs). Transfection of SKNAS cells for subcellular fractionation
experiments was performed as described above except that 2.2x1 0° cells were plated in 10 cm
dishes with 16 ng plasmid DNA and 25 pL Lipofectamine 2000 reagent.

Quantification of Cytosolic versus Nuclear GFP-FUS/ TLS in transfected cells.
SKNAS and N2A cells transfected with either GFP-FUS (WT), GFP-FUS (55), or GFP-FUS
(577) were visualized with a Nikon TE300 inverted fluorescence microscope at 100X
magnification. Detection of green fluorescence outside the nuclear compartment boundary
(identified with DAPI stain) was determined to represent cytosolic GFP-FUS expression. A
minimum of 150 cells on three coverslips prepared from at least 2 independent transfection
experiments were categorized as having GFP-FUS expression localized only to the nucleus,
or having cytosolic GFP-FUS expression (the latter category includes cells having both
nuclear and cytosolic GFP-FUS expression). Results are presented as the mean percentage of
total cells counted, and analyzed with Holm test statistics.

SKNAS cells transfected with either GFP-FUS (WT), GFP-FUS (55), or GFP-FUS
(577) were subjected to subcellular fractionation using the Qproteome cell compartment kit
(Qiagen) according to the manufacture’s instructions. Cell pellets from each fraction,
including the insoluble fraction, were re-suspended in PBS containing 2% sodium dodecyl
sulfate (SDS) and 1% triton X-100, and the total protein concentration from all fractions was
quantified with the bicinchoninic acid (BCA) assay (Pierce). 3 pg total protein from the
cytosolic and nuclear fractions, and 1.25 pg total protein from the insoluble fractions were
subjected to Western blot analysis. GAPDH (1:2000; Abcam) and Lamin A/C (1:3000; BD
Transduction laboratories) served as loading standards as well as cytosolic and nuclear
compartment markers, respectively. GFP-FUS proteins were detected with the living colors
A.v. monoclonal (anti-GFP) antibody JL-8 (1:4000; Clontech). The ratio of cytosolic/
nuclear and insoluble/ nuclear FUS was quantified from the densitometry of three Western
blots, and analyzed with Holm test statistics.

Immunohistochemistry. Fifteen micron sections were taken from frontal cortex,
fixed in 4% paraformaldehyde for 10 minutes and washed three times for five minutes each
with PBS. Sections were then blocked (20% normal goat serum/0.1% Triton X/PBS) for 1
hour at room temperature, then incubated with primary antibodies overnight at 4°C: rabbit

polyclonal anti-ubiquitin (1:600, Abcam) and mouse anti-FUS/TLS (Santa Cruz Labs, 1:50)
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or mouse monoclonal anti-NeuN (1:1000 Chemicon) and rabbit anti-Fus (Bethyl Labs,
1:500). Sections were washed three times with PBS for 5 minutes each, then incubated with
secondary antibodies for 3 hours at room temperature: goat anti-rabbit fluorescein
isothiocyanate (Jackson Immuno, 1:200) and goat anti-mouse Cyanine3 (Jackson Immuno,
1:300). Sections were washed as above, then incubated in 70% ethanol for 5 minutes
followed by incubation with autofluorescence elimininator reagent (Chemicon) for 4 minutes
and washed in 70% ethanol for 1 minute. Sections were counterstained and mounted with

Vectashield hard mounting medium with DAPI (Vector Labs).

Results

Two large families segregating ALS in an autosomal dominant manner, with linkage
to chromosome 16, have previously been reported. Haplotype analyses in these pedigrees
demonstrated a 40 Mb candidate region for this locus. Two additional families displayed
linkage to a smaller region comprising a telomeric subset of this locus, leading us to focus
efforts on this area. Exhaustive exon sequencing revealed no mutation not also seen in
controls. Subsequently, ascertainment of additional individuals and re-analysis of data for
these two families excluded linkage to chromosome 16.

Recently we observed a kindred segregating an atypical ALS phenotype in a pseudo-
autosomal fashion (Figure 1A). The phenotype consists of proximal upper extremity onset
weakness with subsequent spread to lower extremities but sparing the bulbar region in all four
patients; upper motor neuron signs were present, though minimal, in the two probands
indicated. Muscle atrophy was present is all cases but much less than expected for near-total
paresis. The mother of these probands lived 14 years from onset without developing bulbar
symptoms (though quadraparetic) and reportedly died of a myocardial infarction. The
maternal grandparents of the proband were first cousins; additionally, the family originates
from a small island of roughly 6000 inhabitants, raising the possibility that the proband’s
father and mother are related as well. This would allow for a recessive mode of inheritance.
Loss-of-heterozygosity mapping using 250k SNP chips and the autoSNPa software identified
a major LOH cluster in the pericentromeric region of chromosome 16 constituting a subset of
the previously reported locus, as well as a few smaller regions elsewhere.

The largest contiguous LOH cluster comprised approximately 4 Mb and contained 53

genes comprising 315 coding exons. Genomic sequencing of approximately 75% of these
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exons was performed, prioritizing according to estimated importance in neuronal function.
Sequence variants were discovered in patients from both pedigrees in exon 15 of the
FUS/TLS (fusion protein/translocated in liposarcoma) gene. In family 55, all five available
affected individuals were shown to be heterozygous for a C1561G mutation causing an
R521G substitution (Figure 1B), while all 3 available patients from family 577 were shown to
be homozygous for a C1551G mutation resulting in a H517Q substitution (Figure 1A).
Screening of index cases from 120 additional familial ALS pedigrees for all 15 exons has
revealed seven other mis-sense mutations in exon 15; screening of 293 sporadic ALS cases for
exon 15 has revealed no mutations. Additional variants of uncertain significance were
observed, including a silent coding mutation, three intronic variants, and a 3’ UTR variant.
None of the exon 15 variants was observed in 795 control individuals sequenced. All
sequence variants in other genes in this region were either previously reported in online SNP
databases or were detected in multiple control samples.

Autopsy tissue from a single patient from family 55 (F55) was available. Routine
pathologic examination findings included loss of motor neurons in the anterior horn of the
spinal cord at multiple levels and in the hypoglossal nucleus, myelin pallor in the anterior
corticospinal tracts and macrophage aggregates replacing Betz cells in the motor cortex.
Frozen brain tissue was subsequently examined by immunohistochemistry. Both control and
patient tissue show clear cortical neuronal FUS/TLS staining, but whereas predominantly
nuclear staining was observed in control tissue, F55 patient tissue (heterozygous for the
R521G mutation) showed prominent cytoplasmic staining as well (Figure 2A). Further
staining with an anti-ubiquitin antibody revealed diffuse nuclear staining in the patient’s tissue
but not control tissue (Figure 2B). There was increased lipofuschin staining in patient neurons
compared to control neurons, consistent with increased accumulation of cellular debris in ALS
neurons.

FUS/TLS wild-type, R521G, and H517Q cDNA expression constructs were prepared
in pcDNA3.2 (Invitrogen—untagged), pcDESTS53 (Invitrogen—N-terminal gfp-tagged), and
pcDEST17 (Invitrogen—N-terminal His-tagged). RNA-binding experiments were performed
with His-tagged, purified protein produced in E. Coli and RNA 24-mer oligos containing
GGUG motifs and known to bind FUS/TLS. Mutant forms of FUS/TLS (the recessive H517Q
and dominant R521C) both bind RNA oligomers in a gel-shift assay in a manner similar to

wild-type protein. Transfection of SK-NAS neuronal cells and N2A neuronal cells with gfp-
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tagged FUS/TLS constructs revealed cytoplasmic accumulation of mutant FUS/TLS protein
by 24 hours, stronger for R521G than for H517Q (and absent in wild-type). This was also
seen with untagged protein visualized with anti-FUS/TLS antibody and fluorescent secondary
antibody (data not shown).

Subcellular localization of FUS/TLS was examined by compartmental fractionation of
SKNAS cells transfected with wild-type, R521G, or H517Q FUS/TLS-GFP fusion proteins.
Western blotting of fractions followed by immunostaining with an anti-GFP antibody
demonstrate a substantially higher cytosol:nuclear FUS/TLS signal for both mutants (Figure
3B). Additionally, a higher ratio of insoluble to nuclear FUS/TLS protein is seen for the
R521G mutant than for controls, while the ratio is only slightly increased for H517Q mutant
FUS/TLS protein.

Discussion

FUS/TLS was originally described as contributing the N-terminal half of a fusion
protein created by somatic chromosomal translocations in liposarcoma. It has since been
shown to have roles in DNA repair, RNA processing and transport. FUS/TLS knock-out mice
display a variable phenotype, depending on strain background, with either perinatal mortality
or male sterility and radiation sensitivity. Neuronal dysfunction has not been described,
though no long-term studies of mouse neuronal function have been published. A recent report
shows that noncoding RNAs bind FUS/TLS protein, enabling it to associate with CREB-
binding protein (CBP) and inhibit the latter’s histone-acetyltransferase activity, leading to
inhibition of transcription. This activation of FUS/TLS binding by GGUG-containing
ncRNAs appears to act by preventing association of the N- and C-terminal regions of
FUS/TLS. It is tempting to speculate that mutations in arginine residues in the C-terminal
region of FUS/TLS, such as those seen in dominantly-inherited ALS patients, could also
prevent this self-association and lead to a constitutively-active transcription repressor. Also,
FUS/TLS has been found to be a major nuclear-aggregate-interacting protein in a model of
Huntington disease. It is tempting to speculate that depletion of FUS/TLS by sequestration in
aggregates may contribute to neuronal cell death in polyglutamine-expansion-mediated
diseases; loss of function of FUS/TLS in recessive cases of motor neuron disease may mimic
this pathology (of note, CBP, one binding partner of FUS/TLS, also contains a polyglutamine

tract).
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A neuronal function for FUS/TLS has been delineated in hippocampal neuronal slice
culture—the protein is found in RNA granules that are transported to dendritic spines in
response to metabotropic (mGluR1) glutamatergic stimulation. These granules contain a
number of proteins (including TDP-43) and mRNA species, including actin and an actin-
stabilizing protein. Indeed, FUS/TLS deficient neurons show decreased spine arborization
with abnormal morphology.

Two mutations (one dominant, one recessive) associated with motor neuron disease
appear to cause abnormal accumulation of FUS/TLS in the cytoplasm of neuronal cells in
culture—the dominant mutation to a greater degree. Such sequestration may lead to cellular
dysfunction via a reduction in the amount of protein available in the nucleus or by a toxic gain
of function in the cytoplasm. It is also possible that mutant FUS/TLS may be incorporated
into RNA granules but not function properly in delivery of mRNA to dendritic spines, thus
exerting either a dominant negative effect, or, in the case of the recessive mutation, through a
partial loss of function. The presence of TDP-43 and FUS/TLS, two ALS-associated proteins,
in the same RNA granule suggests that perturbations in the structure or localization of these
granules may be important in the pathogenesis of motor neuron disease, at least in cases

related to these two genes.
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EQUIVALENTS

While several inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to
be within the scope of the inventive embodiments described herein. More generally, those
skilled in the art will readily appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific inventive embodiments described herein. It is, therefore, to be
understood that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive embodiments may
be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combination of two or more such features,
systems, articles, materials, kits, and/or methods, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the inventive scope of
the present disclosure.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

All references, patents and patent applications disclosed herein are incorporated by
reference with respect to the subject matter for which each is cited, which in some cases may
encompass the entirety of the document.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple

elements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of
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the elements so conjoined. Other elements may optionally be present other than the elements
specifically identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment,
to B only (optionally including elements other than A); in yet another embodiment, to both A
and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or” as defined above. For example, when separating items in
a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least
one, but also including more than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the contrary, such as “only one of”
or “exactly one of,” or, when used in the claims, “consisting of,” will refer to the inclusion of
exactly one element of a number or list of elements. In general, the term “or” as used herein
shall only be interpreted as indicating exclusive alternatives (i.e. “one or the other but not

% ¢¢

both”) when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used in the claims, shall have its ordinary
meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements
and not excluding any combinations of elements in the list of elements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or
unrelated to those elements specifically identified. Thus, as a non-limiting example, “at least
one of A and B” (or, equivalently, “at least one of A or B,” or, equivalently “at least one of A
and/or B”) can refer, in one embodiment, to at least one, optionally including more than one,
A, with no B present (and optionally including elements other than B); in another

embodiment, to at least one, optionally including more than one, B, with no A present (and

optionally including elements other than A); in yet another embodiment, to at least one,
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optionally including more than one, A, and at least one, optionally including more than one,
B (and optionally including other elements); etc. |

It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or acts
of the method is not necessarily limited to the order in which the steps or acts of the method
are recited.

In the claims, as well as in the specification above, all transitional phrases such as

k2154

containing,” “involving,” “holding,”

99 66y

“comprising,” “including,

2% &8 99 &

carrying,” “having,
“composed of,” and the like are to be uﬁderstood to be open-ended, i.e., to mean including
but not limited to. Only the transitional phrases “consisting of” and “consisting essentially
of” shall be closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

What is claimed is:
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CLAIMS

1. A method for diagnosing ALS or related motor neuron disease in a subject comprising

detecting in a sample obtained from an individual one or more genetic markers in a
FUS/TLS nucleic acid or fragment thereof,

wherein the one or more genetic markers are selected from the group consisting of
C1551G, C1561G, G1542T, G1543T, C1561T, G1562A, A1564G or G1572C, and

wherein the presence of the one or more markers indicates that the individual has ALS
or a related motor neuron disease or has a genetic predisposition or susceptibility for ALS or

a related motor neuron disease.
2. The method of claim 1, wherein the mutation(s) is/are in exon 15 of FUS/TLS.

3. The method of claim 1, wherein one or more of the genetic markers encodes an amino

acid change in the FUS/TLS protein (relative to wild type).

4, The method of claim 4, wherein the amino acid change is at H517Q, R521G, R5148S,
G515C, R521C, R521H, R522G, or R524S.

5. The method of claim 1, wherein the method comprises detecting a haplotype

comprising all 8 markers.

6. The method of claim 1, wherein the nucleic acid is DNA, genomic DNA, RNA,
cDNA, hnRNA or mRNA.

7. The method of claim 1, wherein the detection is accomplished by sequencing,
hybridization, restriction fragment analysis, oligonucleotide ligation assay or allele specific

PCR.

8. The method of claim 1, wherein the one or more genetic markers are identified using
an antibody or antigen-binding fragment thereof that binds selectively to the mutant

FUS/TLS protein.
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9. A diagnostic kit and/or a research kit, comprising at least one combination of probes

for detecting at least one of the markers according to claim 1.

10. A method of treatment or prophylaxis of ALS or related motor neuron disease
comprising

performing the diagnostic method according to any of claims 1-8 to identify an
individual that has ALS or related motor neuron disease or has a genetic predisposition or
susceptibility for ALS or related motor neuron disease, and

administering to the individual a therapeutically effective amount of a composition
suitable to delay, reduce or prevent ALS or the related motor neuron disease in the individual

and/or treating the individual with therapy.

11.  The method of claim 10, wherein the composition comprises a modulator of mutant

FUS/TLS activity.

12. The method of claim 11, wherein the modulator is a siRNA molecule that reduces

mutant FUS/TLS expression.

13.  The method of claim 11, wherein the modulator is an expression vector that increases

wild-type FUS/TLS expression.

14. A genetically engineered organism comprising one or more genetic markers selected
from the group consisting of C1551G, C1561G, G1542T, G1543T, C1561T, G1562A,
A1564G or G1572C in a FUS/TLS gene or one or more genetic markers selected from the
group consisting of H517Q, R521G, R514S, G515C, R521C, R521H, R522G, or R524S in a
FUS/TLS protein.

15. The genetically engineered organism of claim 14, wherein the genetic marker is/are in

exon 15 of FUS/TLS.

16.  The genetically engineered organism of claim 14, wherein the organism is a mouse.
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17. A method for screening for molecules that bind selectively to a mutant FUS/TLS
protein or nucleic acid comprising contacting wild-type and mutant FUS/TLS nucleic acid or
protein with a candidate molecule, and measuring binding of the candidate molecule to wild-
type and mutant FUS/TLS nucleic acid or protein, wherein a level of binding to mutant
FUS/TLS that is 5-fold greater than the level of binding to wild-type FUS/TLS is indicative
of a molecule that binds selectively to mutant FUS/TLS.
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