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CODON-OPTIMIZED REDUCED-SIZE ATP7A CDNA AND USES FOR TREATMENT
OF COPPER TRANSPORT DISORDERS

CROSS REFERENCE TO RELATED APPLICATION
This claims the benefit of U.S. Provisional Application No. 62/244,594, filed October 21,

2015, which 1s incorporated herein by reterence 1n 1ts entirety.

FIELD OF THE DISCLOSURE
This disclosure relates to codon-optimized ATP7A nucleic acids and their use 1n treating

ATP7A-related copper transport disorders.

BACKGROUND

Copper plays a critical role 1n metabolism as a cotactor of key metabolic enzymes (such as
dopamine [} hydroxylase, lysyl oxidase, Cu/Zn superoxide dismutase, and cytochrome ¢ oxidase).
Human P-type ATPase copper-transporting ATPase 1 (ATP7A) transports copper from enterocytes
(where 1t 1s taken up from dietary copper) into the blood. ATP7A also mediates passage of copper
across the blood-cerebrospinal tluid (CSF) barrier and the blood-brain barrier. In Menkes disease
and occipital horn syndrome (OHS), ATP7A activity 1s reduced or absent and copper export from
the enterocytes 1s impaired (Kaler, Nat. Rev. Neurol. 7:15-29, 2011). As a result, copper
accumulates 1n 1ntestinal cells and less copper 1s delivered to the blood, resulting 1n restricted
copper supply to other tissues, particularly the brain. A hereditary distal motor neuropathy
assoclated with ATP7A mutations (ATP7A-related distal motor neuropathy; also known as spinal
muscular atrophy, distal, X-linked 3 (SMAX3)) has also been recently identified (Kennerson et al.,
J. Hum. Genet. 86:343-352, 2009). This adult-onset disorder 1s not associated with decreased

serum copper levels, unlike Menkes disease and OHS.

SUMMARY
Provided herein are codon-optimized ATP7A nucleic acid molecules, specifically codon-
optimized nucleic acids encoding a reduced-size ATP7A protein, and vectors and recombinant
viruses including the codon-optimized ATP7A nucleic acids. These nucleic acids can be used 1n
methods for the treatment of copper transport disorders, such as Menkes disease, occipital horn

syndrome, or ATP7A-related distal motor neuropathy.
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In some embodiments, 1solated codon-optimized nucleic acid molecules encoding a reduced
size ATP7A protein are disclosed herein. In some examples, the nucleic acid molecules include a
nucleic acid with at least 90% sequence 1dentity to the nucleotide sequence of SEQ ID NO: 1. In
particular examples, the nucleic acid molecule has the sequence of SEQ ID NO: 1 or encodes the
amino acid sequence of SEQ ID NO: 2.

Also disclosed herein are vectors, such as adeno-associated virus (AAV) vectors, that
include the disclosed codon-optimized nucleic acid molecules encoding reduced-size human
APT7A. In some examples, the vectors further comprise a promoter, such as a [3-actin promoter.

In additional examples, the vectors turther comprise an enhancer, such as a cytomegalovirus
enhancer. Recombinant viruses (such as recombinant AAV (rAAV)) including the codon-
optimized nucleic acid molecules encoding reduced-size human ATP7A are also disclosed herein.
Further provided are 1solated host cells comprising the nucleic acid molecules or vectors disclosed
herein. For example, the 1solated host cells can be cells suitable for propagation of rAAV.
Compositions including the disclosed nucleic acid molecules, vectors and viruses are also disclosed
herein.

Disclosed herein are methods of treating a subject diagnosed with an ATP7A-related copper
transport disorder (such as Menkes disease, OHS, or ATP7A-related distal motor neuropathy). In
some embodiments, the methods include administering to the subject an effective amount of a
disclosed vector or recombinant virus including a codon-optimized nucleic acid molecule encoding
a reduced-size human ATP7A, or compositions including the vector or virus. In some examples,
the methods further include administering copper therapy (such as copper histidinate, copper
chloride, copper sulfate, or copper gluconate) to the subject. In other embodiments, the methods
include treating a subject with Menkes disease by administering to the subject an effective amount
of a vector comprising an 1solated codon-optimized nucleic acid molecule encoding a reduced-size
ATP’7A protein operably linked to a promoter and administering copper to the subject. In some
examples, the vector or virus 1s administered to the subject enterally or parenterally, intrathecally,
or intracranially into the cerebrospinal tluid or brain.

The toregoing and other features of the disclosure will become more apparent from the

following detailed description, which proceeds with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES
FIG. 1 1s a schematic diagram of the human ATP7A protein showing the portion removed
(boxed portion) to produce the reduced-size human ATP7A protein. Adapted from Donsante et al.,

Mol. Ther. 19:2114-2123, 2011, incorporated herein by reference 1in its entirety.
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FIGS. 2A-2D show a sequence alignment of the codon-optimized reduced-size human
ATP7A nucleic acid sequence (co_rsATP7A; SEQ ID NO: 1) with the native reduced-size human
ATP7A nucleic acid sequence (nat_rsATP7A; SEQ ID NO: 3).

FIG. 3 1s a schematic of an exemplary recombinant adeno-associated virus (rAAV)
construct including a codon-optimized reduced-size ATP7A (co-rsATP7A) cDNA. ITR: inverted
terminal repeat; CMV: cytomegalovirus enhancer; CBA: chicken [-actin promoter; polyA:
polyadenylation signal.

FIG. 4 1s a digital image of expression of reduced-size ATP7A (rs-ATP7A) and co-
rsATP7A 1n transfected HEK293T cells. Lane 1: mock transfected; Lane 2: pTR-CAG-rsATP7A
(25 1g); Lane 3: pTR-CAG-co-rsATP7A (1.25 ng); Lane 4: pTR-CAG-co-rsATP7A (25 LLg); beta-
actin: protein loading control.

FIG. 5 1s a graph showing survival of mo-br mice treated with rAAV9-co-rsATP7A
(AAV9) and copper histidinate, untreated (UT), treated with AAV9co alone, or treated with copper
histidinate alone.

FIG. 6 1s a graph showing survival to weaning (dark gray bars) or prolonged survival (light
gray bars) 1n untreated (UT) mice, mice treated with AAVS-rsATP7A and copper histidinate
(AAVS + Cu), AAVrhl0-rsATP7A and copper histidinate (AAVrh10 + copper), AAV9-rsATP7A
and copper (AAV9 + Cu), and AAV9 co-rsATP7A and copper (AAVI9co + Cu). rsATP7A 1s

reduced-size ATP7A ¢cDNA (native sequence (non-codon-optimized)).

SEQUENCE LISTING

Any nucleic acid and amino acid sequences provided herein or 1in the accompanying
sequence listing are shown using standard letter abbreviations for nucleotide bases and amino acids,
as defined 1n 37 C.F.R. § 1.822. In at least some cases, only one strand of each nucleic acid
sequence 1s shown, but the complementary strand 1s understood as included by any reference to the
displayed strand.

SEQ ID NO: 1 1s an exemplary codon-optimized reduced size ATP7A nucleic acid
sequence.

SEQ ID NO: 2 1s the amino acid sequence of an exemplary reduced size ATP7A protein.

SEQ ID NO: 3 1s an exemplary native reduced-size ATP7A nucleic acid sequence.
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DETAILED DESCRIPTION
L. Terms
Unless otherwise noted, technical terms are used according to conventional usage.

Defimitions of common terms 1n molecular biology may be found 1in Lewin’s Genes X, ed. Krebs et
al, Jones and Bartlett Publishers, 2009 (ISBN 0763766321); Kendrew et al. (eds.), The
Encyclopedia of Molecular Biology, published by Blackwell Publishers, 1994 (ISBN 0632021829);
Robert A. Meyers (ed.), Molecular Biology and Biotechnology: a Comprehensive Desk Reference,
published by Wiley, John & Sons, Inc., 1995 (ISBN 0471186341); and George P. Rédei,
Encyclopedic Dictionary of Genetics, Genomics, Proteomics and Informatics, 3rd Edition,
Springer, 2008 (ISBN: 1402067534).

The tollowing explanations of terms and methods are provided to better describe the present
disclosure and to guide those of ordinary skill 1in the art to practice the present disclosure. The
singular forms ““a,” “an,” and “the” refer to one or more than one, unless the context clearly dictates
otherwise. For example, the term “comprising a nucleic acid molecule™ includes single or plural
nucleic acid molecules and 1s considered equivalent to the phrase “comprising at least one nucleic
acid molecule.” As used herein, “comprises” means “includes.” Thus, “comprising A or B,”
means “including A, B, or A and B,” without excluding additional elements.

All publications, patent applications, patents, and other references mentioned herein are
incorporated by reference 1n their entirety for all purposes. All sequences associated with the
GenBank Accession Nos. mentioned herein are incorporated by reference 1n their entirety as were
present on October 21, 2015. In case of contlict, the present specitication, including explanations
of terms, will control.

Although methods and materials stmilar or equivalent to those described herein can be used
to practice or test the disclosed technology, suitable methods and materials are described below.
The materials, methods, and examples are 1llustrative only and not intended to be limiting.

In order to facilitate review of the various embodiments of this disclosure, the following
explanations of specific terms are provided:

Adeno-associated virus (AAV): A small, replication-defective, non-enveloped virus that
infects humans and some other primate species. AAYV 1s not known to cause disease and elicits a
very mild immune response. Gene therapy vectors that utilize AAV can intect both dividing and
quiescent cells and can persist 1n an extrachromosomal state without integrating into the genome of

the host cell. These teatures make AAYV an attractive viral vector for gene therapy. There are

currently 11 recognized serotypes of AAV (AAV1-11).
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ATP7A: ATPase, Cu™ transporting, alpha polypeptide. Also known as P-type ATPase
copper-transporting ATPase 1. A transmembrane protein involved 1n transporting copper across
membranes. There are two copper-transporting ATPases in humans (ATP7A and ATP7B) which
are members of the metal-transporting P-type ATPase family (see, e.g., Lutsenko et al., Physiol.
Rev. 87:1011-1046, 2007). The ATP7A protein has eight membrane spanning segments. The
amino-terminal segment contains six copper binding sites. ATP7A also contains an A-domain,
which 1s required for the phosphatase step of the catalytic cycle and an ATP binding domain
consisting of a P domain and an N domain (see FIG. 1).

ATP7A sequences are publicly available. For example, GenBank Accession numbers

NC_000023.11 (region 77910656..78050395) and NC_000086.7 (region 106027276..106128160)

disclose exemplary human and mouse ATP7A genomic nucleic acid sequences, respectively.
GenBank Accession numbers NM_000052, NM_001282224, and NR_104109 disclose exemplary
human ATP7A cDNA sequences and NP_000043 and NP_001269153 disclose exemplary human
ATP7A protein sequences. GenBank Accession numbers NM_009726 and NM_001109757
disclose exemplary mouse Atp7a cDNA sequences and NP_033856 and NP_001103227 disclose
exemplary mouse Atp7a protein sequences. All GenBank Accession Nos. described herein are
incorporated by reference as present in GenBank on October 21, 2013.

One of ordinary skill in the art can 1dentify ATP7A nucleic acid and protein molecules that
vary from those described herein, such as ATP7A sequences having one or more substitutions,
deletions, 1nsertions, or combinations thereof, while still retaining ATP7A biological activity (such
as copper-transporting activity). In addition, ATP7A molecules include alternatively spliced
1soforms and fragments that retain ATP7A biological activity.

ATP7A-related distal motor neuropathy: An adult-onset distal motor neuropathy
associated with mutations in ATP7A. The disorder 1s characterized by progressive distal motor
neuropathy and loss of deep tendon reflexes. Foot and hand deformities such as pes cavus are
typical. Subjects with ATP7A-related distal motor neuropathy do not have low serum copper
levels, and do not have hair, skin, or joint abnormalities associated with Menkes disease or OHS.

Codon-optimized: A “codon-optimized™ nucleic acid refers to a nucleic acid sequence that
has been altered such that the codons are optimal for expression 1n a particular system (such as a
particular species or group of species). For example, a nucleic acid sequence can be optimized for
expression 1n mammalian cells or 1n a particular mammalian species (such as human cells). Codon
optimization does not alter the amino acid sequence of the encoded protein.

Copper Transport Disorders: A disorder caused by a deficiency in copper metabolism,

specifically copper transport (e.g., uptake and/or movement of copper by cells). Copper 1s
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transported by two copper-transporting ATPases in humans (ATP7A and ATP7B). Copper
transport disorders associated with mutations in ATP7A (ATP7A-related copper transport
disorders) include Menkes disease, occipital horn syndrome, ATP7A-related distal motor
neuropathy. Wilson disease 1s associated with mutations in ATP7/B.

Effective amount: An amount of an agent or composition that alone, or together with a
pharmaceutically acceptable carrier or one or more additional agents, induces the desired response.
A therapeutic agent or preparation, such as a compound, an 1solated nucleic acid, a vector, or a
composition containing a nucleic acid or vector, 1s administered 1n therapeutically effective
amounts. Effective amounts of a therapeutic agent can be determined 1n many different ways, such
as assaying for a reduction in symptoms or improvement of physiological condition of a subject
having a disorder (such as a copper transport disorder). Effective amounts also can be determined
through various in vitro, in vivo, or in situ assays.

Isolated: An “isolated” biological component (such as a nucleic acid molecule, protein, or
virus) has been substantially separated or puritied away from other biological components (e.g.,
other chromosomal and extra-chromosomal DNA and RNA, proteins and/or organelles). Nucleic
acids, proteins, and/or viruses that have been “1solated™ include nucleic acids, proteins, and viruses
purified by standard purification methods. The term also embraces nucleic acids, proteins, and
viruses prepared by recombinant expression 1n a host cell, as well as chemically synthesized nucleic
acids or proteins.

The term “1solated™ (or purified) does not require absolute purity; rather, 1t 1s intended as a
relative term. Thus, for example, an 1solated or purified nucleic acid, protein, virus, or other active
compound 1s one that 1s 1solated 1n whole or 1n part from associated nucleic acids, proteins, and
other contaminants. In certain embodiments, the term ““substantially purified” refers to a nucleic
acid, protein, virus or other active compound that has been 1solated from a cell, cell culture
medium, or other crude preparation and subjected to fractionation to remove various components of
the 1nitial preparation, such as proteins, cellular debris, and other components.

Menkes disease (also known as kinky hair disease or steely hair disease): An infantile
onset X-linked recessive neurodegenerative disorder caused by deficiency or dysfunction of the
copper-transporting ATPase ATP/7A (OMIM 309400). As an X-linked disease, Menkes disease
typically occurs 1n males who appear normal at birth, but present with loss of previously obtained
developmental milestones and the onset of hypotonia, seizures and failure to thrive at 2 to 3 months
of age. Characteristic physical changes of the hair and facies, 1n conjunction with typical
neurologic findings, often suggest the diagnosis. The scalp hair of infants with classic Menkes

disease 1s short, sparse, coarse, and twisted. Light microscopy of patient hair 1llustrates

6 -
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pathognomonic pili tort1 (for example, 180° twisting of the hair shaft) and the hair tends to be
lightly pigmented and may demonstrate unusual colors, such as white, silver, or gray. The face of
the individual with Menkes disease has pronounced jowls, with sagging cheeks and ears that often
appear large. The palate tends to be high-arched, and tooth eruption 1s delayed. The skin often
appears loose and redundant, particularly at the nape of the neck and on the trunk. Neurologically,
profound truncal hypotonia with poor head control 1s almost invariably present. Developmental
skills are contined to occasional smiling and babbling 1n most patients. Growth failure commences
shortly after the onset of neurodegeneration and 1s asymmetric, with linear growth relatively
preserved 1n comparison to weight and head circumference.

The biochemical phenotype 1n Menkes disease involves (1) low levels of copper 1n plasma,
liver, and brain because of impaired intestinal absorption ot copper, (2) reduced activities of
numerous copper-dependent enzymes, and (3) paradoxical accumulation of copper 1n certain tissues
(such as the duodenum, kidney, spleen, pancreas, skeletal muscle, and/or placenta). The copper-
retention phenotype 1s also evident in cultured fibroblasts and lymphoblasts, in which reduced
egress of radiolabeled copper 1s demonstrable 1n pulse-chase experiments.

Mouse models of Menkes disease are available and include the mottled mouse (Mercer, Am.
J. Clin. Nutr. 76:1022S5-1028S, 1998; for example, brindled (mo-br), tortoise, dappled, viable-
brindled, and/or blotchy (mo-blo) mice) and the macular mouse (e.g. Kodama et al., J. Histochem.
Cvytochem. 41:1529-1535, 1993).

Occipital horn syndrome (OHS): A milder allelic variant of Menkes disease (OMIM
304150). Serum copper levels are typically slightly below normal levels in OHS patients. OHS 1s
characterized by wedge-shaped calcifications that form at the sites of attachment of the trapezius
muscle and the sternocleidomastoid muscle to the occiput (“occipital horns™), which may be
clinically palpable and/or visible on radiography. The phenotype of OHS includes slight
generalized muscle weakness and dysautonomia (syncope, orthostatic hypotension, and chronic
diarrhea). Subjects with OHS also typically have lax skin and joints, bladder diverticula, inguinal
herma, and vascular tortuosity. Intellect 1s usually normal or slightly reduced.

Pharmaceutically acceptable carrier: Pharmaceutically acceptable carriers (vehicles)
useful in this disclosure are conventional. Remington: The Science and Practice of Pharmacy, The
University of the Sciences 1in Philadelphia, Editor, Lippincott, Williams, & Wilkins, Philadelphia,
PA, 215 Edition (2005), describes compositions and formulations suitable for pharmaceutical
delivery of one or more therapeutic compounds, molecules or agents.

In general, the nature of the carrier will depend on the particular mode of administration

being employed. For instance, parenteral formulations usually comprise 1njectable fluids that
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include pharmaceutically and physiologically acceptable tluids such as water, physiological saline,
balanced salt solutions, aqueous dextrose, glycerol or the like as a vehicle. For solid compositions
(for example, powder, pill, tablet, or capsule forms), conventional non-toxic solid carriers can
include, for example, pharmaceutical grades of mannitol, lactose, starch, or magnesium stearate. In
addition to biologically-neutral carriers, pharmaceutical compositions to be administered can
contain minor amounts of non-toxic auxiliary substances, such as wetting or emulsifying agents,
preservatives, and pH butfering agents and the like, for example sodium acetate or sorbitan
monolaurate.

Parenteral administration: Administration of a substance (such as a composition or
therapeutic compound) by a route other than through the gastrointestinal tract. Exemplary routes ot
parenteral administration include intravenous, subcutaneous, intramuscular, intracerebral,
intracerebroventricular (e.g., 1into a cerebral ventricle), intrathecal (e.g., 1into the spinal canal or
cerebrospinal fluid), topical, transdermal, or by inhalation. A skilled clinician can select an
appropriate route of administration based on the condition being treated and the treatment being
administered.

Promoter: A region of DNA that directs/initiates transcription of a nucleic acid (e.g. a
gene). A promoter includes necessary nucleic acid sequences near the start site of transcription.
Typically, promoters are located near the genes they transcribe. A promoter also optionally
includes distal enhancer or repressor elements which can be located as much as several thousand
base pairs from the start site of transcription.

In particular examples, a promoter is “operably linked” to a nucleic acid, such that the
promoter and the nucleic acid (such as a codon-optimized rsATP7A nucleic acid disclosed herein)
are placed 1n a functional relationship. For instance, a promoter 1s operably linked to a coding
sequence 1f the promoter affects the transcription or expression of the coding sequence. Generally,
operably linked DNA sequences are contiguous and, where necessary to join two protein-coding
regions, 1n the same reading frame.

Recombinant: A recombinant nucleic acid molecule is one that includes a sequence that 1s
not naturally occurring (such as a codon-optimized sequence) or has a sequence that 1s made by an
artificial combination of two otherwise separated segments of sequence. This artificial combination
can be accomplished by chemical synthesis or by the artificial manipulation of 1solated segments of
nucleic acid molecules, such as by genetic engineering techniques.

Similarly, a recombinant virus 1s a virus with a nucleic acid sequence that 1s non-naturally
occurring (such as a heterologous sequence that 1s not from the virus) or made by artificial

combination of at least two sequences of different origin. The term “recombinant™ also includes

_8 -
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nucleic acids, proteins and viruses that have been altered solely by addition, substitution, or
deletion of a portion of a natural nucleic acid molecule, protein or virus. As used herein,
“recombinant AAV” (rAAV) refers to an AAV particle in which a heterologous nucleic acid
molecule (such as a nucleic acid molecule encoding a codon-optimized ATP7A protein) has been
packaged.

Vector: A nucleic acid molecule allowing insertion of foreign nucleic acid without
disrupting the ability of the vector to replicate and/or integrate 1n a host cell. A vector can include
nucleic acid sequences that permit 1t to replicate 1n a host cell, such as an origin of replication. A
vector can also include one or more selectable marker genes and other genetic elements. An
expression vector 1s a vector that contains the necessary regulatory sequences to allow transcription

and translation of 1nserted gene or genes. In some non-limiting examples, the vector 1s an AAV.

I1. Codon-Optimized ATP7A, Vectors, and Recombinant Adeno-Associated Viruses

Disclosed herein are nucleic acids encoding a reduced-size ATP7A protein that have been
codon-optimized for expression in human cells. In some embodiments, a codon-optimized nucleic
acid encoding a reduced-size ATP7A protein includes a nucleic acid that 1s less than about 5 kb 1n
length (for example, less than about 4.5 kb, less than about 4 kb, less than about 3.5 kb, or less than
about 3 kb) encoding an ATP7A protein, wherein the encoded protein retains at least one activity ot
a native ATP7A protein, including copper binding, copper transport, and/or ATPase activity. In
some examples, the encoded ATP7A protein lacks one or more of the six N-terminal copper
binding sites (for example, lacks 1, 2, 3, 4, or 5 copper binding sites). In particular examples, the
encoded ATP7A protein has two N-terminal copper binding sites (for example, begins after the
fourth N-terminal copper binding sites). In some examples, the reduced size APT7A protein begins
with a methionine residue present in the native (full-length) protein, while 1n other examples, the
nucleic acid encoding the reduced-size ATP7A protein includes an exogenous translation start site.
In a particular example, the codon-optimized reduced-size ATP7A nucleic acid encodes a protein
beginning at amino acid number 461 (methionine) of the native ATP7A protein. In one specific
example, the nucleic acid encoding the reduced-size ATP7A protein 1s about 3.1 kb 1n length. An
exemplary codon-optimized reduced-size ATP7A nucleic acid 1s set forth as SEQ ID NO: 1. In
some examples, the codon-optimized nucleic acid encodes a reduced-size ATP7A protein having an
amino acid sequence set forth as SEQ ID NO: 2.

In other examples, the codon-optimized nucleic acids have a nucleic acid sequence at least
80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98% or at least

99% 1dentical to SEQ ID NO: 1. The disclosed codon-optimized nucleic acids encode an amino
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acid sequence at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at
least 98% or at least 99% 1dentical to SEQ ID NO: 2, wherein the encoded protein retains at least
one activity of a native ATP7A protein, including copper binding, copper transport, and/or ATPase
activity.

The nucleic acid sequence encoding the reduced-size ATP7A protein disclosed herein 1s
codon-optimized for the cell in which 1t 1s to be expressed. Codon usage bias, the use of
synonymous codons at unequal frequencies, 1s ubiquitous among genetic systems (Ikemura, J. Mol.
Biol. 146:1-21, 1981; Ikemura, J. Mol. Biol. 158:573-97, 1982). The strength and direction of
codon usage bias 1s related to genomic G + C content and the relative abundance of different
1soaccepting tRNAs (Akashi, Curr. Opin. Genet. Dev. 11:660-666, 2001; Duret, Curr. Opin. Genet.
Dev. 12:640-9, 2002; Osawa et al., Microbiol. Rev. 56:229-264, 1992). Codon usage can affect the
efficiency of gene expression. Codon-optimization refers to replacement of at least one codon
(such as at least 5 codons, at least 10 codons, at least 25 codons, at least 50 codons, at least 75
codons, at least 100 codons or more) 1n a nucleic acid sequence with a synonymous codon (one that
codes for the same amino acid) more frequently used (preterred) in the organism. Each organism
has a particular codon usage bias for each amino acid, which can be determined from publicly
available codon usage tables (for example see Nakamura et al., Nucleic Acids Res. 28:292, 2000
and references cited therein). For example, a codon usage database 1s available on the World Wide
Web at kazusa.or.jp/codon. One of skill in the art can modify a nucleic acid encoding a particular
amino acid sequence, such that it encodes the same amino acid sequence, while being optimized for

expression 1n a particular cell type (such as a human cell). In some examples, a codon-optimized

ATP7A sequence 1s generated using software, such as codon-optimization tools available from
Integrated DNA Technologies (Coralville, IA, available on the World Wide Web at
1dtdna.com/CodonOpt), GenScript (Piscataway, NJ), or Entelechon (Eurofins Genomics, Ebersberg,
Germany, available on the World Wide Web at entelechon.com/2008/10/backtranslation-tool/).
Also disclosed herein are vectors including the codon-optimized nucleic acids encoding the
reduced-size APT7A protein. In some examples, vector includes a codon-optimized reduced-size
ATP7A nucleic acid operably linked to a promoter. In one non-limiting example, the promoter 1s a
[3-actin promoter, such as a chicken -actin promoter. In other non-limiting examples, the promoter
1s an ATP7A promoter (such as a human ATP7A promoter), a latency-associated transcript (LAT)
promoter from HSV-1, a neuron-specific enolase promoter, or a 3-glucuronidase promoter (see,
e.g., Husain et al., Gene Ther. 16:927-932. 2009). One of skill in the art can select additional
promoters that can be used 1n the disclosed vectors. In additional examples, the ATP7A nucleic

acid 1s also operably linked to an enhancer element (such as a CMYV enhancer) and/or a
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polyadenylation signal (such as a 3-globin polyadenylation signal or an SV40 polyadenylation
signal).

In some embodiments, the vector 1s an adeno-associated virus (AAV) vector, an adenovirus
vector, an alphavirus vector, a herpesvirus vector, a lentivirus vector, or a vaccinia virus vector.
One of skill 1n the art can select an appropriate vector, for example, for use 1in the methods
described herein.

In particular embodiments, the vector 1s an AAV vector. The AAYV serotype can be any
suitable serotype for delivery of transgenes to a subject. In some examples, the AAV vector 1s a
serotype 9 AAV (AAV9). In other examples, the AAV vector 1s a serotype S AAV (AAV)S). In
other examples the AAV vector 1s a serotype 1, 2, 3,4, 6, 7,8, 10, 11 or 12 vector (i.e. AAVI,
AAV2, AAV3, AAV4, AAV6, AAVT, AAVSE, AAV10, AAVII or AAV12). In yet other
examples, the AAV vector 1s a hybrid of two or more AAYV serotypes (such as, but not imited to
AAV2/1, AAV2/T, AAV2/8 or AAV2/9). The selection of AAV serotype will depend 1n part on
the cell type(s) that are targeted for gene therapy. For treatment of ATP7A-related copper transport
disorders, neurons (such as central nervous system neurons or motor neurons) are examples of
relevant target cells. In other examples, renal tubule epithelhial cells, enterocytes, skin cells, and/or
muscle cells are also relevant target cells.

AAYV 1s a small, non-enveloped helper-dependent parvovirus classified in genus
Dependoparvovirus of tamily Parvoviridae. AAV has a hinear, single-stranded DNA genome of
about 4.7 kb. The genome 1s flanked by inverted terminal repeats (ITRs) flanking two open reading
frames (ORFs), rep and cap. The rep ORF encodes four replication proteins (Rep78, Rep68,
RepS52, and Rep4) and the cap ORF encodes three viral capsid proteins (VP1, VP2, and VP3) and
an assembly activating protein (AAP). AAYV requires a helper virus (such as adenovirus, herpes
simplex virus, or other viruses) to complete its life cycle. AAV 1s currently 1n use 1n numerous
gene therapy clinical trials worldwide. Although AAYV 1nfects humans and some other primate
species, 1t 1s not known to cause disease and elicits a very mild immune response. Gene therapy
vectors that utilize AAV can infect both dividing and quiescent cells and persist 1n an
extrachromosomal state without integrating into the genome of the host cell. AAV possesses
several desirable features for a gene therapy vector, including the ability to bind and enter target
cells, enter the nucleus, the ability to be expressed 1n the nucleus for a prolonged period of time,
and low toxicity. Because of the advantageous features of AAV, 1n some embodiments the present
disclosure contemplates the use of AAYV for the recombinant nucleic acid molecules and methods

disclosed herein.
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The I'TRs are the only component required tor successtul packaging of a heterologous
protein 1n an AAYV capsid. Thus, disclosed herein are AAV vectors that include a codon-optimized
nucleic acid encoding a reduced-size ATP7A protein (such as SEQ ID NO: 1) operably linked to a
promoter. In some examples, the AAV vector includes 5" and 3’ I'TRs flanking a codon-optimized
nucleic acid encoding a reduced-size ATP7A protein (such as SEQ ID NO: 1) operably linked to a
promoter. In one specific example, the flanking ITRs are from AAV2.

The vector may also include additional elements, such as an enhancer element (e.g., a
nucleic acid sequence that increases the rate of transcription by 1increasing the activity of a
promoter) and/or a polyadenylation signal. In particular examples, the enhancer 1s a
cytomegalovirus (CMV) enhancer or a woodchuck post-transcriptional regulatory element
(WPRE). Exemplary promoters include a chicken 3-actin (CBA) promoter, a ubiquitous promoter
(such as a glucuronidase beta (GUSB) promoter), or a neuronal-specitic promoter (such as platelet-
derived growth factor B chain (PDGF-beta) promoter or neuron-specific enolase (NSE) promoter).
In additional examples, the polyadenylation signal 1s a B-globin polyadenylation signal, an SV40
polyadenylation signal, or a bovine growth hormone polyadenylation signal. Other elements that
optionally can be included 1n the vector include tags (such as 6xHis, HA, or other tags for protein
detection). Any combination of I'TRs, enhancers, promoters, polyadenylation signals, and/or other
elements can be used 1n the vectors disclosed herein.

In some examples, the vector includes (from 5’ to 3"): an AAV 5’ ITR, an enhancer, a
promoter, a codon-optimized reduced size ATP7A coding sequence, a polyadenylation signal, and
an AAV 3" ITR. In one non-limiting example, the vector includes (from 5" to 3") AAV2 5" ITR, a
CMYV enhancer, a chicken [3-actin promoter, SEQ ID NO: 1 (or a sequence with at least 80%
1dentity to SEQ ID NO: 1), rabbit -globin polyadenylation signal, and AAV?2 3" ITR (e.g., FIG. 3).

There are at least 10 ditferent AAV serotypes (AAV1 through AAV10), which have
different tissue or cell tropism. For example, capsid proteins from AAYV serotypes 1, 5, and 6 bind
to N-linked sialic acid, AAV4 binds to O-linked sialic acid, AAV2, 3, and 6 bind heparin sulfate
proteoglycans, and AAVY binds to N-terminal galactose residues. See, e.g., Murhidharan et al.,
Front. Mol. Neurosci. 776, 2014. Thus, specific AAV serotypes may be particularly suitable for
transducing specific cell types, such as neurons. In non-limiting examples, AAV serotype 2, AAV
serotype 35, or AAYV serotype 9 are utilized for central nervous system (CNS) expression with the
recombinant nucleic acids, vectors, and methods described herein. One of skill 1n the art will
appreciate that other AAV serotypes can also be utilized 1n the constructs and methods disclosed

herein.
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Methods for producing recombinant AAV (rAAV), for example, rAAYV suitable for gene
therapy are well known 1n the art, and can be utilized with the recombinant nucleic acid molecules,
vectors and methods disclosed herein. In some examples, TAAYV 1s produced using a three plasmid
system with a plasmid (vector) including the AAV ITRs tlanking a promoter operably linked to a
nucleic acid encoding a protein of interest (such as a codon-optimized rsATP7A-encoding nucleic
acid), a plasmud including AAYV rep and cap genes operably linked to promoters, and a plasmid
encoding helper virus proteins. Cells are cotransfected with the three plasmids and viral assembly
occurs. The resulting rAAYV particles are purified (for example by gradient centrifugation or
HPLC) and can be administered to a subject (such as a subject with ATP7A-related copper
transport disorder) or are used tor transduction of target cells for production of the protein of
interest (such as rsATP7A). In other examples, a two plasmid system 1s utilized, with a packaging
plasmid (for example including rep and/or cap genes) and a plasmid including the AAV ITRs
flanking a promoter operably linked to a nucleic acid encoding a protein of interest (such as a
codon-optimized rsATP7A-encoding nucleic acid). In this case, additional factors tor rAAV
production are provided by infection with a helper virus. See, e.g., U.S. Patent Application
Publication Nos. 2012/0100606, 2012/0135515, 2011/0229971, and 2013/0225666. In particular
examples, the TAAYV 1s serotype AAVY or serotype AAVS.

Also provided herein are 1solated host cells comprising the nucleic acid molecules or
vectors disclosed herein. For example, the 1solated host cell can be a cell (or cell line) appropriate
for production of rAAV. In some examples, the host cell 1s a mammalian cell, such as a HEK-293
(or HEK293T), BHK, Vero, RD, HT-1080, A549, COS-7, ARPE-19, or MRC-5 cell. One of
ordinary skill in the art can select additional cells that can be transtormed with the nucleic acids

and/or vectors disclosed herein.

III. Methods and Compositions for Treating Copper Transport Disorders

Disclosed herein are methods of treating a subject with an ATP7A-related copper transport
disorder which include administering to the subject an effective amount of a vector comprising a
codon-optimized reduced-size ATP7A nucleic acid or a recombinant virus (such as an rAAV)
including a codon-optimized reduced-size ATP7A nucleic acid. In particular examples, a
composition including the recombinant virus (e.g., a recombinant virus and a pharmaceutically
acceptable carrier) 1s administered to the subject. The composition can be administered as a single
dose or multiple doses (such as 2, 3, 4, or more doses).

Compositions including a vector or virus (such as an rAAV) disclosed herein and a

pharmaceutically acceptable carrier are also provided by the present disclosure. Pharmaceutically
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acceptable carriers are determined 1n part by the particular composition being administered, as well
as by the particular method used to administer the composition. See, e.g., Remington: The Science
and Practice of Pharmacy, The Unmversity of the Sciences in Philadelphia, Editor, Lippincott,
Williams, & Wilkins, Philadelphia, PA, 215 Edition (2005). Accordingly, there is a wide variety of
suitable formulations of pharmaceutical compositions ot the present disclosure.

Preparations for parenteral administration include sterile aqueous or non-aqueous solutions,
suspensions, and emulsions. Examples of non-aqueous solvents are propylene glycol, polyethylene
glycol, vegetable oils such as olive o1l, and 1njectable organic esters such as ethyl oleate. Aqueous
carriers include water, alcoholic/aqueous solutions, emulsions or suspensions, including sorbitol,
saline, and buttered media. Parenteral vehicles include sodium chloride solution, Ringer’s
dextrose, dextrose and sodium chloride, lactated Ringer’s, or fixed o1ls. In particular examples, the
compositions disclosed herein include one or more of sorbitol, polyethylene glycol, or propylene
glycol (for example at about 0.1% to about 50%, such as about 1-10%, about 1-5%, about 5-40%,
or about 10-30% w/v). In another particular example, the compositions disclosed herein includes
lactated Ringer’s solution.

Intravenous vehicles may also include fluid and nutrient replenishers, electrolyte
replenishers (such as those based on Ringer’s dextrose), and the like. Preservatives and other
additives may also be present such as, for example, antimicrobials, anti-oxidants, chelating agents,
and 1nert gases and the like. The compositions may also include detergents, such as TWEEN-20,
TWEEN-40, TWEEN-60, or TWEEN-80 (for example at about 0.05-5%, such as about 0.1%-1%,
about 0.5-5%, about 0.2-2%, or about 1-5%). In some embodiments, the compositions are
tormulated for intracerebral or intravenous administration. Suitable pharmaceutical formulations
for administration of rAAYV can be found, tor example, in U.S. Patent Application Publication No.
2012/02193528 (herein incorporated by reference).

The disclosed compositions are administered to a subject having or suspected to have an
ATP7A-related copper transport disorder, including but not limited to Menkes disease, occipital
horn syndrome, or X-linked distal hereditary motor neuropathy. One of ordinary skill in the art can
1dentify a subject as having an ATP7A-related copper transport disorder based on clinical
presentation, serum copper levels (e.g., Menkes disease or OHS), and/or genetic diagnosis (e.g.,
presence of one or more mutations 1n the gene encoding ATP7A). See, e.g., Kaler, Nature Rev.
Neurol 7:15-29, 2011; Kaler, Handbook Clin. Neurol. 113:1745-1754, 2013.

In some embodiments, the disclosed compositions (such as compositions including
vector(s) and/or virus(es)) are administered to the subject by any effective route, for example,

parenterally or enterally. Exemplary routes of administration include by injection (such as
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intracranial, intracerebral, intrathecal, intracerebroventricular, intravenous, intraperitoneal,
subcutaneous, or intradermal 1njection), oral, enteral, sublingual, transdermal, intranasal, or
inhalation routes of administration. In some examples, the compositions are administered by
injection 1n the CNS, such as intracerebral, intracerebroventricular, intrathecal, intra-cerebrospinal
fluid, epidural, or intraparenchymal 1njection. In some specific examples, the composition 18
administered by 1njection 1n the CSF. In other examples, the compositions are administered
intravenously. In particular examples, the route of adminmistration may be selected based on the
serotype of the AAV vector or TAAV used. For example, neuronal transduction has been observed
following intravenous administration of AAVI1, AAV6, AAVS, AAVY, AAVRh.8, and AAVRh.10
(see, e.g., Murlidharan et al., Front. Mol. Neurosci. 776, 2014). Direct administration of the
composition to the CNS may be required if AAV2, AAV4, or AAVS are utilized.

In some embodiments, a disclosed rAAYV is administered at a dose of about 10* to about
10'* virions (viral particles). In some examples, the rAAV is administered at a dose of about 10° to
about 10%° virions or about 10° to about 10*? virions. In specific non-limiting examples, the rAAV
is administered at a dose of at least about 10%, at least about 10°, at least about 10°, at least about
107, at least about 1083, at least about 107, at least about 1019, at least about 10!, at least about 102,
at least about 10'°, or at least about 1 x 10'* virions. In other non-limiting examples, the rAAV is
administered at a dose of no more than about 10!°, no more than about 10!, no more than about
10'2, no more than about 10'3, or no more than about 10'* virions. In additional examples, the
rAAV is administered at a dose of about 10° to about 10'* viral genomes (vg) (such as about 1.6 x
10° vg, about 5 x 10° vg, about 1.6 x 10'° vg, about 5 x 10'° vg, about 1.6 x 10!! vg, about 5 x 10!
vg, about 1.6 x 10'% vg, about 5 x 10'* vg, about 1.6 x 103 vg, or about 5 x 10'° vg or about 1.6 x
10'* vg.

In other embodiments, the TAAYV is administered at a dose of about 1 x 10!° to about 1 x
10'* viral genomes (vg)/kg. In some examples, the rAAV is administered at a dose of about 1 x
109 to about 1 x 10" vg/kg. In specific non-limiting examples, the rAAV is administered at a dose
of at least about 1 x 10!V, at least about 5 x 101Y, at least about 1 x 10!, at least about 5 x 10!, at
least about 1 x 10!2, at least about 5 x 10!2, at least about 1 x 10!, at least about 5 x 1013, or at least
about 1 x 10'* vg/kg. In other non-limiting examples, the rAAV is administered at a dose of no
more than about 1 x 10'°, no more than about 5 x 10!V, no more than about 1 x 10!, no more than
about 5 x 10!, no more than about 1 x 102, no more than about 5 x 10!%, no more than about 1 x
10'°, no more than about 5 x 10'°, or no more than about 1 x 10'* vg/kg. In one non-limiting

example, the TAAYV is administered at a dose of about 1 x 10'? vg/kg, about 4 x 10'? vg/kg, or about
1 x 1013 vg/kg.
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Appropriate doses can be determined by one of skill in the art, for example through routine
trials establishing dose-response curves. The rAAYV can be administered 1n a single dose, or 1n
multiple doses (such as 2, 3,4, 5, 6,7, 8,9 or 10 doses) as needed for the desired therapeutic
results.

In some subjects with ATP7A-related copper transport disorders (particularly Menkes
disease and OHS), treatment may also 1include administration of copper therapy by a parenteral
(e.g., subcutaneous) route (see, e.g., Kaler et al., N. Eng. J. Med. 358:605-614, 2008; Kaler J. Trace
Elem. Med. Biol. 28:4277-430, 2014). This additional therapy may be necessary due to defects in
copper transport 1n the gut resulting from ATP7A detfects, and leading to low serum copper levels.
Thus, 1n some embodiments, a subject treated with the compositions disclosed herein (for example
a subject with reduced serum copper levels, such as a subject having Menkes disease or OHS) 1s
also treated with copper therapy. Copper therapy may not be necessary 1n subjects with normal or
near normal serum copper levels, such as subjects with ATP7A-related distal motor neuropathy;
however, a clinician can 1dentity whether copper therapy should be administered 1n patients with an
ATP7A-related copper transport disorder.

The copper used for treatment may be 1n any form that can be conveniently administered
and having an acceptable level of side effects (such as proximal renal tubular damage). In some
examples, copper 1s 1n the form of copper histidine, copper histidinate, copper gluconate, copper
chloride, and/or copper sultate. In some examples, the copper 1s cGMP grade copper, such as
cGMP grade copper histidinate. Generally a suitable dose 1s about 250 pg to about 500 pug of
copper (such as copper histidinate, copper chloride, or copper sultate) per day or every other day.
However, other higher or lower dosages (or split doses) also could be used, such as from about 50

ug to about 1000 pg (such as about 50 ug to 200 g, about 100 ug to 500 Lg, about 250 ug to 750
g, or about 500 ug to 1000 Lg) per day or every other day, for example, depending on the subject

age (e.g., infant, child, or adult) and body weight, route of administration, or other factors
considered by a clinician. In some examples, subjects under 12 months of age are administered the
copper 1n two daily doses, while subjects 12 months of age or older are administered the copper in a
single daily dose. Copper therapy 1s administered by one or more parenteral routes, including, but
not limited to subcutaneous, intramuscular, or intravenous administration. In one specific example,
copper therapy (such as copper histidinate) 1s administered by subcutaneous 1njection.

The copper can be administered to the subject prior to, stmultaneously, substantially
stmultaneously, sequentially, or any combination thereof, with the codon-optimized rsATP7A
nucleic acids, vectors, recombinant viruses, or compositions described herein. In some examples,

at least one dose of copper 1s administered within 24 hours of administration of the codon-
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optimized rsATP7A nucleic acid, vectors, recombinant viruses, or compositions described herein.
Additional doses of copper can be administered at later times, as selected by a clinician. In some
examples, copper therapy 1s administered daily for at least 3 months, at least 6 months, at least 1
year, at least 2 years, at least 3 years or more (such as about 3 months to 5 years, 6 months to 3
years, 1 to 2 years, 2 to 6 years, or 1 to 5 years). Copper therapy (such as daily adminmstration of
copper) may begin immediately upon diagnosis of a subject with an ATP7A-related copper
transport disorder and 1n some examples may occur prior to administration of the codon-optimized
rsATP7A nucleic acids, vectors, recombinant viruses, or compositions described herein, and also
continue daily following rsATP7A administration. One of ordinary skill in the art can also select
additional treatments for subjects with an ATP7A-related copper transport disorder, such as L-
threo-dihydroxyphenylserine (L-DOPS, also known as droxidopa).

In some embodiments, the methods also 1include selecting a subject for treatment with a
disclosed codon-optimized reduced size ATP7A nucleic acid, a vector or virus including a codon-
optimized reduced size ATP7A nucleic acid, or a composition including such nucleic acids, viruses,
or vectors. For example, the disclosed methods can include selecting a subject with an ATP7A-
related copper transport disorder, such as Menkes disease, occipital horn disease, or ATP7A-related
distal motor neuropathy. Selection of a subject can be based on clinical symptoms, biochemical
findings, molecular diagnostics (such as presence of one or more mutations in ATP7A), or a
combination of two or more thereof. Thus, 1n some examples, a subject with an ATP7A-related
copper transport disorder 1s selected based on clinical symptoms, such as coarse hair, hypotonia,
seizures, cerebral and cerebellar neurodegeneration, and/or failure to thrive in infants at about 2-3
months of age (e.g., Menkes disease), cutis laxa, loose joints, wedge-shaped calcium deposits of the
occipital bone, and/or coarse hair (e.g., OHS), or progressive distal motor neuropathy, pes cavus,
hammer toes, and/or curled fingers (e.g., ATP7A-related distal motor neuropathy). In other
examples, the subject 1s selected based on biochemical findings, such as low serum copper levels,
low serum ceruloplasmin levels, and/or abnormal serum or CSF neurochemical levels (such as
dopamine, norepinephrine, or metabolites thereof), either alone or 1n conjunction with clinical
symptoms. In other examples, the subject 1s selected based on abnormal plasma or CSF
neurochemical alone, 1n the absence of any other biochemical or clinical symptoms. Exemplary
methods of determining serum copper, serum ceruloplasmin, or serum or CSF neurochemaical levels
are described below.

In still further examples, a subject with an ATP7A-related copper transport disorder 1s

selected based on molecular diagnostics, for example, presence of one or more mutations 1n

ATP7A, such as those that result in reduced ATP7A activity or absence of detectable ATP7A

- 17 -



10

15

20

25

30

CA 03001574 2018-04-10

WO 2017/070472 PCT/US2016/058124

expression. Subjects may be selected based on ATP7A DNA sequence alone, 1n the absence of any
other biochemical or clinical abnormality or may be selected based on presence of ATP7A
mutation(s) and one or more other biochemical and/or clinical symptom. Exemplary mutations in
ATP7A 1include those described in International PCT Publication No. WO 2010/042102,
incorporated herein by reference 1n its entirety, for example, Q197X, R201X, A629P, S637/L,
GO666R, G727R, S833G, G1019D, N1304S, A1362D, IVS8,AS,dups, EVS9,DS+6T>(0,
IVS21,DS,+3A>T, Deld246-4260, and Del4284-4315. Additional exemplary ATP7A mutations
are described 1n Kaler, J. Trace Elem. Med. Biol. 28:427-430, 2014, incorporated herein by
reference 1n 1ts entirety, and Online Mendelian Inheritance in Man (OMIM) Accession No. 300011,
incorporated herein by reterence as present in OMIM on October 21, 2015. One of ordinary skill 1n
the art can 1dentify additional ATP7A mutations (including those not yet identified) that may be
present 1n a subject with an ATP7A-related copper transport disorder. Exemplary methods of
1dentifying presence of one or more ATP7A mutations 1n a subject include sequencing (e.g.,
genomic or CDNA sequencing), allele-specific PCR or allele-specitic oligonucleotide hybridization,
microarray analysis, denaturing gradient gel electrophoresis, denaturing HPLC, enzyme mismatch
cleavage, or other methods known to one of ordinary skill in the art.

In some embodiments, the effectiveness of treatment of a subject with a codon-optimized
reduced-size ATP7A cDNA (such as rAAV containing a codon-optimized reduced-size ATP7A
nucleic acid as disclosed herein) 1s evaluated by determining one or more biochemical marker of
copper metabolism 1n a sample from a subject (such as serum or CSF copper level, serum
ceruloplasmin level, plasma or CSF catecholamine levels, or cellular copper egress). Methods of
detecting these biochemical markers of copper metabolism are well known 1n the art.

In some examples, a value for a biochemical marker of copper metabolism (such as copper
level, ceruloplasmin level, catecholamine level, or cellular copper egress) 1n a sample from a
subject 1s compared to a value for the same marker from a control (such as a reterence value, a
control population, or a control individual). In some examples, a control 1s a subject with untreated
APT7A-related copper transport disorder (or a retference value or a control population with
untreated APT7A-related copper transport disorder). In other examples, a control 1s a healthy
subject (such as a subject that does not have a copper transport disorder) or a reterence value or
healthy control population. In some examples, the control may be samples or values from the
subject with the APT7A-related copper transport disorder, for example, prior to commencing
treatment.

In some examples, the biochemical marker of copper metabolism 1n a sample from a subject

1s compared to a value obtained from a control sample from a single individual. In other examples,
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the biochemical marker of copper metabolism 1n a sample from a subject 1s compared to a value
obtained from a control population, such as control samples from more than one individual (such as
two or more individuals, five or more individuals, ten or more 1ndividuals, or even 100 or more
individuals). In the case of a control population, the value of the sample from the subject can be
compared to the mean of the control population values or to the range of the values from the control
population. In further examples, the biochemical marker of copper metabolism 1n a sample from a
subject 1s compared to a reference value, such as a standard value obtained from a population of
normal individuals that 1s used by those of skill in the art. Similar to a control population, the value
of the sample from the subject can be compared to the mean reference value or to a range of
reference values (such as the high and low values 1n the reference group or the 95% confidence
interval).

Copper Levels

One biochemical marker of copper metabolism 1s the level of copper 1n a sample from a
subject (such as serum, plasma, or CSF). In some examples, reduced copper level as compared to a
normal control individual or normal control population 1s a marker of Menkes disease or OHS.
Methods of determining copper levels 1n a sample (such as serum, plasma, or CSF from a subject)
are well known to one of skill in the art. In some examples, methods for determining copper levels
1n a sample include flame atomic absorption spectrometry, anodic stripping voltammetry, graphite
furnace atomic absorption, electrothermal atomic absorption spectrophotometry, inductively
coupled plasma-atomic emission spectroscopy, and inductively coupled plasma-mass spectrometry.
See, e.g. Evenson and Warren, Clin. Chem. 21:619-625, 1975; Weinstock and Uhlemann, Clin.
Chem. 27:1438-1440, 1981; WO 93/017321.

Ceruloplasmin Levels

Ceruloplasmin 1s the major copper-carrying protein in the blood. This protein has
ferroxidase and amine oxidase activity and catalyzes the enzymatic oxidation of p-
phenylenediamine (PPD) and Fe(Il). Levels of ceruloplasmin 1n a sample from a subject (such as
serum, plasma, or CSF) are a biochemical marker of copper metabolism. In some examples,
reduced ceruloplasmin level as compared to normal control sample or population or a reterence
value 1s a marker of Menkes disease or OHS.

Methods of determining ceruloplasmin levels 1n a sample (such as serum, plasma, or CSF)
are well known to one of skill in the art. In one example, ceruloplasmin levels 1n a sample are
determined by measuring ceruloplasmin oxidase activity (such as PPD-oxidase activity or
ferroxidase activity). See, e.g., Sunderman and Nomoto, Clin. Chem. 16:903-910, 1970). The rate

of formation of oxidation product 1s proportional to the concentration of serum ceruloplasmin (with
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a correction for non-enzymatic oxidation of substrate). In another example, ceruloplasmin levels 1n
a sample are determined by immunoassay, such as ELISA, dissociation-enhanced time-resolved
fluoroimmunoassay, or turbidimetric immunoassay (see, e.g., U.S. Pat. Nos. 6,806,044; 6,010,903;
5,491,066). In a further example, ceruloplasmin levels are determined by purifying ceruloplasmin
and analyzing the copper content using inductively coupled plasma mass spectroscopy to provide a
copper 1on specific signal; and the sample 1s evaluated for ceruloplasmin based on the copper 10on
specific signal (see, e.g., U.S. Pat. Publication No. 2007/0161120).
Catecholamine Levels

Copper 1s required for activity of metabolic enzymes (such as dopamine 3 hydroxylase,
lysyl oxidase, and cytochrome ¢ oxidase). For example, copper 1s required tor the activity of the
enzyme dopamine [} hydroxylase (DBH), which converts dopamine to norepinephrine. In some
examples, catecholamine levels (such as plasma or CSF catecholamine levels) are correlated with
DBH activity. A portion of the metabolic pathway of dopamine and norepinephrine 1s shown

below.

Dopamine 3

hydroxylase
Dopamine (DA) ——  §  Norepmephrine (NE)

\4

Dihydroxyphenylacetic acid (DOPAC) Dihydroxyphenylglycol (DHPG)

If there 1s decreased copper available (such as 1n Menkes disease or OHS), activity of DBH 1s
decreased, resulting 1n decreased norepinephrine levels and increased dopamine levels. Substrates
and metabolites of dopamine (DA) and norepinephrine (NE) are also affected.

Catecholamine levels can be informative to changes in copper metabolism. As the activity
of one or more enzymes (such as DBH) change, the ratio of substrate metabolites to product
metabolites can indicate the direction of the change. In some examples, increases 1n enzyme
activity will be reflected by decreases 1n the ratio of one or more substrates to its products.
Likewise, decreases 1n enzyme activity will be reflected by increases 1n the ratio of one or more
substrates to 1ts product (such as the ratio of dopamine to norepinephrine). These ratios can be
ratios of two metabolites or ratios of complex relationships among metabolites. Further, the

metabolites do not need to be direct product-substrate metabolites of specific enzymes (or a specific
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enzyme), but can be ratios of any two or more metabolites (such as the ratio of DOPAC: DHPG or
DA:NE).

In some examples, the quantity of one or more catecholamines (reported 1n either an
absolute or relative concentration, or a ratio thereof) 1s correlated to DBH activity. Thus, some of
the provided methods involve quantifying one or more catecholamine 1n a biological sample from a
subject. Catecholamines include compounds that include a catechol group (such as the classical
catecholamines, for example, dopamine, norepinephrine, and epinephrine). In additional examples,
catecholamines include metabolites or substrates of the classical catecholamines. In some
examples, catecholamines include metabolites of dopamine (for example, DOPAC, 3-
methoxytyramine, and homovanillic acid) and metabolites of norepinephrine (for example, DHPG,
normetanephrine, 3,4-dihydroxymandelic acid, 3-methoxy-4-hydroxymandelic acid, and 3-
methoxy-4-hydroxyphenylethylene glycol).

Methods of determining catecholamine levels are known to one of skill in the art. These
methods include fluorometric, radioenzymatic, immunologic (such as radioimmunoassay),
electrophoretic, electrochemical (such as fast scan cyclic voltammetry) and chromatographic (such
as high pressure liquid chromatography (HPLC)) methods, or combinations thereof. See, e.g.,
Raum, Am. J. Physiol. Endocrinol. Metab. 247:E4-E12, 1984; Robinson et al., Clin. Chem., 49:
1763-1773, 2003; Holmes et al., J. Chromatogr. B Biomed. Appl. 653:131-138, 1994; Eisenhoter et
al., Clin. Chem. 32:2030-2033, 1986. In a particular example, catecholamine levels are determined
by high-pressure liquid chromatography with electrochemical detection.

In some examples, catecholamine levels are correlated with DBH activity. In particular
examples, catecholamines include dopamine, norepinephrine, dihydroxyphenylacetic acid
(DOPAC), dihydroxyphenylglycol (DHPG), or a combination of two or more thereof. For
example, patients with ATP7A-related copper transport disorders have decreased DBH activity,
which can be retlected by an increase 1n the substrate of the enzyme (such as dopamine) or an
increase 1n a metabolite of the substrate (such as DOPAC, 3-methoxytyramine, and homovanillic
acid) as compared to a healthy subject or population. In other examples, decreased DBH activity
can be retlected by a decrease 1n a product of the enzyme (such as norepinephrine) or a decrease 1n
a metabolite of the product of the enzyme (such as DHPG, normetanephrine, 3,4-
dihydroxymandelic acid, 3-methoxy-4-hydroxymandelic acid, and 3-methoxy-4-
hydroxyphenylethylene glycol).

In additional examples, a ratio of catecholamine levels correlates with DBH activity.
Decreased DBH activity can be reflected by an increase 1n the ratio of a substrate of the enzyme

(such as dopamine) to a product of the enzyme (such as norepinephrine) as compared to a normal
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control sample or population or a reference value. In other examples, decreased DBH activity 1s
correlated to an increase 1n the ratio of DOPAC to DHPG.
Cellular Copper Egress

ATP7A 1s responsible for the transport of copper across the plasma membrane from the cell
cytoplasm to the external environment. As a result, cells expressing an ATP7A with reduced or
absent copper transport activity accumulate copper inside the cell and exhibit reduced cellular
copper egress. In some examples, reduced cellular copper egress can be used as a biochemical
marker of abnormal copper metabolism.

Methods for determining cellular copper egress are well known 1n the art. Classically,
egress of radiolabeled copper 1s measured 1n pulse-chase experiments utilizing 1solated cells (such
as 1solated fibroblast or lymphoblast cells), such as cells from an individual having Menkes disease
or OHS. See, e.g., La Fontaine et al., J. Biol. Chem. 273:31375-31380, 1998; Goka et al., Proc.
Natl. Acad. Sci. USA 73:604-606, 1976. In some examples, cells (such as fibroblast or lymphoblast
cells) are incubated with radioisotopic copper (such as **Cu or ®’Cu) and the cells are allowed to
take up the copper. Uptake of copper by the cells can be determined by measuring the radioisotope
in the cells (such as by scintillation counting). Once the cellular copper 1s 1n equilibrium with the
extracellular copper, copper egress can be measured (such as loss of copper from the cells 1n a
period of time). In other examples, cells are cultured 1n standard medium and total intracellular
copper 1s measured 1n 1solated cells, for example by atomic absorption spectroscopy. Cellular
copper egress can also be retlected by copper retention of cells. Copper retention 1s the amount of

copper remaining 1n cells (for example cells labeled with radioisotopic copper) following a period

of time 1n medium lacking the radioisotopic copper.

Example 1
Codon-Optimized Reduced-Size ATP7A

This example describes construction of the codon-optimized reduced-size ATP7A cDNA.

The codon-optimized reduced-size ATP7A sequence was generated from native reduced-
size ATP7A sequence (SEQ ID NO: 3) using Codon Optimization software (Integrated DNA
Technologies, available at 1dtdna.com/CodonOpt). Criteria used to select the specific sequence

included low complexity, codon fitness, codon usage patterns, and codon context. The sequence of

SEQ ID NO: 1 was selected tor constructing vectors and further experiments.
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Example 2
Production of Codon-Optimized Reduced-Size ATP7A AAV

This example describes construction of AAV containing the codon-optimized reduced-size
ATP7A cDNA and expression in HEK293T cells.

The codon-optimized version of rs-ATP7A (co.rsATP7A; SEQ ID NO: 1) was synthesized
and cloned 1into an AAV9Y vector containing the CMV/CBA promoter/enhancer elements (FIG. 3).
Triple-transtection method was used to produce high-titer AAV9. This method entailed transient
transfection of HEK293T cells with three plasmids: one encoding the transgene plus promoter,
flanked by internal terminal repeats (ITRs), one encoding the AAYV rep and cap genes, and a helper
plasmid providing adenoviral protein function. Prior to animal studies, expression of co.rsATP7A
in CHO cells and HEK293T cells was assessed. As shown 1n FIG. 4, transfection of HEK293T
cells with pTR-CAG-rsATP7A resulted 1n low, but detectable amounts of rsATP7A protein (Lane

2, 25 Ug total protein loaded). In contrast, transtection with the codon-optimized version (pTR-

CAG-co-rsATP7A) resulted 1n about 40-fold higher gene expression (Lane 3, 1.25 ug total protein

loaded, Lane 4, 25 g total protein loaded) than transtection with the native rsATPA construct

(compare Lanes 2 and 4).

Example 3
co-rSATP7A enhances Survival in a Mouse Model of Menkes Disease
This example describes survival in a mouse model of Menkes disease when treated with
AAVY co-rsATP7A 1n combination with copper histidinate.
The AAVO co-rsATP7A described in Example 2 was administered to C57BL/6-Atp7a™""

mice (mo-br mice) by intracerebroventricular injection. The mice were 1njected bilaterally on day
two of life with 1.6x10” vg in 5 ul of lactated Ringer’s solution. Some of the mice were also

treated with copper histidinate (15 Lg) by subcutaneous 1injection during the first week of lite (5 ug,
d4-6). About 70% of the mice treated with combination AAVY co-rsATP7A and copper histidinate

survived at least 100 days (FIG. 5). In contrast, mice treated with AAVY alone and untreated mice
did not survive past 20 days, and mice treated with copper histidinate did not survive beyond about
28 days (FIG. 5).

Difterent AAV serotypes were also tested for efficacy in mo-br mice. All showed increased
survival compared to untreated mice, which did not survive to weaning (FIG. 6). AAV9Y co-
rsATP7A showed the highest efficacy, with 100% of the treated mice surviving to weaning and
70% showing long-term survival (FIG. 6).
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Example 4
Evaluation of Codon-Optimized Reduced-Size ATP7A in a Mouse Model of Menkes Disease
This example describes testing of the efficacy of the codon-optimized reduced-size ATP7A
AAYV 1n a mouse model of Menkes Disease.
The AAV described in Example 2 are administered to C57BL/6-Atp7a™°-"" mice (mo-br
mice) by intracerebroventricular injection. The mice are injected bilaterally on day two of life with

specific doses of viral particles (such as those 1n Table 1) 1n 2 ul of lactated Ringer’s solution.
Some mice are also treated with copper histidinate by subcutaneous 1njection (15 ug total dose)

during the first week of life. Wild type mice are used as controls 1n most cases, since untreated mo-

br mice die before weaning.

Table 1. Virus and Copper Doses and Timing

Dose Level Total Dose (vg) Dose/kg scCu dose
Low 5.0x10° ICV d2 3.3x10% 5 ug, d4-6
Medium 1.6x10'Y ICV d2 1.1x10% 5 ug, d4-6
High 5.4x101°ICV d2 3.6x10% 5 ug, d4-6

vg, viral genomes; ICV, intracerebroventricular; sc, subcutaneous, d, day of life

Neurobehavioral testing (wire hang test, rotarod test, and/or gait analysis) 1s carried out on
AAV-treated mo-br mice, AAV plus copper-treated mo-br mice, and wild type mice starting at
about day 25 of Iife. In the wire hang test, mice are placed on a wire cage rack about 50 cm above
a soft surface. The rack 1s inverted and the length of time the mouse can hang from the rack 1s
measured (maximum time 60 seconds). The test may be repeated up to three times per session (one
minute rest between tests) if the mouse does not complete the full 60 seconds.

In the rotarod test, mice are placed on a 3.5 cm diameter rod. The rod 1s rotated at 4 r.p.m.
and the length of time the mouse remains on the rod 1s measured (maximum time 60 seconds). The
test may be repeated up to three times per session (one minute rest between tests) it the mouse does
not complete the full 60 seconds. The mice are acclimated to the rod for tour consecutive days
(from 21 to 24 days of age) before testing commences.

Appropriate statistical analysis 1s used to determine 1t there are statistically significant
differences among wild type, AAV-treated, and mock-treated groups for clinical biochemical,

and/or pathological outcome methods. Tests may include Kruskal-Wallis non-parametric one-way
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analysis of variance. Additional tests, such as student’s t test or Wilcoxon signed-rank analysis
may also be used for pair-wise comparisons, as appropriate.

Untreated mo-br mice do not survive past weaning, so survival of treated mice 1s one
indicator of efficacy of AAV or AAYV plus copper treatment. It 1s expected that surviving treated
mo-br mice will potentially have at least partially reduced motor or neurological function (e.g.,
balance and/or coordination) compared to wild type mice. However, 1n some examples, surviving

treated mo-br mice have little or no neurological deficits compared to unatfected littermates.

Example 5
Neuropathology and Biochemistry of AAV-Treated Mice

This example describes the neuropathology and biochemistry of mice treated with the
codon-optimized reduced-size ATP7A AAYV 1n a mouse model of Menkes Disease.

Mice are treated as described 1n Examples 3 and 4. In some examples, untreated mo-br
mice are used tor comparison at early time points. Neuropathology 1s evaluated on brain sections
by hematoxylin and eosin (H&E) staining, immunohistochemistry, and/or electron microscopy. In
some examples, hippocampal neuron death and/or number of Purkinje cells 1s scored in H&E
stained sections. Treatment efficacy (AAV or AAYV plus copper) may be indicated by reduced cell
death and/or increased numbers of Purkinje cells compared to untreated mo-br mice (for example at
day 12 of life), and 1n some examples may be comparable to wild type mice. In other examples,
myelination 1s evaluated, for example by Luxol fast blue staining. Myelination levels (for example
in the corpus callosum) 1n treated mo-br mice similar to that observed in wild type mice 1s an
indicator of treatment efficacy.

Brain neurochemustry 1s also evaluated 1n treated mo-br mice, untreated mo-br mice, and/or
wild type mice. Brain copper levels are measured by graphite furnace atomic absorption and
confirmed by inductively coupled plasma mass spectrometry, for example as described 1n Lenn et
al. (Mol. Genet. Metab. 91:30-36, 2007). Concentrations of brain dihydroxyphenylacetic acid
(DOPAC) and dihydroxyphenylglycol (DHPG) are determined by high-performance liquid
chromatography with electrochemical detection 1n supernatant of brain samples homogenized 1n 3-
10 volumes ot 0.4 N perchloric acid containing 0.1% EDTA. In some examples, brain copper
amounts of at least about 50-75% of wild type and/or DOPAC:DHPG ratios that are decreased
compared to untreated mo-br mice are indicators of the effectiveness of the treatment.

Activity of copper-dependent enzymes such as Cu/Zn superoxide dismutase (SOD1) or

cytochrome ¢ oxidase (CCO) may also be determined 1n treated and wild type mice, for example as
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described 1in Prohaska (J. Nutr. 121:3355-363, 1991). In some examples, CCO activity 1s increased

in treated mo-br mice compared to untreated mo-br mice.

Example 6
Dose-Ranging Toxicity Studies in Rodents

This example describes an exemplary toxicity study of AAVY co-rsATP7A 1n Menkes
disease mouse model and adult rats.

The 1imitial component of preclinical safety assessment focuses on mo-br mice that survive
to weaning 1n dose-ranging proof-ot-concept (POC) studies. Those studies employ research grade
rAAV9Y vector containing co-rsATP7A with no additional sequence(s) (such as tags or marker
genes) incorporated. The toxicology component focuses on histopathological assessments 1n three
mice per group (rAAV-treated mutant survivors, rAAV-treated wild-type, and untreated wild-type)
per dose at 1, 3, and 6 months of age. Evaluation for inflammatory responses in brain by
immunohistochemistry involves staining with antibodies against glial fibrillary acidic protein
(GFAP), CD-4, CD-8, and 1solectin B4. Viral genome copies are determined 1n brain, as well as
peripheral organs including liver, kidneys, lung, heart, and spleen to assess viral escape from the
CNS.

No large amimal models of Menkes disease are known 1n which to assess the safety and
efficacy of rAAYV gene therapy. Therefore, a 12-month dose-ranging toxicity study 1s conducted 1n
wild-type adult male rats (since the target disease 1s an X-linked recessive trait). For this and
subsequent components of the satety assessment, clinical grade rAAV maternial 1s used. All
essential components of the co-rsATP7A construct used 1n prior research grade rAAVs are retained
and any reporter gene tag (e.g., hemagglutinin) 1s excised. The new construct 1s sequenced 1n 1ts
entirety. GMP process-comparable material tor rAAV9Y-co-rsATP7A 1s obtained from the UPenn
Chinical Vector Core Laboratory or the Vovager Therapeutics AAV Vector Production Facility, at
least mnitially.

Designated dose of rAAVY co-rsATP7A 1s adminmistered to the left lateral ventricles of adult
male Sprague-Dawley rats atter ICV catheter placement. Safety evaluation includes chinical
observation, body weight, routine blood work, immune response, gross organ pathology, and
histopathology. At baseline and at 30, 90, 180, and 360 days after vector administration, complete
blood counts (CBC) and serum chemistries are obtained. Serum and CSF neutralizing antibodies
against the AAV capsid and ATP7A transgene and T-cell responses pre- and post-treatment are
quantitated, using well-established methods (e.g., Martino et al., Methods Mol. Biol. 807:259-272,

2011). CSF 1s obtained by cisterna magna sampling under sedation using a method that minimizes
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the risk of contamination with blood (Pegg et al., J. Neurosci. Methods 187:8-12, 2010). Rats are
sacrificed at the expected time of peak vector detection (one week) and at later time points (1, 3, 6,
and 12 months) to evaluate tissue clearance of vector. Brain, liver, kidneys, lung, heart, spleen, and
gonads are analyzed for histopathology, and quantitative PCR 1s used to analyze the tissues for
vector sequences (minimum of three samples per tissue). One sample of each tissue will include a
spike of control DNA with a known quantity of vector genomes, as quality control for gPCR. Six
rats per group are analyzed (AAV-treated, mock-treated, untreated) per time point.

In the rat toxicology study, statistical assessment of CBC and serum chemistry results will
use ANOVA with treatment group (AAV-treated, mock-treated, untreated) as factors, and time as a
covarlate. Since there are >20 dependent variables, P<0.01 will be used to establish statistically
significant differences between treatment and control groups to minimize the chance of rejecting

the null hypothesis incorrectly.

Example 7
Toxicity Study in Non-Human Primates

This example describes studies tor evaluation of toxicity of AAVY co-rsATP7A 1n non-
human primates.

Safety, biodistribution, immunogenicity, and potential genotoxicity of rAAV9-co-rsATP7A
1s evaluated 1n male non-human primates (NHP). In this phase, the highest dose previously
determined to be safe 1n rodents 1s scaled up based on estimated NHP brain size and CSF volume.
This adjusted dose 1s adminmistered to the left lateral ventricles of juvenile (< 4 year old) male
rhesus macaques using a MRI-guided approach to intraventricular catheter placement (Salegio et
al., Adv. Drug Deliv. Rev. 64:598-604, 2012). Evaluations occur at baseline (less than 2 weeks
before surgery) and 3, 7, 15, 30, 60, 90, 180, and 360 days after virus administration. Safety
endpoints 1include body temperature, vital signs, and weight. Routine hematology and mammalian
chemustry panels are analyzed, and serum and CSF neutralizing antibodies against the AAV capsid
and ATP7A transgene, and T-cell response are quantitated. Lumbar puncture for CSF collection 1s
performed under sedation at baseline and at the 30, 90, 180 and 360 time points. Neurobehavioral
assessments are also performed at baseline and post-treatment, by videotaping to assess and
quantity normal and 1dentifiable abnormal behaviors.

At necropsy whole NHP brains from vector-infused and mock-treated control animals are
obtained as well as samples of liver, lung, kidney, heart, testes, spleen, and biceps muscle for
routine histology. A qualified neuropathologist specifically evaluates the rAAVY co-rsATP7A

treated NHP brains for evidence of neuronal death, axonal degeneration, and abnormal ghal cell
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reactivity, under blinded conditions. The distribution of vector DNA 1n brain cortex, cerebellum,
and choroid plexus dissected at time of sacrifice, as well as 1n peripheral tissues 1s determined by
quantitative PCR under GLP-like conditions. Linear amplification-mediated (LAM)-PCR 1s
performed to evaluate for viral host genome 1ntegration in brain and liver (Nowrouzi et al., Mol.
Ther. 20:1177-1186, 2012).

For statistical analysis of NHP data (general assessment, CBC, blood chemistry), a mixed
models analysis 1s used, with time as a repeated measure. For all dependent variables, the main
effects of group (AAV-treated, mock-treated, untreated) and time, as well as the interaction of
group and time, are assessed. A main effect of group with P < 0.01 1s taken as rejection of the null
hypothesis that there 1s no difference between the groups. As with the rat analyses (Example 6), a
lower than required P value for significance 1s used due to the presence of multiple dependent
variables. To assess the effects of treatment on brain histopathology, chi-square tests are used to
compare the number of animals per group with and without the histopathological characteristic of
interest. To assess the impact of treatment on behaviors of the nonhuman primates, a separate
analysis of the short-term and long-term etfects 1s performed to increase the possibility of
observing an effect in the AAYV treatment group. Both analyses use the general linear models

procedure, with type Il sum of squares.

Example 8
Treatment of ATP7A-Related Copper Transport Disorder in a Subject
This example describes an exemplary method for the clinical use of AAV vectors
containing a codon-optimized reduced size ATP7A ¢cDNA for treatment of an ATP7A-related
copper transport disorder. However, one skilled 1n the art will appreciate that methods that deviate
from these specific methods can also be used to successtully treat a subject with ATP7A-related
copper transport disorder.
A patient diagnosed with an ATP7A-related copper transport disorder (such as Menkes disease or
OHS) 1s selected tor treatment. The patient 1s administered a therapeutically effective amount of a
recombinant AAV expressing reduced-size ATP7A from a codon-optimized sequence such as a
recombinant AAVY comprising SEQ ID NO: 1, as disclosed herein. The recombinant AAV can be
administered intracerebrally (e.g., to the lateral ventricles of the brain), intrathecally (e.g., to the
cerebrospinal fluid), or intravenously. An appropriate therapeutic dose can be selected by a
medical practitioner. In some cases, the therapeutically effective dose is in the range of 1 x 10'° to
1 x 10'* viral genomes (vg)/kg, such as about 1 x 10'*-1 x 10'3 vg/kg. For example, the starting

intrathecal dose (low dose) can be 1.2x10'? vg/kg body weight, additional possible doses include
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4.0x10'% vg/kg (medium dose), representing a 0.5 log unit higher than the low dose and 1.3x10%"
vg/kg (high dose, 0.5 log unit higher than medium dose), all administered intrathecally to the
cerebrospinal fluid. In most instances, the patient 1s administered a single dose, though multiple
doses may also be administered. The subject can be monitored over time (e.g., 2 months to 5 years,
or longer) to determine the etfectiveness of the treatment, for example by monitoring serum copper
levels, CSF neurochemical levels, brain myelination (e.g., determined by magnetic resonance
1imaging), and/or neurodevelopmental progress (such as gross motor, language, fine motor-adaptive,

and personal-social neurodevelopment) in the subject.

In view of the many possible embodiments to which the principles of the disclosure may be
applied, 1t should be recognized that the 1llustrated embodiments are only examples and should not
be taken as limiting the scope of the invention. Rather, the scope of the invention 1s defined by the
following claims. We therefore claim as our invention all that comes within the scope and spirit of

these claims.
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We claim:

1. An 1solated codon-optimized nucleic acid molecule encoding a reduced-size P-type ATPase

copper-transporting ATPase 1 (ATP7A) protein comprising a nucleic acid sequence with at least

90% sequence identity to SEQ ID NO: 1.

2. The 1solated nucleic acid molecule of claim 1, comprising a nucleic acid sequence with at

least 95% sequence 1dentity to SEQ ID NO: 1.

3. The 1solated nucleic acid molecule of claim 2, comprising or consisting of the nucleic acid

sequence of SEQ ID NO: 1.

4 The 1solated nucleic acid molecule of any one of claims 1 to 3, wherein the codon-

optimized nucleic acid molecule encodes an ATP7A protein comprising or consisting of the amino

acid sequence of SEQ ID NO: 2.

S. A vector comprising an 1solated codon-optimized nucleic acid molecule encoding a
reduced-size P-type ATPase copper-transporting ATPase 1 (ATP7A) protein comprising a nucleic

acid sequence with at least 90% sequence 1dentity to SEQ ID
NO: 1.

6. The vector of claim 5, wherein the codon-optimized nucleic acid molecule comprises a

nucleic acid sequence with at least 95% sequence 1dentity to SEQ ID

NO: 1.

7. The vector of claim 6, wherein the codon-optimized nucleic acid molecule comprises or

consists of the nucleic acid sequence of SEQ ID NO: 1.

3. The vector of any one of claims 5 to 7, wherein the codon-optimized nucleic acid encodes

an ATP7A protein comprising or consisting of the amino acid sequence of SEQ ID NO: 2.

9. The vector of any one of claims 5 to 8, wherein the codon-optimized nucleic acid molecule

1s operably linked to a promoter.
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10. The vector of any one of claims 5 to 9, wherein the vector 1s an adeno-associated virus
(AAV) vector.

11. The vector of claim 10, wherein the AAV vector 1s an AAV serotype 9 (AAV9) or AAV
serotype S (AAVYS) vector.

12. An 1solated host cell comprising the nucleic acid molecule of any one of claims 1 to 4, or

the vector of any one of claims 5 to 11.

13. A virus comprising the nucleic acid molecule of any one of claims 1 to 4 or the vector of

any one of claims S to 11.

14. A composition comprising the vector of any one of claims 5 to 11 or the virus of claim 13

and a pharmaceutically acceptable carrier.

15. The composition of claim 14, formulated for intracerebral, intrathecal, or intravenous

1njection.

16. A method of treating a subject with a P-type ATPase copper-transporting ATPase 1
(ATP7A)-related copper transport disorder, comprising administering an effective amount of a

composition comprising a vector or virus comprising an 1solated codon-optimized nucleic acid

molecule encoding a reduced-size P-type ATPase copper-transporting ATPase 1 (ATP7A) protein

comprising a nucleic acid sequence with at least 90% sequence 1dentity to SEQ ID NO: 1 operably

linked to a promoter; and a pharmaceutically acceptable carrier.

17. The method of claim 16, wherein the vector or virus 1s an adeno-associated virus (AAV)

vectlor.

1. The method of claim 17, wherein the AAV vector or virus 1s an AAV serotype 9 (AAV9) or

AAYV serotype 5 (AAV)S) vector or virus.

19. The method of any one of claims 16 to 18, wherein the composition 1s administered

intrathecally, intracerebrally, or intravenously.
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20. The method of any one of claims 16 to 19, wherein administering the composition

comprises administration of a single dose of the composition.

21. The method of any one of claims 16 to 19, wherein administering the composition

comprises administration of multiple doses of the composition.

22. The method of any one of claims 16 to 21, wherein the APT7A-related copper transport
disorder comprises Menkes disease, occipital horn syndrome, or ATP7A-related distal motor

neuropathy.

23. The method of any one of claims 16 to 22, further comprising administering copper to the

subject.

24. The method of claim 23, wherein the copper 1s copper chloride, copper gluconate, copper

histidine, copper histidinate, or copper sulfate.

23. The method of claim 23 or claim 24, wherein the copper 1s administered subcutaneously,

intramuscularly, or intravenously.

26. A method of treating a subject with Menkes disease, comprising:
administering to the subject an effective amount of a composition comprising:

(a) a vector or virus comprising an 1solated codon-optimized nucleic acid molecule
encoding a reduced-size P-type ATPase copper-transporting ATPase 1 (ATP7A) protein
comprising a nucleic acid sequence with at least 90% sequence 1dentity to SEQ ID NO: 1
operably linked to a promoter; and

(b) a pharmaceutically acceptable carrier; and
administering to the subject an effective amount ot copper,

wherein the composition and the copper are administered to the subject sequentially, substantially

simultaneously, or ssmultaneously.

27. The method of claim 26, wherein the vector or virus 1s an adeno-associated virus (AAV)

vector or virus.
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28. The method of claim 27, wherein the AAV vector or virus 1s an AAV serotype 9 (AAV9) or
AAYV serotype 5 (AAV)S) vector or virus.

29. The method of any one of claims 26 to 28, wherein the composition 1s administered

intrathecally, intracerebrally, or intravenously.

30. The method ot any one of claims 26 to 29, wherein administering the composition

comprises administration of a single dose of the composition.

31. The method of any one of claims 26 to 29, wherein administering composition Comprises

administration of multiple doses of the composition.

32. The method of any one of claims 26 to 31, wherein administering the copper comprises

administration of multiple doses of the copper.

33. The method of claim 32, wherein the copper 1s administered daily.
34. The method of claim 33, wherein the copper 1s administered daily for about three years.
33. The method of claim 34, wherein the copper 1s administered twice daily if the subject 1s less

than 12 months of age or the copper 1s administered once daily 1t the subject 1s more than 12

months of age.

36. The method of any one of claims 26 to 35, wherein the copper 1s copper chloride, copper

gluconate, copper histidine, copper histidinate, or copper sulfate.

37. The method of any one of claims 26 to 36, wherein the copper 1s administered parenterally.

38. The method ot any one of claims 26 to 37, wherein the copper 1s administered

subcutaneously, intramuscularly, or intravenously.
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FIG. 2A

A TGCONCT 8 TISA e A AMGAN T 1187 A MACIBAANGGNAT GACNCCSG T BCANGAC
5 TGCONC TR RO 1l i Al B NGoNAT GACCCllGTBCANGAC

A\ NGAGGAAGGAAAR ele TCIAANTGT TAMATICAGGTEACGGEATGACITGCGCE
NGAGGAAGGAAANAATIIIT CIAANTGT TARATICAGG TRACHGGEAT GACRTGCGCR

TCCTGEGTSGCAAAMA TBGANGGGAAMETNSGGCGGGAAGAAGGRA TS TAMNETATEC T(S
e GG TG CanAlS s fGANSGGA A \BGGCGGGAAGAAGONA T A RS A I

GTGGCEICTGATGGCIGGIMAAGGCOGAAG TIRSGRTAGAAGCCINGCTGT TAT@CAACCCCCA
C TGATGGCHIGGEAAGGCRGAAG TRRIGNTABAANCCHIGCTG T TATIICAACCCCCA

A TGA MGCAGAG T Tl TCCGAGAACTEGON! TBGONGCEACHGTGATSGANAASGCSGAS
£ TGa GCAGAG 8 TCCGAGAAC GO Tl o llo oA oA Al oAl

GAAGOSGATGONG T T GEAACT TG 186 TNAGGGOSAT GACN 6T GCNSECT CGTACAT
GAAGOliGATGOMG Tl T~ GGAACT TG MG TNAGGGOAT GACK 1 6T OB CT CBGTACAT

5 ANA 18G5 NSNS C THA CAAANCAMAGNG A THCTNT AWTGCT CHGTGGCCCTGEOR
AARATEGAGHKSNNE TCTOACAAARCABAGRGGEATOC TRTAYT GCTCHG TGGCCCTGGC

A QA ACAANGCACAA 185 AN ABGABC (BGANA T SAT TGS CBACNGARATTATECAT
5 CRnCAANGCACAHA #a AN A NGABC GANA AT COHCCMAGN GAfla ToA T8CAT

A T GAAA GO TSGR T8GANGCET CTBTGGTCAAGAAGGATCONNEEECEACE AR
% VY 6 60 S e ESRONEVEENEE 80 8-

BE R N SRR R
E\\@Tc GAGARATIVAGRCARTGGAGABGGNHN T TINC TG TEINE TCTGTTTTTC

TGTAT@CCTGTRATGGGECTHATGAMATATATGATGGTIATGGACCANCACTTTGCOACS
TGTATICCTGTRATGGGEC T®ATGAMATATATGATGGTHATGGACCABCACT T TGCIACH

CTRICACCA TAABCANAAMA T GEEMAAAGANGAAAT GAT CAACC T T CAMTCT CRATGTTC
CificaCCATAAMCAN A28 TGE A A GANGAAATGAT CAACC TTCANTCH T CllaTGTTC

CTRGAGCGCCANA TTH e RGO T CINERG A TGAA RS TGC TG T TS TR TG o
i SRS N 86 6 e S NN LSRN 1 e

G NCCRGIRCAGT 11 COOROORT GO A C AT TCAGGCRT oA AGCRCT GAAG
GINCRGTNCAGTTTTTCGOGO oG AR T A AT ICAGG M A AAGONCTGAAG

CHAAGACAGCAAATATGGACGINC A TG TSCTHGCHACCACHAT TGCAT 1 MGCTAC
CAflanGACAGCARATATGGACGINC A G 8- [BoCHACCACRAT1GCAT MGCR AC

TS GA 1A G NG TG CHAT G ABGAGAGNGCCAAAGTHAACCCTAT AT TC
TORMITGATTAT T@TERO TRG TIGCEATGTANGAGAGRGCCAAAGTEAACCCTATIACHT TC

TTTGACACECCCCCATGCTGTTOGTRT TTAT@GCRC T@GGCCGOTGGNTGGARCATATA
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GCAAAGGGCAANACATCBGANGORC TGCAAACITNATT TCHC TBCAAGCACAGANGC
CCARAGCGCARNACATCNGANGORC TG AR AN A TT TCRC THCAACRACAGA ol

OB TTGTOA IS TG SRER 1 87,/ 8, TCC T8 T8 TCAAGANCAAGTC ARG THGAR
TG T A TGRSR B T 1T IR TGAA AN CAACTCOANG TRCAR

CTECTNCANROECCONGATATCATEARAGTNG THCCRCCRCGEAANTTTCCHGTGGATCGS

CTRC TN 7 MGG A TA TCATRAAAGTY

CCRGTEATGANGGICATTCTATGGTY
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NN 7 CCCTCCIATCCACCAN

ECCACAAANCTRACTCOGTAS

INGCAGA

CIRVaN

N\CT[@AGTGGETA

TTTCTCCT TEA TG T T T8I A TTCCCAC COT@STCE TR TCCATTCTgAT TGS
TTTCIfCCRT Tl TG R TT@C Tl TrCCCACCo T T TCeATTC T T TN

TTCTCANST TBCANA TBCTGCARACC TANT T8CCOCITACAASECNSTA TN S
IR TG T THGAN A TRCTCCAAN CC T8 T TR T A T T e

ACAGAAACNATIEA TRCAT T TGO BT THCANG CRSTATCACHCTC THT A THCCB T S
CACARACN A TS TINBCAT TTCCMT T8 AN GO T T CA G THC TR TR TGO Toh

CCRTG T TGO SCTCGCCACNC A GG TRATCO TR A BGeAC TGS
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GTGGTNTT TCAMAAGACHCCEACEAT TACHCABGCAACKCCNCTRGTGAATCANGTRARG

CTICTNAC TGANACSAAMECAA TTCACABC A BAANATHT TGO YA TEG TCOCRACSGOS

CIfCTAACTCANACHA O CAA T TCA A Al Aa s T TTCOC A TG ToCOlACHCCR

CANACRAA

CAGTGAR

Crin frncacToal AT cCancac RATARCC AR TATTO R ARGAL oG

GACACEGAAACEETGCCIMACKTGINA TINGAST TCCAGGT{€GT@CCIGGITGT GG@ATTAGH

o iirce Rl ol rrocaco o e lreroiarma)

SUBMTITUTE SHEET (RULE 26)

3/7




WO 2017/070472

coO_TrsATP /A
nat rsATP /A

cCO_rsATP/A
nat rsATP /A

co_rsATP /A
nat rsATP /A

coO_rsATP /A
nat rsATP/A

coO _rsATP /A
nat rsATP/A

coO_rsATP /A
nat rsATP /A

coO_TrsATP /A
nat rsATP/A

co_rsATP /A
nat rsATP /A

cCoO_TrsATP /A
nat rsATP /A

cCO_rsATP/A
nat rsATP /A

coO_rsATP /A
nat rsATP /A

coO _rsATP /A
nat rsATP/A

co_rsATP /A
nat rsATP /A

coO_TrsATP /A
nat rsATP /A

cCO_rsATP/A
nat rsATP /A

cCoO_TrsATP /A
nat rsATP /A

coO _rsATP /A
nat rsATP/A

1981
1981

2041
2041

2101
2101

2161

2161

2221
2221

2281
2281

2341
2341

2401
2401

2461
2461

2221
2221

2061
2081

2041
2641

2701
2701

2761
2761

2619
2819

28179
2879

29377
2937

CA 03001574 2018-04-10

PCT/US2016/058124

FIG. 2C

TCEAARGTCACHAAAGA TEGAAGCIXE T®C TWC AMAAGAATAAC TGGAATATEGAGGANAA T

NGTCACRAANA THCAAGCIO T WAAGAATAACTGGAATATIGAGGAAAT
AATATC**Q**CGCATCCTTGGTGCAiATTGACGCTTCA**CGAECAGAGC TINGCAGT
AATATINAANAABIGCATCCOTGGTICARAT TGARIGC{UNEINA ABIGANCA GIS TTCG
INe TINeCATGATOAT TGATGCECAGATEN XA A GGCOCTTAL® CAGCA§C*TAA$GTC
IXe TINOC A TGATIAT TGATGC@CAGA TSRS ABGCINC T TAARIGCINCAGCANNA TAARGTC
CTiEAT G**TAG§GAGTGGATGATC* VA Clele eCTCATEAATAACGAGTI®AZ
CT@A TIGGHAAGMMCRGAGTGGATGATIAGRAAMGGINC TG TCATIAATAACGARGT

GA®T TCATGACSGAACARGAGEGAAAAGGEINGGACRGCEG TS TING TRGCIG TRGATGAR
TS (T e Ve Sl - B 6 e

GAGCTG 16T COMETGA T8GCA 18GC8GANACKG INAANC CHGANGCBGANC THGCRA 18
GAGCTG TG TGO GA 18CC THcoGARACNG 1N AN CCoANcolGANC el 8

CHEATTCTGARNTCHATGGOEINGAAGTNG TECTGA T6ACMGGNGAWAACAGAANACE

GCEOCAINE TAT TGCINXS®CAGG T@GGCATEACBAAGG TET TOGCGAAGTECTRC Clelele
6 5 e 1 el 1 B N el o1 N o 88 1 1C 1

CAfA NG EGC@AANG TGAAGCANC  MCANGANGAGG A NCGGGTNGCA TG TG0
Cof8\ G THGHAN G ToARGCANCTHCANGANGAGGOBAAN COGTNGCARTCG TGOl

GA®GGAATCAAMGACT CIACCOGC®CTGGCAATGGCMAATGTGGONATEGC@ATTGGIACA
CrflanTCAnMGACT OO CHCT GOCAA TGO CMART GTCOCNATHGCHATTCOBACH

GOgACAGAT GTRGCCATGAAGOOCMGABG TG (E8TGATAAGGAA TG ARM TS TG CAR
Go8cron TGN CoA oA GG lCA NG (8G JBR T GA TAAGGAA TGARRS I8 GoA

GIAGISGCA TSR 1 1A e TN CHAGNNAGACAG TAANS g | INGRA THAA T T 181
GG 18GCANE 1A TClAGA\AGACAC Al JRE oA TS

TTTGCECTNATHTA TAATC TG T8GCHATCCATHGCRGCT GOgGTRTT TATCC AT
TrTCOHC TN ATl A TAA TC G THGCA THCCR A TGl T cOlG Il T T ToC e R

GO GG g T GCAGC Y TGGAT GO CHGCHGCMA TGOS CRCABCAG 16 I§ICTG

TNG TSl Tl XCloll e T THMY 1€/ AC TIETANSCIBAARC CRACIIT ANIGANAG TARGAAC
NG TS TRREGHRASINS 18 1 1818 1A A1 C THTARIEGEAANC CXA CH T ARGANAGH TAIGAAC

TGCCTGCCIGGAGICAGATAGGACAGAANSES T CINS8C AGCGANA TRNSNG TTCATGT®GG
TGCCTGCCOGGAGECAGATAGGACAGAARAG TC{SINIC AGERANA TONEOG T TCATGTIGG

ARG T 1 NG TN CRA A BT GGG TGCTGGACC A T 16 T @A T
AATIGATGATACIHINONNGGAA THXSMNC CIAAASTGGGITTGCTGGACCGEATTGTIAANTA
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FIG. 2D
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