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METHOD FOR DIAGNOSING A NEURODEGENERATIVE DISEASE

The present invention relates to prognostic and diagnostic tests for neurodegenerative
disease, treatment regimens for neurodegenerative disease, animal models for
neurodegenerative disease and screening methods for identifying drugs useful for treating

such diseases.

Neurodegenerative diseases are a major clinical problem that may manifest in a
number of forms. For Example frontotemporal lobar degeneration, Alzheimer’s discase,

Motor Neuron Disease, Lewy body diseases , Parkinson Disease and the like.

Many neurodegenerative diseases are often accompanied by dementia. Dementia is
the progressive decline in cognitive function due to damage or disease in the brain beyond
what might be expected from normal aging. Particularly affected areas may be memory,
attention, language, and problem solving. Especially in the later stages of the condition,
affected persons may be disoriented in time (not knowing what day of the weck, day of the
month, month, or even what year it is), in place (not knowing where they are), and in person
(not knowing who they are). The prevalence of dementia is rising as the global life
expectancy is rising. Particularly in Western countries, there is increasing concern about the
economic impact that dementia will have in future, older populaces. Dementia is a non-
specific term encompassing many disease processes. At present there is no cure for any type

of dementia.

Frontotemporal lobar degeneration (FTLD) is a type of neurodegenerative disease
involving degeneration of gray matter in the frontal lobe and anterior portion of the temporal
lobe of the cerebrum, with sparing of the parietal and occipital lobes. FTLD is the second
most common form of dementia after Alzheimer’s disease and is therefore a major cause of
neurological problems in the elderly. The syndrome of FTLD encompasses the clinical
subgroups of frontotemporal dementia (FTD), FTD with motor neuron disecase (MND),
semantic dementia and primary progressive aphasia, and is characterized by changes in

behaviour, personality and language with relative preservation of memory and perception.
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Pathologically, there are two main histological profiles associated with FTLD. One of
these is tauopathy, the accumulation of hyperphosphorylated tau in neurons and occasionally
in glia. However, the most common neuropathology associated with FTLD, accounting for
well over half of all cases, is that known as FTLD-U, in which there are neuronal cytoplasmic
inclusions and neurites that are immunoreactive for ubiquitin (ub-ir) but not for tau. FTLD
pathology of this type was first described in patients with motor neuron discase (MND) and
dementia but has subsequently been recognized as a common neuropathological feature of
FTLD in patients without motor symptoms. This ub-ir pathology is characteristically found
in granule cells of dentate fascia of the hippocampus and in neurons of layer 2 of the frontal

and temporal neocortex.

MND is a clinically important neurodegenerative disease which can arise in subjects
independent of FTD. MND is also known as amyotrophic lateral sclerosis (ALS). MND/ALS
is a fatal neurodegencrative disease affecting motor neurons and is characterised by rapidly
progressive weakness and ultimately death from respiratory failure (typically within three

years of symptom onset).

It has been a significant aim of the research community to understand the genetics of

neurodegenerative disorders and particularly MND/ALS and FTLD.

The genetics of neurodegenerative disorders is complex with 7 disease loci reported to
date, these being on chromosomes 3, 9p (2 loci), 9q, 17¢21 (2 loci) and 17q24. Only a few of

the genes within these loci are known.

It has been reported that a mutation in the splice acceptor site of exon 6 of CHMP2B
on chromosome 3 causes FTLD in a large Danish family with DLDH-type of histology.

However, it has been shown that this is a rare genetic cause of FTLD.

15-20% of familial FTLD results from mutations in the MAPT gene on chromosome
17921, encoding the microtubule associated protein tau. All cases with pathogenic MAPT
mutations demonstrate prominent tau pathology. Interestingly, there are numerous families

with autosomal dominant FTLD-U with linkage to chromosome 17q21 (MAPT region), in
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which no pathogenic MAPT mutations have been identified. It has been shown that this
disease results from null-mutations of PGRN demonstrating there are 2 different genes for

FTLD on chromosome 17q21.

It has also been established that Paget’s disease with Inclusion Body Myopathy and
FTD is caused by mutations in the VCP gene on chr9p; it is currently unclear to what extent,
if any, this gene contributes to prototypical FTLD (i.e. without Paget’s disease and Inclusion

Body Myopathy).

There have also been reports of linkage to chr17q24 chr9p+q in pedigrees with
FTD+MND. However, there have been no reports of other families linked to these regions,

and the mutant genes have yet to be identified.

A recent genome-wide association study (Shatunov et al (2010) The Lancet;
published on-line 31%" August 2010) highlighted that a disease loci for MND/ALS and FTLD
(particularly FTD+MND/ALS) can be found on chromosome 9p21. However the authors
were unable to identify any defective gene, or specific mutation at this location. Furthermore,
despite an international effort no other authors have, to date, been able to provide any further

insight on any defect at chromosome 9p21.

FTLD is the second most common form of dementia in individuals under the age of
65 where approximately half of all patients with FTLD present with a family history of a
similar disorder indicating a significant genetic contribution to the etiology of this disease.
MND/ALS is also a major problem with a significant genetic contribution to the etiology of
the disease. Most existing methods of diagnosis for FTLD and MND/ALS are based on a
combination of ncuropsychological test results, brain imaging studies, and physical findings.
Accordingly there remains a clear need for developing further methods of diagnosing FTLD
and MND as well as assessing the likelihood that a subject will develop these disorders.
Furthermore, at present there is no effective treatments for FTLD or MND and there is also a

clear need to develop such therapies.
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The limitations of sensitivity and reliability of existing assays mean that patients with
an increased risk of developing neurodegenerative disease, or patients in the early stages of
the disease are not necessarily identified using existing tests. The inability to identify such
patients may mean that opportunities for therapeutic intervention prior to the appearance of
debilitating symptoms of disease are lost. It will be appreciated that a prognostic test, and
also diagnostic tests for carly discase, arc ideally performed before any major symptoms or

anatomical changes in the brain may be detected.

In view of the above, the inventors endeavoured to develop a prognostic and
diagnostic test for neurodegenerative disease by testing samples from control subjects and

subjects with neurodegenerative discase.

The chromosome 9p21 locus (referred to herein as the cOFTD/ALS locus) contains
onc of the last major unidentified autosomal dominant genes underlying a common
neurodegenerative disease. The inventors therefore undertook further studies of the
cO9FTD/ALS locus

The inventors have established that a founder haplotype is present in the majority of
cases linked to chromosome 9p21, and that this risk haplotype accounts for more than one
third of familial MND/ALS cases in the Finnish population. The haplotype covers three
known genes, MOBKL2b, IFNK and CYorf72.

After a significant amount of inventive endeavour the inventors were surprised to identify
mutations of the C90rf72 gene in a very high proportion of subjects with a neurodegenerative

discase (e.g. FTLD and/or MND/ALS).

The CY0rf72 gene (HGNC ID: 28337) is known as a putative gene located at chromosome
9p21.2. However, to date, nothing has been reported about its function and the putative

C9orf72 protein has little homology to known proteins.



CA 02846307 2014-02-24
WO 2013/030588 PCT/GB2012/052140

5

Human C9orf72 genomic DNA sequence can be located from a number of publicly available
databases. The NCBI database illustrates that the gene is located within
9:27,542,474..277,577,962.

Unless stated otherwise, when we refer to coordinates on chromosome 9 this is taken from
UCSChgl9/NCBI37 assembly (+ve strand).

The gene has two transcripts. NM_(018325.2 represents a 3233bp mRNA and is known as
variant 1. It encodes isoform a of the C9orf72 protein which is a 481aa protein (NP_060795).
NM 145005.4 represents a 1879bp mRNA and is known as variant 2. It encodes isoform b of
the C9orf72 protein which is a 222aa protein (NP_659442.2)

Diagnostic and prognostic tests involving detection of CY90rf72 gene mutants

According to a first aspect of the invention there is provided a method of assessing
whether a subject has or is likely to develop a Frontotemporal lobar degeneration (FTLD)
comprising determining whether the subject has a mutation in the C90rf72 gene wherein said
mutation prevents or disrupts C9orf72 expression relative to expression in a reference from

subjects without FTLD or the mutation.

The method of the first aspect of the invention includes determining whether a subject
has a mutation in the C90rf72 gene which disrupts or prevents C9ort72 expression. If the
subject has such a mutation in the gene, this indicates that a subject has or is likely to develop

dementia.

By “CY0rf72 gene” we include the nucleic acid sequences set out above that encode
the C9orf72 polypeptide or any fragment of that sequence. This can be genomic DNA
sequence, mRNA sequence and cDNA sequence. C9o0rf72 gene nucleic acid sequences
include the untranslated regions extending both upstream of the transcription start site of
CYorf72 mRNA and downstream of the transcription termination site of C9%0rf72 mRNA by,
for example, SKb. C9orf72 gene nucleic acid sequences may include all exon and intron
sequences. We also include polymorphisms or variations in that nucleotide sequence that are

naturally found between individuals of different cthnic backgrounds or from different
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geographical areas and which do not affect the function of the gene. By “CY0rf72 gene” we
also include “regulatory elements”, including the 5’ and 3’ of the gene which is involved in
regulating gene transcription. For instance, transcription factor binding sequences, the TATA
box, the 5° promoter and 5° and 3’ untranslated regions (UTRs). This definition also
encompasses the DNA 5’ of the first codon of the first exon of C90rf72. At least some of this

sequence information is provided in the accompanying description and figures.

A mutant C90orf72 nucleic acid is any CYorf72 nucleic acid containing a mutation as
compared to a wild type C9orf72 nucleic acid. For example, a mutant human C90rf72
nucleic acid can be a nucleic acid having the nucleotide sequence of SEQ ID No. 1 having at
least one mutation. By “mutation” as used herein with respect to nucleic acid, we include
insertions of one or more nucleotides, deletions of one or more nucleotides, nucleotide
substitutions, and combinations thereof, including mutations that occur in coding and non-
coding regions (e.g., exons, introns, untranslated sequences, sequences upstream of the
transcription start site of C90rf72 mRNA, and sequences downstream of the transcription

termination site of C90rf72 mRNA).

The inventors have noted that the mutations the have identified result in a reduction in
the expression of active C9orf72 or result in the abolition of C9orf72 expression. It will
therefore be appreciated that the invention encompasses any mutation which represents a

CY9or172 gene knock-out.

It is preferred that mutations according to the invention are insertion mutations which
either cause a shift in the reading frame of the gene and therefore disrupt C9orf72 expression
or result in the expression of a mutant protein which has reduced or more preferably, no

C9orf72 activity.

It is also preferred that mutations according to the invention are mutations of intron 1
of the C90rf72 gene which either cause a shift in the reading frame of the gene and therefore
disrupt C9orf72 expression or result in the expression of a mutant protein which has reduced,

or more preferably no, C9orf72 activity.
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It is preferred that the mutation according to the invention is found within the region
of intron 1 of the C90rf72 gene which is transcribed with variant 2 (encoding isoform b of

CSYorf72) but not transcribed with variant 1 (encoding isoform a of C9orf72).

It is more preferred that mutations according to the invention are insertion mutations
of intron 1 of the C90rf72 gene which cither cause a shift in the reading frame of the gene
and therefore distupts C9orf72 expression or results in the expression of a mutant protein
which has reduced or mare preferably, no C9orf72 activity. It is preferred that the insertion is

smaller than a decamer (¢.g. a 9, 8, 7, 6 or 5 nucleic acid insertion).

It is even more preferred that the mutation is an inscrtion of a repcating nucleic acid
motif in the C90rf72 gene and most preferably within intron 1. The insertion may be a repeat
of any nucleic motif repeat. The motif may be 2 monomer, dimer, trimer, tetramer, pentamer,
hexamer of nucleic acids or even larger. Preferably the motif is a hexamer, The motif may be
a motif that may not be found in the wild type gene and may be present as 2, 3, 4, 5, 10, 20,
30, 50 or more repeats. [Towever it is preferred that the repeat is a repeat of a motif that is
already present in the wild type gene but is present as 2, 3, 4, 5, 10, 20, 30, 50 or more times
than found in the wild type gene. The inventors have found, as explained below, that the
number of such repeats can provide prognostic and diagnostic insight for a clinician and it is
an important feature of the invention that the method may be adapted to detect how many

repeats are inserted in to the C90rf72 gene.

It is more preferred that the mutation is the insertion of a GGCCCC
hexanucleotide repeats, or an expansion of the number of such repeats found in the wild-type,

in the first intron of the C90rf72 gene. It will be appreciated that this hexanucleotide will

correspond to GGGGCC on the opposite strand. We therefore refer to the
hexanucelotide repeat as GGCCCC or CCGGGG depending on the double helix strand

worked on by the inventors.
It is most preferred that the mutation is a repeat of GGCCCC which is found starting

at position 27,573,527 (coordinate taken from UCSChg19/NCBI37 assembly +ve strand)) in

intron 1 of the Crf72 genc and wherein the mutation is transcribed with the variant 2

CA 2846307 2019-05-22
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mRNA (encoding isoform b of C9orf72) but not transcribed with the variant 1
mRNA(encoding isoform a of C9orf72).

The inventors have found that in control samples (i.e. subjects without FTLD or
MND/ALS or a family history of these conditions) that there may between 0 and about 25
repeats of GGCCCC which is found starting at position 27,573,527 of chromosome 9.
However on average they have found that there are 2 or 3 repeats of GGCCCC. For instance,
there are three repeats (9:27573527..27573544 = 18 bp) in the CYorf72 gene found on the
NCBI database.

In contrast the inventors were surprised to find (see Example 1) that subjects with
neurodegenerative disease typically have 10, 20, 30, 50, 70, 100, 500, 600, 700, 1,000 or
more of the GGCCCC repeats starting at position 27,573,527 of chromosome 9.

Some subjects with FTLD (or predisposed to develop FTLD) may have 20-100
repeats, 25-75 repeats or 30-71 repeats. Some subjects may have an average of about 50-60
(e.g. 53) GGCCC repeats. It has been noted that neurodegenerative disease is particularly

associated with repeats over 25.

However the inventors have remarkably found that samples from subjects suffering
from, or predisposed to develop, a neurodegenerative disease usually have significantly
greater numbers of GGCCC repeats than found in the wild type. Accordingly it is most
preferred that the methods of the invention are used to identify subjects with an expansion of
greater than 100 repeats and preferably greater than about 500 repeats. For instance subjects
may have repeats of more than 500, 600, 700 or even more than 1,000 of the hexanucleotide
repeats in intron 1 of the C90rf72 gene. For instance there may be 600- 4,000+ repeats or
about 700-3800 repeats.

The inventors have identified a genetic linkage between the mutated CYorf72 gene
and neurodegencrative disecase. The inventors have established that the mutated C90rf72
gene may be used as a prognostic and diagnostic marker for disorders that arec at lcast

partially characterised by ncurodegeneration (¢.g. FTLD or MND/ALS).
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The method of the first aspect of the invention may preferably be applied to testing
for a wide range of dementias, including those associated with Alzheimer's disease, Lewy
Body Dementia and Parkinson's disease but is particularly useful for testing in connection
with frontotemporal lobar degeneration (FTLD). The syndrome of FTLD encompasses the
clinical subgroups of FTD, FTD with motor necuron discase (MND or ALS), scmantic
dementia and primary progressive aphasia, and is characterized by changes in behaviour,

personality and language with relative preservation of memory and perception

The method of the first aspect of the invention may also be preferably applied to
testing for MND/ALS (with or without dementia).

While it can be appreciated that the method of the invention can be applied to animal

subjects of veterinary interest, it is preferred that the subject to be tested is a human subject.

Conducting the Diagnostic Test on nucleic acid samples

The method according to the first aspect of the present invention is an in vitro method

and can be performed on a sample containing nucleic acid derived from a subject.

The method of the first aspect of the invention is particularly suitable for being carried
out on genomic DNA, particularly on isolated genomic DNA. Such genomic DNA may be
isolated from blood or tissue samples (e. g. hair, oral buccal swabs, nail or skin, blood,
plasma, bronchoalveolar lavage fluid, saliva, sputum, cheek-swab or other body fluid or
tissue), or from other suitable sources, using conventional methods. The nucleic acid
containing sample that is to be analysed can cither be a treated or untreated biological sample
isolated from the individual. A treated sample, may be for example, one in which the nucleic
acid contained in the original biological sample has been isolated or purified from other
components in the sample (tissues, cells, proteins etc), or one where the nucleic acid in the
original sample has first been amplified, for example by polymerase chain reaction (PCR).
Thus, it will be appreciated that the sample may equally be a nucleic acid sequence

corresponding to the sequence in the sample, that is to say that all or a part of the region in
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the sample nucleic acid may firstly be amplified using any convenient technique e¢.g. PCR,

before analysis of allelic variation.

The identification of a C90rf72 gene mutation (e.g., one or more of the mutations
listed above) in an allele can be used to determine whether a subject has or is likely to
develop FTLD. Such a method may be performed when a subject has alrcady exhibited
clinical symptoms of FTLD (i.e. as an adjuvant to existing techniques for diagnosing such
neurological disorders). Alternatively, the method may be performed as a means of assessing
whether the subject has a predisposition towards developing FTLD (i.e. for the purposes of
genetic counselling of subject — particularly those with a family history of FTLD). This
enables a medical practitioner to take appropriate action to prevent or lessen the likelihood of

onset of the disease or disorder or to allow appropriate treatment of the disease or disorder.

Various different approaches can be used to determine whether a subject has a
mutation in the CYorf72 gene. These include haplotype analysis of genomic DNA of the
subject; determining the nucleic acid sequence of the C90rf72 gene; and determining the

nucleic acid sequence of mRNA encoding the C9orf72 polypeptide.

A preferred embodiment of the first aspect of the invention may include the step of
determining whether the subject has a mutation in the C90rf72 gene by genotyping the
CYorf72 gene.

Methods of genotypic analysis are well known to those skilled in the art. The
genotype may preferably be determined by testing a sample from the subject. Preferably the
sample contains genomic DNA and most preferably the DNA comprises a nucleic acid
molecule according to the second aspect of the invention (see above). Methods of providing

samples of genomic DNA from a subject are routinely performed by the skilled person.

The nucleic acid sequence for the C90rf72 gene 1s provided herein and as part of the
database entries given above. This information can be used to design materials, such as
oligonucleotide primers or probes specific for cach allele that can be used when determining

the genotype of the C90rf72 gene of a subject. The design of such oligonuclcotide primers is
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routine in the art and can be performed by the skilled person with reference to the information
provided herein without any inventive contribution. If required, the primer(s) or probe(s) may

be labelled to facilitate detection.

Preferred primers for use in PCR based embodiments of the first aspect of the

invention are listed in 1.2.8 of Example 1.

Techniques that may be used to detect mutations include:- (1) Sequence Specific
Oligonucleotide Hybridization (SSO) (involving dot or slot blotting of amplified DNA
molecules comprising the polymorphic region; hybridisation with labelled probes which are
designed to be specific for each polymorphic variant; and detection of said labels); and (2)
Heteroduplex and single-stranded conformation polymorphism (SSCP) Analysis (involving
analysis of electrophoresis band patterns of denatured amplified DNA molecules comprising

the polymorphic region).

Reference Strand mediated Conformational Analysis (RSCA) can also be used for
CYorf72 gene genotyping. A PCR reaction is performed on a sample of DNA isolated from
a subject using primers that flank a region of the C9rf72 gene . The amplified product is
then hybridized with fluorescent-labeled reference DNA molecules at a temperature that
permits annealing to occur, even when mismatches are present. Mismatches between the
reference strand and the sample DNA result in the formation of bulges or “bubbles” in the
heteroduplex that is formed. The number and location of the bulges give the heteroduplex a
unique mobility on a polyacrylamide gel, and can be used to determine whether there is a

mutation in the C90rf72 gene.

A further method is sequence based typing (SBT). SBT combines a low-resolution
SSP-PCR reaction followed by high resolution allele typing using automated DNA
sequencing. In summary, DNA isolated from a subject is used as a template for a PCR
reaction that amplifies a region of the CYorf72 gene (e.g. intron 1) to create a primary
amplification product. That product is then purified to remove excess reaction reagents,
though there are single-tube reactions available in which this purification step is not required.

The primary amplification product is then used as a template for sequencing reactions. Once
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complete, the sequence reactions are analysed by a sequencer, and the products analysed to

determine whether there is a mutation in the C90rf72 gene.
Where PCR amplification is required as part of the method of genotyping, PCR primers
may be designed such that they are suitable for amplifying a region of the C90rf72 gene. The

design of suitable PCR primers is a routine laboratory technique.

Quantative PCR represents a preferred method of determining mutations, and

especially the hexanucleotide insertion mutation, in the C9orf72 gene

Southern Blotting

A preferred method of determining mutations in the CY90rf72 gene is to employ
Southern blotting. Southern blotting 1s a technique that is well known in the art and it may be
performed as set out in Sambrook et al (1989). Molecular cloning, a laboratory manual, 2™

edition, Cold Spring Harbor Press, Cold Spring Harbor, New York).

Southern blotting represents a preferred procedure for detecting mutations in the

CYorf72 gene and a preferred protocol is provided in Example 2.

mRNA analysis

A further embodiment of the first aspect of the invention is wherein the method
comprises determining the nucleic acid sequence of mRNA encoding the C9orf72

polypeptide.

Methods of isolating mRNA molecules from a sample are routine in the art and well
known to the skilled person. Once isolated, the nucleotide sequence of the mRNA molecule
can be determined, preferably from a cDNA sample prepared from mRNA isolated from the
subject. The sequence of cDNA molecules can be determined according to the genotyping

methods set out above.

The mRNA with NCBI reference number NM 018325.2 (C9orf72 transcript variant 1)
which encodes LOC203228 isoform a (NP_060795.1) may be examined according to this
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embodiment of the invention although it is preferred that the mRNA with NCBI reference
number NM_145005.4 (C9orf72 transcript variant 2) which encodes LOC203228 isoform b
(NP_659442 2) is examined.

Most preferred methods of detecting the mutation in nucleic acid samples derived from c9p21
is to employ repeat-primed PCR as outlined in 1.2.3 of Example 1 or Southern Blotting as

outlined in Example 2.

Isolated DNA Molecules

The discovery by the inventors that intron 1 of the C%0rf72 gene may comprise a
mutation that may be linked to ncurodegencrative discasc represents an important
development in the art. It will be appreciated that the identification of the mutation made it
desirablc to isolatc a DNA molccule comprising intron 1 or a substantial portion thereof. The
inventors proceeded to use various techniques (including restriction enzymes) to isolate such
a molecule and according to a second aspect of the invention this provided an isolated nucleic

acid molecule substantially comprising intron 1 of the C90rf72 gene.

The isolated nucleic acid molecule may be DNA or RNA and may comprise intron 1
of the C90rf72 genc and about 3,000bp 5’ and 3’ of the intron; preferably it comprises intron
1 of the CYorf72 gene with about 1,000bp 5’ and 3’ of the intron; more preferably it
comprises intron 1 of the C90rf72 gene with up to about 250bp 5” and 3’ of the intron; and
most preferably it comprises intron 1 of the C90rf72 gene or a substantial part thereof. By a
“substantial part thereof” we mean a fragment of the intron that comprises at least position

9:27573527 with “n” repeats of the GGCCC hexanucleotide repeat starting therefrom.

Methods for generating a fragment of genomic DNA are well known to the art. SEQ ID NO.
1 represents a 3794 bp nucleic acid fragment of genomic DNA from chromosome 9p21.2 that
is gencrated by treatment with the restriction cnzyme Hind Il and compriscs
9:27572920..27576713. This nucleic acid molecule represents the wild type gene and
comprises three GGCCCC repeats (underlined). SEQ ID NO. 1 represents a preferred

molecule according to the second aspect of the invention.

AGCTTGG

CA 2846307 2019-04-24
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GCTGAAATTGTGCAGGCGTCTCCACACCCCCATCTCATCCCGCATGATCT
CCTCGCCGGCAGGGACCGTCTCGGGTTCCTAGCGAACCCCGACTTGGTCC
GCAGAAGCCGCGCGCCGCCCACCCTCCGGCCTTCCCCCAGGCGAGGCCTC
TCAGTACCCGAGGCTCCCTTTTCTCGAGCCCGCAGCGGCAGCGCTCCCAG
CGGGTCCCCGGGAAGGAGACAGCTCGGGTACTGAGGGCGGGAAAGCAAGG
AAGAGGCCAGATCCCCATCCCTTGTCCCTGCGCCGCCGCCGCCGLCGLCG
CCGCCGGGAAGCCCGGGGCCCGCGATGCAGGCAATTCCACCAGTCGCTAGA
GGCGAAAGCCCGACACCCAGCTTCGGTCAGAGAAATGAGAGGGAAAGTAA
AAATGCGTCGAGCTCTGAGGAGAGCCCCCGCTTCTACCCGCGCCTCTTCC
CGGCAGCCGAACCCCAAACAGCCACCCGCCAGGATGCCGCCTCCTCACTC
ACCCACTCGCCACCGCCTGCGCCTCCGCCGCCGCGGGCGCAGGCACCGCA
ACCGCAGCCCCGCCCCGGGCCCGLCCCCGGGCCCECCCCGACCACGLLCCL
GGOTIEECH SUCCCTAGCGCGCGACTCCTGAGTTCCAGAGCTTGCT
ACAGGCTGCGGTTGTTTCCCTCCTTGTTTTCTTCTGGTTAATCTTITATCA
GGTCTTTTCTTGTTCACCCTCAGCGAGTACTGTGAGAGCAAGTAGTGGGG
AGAGAGGGTGGGAAAAACAARANCACACACCTCCTAAACCCACACCTGCT
CTTGCTAGACCCCGCCCCCAAAAGAGAAGCAACCGGGCAGCAGGGALGGC
TGACACACCAAGCGTCATCTTTTACGTGGGCGGAACTTGTCGCTGTTTGA
CGCACCTCTCITTCCTAGCGGGACACCGTAGGTTACGTCTGTCTIGTITTC
TATGTGCGATGACGTTTTCTCACGAGGCTAGCGAAATGGGGCGGGGCAAC
TTGTCCTGTTCTTTTATCTTAAGACCCGCTCTIGGAGGAGCGTTGGCGCAA
TAGCGTGTGCGAACCTTAATAGGGGAGGCTGCTGGATCTGGAGAAAGTGA
AGACGATTTCCTGGTTTTGAATGGTTTTGTTTGTGCTTGGTAGGCAGIGG
GCGCTCAACACATAATTGGTGGATGAAATTTTIGTTTTTACCGTAAGACAC
TGTTAAGTGCATTCAAAACTCCACTGCAAACCCTGGTAGGGGACAGCTCC
GGCACTGCGGGCGGGAATCCCACGGTCCCCTGCAAAGTCATCGCAATTTT
GCCTTTACATGTAAGAATTCTCTCAAGCATGATTTTCACACTGGGGAATG
TCATTTTTGCTAGTTGCAATATGTGGATGAGTITGTTTTTTTTTAACTITT
GAAAAACGTACCATTCTGTTTGATGTGTAAAAAACACAAAGATTTTTGAA
ACCTTGCGTCITTTGGTCTGCAGGTGTATAGATTCCACTTACTACAGATG
AGTAGCATTTACACCACTCAGATGTGTAAAAAAACAAAGGTTTTTTAAAC
TGTGTGCCTTTTGATCTGCAAGTGTGAGATGGCACTTACTACAGTGAGTA
GCATTTAATCTTTTTCATCACTAAAAATCACACAGAACGTTTTAATCATT
CACCGAGGAAGAAAGGGAGGAATAAATACACAAAATGGCTCTCAACGTICT
ACACCTTCTGCAGAAACAGACCCTTTTCCTACTGTTCTATGCTTTGTCGAA
AGTTGATCATACAAATTGGGTCATTCTTTTTATACCCAACTAAAATACGTG
GGGGTAGGGGGTAGAAAAGCACTTAGGACAAATGACACTGCTCCCACAGT
GTAATTCTCTCCAAGTCCAGCTGCTGCAACTGCCCGTTGTGACCTGAGAC
CAGTTTTATCTAATAGTTGCTAAAATGACCTGCTGCAGCTCTAATTTTAT
CTACCACCATCACTCACCAGTTGAAACTCACCAGCTCCTCAGATCCTTAA
TAGTGCCAATGAATTTTCTCAAAGAGCACTATGTAACATTTCTCTTTTTT
AACAAAACCTCCCCCITTTCTTTGTTGTGTGGATATACCGAAGACCATCT
GATCTACATGIATGCCCTAATTGCAATTCTTTCTTCCCAAATARATCACT
TAATTTAGAGATTCATCTCTGTATTTTTATTTITGACTGACAGCTTATAAC
AAGTAGCTAGCATTTACCAAGTITTCTACACTGAGTTGTACTTCACTTATA
CGTGGAATTAAAAAACAACTGAATTTATAGAAACAGAGTAGACCCTTGGT
TGGGGGGCTTGGGGGGAAAGAAAATTGTAGGGTAGGGTACAAAGTTGCAG
TTACGTCTAATACATCTAGAGATTTAATGTACAACATGAGCACTAGCCTT
AATAATTGTGITAGTCCATTCTTACACTGCTATAAAGAAATAACTGAAALC
TGGGTAATTTATAAAGAAAAGTTTAATGGCTCACAGTTCTGCAGGCTGTA
CAAGAAGCATGGCTGGATCAGCTTCTGGGCAGGCCATAGGGAACTTAAAA
TCATGATGGAAGGCATAGGGAGACCCCAGACTTCACATGGCAGGAACTGG
GGGAAGAGAGAAATGGGAGGTGCTACATACGTITTAAACAACTAGATCTTG
TCAGAACTCACTATATAGTACCAAGAGGGGACTGTACAAAACCATTACGAA
GCCACCCCATAATCCACTCACCTCCCACCAGGCCCAACCTCCAACACTGG
GGATTACAGTTIGAACATGAGATTTGGGTGGGGACAGAGATCCAAACCATG
TTATTCCAACTCTGGCCCCTICCCAAATCTAATGTCCTTCTCATATTGCAA
AATACTGTCGIGCCTTACCAACAGTTCCCCARAGTCTTAACTCGATCCAG
CATTCATTCAAAAGTCCAAAGTCCCAAGTCTCACCTGAGACGAAGCTAGT

CA 2846307 2019-04-24
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CCCTTCTACCTATGAACCTGTAAAATCAARAAACAAGGTAATTGCTTCAAA
GATACAATGGGGGTATAGGCATTGGGCAGATACTGCCATTCCGAAAGGGA
GAAATCTGCCAAAAGAAAGAGGCTATAGGGCCCCATTGCAAGTCTGAAAG
CCAGCCGGGCAGTCATTAAATGTTAAAGCTCTGAAATAATCTCCTTTGAC
TCACACCCAGGGAACACTGATGCAATGAGTGGGCTCCCAAARCCTTGGGC
AGAACCACCCCTGTGGTTTTCCAGGGTTCATCTCCCACAGCTGCTCTCAT
GGGCTAGCATTCAGTGCTTGCAGCTTTTCCAGGCTCCAGGGTGCAAGTTG
TTGGTGGATCTACCATTCTGGGGTCTGGAGGACGGTGGCTGTCTIGTCAT
AGCTCTGCTAGGCAGTGCCCCAGGGGACTCTCTGTIGGGGGCTGCAACCCC
ACATTTCTITCICCITGCTTCCCTAGTAGATGTTCTCCATGAGGATTCCAC
CCCAGTAACAGGCTTCTGTCTGGACATCCAGGCTTTTTCATACATCCTCT
AAAATCTAGGCAGAGCTTCTTAAGCCTCAACTCTTGCATTATGTGCGCCC
GCCGGCTTCACAGCTTATGGAAGCCACCAAGGCTTATGCCTGGCACCCTG
TGAAGCAGCAGCCTGAACTGTATTCTTACTGGTGAAAGTTATCTCAGTTA
CCAGCTGCAAATCCATGTGGGTCTGCAGCAACCTCAATTCTTGCCTCCTC
AGAAGAAAGAATTTGACCAAGAGGCATAAGGCAGAAAAAGAGACTGCCAC
AAGTTTCAGAGCAGGAGTAAAAGTTTATTAAAAAGCT

(SEQ ID NO: 1)
Other preferred nucleic acid molecules according to the second aspect of the inventions are: a

genomic DNA fragment of 10,018bp (9:27568527..27578544) and a 3,387bp BpuEI fragment
(9:27570847..27574233 = 3387 bp)

Diagnostic and prognostic tests involving detection of C9orf72 protein levels or

detection of C90rf72 protein activity

The inventors have established that the mutations in the C90rf72 gene that are linked
to FTD and/or MND result in either a reduction or prevention of C9orf72 expression; or the

expression of a non-functional C9orf72 mutant protein.

According to a third aspect of the invention there is provided an in vitro method for
identifying a subject predisposed to, or suffering from, a ncurodegencrative discasc, the
method comprising examining C9orf72 protein levels in a sample from a test subject and
comparing those C9orf72 protein levels with a reference derived from an individual who does
not suffer from a neurodegenerative disease, wherein a decreased concentration of active
C9orf72 protein or the presence of a mutant C9orf72 protein in the sample from the test
subject suggests that the subject is suffering from a ncurodegencrative discasc or is

predisposed to developing a ncurodegencrative discasc.

CA 2846307 2019-04-24
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Human C9orf72 protein has been assigned UniProtKB/Swiss-Prot accession number
QY6LT7 and named as hypothetical protein LOC203228. It exists in two isforms. Isoform a

comprises approximately 481 and isoform b comprises about 222 amino acids. The protein

The scquences for human C9orf72 protein can be located from a number of different

databases. For instance NCBI reference NP_060795.1 represents isoform a and NP_659442.2

represents isoform b.

Isoform a of C90rf72 has the following amino acid sequence:

10
MSTLCPPPSP

70
FLANHTLNGE

130
LSEFYLPLHRV

190
IPVMELLSSM

250
AEKVNKIVRT

310
APYPTTHIDV

370
TPDLNIFQDV

430
QKGKKPPKSL

F

20
AVAKTEIALS

80
ILRNAESGAI

140
CVDRLTHITR

200
KSHSVPEEID

260
LCLFLTPAER

320
DVNTVKQMPP

380
LHRDTLVKAF

440
RNLKIDLDLT

CA 2846307 2019-04-24

39
GKSPLLAATF

90
DVKFFVLSEK

150
KGRIWMHKER

210
IADTVLNDDD

270
KCSRLCEAES

330
CHEHIYNQRR

390
LDOVEQLKPG

450
ARGDLNITIMA

40
AYWDNTLGPR

100
GVIIVSLIFD

160
QENVQKITLE

220
IGDSCHEGFL

280
SFKYESGLFV

340
YMRSELTAFW

400
LSLRSTFLAQ

460
LAEKIKPGLH

50
VRHIWAPKTE

110
GNWNGDRSTY

170
GTERMEDQGO

230
LNAISSHLQT

290
QGLLKDSTGS
350
RATSEEDMAQ
410
FLLVLHRKAL
479
SFIFGRPFYT

60
QVLLSDGEIT

120
GLSIILPQTE

180
STIPMLTGEV

240
CGCSVVVGSS

300
FVLPFRQVMY

360
DTITIYTDESFE

420
TLIKYIEDDT

480
SVQERDVLMT

(SEQ ID NO: 2)
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Isoform b of C90rf72 is a tuncation a and has the following amino acid sequence:
10 20 : 30 40 50 60
MSTLCPPPSP ‘AVAKTETALS GKSPLLAATF ‘AYWDNILGPR VRHIWAPKTE QVLLSDGEIT

70 80 90 100 110 120
FLANHTLNGE ILRNAESGAT DVKFFVLSEK GVIIVSLIFD GNWNGDRSTY GLSIILPQTE

130 140 150 160 170 180
LSFYLPLHRV CVDRLTHIIR KGRIWMHKER QENVOKIILE GTERMEDQGQ SIIPMLTGEV

190 200 210 220 230 240

IPVMELLSSM KSHSVPEEID IADTVLNDDD IGDSCHEGFL LN

(SEQ ID NO: 3)

To be considered a C9orf72 polypeptide as defined herein, a polypeptide may have at
least 50%, 60% to 70% and more preferably 70% to 80%, 80 to 90%, 90 to 95%, 96%., 97%,
98%, 99% or more sequence identity with a C9orf72 polypeptide sequences provided herein,
for example as given in one of the listed accession numbers above or that of SEQ ID NO: 2

or3.

A “fragment” of the C9orf72 polypeptide can be considered to be an C9orf72
polypeptide that may comprise, for example, 50%, 60%, 70%, 80%, 90%, 95%, 96%, 97%,
98%, 99% or more or of the polypeptide sequence of full length 222 or 481 amino acid
polypeptide.

A “variant” will have a region that has at least 50% (preferably 60%, 70%, 80%, 90%,
95%, 86%, 97%, 98%, 99% or more) sequence identity with a C9orf72 polypeptide as
described herein. The percentage identity may be calculated by reference to a region of at
least 50 amino acids (preferably at least 60, 75, or 100) of the candidate variant molccule,
allowing gaps of up to 5%. By “variants” we also include insertions, deletions and
substitutions, cither conservative or non-conscrvative. In particular we include variants of the
polypeptide where such changes do not substantially alter the protein activity or ability to

bind to particular binding partners, as appropriate.

Due to the degeneracy of the genetic code, it is clear that any nucleic acid sequence

could be varied or changed without substantially affecting the sequence of the protein

CA 2846307 2019-04-24
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encoded thereby, to provide a functional variant thereof. For example small non-polar,
hydrophobic amino acids include glycine, alanine, leucine, isoleucine, valine, proline, and
methionine. Large non-polar, hydrophobic amino acids include phenylalanine, tryptophan
and tyrosine. The polar neutral amino acids include serine, threonine, cysteine, asparagine
and glutamine. The positively charged (basic) amino acids include lysine, arginine and
histidine. The negatively charged (acidic) amino acids include aspartic acid and glutamic
acid. Therefore by “conservative substitutions” is intended to include combinations such as

Gly, Ala; Val, lle, Leu; Asp, Glu; Asn, Gln; Ser, Thr; Lys, Arg; and Phe, Tyr.

We also include homologues of C9orf72 polypeptide present in other species. These

polypeptide are also included within the scope of the term “C90rf72” when referred to herein.

The three-letter or one letter amino acid code of the TUPAC-IUB Biochemical

Nomenclature Commission is used herein.

Calculation of percentage identities between different amino acid/polypeptide/nucleic
acid sequences may be carried out as follows. A multiple alignment is first generated by the
ClustalX program (pairwise parameters: gap opening 10.0, gap extension 0.1, protein matrix
Gonnet 250, DNA matrix [UB; multiple parameters: gap opening 10.0, gap extension 0.2,
delay divergent sequences 30%, DNA transition weight 0.5, negative matrix off, protein
matrix gonnet series, DNA weight IUB; Protein gap parameters, residue-specific penalties on,
hydrophilic penalties on, hydrophilic residues GPSNDQERK, gap separation distance 4, end
gap separation off). The percentage identity is then calculated from the multiple alignment as
(N/T)*100, where N is the number of positions at which the two sequences share an identical
residue, and T is the total number of positions compared. Alternatively, percentage identity
can be calculated as (N/S)*100 where S is the length of the shorter sequence being compared.
The amino acid/polypeptide/nucleic acid sequences may be synthesised de novo, or may be

native amino acid/polypeptide/nucleic acid sequence, or a derivative thereof.

A “mutant C9orf72 polypeptide” is any C9orf72 polypeptide containing an alteration
to the amino acid sequence as compared to a wild type C9orf72  polypeptide. For example, a

mutant human C9orf72 polypeptide can be a polypeptide having the amino acid sequence
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above having at least one alteration; for example this could be a substitution of one or more
amino acid residues with other amino acid residues; this could be an insertion of one or more
amino acid residues; this could be a deletion of one or more amino acid residues, and
possibly a truncation of a large region of the C9orf72 polypeptide. It is preferred that the
mutant C9orf72 polypeptide is encoded by the mutant nucleic acid sequences discussed

above.

It will be appreciated that determining whether a sample contains a certain level of
C9orf72 polypeptide may be diagnostic of a neurodegenerative disease or it may be used by a
clinician as an aid in reaching a diagnosis. Levels of C9orf72 polypeptide may be monitored
over time in a patient that has developed a neurodegenerative disease to assess how the
disease develops. In most instances, a decrease in C9orf72 polypeptide levels over time will
suggest to the clinician that the health of the subject is deteriorating. Accordingly the method

has prognostic value in connection with subjects that already suffer from the disease.

The methods of both the first and third aspects of the invention may also be used for
presymptomatic screening of a subject who may be in a risk group for developing a
neurodegenerative disease, e.g. a patient having a family history of FTD and/or MND. Hence
the methods of the invention may also be used to screen individuals who are asymptomatic.
Lowered C9orf72 polypeptide levels may then lead a clinician to recommend prophylactic

treatment or even just life style changes.

By “lowered concentration of C9orf72 polypeptide in the bodily sample” we mean
that the level of polypeptide which can be considered to be an indicator of a
neurodegenerative disease may be, for example, at least 1 2 fold lower, or it may be at least
2-fold, or 3-fold, 5-fold, 7-fold, 10-fold, 50-fold or even lower, in the sample than the level of
CYorf72 polypeptide_in a sample taken from an individual who is not genetically predisposed
to, or suffering from, a neurodegenerative disease. It is preferred that levels of isoform b are
measured. The inventors have found that the GGCCCC repeat mutation in intron 1 of
CY90rf72 has the effect of reducing the expression of isoform b and thereby lowering

concentration of C9orf72 polypeptide isoform b in the bodily sample.
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Samples used according to the method of the third aspect of the invention may be any
suitable body tissue (e.g. a tissue biopsy) or body fluid (e.g. central spinal fluid). It is
preferred that the sample is a peripheral body fluid sample. By the term “peripheral body
fluid sample”, we mean any body fluid that lies outside the central nervous system. For
example the sample may be urine, sputum or lymph. However, it is preferred that the body
fluid is blood or derived therefrom. The method of the first aspect of the invention is most

preferably performed on a sample of serum or plasma.

C9orf72 polypeptide is preferably measured or assayed in a blood sample. The blood
sample may be venous or arterial. Blood samples may be assayed immediately. Alternatively,
the blood may be stored in a fridge before the assay is conducted. Measurement may be made
in whole blood. However, in preferred embodiments of the invention, the blood may be
further processed before an assay is performed. For instance, an anticoagulant, such as
heparin, citrate, EDTA, and others may be added. It is most preferred that the blood sample is
centrifuged or filtered to prepare a plasma or serum fraction for further analysis. It is most
preferred that the sample is plasma. The plasma may be used immediately after it has been

separated from blood cells or, alternatively it may be refrigerated or frozen before assay.

C9orf72 polypeptide_levels may be measured by a number of ways known to one
skilled in the art. It will be appreciated that the polypeptide may be detected by labelling a
compound having affinity for C9orf72 polypeptide. Antibodies, aptamers and the like may be

labelled and used in such an assay.

C9orf72 polypeptide may be detected by non-immuno based assays. Such non-
immuno based assays may utilise fluorometric or chemiluminescent labels. However, it is
preferred that immunoassays are employed to detect C9orf72 polypeptide concentration in
the sample. Examples of immunoassays include immunofluorescence techniques known to
the skilled technician, immunohistochemistry, radioimmunoassay analyses and in particular

enzyme-linked immunosorbent assay (ELISA).
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Hence, a preferred method of measuring C9orf72 polypeptide comprises carrying out
an ELISA on the sample. It may be required to first separate the proteins in the sample, for
example, using isoelectric focussing before the ELISA step. As will be appreciated, such

techniques are routine laboratory methods and are well known to the skilled person.

The methods of the third aspect of the invention may need a “reference sample”. This
would be the amount and/or activity of C9orf72 polypeptide in a sample of protein taken
from a subject that does not have a neurodegenerative disease and preferably has no family

history of developing such diseases.

The polypeptide sequence for C9orf72 is provided herein. This information can be
used to design materials, such as antibodies or further specific binding molecules, that may be

required for the methods set out below.

Methods of the third aspect of the invention are preferably employed to detect
whether there is a decrease in wild type C9orf72 levels and/or activity. However the methods
may be adapted to determine whether a subject has a mutant C9orf72 protein. This may be
achieved by isolating then sequencing C9orf72 protein from a sample derived from that
subject. Methods of purifying proteins are well known in the art and can be readily applied to
the method of the invention. For example, a molecule that selectively binds to the C9orf72
protein, e.g. an antibody or a fragment of an antibody, can be used to purify the C9ort72
protein from the sample from the subject. Then, using well-known peptide sequencing
methods, such as N-terminal sequencing, the amino acid sequence of the isolated protein can
be determined and compared to that of the wild type protein. In a preferred embodiment, the
presence of a mutant C9orf72 polypeptide in a sample can be detected using an antibody that
selectively binds to a mutant C9orf72 polypeptide. Antibodies which can selectively bind to
mutant C9orf72 polypeptides can be made, for example, using peptides that include amino

acid sequences particular to that mutation (e.g. the hexanucleotide repeat).

Various procedures known within the art may be used for the production of
polyclonal or monoclonal antibodies directed against a C9orf72 polypeptide or mutant

C9orf72 polypeptide (see, for example, Antibodics: A Laboratory Manual, Harlow E, and
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Lane D, 1988, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY),

and are well known to those skilled in the art.

Screening assays to determine binding specificity of such an antibody are well known
and routinely practiced in the art. For a comprehensive discussion of such assays, see Harlow
et al. (Eds), Antibodies A Laboratory Manual; Cold Spring Harbor Laboratory; Cold Spring
Harbor, N.Y. (1988), Chapter 6.

Suitable monoclonal antibodies to selected antigens may be prepared by known
techniques, for example those disclosed in “Monoclonal Antibodies: A manual of techniques ",
H Zola (CRC Press, 1988) and in “Monoclonal Hybridoma Antibodies: Techniques and
Applications”, ] G R Hurrell (CRC Press, 1982). Such mcthods include the usc of hybridomas,
such as those described by Kohler and Milstein, Nature, 256:495 (1975). In a hybridoma
method, a mouse, hamster, or other appropriate host animal, is typically immunized with an
immunizing agent to clicit lymphocytes that produce or are capable of producing antibodies
that will specifically bind to the immunizing agent. Alternatively, the lymphocytes can be

immunized in vitro.

Anti-C90rf72 antibodies are known to the art. For example sc-138763 from Santa
Cruz Biotechnology Inc.; HPA023873 from Sigma-Aldrich; or GTX119776 from GeneTex.

It will be appreciated that other antibody-like molecules may be used in the method of
the inventions including, for example, antibody fragments or derivatives which retain their
antigen-binding sites, synthetic antibody-likc molecules such as single-chain Fv fragments
(ScFv) and domain antibodies (dAbs), and other molecules with antibody-like antigen

binding motifs.

Animal Model

A fourth aspect of the invention provides a non-human genetically modified animal
having, or being predisposed to develop a neurodegencrative discasc, wherein the animal has
a mutation of the C%rf72 gene, or homolog thereof in the animal that is associated with the

neurodegenerative disease.
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The mutant C90rf72 gene may be as defined above.

As set out above, mutation of the C90rf72 gene is associated with neurodegenerative
disease and particularly FTLD and MND/ALS. Animals with a decreased expression of wild
type C9orf72 protein can be expected to be predisposed to developing neurodegencrative
discases (dementias, MND etc) and will also display the symptoms of such diseases. Such
animals are therefore useful in methods for screening for potential therapeutic agents for
preventing or treating neurodegencrative diseases and particularly dementias (such as FLD)
and also MND/ALS.

The non-human animal may be any non-human animal, including non-human
primates such as baboons, chimpanzees and gorillas, new and old world monkeys as well as
other mammals such as cats, dogs, rodents, pigs or sheep, or other animals such as poultry,
for example chickens, fish such as zebrafish, or amphibians such as frogs. However, it is
preferred that the animal is a rodent such as a mouse, rat, hamster, guinea pig or squirrel.

Preferably the animal is mouse.

By “neurodegenerative disease”, “FTLD”, “MND” and “FTD” we include those

disorders discussed above in relation to the first aspect of the invention.

There are a number of different methods that can be employed to generate a non-
human genetically modified animal according to this aspect of the invention. These will be
discussed in turn below. Preferred methods include those in which the gene encoding the said
polypeptide is altered or removed so as to produce little or none of said polypeptide. Other
methods include inhibiting the transcription of the said gene or preventing any mRNA
encoded by said gene from being translated due to the animal being genetically modified so
as to have an agent which can modify said polypeptide transcription, translation and/or

function.
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Preferably, the methods set out below are employed to generate a non-human
genetically modified animal according to this aspect of the invention in which the expression

of wild type C9orf72 protein is reduced.

“Homologous recombination” is a technique well known to those skilled in the art.
Animals in which an endogenous gene has been inactivated by homologous recombination
are referred to as "knockout" animals. Hence this aspect of the invention includes wherein

the CYorf72 gene is mutated by homologous recombination.

“Insertional mutagenesis” is also a term well known to those skilled in the art.
Examples of such mutagenesis include transposon-tagging, homing endonuclease genes
(HEGS). In such methods a region of DNA is introduced into a gene such that the controlling
or coding region of the gene is disrupted. Such methods can be used to disrupt the C90rf72
gene. As a result the animal will no longer be able to synthesise C9orf72 polypeptide, i.c.
there will be a reduction in the amount of this polypeptide. It is preferred that the insertion is
a hexanucleotide repeat (¢.g. GGCCCC) and the insertion is also preferably within intron 1 of

the gene as discussed above.

Chemical or physical mutagenesis can also be used in the method of this aspect of the
invention. Here, a gene is mutated by exposing the genome to a chemical mutagen, for
example ethyl methylsulphate (EMS) or ethyl Nitrosurea (ENU), or a physical mutagen, for
example X-rays. Such agents can act to alter the nucleotide sequence of a gene or, in the case
of some physical mutagens, can rearrange the order of sequences in a gene. Practical methods
of using chemical or physical mutagenesis in animals are well known to those skilled in the
art. Such methods can be used to disrupt the C90rf72 gene. As a result the animal may no
longer be able to synthesise C9orf72 polypeptide, i.c. there will be a reduction in the amount
and/or function of this polypeptide.

Homologous recombination, insertional mutagenesis and chemical or physical
mutagenesis can be used to generate a non-human animal which is heterozygous for the
C90rf72 gene (). Such animals may be of particular use if the homozygous non-human

animal has too severe a phenotype.
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The non-human animal of this aspect of the invention could be genetically modified
to include an antisense molecule or siRNA molecule that can affect the expression of the

C9orf72.

Antisense oligonucleotides are single-stranded nucleic acids, which can specifically
bind to a complementary nucleic acid sequence. By binding to the appropriate target
sequence, an RNA-RNA, a DNA-DNA, or RNA-DNA duplex is formed. These nucleic acids
are often termed “antisense” because they are complementary to the sense or coding strand of
the gene. Recently, formation of a triple helix has proven possible where the oligonucleotide
is bound to a DNA duplex. It was found that oligonucleotides could recognise sequences in
the major groove of the DNA double helix. A triple helix was formed thereby. This suggests
that it is possible to synthesise sequence-specific molecules which specifically bind double-

stranded DNA via appropriate formation of major groove hydrogen bonds.

By binding to the target nucleic acid, the above oligonucleotides can inhibit the
function of the target nucleic acid. This could, for example, be a result of blocking the
transcription, processing, poly(A)addition, replication, translation, or promoting inhibitory

mechanisms of the cells, such as promoting RNA degradations.

By “antisense” we also include all methods of RNA interference, which are regarded

for the purposes of this invention as a type of antisense technology.

Human C9orf72 polypeptides and nucleotide sequences are sct out above. A mouse
homolog (Mouse symbol: 3110043021Rik) and rat homolog (Rat Symbol: RGD1359108)
have also been identified and it will be appreciated that mouse and rat models according to

the invention will contain mutations of the respective species-specific genes.

Medical Treatments

According to a fifth aspect of the present invention, there is provided a CO9orf72

protein or an active fragment thereof, an agent that promotes or mimics C9orf72 activity or a
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nucleic acid encoding C9orf72 for use as medicament for the prevention or treatment of

neurodegenerative disease.

According to a sixth aspect of the invention there is provided a method of preventing
or treating neurodegenerative disease comprising administering to a subject in need of such
treatment a therapcutically effective quantity of CO9orf72 protein or an active fragment
thereof, an agent that promotes or mimics C9orf72 activity or a nucleic acid encoding

C9orf72.

The inventors, as explained above and in the Example, have demonstrated that
mutations of the C90rf72 gene that result in decreased C9orf72 protein expression is linked to
a predisposition to developing neurodegenerative disease. This lead them to realise that
proteins, agents and nucleic acids according to the fifth or sixth aspect of the invention or an
agent that promotes or mimics C9orf72 activity protein are useful for preventing or treating

neurodegenerative discase.

The proteins, agents and nucleic acids may be used in the treatment of FTLD and are
particularly useful for treating a number of different dementias, preferably FLD. The
proteins, agents and nucleic acids are also particularly useful for treating FLD associated with
MND. The proteins, agents and nucleic acids are also particularly useful for treating

MND/ALS irrespective of whether or not it is associated with FLD.

Examples of agents which may be used according to the fifth or sixth aspects of the
invention include where the agent may bind to the C9orf72 protein and increase functional
activity, e.g. antibodies and fragments and derivatives thercof (e.g. domain antibodies or
Fabs). Alternatively the agent may increase C9orf72 protein activity by acting as an agonist
at C9orf72 receptors. Alternatively the agent may activate enzymes or other molecules in the
C9orf72 protein synthetic pathway. Alternatively the agent may bind to mRNA encoding
C9orf72 protein in such a manner as to lead to an increase in that mRNA and hence increase

in the amount of C9orf72 protein.
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Alternatively the agent may bind to a nucleic sequence encoding C9orf72 protein in
such a manner that it leads to an increase in the amount of transcribed mRNA encoding the
polypeptide. For instance the agent may bind to coding or non-coding regions of the gene or

to DNA 5’ or 3” of the gene and thereby increase expression of the protein.

In a preferred embodiment of the fifth and sixth aspects of the invention, the agent is
C9orf72 protein per se or an active fragment thereof. The protein may be isoform a or b.
Preferably the protein is C9orf72 isoform b. In such an embodiment, the C9orf72 protein may
be administered directly to the subject in conjunction with a pharmaceutically acceptable

carrier.

Alternatively, or additionally, in another embodiment of the fifth and sixth aspects of
the invention, treatment may consist of administering a nucleic acid sequence encoding
C9orf72 protein or an active fragment thereof to the subject, for example, by gene therapy.
Gene therapy consists of the insertion or the introduction of a gene or genes into a subject in
need of treatment. In accordance with the present invention, it is preferred that the gene
CY0rf72 encoding the C9orf72 protein is used. Accordingly, it is preferred that at least one,
and preferably, more than one, copy of the C9rf72 gene will be introduced in to a subject to
be treated.

It will be appreciated that there is some sequence variability between the sequence of
the C9orf72 gene and hence the polypeptide between genuses and species. Hence, it is
preferred that the sequence of the gene used in the therapeutic aspects of the invention is from
the same genus as that of the subject being treated. For example, if the subject to be treated is
mammalian, then the methods according to the invention will use the relevant mammalian
gene. It is especially preferred that the gene used is from the same species as that of the
subject being treated. For example, if the subject to be treated is human, then the method

according to the invention will use the human C90rf72 gene.

Suitably C9orf72 protein for provision as a therapeutic agent may be produced by
known techniques. For instance, the protein may be purified from naturally occurring

sources of C9orf72 protein. Indeed, such naturally occurring sources of C9orf72 protein may
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be induced to express increased levels of the protein, which may then be purified using well-
known conventional techniques. Alternatively cells that do not naturally express C9orf72
protein may be induced to express such proteins. One suitable technique involves cellular
expression of an C9orf72 protein /Ais construct. The expressed construct may subsequently

be highly purified by virtue of the Ais “tag”.

It will be appreciated that C9orf72 protein represents a favourable agent to be
administered by techniques involving cellular expression of polynucleotide sequence
encoding C9orf72 protein. Such methods of cellular expression are particularly suitable for
medical use in which the therapeutic effects of C9orf72 protein are required over a prolonged

period of time.

The nucleic acid used in treatments may further comprise elements capable of
controlling and/or enhancing C9orf72 expression in the cell being treated. For example, the
nucleic acid may be contained within a suitable vector to form a recombinant vector and
preferably adapted to produce C9orf72 protein. The vector may for example be a plasmid,
cosmid or phage. Such recombinant vectors are highly useful in the delivery systems of the
invention for transforming cells with the nucleic acid molecule. Examples of suitable vectors
include pCMV6-XL5 (OriGene Technologies Inc), NTC retroviral vectors (Nature

Technology Corporation) and adeno-associated viral vectors (Avigen Technology).

For human gene therapy, vectors will be used to introduce genes coding for products
with at least 50%, 60%, 70%, 80%, 90%, 95% or 99% identity with the C9orf72 protein

sequence provided herein.

When gene therapy is used, it is preferred that at least 2 administrations of 1-1000
million vector units/ml is given at certain intervals, depending on vectors used (the vectors
will influence the stability of expression and persistence of C9orf72 in organisms, from only
several weeks to permanent expression) and individual requirements of the subject to be

treated.
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Recombinant vectors may comprise other functional elements to improve the gene
therapy. For instance, recombinant vectors can be designed such that they will autonomously
replicate in the cell in which they are introduced. In this case, elements that induce nucleic acid
replication may be required in the recombinant vector. The recombinant vector may comprise a
promoter or regulator to control expression of the gene as required. Alternatively, the
recombinant vector may be designed such that the vector and gene integrates into the genome of
the cell. In this case nucleic acid sequences, which favour targeted integration (e.g. by
homologous recombination) may be desirable. Recombinant vectors may also have DNA coding

for genes that may be used as selectable markers in the cloning process.

The CY0rf72 gene may (but not necessarily) be one, which becomes incorporated in

the DNA of cells of the subject being treated.

The delivery system may provide the nucleic acid encoding C9orf72 or an active
fragment or analog thereof to the subject without it being incorporated in a vector. For
instance, the nucleic acid molecule may be incorporated within a liposome or virus particle.
Alternatively, a “naked” nucleic acid molecule may be inserted into a subject’s cells by a
suitable means e.g. direct endocytotic uptake. The nucleic acid molecule may be transferred to
the cells of a subject to be treated by transfection, infection, microinjection, cell fusion,
protoplast fusion or ballistic bombardment. For example, transfer may be by ballistic
transfection with coated gold particles, liposomes containing the nucleic acid molecule, viral
vectors (e.g. adenovirus) and means of providing direct nucleic acid uptake (e.g. endocytosis)

by application of the gene directly.

C9orf72 protein and active fragments thereof; agents as defined herein; and/or nucleic
acids may be combined in compositions having a number of different forms depending, in
particular on the manner in which the composition is to be used. Thus, for example, the
composition may be in the form of a powder, tablet, capsule, liquid, ointment, cream, gel,
hydrogel, aerosol, spray, micelle, transdermal patch, liposome or any other suitable form that
may be administered to a person or animal. It will be appreciated that the vehicle of the
composition of the invention should be one which is well tolerated by the subject to whom it

is given, and preferably enables delivery of the protein, agent or gene to the target cell, tissue,
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or organ. Hence, it is preferred that C9orf72 protein is delivered by means of a suitably

protected carrier particle, for example, a micelle.

Compositions for medical use according to the invention may be used in a number of
ways. For instance, systemic administration may be required in which case the compound
may be contained within a composition that may, for example, be ingested orally in the form
of a tablet, capsule or liquid. Alternatively, the composition may be administered by
injection into the blood stream. Injections may be intravenous (bolus or infusion) or
subcutancous (bolus or infusion). The compounds may be administered by inhalation (e.g.

intranasally).

Proteins, agents and nucleic acids (as defined herein) may also be incorporated within
a slow or delayed release device. Such devices may, for example, be inserted on or under the
skin, and the compound may be released over weeks or even months. Such devices may be
particularly advantageous when long term treatment according to the invention is required

and which would normally require frequent administration (e.g. at least daily injection).

It will be appreciated that the amount of protein, agent and nucleic acid that is
required is determined by its biological activity and bioavailability which in turn depends on
the mode of administration, physicochemical properties, and whether the medicament is
being used as a monotherapy or in a combined therapy. Also, the amount will be determined
by the number and state of target cells to be treated. The frequency of administration will also
be influenced by the above-mentioned factors and particularly the half-life of the C9orf72
protein and active fragments thereof, agents and nucleic acids within the subject being

treated.

Optimal dosages to be administered may be determined by those skilled in the art, and
will vary with the particular protein, agent or gene in use, the strength of the preparation, the
mode of administration, and the advancement of the disease condition. Additional factors
depending on the particular subject being treated will result in a need to adjust dosages,

including subject age, weight, gender, diet, and time of administration.
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Known procedures, such as those conventionally employed by the pharmaceutical
industry (e.g. in vivo experimentation, clinical trials, etc.), may be used to establish specific

formulations according to the invention and precise therapeutic regimes.

Generally, a daily dose of between 0.01 pg/kg of body weight and 0.5 g/kg of body
weight of CY9orf72 protein may be used for the prevention and/or treatment of
neurodegenerative disease (e.g. FLD or MND). More preferably, the daily dose is between
0.01 mg/kg of body weight and 200 mg/kg of body weight, and most preferably, between
approximately Img/kg and 100 mg/kg.

Daily doses may be given as a single administration (e.g. a single daily injection).
Alternatively, the protein, agent or gene used may require administration twice or more times
during a day. As an example, C9ort72 protein may be administered as two (or more
depending upon the severity of the condition) daily doses of between 25 mg and 7000 mg
(i.c. assuming a body weight of 70kg). A patient receiving treatment may take a first dose
upon waking and then a second dose in the evening (if on a two dose regime) or at 3 or 4
hourly intervals thereafter. Alternatively, a slow release device may be used to provide

optimal doses to a patient without the need to administer repeated doses.

This invention provides a pharmaceutical composition comprising a therapeutically
effective amount of a protein, agent or nucleic acid according to the fifth or sixth aspects of
the invention as a drug substance and optionally a pharmaceutically acceptable vehicle. In
one embodiment, the amount of drug substance is an amount from about 0.01 mg to about
800 mg. In another embodiment, the amount drug substance is an amount from about 0.01 mg
to about 500 mg. In another embodiment, the amount drug substance is an amount from
about 0.01 mg to about 250 mg. In another embodiment, the amount of drug substance is an
amount from about 0.1 mg to about 60 mg. In another embodiment, the amount of drug

substance is an amount from about 0.1 mg to about 20 mg.

A “pharmaceutically acceptable vehicle” as referred to herein is any physiological
vehicle known to those of ordinary skill in the art useful in formulating pharmaceutical

compositions.
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According to a seventh aspect of the present invention, there is provided an agent for
preventing or treating mutant C9orf72 mRNA toxicity for use as medicament for the

prevention or treatment of neurodegenerative discase.

According to a cighth aspect of the invention there is provided a method of preventing
or treating neurodegenerative disease comprising administering to a subject in need of such
treatment a therapeutically effective quantity of an agent for preventing or treating mutant

C9orf72 mRNA toxicity.

The inventors believe that the expanded 5'-GGCCCC'3' repeat could sequester vital
proteins from the cell which ultimately kills it and causes neurodegeneration. Accordingly an
antisense agent comprising an oligonucleotide that is the reverse complement to the repeat
(i.e. 5'-GGGGCC-3") can be introduced into the cell where it will hybridise to the expanded
repeat in mutant mRNA and thereby changing its confirmation and preventing the
sequestering of molecules required for cell viability. The agent may comprise one or more
copies of the repeat and can be delivered into the cell using gene therapy or other similar
nucleic acid delivery methods (e.g. those contemplated above in connection with the fifth or
sixth aspects of the invention). Antisense molecules are typically single-stranded nucleic
acids, which can specifically bind to a complementary nucleic acid sequence produced by a
gene and inactivate it, effectively turning that gene “off”. The molecule 1s termed “antisense”
as it is complementary to the gene’s mRNA, which is called the “sense” sequence, as
appreciated by the skilled person. Antisense molecules are typically are 15 to 35 bases in
length of DNA, RNA or a chemical analogue. Antisense nucleic acids were first used
experimentally to bind to mRNA and prevent the expression of specific genes. This has lead
to the development of “antisense therapies” as drugs for the treatment of medical conditions
and antisense drugs have recently been approved by the US FDA for human therapeutic use.
Accordingly, by designing an antisense molecule to mutant C9orf72 mRNA it is possible to

reduce mRNA toxicity and thereby prevent the development or treat neurodegeneration.
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Alternatively, levels of the mRNA transcript containing the mutant and toxic
expansion could be reduced by introducing Small interfering RNA molecules (siRNA)
specific to the mutant transcript into the appropriate cells in the CNS. Such molecules would
reduce the levels of C9orf72 mRNA via RNA interference. siRNA are a class of typically 20-
25 nucleotide-long RNA molecules which are involved in the RNA interference pathway
(RNA1i) and which can specifically interfere with the translation of mRNA. siRNAs have a
well defined structure: a short (usually 21-nt) double-strand of RNA (dsRNA) with 2-nt 3'
overhangs on either end. Each strand has a 5' phosphate group and a 3' hydroxyl (-OH) group.
In vivo this structure is the result of processing by Dicer, an enzyme that converts either long
dsRNAs or hairpin RNAs into siRNAs. siRNAs can also be exogenously (artificially)
introduced into cells by various transfection methods to bring about the specific knockdown
of a gene of interest. Essentially any gene of which the sequence is known can thus be
targeted based on sequence complementarity with an appropriately tailored siRNA. Given the
ability to knockdown essentially any gene of interest, RNAi via siRNAs has generated a great
deal of interest in both basic and applied biology. There is an increasing number of large-
scale RNAI screens that are designed to identify the important genes in various biological
pathways. As disease processes also depend on the activity of multiple genes, it is expected
that in some situations turning off the activity of a gene with a siRNA could produce a
therapeutic benefit. Hence their discovery has led to a surge in interest in harnessing RNAi
for biomedical research and drug development. Recent phase I results of therapeutic RNAi
trials demonstrate that siRNAs are well tolerated and have suitable pharmacokinetic
properties. siRNAs and related RNAi induction methods therefore stand to become an
important new class of drugs in the foreseeable future. siRNA molecules designed to mutant
C9orf72 mRNA can be used to reduce mRINA toxicity and thereby prevent neurodegneration.
Hence an embodiment of this aspect of the invention is wherein the agent is a siRNA

molecule having complementary sequence to mutant C9orf72 mRNA.

A polynucleotide sequence encoding mutant and wild type C9orf72 mRNA are discussed
above. Using such information it is straightforward and well within the capability of the
skilled person to design siRNA molecules having complementary sequence to mutant
C9orf72 mRNA. For example, a simple internet search yields many websites that can be used

to design siRNA molecules.
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By “siRNA molecule” we include a double stranded 20 to 25 nucleotide-long RNA molecule,

as well as each of the two single RNA strands that make up a siRNA molecule.

It is most preferred that the siRNA is used in the form of hair pin RNA (shRNA). Such
shRNA may comprise two complementary siRNA molecules that arc linked by a spacer
sequence (e.g. of about 9 nueclotides). The complementary siRNA molecules may fold such

that they bind together.

In preferred embodiments the agent according to the seventh and eight aspects of the

invention are administered directly into the Central Nervous System (¢.g. by injection).

Screening methods

A seventh aspect of the invention provides a method of screening for compounds of
use in preventing or treating neurodegenerative diseases wherein a non-human animal is
administered a test compound and the effect of the test compound on the amount and/or
function of C9orf72 protein is assessed and wherein an increase in the amount and/or
function of C9orf72 protein indicates the tested compound is a candidate drug-like compound

or lead compound for preventing or treating neurodegenerative discase.

The term “drug-like compound” is well known to those skilled in the art, and may
include the meaning of a compound that has characteristics that may make it suitable for use
in medicine, for example as the active ingredient in a medicament. Thus, for example, a
drug-like compound may be a molecule that may be synthesised by the techniques of organic
chemistry or by techniques of molecular biology or biochemistry. Such compounds are
preferably small molecules, which may be of less than 5000 daltons and which may be water-
soluble although candidate biologics may also be screened. A drug-like compound may
additionally exhibit features of selective interaction with a particular protein or proteins and
be bioavailable and/or able to penetrate target cellular membranes, but it will be appreciated

that these features are not essential.
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The term “lead compound” is similarly well known to those skilled in the art, and may
include the meaning that the compound, whilst not itself suitable for use as a drug (for
example because it is only weakly potent against its intended target, non-selective in its
action, unstable, poorly soluble, difficult to synthesise or has poor bioavailability) may
provide a starting-point for the design of other compounds that may have more desirable

characteristics.

The methods of the seventh aspect of the invention include a step of assessing the

effect of a test compound on the amount and/or function of C9orf72 protein.

In common with all these methods is the need for a “reference sample”, i.c. a sample of
protein or nucleic acid taken from an animal or cell which has not been exposed to the test
compound. By comparing the amount and/or function of C9ort72 protein in a sample of
protein or nucleic acid taken from an animal or cell which has not been exposed to the test
compound, to the amount and/or function of C9orf72 protein in a sample of protein or nucleic
acid taken from an animal or cell which has been exposed to the test compound it is possible
to determine the effect of the test compound on the amount and/or function of C9orf72
protein. This will show the test compound(s) to produce an elevation, reduction or no effect
on expressed levels of the C9orf72 protein, or a potentiation, inhibition or no effect on the

function of C9orf72 protein.

The step of assessing the amount and/or function of C9orf72 protein may be
performed using a number of different methods. For example, a method of assessing the
effect of the test compound on the amount of C9orf72 protein is to quantify the amount of
said protein. Alternatively, the effect of the test compound can be determined by quantifying

the amount of nucleic acid, preferably mRNA, encoding the C9orf72 protein.

A further method of assessing the effect of the test compound is to assess the effect of

the test compound on the function of C9orf72.

The screening methods of the invention can be used in “library screening” methods, a term

well known to those skilled in the art.
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The invention will be further described, by way of Example, and with reference to the

following figures:-

Figure 1. Pedigrees of patients carrying the COORF72 GGGGCC hexanucleotide repeat
expansion. (A-E) Pedigrees of patients with the hexanucleotide repeat expansion. Mutant
alleles are shown by mt, whereas wild-type alleles are indicated by wt. Inferred genotypes are
in brackets. Probands are indicated by arrows. Sex of the pedigree members is obscured to

protect privacy.

Figure 2. Frequency distribution of GGGGCC hexanucleotide repeat lengths in ALS
cases and control samples based on the repeat-primed PCR assay. (A) Histogram of
repeat length observed in Finnish cases (n = 402); (B) Histogram of repeat length observed in
Finnish controls (n = 478); (C) Histogram of repeat length in familial ALS cases of general
European (non-Finnish) descent (n = 260); (D) Histogram of repeat length in control samples
of European descent (n = 389) and Human Gene Diversity Panel samples (n = 300). A
bimodal distribution is evident with samples carrying the repeat expansion showing 30 or
more repeats (using the repeat-primed PCR assay) and control samples having less than 20

repeats.

Figure 3. GGGGCC hexanucleotide repeat expansion in the first intron and promoter
of C9ORF72. (A) Physical map of the chromosome 9p21 ALS/FTD locus showing the p-
values for SNPs genotyped in the previous GWAs (Laaksovirta et al., 2010), the location of
the GW As association signal within a 232kb block of linkage disequilibrium, the MOBKL2B,
IFNK and CYORF72 genes within this region, and the position of the GGGGCC
hexanucleotide repeat expansion within the two main transcripts of C9ORF72; (B) A
graphical representation of primer binding for repeatprimed PCR analysis is shown in the
upper panel. In the lower panel, capillary-based sequence traces of the repeat-primed PCR are
shown. Orange lines indicate the size markers, and the vertical axis represents fluorescence
intensity. A typical saw tooth tail pattern that extends beyond the 300 bp marker with a 6 bp
periodicity is observed in the case carrying the GGGGCC repeat expansion; (C) Detection of
the repeat expansion in the lymphoblastoid cell line from the affected proband ND06769 by
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FISH using Alexa Fluor 488 - labeled oligonucleotide probe seen as a green fluorescence
signal on one of the homologues of chromosome 9p (i) consistent with a repeat expansion
size of more than 1.5kb. DAPI-inverted image (ii & iv). No hybridization signal was detected
on metaphase cells or interphase nuclei from the lymphoblastoid cell line of control
individual ND 11463 (iii) and 5 other normal control individuals (data not shown). Cells were

counterstained with 4',6-diamidino-2-phenylindole (DAPI, red color), x60 objective.

Figure 4. Expression analysis of CIORF72 RNA. (A) Expression array analysis of
CY90ORF72 in various human CNS regions obtained from neuropathologically normal
individuals (n = 137); (B) mRNA expression in frontal cortex from an affected member of the
GWENT#1 kindred and neurologically normal controls (n = 3). Measurement was by RT-
PCR using primers to detect all C9ORF72 transcripts. The data indicate the mean = SD
relative to the levels of GAPDH, (C) mRNA expression in lymphoblastoid cell lines from
cases (n = 2) and neurologically normal controls (n = 2). Measurement was by RTPCR using
primers that detect only the NM_018325.2 (left panel) and NM 145005.4 (right panel)
transcripts of C9ORF72. The data indicate the mean + SD relative to the levels of GAPDH.

Figure 5. Analysis of CIORF72 protein levels in cell lines from ALS patients. (A)
Immunocytochemical analysis of CO9ORF72 in mouse motor neuron cell line (NSC-34).
Green signals represent COORF72. Anti-C9ORF72 antibody staining is predominantly
localized within the nucleus with mild cytosolic localization in addition; (B)
Immunocytochemistry for COORF72 in human-derived primary fibroblasts from cases (n=2)
and a control cell line (n = 1). Green signals represent COORF72. Both ALS cell lines show
reduced protein level overall and their cytosol/nuclear ratio is increased as compared to the
control cell line; (C & D) Immunoblotting of COORF72 (55 kDa) confirmed the lower level
of COORF72 protein in lymphoblastoid cell lines from ALS cases relative to control cell lines

in total, and in both the nucleus and the cytosolic cellular compartments.

Figure 6. A Southern Blot analysis illustrating the GGGGCC repeat expansion in
samples from an MND/ALS patient. The figure shows an expansion of approximately 1100
repeats (approximately 9kb) in tissue from different brain regions of an ALS subject (F=

frontal; T=temporal; and O= Occiptial) and a cell line controls ( + and —ve for the repeat).
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Figure 7. A further Southern Blot analysis illustrating the GGGGCC repeat expansion
in samples from subjects with FTD or ALS/MND. The figure shows that expansion of the
repeat was present in a subject with MND/ALS (lane 1); a subject with FTD/MND (lane 3): a
subject (age of onset 52) with FTD (lane 6); and a subject (age of onset 56) with FTD (lane 7)

as discussed in Example 2.

EXAMPLE 1

The chromosome 9p21 motor neuron disease/amyotrophic lateral sclerosis-
frontotemporal dementia (MND/ALS-FTD) locus contains one of the last major unidentified
autosomal dominant genes underlying a common neurodegenerative disease. The inventors
have established that a founder haplotype is present in the majority of cases linked to this
region, and that this risk haplotype accounts for more than one third of familial MND/ALS
cases in the Finnish population. The haplotype covers three known genes, MOBKL2b, [FNK
and CYorf72.

The inventors have now established that there is a GGCCCC hexanucleotide repeat
expansion in the first intron of C90rf72 on the affected haplotype. This repeat segregates
perfectly with disease in the Finnish population, underlying 46.0% of familial MND/ALS and
21.1% of sporadic ALS in that population. Taken together with the DO0OA SOD! mutation,
87% of familial ALS in Finland is now explained by a simple monogenic cause. The repeat
expansion also segregates with disease in several large families linked to the region, and is
present in one third of familial ALS cases of outbred European descent making it the most

common genetic cause of this fatal neurodegenerative disease identified to date

1.1 INTRODUCTION

Amyotrophic lateral sclerosis (ALS, OMIM #105400) is a fatal neurodegenerative disease
characterized clinically by progressive paralysis leading to death from respiratory failure,
typically within two to three years of symptom onset. ALS is also known as Motor Neuron
Discase (MND) as referred to herein. ALS is the third most common neurodegenerative

discase in the Western World and there are currently no effective therapies. Approximately
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5% of cases are familial in nature, whereas the bulk of patients diagnosed with the disease are
classified as sporadic as they appear to occur randomly throughout the population. There is
growing recognition, based on clinical, genetic, and epidemiological data, that ALS and
frontotemporal dementia (FTD, OMIM #600274) represent an overlapping continuum of
discase, characterized pathologically by the presence of TDP-43 positive inclusions

throughout the central nervous system.

To date, a number of genes have been discovered as causative for classical familial ALS,
namely SODI, TARDBP, FUS, OPTN and VCP. These genes cumulatively account for ~
25% of familial cases, indicating that other causative genes remain to be identified. Each new
gene implicated in the etiology of ALS or FTD provides fundamental insights into the
cellular mechanisms underlying neuron degeneration, as well as facilitating disease modeling
and the design and testing of targeted therapeutics; Thus, the identification of new ALS and

FTD genes is of great significance.

Linkage analysis of kindreds involving multiple cases of ALS, FTD and ALS-FTD had
suggested that there was an important locus for the disease on the short arm of chromosome
9. Using a genome-wide association (GWASs) approach, the inventors have established that
this locus on chromosome 9p21 accounted for nearly half of familial ALS and nearly one
quarter of all ALS cases in a cohort of 405 Finnish patients and 497 control samples
(Laaksovirta et al. (2010) Lancet Neurology 9., 978-985). A meta-analysis involving 4,312
cases and 8,425 controls confirmed that chromosome 9p21 was a major signal for ALS
(Shatunov er al. (2010) Lancet Neurology 9, 986-994). A recent GWAs for FTD also
identified this locus (Van Deerlin et al. (2010) Nature Genetics 42 234-239). Analysis in the
Finnish population narrowed the association to a 232kb block of linkage disequilibrium, and
allowed the identification of a founder haplotype that increased risk of discase by over
twenty-fold. The associated haplotype appears to be the same in all European-ancestry
populations, and several families previously shown to have genetic linkage to the

chromosome 9p21 region also share this risk haplotype.

The inventors have previously identified an ALS-FTD family from the UK and an apparently
unrclated ALS-FTD family from the Netherlands that showed positive linkage to the
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chromosome 9p21 region. Using these families and the Finnish ALS cases that had
previously been used to identify the chromosome 9p21 association signal, we undertook a
methodical assessment of the region using next-generation sequencing technology in an

attempt to identify the genetic lesion responsible for discase.

1.2 METHODS

1.2.1 Patients and material

The inventors studied a four-generation Welsh family (GWENT#1) in which 9 individuals
had been diagnosed with ALS and/or FTD, and were known to share the chromosome 9p21
risk haplotype. The pedigree of this family is shown in Figure 1A, and the clinical features
have been previously reported (Pearson et al., (2011) Journal of Neurology 258 p647-655).
DNA samples were available from four individuals of generations IV who had been
diagnosed with ALS and/or FTD. Flowsorting of chromosome 9 was performed on
lymphoblastoid cell lines from an affected case ND06769 (IV-3, Figure 1A) and a
neurologically normal population control NDI11463 at  Chrombios GmbH

(www.chrombios.com).

The inventors also analyzed an apparently unrelated six-generation Dutch ALS/FTD family
(DUTCH#1, Figure 1B), in which linkage and haplotype analysis showed significant linkage
to a 61Mb region on chromosome 9p21 spanning from rs10732345 to rs7035160 and
containing 524 genes and predicted transcripts. Genomic regions from all exons and exon-
intron boundaries, 5° UTRs, 3° UTRs, ~650 bp of upstream promoter regions, sno/miRNA
loci, and conserved regions were captured using SureSelect target enrichment technology
(Agilent Inc., Santa Clara CA, USA). In total, 43,142 unique baits were used for these
experiments covering a total of 2.58§ MB in the chromosome 9p FTD/ALS locus

(¢9FTD/ALS).

For subsequent mutational screening of the GGGGCC hexanucleotide repeat expansion, we
used DNA from 402 Finnish ALS cases and 478 Finnish neurologically normal individuals
that had previously been used to identify the chromosome 9p21 association signal
(Laaksovirta et al., (2010) Lancet Neurology 9 p978-985). An additional 260 DNA samples

were obtained from affected probands in unrelated ALS families (198 US cases, 36 German
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cases, and 26 ltalian cases), and from 75 Finnish individuals who had presented with isolated
FTD. Control samples consisted of 242 neurologically normal US individuals obtained from
the NINDS repository at Coriell, 64 neurologically normal German individuals, and 83
neurologically normal Italian individuals. An additional series of 300 anonymous African

and Asian samples that are part of the Human Gene Diversity Panel were included in the
mutational analysis as controls to evaluate the genetic variability of the repeat expansion in
non-Caucasian populations. Demographics and clinical features of these samples are
summarized in Table 1 and in Laaksovirta et al, 2010 (supra). Appropriate institutional

review boards approved the study.

Table 1. Demographic and clinical details of European-descent familial ALS,
Finnish FTD patients and neurologically normal controls.

European-descent European-descent Finnish FTD

Familial ALS Case Controls Case

(n = 260)* (n =389) (m =75)
Mean age (range) 56.9 (15 -87) 45.1 (4 -101) 584 (38-79)
Male (%) 139 (53.7%) 183 (47.0%) 34 (45.3)
Female (%) 120 (46.3) 206 (53.0%) 41 (54.7%)
Familial (%) 260 (100%) - 27 (36.0%)
Sporadic (%) 0 (0%) - 48 (64.0%)
Site of symptom onset:
Bulbar-onset (%) 49 (26.2%) - -
Spinal-onset (%) 138 (73.8%) - -
Behaviour variant FTD (%) - - 48 (64.0%)
Progressive non-fluent aphasia (%) - - 20 (26.7%)
Semantic dementia (%) - - 7 (9.3%)

* Data missing for age at onset (n = 4), gender (n = 1) and site of onset (n=73)
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1.2.2 Next Generation Sequencing

Paired-end sequencing was performed on a next-generation HiSeq2000 sequencer according
to the manufacturer’s protocol (Illumina Inc., San Diego, CA, USA). This generated 56.7
gigabases of alignable sequence data for the control sample ND11463 (mean read depth for
the chromosome 9 region 27,367,278 to 27,599,746 bp = 42.2) and 114.4 gigabases for the
case sample ND06769 (mean read depth = 170.4). Sequence alignment and variant calling
were performed against the reference human genome (UCSC hg 18). Sequencing reads were
aligned using BWA (Li and Durbin, 2009). Sorting, indexing, read duplicate removal and
merging of BAM files was preformed with Picard (http://picard.sourceforge.net). The
Genome Analysis Toolkit was used to perform base quality score recalibration and to call
variants (McKenna et al., 2010). SNPs identified within CEU individuals from the 1000
Genomes project (April 2009 release, www.1000genomes.org) or in dbSNP
(http://www.ncbi.nlm.nih.gov/projects/SNP/, Build 132) were excluded. The remaining
variants were annotated to RefSeq transcripts and protein coding variants prioritized for

examination.

1.2.3 Repeat-primed PCR

Repeat-primed PCR was performed as follows: 100ng of genomic DNA were used as
template in a final volume of 28ul containing 14ul of FastStart PCR Master Mix (Roche
Applied Science, Indianapolis, IN, USA), and a final concentration of 0.18mM 7-deazadGTP
(New England Biolabs Inc., Ipswich, MA, USA), 1x Q-Solution (Qiagen Inc., Valencia, CA,
USA), 7% DMSO (Qiagen), 0.9mM MgCl2 (Qiagen), 0.7uM reverse primer consisting of ~
four GGGGCC repeats with an anchor tail, 1.4uM 6FAMfluorescent labeled forward primer
located 280bp telomeric to the repeat sequence, and 1.4uM anchor primer corresponding to
the anchor tail of the reverse primer (sequences listed in 1.2.8). (A touchdown PCR cycling
program was used where the annealing temperature was gradually lowered from 70°C to

56°C in 2°C increments with a 3-minute extension time for each cycle.

The repeat-primed PCR is designed so that the reverse primer binds at different points within
the repeat expansion to produce multiple amplicons of incrementally larger size. The lower

concentration of this primer in the reaction means that it is exhausted during the initial PCR
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cycles, after which the anchor primer is preferentially used as the reverse primer. Fragment
length analysis was performed on an ABI 3730x1 genetic analyzer (Applied Biosystems Inc.,
Foster City, CA, USA), and data analyzed using GeneScan software (version 4, ABI). Repeat

expansions produce a characteristic sawtooth pattern with a 6-bp periodicity (Figure 2B).

1.2.4 Statistical analysis
Association testing was performed using the fisher exact test within the PLINK software

(version 1.7).

1.2.5 FISH analysis

Metaphase and interphase FISH analysis of {ymphoblastoid ccll lincs ND06769 {(casc V-3
from GWENT#1, Figure 1A), NDO08554 (case II-2 from NINDS0760, Figure 1E), ND11463
(control), ND11417 (control), NDO8359 (unaftected spouse 1I-3 from NINDSO760),
NDO03052 (unaffected relative IV-1 from GWENT#1) and ND03053 (unaffected relative I11-9
from GWENT#!), as well as a fibroblast cell line (Finnish sample ALS50)) was performed
using Alexa fluor 488-labeled GGCCCCGGCCCCGGCCCCGGCC oligonucleotide probe
(SEQ ID No. 7) (Eurofins MWG operon, Hunstville, AL, USA) designed against the repeat
expansion. The hybridization was performed in low stringency conditions with 50%
Formamide/2xSSC/10% Dextran Sulphate co-denaturation of the slide/probe, 1-hour
hybridization at 37°C, followed by a 2-minute wash in 0.4xSSC/0.3% Tween 20 at room
temperature. Slides were counterstained with DAPI. FISH signals were scored with a Zeiss
epifluorescence microscope Zeiss Axio Imager-2 (Carl Zeiss Microimaging LLC,
Thornwood, NY, USA) equipped with a DAPUFITC/Rhodamine single band pass filters

{Semrock, Rochester, NY) using 40-60x objectives.

1.2.6 RNA expression
Expression profiling on Affymetrix GeneChip Human Exon 1.0 ST Arrays (Affymetrix, UK)
was performed on CNS tissue obtained from 137 neurologically normal individuals at AROS

Applied Biotechnology AS company laboratories (higp://sww.arosab.cor/) (Trabzuni et al.,

2011). Gene-level expression was calculated for C9ORF72 based on the median signal of
probe 3202421, Date of array hybridization and brain bank were included as co-factors to

climinate batch cffects.
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For RT-PCR, RNA was extracted from cell pellets using Trizol (Invitrogen, Paisley, UK),
and first strand cDNA synthesized using random primers using the Superscript 11 cDNA
Synthesis Kit (Invitrogen). Real-time PCR analyses for the short and long variants of
C90ORF72 and GAPDH were performed using the ABI 7900 Sequence Detection System
instrument and software (Applied Biosystems). Samples were amplified in quadruplicate in
10ul volumes using the Power SYBR-green master mix (Applied Biosystems), and 10pM of
each forward and reverse primer (see 1.2.8 for primer sequences), using Applied Biosystems
standard cycling conditions for rcal time¢ PCR (initial denaturation at 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds, 60°C for 1 minute).

1.2.7 Immunocytochemistry and immuniblotting

Cells were fixed with ice-cold mcthanol for 2 min and blocked with 10% FBS for 30 min at
37°C. Primary antibody (anti-C9ORF72 antibody by Santa Cruz, 1:30) and secondary
antibody (Alexad488-conjugated anti-rabbit antibody by Invitrogen, 1:200) were diluted in
Renton et al 5% IFBS and incubated at 37°C for 3 hours or 30 minutes, respectively. The cells
were then treated with 5 pg/ml of Alexa633-conjugated wheat germ agglutinin (Invitrogen)
in PBS for 10 min at room temperature (to detect cellular membranes), followed by
incubation with 2 pg/ml propidium iodide (Invitrogen) in PBS for 3 minutes (to stain the
nuclei). The cells were imaged with a TCS SP2 confocal microscope (Leica). The
biochemical cell fractionation was performed as described (DeBose-Boyd et al., (1999) Cell
99 p703-712). Protein determinations were done by using Bio-Rad protein assay, and
immunoblotting with anti- COORF72 antibody (Santa Cruz, 1:300 dilution) was performed as
described (Holtta~-Vuori et al., (2002) Molecular Biology of the Cell 13 p3107-3122).

1.2.8 Primers used for repeat-primed PCR, FISH and RT-PCR

For repeat-primed PCR:

Primer name Primer sequence

Forward primer 6-FAM-AGTCGCTAGAGGCGAAAGC (SEQ ID No. 4)

Reverse primer TACGCATCCCAGTTTGAGACGGGGGCCGGGGCCGGGGCCGGGG
(SEQ ID No. 5)

Anchor primer TACGCATCCCAGTTTGAGACG (SEQ ID No. 6)

CA 2846307 2019-04-24




WO 2013/030588 PCT/GB2012/052140
45

These repeat-primed PCR primers represent preferred primers for use in PCR based
embodiments of the first aspect of the invention. Conventional PCR techniques may be
applied to genomic DNA samples utilising such primer. A skilled person will appreciate that
alternative primer set can be designed given knowledge of the location of the PCR target

region (i.e. the C9orf72 gene mutation).

For FISH analysis:
Primer name Primer sequence
Probe alexa fluor 488-GGCCCCGGCCCCGGCCCCGGCC (SEQ ID No. 7)

For quantification of human CIORF?72 transcript NM_018325.2:

Primer name Primer sequence

C90ORF72 Forward GAAATCACACAGTGTTCCTGAAGAA (SEQ ID No. 8)
C90ORF72 Reverse  AGCTGATGGCATTGAGAAGAAAG (SEQ ID No. 9y
GAPDH Forward CCTGTTCGACAGTCAGCCG (SEQ ID No. 10)

GAPDH Reverse CGACCAAATCCGTTGACTCC (SEQID No. 11)

For quantification of human CIORF72 transcript NM_145005.4:

Primer name Primer sequence

CY9ORF72 Forward GAAATCACACAGTGTTCCTGAAGAA (SEQ ID No. g8)
CY9ORF72 Reverse  ATCTGCTTCATCCAGCTTTTATGA (SEQ ID No. 12)
GAPDH Forward CCTGTTCGACAGTCAGCCG (SEQ ID No. 10)

GAPDH Reverse CGACCAAATCCGTTGACTCC (SEQ ID No. 11)

1.3 RESULTS

We undertook massively parallel, next-generation, deep re-sequencing of the chromosome
9p21 region in (a) DNA that had been flow-sorted enriched for chromosome 9 obtained from
an affected member of the GWENT#1 kindred (1V-3, Figure 1A; Coriell ID ND06769) and
from a neurologically normal control (ND11463); and (b) DNA that had been enriched for
the target region using custom oligonucleotide baits obtained from 3 cases and 5 unaffected
members of the DUTCH#1 kindred (V-1, V-3 & V-12, and V-2, V4, V5, VI-1 & spousc of
V-1; Figure 1B). This analysis identified a hexanucleotide repeat expansion GGGGCC
located 63 base pairs (bp) centromeric to the first exon of transcript NM_018325.2 of
C9ORF72 in the affected cases that was not present in the control samples. The repeat
expansion also lies within the first intron of the other major transcript of C9ORF72 (RefSeq
accession number NM_145005.4, Figure 2A).

CA 2846307 2019-04-24
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We next used a repeat-primed PCR method to screen case and control samples for the
presence of the GGGGCC hexanucleotide repeat expansion (see Figure 2B and Experimental
Procedures for detailed explanation) (Kobayashi et al., (2011) American Journal of Human
Gentics 89 p121-130; Warner et al.,(1996) Journal of Medical Genetics 33 p1022-1026). The
nature of the repeat-primed PCR assay means that it can detect a maximum of ~60 repeats,
and thus the repeat length in a sample carrying the expansion could be far greater than the
estimation provided by this technique. Despite this, the assay is an accurate and rapid system
that allows samples to be categorized into those that carry a pathogenic repeat expansion
(greater than 30 repeats) and those that carry only wild-type alleles (less than 20 repeats). The
frequency distribution of the GGGGCC hexanucleotide repeat expansion lengths in ALS

cases and control samples based on the repeat-primed PCR assay is shown in Figure 3.

Using the repeat-primed PCR method, we confirmed that the expanded hexanucleotide repeat
was present in the affected members of the GWENT#1 and DUTCH#1 kindreds (IV-3, 1V-5,
IV-7 & IV-8 in GWENT#1 and V-1, V-3, V-14 & V-15 in DUTCH#1, Figure 1A and 1B),
and that the expansion was absent from asymptomatic family members (I1I-1, III-7 & IV-1 in
GWENT#1 and V-2, V-8, V-9 & VI-1 in DUTCH#1).

In the Finnish cohort of 402 ALS cases and 478 controls, repeat-primed PCR analysis
showed the hexanucleotide repeat to be expanded in 113 (28.1%) cases and 2 of the controls
(fisher test p-value for allelic association = 8.1x107% OR = 78.0, 95% CI = 19.2 — 316.8).
Overall, 52 (46.0%) of the Finnish familial ALS cases had the expansion (p-value = 3.7x10°
T OR = 140.9, 95% CI = 34.0 — 583.9), and 61 (21.1%) of the sporadic cases had the
expansion (p-value = 1.7x10 > OR = 56.1, 95% CI 13.6 — 230.2). The average number of
repeats detected by the PCR assay in the Finnish cases carrying the expansion was 53 (range,
30 to 71)) compared to an average of 2 (range, 0 to 22) repeats observed in the 476 controls
that did not carry the expansion, thereby allowing for robust classification of samples (see

Figure 3A & B).

Of the 113 familial and sporadic cases that carried the hexanucleotide repeat expansion, two-

thirds (n = 76, 67.3%) carried the previously identified chromosome 9p21 founder risk
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haplotype (Laaksovirta et al., (2010) supra). In contrast, only one of the Finnish controls

samples that carried the expansion also carried the risk haplotype.

For confirmation of the repeat expansion and to estimate its size, fluorescence in situ
hybridization (FISH) was performed in an affected member of the GWENT#1 kindred (III-1,
Figure 1A, ND06769), in a casc from thc NINDS0760 pedigree (III-1, Figure 1E), and in
neurologically normal controls (ND11463, ND08559, ND03052, and NDO03053). These
experiments used a fluorescently-labeled oligonucleotide probe consisting of three GGGGCC
repeats (Haaf et al., 1996). All metaphases of the cases showed a strong hybridization signal
to a single chromosome — 9p21 — consisting of a discrete dot on each sister chromatid (Figure
2C). Fluorescence was not detected in any metaphases of the control samples. These
experiments indicated that the expansion was at least 1.5 kilobase (kb) in size, which is the
minimum detectable size of a repeat using this technique (Liehr, (2009 FISH Application
Guide (Berlin: Springer-Verlag).

The data clearly showed the importance of the hexanucleotide repeat expansion within the
Finnish ALS population and in families linked to the chromosome 9p21 region. To further
determine the frequency of the hexanucleotide expansion in outbred European populations,
we screened a cohort of 260 familial ALS probands from North America (n = 198), Germany
(n = 36) and Italy (n = 26) using repeat-primed PCR. 98 (37.7%) of these cases carried the
same hexanucleotide GGGGCC repeat expansion within CYORF'72 (Figure 3C). Within this
dataset, we identified three additional multi-generational families where the presence of the
repeat expansion segregated perfectly with disease within the kindred (Figure 1C, 1D and
1E). In contrast, the repeat expansion was not detected in 242 US controls, 83 Italian controls
and 64 German controls (total number of control chromosomes = 778, average number of
repeats = 3, range 0 to 19, Figure 3D). An additional series of 300 anonymous African and

Asian samples that are part of the Human Gene Diversity Panel (Cann et al., 2002) were

included in the mutational analysis as controls to evaluate the genetic variability of the
CYORF72 hexanucleotide repeat expansion in non-Caucasian populations. None of these
samples carried more than 15 GGGGCC repeats (average number of repeats = 3, range = 0 —

15).
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Given the genetic and clinical overlap between ALS and FTD, as well as the co-occurrence of
ALS and FTD within families linked to the chromosome 9p21 locus, we tested the hypothesis
that the hexanucleotide repeat expansion may undetlie a proportion of FTD cases by
measuring its occurrence in a cohort of 75 Finnish FTD cases using the same repeat primer
PCR method. The percentage of these FTD cases carrying the repeat expansion was
comparable to that of the Finnish ALS cohort (n = 22, representing 29.3% of the cohort), and
the GGGGCC repeat expansion was highly associated with FTD in the Finnish population
(fisher p-value based on 75 Finnish FTD cases and 478 Finnish controls = 4.327x10™'%; OR =
82.0, 95% CI 19.1 - 352.8). Six of the Finnish FTD cases carrying the repeat expansion
presented with progressive non-fluent aphasia, and the remaining 16 patients had clinical
features consistent with behavioral-variant FTD. In addition, 8 (36.4%) of these Finnish FTD

patients had a personal or family history of ALS.

Using expression arrays, C9ORF72 RNA was detected across multiple CNS tissues obtained
from neuropathologically normal individuals including spinal cord, with the highest
expression level observed within the cerebellum (Figure 5A). Immunohistochemistry using
an antibody that recognizes both human and mouse COORF72 (Santa Cruz Biotechnology,
Inc.) found the protein to be predominantly localized within the nucleus in both human
fibroblast cell lines and in the mouse motor neuron NSC-34 cell line (Figure 5SA & B).
Immunoblotting confirmed that COORF72 is mainly situated within the nucleus with only
modest cytosolic staining observed in fibroblasts derived from neurologically normal

individuals (Figure 5C).

Alterations of C9ORF72 RNA expression and protein levels in fibroblast and lymphoblastoid
cell lines from patients were examined by real-time RT-PCR and immunoblotting. We found
a~50% decrease in C9ORF72 RNA expression in frontal cortex of an affected case from the
GWENT kindred compared to neurologically normal controls (Figure 4B). In contrast,
expression of nearby LINGO?2 gene was not altered in the same case (data not shown).
Additional analysis in lymphoblastoid cell lines revealed that this decrease was entirely due
to a reduced level of the short transcript of COORF72 (NM_145005.4) suggesting that the
position of the GGGGCC repeat expansion within the intron of this gene disrupts

transcription (Figure 4C). Immunocytochemistry and immunoblotting confirmed that overall
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CIORF72 protein levels were reduced in fibroblast cell lines derived from ALS patients
relative to controls, and that there was less nuclear and relatively more cytoplasmic staining

in cases compared to controls (Figure 5B and C).

1.4 DISCUSSION

The inventors used used next-gencration sequencing technology to identify a hexanucleotide
repeat expansion within the C9ORF72 gene as the cause of chromosome 9p21-linked ALS-
FTD, and subsequently confirmed the presence of this large expansion in a substantial
proportion of familial ALS and FTD cases. Overall, the hexanucleotide repeat expansion was
found in nearly one half of Finnish familial ALS cases and in more than one third of familial
ALS cases of wider European ancestry. Our data indicate that the repeat expansion is more
than twice as common as mutations in the SOD/ gene as a cause of familial ALS (Chid et al.,
(2008) Neurology 70 p533-537, and more than three times as common as TARDBP, FUS,
OPTN and VCP mutations combined. Taken together with the D90A SOD/ mutation, our
data show that nearly 90% of familial ALS in Finland is now explained by a simple

monogenic cause.

We present five pieces of genetic data demonstrating that the hexanucleotide repeat
expansion is pathogenic for neurodegeneration. First, the hexanucleotide expansion
segregated with disease within two multi-generational kindreds that have been convincingly
linked to the region (Pearson et al., 2011 supra). Second, the hexanucleotide expansion was
highly associated with disease in the same cohort of ALS cases and controls that was used to
identify the chromosome 9p21 region within the Finnish population. Furthermore, the
association signal based on the presence or absence of the expansion was many times greater
than that indicated by the surrounding SNPs (trend test p-value based on expansion = 8.1x10
¥ versus 9.11x10™"" based on the most associated SNP rs3849942 in the initial Finnish ALS
GWAs) (Laaksovirta et al., 2010 supra). Third, the hexanucleotide repeat expansion was not
found in 389 population-matched control subjects or in 300 diverse population samples
screened in our laboratory. Fourth, we found that a large proportion of apparently unrelated
familial ALS and FTD cases carried the same hexanucleotide repeat expansion within
CY90ORF72. Within this cohort of European-ancestry familial samples, we identified three

additional multi-gencrational families within which the repeat expansion segregated perfectly
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with disease. Fifth, FISH analysis demonstrated that the repeat expansion is large in size (at
least 1.5kb to be visualized by this technique, Figure 2C), and such long expansions are
typically pathogenic (Kobayashi et al., 2011 supra).

Our data indicate that both ALS and FTD phenotypes are associated with the C9ORF72
GGGGCC hexanucleotide repeat cexpansion. Scveral members of the GWENT#1 and
DUTCH#!1 pedigrees manifested clinical signs of isolated motor neuron dysfunction or
1solated cognitive decline, whereas other affected members developed mixed ALS-FTD
symptomatology over the course of their illness (Pearson et al., 2011 supra). It is interesting
to note that the frequency of the repeat expansion was almost identical in our ALS and FTD
case cohorts, suggesting that carriers of the mutant allele are equally at risk for both forms of
neurodegeneration. Our data supports the notion that the observed clinical and pathological
overlap between ALS and FTD forms of neurodegeneration may be driven in large part by

the C9ORF72 hexanucleotide repeat expansion.

The identification of the cause of chromosome 9p21-linked neurodegencration allows for
future screening of population-based cohorts to further unravel the overlap between ALS and
FTD, and to identify additional genetic and environmental factors that push an individual’s
symptoms towards one end of the ALS/FTD clinical spectrum. Some early observations may
already be made: among our Finnish FTD cohort, we identified several patients carrying the
pathogenic repeat expansion who presented with non-fluent progressive aphasia. This
suggests that the difficulties with speech production that are commonly observed in ALS
patients may in some cases be partially attributable to cortical degeneration in addition to
tongue and bulbar musculature weakness secondary to hypoglossal motor neuron

degeneration.

Our development of a rapid, reliable method of screening individuals for the repeat expansion
will have immediate clinical utility by allowing early identification of ALS patients at
increased risk of cognitive impairment, and of FTD cases at increased risk of progressive
paralysis. In the longer term, the identification of the genetic lesion underlying chromosome

9p21-linked ALS and FTD, together with the observed high frequency in these patient
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populations, makes it an ideal target for drug development aimed at amelioration of the

disease process.

Broadly speaking, pathogenic repeat expansions are thought to cause discase through
haploinsufficiency, in which expression or splicing of the target gene is perturbed, or through
the generation of abnormal amounts of toxic RNA that disrupt normal cellular pathways. We
favor the second as a mechanism in chromosome 9 FTD/ALS, given the large size of the
expansion visualized by FISH and its non-coding localization within the CYORF72 gene.
RNA generated from such pathogenic repeat expansions are thought to disrupt transcription
by sequestering normal RNA and proteins involved in transcription regulation and disruption
of RNA metabolism has already been implicated in the pathogenesis of ALS associated with
mutations in 7DP-43 and FUS (Lagier-Tourenne et al., (2010) Human Molecular Genetics 19
R46-64). However, knowing the pattern of distribution of CYORF72 expression is likely to be
key in understanding cell vulnerability and local expression of the hexanucleotide repeat
expansion, which is likely influenced by the promoter of the CIORF72 gene. Additional
molecular biology investigation is required to understand the precise mechanism by which
the hexanucleotide repeat may disrupt RNA metabolism, and to determine the relevance of

altered C9ORF72 expression in neuronal death.

An important aspect of understanding a pathogenic repeat expansion focuses on its stability.
Preliminary evidence suggests that the CY9OR[F72 hexanucleotide repeat expansion may be
unstable. First, minor anticipation has been noted in pedigrees that originally identified the
locus with earlier generations being relatively unaffected by disease, perhaps reflecting
expanding repeat number over successive generations (Vance et al., 2006). Second, although
there was strong concordance between the presence of the chromosome 9p21 founder risk
haplotype and the presence of the hexanucleotide expansion in an individual, the expansion
was also present in ALS cases that did not carry this haplotype. These data are consistent
with the expansion occurring on multiple occasions on multiple haplotype backgrounds.
Taken together, these observations suggest that the C9ORF72 repeat region has some degree
of instability. This instability may be particularly relevant for sporadic ALS, where the

apparent random nature of the disease in the community could be a consequence of stochastic
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expansion in the number of repeats. It is noteworthy that a sizeable proportion of the Finnish

ALS cases that carried the repeat expansion was clinically classified as sporadic.

In summary, our data demonstrate that a massive hexanucleotide repeat expansion within
CY90ORF72 is the cause of chromosome 9p21-linked ALS, FTD and ALS-FTD. Furthermore,
this expansion accounts for an unprecedented proportion of ALS cases in Finland and in
familial ALS cases of European ancestry, and provides additional evidence supporting the

role of disrupted RNA metabolism as a cause of neurodegeneration.

EXAMPLE 2: Southern blott analysis of C9orf72 sene mutations

The inventors developed a Southern Blott procedure for identifying expansions of
hexanucelotide repeats as a preferred method of conducting prognostic and diagnostic test

according to the invention.

2.2 Methods.
2.2.1 Non-radioactive Labelling of DNA Products with Digoxigenin

2.2.1 (a) Reagants:
0.2M EDTA (ph 8.0).

Maleic Acid Buffer (0.1M Maleic acid, 0.15M NaCl, adjusted with NaOH to ph 7.5)
Blocking solution (Maleic Acid Buffer plus 1% blocking powder (roche), dissolve
block at 65°C with stirring and cool to room temperature before use, the solution will
keep in frozen aligots.

Antibody solution (Blocking solution plus antibody at 1:10,000 dilution)

Detection buffer (0.1M Tris HCIL, 0.1M NaCl, pH 9.5).

CSPD dctection solution (Dilute CSPD 1:100 in detection buffer, this will keep for up
to a month at 4°C, wrap in foil to protect from light).

2.2.1 (b) Protocol:

1. Add 10ng to 3ug of template DNA to a 1.5ml eppendorf. (At least 300ng is
required for a southern blot, for single copy genes). Make the volume up to
15ul with molecular grade water.
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2. Denature the sample using wet heat for 10 minutes, and chill the sample on an
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ice/water bath to prevent re-annealing of the DNA.

3. Add the following to the freshly denatured DNA.
2ul hexanucleotide mix (10x)

4. Mix the contents briefly, and settle by centrifugation, and incubate for 1hr to

2ul dNTP labelling mix

1 ul klenow enzyme

20hr at 37°C.

5. Stop the rcaction by adding 2ul of 0.2M EDTA (ph 8.0), or by hcating the
reaction to 65°C for 10 minutes.

The amount of labelled product that is required will depend on the amount of starting

material as shown in Table 2.

Table 2:

Template DNA | Labelling time
1hr 20hr
10ng 15ng 50 ng
30ng 30 ng 120 ng
100ng 60 ng 260 ng
300ng 120ng | 450 ng
1000ng 260ng | 780 ng
3000ng 530ng | 890 ng

2.2.1 (¢) Quantifying the amount of labelled DNA:

To determine the amount of labelled probe the dilutions of the control labelled DNA and

labelling reactions were made up as illustrated in Table 3.

Table 3:

Tube DNA DNA Dilution of | Final
dilution control concentration
buffer

Reactionor | 1pul - neat Ing/ul

control (1)

2 Iul of tube 1 | 9ul 1:10 0.1ng/ul

(100pg/ul)

3 lul of tube2 | 9ul 1:100 10pg/ul

4 luloftube 3 | 9ul 1:1000 1pg/ul

5 lul of tube4 | 9ul 1:10000 0.1pg/ul

6 Iul of tube 5 | 9ul 1:100000 0.01pg/ul
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Procedure:

1. Spot 1ul of each dilution onto a small piece of nylon membrane for both your
labelling reaction and control DNA and allow to air dry.

2. Cross link the DNA to the membrane by placing the membrane face down on the UV
transilluminator for 90 seconds. (Note the illuminator was calibrated in 2009, the
cross linking efficiency should be checked at least once a year).

3. Place the membrane in a petri dish and incubate the membrane with shaking in
Washing buffer for 1 minutes.

4. Incubate the membrane for 10 minutes in blocking solution

5. Incubate the membrane for 10minutes in antibody solution.

6. Wash the membrane twice (2 x 5 minutes) in washing buffer

7. Equilibrate the membrane for 2 minutes in detection buffer

8. Place the membrane DNA side up on a sheet of acetate and add 100ul of CSPD
solution, and cover the membrane with a second sheet of acetate, being careful to
eliminate bubbles. (note: CSPD is used at 1ml per 100cm? so if you have a large dot
blot you may need more CSPD solution).

9. Incubate the membrane at 37°C for 10 minutes, then image the membrane for 15-25
minutes.

10. By comparing the intensity of the control labelled DNA and your labelling reactions
you can estimate the concentration of your labelled DNA.

2.2.2 Southern blotting/Hvbridization and Detection of Nvlon Membranes

2.2.2 (a) Reagants:

Depruination solution (0.25M HCI) (10mls of conc HCI in 500ml of water)

Gel Denaturing solution (0.6M NaCl, 0.2N NaOH) (17.53g of NaCl, 4g NaOH in 500ml)

Gel neutralizing solution (1.5M NaCl, 0.5M Tris-HCI pHS8.0) (43.8g NaCl, 30.30g Tris, ph
to 8.0 with HCI).

20x SSC stock (3M NaCl, 300mM Sodium citrate pH 7.4 (175.3g of NaCl, 88.2¢g of sodium
citrate per litre of water).

Dig casy Hybridization buffer (Roche)

Maleic Acid Buffer (0.1M Maleic acid, 0.15M NaCl), ( 23.22g Maleic acid, 17.53g NaCl,
adjusted with NaOH to ph 7.5)
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Blocking solution (Maleic Acid Buffer plus 1% blocking powder (roche), dissolve block at
65°C with stirring and cool to room temperature before use, the solution will keep in frozen
aliquots.

Antibody solution (Blocking solution plus antibody at 1:10,000 dilution) using antibody: sc-
138763 from Santa Cruz Biotechnology Inc.; HPA023873 from Sigma-Aldrich; or
GTX119776 from GeneTex

Detection buffer (0.1M Tris HCI, 0.1M NaCl, pH 9.5) (make up from 1M Tris Ph9.5 stock,
and 5M NacCl stock)

CSPD detection solution (Dilute CSPD 1:100 in detection buffer).

Blot stripping solution (0.2M NaOH; 0.1% SDS) (4g NaOH, 5mls 10% SDS solution in
500ml)

2.2.2(b) Blotting DNA samples

1. Samples should be electrophoresed on an appropriate percentage agarose gel for
resolution, generally southern blotting is carried out for genomic DNA digests that
should be run on 0.8% gels.

2. Photograph the gel with a ruler next to the marker to allow for band size
determination at a later date if required. Cut a corner off your gel before photography
to allow the blot to be orientated after hybridization. The gel can also be trimmed at
this stage to optimize the use of membrane which is expensive.

3. To blot fragments larger than 10Kb depurinate the gel by Inverting the gel into a
solution of 0.25M HCI for 10 min or until the bromophenol blue turns yellow, briefly
rinse the gel before the next step in water.

4. Denature the DNA in the gels by shaking the gel slowly for 30 minutes in gel
denaturing solution.

5. Neutralize the gel by shaking slowly for 30 minutes in gel neutralizing solution.

6. While the gel is shaking prepare 3 sheets of whatman 3MM paper and a sheet of
nylon membrane the same size as your gel, plus another strip the same width but
approximately 1.5x the length, and 15 sheets of extra thick blotting paper of the same
size.

7. At this point you can cut a corner off your membrane to allow the blot to be orientated
after hybridization.



CA 02846307 2014-02-24

WO 2013/030588 PCT/GB2012/052140

8.

11.

56
Using 10x SSC assemble the southern blot.

Place the longer strip of filter paper as a bridge to allow the 10xSSC in the buffer
reservoir to wick up into the gel. Place your gel on the bridge, followed by your
nylon membrane — being careful to remove all bubbles between the gel and
membrane. Follow by the sheets of 3MM paper and your extra thick blotting paper.
Place a weight on top of the paper and leave the gel overnight to transfer.

After blotting disassemble the blot (the 10x SSC can be kept for re-use), and gently
wash the blot in 2xSSC. Using gloves any agarose can be gently removed.

- Wash the blot in 2xSSC twice for 15 minutes each wash. Gently air dry the

membrane and UV fix, DNA side down on the transilluminator for 90 seconds.

Membranes can be stored between sheets of 3MM paper for later hybridization.

2.2.2 (¢) Hybridization

1.

Before commencing measure your membrane, for each 100cm? you will need 10ml of
DIG ecasy hyb for pre-hybridization, and 3.5ml for hybridization (roller bottles require
a minimum of 6ml in the bottle). Pre-warm the solution to 42°C before use.

Using the roller bottles, place your membrane DNA side facing inwards, add the
appropriate volume of pre-warmed hyb solution and incubate the blot for a minimum
of 30 minutes. (Note this can be left a few hours if required, prehybridization blocks
the non-specific sites on the membrane and reduces the background.)

Using 25ng of labelled probe per ml of required hybridization solution (150ng for
6ml), add 50ul of molecular biology grade water. Denature the probe in a boiling
water bath for 5 minutes, and chill on an ice/water bath immediately. Immediately
add the probe to your pre-warmed hybridization solution and replace the pre-hyb
solution with this. Hybridize the blot overnight for genomic DNA, 3 hours will be
sufficient for plasmid targets. Make up your post hybridization solutions and leave in
the hybridization oven to use the next day ready warmed.

After hybridization pour off the probe (this can be saved for re-use up to 5 times), and
wash your blots to remove non-specific probe binding. (Rinsing the membrane in the
bottle with 2xSSC; 0.1% SDS can reduce background).

Low stringency wash.

Remove the blot to a clean plastic tray and add sufficient low stringency wash buffer
(2xSSC, 0.1% SDS) to cover the blot and incubate with shaking for 10 minutes.
Replace the buffer with fresh and incubate with shaking for an additional 5 minutes.

High stringency washes
As a starting point two 15 minute washes using a 0.5x SSC 0.1% SDS wash solution
pre-warmed to 65°C is a good place to start. If background after detection is high a
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more stringent wash can be used. Stringency is increased by decreasing the salt

concentration and increasing the temperature, thus a 0.1 x SSC, 0.1% SDS wash is
more stringent than a 0.5 x SSC, 0.1% SDS wash.

2.2.2(d) Chemiluminscent Detection

11. Place the membrane in a clean container dish and incubate the membrane with
shaking in washing buffer for 2 minutes. (To reduce background you can quickly
rinse off the stringency wash buffer with wash buffer before this step).

12. Incubate the membrane for 30 minutes in 100ml of blocking solution

13. Incubate the membrane for 30 minutes in 20ml of antibody solution. (Before use of
antibody aliquot spin the tube at high speed for 5 minutes to remove any complexed
antibody.)

14. Wash the membrane twice (2 x 15 minutes) in washing buffer. (To reduce
background you can quickly rinse off the stringency wash buffer with wash buffer
before this step).

15. Equilibrate the membrane for 5 minutes in detection buffer

16. Place the membrane DNA side up on a sheet of acetate and add 1ml of CSPD solution
per 100cm” of membrane, and cover the membrane with a second sheet of acctate,
being careful to eliminate bubbles.

17. Incubate the membrane at 37°C for 10 minutes, then image the membrane initially for
15-25 minutes.

2.3 Results

The inventors analysed samples from subjects suffering from the two main subgroups of
FTLD (i.e. subjects with MND/ALS and/or FTD) and were able to observe, and quantify, the
number of GGGGCC repeat in diseased subjects. The hexanucleotide was significantly
expanded over control samples (from subjects without FTLD). Some affected individuals had
several hundred repeats and some had more than 1,000 repeats (e.g. about 4,000 repeats)

when compared to control samples which typically had 1-25 GGGGCC repeat.

Figure 6 is an illustrative example of a Southern Blot analysis of samples from a subject with
MND/ALS. The figure shows an expansion of approximately 1100 repeats (approximately
9kb) in tissue from different brain regions of an ALS subject (F= frontal; T=temporal; and

O= Occiptial) and cell line controls ( + and —ve for the repeat).
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Figure 7 is a further illustrative example of Southern Blot analysis of samples from subjects

with ALS/MND and/or FTD. The data from the figure was quantified and is sumaried further

in Table 4.

Table 4:

Lane Source of Sample Size of nucleic Approximate No of
acid (bp) repeats

1 Subject with MND/ALS 14434

2 Digestion failure 397 -

3 Subject with MND/ALS and FTD 5234 and 3553 2005-485

4 Positive Control - 2190

5 Negative Control 0 0

6 Subject with FTD (age of onset 52) | 6572-25000 700-+3800

7 Subject with FTD (age of onset 56) | 6644-18490 720-2700

The data from lanes 6 and 7 support the inventors view that the age of onset of disease may

be earlier in subject with the greatest number of GGGGCC repeats.
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- CLAIMS:

1. A method of detecting a hexanucleotide repeat GGCCCC or GGGGCC in the Corf72

gene or mRNA, the method comprising:

mixing a sample from a subject with a labeled nucleic acid oligonucleotide having a
nucleic acid sequence comprising GGCCCCGGCCCC (SEQ ID NO: 13) or
GGGGCCGGGGCC (SEQ ID NO: 14); and

detecting in the C9orf72 gene the hybridization of the labeled nucleic acid
oligonucleotide to the hexanucleotide repeat starting at position 27,573,527 coordinate taken
from GRCh37/Hg19, forward strand.

2. The method of claim 1, wherein the hybridization of the labeled nucleic acid
oligonucleotide is detected by polymerase chain reaction, quantitative polymerase chain
reaction, sequence specific oligonucleotide hybridization, reference strand mediated

conformational analysis, Southern blotting, or a combination thereof.

3. The method of claim 1, wherein the nucleic acid sequence comprises
GGCCCCGGCCCCGGCCCC (SEQ ID NO: 15) or GGGGCCGGGGCCGGGGCC (SEQ ID
NO: 186).

4, The method of claim 1, wherein the nucleic acid sequence of the labeled nucleic acid

oligonucleotide comprises SEQ ID NO: 7.

5. A method of diagnhosing a subject as having or at increased risk of developing
Frontotemporal Lobar Degeneration (FTLD) or Motor Neuron Disease (MND)/Amyotrophic
Lateral Sclerosis (ALS), the method comprising:

mixing a sample from the subject with a labeled nucleic acid oligonucleotide having a
nucleic acid sequence comprising GGCCCCGGCCCC (SEQ [ID NO: 13) or
GGGGCCGGGGCC (SEQ ID NO: 14);

detecting in the COorf72 gene the hybridization of the labeled nucleic acid
oligonuclectide to the hexanucleotide repeat starting at position 27,573,527 coordinate taken
from GRCh37/Hg19, forward strand, wherein increased binding of the nucleic acid

oligonucleotide is indicative of a subject having the hexanucleotide repeat; and

2859224
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diagnosing a subject as having or at increased risk for developing at least one of
FTLD, MND/ALS, or a combination thereof, when at least 30 hexanucleotide repeats are

detected in a sample obtained from the subject.

6. The method of claim 5, wherein the nucleic acid sequence comprises
GGCCCCGGCCCCGGCCCC (SEQ ID NO: 15) or GGGGCCGGGGCCGGGGCC (SEQ ID
NO: 16).

7. The method of claim 5, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 100 repeat copies of the

hexanucleotide.

8. The method of claim 5, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 500 repeat copies of the

hexanucleotide.

9. The method of claim 5, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 600 repeat copies of the

hexanucleotide.

10. The method of claim 5, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 700 repeat copies of the

hexanucleotide.
1. The method of claim 5, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 1,000 repeat copies of the

hexanucleotide.

12. The method of claim 5, wherein the FTLD is frontotemporal dementia (FTD) or FTLD
with motor neuron disease/amyotrophic lateral sclerosis (MND/ALS).

13.  The method of claim 5, wherein the hybridization of the labeled nucleic acid

oligonucleotide was detected by polymerase chain reaction, quantitative polymerase chain

2869224
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reaction, sequence specific oligonucleotide hybridization, reference strand mediated

conformational analysis, southern blotting, or a combination thereof.

14. A method of diagnosing a subject as having or at increased risk of developing
Frontotemporal Lobar Degeneration (FTLD) or Motor Neuron Disease (MND)/Amyotrophic
Lateral Sclerosis (ALS), the method comprising:

mixing a sample from the subject with a labeled nucleic acid oligonucleotide having a

nucleic acid sequence comprising SEQ ID NO: 7;

detecting in the C9orf72 gene the hybridization of the labeled nucleic acid
oligonucleotide to the hexanucleotide repeat starting at position 27,573,527 coordinate taken
from GRCh37/Hg19, forward strand, wherein increased binding of the nucleic acid
oligonucleotide is indicative of a subject having the hexanucleotide repeat and

diagnosing a subject as having or at increased risk for developing at least one of
FTLD, MND/ALS, or a combination thereof, when at least 30 hexanucleotide repeats are

detected in a sample obtained from the subject.

15. The method of claim 14, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 100 repeat copies of the

hexanucleotide.

16. The method of claim 14, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 500 repeat copies of the

hexanucleotide.
17. The method of claim 14, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 600 repeat copies of the
hexanucleotide.
18. The method of claim 14, wherein the subject that has or is at increased risk of
developing FTLD, MND/ALS or a combination thereof has at least 700 repeat copies of the

hexanucleotide.

19.  The method of claim 14, wherein the subject that has or is at increased risk of

2859224
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developing FTLD, MND/ALS or a combination thereof has at least 1,000 repeat copies of the

hexanucleotide.

20. The method of claim 14, wherein the FTLD is frontotemporal dementia (FTD) or FTLD

with motor neuron disease/amyotrophic lateral sclerosis (MND/ALS).
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