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COMPOSITIONS AND METHODS FOR ENHANCED

KNOCK-IN REPORTER GENE EXPRESSION

RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
62/443,543, filed January 6, 2017, the entire teachings of which are incorporated herein by

reference.

BACKGROUND OF THE INVENTION

[0002] Co-expression of a gene of interest and a reporter gene is of great value for the
study of cell differentiation and cellular biology. Techniques for enhanced expression of the
reporter gene with a gene of interest are important for biological and biomedical research.
For example, detecting expression of tyrosine hydroxylase in pluripotent stem cells by
detecting the co-expression of a reporter gene is of great value for investigators studying

midbrain neurons, dopaminergic neurons and Parkinson’s disease pathology.

SUMMARY OF THE INVENTION

[0003] The present invention relates to compositions and methods useful for making
reporter cells (i.e., cells co-expressing a reporter and a genetic locus of interest). The
compositions and methods described herein provide a cell with a knock-in reporter (e.g., a
fluorescent protein) and a downstream WPRE element, wherein the cell co-expresses a

genetic locus of interest and a reporter gene.
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[0004] In some aspects, the invention relates to a nucleic acid targeting vector
comprising, in the 5’ to 3’ direction, a 5 homology arm homologous to a first target sequence
in a cell, a reporter gene, an expression enhancer comprising a Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE) operably linked to the reporter gene, and a
3’ homology arm homologous to a second target sequence downstream of the first target
sequence.

[0005] In other aspects, the invention relates to a composition comprising a cell (e.g.,
transgenic cell, a cell line) having a genome comprising a nucleotide sequence comprising a
reporter gene and a Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE) operably linked to the reporter gene, wherein the reporter gene is co-expressed with
a target sequence of interest (e.g., genetic locus of interest, gene of interest).

[0006] In other aspects, the invention relates to a method of generating a cell that co-
expresses a reporter gene with a gene of interest comprising providing a targeting vector;
providing a cell in which at least a portion of the gene of interest is located between the first
target sequence and the second target sequence; introducing the targeting vector into the cell;
and maintaining the cell under conditions appropriate for integration of the reporter gene and
WPRE into the genome of the cell such that the reporter gene is co-expressed with the gene
of interest, wherein said portion of the gene of interest is cleaved prior to or subsequent to
introducing the targeting vector into the cell.

[0007] Other aspects of the invention relate to a method of making a targeting vector
capable of co-expressing a reporter gene with a gene of interest in a cell comprising
providing a vector comprising, in the 5’ to 3’ direction, a reporter gene and an expression
enhancer comprising a Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE), wherein the expression enhancer and the reporter gene are operably linked;

incorporating upstream of the reporter gene a 5° homology arm homologous to a first target
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sequence; and incorporating downstream of the WPRE a 3” homology arm homologous to a
second target sequence, wherein the second target sequence is located downstream of the first
target sequence and wherein the first target sequence and the second target sequence flank at
least a portion of the gene of interest.

[0008] The practice of the present invention will typically employ, unless otherwise
indicated, conventional techniques of molecular biology, cell culture, recombinant nucleic
acid (e.g., DNA) technology, immunology, nucleic acid and polypeptide synthesis, detection,
manipulation, and quantification that are within the skill of the art. See, e.g., Ausubel, F., et
al., (eds.), Current Protocols in Molecular Biology, Current Protocols in Immunology,
Current Protocols in Protein Science, and Current Protocols in Cell Biology, all John Wiley
& Sons, N.Y , edition as of December 2008; Sambrook, Russell, and Sambrook, Molecular
Cloning: A Laboratory Manual, 3" ed., Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, 2001; Harlow, E. and Lane, D., Antibodies — A Laboratory Manual, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, 1988. All patents, patent applications,
publications, references, etc., cited in the instant patent application are incorporated by
reference in their entirety. In the event of a conflict or inconsistency with the specification,
the specification shall control. The Applicants reserve the right to amend the specification
based on any of the incorporated references and/or to correct obvious errors. None of the

content of the incorporated references shall limit the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawings will be provided
by the Office upon request and payment of the necessary fee.

[0010] FIG. 1 is a schematic illustrating the creation of targeting vectors and the
insertion of a reporter gene and WPRE element. Commercially available HR120-PA-1
vector is shown at the top. To create a new multicistronic vector (HR120-p2A-TD-TOM),
the copGFP-polyA cassette was removed using EcoRI and Nrul. Vector sequence was
restored via G-Block cloning which introduced a P2A cassette. Then, the Xhol site and
Gibson assembly was used to introduce the TD-tomato followed by the WPRE element. To
create the fusion protein vector (HR120-Clover), the copGFP-polyA cassette was removed
using EcoRI and Nrul. Vector sequence was restored via G-Block cloning and then the Xhol
site and Gibson assembly was used to introduce the Clover followed by the WPRE element.

[0011] Homology arms were added to the multicistronic and fusion vectors via
restriction digest and Gibson assembly. For the 5’ homology addition in plasmid HR120-
p2A-TD-TOM, Nhel for the 5’ arm and BamhlI for the 3’ arm were used. For the 5’
homology addition in plasmid pHR120-clover, EcoRI for the 5” arm and Bamhl for the 3’
arm were used. The reporter gene and WPRE were inserted into the genomic locus shown
(Genomic Locus TH) via CRISPR. A region of exon 14 TH gene with PAM sequences and
suitable for targeting with a targetable nuclease (e.g., Cas9) is shown as sequences labeled
px330 CRISPR Guide TH II and px330 CRISPR Guide TH I. The light blue areas of the
sequences correspond to the guide RNA sequences and the PAM sequence. The asterisk
shows the stop codon in the tyrosine hydroxylase exon 14. The resulting added sequences are
shown in “Targeted Locus.” Correct insertion direction was confirmed with an 865 nt PCR

product for the 3” arm of the insert. Following selection of successful clones, the CRE
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cassette was excised to result in the “targeted Locus post CRE excision.” Correct insertion
was confirmed with an 878 nt PCR product for the 3” arm of the insert.

[0012] FIGS. 2A-2C shows that correctly targeted clones were differentiated using a
protocol based on a previously published protocol (FIG. 2A). Reporter expression can be
seen as early as day 7. Cells were stained in embryoid bodies (EBs) using tyrosine
hydroxylase (TH) antibody. The number of TH positive cells increased over time in the
culture, as seen in the comparison between day 7 and day 30 EBs (FIG. 2B). Near perfect
overlap between reporter expression and antibody staining was observed. Cells could be
dissociated and plated or purified via FACS sorting which led to a strong enrichment with
close to 100% of the cells expression the TD-tomato reporter (FIG. 2C).

[0013] FIG. 3 is another schematic illustrating the insertion of a reporter gene and
WPRE element into the tyrosine hydroxylase genomic locus (Genomic Locus TH). The
reporter gene and WPRE element were inserted into the genomic locus shown (Genomic
Locus TH) via CRISPR. A region of exon 14 TH gene with PAM sequences and suitable for
targeting with a targetable nuclease (e.g., Cas9) is shown as sequences labeled px330
CRISPR Guide TH II and px330 CRISPR Guide TH I. The light blue areas of the sequences
correspond to the guide RNA sequences and the PAM sequence. The asterisk shows the stop
codon in the tyrosine hydroxylase exon 14. The resulting added sequences are shown in
“Targeted Locus.” Correct insertion direction was confirmed with an 865 nt PCR product for
the 3° arm of the insert and a 626 bp PCR product for the 5* arm of the insert. Following
selection of successful clones, the CRE cassette was excised to result in the “targeted Locus
post CRE excision.” Correct insertion was confirmed with an 878 nt PCR product for the 3’
arm of the insert and a 626 nt PCR product for the 5’ arm of the insert.

[0014] FIGS. 4A-4F- FIGS. 4A through 4F are illustrations of CRISPR mediated

knock-out mutagenesis to create isogenic PD lines.
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[0015] FIGS. SA-5G- FIGS. 5A through 5G are illustrations of early onset PD
mutations could result in increased rate of cell death in midbrain DANSs in basal culture
conditions.

[0016] FIGS 6A-6E- FIGS 6A through 6E are illustrations showing that global
transcriptional analysis identifies overlapping dysregulated genes and pathways between
PARKIN-/- and ATP13A2-/- cell lines.

[0017] FIGS. 7A-7H- FIGS. 7A through 7H are illustrations showing differential
expression analysis showed a strong increase in the number of differentially expressed
proteins during the time course of differentiation in the WT versus PARKIN-/- comparison

[0018] FIGS 8A-8C- FIGS 8A through 8C are illustrations showing knockout of DJ-
1 leads to the dysregulation of proteins involved in cell cycle as well as proteins involved in
the development of Charcot-Marie-Tooth disease.

[0019] FIGS. 9A-9E- FIGS. 9A through 9E are illustrations showing generation and
characterization of isogenic tyrosine hydroxylase knock-in reporter cell lines carrying three
distinct PD mutations.

[0020] FIGS. 10A-10D- FIGS. 10A through 10D are illustrations showing that
targeting vector was designed to retain a largely unaltered endogenous TH gene product
using a bicistronic targeting vector containing tdTomato.

[0021] FIGS 11A-11B- TIllustration showing there was a significant increase of
PARKIN mRNA relative to dO in all differentiated cell types (Figure 11A). Illustration
showing that most cells stained with an anti-TH antibody also expressed the tdTomato TH
reporter (Figure 11B).

[0022] FIGS. 12A-12E- FIGS. 12A through 12E are illustration showing loss of

PARKIN decreases the number of TH-positive neurons.
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[0023] FIGS. 13A-13C- FIGS. 13A through 13C are illustrations showing Global
transcriptional analysis identifies overlapping dysregulated genes and pathways between
PARKIN-/- and ATP13A2-/- cell lines.

[0024] FIGS 14A-14C- FIGS. 14A through 14C are illustrations showing quantitative
proteomics reveals overlap in dysregulated pathways in isogenic PD lines.

[0025] FIGS 15A-15C- FIGS 15A through 15C are illustrations showing quantitative

proteomics reveals overlap in dysregulated pathways in isogenic PD lines.

DETAILED DESCRIPTION OF THE INVENTION

[0026] The practice of the present invention will typically employ, unless otherwise
indicated, conventional techniques of cell biology, cell culture, molecular biology, transgenic
biology, microbiology, recombinant nucleic acid (e.g., DNA) technology, immunology, and
RNA interference (RNA1) which are within the skill of the art. Non-limiting descriptions of
certain of these techniques are found in the following publications: Ausubel, F., et al., (eds.),
Current Protocols in Molecular Biology, Current Protocols in Immunology, Current Protocols
in Protein Science, and Current Protocols in Cell Biology, all John Wiley & Sons, N.Y.,
edition as of December 2008; Sambrook, Russell, and Sambrook, Molecular Cloning: A
Laboratory Manual, 3rd ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
2001; Harlow, E. and Lane, D., Antibodies — A Laboratory Manual, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, 1988; Freshney, R.1., “Culture of Animal Cells, A
Manual of Basic Technique”, Sth ed., John Wiley & Sons, Hoboken, NJ, 2005. Non-limiting
information regarding therapeutic agents and human diseases is found in Goodman and
Gilman’s The Pharmacological Basis of Therapeutics, 11th Ed., McGraw Hill, 2005,
Katzung, B. (ed.) Basic and Clinical Pharmacology, McGraw-Hill/Appleton & Lange; 10th

ed. (2006) or 11th edition (July 2009). Non-limiting information regarding genes and genetic
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disorders is found in McKusick, V.A.: Mendelian Inheritance in Man. A Catalog of Human
Genes and Genetic Disorders. Baltimore: Johns Hopkins University Press, 1998 (12th
edition) or the more recent online database: Online Mendelian Inheritance in Man, OMIM™,
McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University (Baltimore,
MD) and National Center for Biotechnology Information, National Library of Medicine
(Bethesda, MD), as of May 1, 2010, ncbi.nlm.nih.gov/omim/ and in Online Mendelian
Inheritance in Animals (OMIA), a database of genes, inherited disorders and traits in animal
species (other than human and mouse), at omia.angis.org.au/contact.shtml. All patents, patent
applications, and other publications (e.g., scientific articles, books, websites, and databases)
mentioned herein are incorporated by reference in their entirety. In case of a conflict between
the specification and any of the incorporated references, the specification (including any
amendments thereof, which may be based on an incorporated reference), shall control.
Standard art-accepted meanings of terms are used herein unless indicated otherwise.

Standard abbreviations for various terms are used herein.

[0027] The compositions and methods disclosed herein generally relate to
compositions and methods useful for making and using reporter cells (i.e., cells co-expressing
a reporter and a genetic locus of interest). In particular, such compositions and methods can
provide a cell with a knock-in reporter (e.g., a fluorescent protein) and a downstream WPRE
element. This combination dramatically and unexpectedly improves the co-expression of the
reporter and genetic locus of interest versus standard methods in the art. In some
embodiments, the reporter and WPRE element are be inserted into embryonic stem cells to
co-express with tyrosine hydroxylase, a protein indicative of dopaminergic neurons.
Difterentiation of the embryonic stem cells into dopaminergic neurons can then be tracked or
differentiated cells can be isolated using the properties of the reporter (e.g., fluorescence). In

contrast to traditional protocols, the compositions and methods disclosed herein provide
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much higher co-expression of the reporter with the genetic locus of interest, dramatically
increasing the robustness and sensitivity of identifying cells expressing the genetic locus of
interest.

[0028] Targeting Vector

[0029] In certain embodiments, the compositions disclosed herein relate to a nucleic
acid targeting vector having homology arms flanking a reporter gene and an expression
enhancer comprising a WPRE operably linked to the reporter gene.

[0030] The term “nucleic acid” refers to polynucleotides such as deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA). The terms “nucleic acid” and “polynucleotide” are
used interchangeably herein and should be understood to include double-stranded
polynucleotides, single-stranded (such as sense or antisense) polynucleotides, and partially
double-stranded polynucleotides. A nucleic acid often comprises standard nucleotides
typically found in naturally occurring DNA or RNA (which can include modifications such
as methylated nucleobases), joined by phosphodiester bonds. In some embodiments a nucleic
acid may comprise one or more non-standard nucleotides, which may be naturally occurring
or non-naturally occurring (i.e., artificial; not found in nature) in various embodiments and/or
may contain a modified sugar or modified backbone linkage. Nucleic acid modifications
(e.g., base, sugar, and/or backbone modifications), non-standard nucleotides or nucleosides,
etc. may be incorporated in various embodiments. Such modifications may, for example,
increase stability (e.g., by reducing sensitivity to cleavage by nucleases), decrease clearance
in vivo, increase cell uptake, or confer other properties that improve the translation, potency,
efficacy, specificity, or otherwise render the nucleic acid more suitable for an intended use.
Various non-limiting examples of nucleic acid modifications are described in, e.g., Deleavey
GF, et al., Chemical modification of siRNA. Curr. Protoc. Nucleic Acid Chem. 2009;

39:16.3.1-16.3.22; Crooke, ST (ed.) Antisense drug technology: principles, strategies, and
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applications, Boca Raton: CRC Press, 2008; Kurreck, J. (ed.) Therapeutic oligonucleotides,
RSC biomolecular sciences. Cambridge: Royal Society of Chemistry, 2008; U. S. Patent Nos.
4,469,863: 5,536,821 : 5,541,306 5,637,683; 5,637,684; 5,700,922; 5,717,083; 5,719,262;
5,739,308; 5,773,601 5,886,165; 5,929, 226; 5,977,296: 6,140,482; 6,455,308 and/or in PCT
application publications WO 00/56746 and WO 01/14398. Different modifications may be
used in the two strands of a double-stranded nucleic acid. A nucleic acid may be modified
uniformly or on only a portion thereof and/or may contain multiple different modifications.
Where the length of a nucleic acid or nucleic acid region is given in terms of a number of
nucleotides (nt) it should be understood that the number refers to the number of nucleotides
in a single-stranded nucleic acid or in each strand of a double-stranded nucleic acid unless
otherwise indicated. An “oligonucleotide” is a relatively short nucleic acid, typically
between about 5 and about 100 nt long.

[0031] The term “targeting vector” refers to a vector comprising a polynucleotide
having homology regions (i.e., homology arms) with sequences that are homologous to
sequences present in a host cell genetic locus. The homology arms flank a polynucleotide
region (e.g., region containing a reporter gene and WPRE) which becomes integrated into a
host cell genetic locus. The term “vector” as used herein refers to a nucleic acid or a virus or
portion thereof (e.g., a viral capsid or genome) capable of mediating entry of, e.g.,
transferring, transporting, etc., a nucleic acid into a cell. Where the vector is a nucleic acid,
the nucleic acid to be transferred is generally linked to, e.g., present in, the vector. A nucleic
acid vector may include sequences that direct autonomous replication (e.g., an origin of
replication). Useful nucleic acid vectors include, for example, naturally occurring or
modified viral genomes or portions thereof or nucleic acids (DNA or RNA) that can be
packaged into viral capsids, DNA or RNA plasmids, and transposons. Plasmid vectors

typically include an origin of replication and may include one or more selectable marker

-10-
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genes. Viruses or portions thereof that can be used to introduce nucleic acid molecules into
cells are referred to as viral vectors. Useful viral vectors include adenoviruses, adeno-
associated viruses, retroviruses, lentiviruses, vaccinia virus and other poxviruses,
herpesviruses (e.g., herpes simplex virus), and others. In some embodiments a virus having
tropism for a particular cell type (e.g., neurons or a particular type of neuron) may be used.
Examples of expression vectors that may be used in mammalian cells include, e.g., the
pcDNA vector series, pSV2 vector series, pPCMV vector series, pRSV vector series, pEF 1
vector series, Gateway® vectors, and PrecisionX™ HR Targeting Vectors, etc. One of
ordinary skill in the art appreciates how to use a viral vector, plasmid, or other vector to
introduce a DNA sequence of interest into a cell.

[0032] The term “expression enhancer” is intended to refer to a polynucleotide region
or regions that binds proteins (e.g., transcription factors) to enhance (increase) transcription
of a gene. Enhancers may be located some distance away from the promoters and
transcription start site (TSS) of genes whose transcription they regulate and may be located
upstream or downstream of the TSS. In some embodiments, the expression enhancer is
located downstream of the TSS.

[0033] Woodchuck Posttranscriptional Regulatory Element (WPRE) is a
posttranscriptional regulatory element (Donello, et al., “Woodchuck hepatitis virus contain a
tripartite posttranscriptional regulatory element,” J. Virol., 72 (1998), pp. 5085-5092,
incorporated herein by reference in its entirety) from the Woodchuck Virus that facilitates
nucleocytoplasmic transport of RNA mediated by several alternative pathways that may be
cooperative (Popa, et al., “CRM1-dependent function of a cis-acting RNA export element,”
Mol. Cell. Biol., 22 (2002), pp. 2057-2067, incorporated herein by reference in its entirety).
In addition, the WPRE has been shown to act on additional posttranscriptional mechanisms to

stimulate expression of heterologous cDNAs (Zufferey et al., “Woodchuck hepatitis virus

-11-
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posttranscriptional regulatory element enhances expression of transgenes delivered by
retroviral vectors,” J. Virol., 73 (1999), pp. 2886-2892, incorporated herein by reference in its
entirety).

[0034] The term “operably linked” refers to a nucleic acid regulatory element and a
nucleic acid sequence being appropriately positioned relative to each other so as to place
expression of the nucleic acid under the influence or control of the regulatory element(s). For
example, an expression enhancer and a reporter gene are considered “operably linked” if they
are positioned in such a way in a DNA molecule that the expression enhancer region
enhances (increases) transcription of the reporter gene under appropriate conditions. As used
herein, “operably linked” refers to the positional relationship between the regulatory
element(s) (e.g., WPRE) and the nucleic acid sequence (e.g., reporter gene). It will be
understood that whether a particular expression enhancer does in fact enhance transcription of
an operably linked nucleic acid molecule (e.g., reporter gene), may depend on a variety of
factors, such as the presence or absence of appropriate factors and/or the presence or absence
of inhibitory substances.

[0035] The term “reporter” refers to a molecule that can be used as an indicator of the
occurrence or level of a particular biological process, activity, event, or state in a cell or
organism. Reporters typically have one or more properties or enzymatic activities that allow
them to be readily measured or that allow selection of a cell that expresses the reporter
molecule. In general, a cell can be assayed for the presence of a reporter by measuring the
reporter itself or an enzymatic activity of the reporter protein. Detectable characteristics or
activities that a reporter may have include, e.g., fluorescence, bioluminescence, ability to
catalyze a reaction that produces a fluorescent or colored substance in the presence of a

suitable substrate, or other readouts based on emission and/or absorption of photons (light).

-12-
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Typically, a reporter is a molecule that is not endogenously expressed by a cell or organism
in which the reporter is used.

[0036] The term “reporter gene” refers to a nucleic acid that encodes a reporter. The
reporter construct may be assembled in or inserted into a vector. The reporter construct or
vector may be transferred into one or more cells. The reporter gene may be integrated into
the genome. After transfer, cells are assayed for the presence of the reporter by measuring
the reporter or the activity (e.g., enzymatic activity) of the reporter. In some embodiments, a
reporter gene 1s codon-optimized for expression in mammalian cells. In some embodiments,
a reporter gene is codon-optimized for expression in human cells.

[0037] The term “homologous” means two or more nucleic acid sequences that are
either identical or similar enough that they are able to hybridize to each other or undergo
intermolecular exchange. As used herein, sequences are homologous if they are either
identical or similar enough that they are able to hybridize to each other under physiological
conditions present in a cell (e.g., a mammalian cell). As used herein, a “homology arm”
refers to a region of a nucleic acid targeting vector homologous to a genomic region.

[0038] In some embodiments, at least one of homology arms is homologous to a
region of a genetic locus (e.g., gene of interest). In some embodiments, the homology arms
comprise a 5” homology arm homologous to a first target sequence in a cell and a 3’
homology arm homologous to a second target sequence downstream of the first target
sequence. The 5’ and 3’ homology arms may be homologous to a contiguous region of the
genome of the cell or homologous to discontinuous regions of the genome of the cell. Using
homology arms that are homologous to contiguous genomic regions enables knock-in of a
reporter gene without removal of endogenous genomic nucleotide sequence. Using
homology arms that are homologous to discontinuous genomic regions may enable both

knock-in of the reporter gene and knock-out of an endogenous genomic nucleotide sequence.

-13-



WO 2018/129486 PCT/US2018/012849

“Knock-in” is a genetic modification resulting from the addition of the genetic information
encoded in a chromosomal locus with further DNA sequence. “Knock-out” is a genetic
modification resulting from the disruption or removal of the genetic information encoded in a
chromosomal locus.

[0039] In some embodiments, the 5” homology arm is homologous to a target
sequence immediately upstream of a stop codon of a genetic locus (e.g., gene of interest) and
the 3’ homology arm is homologous to a target sequence comprising the stop codon of the
genetic locus (e.g., gene of interest), thereby enabling incorporation of the reporter gene and
expression enhancer into a chromosome so that the reporter gene is co-expressed with the
genetic locus (e.g., gene of interest) without changing the primary structure of a gene product.
In some embodiments, the homology arms are both homologous to target sequences partially
or fully upstream of a stop codon of the genetic locus (e.g., gene of interest). In some
instances, insertion of a reporter gene and expression enhancer within the sequence encoding
a gene product does not disrupt the function of the gene product.

[0040] Each of the homology arms may comprise about 40 or more nucleotides. In
some embodiments, each homology arm comprises about 50-1000 nucleotides, about 100-
800 nucleotides, about 200-500 nucleotides, or about 300-400 nucleotides. In some
embodiments, each homology arm comprises about 350 nucleotides. In some embodiments
the homology arms are between about 100 nt — 200 nt, about 200 nt — 300 nt, about 300 nt —
400 nt, about 400 nt — 500 nt, about 500 nt — 750 nt, about 750 nt -1000 nt, about 1 kb — 1.5
kb, or more. The two homology arms may be about the same length (e.g., within about 50 —
100 nt of each other) or may differ in length by more than about 100 nt. Either or both
homology arms can independently fall within any of the afore-mentioned ranges. One of
ordinary skill in the art appreciates that the homology arms need not be perfectly homologous

to the genomic DNA. In some embodiments the homologous region(s) of a donor nucleic
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acid have at least 50% 60%, 70%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, 99.5%,
99.9% or more sequence identity to a genomic sequence with which homologous
recombination is desired.

[0041] In some embodiments, the homology arms are homologous to regions flanking
a targeted nuclease cut site. As used herein, “flanking” indicates that the homology arms are
located on either side of the targeted nuclease cut side, the flanking homology arms may be
directly on either side of the cut side (contiguous) or one or both of the flanking homology
arms may be some distance away from the cut site (non-contiguous). In some embodiments,
the targeted nucleic acid cut site is located at the junction between contiguous flanking
regions homologous to the homology arms. In some embodiments, the targeted nuclease cute
site 1s within about 100 nt of the region homologous to the 3° end of the 5° homology arm. In
some embodiments, the targeted nuclease cute site is within about 100 nt of the region
homologous to the 5’ end of the 3 homology arm. In some embodiments, the targeted
nuclease cute site is within about 50 nt of the region homologous to the 3° end of the 5’
homology arm. In some embodiments, the targeted nuclease cute site is within about 50 nt of
the region homologous to the 5° end of the 3” homology arm. In some embodiments, the
targeted nuclease cute site is within about 10 nt of the region homologous to the 3° end of the
5’ homology arm. In some embodiments, the targeted nuclease cute site is within about 10 nt
of the region homologous to the 5” end of the 3’ homology arm. In some embodiments, the
targeted nuclease cute site is within about 5 nt of the region homologous to the 3’ end of the
5’ homology arm. In some embodiments, the targeted nuclease cute site is within about 5 nt
of the region homologous to the 5” end of the 3’ homology arm. In some embodiments, the
targeted nuclease cut site is within about 0-100 nt of the region homologous to the 5’ end of
the 3’ homology arm and about 0-100 nt of the region homologous to the 3° end of the 5’

homology arm. In some embodiments, a guide sequence for the targetable nuclease is not
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homologous to the targeting vector. In some embodiments, a guide sequence for the
targetable nuclease is not homologous to a genomic sequence comprising the inserted
reporter gene and WPRE.

[0042] In some embodiments, the homology arms are homologous to one or more
regions of the human tyrosine hydroxylase locus (Gene ID: 7054; NCBI). In some
embodiments, the 5° homology arm is homologous to the 5’ end of exon 14 of the human
tyrosine hydroxylase locus and the 3’ homology arm is homologous to a region comprising
the human tyrosine hydroxylase stop codon with the region homologous to the 3’ homology
arm. In some embodiments, the 5° homology arm is homologous to the 5° end of exon 14 of
the human tyrosine hydroxylase locus and the 3’ homology arm is homologous to a region
comprising the human tyrosine hydroxylase stop codon that is contiguous with the region
homologous to the 3’ homology arm. In some embodiments, the 5’ homology arm
comprises, consists essentially, or consists of the nucleotide sequence of SEQ ID NO: 1. In
some embodiments, the 3 homology arm comprises, consists essentially, or consists of the
nucleotide sequence of SEQ ID NO: 2.

S Prime TH homology region (426 nt):

TTCCTGGAGGAGGCCCAGTGGAGGTTCAGGGAGGGATGGGGTGCCC

GGCAGTCTCTAGTGGAAAAGGCGCCTAGCCTATCTCCCCCATGAACC

CCCTCACCCAGCCCTGGAAGAGGCCTCAGTGTCCCGCCTGTGACCAG

TTGGCTCAGAAAAGCCCTGGGAGCTCTGAGCCACTGTGAAGGTGGAA

ACGCGGCCCCTGGCCTCCCCTCTCCTGGAGGCTGCAGACTCTGCCCG

CCAGTTGACGAGGGCTCTGCCGCTCTCCTCCCCAGGAGCTATGCCTC

ACGCATCCAGCGCCCCTTCTCCGTGAAGTTCGACCCGTACACGCTGG

CCATCGACGTGCTGGACAGCCCCCAGGCCGTGCGGCGCTCCCTGGAG
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GGTGTCCAGGATGAGCTGGACACCCTTGCCCATGCGCTGAGTGCCAT

TGGC (SEQ ID NO: 1)

3 Prime TH homology region (428 nt):

GTGCACGGCGTCCCTGAGGGCCCTTCCCAACCTCCCCTGGTCCTGCA

CTGTCCCGGAGCTCAGGCCCTGGTGAGGGGCTGGGTCCCGGGTGCCC

CCCATGCCCTCCCTGCTGCCAGGCTCCCACTGCCCCTGCACCTGCTTC

TCAGCGCAACAGCTGTGTGTGCCCGTGGTGAGGTTGTGCTGCCTGTG

GTGAGGTCCTGTCCTGGCTCCCAGGGTCCTGGGGGCTGCTGCACTGC

CCTCCGCCCTTCCCTGACACTGTCTGCTGCCCCAATCACCGTCACAAT

AAAAGAAACTGTGGTCTCTACACCTGCCTGGCCCCACATCTGTGCCAC

AGAGACAGACCCTGGGATCCTCAGACTCCCACACCCCCACCCCAGCC

TCACTCAGAGGTTTCGCCCTGGCCTCCTTCCTCCTCTGGGAGATGGCT

G (SEQID NO: 2)

[0043] In some embodiments, the nucleic acid targeting vector (i.e., targeting vector)
comprises, in the 5’ to 3 direction, (1) a 5° homology arm homologous to a first target
sequence in a cell, (i) a reporter gene, (iii) an expression enhancer comprising a Woodchuck
Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) operably linked to the
reporter gene, and (iv) a 3° homology arm homologous to a second target sequence
downstream of the first target sequence.

[0044] In some embodiments, the expression enhancer region of the targeting vector
may comprise the WPRE element and further transcription enhancer elements (e.g., SV40
enhancer, LTR). Transcription enhancers increase the likelihood of transcription of a
particular gene. Any suitable transcription enhancer may be included in the expression

enhancer region with the WPRE.
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[0045] In some embodiments, the reporter gene encodes a fluorescent protein. Any
suitable fluorescent protein may be used. For instance, fluorescent proteins which may be
suitable can be found on the world-wide web at
nic.ucsf edu/dokuwiki/doku.php?id=fluorescent proteins. In some embodiments the
fluorescent protein is a green fluorescent protein, a red fluorescent protein, or an infrared
fluorescent protein. Examples of fluorescent proteins that may be used include, e.g., GFP,
EGFP, Sirius, Azurite, EBFP2, BFP, mTurquoise, ECFP, Cerulean, mTFP1, mUkG1, mAGl],
AcGFP, mWasabi, EmGFP, YPF, EYFP, Topaz, SYFP2, Venus, Citrine, mKO, mKO2,
mOrange, mOrange2, LSSmOrange, PSmOrange, and PSmOrange2, mStrawberry, mRuby,
mCherry, mRaspberry, tdTomato, mKate, mKate2, mPlum, mNeptune, T-Sapphire,
mAmetrine, mKeima, E2-Orange, E2-Red/Green, and E2-Crimson, ZsGreen . See, e.g., See,
e.g., Chalfie, M. and Kain, SR (eds.) Green fluorescent protein: properties, applications, and
protocols (Methods of biochemical analysis, v. 47) Wiley-Interscience, Hoboken, N.J., 2006;
Chudakov, DM, et al., Physiol Rev. 90(3):1103-63, 2010, US Pat. Pub. Nos. 20030170911,
20060194282, 20070099175, 20090203035, 20100227400, 20100184954, 20110020784,
20140237632 for further description of various reporter molecules that may be used. In some
embodiments, the fluorescent protein is CLOVER or TD-TOMATO. In some embodiments,
the reporter gene further comprises a stop codon downstream of the sequence encoding a
guide protein.

[0046] In some embodiments, the targeting vector has an IRES element or a sequence
encoding a self-cleaving peptide located between the 5° homology arm and the reporter gene.
In some embodiments, the sequence encoding a self-cleaving peptide encodes p2A, t2A, e2A,
f2A. In some embodiments, the sequence encoding the self-cleaving peptide also encodes for

a GSG sequence at the amino terminus to enhance cleavage efficiency. In some
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embodiments, the targeting vector does not have an IRES element or sequence encoding a
self-cleaving peptide between the 5’ homology arm and the reporter gene.

[0047] In some embodiments, the targeting vector has an insulator sequence located
between the WPRE and the 3” homology arm. The length of the insulator sequence is not
limited. In some embodiments, the insulator sequence is about 1-10 nt, about 1-50 nt, about
1-100 nt, or about 1-500 nt in length. In some embodiments, the insulator sequence blocks
transcription of the 3’ homology arm. In some embodiments, the targeting vector may have
one or more restriction sites. In some embodiments, the insulator sequence has one or more
restriction sites.

[0048] In some embodiments, the targeting vector does not comprise a promoter
sequence upstream of and/or operably linked to the reporter gene or WPRE element.

[0049] In some embodiments, the targeting vector may include an expression cassette
having positive and/or negative selection or screening markers. Positive selection markers are
those polynucleotides that encode a product that enables only cells that carry and express the
gene to survive and/or grow under certain conditions. For example, cells that express
neomycin resistance (Neo") gene are resistant to the compound G418, while cells that do not
express Neo" are killed by G418. Positive selection markers are not limited and can include
hygromycin resistance, Zeocin™ resistance, and/or Puromycin resistance. Negative selection
markers are those polynucleotides that encode a produce that enables only cells that carry and
express the gene to be killed under certain conditions. For example, cells that express
thymidine kinase (e.g., herpes simplex virus thymidine kinase, HSV-TK) are killed when
gancyclovir is added. Any known negative selection marker is contemplated and is not
limited. Screening markers that may be used can be, for example, flourescent proteins or
luciferases (e.g., GFP, mRUBY), or beta-galactosidase. Other screening markers may include

sequences encoding polypeptides that will be expressed on the cell surface, allowing for
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identification with specific antibodies or other ligands to that surface expressed polypeptide.
The antibodies or ligands in these assays may be tagged in some manner, for example with a
fluorophore, to allow rapid cell screening. In some embodiments, the expression cassette
having positive and/or negative selection or screening markers further comprises LoxP sites
flanking the selection and/or screening markers.

[0050] Cell Compositions

[0051] In some embodiments, the invention is directed towards a composition
comprising a cell having a genome comprising a nucleotide sequence having a reporter gene
and a Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) operably
linked to the reporter gene, wherein the reporter gene is co-expressed with a target sequence
of interest.

[0052] In some embodiments, the cell is a non-naturally occurring transgenic cell. In
some embodiments the cell is a mammalian cell, e.g. a human, non-human primate, rodent
(e.g., mouse, rat, rabbit, hamster), ungulate (e.g., ovine, bovine, equine, caprine species),
canine, or feline cell. In some embodiments, the cell is an avian cell (e.g., chicken). In some
embodiments the cell is a somatic cell. In some embodiments the cell is a pluripotent stem
cell, and induced pluripotent stem cell or a multipotent stem cell. In some embodiments the
cell is a germ cell, stem cell, or zygote. In some embodiments the cell is a primary cell. In
some embodiments the cell is a diseased cell. In some embodiments the cell is a cancer cell.
In some embodiments the cell is a white blood cell or fibroblast. In some embodiments the
cell is a cell that has been isolated from an embryo. In some embodiments, the cell is an
embryonic stem cell. Cells of the invention include, but are not limited to, hepatocytes,
epithelial cells, hematopoietic cells, epithelial cells, endothelial cells, lung cells, bone cells,
stem cells, mesenchymal cells, neural cells, cardiac cells, adipocytes, vascular smooth muscle

cells, cardiomyocytes, skeletal muscle cells, beta cells, pituitary cells, synovial lining cells,
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ovarian cells, testicular cells, fibroblasts, B cells, T cells, reticulocytes, leukocytes,
granulocytes and tumor cells. In certain embodiments, the cell is a neural cell (e.g., meninges,
astrocyte, motor neuron, a cell of the dorsal root ganglia or anterior horn motor neuron), a
neural lineage cell or a neural stem cell. In some embodiments, the cell is a pluripotent stem
cell or an induced pluripotent stem cell. In some embodiments, the cell is a human
pluripotent stem cell or a human induced pluripotent stem cell. In some embodiments, the
cell is in a non-human transgenic animal. In some embodiments, the transgenic animal is a
mouse, rat or non-human primate.

[0053] The phrase “co-expressed with a target sequence of interest” refers to
expression of the reporter gene with the target sequence of interest, usually on the same
mRNA. The co-expression may result in a fusion protein or a separate reporter protein and
target sequence product. The reporter gene may be any reporter gene as described herein.
As used herein co-expression is intended to mean that expression of the reporter gene
substantially matches the expression of target sequence of interest.

[0054] The target sequence of interest (e.g., genomic locus of interest) is not limited.
In some embodiments, the target sequence of interest is a gene of interest. In some
embodiments, the gene of interest encodes a transcription factor, a transcriptional co-activator
or co-repressor, an enzyme, a chaperone, a heat shock factor, a heat shock protein, a receptor,
a secreted protein, a transmembrane protein, a histone (e.g., HI, H2A, H2B, H3, H4), a
peripheral membrane protein, a soluble protein, a nuclear protein, a mitochondrial protein, a
growth factor, a cytokine (e.g., an interleukin, e.g., any of [L-1 - IL-33), an interferon (e.g.,
alpha, beta, or gamma), a chemokine (e.g., a CXC, CX3C, C (or XC), or CX3C chemokine).
A chemokine may be CCL1 - CCL28, CXCL1 - CXCL17, XCL1 or XCL2, or CXC3L1). In
some embodiments the gene of interest encodes a colony-stimulating factor, a hormone (e.g.,

insulin, thyroid hormone, growth hormone, estrogen, progesterone, testosterone), an
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extracellular matrix protein (e.g., collagen, fibronectin), a motor protein (e.g., dynein,
myosin), cell adhesion molecule, a major or minor histocompatibility (MHC) gene, a
transporter, a channel (e.g., an ion channel), an immunoglobulin (Ig) superfamily (IgSF) gene
(e.g., a gene encoding an antibody, T cell receptor, B cell receptor), tumor necrosis factor, an
NF-kappaB protein, an integrin, a cadherin superfamily member (e.g., a cadherin), a selectin,
a clotting factor, a complement factor, a plasminogen, plasminogen activating factor. Growth
factors include, e.g., members of the vascular endothelial growth factor (VEGF, e.g., VEGF-
A, VEGF-B, VEGF-C, VEGF-D), epidermal growth factor (EGF), insulin-like growth factor
(IGF; IGF-1, IGF-2), fibroblast growth factor (FGF, e.g., FGF1 - FGF22), platelet derived
growth factor (PDGF), or nerve growth factor (NGF) families. It will be understood that the
afore-mentioned protein families comprise multiple members. Any such member may be
used in various embodiments. In some embodiments a growth factor promotes proliferation
and/or differentiation of one or more hematopoietic cell types. For example, a growth factor
may be CSF1 (macrophage colony- stimulating factor), CSF2 (granulocyte macrophage
colony- stimulating factor, GM-CSF), or CSF3 (granulocyte colony-stimulating factors, G-
CSF). In some embodiments the gene of interest encodes erythropoietin (EPO). In some
embodiments, the gene of interest encodes a neurotrophic factor, i.e., a factor that promotes
survival, development and/or function of neural lineage cells (which term as used herein
includes neural progenitor cells, neurons, and glial cells, e.g., astrocytes, oligodendrocytes,
microglia). For example, in some embodiments, the protein is a factor that promotes neurite
outgrowth. In some embodiments, the protein is ciliary neurotrophic factor (CNTF) or brain-
derived neurotrophic factor (BDNF).

[0055] In some embodiments, the gene of interest is a human tyrosine hydroxylase
gene. In some embodiments, the gene (e.g., human gene) of interest is SLC6A3, AGRP,

POMC, HB9, GFAP, SCN10A, SCN9A, or TRPVI.
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[0056] In some embodiments, the cell comprises two or more nucleotide sequences
each having a reporter gene and a Woodchuck Hepatitis Virus Posttranscriptional Regulatory
Element (WPRE) operably linked to the reporter gene, wherein the reporter gene of each
nucleotide sequence is co-expressed with a different target sequence of interest. In some
embodiments, the cell comprises 2, 3, 4, 5 or more nucleotide sequences each having a
reporter gene and a Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE) operably linked to the reporter gene, wherein the reporter gene of each nucleotide
sequence is co-expressed with a different target sequence of interest. The reporter gene of
each nucleotide sequence may express a different reporter.

[0057] In addition to the reporter gene and WPRE element, the nucleotide sequence
may further comprise expression enhancers, isolator sequences, restriction sites, sequence
encoding selection markers, and/or sequence encoding screening markers as described herein.
In some embodiments, the reporter gene encodes TD-Tomato or Clover.

[0058] In some embodiments, the expression of the reporter gene is under control of
the endogenous promoter of the gene of interest. The promoter (e.g., human gene promoter,
mouse gene promoter) is not limited. In some embodiments, the promoter is the human
tyrosine hydroxylase gene promoter (see Kessler, et al., Brain Res Mol Brain Res. 2003 Apr
10;112(1-2):8-23). In some embodiments, the promoter (e.g., human gene promoter) is a
SLC6A3 gene promoter, an AGRP gene promoter, a POMC gene promoter, an HB9 gene
promoter, a GFAP gene promoter, a SCN10A gene promoter, a SCNOA gene promoter, or a
TRPVI gene promoter.

[0059] The location within the genome of the nucleotide sequence comprising the
reporter gene and WPRE element are not limited as long as the reporter gene is co-expressed
with the target sequence of interest (e.g., gene of interest). In some embodiments, the target

sequence of interest (e.g., gene of interest) is a region of a gene encoding for a polypeptide.
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In some embodiments, the nucleotide sequence comprising the reporter gene and WPRE
element is located upstream of the °5 end of a stop-codon of the target sequence of interest
(e.g., gene of interest). In some embodiments, the nucleotide sequence comprising the
reporter gene and WPRE element is located at the 3° end of an open reading frame of the
target sequence of interest (e.g., gene of interest). In some embodiments, the nucleotide
sequence comprising the reporter gene and WPRE element is located at the 3° end of an open
reading frame of the target sequence of interest (e.g., gene of interest) and at the 5’ end of the
stop-codon of the target sequence of interest (e.g., gene of interest). In some embodiments,
the nucleotide sequence comprising the reporter gene and WPRE element is located within or
adjacent to a human gene (e.g., tyrosine hydroxylase, SLC6A3, AGRP, POMC, HB9, GFAP,
SCN10A, SCN9A, or TRPV1). In some embodiments, the nucleotide sequence comprising
the reporter gene and WPRE element is located upstream of the 5° end of the human gene
(e.g., tyrosine hydroxylase, SLC6A3, AGRP, POMC, HB9, GFAP, SCN10A, SCN9A, or
TRPV1) stop-codon. In some embodiments, the nucleotide sequence comprising the reporter
gene and WPRE element is located upstream of the 5” end of the stop-codon human of a gene
(e.g., tyrosine hydroxylase, SLC6A3, AGRP, POMC, HB9, GFAP, SCN10A, SCN9A, or
TRPV1) and downstream of the 3’ end of the open-reading frame of the human gene (e.g.,
tyrosine hydroxylase, SLC6A3, AGRP, POMC, HB9, GFAP, SCN10A, SCN9A, or TRPV1).
In some embodiments, the nucleotide sequence comprising the reporter gene and WPRE
element is located in exon 14 of the human gene (e.g., tyrosine hydroxylase, SLC6A3,

AGRP, POMC, HB9, GFAP, SCN10A, SCN9A, or TRPV1).
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[0060] Methods of generating a cell co-expressing a reporter gene and a target
sequence of interest

[0061] Another embodiment of the invention is directed towards a method of
generating a cell that co-expresses a reporter gene with a target sequence of interest (e.g.,
gene of interest). The method may comprise providing a nucleic acid targeting vector as
disclosed herein and providing a cell with target sequences homologous to the homology
arms of the targeting vector, introducing the targeting vector into the cell; and maintaining
the cell under conditions appropriate for integration of the reporter gene and WPRE into the
genome of the cell such that the reporter gene is co-expressed with the target sequence (e.g.,
gene) of interest.

[0062] The cell may be non-naturally occurring or naturally occurring. The cell may
be any cell type disclosed herein. In some embodiments, the cell may be a pluripotent stem
cell or an induced pluripotent stem cell. In some embodiments, the cell may be a human
pluripotent stem cell or a human induced pluripotent stem cell. In some embodiments, the
cell is an embryonic stem cell (e.g., human embryonic stem cell).

[0063] The sequences of the 3’ homology arm and 5° homology arm are not limited.
The homology arms may be any homology arm described herein.

[0064] In some embodiments, at least one of the homology arms is homologous to a
region of a genetic locus of interest (e.g., gene of interest). The genetic locus of interest (e.g.,
gene of interest) is not limited. The genetic locus of interest (e.g., gene of interest) may be
any gene disclosed herein. In some embodiments, both homology arms are homologous to
regions of a genetic locus of interest (e.g., gene of interest). In some embodiments, the 5’
homology arm is homologous to a region of a genetic locus of interest (e.g., gene of interest).
In some embodiments, the 5’ homology arm is homologous to a region of genetic locus of

interest (e.g., gene of interest) upstream of, proximate to, or adjacent to a stop codon. In
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some embodiments, a portion of the 3’ homology arm is homologous to the stop codon or a
portion of the stop codon. In some embodiments, the 5 homology arm is homologous to a
region of a genetic locus of interest (e.g., gene of interest) adjacent to and upstream of the
stop codon and the 3’ homology arm is homologous to a region of the genetic locus of
interest (e.g., gene of interest) contiguous with the region homologous to the 5° homology
arm and including the stop codon.

[0065] The step of introducing the target vector into the cell is not limited and may be
performed by any method known in the art. Suitable techniques include calcium phosphate
or lipid-mediated transfection, electroporation, and transduction or infection using a viral
vector. In some embodiments, the electroporation is via Nucleofector™ Technology (Lonza
Group, Basel, Switzerland).

[0066] The step of maintaining the cell under conditions appropriate for integration of
the reporter gene and WPRE into the genome of the cell is not limited and may be performed
by any method known in the art. In some embodiments, the conditions comprise providing
the cell with a targetable nuclease to generate a DNA break at a target site and incorporating
the reporter gene and WPRE into the genome of the cell by homology directed repair (HDR).

[0067] Targetable nucleases (e.g., site specific nucleases) generate DNA breaks in the
genome at a selected target site and can be used to produce precise genomic modifications.
DNA breaks, e.g., double-stranded DNA breaks, can be repaired by various DNA repair
pathways. Homologous recombination (HR) mediated repair (also termed homology-directed
repair (HDR)) uses homologous donor DNA as a template to repair the break. If the
sequence of the donor DNA differs from the genomic sequence, this process leads to the
introduction of sequence changes into the genome. Precise modifications to the genome can
be made by providing donor DNA comprising an appropriate sequence. Modifications that

can be generated using targetable nucleases include insertions, deletions, or substitutions of

26-



WO 2018/129486 PCT/US2018/012849

one or more nucleotides, or introducing an exogenous DNA segment such as an expression
cassette (a nucleic acid comprising a sequence to be expressed and appropriate expression
control elements, such as a promoter, to cause the sequence to be expressed in a cell) or tag at
a selected location in the genome.

[0068] There are currently four main types of targetable nuclease in use: zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENSs), and RNA-guided
nucleases (RGNs) such as the Cas proteins of the CRISPR/Cas Type II system, and
engineered meganucleases. ZFNs and TALENs comprise the nuclease domain of the
restriction enzyme Fok/ (or an engineered variant thereof) fused to a site-specific DNA
binding domain (DBD) that is appropriately designed to target the protein to a selected DNA
sequence. In the case of ZFNs, the DNA binding domain comprises a zinc finger DBD. In
the case of TALENS, the site-specific DBD is designed based on the DNA recognition code
employed by transcription activator— like effectors (TALEs), a family of site-specific DNA
binding proteins found in plant-pathogenic bacteria such as Xanthomonas species. The
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Type II system is a
bacterial adaptive immune system that has been modified for use as an RNA-guided
endonuclease technology for genome engineering. The bacterial system comprises two
endogenous bacterial RNAs called crRNA and tracrRNA and a CRISPR-associated (Cas)
nuclease, e.g., Cas9. The tracrRNA has partial complementarity to the crRNA and forms a
complex with it. The Cas protein is guided to the target sequence by the crRNA/tracrRNA
complex, which forms a RNA/DNA hybrid between the crRNA sequence and the
homologous sequence in the target. For use in genome modification, the crRNA and
tractrRNA components are often combined into a single chimeric guide RNA (sgRNA or
gRNA) in which the targeting specificity of the crRNA and the properties of the tracrRNA

are combined into a single transcript that localizes the Cas protein to the target sequence so
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that the Cas protein can cleave the DNA. The sgRNA often comprises an approximately 20
nucleotide guide sequence complementary to the desired target sequence followed by about
80 nt of hybrid crRNA/tractRNA. One of ordinary skill in the art appreciates that the guide
RNA need not be perfectly complementary to the target sequence. For example, in some
embodiments it may have one or two mismatches.

[0069] In some embodiments, one or more guide sequences (e.g., guide RNA) is a
naturally occurring RNA sequence, a modified RNA sequence (e.g., a RNA sequence
comprising one or more modified bases), a synthetic RNA sequence, or a combination
thereof. As used herein a "modified RNA" is an RNA comprising one or more modifications
(e.g., RNA comprising one or more non-standard and/or non-naturally occurring bases and/or
modifications to the backbone, internucleoside linkage(s) and/or sugar). Methods of
modifying bases of RNA are well known in the art. Examples of such modified bases include
those contained in the nucleosides S-methylcytidine (SmC), pseudouridine (), 5-
methyluridine, 2'0-methyluridine, 2-thiouridine, N-6 methyladenosine, hypoxanthine,
dihydrouridine (D), inosine (I), and 7- methylguanosine (m7G). It should be noted that any
number of bases, sugars, or backbone linkages in a RNA sequence can be modified in various
embodiments. It should further be understood that combinations of different modifications
may be used. In some embodiments an RNA comprises one or more modifications selected
from: phosphorothioate, 2’-OMe, 2’-F, 2’-constrained ethyl (2’-cEt), 2’-OMe 3’
phosphorothioate (MS), and 2°-OMe 3-thioPACE (MSP) modifications. In some
embodiments a modification may stabilize the RNA and/or increase its binding affinity to a
complementary sequence.

[0070] In some embodiments, the one or more guide sequences comprise at least one
locked nucleic acid (LNA) unit, such as 1, 2, 3, 4, 5, 6, 7, or 8 LNA units, such as from about

3-7 or 4-8 LNA units, or 3,4, 5, 6 or 7 LNA units. In some embodiments, all the
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nucleotides of the one or more guide sequences are LNA. In some embodiments, the one or
more guide sequences may comprise both beta-D-oxy-LNA, and one or more of the
following LNA units: thio-LNA, amino-LNA, oxy-LNA, and/or ENA in either the beta-D or
alpha-L configurations or combinations thereof. In some embodiments all LNA cytosine
units are 5’methyl-cytosine.

[0071] In some aspects, the one or more guide sequences is a morpholino.
Morpholinos are typically synthetic molecules, of about 25 bases in length and bind to
complementary sequences of RNA by standard nucleic acid base-pairing. Morpholinos have
standard nucleic acid bases, but those bases are bound to morpholine rings instead of
deoxyribose rings and are linked through phosphorodiamidate groups instead of phosphates.

[0072] In some embodiments, a guide sequence can vary in length from about 8 base
pairs (bp) to about 200 bp. In some embodiments, each of one or more guide sequences can
be about 9 to about 190 bp; about 10 to about 150 bp; about 15 to about 120 bp; about 20 to
about 100 bp; about 30 to about 90 bp; about 40 to about 80 bp; about 50 to about 70 bp in
length.

[0073] Chemical modifications and methods of synthesizing guide RNAs (guide
sequences) are known in the art. See W(O/2016/164356, herein incorporated by reference in
its entirety.

[0074] The portion of each genomic sequence (e.g., target sequence of interest, gene
of interest) to which each guide sequence is complementary or homologous to can also vary
in size. In particular aspects, the portion of each genomic sequence to which the guide
sequence is complementary or homologous to can be about 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,35, 36, 37, 38 39, 40, 41,
42,43, 44, 45, 46 47, 48, 49, 50, 51, 52, 53,54, 55, 56,57, 58, 59 60, 61, 62, 63, 64, 65, 66,

67, 68, 69,70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80 81, 82, 83, 84, 85, 86, 87 88, 89, 90, 81,
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92,93,94, 95, 96, 97, 98, or 100 nucleotides (contiguous nucleotides) in length. In some
embodiments, each guide sequence can be at least about 70%, 75%, 80%, 85%, 90%, 95%,
100%, etc. identical, complementary or similar to the portion of each genomic sequence. In
some embodiments, each guide sequence is completely or partially identical, complementary
or similar to each genomic sequence. For example, each guide sequence can differ from
perfect complementarity or homology to the portion of the genomic sequence by about 1, 2,
3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, etc. nucleotides. In some
embodiments, one or more guide sequences are perfectly complementary or homologous
(100%) across at least about 10 to about 25 (e.g., about 20) nucleotides of the genomic
sequence.

[0075] The genomic target sequence (e.g., genomic locus of interest, gene of interest,
target sequence of interest) should also be immediately followed by a Protospacer Adjacent
Motif (PAM) sequence. The PAM sequence is present in the DNA target sequence but not in
an guide sequence. The Cas protein will be directed to any DNA sequence with the correct
target sequence followed by the PAM sequence. The PAM sequence varies depending on the
species of bacteria from which the Cas protein was derived. In some embodiments, the
targetable nuclease comprises a Cas9 protein. For example, Cas9 from Streptococcus
pyogenes (Sp), Neisseria meningitides, Staphylococcus aureus, Streptococcus thermophiles,
or Treponema denticola may be used. The PAM sequences for these Cas9 proteins are
NGG, NNNNGATT, NNAGAA, NAAAAC, respectively. A number of engineered variants
of the site-specific nucleases have been developed and may be used in certain embodiments.
For example, engineered variants of Cas9 and Fok1 are known in the art. Furthermore, it will
be understood that a biologically active fragment or variant can be used. Other variations
include the use of hybrid targetable nucleases. For example, in CRISPR RNA-guided FokI

nucleases (RFNs) the FokI nuclease domain is fused to the amino-terminal end of a
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catalytically inactive Cas9 protein (dCas9) protein. RFNs act as dimers and utilize two guide
RNAs (Tsai, QS, et al., Nat Biotechnol. 2014; 32(6): 569— 576). Site-specific nucleases that
produce a single-stranded DNA break are also of use for genome editing. Such nucleases,
sometimes termed “nickases” can be generated by introducing a mutation (e.g., an alanine
substitution) at key catalytic residues in one of the two nuclease domains of a targetable
nuclease that comprises two nuclease domains (such as ZFNs, TALENSs, and Cas proteins).
Examples of such mutations include D10A, N863 A, and H840A in SpCas9 or at homologous
positions in other Cas9 proteins. A nick can stimulate HDR at low efficiency in some cell
types. Two nickases, targeted to a pair of sequences that are near each other and on opposite
strands can create a single-stranded break on each strand (“ double nicking” ), effectively
generating a DSB, which can be repaired by HDR using a donor DNA template (Ran, F. A. et
al. Cell 154, 1380-1389 (2013).

[0076] The term “ donor nucleic acid” or “donor” refers to an exogenous nucleic
acid segment that, when provided to a cell, e.g., along with a targetable nuclease, can be used
as a template for DNA repair by homologous recombination and thereby cause site-specific
genome modification (sometimes termed “ genome editing” ). The modifications can include
insertions, deletions, or substitutions of one or more nucleotides, or introducing an exogenous
DNA segment such as an expression cassette or tag at a selected location in the genome. A
donor nucleic acid typically comprises sequences that have homology to the region of the
genome at which the genomic modification is to be made. The donor may contain one or
more single base changes, insertions, deletions, or other alterations with respect to the
genomic sequence, so long as it has sufficient homology to allow for homology-directed
repair. In the present invention, the donor nucleic acid is the nucleic acid sequence
comprising the reporter gene and WPRE flanked by the homology arms. The homology arms

are homologous to genomic sequences flanking a location in genomic DNA at which the
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insertion is to be made (e.g., DNA break). One of ordinary skill in the art also appreciates
that the homology need not extend all the way to the DNA break. For example, in some
embodiments the homology begins no more than 100bp away from the break, e.g., between 1
and 100bp away, e.g., 1 — 50 bp away, e.g., 1-15 bp away, from the break.

[0077] Donor nucleic acid can be provided, for example, in the form of DNA
plasmids, PCR products, or chemically synthesized oligonucleotides, and may be double-
stranded or single-stranded in various embodiments. The size of the donor nucleic can vary
from as small as about 40 base pairs (bp) to about 10 kilobases (kb), or more. In some
embodiments the donor nucleic is between about 1 kb and about 5 kb long.

[0078] Those of ordinary skill in the art are aware of methods for performing site-
specific genome modification using targetable nucleases and will be able to apply such
methods to introduce a nucleotide sequence comprising a reporter gene and WPRE into the
genome at a location of choice. Those of ordinary skill in the art can, for example, design
appropriate guide RNAs, TALENSs, or ZFNs to generate a DNA break at a selected location
in the genome, can design a targeting vector (e.g., comprising homology arms) to promote
HDR at a DNA break generated by a targetable nuclease, and are aware of appropriate
methods that can be used to introduce a targetable nuclease into cells and, where appropriate,
a donor nucleic acid, and/or guide RNA. A targetable nuclease may be targeted to a unique
site in the genome of a mammalian cell by appropriate design of the nuclease or guide RNA.
A nuclease or guide RNA may be introduced into cells by introducing a nucleic acid that
encodes it into the cell. Standard methods such as plasmid DNA transfection, viral vector
delivery, transfection with synthetic mRNA (e.g., capped, polyadenylated mRNA), or
microinjection can be used. If DNA encoding the nuclease or guide RNA is introduced, the
coding sequences should be operably linked to appropriate regulatory elements for

expression, such as a promoter and termination signal. In some embodiments a sequence
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encoding a guide RNA is operably linked to an RNA polymerase III promoter such as U6 or
tRNA promoter. In some embodiments one or more guide RNAs and Cas protein coding
sequences are transcribed from the same nucleic acid (e.g., plasmid). In some embodiments
multiple guide RNAs are transcribed from the same plasmid or from different plasmids or are
otherwise introduced into the cell. The multiple guide RNAs may direct Cas9 to different
target sequences in the genome, allowing for multiplexed genome editing. In some
embodiments a nuclease protein (e.g., Cas9) may comprise or be modified to comprise a
nuclear localization signal (e.g., SV40 NLS). A nuclease protein may be introduced into
cells, e.g., using protein transduction. Nuclease proteins, guide RNAs, or both, may be
introduced using microinjection. Methods of using targetable nucleases, e.g., to perform
genome editing, are described in numerous publications, such as Methods in Enzymology,
Doudna JA, Sontheimer EJ. (eds), The use of CRISPR/Cas9, ZFNs, and TALENSs in
generating site-specific genome alterations. Methods Enzymol. 2014, Vol. 546 (Elsevier);
Carroll, D., Genome Editing with Targetable Nucleases, Annu. Rev. Biochem. 2014. 83:409—
39, and references in either of these. See also U.S. Pat. Pub. Nos. 20140068797,
20140186919, 20140170753 and/or PCT/US2014/034387 (W0O/2014/172470). Each of these
references is incorporated by reference in its entirety.

[0079] In some embodiments of the invention, clustered regularly interspaced short
palindromic repeats-associated (Cas) protein and from one to two ribonucleic acid guide
sequences (gRNAs) are present in the cell and the gRNAs direct Cas protein to create a
double stranded break in a region between the regions homologous to the 5’ homology arm
and the 3" homology arm. The reporter gene and WPRE are then integrated into the genome
of the cell by homology directed repair. In some embodiments, the gRNA sequences do not
hybridize with the targeting vector or the genome after integration of the nucleic acid

comprising the reporter gene and WPRE.
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[0080] In some embodiments, the target polynucleotide sequence is cleaved such that
a double-strand break results. In some embodiments, more than one target polynucleotide
sequence is cleaved such that a double-strand break results.

[0081] In some embodiments, the method comprises selecting cells with homologous
recombination events over non-homologous recombination events via an enrichment step.
The enrichment step is not limited. At least two enrichment methods have been developed:
the positive-negative selection (PNS) method and the "promoterless" selection method.
Briefly, PNS, the first method, is in genetic terms a negative selection: it selects against
recombination at the incorrect (non-homologous) loci by relying on the use of a negatively
selectable gene that is placed on the flanks of a targeting vector. On the other hand, the
second method, the “promoterless” selection, is a positive selection in genetic terms: it selects
for recombination at the correct (homologous) locus by relying on the use of a positively
selectable gene whose expression is made conditional on recombination at the homologous
target site. See, e.g., Mortensen R., Curr Protoc Mol Biol. Chapter 23 :Unit 23.1, 2006 for
description of mammalian gene targeting in the context of mouse cells. See also Waldman T,
et al., Human somatic cell gene targeting. Curr Protoc Mol Biol. Chapter 9:Unit 9.15, 2003;
and Rago C., Nat Protoc. 2(11):2734-46, 2007. See, e.g., Irion, S. et al., Nat. Biotechnol. 25,
1477-1482 (2007); Costa, M. et al., Nat. Protoc. 2, 792-796 (2007); Suzuki, K. et al., Proc.
Natl. Acad. Sci. USA 105, 13781-13786 (2008); and Zwaka, T.P. & Thomson, J.A., Nat.
Biotechnol. 21, 319-321 (2003) for examples of gene targeting in hESCs.

[0082] See, e.g., PCT/US2003/009081 (W0O/2003/080809); Urnov, F.D. et al., Nature
435, 646-651 (2005); Carroll, D., Gene Ther. 15, 1463-1468 (2008); Moehle, E.A. et al.,
Proc. Natl. Acad. Sci. USA 104, 3055-3060 (2007); and Lombardo, A. et al., Nat.
Biotechnol. 25, 1298-1306 (2007). In some embodiments zinc finger DNA-binding domains

with alterations in at least one zinc coordinating residue, such as CCHC zinc fingers. See,
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e.g., PCT/US2007/025455 (W0O/2008/076290). Each of these references is incorporated by
reference in its entirety.

[0083] In some embodiments of the invention, a cell (e.g., a human embryonic stem
cell, a human induced pluripotent stem cell) is provided having Cas9 and a guide RNA
homologous to a target sequence of a genomic region encoding a protein of interest under
conditions such that Cas9 cleaves the genomic region. A targeting vector as disclosed herein
is introduced to the cell, wherein the targeting vector comprises a reporter gene, a WPRE
element, a 5’ homology arm and a 3’ homology arm and wherein one of the homology arms
is homologous to a region on one side of the cleavage site of the Cas9 and the other
homology arm is homologous to a region on the other side of the cleavage site of the Cas9.
The reporter gene and WPRE are integrated into the genome of the cell by homologous
recombination upstream of the stop codon of the nucleotide sequence encoding the protein of
interest. Correct orientation of the inserted reporter gene and WPRE are confirmed by
checking the length of a PCR product from PCR with primers to a region of the inserted
sequence and a genomic region.

[0084] Method of Making a Targeting Vector

[0085] Another embodiment of the invention is directed towards a method of making
a targeting vector for integrating a reporter gene and a WPRE in a cell wherein the reporter
gene is co-expressed with the target sequence of interest (e.g., gene of interest) comprising:
providing a vector comprising, in the 5’ to 3 direction, a reporter gene and an expression
enhancer comprising a Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE), wherein the expression enhancer and the reporter gene are operably linked;
incorporating upstream of the reporter gene a 5° homology arm homologous to a first target
sequence; and incorporating downstream of the WPRE a 3” homology arm homologous to a

second target sequence; wherein the second target sequence is located downstream of the first
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target sequence and wherein the first target sequence and the second target sequence flank at
least a portion of the target sequence of interest (e.g., gene of interest).

[0086] In some embodiments, the method further comprises making a vector
comprising, in the 5’ to 3 direction, a reporter gene and an expression enhancer comprising a
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE), wherein the
expression enhancer and the reporter gene are operably linked. In some embodiments, a
nucleotide sequence coding for a self-cleaving peptide as described herein or an IPER
element may also be incorporated upstream of the reporter gene. The vector may include an
origin of replication and may include one or more selectable marker genes. The vector may
be any appropriate vector as described herein. The vector may be created by any technique
known in the art and is not limited.

[0087] In other embodiments, the method comprises providing a vector comprising, in
the 5’ to 3’ direction, a reporter gene and an expression enhancer comprising a Woodchuck
Hepatitis Virus Posttranscriptional Regulatory Element (WPRE), wherein the expression
enhancer and the reporter gene are operably linked. The vector is any suitable vector
described herein. The vector may include a nucleotide sequence coding for a self-cleaving
peptide as described herein or an IPER element upstream of the reporter gene. The vector
may also include an origin of replication and may include one or more selectable marker
genes. In some embodiments, the vector includes a cassette encoding a reporter gene and/or
a selectable marker.

2%

[0088] The terms “co-expressed,” “gene of interest,” “expression enhancer,” and
“operably linked” are defined as described herein.
[0089] The step of incorporating the homology arms into the vector are by any

suitable method known in the art and not limited. In some embodiments, G-Block Gibson

assembly is utilized to add one or both of the homology arms. G-block Gibson assembly can
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be performed via the method described in Gibson, et al. (2009) “Enzymatic assembly of DNA
molecules up to several hundred kilobases,” Nature Methods, 6(5):343-345. In some
embodiments, the vector is digested with a restriction enzyme at a desired location. A double
stranded nucleotide sequence comprising the homology arm and about 18-40 bp ends having
the same sequence as a cut ends of the vector is provided and both the vector and double
stranded nucleotide sequence are subject to 5 exonuclease digestion. The resulting single
stranded ends of the homology arm vector are annealed and DNA polymerase is utilized to
fill in any missing sequence. Ligase then covalently joins the DNA of adjacent segments,
removing any nicks in the DNA. In some embodiments, the nucleotide sequences present at
either side of the vector restriction site for making the overlapping sequence on the homology

arm are shown in Table 1:

HRAAG-pIATR - Tomatoae Nhel and BamHI
GACGTTGTAAAACGACGGCCAGTGAATTCAGCTAG (SEQ ID NO: 5 Prime 1% overhang (Nhel
3) digest)
GCTAGCGGAAGCGGAGCTACTAACTTCAGCCTGTTGA (SEQ ID 5 Prime 2™ overhang (Nhel
NO: 4) digest)
CACGTAAGTAGAACATGAAATAACCTAGATCGGATC (SEQ ID NO: 3 Prime 1% overhang (BamHI
5) digest)
GATCCCCGTCGACTGCATGCAAGCTTGGCGTAATC (SEQ ID NO: 6) | 3 Prime 2" overhang (BamHI
digest)
HRISD-Fusion Clavan EcoRl and BamHI
TTCCCAGTCACGACGTTGTAAAACGACGGCCAGTG (SEQID NO: 7) | 5 Prime 1% overhang (EcoRlI
digest)
CTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGG (SEQ ID 5 Prime 2™ overhang (EcoRI
NO: 8) digest)
TATCACGTAAGTAGAACATGAAATAACCTAGATCG (SEQ ID NO: 9) | 3 Prime 1% overhang (BamHI
digest)
GATCCCCGTCGACTGCATGCAAGCTTGGCGTA (SEQ ID NO: 10) 3 Prime 2™ overhang (BamHI
digest)

[0090] In some embodiments, both double stranded nucleotide sequence comprising
the 5 homology arm and the double stranded nucleotide sequence comprising the 3’
homology arm are incorporated by Gibson assembly. In some embodiments, the vector is

digested with a first restriction enzyme and the double stranded nucleotide sequence
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comprising the 5> homology arm is incorporated. Then the vector is digested with a second
restriction enzyme and the double stranded nucleotide sequence comprising the 3’ homology
arm 1s incorporated. In other embodiments, the vector is digested with a first restriction
enzyme and the double stranded nucleotide sequence comprising the 3’ homology arm is
incorporated. Then the vector is digested with a second restriction enzyme and the double
stranded nucleotide sequence comprising the 5° homology arm is incorporated. In some
embodiments, the first and second restriction enzymes are selected from Nhel, BamHI, and
EcoRI but the restriction enzyme is not limited.

[0091] As used herein, flanking at least a portion of a gene of interest is intended to
mean that at least a portion of the 5> homology arm is homologous to a portion of the gene of
interest. In some embodiments, the 5> homology arm is homologous to a portion of the gene
of interest that is upstream of the stop codon. In some embodiments, the 5° homology arm is
homologous to a region of the gene of interest comprising a 3’ end of the last exon of the
gene of interest and not comprising a stop codon. In some embodiments, the 5> homology
arm 1s homologous to a region of the gene of interest immediately upstream of a stop codon
and the 3” homology arm is homologous to a region comprising the stop codon. In some
embodiments, the homology arms have sequences to enable insertion of the reporter gene and
expression enhancer immediately after the final exon of the gene of interest and prior to the
stop codon to enable co-expression of the entire gene of interest followed by expression of
the reporter gene.

[0092] The articles “a” and “an” as used herein in the specification and in the claims,
unless clearly indicated to the contrary, should be understood to include the plural referents.
Claims or descriptions that include “or” between one or more members of a group are
considered satisfied if one, more than one, or all of the group members are present in,

employed in, or otherwise relevant to a given product or process unless indicated to the
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contrary or otherwise evident from the context. The invention includes embodiments in
which exactly one member of the group is present in, employed in, or otherwise relevant to a
given product or process. The invention also includes embodiments in which more than one,
or all of the group members are present in, employed in, or otherwise relevant to a given
product or process. Furthermore, it is to be understood that the invention provides all
variations, combinations, and permutations in which one or more limitations, elements,
clauses, descriptive terms, etc., from one or more of the listed claims is introduced into
another claim dependent on the same base claim (or, as relevant, any other claim) unless
otherwise indicated or unless it would be evident to one of ordinary skill in the art that a
contradiction or inconsistency would arise. It is contemplated that all embodiments described
herein are applicable to all different aspects of the invention where appropriate. It is also
contemplated that any of the embodiments or aspects can be freely combined with one or
more other such embodiments or aspects whenever appropriate. Where elements are
presented as lists, e.g., in Markush group or similar format, it is to be understood that each
subgroup of the elements is also disclosed, and any element(s) can be removed from the
group. It should be understood that, in general, where the invention, or aspects of the
invention, is/are referred to as comprising particular elements, features, etc., certain
embodiments of the invention or aspects of the invention consist, or consist essentially of,
such elements, features, etc. For purposes of simplicity those embodiments have not in every
case been specifically set forth in so many words herein. It should also be understood that
any embodiment or aspect of the invention can be explicitly excluded from the claims,
regardless of whether the specific exclusion is recited in the specification. For example, any
one or more nucleic acids, polypeptides, cells, species or types of organism, disorders,

subjects, or combinations thereof, can be excluded.
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[0093] Where the claims or description relate to a composition of matter, e.g., a
nucleic acid, polypeptide, cell, or non-human transgenic animal, it is to be understood that
methods of making or using the composition of matter according to any of the methods
disclosed herein, and methods of using the composition of matter for any of the purposes
disclosed herein are aspects of the invention, unless otherwise indicated or unless it would be
evident to one of ordinary skill in the art that a contradiction or inconsistency would arise.
Where the claims or description relate to a method, e.g., it is to be understood that methods of
making compositions useful for performing the method, and products produced according to
the method, are aspects of the invention, unless otherwise indicated or unless it would be
evident to one of ordinary skill in the art that a contradiction or inconsistency would arise.

[0094] Where ranges are given herein, the invention includes embodiments in which
the endpoints are included, embodiments in which both endpoints are excluded, and
embodiments in which one endpoint is included and the other is excluded. It should be
assumed that both endpoints are included unless indicated otherwise. Furthermore, it is to be
understood that unless otherwise indicated or otherwise evident from the context and
understanding of one of ordinary skill in the art, values that are expressed as ranges can
assume any specific value or subrange within the stated ranges in different embodiments of
the invention, to the tenth of the unit of the lower limit of the range, unless the context clearly
dictates otherwise. It is also understood that where a series of numerical values is stated
herein, the invention includes embodiments that relate analogously to any intervening value
or range defined by any two values in the series, and that the lowest value may be taken as a
minimum and the greatest value may be taken as a maximum. Numerical values, as used
herein, include values expressed as percentages. For any embodiment of the invention in
which a numerical value is prefaced by “about” or “approximately”, the invention includes an

embodiment in which the exact value is recited. For any embodiment of the invention in
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which a numerical value is not prefaced by “about” or “approximately”, the invention
includes an embodiment in which the value is prefaced by “about” or “approximately”.
“Approximately” or “about” generally includes numbers that fall within a range of 1% or in
some embodiments within a range of 5% of a number or in some embodiments within a range
of 10% of a number in either direction (greater than or less than the number) unless otherwise
stated or otherwise evident from the context (except where such number would impermissibly
exceed 100% of a possible value). It should be understood that, unless clearly indicated to
the contrary, in any methods claimed herein that include more than one act, the order of the
acts of the method is not necessarily limited to the order in which the acts of the method are
recited, but the invention includes embodiments in which the order is so limited. It should
also be understood that unless otherwise indicated or evident from the context, any product or
composition described herein may be considered “isolated”.

[0095] Specific examples of these methods are set forth below in the Examples.

EXAMPLES

Example 1

[0096] The creation of the vectors and the targeting workflow are described
schematically in FIG. 1.

[0097] The final vectors were derived through modifications of the commercially
available HR120-PA-1 vector (www.systembio.com/genome-engineering-precisionx-HR-
vectors/gene-tagging). To create a new multicistronic vector, the copGFP-polyA cassette was
removed using EcoRI and Nrul. Vector sequence was restored via G-Block cloning which
introduced a P2A cassette. The following GBlock sequences were used:

[0098] SPrime Gblock
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[0099] GACGTTGTAAAACGACGGCCAGTGAATTCAGCTAGTTCCTGGAGGA
GGCCCAGTGGAGGTTCAGGGAGGGATGGGGTGCCCGGCAGTCTCTAGTGGAAAA
GGCGCCTAGCCTATCTCCCCCATGAACCCCCTCACCCAGCCCTGGAAGAGGCCTC
AGTGTCCCGCCTGTGACCAGTTGGCTCAGAAAAGCCCTGGGAGCTCTGAGCCACT
GTGAAGGTGGAAACGCGGCCCCTGGCCTCCCCTCTCCTGGAGGCTGCAGACTCTG
CCCGCCAGTTGACGAGGGCTCTGCCGCTCTCCTCCCCAGGAGCTATGCCTCACGC
ATCCAGCGCCCCTTCTCCGTGAAGTTCGACCCGTACACGCTGGCCATCGACGTGC
TGGACAGCCCCCAGGCCGTGCGGCGCTCCCTGGAGGGTGTCCAGGATGAGCTGG
ACACCCTTGCCCATGCGCTGAGTGCCATTGGCGCTAGCGGAAGCGGAGCTACTA
ACTTCAGCCTGTTGA (SEQ ID NO: 11)

[0100] 3Prime Gblock

[0101] CACGTAAGTAGAACATGAAATAACCTAGATCGGATCGTGCACGGC
GTCCCTGAGGGCCCTTCCCAACCTCCCCTGGTCCTGCACTGTCCCGGAGCTCAGG
CCCTGGTGAGGGGCTGGGTCCCGGGTGCCCCCCATGCCCTCCCTGCTGCCAGGCT
CCCACTGCCCCTGCACCTGCTTCTCAGCGCAACAGCTGTGTGTGCCCGTGGTGAG
GTTGTGCTGCCTGTGGTGAGGTCCTGTCCTGGCTCCCAGGGTCCTGGGGGCTGCT
GCACTGCCCTCCGCCCTTCCCTGACACTGTCTGCTGCCCCAATCACCGTCACAAT
AAAAGAAACTGTGGTCTCTACACCTGCCTGGCCCCACATCTGTGCCACAGAGACA
GACCCTGGGATCCTCAGACTCCCACACCCCCACCCCAGCCTCACTCAGAGGTTTC
GCCCTGGCCTCCTTCCTCCTCTGGGAGATGGCTGGATCCCCGTCGACTGCATGCA
AGCTTGGCGTAATC (SEQ ID NO: 12)

[0102] In subsequent steps, the Xhol site was cleaved via restriction digest and
Gibson assembly was used to introduce the fluorophore CDS followed by the WPRE
element. For example, the TD-tomato CDS followed by the WPRE element was amplified

using pFUGW-TD-Tomato as a template. The PCR product was inserted via Gibson cloning,
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The P2A-TD-Tomato-WPRE cassette can be excised through EcoRI restriction digest.
Subsequently, Gibson assembly was used to introduce the fluorescent protein CDS followed
by the WPRE element. For example, the Clover CDS followed by the WPRE element was
amplified using pFUGW-Clover as a template. The PCR product was inserted via Gibson
assembly. In subsequent steps, homology arms for any given gene can be added. To add 5’
homology arms to the HR120-p2A-TD-TOM, the vector was cut with the restriction
endonuclease Nhel. A homology arm can be created either by PCR or DNA synthesis
utilizing 18-40 bp long overlap sequences between the vector and insert. A template for the
DNA generation is given below. Vector and homology arm are enzymatically assembled
using Gibson reaction. In a subsequent step, BamhlI restriction endonuclease linearize the
vector to add a 3” homology arm. For the 5 homology addition in plasmid pHR120-clover,
EcoRI for the 5’ arm and Bamhl for the 3’ arm were used. The 5 homology arm ends before
the stop codon of the gene of interest to allow for a fusion protein or multicistronic
expression. The necessary overhangs are shown in detail in Table 2. Further CRISPRs can be
designed with overlap in both the 5 and 3’ arms to avoid cleavage of the homology construct

during the targeting.

Table 2: Nucleotide sequence that can be used to create overlapping sequence for
Gibson assembly

HRIIG-pIA-TR - Tomato: Nhel and BamH]I
GACGTTGTAAAACGACGGCCAGTGAATTCAGCTAG (SEQ ID NO: 5 Prime 1% overhang (Nhel
3) digest)
GCTAGCGGAAGCGGAGCTACTAACTTCAGCCTGTTGA (SEQ ID 5 Prime 2™ overhang (Nhel
NO: 4) digest)
CACGTAAGTAGAACATGAAATAACCTAGATCGGATC (SEQ ID NO: 3 Prime 1% overhang (BamHI
5) digest)
GATCCCCGTCGACTGCATGCAAGCTTGGCGTAATC (SEQ ID NO: 6) | 3 Prime 2" overhang (BamHI
digest)
HRIIG-Fasion Uoven EcoRl and BamHI
TTCCCAGTCACGACGTTGTAAAACGACGGCCAGTG (SEQID NO: 7) | 5 Prime 1% overhang (EcoRlI
digest)
CTCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGG (SEQ ID 5 Prime 2™ overhang (EcoRI
NO: 8) digest)
TATCACGTAAGTAGAACATGAAATAACCTAGATCG (SEQ ID NO: 9) | 3 Prime 1% overhang (BamHI
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digest)

GATCCCCGTCGACTGCATGCAAGCTTGGCGTA (SEQ ID NO: 10) 3 Prime 2™ overhang (BamHI
digest)

[0103] Results:

[0104] Using this method, we created a targeting vector for Tyrosine Hydroxylase
(TH). We found that about 25% to greater than 50% of Puromycin-resistant colonies had the
correct integration. Excision of the vector cassette by CRE recombinase works in >90% of
analyzed clones. We have also performed this method using other cell lines with a targeting
efficiency of at least 50%.

[0105] Correctly targeted clones were differentiated using a protocol based on a
previously published protocol (Kriks et al., 2011) (FIG. 2A). Reporter expression can be seen
as early as day 7. Cells were stained in embryoid bodies (EBs) using anti-TH antibody (FIG.
2B). The number of TH positive cells increased over time in the culture, as seen in the
comparison between day 7 and day 30 EBs (Figure 2B). We observed near perfect overlap
between reporter expression and antibody staining. Cells could be dissociated and plated or
purified via FACS sorting which led to a strong enrichment with close to 100% of the cells
expression the TD-tomato reporter (FIG. 2C).

[0106] Discussion:

[0107] Investigators studying midbrain neurons, dopaminergic neurons and PD
pathology have long sought the creation of reliable TH reporters as a key research tool. To
our knowledge, the approach described here is the first successful attempt at a live cell stage
homology reporter that shows strong expression. More importantly, however, this cloning
technique can be applied to any gene-specific reporter construct, and thus has broad

implications throughout the fields of biological and biomedical research.
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[0108] Example 2- Generation of isogenic lines

[0109] Targeting Experiments:

[0110] Nucleofection:

[0111] hESCs mTESR + 4 uM ROCK inhibitor (Y-27632 EMD Millipore) was
incubated for at least 1 h prior to electroporation. An appropriate number of 10 cm recovery
dishes using geltrex/matrigel coating (1x10 cm per reaction) were prepared. Cells were
harvested using Accutase, and gently triturated to get a single cell suspension. Cells were
counter, if a new cell line (HUES9 ~1x10cm =1*10" cells). 1¥10° cells were transferred into
an appropriate number of conical 15 ml tubes. Cells were pelleted (1100 RPM, 3min, 25°C).
Cells were resuspended using DNA nucleofection solution mix and transfer into Amaxa
cuvettes. The following Table provides the required amounts of the DNA nucleofection

solution mix (AMAXA 4D-NUCLEOFECTOR (Lonza # V4XP3024 ))
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[0112]
Targeting

Knockout Vector ssOligo
CRISPR1 5pug 2.5pg 2.5 g
CRISPR2 5pug 2.5pg 2.5 g
TV - 10 pg -
ssQOlgio 25 uM - - 5-10 pl
Maximum
volume 50 ul 50 ul 50 ul
Amaxa sol mix 100 pl 100 pl 100 pl

[0113] Cuvettes were incubated for 5 min at room temperature. Nucleofect of cells
was performed using program CB150. Completed reactions were transferred onto new
coated 10 cm dishes containing warm mTESR + ROCK inhibitor. The medium was changed
the next day to remove ROCK inhibitor.

[0114] A: If targeting vector was used; 48 hr Puromycin selection was begun using 1
ng/ml Puromycin. Post selection cells grown to confluence and nucleofection procedure
repeated using 20 ug pCAG-CRE GFP — available on the world-wide web at
www.addgene.org/13776/ . FACS sort performed 24 hrs. later

[0115] B: If knockout mutagenesis or ssOligo targeting was the goal; FACS sort
performed 24 hrs. post nucleofection for CRISPR GFP.

[0116] FACS Sorting:

[0117] Cells prepared for FACS sorting 24 hours post nucleofection. hESCs mTESR
+ ROCK inhibitor incubation for 3~4 h prior to electroporation. Cells harvested using
Accutase (1:2.5 dilution); washed with PBS; filtered through 40 micron membrane into new
50ml conical tube. Cells were then resuspended in 300ul mTESR + ROCK (FACS bufter).
Cells kept

on ice during FACS sort and a negative control for gating was used.
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[0118] 10000-15000 sorted cells per 10 cm geltrex coated dish were plated (medium
mTESR + ROCK inhibitor). Colonies grow up and can usually be picked between 9-15 days
post sorting.

[0119] Picking Colonies:

[0120] Medium aspirated and replace with fresh medium mTESR+RhoK 1h prior to
picking. Cells incubated for 5 minutes on ice. 96 well dishes (without coating) filled with
100 ul mTESR + ROCK inhibitor. Colonies picked in open hood using a dissection scope.
Single colonies circled with 200 ul pipette tip. Cells scrapped off in sheets (they will usually
stick to the pipette tip). Cell suspension aspirated in 50 pl volume and transferred to a pre-
labeled 96 well plate (Total volume per well =150 ul). Cells picked fast and kept in 96 well
plates on ice. Cells broken into small chunks by aspirating up and down using a 200 pl
multichannel pipette. 100 ul (2/3) of picked colonies were transferred to geltrex coated 96
well dishes and cells were grown to confluency (about 5 days). Geltrex coated 96 well dishes
were prepared by coating with geltrex coating solution: 100ul of geltrex/Matrigel in about 10
ml DMEM. 50 ul (1/3) of picked colonies were transferred into pre-labeled PCR tubes for
gDNA extraction.

[0121] 5.2.4 Genomic DNA extraction and Gel analysis

[0122] Appropriate amount of PCR cells direct lysis mix was prepared (add 50 ul
Proteinase K to 1 ml of Viagen cell lysis reagent). 100 ul of lysis reagent was added to each
well containing 50 ul picked colony. Plate sealed with sticky lid and placed on a rocking
plate in PCR machine at 55°C for 6h followed by incubation at 85°C for 45 min and then
incubation at 4°C. Lysates were stored in a refrigerator.

[0123] PCR amplification

[0124] Phusion Hifi mastermix Polymerase was used for PCR Amplification:
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[0125] Primers designed to amplify region of interest (size 50-250 bp). gDNA
concentration/quality determined through a test PCR using 1-5 pl of lysate in a 15 ul PCR
reaction. For gDNA primers, NEB TM calculator for Phusion Hifi was used. The same
amount of gDNA for all PCRs was used and a touchdown PCR was always performed.

[0126] PCR products were analyzed for the appearance of one single band and
sequencing was performed using forward PCR primers.

[0127] Example 3

[0128] Generation and characterization of isogenic tyrosine hydroxylase knock-
in reporter cell lines carrying three distinct PD mutations

[0129] We used CRISPR mediated knock-out mutagenesis to create isogenic PD lines
from a WT donor line, HUES1 (Figure 4A-top), for three distinct PD loci: PARKIN, DJ-1 and
ATP13A42 (Figure 4B and Figure 9 AD). To specifically study DANs, we used CRISPR-Cas9
genome editing to introduce a fluorescent reporter into the locus for the TH gene, the rate
limiting enzyme in the synthesis of dopamine (Figure 4A bottom). Knock-in efficiency, as
determined by 5’genotyping PCR, was 60% (Figure 4B). Isolated clones had a small
cytoplasm to nucleus ratio and stained positive for the pluripotency markers OCT4 and TRA-
160 (Figure 9E). The targeting vector was designed to retain a largely unaltered endogenous
TH gene product using a bicistronic targeting vector containing tdTomato (Shaner et al.,
2004) (Figure 4C and Figure 10A-D). We generated midbrain DANS in spin-culture. Our
differentiation scheme is based on a modified version of the dual SMAD inhibition protocol
followed by patterning by modulating sonic hedgehog and WNT signaling (Figure 5D) (Kriks
etal., 2011; Valente et al., 2004).

[0130] To analyze differentiation in isogenic cell lines, we performed a time-course
gqPCR analysis. OCT4 expression was decreased at day 7 and was barely detectable after day

14. We observed an initial increase in FOXA2, as well as NESTIN, which was strongest in
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day 7 neural progenitor cells (NPCs). There was a significant increase of PARKIN mRNA
relative to dO in all differentiated cell types (Figure 11A). We found that most cells stained
with an anti-TH antibody also expressed the tdTomato TH reporter (Figure 11B). TdTomato
was expressed diffusely throughout the cell body and less strongly within neuronal
projections, allowing it to double as a cytoplasmic marker. The TH+ neurons generally
showed multipolar soma, elaborate dendrites, and axons (Figure 4E).

[0131] Midbrain DANs exhibit two characteristic firing patterns, single spikes and
bursting (Shi, 2005). To confirm that our hPSC derived TD-tomato positive neurons are
functionally consistent with their putative identification as DANs, we carried out
electrophysiological measurements. Flow-sorted neurons (d35 of differentiation) from all
isogenic lines were plated on mouse glial cells and cultured for up to two months. We
detected voltage-gated sodium and potassium currents, evoked repetitive action potentials,
and frequent spontaneous potentials in TH-RFP DA neurons derived from both wild-type and
isogenic PD lines (Figure 4F). Furthermore, live-cell calcium imaging also showed
spontaneous TTXsensitive activity in neurons from all the lines (Supp. Fig. 7A-C). Thus, all
isogenic lines differentiated into functional DANs with electrophysiological properties
similar to those described previously (Jiang et al., 2012; Kriks et al., 2011).

[0132] Loss of PARKIN decreases the number of TH-positive neurons

[0133] PD is characterized by the disproportionate death of midbrain DANS.
However, PARKIN is a ubiquitously expressed protein. To validate the increased PARKIN
expression found in qPCR experiments during differentiation, we conducted a time-course
western blot analysis of PARKIN protein expression. The western blot confirmed an
accumulation of PARKIN protein during differentiation in both WT as well as ATP13A2-/-
lines and the complete loss of PARKIN protein in our PARKIN-/- lines at all developmental

time points (Figure SA and Figure 12D).
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[0134] We hypothesized that early onset PD mutations could result in increased rate
of cell death in midbrain DANS in basal culture conditions. We dissociated spheres at
different times during differentiation and analyzed the population for the percentage of TH+
cells via fluorescence flow cytometry (Figure 5B and Figure 12E). The average percentage of
TH+ neurons in WT, DJ-1-/- and ATP13A2-/- line was ~40%, indicative of no substantial
defects in TH+ neuron accumulation in these lines. However, the TH+ fraction was
significantly smaller (16.7%) in the PARKIN-/- line (Figure 5C). A timecourse of TH+
neuron emergence showed no significant differences in the onset of reporter expression or the
percentage of TH+ cells during the first 17 days of differentiation in WT and PARKIN-/-
lines (Figure SD). We observed a substantial increase in both lines in the number of TH+
cells between day 17 and day 21. Differences between WT and PARKIN-/- line became
apparent after day 21.

[0135] Focusing on the critical window between day 15 and day 21, we conducted a
time lapse experiment using an automated live imager (Nikon Biostation) to examine the fate
of newly generated TH+ cells, as well as track those cells over time, with the goal of
determining whether the differences were due to differentiation or survival. We first noted
faint TH expression in cells that showed no obvious neuritic processes. These might be TH
expressing NPCs or DANSs that lost processes during the enzymatic dissociation. Over time,
faintly TH:tdTomato positive cells gained in fluorescence intensity, grew processes, and
exhibited a morphology typical of DANs (Figure SE, top panel). Additionally, we observed
the birth of new TH:tdTomato positive cells over time (Supplemental Video 1-no shown).
Terminal differentiation was characterized by a decrease in cell body size accompanied by
the growth of neuronal processes and a substantial increase in fluorescence intensity. Cells in
the PARKIN-/- line exhibited a greatly altered morphology. Faintly TH+ cells in the early

stages of dopaminergic differentiation appeared larger and displayed cytoplasmic vacuoles
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(Figure SE, bottom panel). Of those, many disappeared from culture during the imaging
period, displaying cellular fragmentation suggestive of apoptosis (Supplemental Video 1-not
shown). Consistent with our flow cytometry data, fewer tdTomato positive cells in the
PARKIN line remained at the end of the experiment.

[0136] Loss of PARKIN, DJ-1 or ATP13A2 leads to an increase of oxidative
stress in TH+ neurons

[0137] Several postmortem brain analyses of PD patients, as well as of PD animal
models, have implicated increased oxidative stress through mitochondrial dysfunction in
DANSs as a common feature of PD pathology (Dias et al., 2013). To test the role of PD
mutations in the regulation of reactive oxygen species (ROS), we analyzed the levels of ROS
using the live cell dye CellROX Green in all our isogenic cell lines following differentiation
(Figure S5F), and quantified the percentage of cells exhibiting high green fluorescence
(mROS-G+) cells in each population (Figure 5G). Few mROS-G+ events were recorded in
either TH:tdTomato negative (TH-) and TH:tdTomato positive (TH+) cells in the control line:
0.62% and 1.73% respectively. In contrast, a consistent increase in the average percentage
was observed in all isogenic PD lines. In the PARKIN-/- line: TH-: 2.77% and TH+: 24.97%,
the DJ-1-/- line: TH-: 1.46% and TH+: 4.97% and the ATP13A2-/- line: TH-: 1.77% and
TH+: 4.95%. Consistently, the relevant cell type, TH:tdTomato positive DANs, showed
significantly higher ROS accumulation than their TH:tdTomato negative counterparts. The
increase was significant in all PD lines, but the PARKIN-/- line showed the strongest
increase, consistent with the observed cell death phenotype.

[0138] Global transcriptional analysis identifies overlapping dysregulated genes
and pathways between PARKIN-/- and ATP13A2-/- cell lines.

[0139] Oxidative stress was a common phenotype observed in all our isogenic cell

lines. However, many different disease mechanisms have been proposed to play a role in the
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development of PD. We set out to identify common and distinct dysregulated genes and
networks in our three isogenic PD lines in an unbiased way, with the goal of grouping similar
forms of PD. To this end, we performed global transcriptional analyses using RNA-
sequencing. At day 35, spheres were dissociated and DANs were purified by flow sorting for
tdTomato expression. RNA-sequencing profiles were generated in three separate
differentiation experiments (n=12). We observed consistent coverage depths among all
samples (Figure 13A). To visualize the relationship between each individual sample in our
dataset, we performed unsupervised clustering as a multidimensional scaling plot, in which
the distances correspond to leading log-fold changes between each pair of RNA samples
(Figure 6A). The plot revealed substantial differences between the PARKIN-/- versus all
other isogenic lines, which led to the separation by dimension 1. Dimension 2 separated
biological replicate two from the other replicates (Figure 13B). Dimension 3 separated the
ATP13A2-/- line from the WT and DJ-1-/- line. The PARKIN-/- line is most dissimilar from
all other lines.

[0140] We performed differential gene expression analysis and analyzed the results
for overlap of genes and pathways. We list genes that were differentially regulated by at least
2-fold, with a p-value < 0.01 between WT and all isogenic PD lines. We conducted an
overlap analysis to determine whether differentially expressed genes between WT and all
isogenic disease lines are present in common pathways or are independent from one another
(Figure 6B). Only six genes are differentially regulated in all three isogenic lines. 37 genes
are differentially expressed between DJ-1-/- and WT. However, of those 37, 24 are also
differentially expressed in the PARKIN-/- lines. Shared genes were dysregulated in opposite
directions, suggesting disparate disease mechanisms in DJ1 lines compared to PARKIN,
despite similar molecular players (Figure 6C). We found no significant dysregulated

pathways in our KEGG pathway enrichment analysis of this comparison. 141 genes are
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differentially expressed between the ATP13A2-/- and WT lines. Of those, 64 are also
differentially expressed between the PARKIN-/- and WT lines. The heat map analysis
demonstrates that in PARKIN-/- and ATP13A2-/- DANs, most expression changes have the
same direction when compared to WT or DJ-/- DANSs (Figure 6D). To analyze the differential
expression results in a network context, we performed KEGG pathway enrichment analysis
on all differentially expressed genes between WT and isogenic PD lines. We found that the
PARKIN-/- line, and the ATP13A2-/- line show similar patterns of dysregulation. The two
top KEGG pathways found dysregulated in both lines are hsa04512, extracellular matrix
(ECM) receptor interaction, and hsa04974, protein digestion and absorption (Figure 6E).

[0141] Evidence for altered composition of DANs in the PARKIN-/- line.

[0142] In addition to the common KEGG pathways, we found several KEGG
pathways with direct relevance to DANSs that were significantly dysregulated in the PARKIN-
/-line. These pathways included hsa05032, ‘Morphine addiction’, hsa04726, ‘Serotonergic
synapse’, hsa04727, ‘GABAergic synapse’, hsa05030, ‘Cocaine addiction’, and hsa04080,
‘Neuroactive ligand-receptor interaction’. The midbrain contains several DAN populations
and selective cell death in the PARKIN-/- line could change its composition relative to that of
the other lines. For example, ventral tegmental area (VTA) DANs are known to play a
primary role in the reward system and addiction. We plotted genes contributing to any
addiction pathways in the KEGG analysis (‘path:hsa05032’, ‘path:hsa05031",
‘path:hsa05034', 'path:hsa05033"). We visualized the contributing genes in a heatmap. The
PARKIN line forms a distinct cluster compared to the other isogenic lines, showing
dysregulation of many transcripts with prominent roles in dopaminergic function (Figure
13C). This could be caused by altered function of DANs or by altered composition of the

surviving DANs in the PARKIN-/- line.
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[0143] Quantitative proteomics analysis confirms importance of differentiation
status in PARKIN-/- line

[0144] Western blot analysis revealed the high abundance of PARKIN in
differentiated dopaminergic neurons that was not reflected at the transcriptional level. The
correlation between mRNA and protein abundance is generally poor (Maier et al., 2009).
Given this discrepancy, we performed comprehensive quantitative proteomic analyses to
further investigate proteins that could be responsible for phenotypic differences in the PD cell
lines. To profile proteome alterations quantitatively in our isogenic PD lines, we used
multiplexed tandem mass tag (TMT)-based quantitative mass spectrometry. Global
proteomics analysis requires substantial amounts of input material. After sorting cells for
several hours, we noted obvious transcriptional changes in our RNA sequencing experiments
(Figure 13 A replicate 2) and increased cell death. Cell death after sorting was particularly
problematic in the sensitive PARKIN-/- line. Given these two problems, we decided to
perform this study in mixed cultures without using FACS purification. We created datasets
for the WT and PARKIN-/- isogenic lines in pluripotent cells and NPCs at the end of the
patterning protocol at day 12 and for the WT, PARKIN-/- and DJ-1-/- lines as mixed cultures
at day 35 in differentiation technical triplicates. We quantified 7060 proteins in the
pluripotent state, 8256 proteins in the NPC state and 7140 proteins at day 35. In an
independent proteomics experiment, we quantified 8116 proteins in WT and ATP13A2 lines
at day 35 in differentiation.

[0145] Differential expression analysis showed a strong increase in the number of
differentially expressed proteins during the time course of differentiation in the WT versus
PARKIN-/- comparison (Figure 7A). We found 32 proteins that were at least 2-fold
dysregulated between WT and PARKIN-/- in the pluripotent state, 76 in the NPC state at day

12, and 346 in differentiated cells at day 35. We performed overlap analysis to determine if
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loss of PARKIN function would lead to dysregulation of the same proteins in all three
developmental time points (Figure 7A). Only the Orphan G protein-coupled receptor 50
(GPR50) was significantly upregulated in pluripotent stem cells, NPCs and day 35 DANSs.

[0146] Quantitative proteomics reveals overlap in dysregulated pathways in
isogenic PD lines

[0147] Given that we analyzed mixed cultures at day 35 and that we had determined a
significantly lower percentage of TH+ cells in the PARKIN-/- line, we set out to analyze the
differentiation and overall composition of our spheres. We performed label-free analysis of
singlet samples analyzed sequentially by liquid chromatography—mass spectrometry
(LC/MS). We identified the 30 proteins that showed the highest relative abundances in all
lines. The 30 proteins are comprised of highly expressed housekeeping genes, proteins with
roles in mitochondria, and proteins with known functions in neuronal differentiation and
neuron maintenance. We found high similarity among the isogenic cell lines. Only one
protein, lactate dehydrogenase B (LDHB), showed more than a 2-fold enrichment in the
PARKIN-/- line (Figure 14A). Overall, this indicates a similar composition of the
differentiating spheres.

[0148] In line with our transcriptomics results, the number of 2-fold differentially
expressed proteins according to TMT-based quantification between the WT and DJ-1-/- lines
was 6-fold smaller (58 proteins) than the difference between the WT and PARKIN-/- lines
(346 proteins) (Table 4B). We noted that enriched proteins were three times more numerous
than depleted proteins in the PARKIN-/- line when compared to WT cells.

[0149] The overlap between the dysregulated proteins seen in the PARKIN-/- and DJ-
1-/- lines was substantial (Figure 4C). Several proteins were upregulated in both isogenic PD
lines, including ALDH1A1 (aldehyde dehydrogenase 1A1) which participates in the

metabolism of dopamine (DA) converting 3,4- dihydroxyphenylacetaldehyde, a potentially
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toxic aldehyde, to 3,4-dihydroxyphenylacetic acid, a nontoxic metabolite (Anderson et al.,
2011). Heat map analysis of the 25 overlapping genes demonstrated that protein expression
changes in the PARKIN-/- and DJ-1-/- lines are in the same direction when compared to WT
cell line and the dendrogram confirms this (Figure 14B). PARKIN’s role in metabolic and
mitochondrial pathways is well established. The role of DJ-1 is less clearly understood, but it
has been implicated in mitochondrial dysfunction and oxidative stress. To focus on
mitochondrial dysfunction, we utilized data from MitoCarta2.0, a database of genes with a
known mitochondrial role. We compared this list with proteins that were at least 2-fold
differentially expressed between PARKIN-/- and WT lines. Despite the previously
established substantial overlap, there was no overlap in dysregulated mitochondrial genes
between the PARKIN-/- and DJ-1-/- lines. The clustering and heat map shows the PARKIN-
/-line is distinct from WT and DJ-1-/- lines (Figure 14C).

[0150] Reduced activity of complex I, the NADH dehydrogenase complex, in
mitochondria has been observed in midbrain tissue of sporadic PD patients (Keeney et al
2006). Inhibitors of complex I activity, like MPTP and rotenone, can cause dopaminergic cell
death, and have been used to generate animal models of PD. Inhibition of complex I activity
leads to increased generation of ROS. We found increased amounts of ROS in DA neurons in
all our isogenic PD lines (Figure SF and 5G). We analyzed the cells for mitochondrial
dysfunction by focusing on important structural components in the mitochondrial matrix.
Complex I'is comprised of 30 NADH: ubiquinone oxidoreductase subunits (NDUF-gene
symbols). We analyzed the protein levels of all quantified subunits and plotted them in a
heatmap. We found that none of the subunits was dysregulated, at the cut-off 2-fold level.
However, analyzing the mean fold changes we saw consistent and highly significant
downregulation of complex 1 components in the human mitochondrial respiratory chain in

both the PARKIN-/-(P = 1.2E-10), as well as the DJ-1-/-(P = 1.2E- 9) lines (Figure 7D). This
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is consistent with data from PD patients indicating lowered complex I activity. KEGG
pathway analysis of dysregulated proteins in both PARKIN-/- as well as the DJ-1-/- lines also
confirmed dysregulation of ECM-receptor interaction pathways that we observed in the
transcriptional analysis (Figure 14D).

[0151] We performed an additional quantitative proteomics experiment using two
independent differentiation replicates for the WT control and the ATP13A2 line. We found
that 187 proteins were at least 2-fold differentially expressed between the two lines (Figure
7B). Using proteins detected in both proteomics experiments, we performed an overlap
analysis between all WT to disease lines comparisons (Figure 7E). We did not find a set of
proteins that was dysregulated in all three isogenic PD lines. However, KEGG pathway
analysis of dysregulated proteins in the ATP13A2-/- line revealed dysregulation of ECM-
receptor interaction pathways as the top hit (Figure 14D). Transcripts and dysregulated
proteins that affect ECM-receptor interaction have been indicated in a graphic display of the
involved pathways (Figure 14E).

[0152] Knockout of PARKIN and ATP13A2 leads to the significant
dysregulation of other PD relevant proteins.

[0153] We hypothesized that loss of function of either DJ-1or PARKIN could lead to
significant dysregulation (2-fold change) in other known PD associated proteins, either as a
direct effect or through compensatory mechanisms. For example, PD relevant proteins could
be PARKIN substrates and loss of PARKIN could lead to a reduction of ubiquitination and
subsequent regulation or degradation. We compared proteins contained within the UCL high
priority set of 48 PD relevant genes (Foulger et al., 2016). We found that loss of PARKIN
leads to dysregulation of several PD relevant genes (Figure 7F). For example, alpha synuclein
(SNCA) and the microtubule associated protein tau (MAPT) were more than 2- fold enriched.

Several protein/peptide properties influence detection ability in our method and PARKIN was
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not detected. We used isotope labeled peptides (AQUA peptides) as an internal standard to
allow absolute quantification of PARKIN in those samples (Stemmann et al., 2001). We
detected no PARKIN in the PARKIN-/- and no significant changes of PARKIN quantities in
the other tested lines WT and DJ-/- (Figure 7G).

[0154] Using the same list of PD relevant proteins, we compared protein levels in the
ATP13A2-/- line. In this set, we could detect the proteins PARKIN, lysosomal associated
membrane protein 3 (LAMP3) and transmembrane glycoprotein NMB (GPNMB). We found
1.5-fold upregulation of SNCA and significant enrichment of LAMP3 and GPNMB in the
ATP13A2-/- line (Figure 7H).

[0155] Knockout of DJ-1 leads to the dysregulation of proteins involved in cell
cycle as well as proteins involved in the development of Charcot-Marie-Tooth disease.

[0156] DJ-1 is a multifunctional protein. The role it plays in the development of PD is
presently unclear. We analyzed all proteins that were at least 2-fold differentially expressed
between WT and the DJ-1 line (Figure 8 A). We performed GO enrichment analysis using
Gorilla (Eden et al., 2007; Eden et al., 2009) and used the option to run two unranked lists
and used every detected protein as the background (Figure 8B). Several minichromosome
maintenance complexes (MCM) family members were significantly enriched in the DJ-1-/-
line and the associated GO terms relate to DNA conformational changes and DNA
replication. We also analyzed depleted proteins and found GO-terms related to oxidative
stress, including peptide cross-linking, the regulation of reactive oxygen species, and
superoxide radicals. Twenty-six proteins were significantly down-regulated in the DJ-1-/-
line. GO term analysis of these proteins revealed functional terms for intermediate and
neurofilament bundle assembly. Four of the 26 depleted proteins are associated with the

development of Charcot-Marie-Tooth disease (Figure 8C).
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[0157] DJ-1 may act as a cysteine protease, and a valine-lysine-valine-alanine
(VKVA) recognition sequence has been identified in target proteins (Mitsugi et al., 2013).
We used the Uniprot database to create a list of peptides that contain a VKVA motif and
compared this list with proteins identified in our experiments. We plotted normalized relative
intensities as a heat map. None of the proteins carrying a VKVA motif was significantly
dysregulated (more than 2-fold). Analyzed in compound, the almost universal upregulation of
these proteins in the DJ-1-/-line, was significant (pValue = 0.0013) (Figure 8D).

[0158] Discussion:

[0159] In this work, we have generated an isogenic in vifro system to study cellular
disease processes in WT and mutant DANS carrying severe autosomal recessive PD
mutations in either PARKIN, D.J-1 or ATP1342. We have knocked-in and validated a
sensitive TH-reporter in all our lines. Further, we have established a robust large-scale 3D
spin-culture protocol that allows for the derivation of midbrain dopaminergic neurons. Using
our system, we found evidence for shared common disease pathways present in all PD lines
as well as dysregulated genes and pathways unique to each specific mutation. We used this
system to corroborate presumed players in PD etiology and identify new ones.

[0160] Creation and characterization of a large-scale fluorescent reporter model:

[0161] Several groups have tried to utilize cell surface receptors, transgenic reporters,
and cell type specific knock-in reporters to analyze a specific cell type in a heterogenous
population (Goulburn et al., 2011; Hockemeyer et al., 2009; Liu et al., 2011; Merkle et al,
2015; Ruby and Zheng, 2009; Xia et al., 2017). We have improved on existing protocols and
developed a highly efficient targeting method to insert a bright fluorescent reporter, correctly
targeting >60% of analyzed colonies. Large-scale spinner flask bioreactors have been used to
generate large numbers of functionally mature differentiated cell types (Ismadi et al., 2014;

Otsuji et al., 2014; Rigamonti et al., 2016). To accommodate high input technologies — like
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screening assays and proteomics analyses — we adapted existing culture protocols (Kriks et
al., 2011; Xia et al., 2017) to 3D conditions. The average differentiation efficiency among all
lines was ~40% at day 35. DANs showed high intensity TdTomato expression and molecular
and functional electrophysiological characteristics of midbrain DANs. TH:tdTomato signal
enabled FACS purification and allowed for live cell tracking. Spheres were cultured for up to
75 days and there was no indication that the cultures cannot be maintained for much longer
time periods. Overall our spin-culture protocol is a cost effective, highly reproducible method
to generate large quantities of mDANSs and allows for extended culture periods.

[0162] Observation of increased cell death in PARKIN-/- mDANs highlights the
interplay of cell-type and genotype

[0163] PARKIN is broadly expressed throughout the body, including heart, testis,
liver and kidney, as well as brain (Kuhn et al., 2004). However, PD patients in general and
those carrying loss of PARKIN mutations specifically exhibit the dysfunction and death of
midbrain DANSs. Several recent publications have shown that PARKIN ubiquitinates many
proteins (Bingol et al., 2014; Ordureau et al., 2015; Rose et al., 2016; Sarraf et al., 2013). In
our isogenic system, we have been able to study the effect of PARKIN loss on cellular
proteomes at three developmental time points. Only one protein, G protein-coupled receptor
50 (GPR50), was significantly enriched at all three-time points suggesting that it is the cell-
type specific environment that is critical in disease progression. Broad dysregulation of
protein abundances increased from pluripotent cells to NPCs, but was strongest in the DANSs,
illustrating the importance of studying loss of PARKIN in the most relevant cell type.

[0164] We found that knockout mutations in the PARKIN gene resulted in a cell-type
specific phenotype culminating in the selectively diminished number of TH positive neurons
in basal culture conditions. This phenotype mirrored the findings described in a recent

publication (Shaltouki et al., 2015), in which several PARKIN-/- lines exhibited fewer TH-
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positive neurons after 28 days of differentiation when compared to a WT line. Our
differentiation protocol generates midbrain DANs (mDANs). However, mDANSs are a
heterogenous population. In PD patients, a subtype of nigral DANs shows enhanced
vulnerability, while other populations, such as VTA DANs, are much less affected. Similarly,
in our cultures, some, but not all, DANs, died. Our live imaging analysis revealed highly
vacuolated TH:tdTomato positive cells that exhibited large cell bodies and reduced viability
during early differentiation, when compared to WT cells. It is unclear whether this correlates
to any human PD pathology. However, defects in DAN differentiation may confer increased
vulnerability to PD. No other isogenic PD lines showed a decreased percentage of TH
positive cells in basal conditions, regardless of clinical similarity. A recent study has shown
that differentiated cells derived from a DJ-1 knockout line show elevated levels of oxidative
stress and stress induced cell death in response to dopamine oxidation and accumulation
starting after more than 70 days in culture (Burbulla et al., 2017). We did not analyze cell
death in the DJ-1-/- line at this time-point. However, the observed mechanism appears to be
different from the one observed in our PARKIN-/- line.

[0165] Oxidative Stress is a shared phenotype in all EO-PD DANs

[0166] One advantage of our in vifro disease model lies in the possibility of studying
early diseaserelevant molecular events before cell death occurs, facilitating efforts to find
common and distinct pathways between the three isogenic lines. There is evidence that
oxidative stress is a component of the pathophysiology of familial and sporadic forms of PD.
Mitochondrial reactive oxygen species are a known source of cellular stress and have been
widely examined in the context of PD and in hPSC models of PD (Blesa et al., 2015; Cooper
et al., 2012; Csobonyeiova et al., 2016, Dias et al., 2013). Despite the presence of
antioxidants in the differentiation medium, analysis using flow cytometry revealed

significantly increased levels of ROS in the basal state in all mutated lines when compared to

-61-



WO 2018/129486 PCT/US2018/012849

the isogenic WT control. This increase was most pronounced in the TH-positive cells,
demonstrating the cell-type specific vulnerability of DANSs, and highlighting the importance
of modeling using disease relevant cells. Deficiencies of the respiratory chain in complex I
are critical for the neuronal degeneration seen in PD (Blesa and Przedborski, 2014; Schapira
et al., 1990). We found subtle, but consistent and highly significant, downregulation of
proteins in most subunits that comprise the large mitochondrial complex I. This might explain
an increase in oxidative stress in both the DJ-1-/- line as well as in the PARKIN-/- line. We
found the highest ROS levels in TH-positive cells in the PARKIN-/- line, consistent with the
observed cell death of those mDANSs.

[0167] Dysregulation of ECM-receptor pathways is a common pathway in
isogenic PD lines.

[0168] Numerous etiologies have been proposed and investigated for their role in PD
neurodegeneration. We analyzed the three isogenic cell lines for evidence of common disease
mechanisms in an unbiased manner using KEGG pathway mapping. In PARKIN-/- and
ATP13A2-/- lines, dysregulation of the ‘extracellular matrix (ECM)-receptor interaction’
pathways were, respectively, the first and second most significant KEGG pathways found in
the differential transcriptomics analysis. There were too few dysregulated transcripts in the
DJ-1-/- line compared to the WT line to allow meaningful pathway analysis. However, when
analyzing global proteomics data, KEGG pathway analysis flagged ‘dysregulated ECM-
receptor interaction’ in all isogenic lines, when compared to WT cells. ECM interactions
have been implicated in Alzheimers Disease and PD, and multiple strategies exist to
intervene pharmaceutically with ECM interactions, or their metabolizing enzymes (Berezin et
al., 2014). However, little is known about the specific dysregulated genes found in our study

and their implications in disease. It will be important to analyze if the same genes are found
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to be dysregulated in PD patients and to understand the role these genes play in the
development of PD phenotypes.

[0169] Analysis of PD associated genes in all isogenic lines reveals common
disease pathways.

[0170] PD disease pathways are often explained in a network context (Trinh and
Farrer, 2013; Verstraeten et al., 2015) but few studies have attempted to investigate, at the
molecular level, how mutations in such diverse proteins can all lead to PD. Several studies,
including our own, have used transcriptomics data to identify and understand PD relevant
genes and pathways. However, protein stability and degradation are independent of
transcriptional activity and strongly contribute to the regulation of protein levels. These
processes are widely implicated in neurodegenerative diseases including PD (Caudle et al ,
2010; Tai and Schuman, 2008). Dysregulation of a PD protein, that in turn, leads to the
dysregulation of another PD relevant gene can be seen as a common pathway. Using the UCL
high priority set of 48 PD relevant genes, we analyzed PD relevant proteins in all our
isogenic cell lines. For example, a-synuclein (SNCA), as well as tau protein (MAPT,) were
both more than 2-fold enriched in PARKIN-/- DANs when compared to WT DANs. We also
found a 1.6-fold enrichment of SNCA in the ATP13A2-/- line. SNCA was the first specific
genetic aberration to have been linked to the development of PD (Polymeropoulos et al
1997), and accumulation of SNCA aggregates and the formation of Lewy bodies are
hallmarks of PD. Several SNCA mutations in PD patients have been investigated, and a gene
dosage effect exists. Patients with SNCA triplications show early onset of PD and severe
disease progression (Fuchs et al., 2007; Singleton et al., 2003). In addition, several
publications have presented data consistent with an increase of SNCA caused by loss of
PARKIN (Chung et al., 2016; Imaizumi et al., 2012; Shaltouki et al., 2015). While tau

accumulation is classically found in dementia and neuropathies that are described as
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tauopathies (Moussaud et al., 2014), tau has been identified as one of the most significant hits
in genome-wide association studies of PD (Labbe and Ross, 2014). Both synuclein and tau
proteins might work together in a pathological pathway relating to protein aggregation. In
addition, we found significant increases in LAMP3 and GPNMB in the ATP13A2-/- line.
GPNMB and LAMP3 might function in the autophagy-lysosome pathway (Li et al., 2010;
Nagelkerke et al., 2014). Increased expression of GPNMB as a gain of function in PD
(Murthy et al., 2017) has also been associated with lysosomal storage disorders such as
Gaucher disease and Niemann-pick type C disease (Kramer et al., 2016; Marques et al ,
2016). Neither protein was detected in the proteomics experiment involving the PARKIN-/-
and DJ-1-/- lines for technical reasons, and, therefore, it is unclear if they were dysregulated
in those lines. This analysis highlights how our isogenic model can be used to find direct and
indirect downstream targets of PD associated gene mutations.

[0171] Loss of DJ-1 leads to dysregulation of distinct pathways involving the cell
cycle and the neuropathology of Charcot-Marie-Tooth disease

[0172] We found no significantly changed UCL high priority proteins in the DJ-/-
line, which appears phenotypically distinct from the other PD lines. We set out to analyze
dysregulated proteins between the WT and DJ-1-/- lines to understand other PD relevant
pathways. Database for Annotation, Visualization and Integrated Discovery (DAVID)
functional annotation clustering of dysregulated proteins showed enrichment of genes
associated with neuropathy and Charcot-Marie-Tooth disease (CMT). Four of the 26
significantly depleted proteins, namely N-myc downstream regulated 1 (NDRG1),
neurofilament light polypeptide (NEFL), heat shock protein beta-8 (HSPB8) and mid-sized
neurofilament (NEFM), are genes that have been linked to development of CMT (Hoyle et
al., 2015). NEFL is a major component of neurofilaments and, together with NEFM and

heavy neurofilament (NEFH) subunits, form the major intermediate filament in neurons.
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Mutations in this locus lead to disruption of axonal neurofilament translocation, which affects
the transport of mitochondria in axons (Brownlees et al., 2002). Mutant forms of HSP27
induce CMT through deficient retrograde axonal transport of mitochondria (Kalmar et al.,
2017). Defects in mitochondrial transport have been suggested to play a role in the
pathogenesis of PD, but this has not been conclusively demonstrated. Here we suggest a
connection between loss of function mutations in D.J-/ and genes that are known to cause
CMT. Future studies will be required to determine if and how these proteins contribute to
disease pathology seen in CMT and PD. CMT is also genetically heterogenous, and, recently,
a different CMT mutation in the LRSAM1 gene was linked to the development of PD in three
patients (Aerts et al., 2016).

[0173] Familial CMT type 2 and PD have been linked in an older study, but in that
case no molecular analysis exists (Tranchant et al., 1994). DJ-1 is a multi-functional protein
and DJ-1 protease activity has been studied using recombinant DJ-1 and a peptide library. A
valine-lysine-valine-alanine (VKVA) recognition sequence was identified in target proteins
(Mitsugi et al., 2013). We set out to analyze if DJ-1 can act as a cysteine protease in DANS,
regulating many target proteins. We generated a list of 162 proteins containing a validated
VKVA site, of which 43 were identified in our dataset, and we compared these protein levels
in WT and DJ-1-/- lines. Loss of DJ-1 lead to enrichment in most VKVA-proteins. Analyzed
in compound this enrichment was highly significant (pValue = 0.0013), Of the 43 identified
peptides, several play important PD relevant roles in cell organelle trafficking or
mitochondria trafficking, neuronal development, and apoptosis. It is unclear why loss of DJ-1
causes these subtle changes in the abundance of potential substrates. It could be explained by
either weak DJ-1 activity in the WT cells in basal conditions or through existing
compensatory mechanisms. However, proteins with a VKV A recognition sequence will be

cell-type specific and could provide an avenue to explain the specific vulnerability of DANS.
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[0174] The isogenic PD model increases our understanding of common and
distinct disease pathways

[0175] Overall, our experimental paradigm using a knock-in fluorescence reporter in
the TH locus, together with the results of the phenotyping, transcriptomics and proteomic
analysis of isogenic lines, provides an improved understanding of PARKIN, DJ-1 and
ATP13A42 function. The model allows us to compare the impact of PD relevant genes on the
differentiation and health of the most vulnerable cell type in PD. Our study demonstrates how
isogenic PD hPSC models can be used to increase the understanding of PD relevant disease
pathology, determine affected pathways and enhance our understanding of genetic
interactions in PD pathology. We have demonstrated DAN specific disease relevant
phenotypes in the PARKIN-/- line and identified oxidative stress as a common pathology and
a shared dysregulated pathway in all isogenic cell lines. Conversely, and despite similar
clinical presentations, we found evidence for at least two etiologic subtypes of PD between
the PARKIN-/- and the DJ-1-/- lines. We found an overlap between the synucleopathies and
tauopathies, and provide evidence for related pathologies in PD and CMT. On the other hand,
loss of ATP13A2 and loss of PARKIN appear more similar in their disease etiology at the
molecular levels despite being clinically distinct. Our results emphasize that precise
delineation of PD subtypes will require evaluation of both molecular and clinical data. In
future studies, we will expand our system to include all relevant PD mutations in the same
isogenic background and late stage time-points to study the hierarchy of molecular events
that eventually lead to death of DANS.
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Claims
1. A nucleic acid targeting vector comprising, in the 5’ to 3’ direction:
(1) a5” homology arm homologous to a first target sequence in a cell,
(1) a reporter gene,
(1i1) an expression enhancer comprising a Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE) operably linked to the reporter
gene, and
(iv) a 3’ homology arm homologous to a second target sequence downstream of

the first target sequence.

2. The targeting vector of claim 1, wherein the expression enhancer further comprises at

least one of a Long Term Repeat (LTR) and a Simian Virus 40 (SV40) terminator.

3. The targeting vector of claims 1 or 2, wherein the 5° homology arm and the 3’

homology arm each comprise at least about 350 nucleotide bases.

4. The targeting vector of any one of claims 1-3, wherein the reporter gene encodes a

fluorescent protein.

5. The targeting vector of claim 4, wherein the fluorescent protein is tdTomato.

6. The targeting vector of any one of claims 1-5, further comprising an IRES element or
a sequence encoding a self-cleaving peptide located between the 5° homology arm and the

reporter gene.

7. The targeting vector of any one of claims 1-6, further comprising an insulator

sequence located between the WPRE and the 3’ homology arm.

8. A composition comprising a cell having a genome comprising a nucleotide sequence
having a reporter gene and a Woodchuck Hepatitis Virus Posttranscriptional Regulatory
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Element (WPRE) operably linked to the reporter gene, wherein the reporter gene is co-

expressed with a target sequence of interest.

9. The composition of claim 8, wherein the nucleotide sequence is located at the 3” end

of an open reading frame of a gene of interest.

10. The composition of claim 8 or 9, wherein the cell is a human pluripotent stem cell.

11. The composition of any one of claims 8-10, wherein the reporter gene encodes

tdTomato.

12. The composition of any one of claims 8-11, wherein the target sequence of interest

encodes tyrosine hydroxylase.

13. A method of generating a cell that co-expresses a reporter gene with a gene of
interest, the method comprising:
(1) providing the targeting vector of any one of claims 1-6;
(1) providing a cell in which at least a portion of the gene of interest is located
between the first target sequence and the second target sequence;
(1i1) introducing the targeting vector into the cell; and
(iv) maintaining the cell under conditions appropriate for integration of the
reporter gene and WPRE into the genome of the cell such that the reporter gene is
co-expressed with the gene of interest,
wherein said portion of the gene of interest is cleaved prior to or subsequent to

introducing the targeting vector into the cell.

14. A method of making a targeting vector capable of co-expressing a reporter gene with

a gene of interest in a cell, the method comprising:
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(1) providing a vector comprising, in the 5’ to 3” direction, a reporter gene and an

expression enhancer comprising a Woodchuck Hepatitis Virus Posttranscriptional

Regulatory Element (WPRE), wherein the expression enhancer and the reporter

gene are operably linked,

(1) incorporating upstream of the reporter gene a 5° homology arm homologous

to a first target sequence by G-Block Gibson assembly; and

(1i1) adding downstream of the WPRE a 3’ homology arm homologous to a second

target sequence by G-Block Gibson assembly,

wherein the second target sequence is located downstream of the first target sequence

and wherein the first target sequence and the second target sequence flank at least a portion of

the gene of interest.

-82-



117

PCT/US2018/012849

WO 2018/129486

TN | § ‘

S %

aayrgrdats

ROLOY AW Y

BT R T G U 5
Bl 4y g
W AR

% [ R D P A

)
N AL,

?
Snrrrrsssssnsnsnsssssssst

B S P SIS

BRI

'

\‘... P B 2 A R A R e AP N S
Ve frer g
1l RSB S

LRI A A
LR

LR a2

Beagad




2117

PCT/US2018/012849

WO 2018/129486

I A

ooz

evrori

corrses

B AP

XA

.

g G T P
s N Lk

5

g g g
RIS P T V i

e s

Vg S RSN

2%

i

o \
£

B AT, IS 3

43
sk

_fo. ittt bt 0 frontn bttt st st iy
I . H Z
7 e

y
2 H
4 z : H

ettt et ety Svcococcociceciclicocecocect

("1u03) T "Bl




317

PCT/US2018/012849

WO 2018/129486

BRSPS OSBRI R %

GREIIG mh@n.\.%»&?ﬁ.\ RIS RN AT Y 3G GIAIY SRATA DS ARSIV S B4

¢ ol

T Y 1

VAR TRUS ﬂ.»v\xwﬂmw
SESRRI
ik 1Y

W DI

g4¢-vZ 'SHid



WO 2018/129486

FIG. 2C

sy ¥ 5

13 St

4117

A RN

PCT/US2018/012849



517

PCT/US2018/012849

WO 2018/129486

ol

¥

H
H

¢ u NIy HLL

AL
. 04 I st g A BRI ST 14,5 B
] . e 52 ]

-

£

w teete B2y N5y HLE m

1
“

; wuRdngeTbHLE
i

AR
H

UEHSENT T e sraoy paielieg

A
A G A S35 AS0HES

2RI,

UEAUON YT

SHRTISEY k...umw:mm: SO Payeiian]

€1 'ON a1 0dS

N

o s .\».s wd \.r..a.r pvy

.\.A)\..\.,..1
AP L S B RS
T 3
I ARS
] U3

b3

H1 ST IHUOUST

3

R EORLY X4

l

uredqEHLE

1) FsmAxophp] snseid] sooep, Burshieg

.._Ee_nmi sspefrsi

3
’Q
R

rugyday

£ Dl



WO 2018/129486 FIOS . AR~4F PCT/US2018/012849

% TH Targeting
efﬁc: enw

o

\\\\

| THTargeting \fegtor
BRG] 426y S

Genomic im'm TH

Targeted Locus
5°TH $26bp] oA TRTam

-

\\\\

Targeted Locus post CR%: i:xcssmn

5TH 42@bp§ """ \ \\\\ ~~~~~~~~~~~~~~~

Primer pC F@r
D isogemci;nes DANs 4 E

dx,}z{}ﬁﬁ
3

BONF, GDINF
Ascorbic Acid
dCAME DAPT

Farmorphamine+ SAG
WN?Signaiin@

Chir®g0dt

e

+ 8
x &
RN -1
T
£ 3
5

antion

putentials potentials

G
i
i

5~ % b4

= e

o) hag]
£ - 8

b ‘\3\\"\'\w T SR R
<

Sootanesss EBvoked



WO 2018/129486 N - 5 PCT/US2018/012849

15
b

W

TH Reporter

GAPDH PARKIN

N
FETenas TR

I i
FET R0 BosRt

o WT
35 1@ PARKINT é

alysis, n=d-B
P9
e
Lo 72e 7
*

Tirne-oongae % of
T4 nepons

<}
N
]
& @

day 38 % of TH+ neurons

0 B gl
\ N 3 X N 3 ’? ] ;
\\\ A \\\\\Q\\Q | 1 7 151 2} 26 35

Timeline {days)

‘ g ey day 18 time; +48 fw ¢ 'y“i tirnar #1832 | s |
SF 5B, 35 5 : ey
mROS CellRox green quantitication % a0 TR

- i o o-
Td-Tomato Td-Tomato® = ] og ‘ é
o T O gp
.. [ 3
b D) 4
1= W & {}3 19::"
Ry ™
\\s\ ‘:I: @ 9 - .} Eik R
96~ \\ b R & T
Ry RN
3§ = F
o % o=
836 N @28 6
3 o 5 . e—
N N oM H
. i &= 4 .
306 N 5 & 4 1
; \ XE 3. .l &
X = i
P TUI J, S ST, AUV L O S— ¥ 21 é e
"{ o
0




WO 2018/129486 PCT/US2018/012849
FIGHE. &A-6F
& A, & B.
) Transeriptorsics diffarential gens exprassion
%‘; o Wie SEDR Q.01 Down i KO Up KO Batly
% PARKIN 1641 a1 3 12
T o Dt 37 24 13 1.8
. \\: N
B o N S
[}
= Phenotype a8
-

45 48 05 00 05
Leading by fold change Bivensin

<C. 24 genes W1 vs PARKIN® vs DJ1#

lsgm (p\faiue }

{ 3 4 % 8 F

\\\\\\\\

WT DJ—"i‘ PARKiN ATP13A2

8w,

Ni\\\ RSN




9117

WO 2018/129486 PCT/US2018/012849
FIGE. 7A-TH
T A 78 7C.
Proteomics differential protein abundance
3z —r
. # Protein] Down i .
?A?Kigsi"" Lomparison 2 foid N KO | in ﬁg{) Ratio
poten i -
N R WIWPARKING 5 | 2 7 | o3
TR \\§§\\\\ y v (Pluripoten
N\ W pasiN . WTPARKIN Y e T e T T
\\ W NPCHIR NPC d12 '
3 s WTvsPARKIN-/- ‘ ‘
\ 76 Al 346 | 8 | 260 | 3.0
WTvsDI-1-4- ‘ 5
435 DAN 58 26 32 1.2
WTvsATPLIIAZ-/- )
435 DAN 187 71 118 16
0. ! E

Color Key
and Histogram { TR ;

§§Q\@\\\\M\\\\ﬁxx§\\\w§\\\\\&\\\\\&\\\\w&\\§k\\\\w NDUF

xg\ <

Row Z~Score

SN

'F . 7@, TH , .
Whys D WT vs PARKIN Whes ATPI3A
fog2 Fold change tag Fold change FARMIN log2 Fold change
£ &8 E*..S RIS o] G,ﬁ 1}': 1..5 o ¥ af "‘5 133 "S
§ TAFY W‘Q """" ATF13A
§ nuckst N & Egg“ﬁ?
{ EiF4at XX S . SYTH
8 sigvF2 N G STXIB
,,,,,,,,, §  NMDpz N 3 HYRA2
. siPATLZ N < KO GIGYF? 8§
8] semia N KD B
] DDRGKY N SYNSI 8
N 9Tk ; = SIPAIL2
§ §  SYNH R % MOCCTH g
TN KO PARKY (D1} | R SETD1A i
) FaXQ7 § - EIF4G1
§ HIP1R § ﬁﬁ&
B oea R 1
B oMocet N WPS35 3]
s SYTH N DDRGK1
8 VPSS N VRS130
\ HTRAZ N MAPT
N atriaaz NN SBA
SN INPPSE NN PARKT DJ-1
B SCARB2 NN STKAO
§  GBA Y PARKD2 PARKIN
i . VPS13C AT , STROA
W omart DM SCARB2
§ SNCA AT SNCA
LAMPZ

GPNMB




1017

WO 2018/129486 PCT/US2018/012849
FIGE. BA-8C

8 A,

, ,
o A
I

n

-3

Whvs DI
Fold change

3 He
o i

RO PN
(I

A
ST

ek

A ]
NII%)
AN

-log,, {pValue)
a8 18 18 su

£

W Lage

0

mmg‘ﬂ? G
g%uA !

;“‘E‘
A

Neuradegenarstion



WO 2018/129486 PCT/US2018/012849

94,

HERE

9R.
P&RKW Gene

S SRR SRRRRRRRRRE SRR R SRRRRRRRRRER SR SRRRRRE SRR
R Y
R S

S ANNN AN,

- N

T Y

e N a8
AR AR AR AR AT AR ANY:
IR

é&:ﬁ!\\ﬁ:-‘.\\“S:‘-‘.i'Sﬂ‘}X:-‘.\\“S:‘-‘.SX
AR RS

: D
N 3 X 3 3 A R T S R % X 3

e
g —— -

&

S s S $ s

THRER R TRATEH TRATSE



12117

WO 2018/129486 PCT/US2018/012849
FIGE. 10A-~-10D

10 A

b 3
HRY20FR-T

BNty

N
iy T o et

3 i e ¥

RMultdstranis Yector

S0l g N g

g}:
2]
23
o

¢

Gibzon

R ¥

ibaon

$raon
Heaction

I o}

HRIAGPAR VORI

o

A Homology arms to target TH locus
™y Nt NK

Q0 ALY

lorwedn

Srionr ey
S

SIERE S St e e hppet e X

Lo

NN NN O N N ey




13/17
WO 2018/129486 PCT/US2018/012849

FIGS. 11A-11B

114

g p-m» § FOUSFLOCTSE % FOXAZ

¥t 2

© ol 3

¥23d - B RN
PARK2 NES

2-foled change ¢
R¥EIESHION BOTE

[=T= TN NI R B0 B AN 9e)

prt Tt e taty

Lo R S R JL ¥ (B33

%3

a7 dia o8

svernged ixoagenic o

260
 sogetis ines

Antibody AB 152 anti-TH TH-Td-Tomato



14/17
WO 2018/129486 PCT/US2018/012849

FIGS. 12A-1ZE

12n

Phaipotent ReCs
P 12
. o
s < 3
N 4 2
o S L & o = 32
R (S e 3. RS p
] =0 e %
QX fo 5 [l = &
R a \% 3= g 2
= = =2 e P b
Fa £ g 0= *
¥ B % & 3 B g
B £ ¥ & ¥ 3

ponianecus X Wiash

e MU \J{\‘F‘\N |

__OOTOSOOG:SG.E
R TR

R RN

N

3

oy
53

1zE

) éT&:‘ Tomato High pesiife

3 B

FEo
BFRA

Singhe Tally™
: 892 A
by e AN AR N N AT Y

S RN IRAK IEOR WC ERR

FSC-A

FRCP

Singe Tilis T
sr.t
gy NI e

2 3
RN WWEHR

Faoa T pETeces Reds




WO 2018/129486

tbwarysscoms {110
O o om o om M

W

~ DRI

2~

7

5]

Difforertfation seplic

M

e

wl

13¢.

Count
0 4080120

-2=-10 1 2
Row Z~-Score

MO

1517

PCT/US2018/012849

FIGS. 13A-~13C

138,

SWT
N PARKINT
SRR

s WATP13A2™

o

Replicate 2 / sort time
Leading logFC Dim 2
<8 05 00 08 10 18

4.0 £5 0.0
Leading logFC Dim 1

1.8 0.5

Genes in KEGG Addiction pathways

N

SHC3
ARAF
CRER3L2
GRIAZ
MAOA
PDE10A
GNB4
NTRK2
GNGT_
ADCY?
GRINZB
DRD1
H2AFJ
ADCYS
SLC1BA2
GABRA3
GABRB1
SLC3I2A1
GRIN3IA
GABRA4

GNB3
HIST1H2BC
Do
GABRB2
PPPIR1B

KCNJ5
CRH



14D

WO 2018/129486

(A SIS S SIS SIS SIS SSSSS.

A
L

|

Pz
s
Pl

N

L L L s

L
PP
AILILEILISISE

16/17

FIGS.

14A-14E

WY vs PARKIN

Wi DY

theeriap W v P2 aud Wies 7

‘k\\\\\*‘\

RUSERN
XS
B
DR
LS

R

Lt DR
3
¥
3
] ¢
3 %
3 N
] N
N 3 X
X 3 3
X X 3
® 3 3 ¥ X N
X ¥ 3 RN Ve ¥ o
88 N 2 N 3% X 3
NS § 8§ s+ }Y N R §
N § §8 $§8 3§ W KA Ry
NN N N TR
8.8 N o8 IR P ONES NS R
e T e
NI i 8 N 3 ¥ N Ny
N ; : .
Y 3 Ny N
NERERY N N
R X ]
NN N
¥ ¥ N N W
¥y B N RN
¥y W R
y W b
¥ §
N
N
¥

PCT/US2018/012849

e

LS

SIS,

z
[/

R

tog

w0

{pValugy

SRR

e
SEERUREN

Yecsptaor Interaction Bagg nathway: R gansrejickegs
3G ¢ G JF 2

BUM

Few sy Erad s Zogegene weRE Erewsao
LA pedwae Srvkeeddst
y¥
-

PR

z %
//////////////%:4'”””»

i

¥t
SLADRAIANIIN

: W

N

e

N
0

N

W e 0K
WE R STPTIAES

?§\-\...

R Secrtanini SRERS W ws SARSING
B T igtomie K 3 A

@ Poatantning ¥ 1A
R sectsmnien ¥ N A

W




WO 2018/129486

Fold changs (B

Proteomics

" IWT

.................................................................

REGH2
RICMS
MO
SYNEZ
MOMT
PRE323
SO
ITRAZ
OTOL
SR
CHGB
ECEL
ROBTN
NKXZ-1
IGEFY
GOLBASC

N PARKTIDN

N PLAT
N SLO18AR

NEORGH

Xy NEFL

RS HEPEa

158,

17117

PCT/US2018/012849
FIGE., 1BA-15C
Charoni-Marie-Tooth Gene Sambot | Description
K140 PR Profein NDRET
OMTIFOMTRE NEFL Meuofilament ight pedvpeptide
o1 HEES Heat shock profein befa-®
NEFRA Newnofitarnent medium polypeptide

CRABP1 150

AB&1
CR36
SPOCKE
IGF2
STC2
SLCZAZ
F1341
AQP4
CRYAR
NEFR
CEP3g
TNFRSF10B

R
N PLIN2
““““““ \ TPOSZ
"""" | GDFY
SNCG
| HBPAZ
\ PDEIA
BGN
MCM3
KIF1S  faee
TR s
GULP1
VATIL
HMBAZ
HMGNZ ]
CROT R 1
VTN
SERPINE2
PLXNC ;
TH ]
chds e L
MUCSAC [ )
ALDHIA1
GPC3

3

-log,, {(pValue}




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - claims
	Page 83 - claims
	Page 84 - claims
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings

