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NOVEL CRISPR ENZYMESAND SYSTEMS
RELATED APPLICATIONS AND INCORPORATION BY REFERENCE

[0001] This application claims benefit of and priority to US Provisional 62/181,739, filed on
June 18, 2015; US Provisional 62/193,507, filed on July 16, 2015, US Provisiona 62/201,542,
filed August 5, 2015, U.S. Provisional 62/205,733, filed August 16, 2015, U.S. Provisional
62/232,067, filed September 24, 2015, U.S. Application Ser. No. 14/975,085, filed December 18,
2015, and European application No. 16150428.7.

[0002] The foregoing applications, and all documents cited therein or during their
prosecution (“appln cited documents’) and all documents cited or referenced in herein cited
documents, together with any manufacturer’s instructions, descriptions, product specifications,
and product sheets for any products mentioned herein or in any document incorporated by
reference herein, are hereby incorporated herein by reference, and may be employed in the
practice of the invention. More specificaly, all referenced documents are incorporated by
reference to the same extent as if each individual document was specifically and individually
indicated to be incorporated by reference.

STATEMENT ASTO FEDERALLY SPONSORED RESEARCH

[0003] This invention was made with government support under Grant No. MH100706,
awarded by the National Institutes of Health. The government has certain rights in the invention.
SEQUENCE LISTING
[0004] The instant application contains a Sequence Listing which has been submitted
electronically in ASCII format and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on December 17, 2015, is named 47627.05.2123 Sl .txt and is 2,467,205

bytes bytesin size.

FIELD OF THE INVENTION

[0005] The present invention generally relates to systems, methods and compositions used
for the control of gene expression involving sequence targeting, such as perturbation of gene
transcripts or nucleic acid editing, that may use vector systems related to Clustered Regularly
Interspaced Short: Palindromic Repeats (CRISPR) and components thereof.



WO 2016/205711 PCT/US2016/038181

BACKGROUND OF THE INVENTION

[0006] Recent advances in genome sequencing techniques and analysis methods have
significantly accelerated the ability to catalog and map genetic factors associated with a diverse
range of biological functions and diseases. Precise genome targeting technologies are needed to
enable systematic reverse engineering of causal genetic variations by alowing selective
perturbation of  individual genetic elements, as well as to advance synthetic biology,
biotechnological, and medical applications. Although genome-editing techniques such as
designer zinc fingers, transcription activator-like effectors (TALES), or homing meganucleases
are available for producing targeted genome perturbations, there remains a need for new genome
engineering technologies that employ novel strategies and molecular mechanisms and are
affordable, easy to set up, scalable, and amenable to targeting multiple positions within the
eukaryotic genome. This would provide a major resource for new applications in genome
engineering and biotechnology.

[0007] The CRISPR-Cas systems of bacterial and archaeal adaptive immunity show extreme
diversity of ‘protein composition and genomic loci architecture. The CRISPR-Cas system loci has
more than 50 gene families and there is no strictly universal genes indicating fast evolution and
extreme diversity of’ loci architecture. So far, adopting a multi-pronged approach, there is
comprehensive cas gene identification of about 395 profiles for 93 Cas proteins. Classification
includes signature gene profiles plus signatures of locus architecture. A new classification of
CRISPR-Cas systems is proposed in which these systems are broadly divided into two classes,
Class 1 with multisubunit effector complexes and Class 2 with single-subunit effector modules
exemplified by the Cas9 protein. Novel effector proteins associated with Class 2 CRISPR-Cas
systems may be developed as powerful genome engineering tools and the prediction of putative
novel effector proteins and their engineering and optimization is important.

[0008] Citation or identification of any document in this application is not an admission that
such document is available as prior art to the present invention.

SUMMARY OF THE INVENTION

[0009] There exists a pressing need for alternative and robust systems and techniques for
targeting nucleic acids or polynuclectides (e.g. DNA or RNA or any hybrid or derivative thereof)
with a wide array of” applications. This invention addresses this need and provides related
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advantages. Adding the novel DNA or RNA-targeting systems of the present application to the
repertoire of genomic and epigenomic targeting technologies may transform the study and
perturbation or editing of specific target sites through direct detection, analysis and manipulation.
To utilize the DNA or RNA-targeting systems of the present application effectively for genomic
or epigenomic targeting without deleterious effects, it is critica to understand aspects of
engineering and optimization of these DNA or RNA targeting tools.

[0010] The invention provides a method of modifying sequences associated with or at a
target locus of interest, the method comprising delivering to said locus a non-naturally occurring
or engineered composition comprising a putative Type V CRISPR-Cas loci effector protein and
one or more nucleic acid components, wherein the effector protein forms a complex with the one
or more nucleic acid components and upon binding of the said complex to the locus of interest
the effector protein induces the modification of the sequences associated with or at the target
locus of interest. In a preferred embodiment, the modification is the introduction of a strand
break. In a preferred embodiment, the sequences associated with or at the target locus of interest
comprises DNA and the effector protein is encoded by a subtype V-A CRISPR-Cas loci or a
subtype V-B CRISPR-Cas loci.

[0011] It will be appreciated that the terms Cas enzyme, CRISPR enzyme, CRISPR protein
Cas protein and CRISPR Cas are generally used interchangeably and at all points of reference
herein refer by analogy to novel CRISPR effector proteins further described in this application,
unless otherwise apparent, such as by specific reference to Cas9. The CRISPR effector proteins
described herein are preferably Cpfl effector proteins.

[0012] The invention provides a method of modifying sequences associated with or at a
target locus of interest, the method comprising delivering to said sequences associated with or at
the locus a non-naturally occurring or engineered composition comprising a Cpfl loci effector
protein and one or more nucleic acid components, wherein the Cpfl effector protein forms a
complex with the one or more nucleic acid components and upon binding of the said complex to
the locus of interest the effector protein induces the modification of the sequences associated
with or at the target locus of interest. In a preferred embodiment, the modification is the
introduction of” a strand break. In a preferred embodiment the Cpfl effector protein forms a
complex with one nucleic acid component; advantageously an engineered or non-naturally
occurring; nucleic acid component. The induction of modification of sequences associated with or
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at the target locus of interest can be Cpfl effector protein-nucleic acid guided. In a preferred
embodiment the one nucleic acid component is a CRISPR RNA (crRNA). In a preferred
embodiment the one nucleic acid component is a mature crRNA or guide RNA, wherein the
mature crRNA or guide RNA comprises a spacer sequence (or guide sequence) and a direct
repeat sequence or derivatives thereof. In a preferred embodiment the spacer sequence or the
derivative thereof’ comprises a seed sequence, wherein the seed sequence is critica for
recognition and/or hybridization to the sequence at the target locus. In a preferred embodiment,
the seed sequence of 'a FNCpf1 guide RNA is approximately within the first 5 nt onthe 5 end of
the spacer sequence (or guide sequence). In a preferred embodiment the strand break is a
staggered cut with a5’ overhang. In a preferred embodiment, the sequences associated with or at
the target locus of interest comprise linear or super coiled DNA.

[0013] Aspects of the invention relate to Cpfl effector protein complexes having one or
more non-naturally occurring or engineered or modified or optimized nucleic acid components.
In a preferred embodiment the nucleic acid component of the complex may comprise a guide
sequence linked to a direct repeat sequence, wherein the direct repeat sequence comprises one or
more stem loops or optimized secondary structures. In a preferred embodiment, the direct repeat
has a minimum length of 16 nts and a single stem loop. In further embodiments the direct repeat
has a length longer than 16 nts, preferrably more than 17 nts, and has more than one stem loop or
optimized secondary structures. In a preferred embodiment the direct repeat may be modified to
comprise one or more protein-binding RNA aptamers. In a preferred embodiment, one or more
aptamers may be included such as part of optimized secondary structure. Such aptamers may be
capable of binding a bacteriophage coat protein. The bacteriophage coat protein may be selected
from the group comprising QB, F2, GA, fr, JP501, MS2, M12, R17, BZ13, JP34, JP500, KU1,
M11, MX1, TW18, VK, SP, FI, ID2, NL95, TW19, AP205, ¢Cb5, ¢ b8, PChl2r, ¢Ch23r, 7s
and PRRL1. In apreferred embodiment the bacteriophage coat protein is MS2. The invention also
provides for the nucleic acid component of the complex being 30 or more, 40 or more or 50 or
more nucleotides in length.

[0014] The invention provides methods of genome editing wherein the method comprises
two or more rounds of Cpfl effector protein targeting and cleavage. In certain embodiments, a
first round comprises the Cpf1 effector protein cleaving sequences associated with atarget locus
far away from the seed sequence and a second round comprises the Cpfl effector protein
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cleaving sequences at the target locus. In preferred embodiments of the invention, afirst round of
targeting by a Cpfl effector protein results in an indel and a second round of targeting by the
Cpf1 effector protein may be repaired via homology directed repair (HDR). In a most preferred
embodiment of the invention, one or more rounds of targeting by a Cpf1l effector protein results
in staggered cleavage that may be repaired with insertion of arepair template.

[0015] The invention provides methods of genome editing or modifying sequences
associated with or at a target locus of interest wherein the method comprises introducing a Cpfl
effector protein complex into any desired cell type, prokaryotic or eukaryotic cell, whereby the
Cpf1 effector protein complex effectively functions to integrate a DNA insert into the genome of
the eukaryotic or prokaryotic cell. In preferred embodiments, the cell is a eukaryotic cell and the
genome is a mammalian genome. In preferred embodiments the integration of the DNA insert is
facilitated by non-homologous end joining (NHEJ)-based gene insertion mechanisms. In
preferred embodiments, the DNA insert is an exogenously introduced DNA template or repair
template. In one preferred embodiment, the exogenously introduced DNA template or repair
template is delivered with the Cpfl effector protein complex or one component or a
polynucleotide vector for expression of° a component of the complex. In a more preferred
embodiment the eukaryotic cell is a non-dividing cell (e.g. a non-dividing cell in which genome
editing via HDR is especialy challenging). In preferred methods of genome editing in human
cells, the Cpf1l effector proteins may include but are not limited to FnCpfl, AsCpfl and LbCpf1
effector proteins.

[0016] The invention also provides a method of modifying a target locus of interest, the
method comprising delivering to said locus a non-naturally occurring or engineered composition
comprising a C2cl loci effector protein and one or more nucleic acid components, wherein the
C2c1 effector protein forms a complex with the one or more nucleic acid components and upon
binding, of the said complex to the locus of interest the effector protein induces the modification
of ‘the target locus of 'interest. In a preferred embodiment, the modification is the introduction of
astrand break.

[0017] In such methods the target locus of interest may be comprised in a DNA molecule in
vitro. In a preferred embodiment the DNA moleculeis a plasmid.

[0018] In such methods the target locus of interest may be comprised in a DNA molecule
within a cell. The cell may be a prokaryotic cell or a eukaryotic cell. The cell may be a
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mammalian cell. The mammalian cell many be a non-human primate, bovine, porcine, rodent or
mouse cell. The cell may be a non-mammalian eukaryotic cell such as poultry, fish or shrimp.
The cell may also be a plant cell. The plant cell may be of a crop plant such as cassava, corn,
sorghum, wheat, or rice. The plant cell may also be of an algae, tree or vegetable. The
modification introduced to the cell by the present invention may be such that the cell and
progeny of the cell are altered for improved production of biologic products such as an antibody,
starch, alcohol or other desired cellular output. The modification introduced to the cell by the
present invention may be such that the cell and progeny of the cell include an alteration that
changes the biologic product produced.

[0019] The invention provides a method of modifying a target locus of interest, the method
comprising delivering to said locus a non-naturally occurring or engineered composition
comprising a Type VI CRISPR-Cas loci effector protein and one or more nucleic acid
components, wherein the effector protein forms a complex with the one or more nucleic acid
components and upon binding of the said complex to the locus of interest the effector protein
induces the modification of the target locus of interest. In a preferred embodiment, the
modification is the introduction of a strand break.

[0020] In a preferred embodiment, the target locus of interest comprises DNA.

[0021] In such methods the target locus of interest may be comprised in a DNA molecule
within a cell. The cell may be a prokaryotic cell or a eukaryotic cell. The cell may be a
mammalian cell. The mammalian cell many be a non-human mammal, e.g., primate, bovine,
ovine, porcine, canine, rodent, Leporidae such as monkey, cow, sheep, pig, dog, rabbit, rat or
mouse cell. The cell may be a non-mammalian eukaryotic cell such as poultry bird (e.g.,
chicken), vertebrate fish (e.g., salmon) or shellfish (e.g., oyster, claim, lobster, shrimp) cell. The
cell may aso be aplant cell. The plant cell may be of a monocot or dicot or of a crop or grain
plant: such as cassava, corn, sorghum, soybean, wheat, oat or rice. The plant cell may also be of
an agae, tree or production plant, fruit or vegetable (e.g., trees such as citrus trees, e.g., orange,
grapefruit or lemon trees; peach or nectarine trees; apple or pear trees; nut trees such as amond
or-walnut or- pistachio trees; nightshade plants; plants of the genus Brassica; plants of the genus
Lactuca; plants of the genus Spinacia; plants of the genus Capsicum; cotton, tobacco, asparagus,
carrot, cabbage, broccoli, cauliflower, tomato, eggplant, pepper, lettuce, spinach, strawberry,
blueberry, raspberry, blackberry, grape, coffee, cocoa, etc).
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[0022] In any of the described methods the target locus of interest may be a genomic or
epigenomic locus of interest. In any of the described methods the complex may be delivered with
multiple guides for multiplexed use. In any of the described methods more than one protein(s)
may be used.

[0023] In preferred embodiments of the invention, biochemical or in vitro or in vivo cleavage
of sequences associated with or at a target locus of interest results without a putative
transactivating crRNA (tracr RNA) sequence, e.g. cleavage by an FnCpfl effector protein. In
other embodiments of the invention, cleavage may result with a putative transactivating crRNA
(tracr RNA): sequence, e.g. cleavage by other CRISPR family effector proteins, however after
evaluation of the FNnCpfl locus, Applicants concluded that target DNA cleavage by a Cpfl
effector protein complex does not require a tracrRNA. Applicants determined that Cpf1l effector
protein complexes comprising only a Cpf1 effector protein and a crRNA (guide RNA comprising
a direct repeat sequence and a guide sequence) were sufficient to cleave target DNA.
Accordingly, the invention provides methods of modifying atarget locus of interest as described
herein above, wherein the effector protein is a Cpfl protein and the effector protein complexes
with the target sequence without the presence of atracr.

[0024] In any of the described methods the effector protein (e.g., Cpfl) and nucleic acid
components may be provided via one or more polynucleotide molecules encoding the protein
and/or nucleic acid component(s), and wherein the one or more polynucleotide molecules are
operably configured to express the protein and/or the nucleic acid component(s). The one or
more polynucleotide molecules may comprise one or more regulatory elements operably
configured to express the protein and/or the nucleic acid component(s). The one or more
polynucleotide molecules may be comprised within one or more vectors. The invention
comprehends such polynucleotide molecule(s), for instance such polynucleotide molecules
operably configured to express the protein and/or the nucleic acid component(s), as well as such
vector(s).

[0025] In any of the described methods the strand break may be a single strand break or a
double strand bresk.

[0026] Regulatory elements may comprise inducible promotors. Polynucleotides and/or
vector systems may comprise inducible systems.
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[0027] In any of the described methods the one or more polynuclectide molecules may be
comprised in a delivery system, or the one or more vectors may be comprised in a delivery
system.

[0028] In any of the described methods the non-naturally occurring or engineered
composition may be delivered via liposomes, particles (e.g. nanoparticles), exosomes,
microvesicles, a gene-gun or one or more vectors, e.g., hucleic acid molecule or viral vectors.
[0029] The invention also provides a non-naturally occurring or engineered composition
which is a composition having the characteristics as discussed herein or defined in any of the
herein described methods.

[0030] The invention also provides a vector system comprising one or more vectors, the one
or more vectors comprising one or more polynucleotide molecules encoding components of a
non-naturally occurring or engineered composition which is a composition having the
characteristics as discussed herein or defined in any of the herein described methods.

[0031] The invention also provides a delivery system comprising one or more vectors or one
or more polynucleotide molecules, the one or more vectors or polynucleotide molecules
comprising one or more polynucleotide molecules encoding components of a non-naturally
occurring, or engineered composition which is a composition having the characteristics as
discussed herein or defined in any of the herein described methods.

[0032] The invention also provides a non-naturally occurring or engineered composition, or
one or more polynucleotides encoding components of said composition, or vector or delivery
systems comprising one or more polynucleotides encoding components of said composition for
use in a therapeutic method of treatment. The therapeutic method of treatment may comprise
gene or genome editing, or gene therapy.

[0033] The invention also encompasses computational methods and algorithms to predict
new Class 2 CRISPR-Cas systems and identify the components therein.

[0034] The invention also provides for methods and compositions wherein one or more
amino acid residues of ‘the effector protein may be modified, e,g, an engineered or non-naturally-
occurring; effector protein or Cpfl. In an embodiment, the modification may comprise mutation
of ‘one or more amino acid residues of the effector protein. The one or more mutations may bein
one or more catalytically active domains of the effector protein. The effector protein may have
reduced or- abolished nuclease activity compared with an effector protein lacking said one or
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more mutations. The effector protein may not direct cleavage of one or other DNA or RNA
strand at the target locus of interest. The effector protein may not direct cleavage of either DNA
or RNA strand at the target locus of interest. In a preferred embodiment, the one or more
mutations may comprise two mutations. In a preferred embodiment the one or more amino acid
residues are modified in a Cpfl effector protein, e,g, an engineered or non-naturally-occurring
effector protein or Cpfl. In a preferred embodiment the Cpfl effector protein is a FnCpfl
effector protein. In a preferred embodiment, the one or more modified or mutated amino acid
residues are D917A, E1006A or D1255A with reference to the amino acid position numbering of
the FnCpf1 effector protein. In further preferred embodiments, the one or more mutated amino
acid residues are D908A, E993A, D1263A with reference to the amino acid positions in AsCpf1
or LbD832A, E925A, D947A or D1180A with reference to the amino acid positionsin LbCpf1.
[0035] The invention also provides for the one or more mutations or the two or more
mutations to be in a catalyticaly active domain of the effector protein comprising a RuvC
domain. In some embodiments of the invention the RuvC domain may comprise a RuvCl,
RuvClIl or RuvCllI domain, or a catalytically active domain which is homologous to a RuvCl,
RuvClIl or RuvClIl domain etc or to any relevant domain as described in any of the herein
described methods. The effector protein may comprise one or more heterologous functional
domains. The one or more heterologous functional domains may comprise one or more nuclear
localization signal (NLS) domains. The one or more heterologous functional domains may
comprise at. least two or more NL S domains. The one or more NL S domain(s) may be positioned
at or near or in promixity to a terminus of the effector protein (e.g., Cpfl) and if two or more
NLSs, each of 'the two may be positioned at or near or in promixity to a terminus of the effector
protein (e.g., Cpfl) The one or more heterologous functional domains may comprise one or more
transcriptional activation domains. In a preferred embodiment the transcriptional activation
domain may comprise VP64. The one or more heterologous functional domains may comprise
one or more transcriptional repression domains. In a preferred embodiment the transcriptional
repression domain comprises a KRAB domain or a SID domain (e.g. SID4X). The one or more
heterologous functional domains may comprise one or more nuclease domains. In a preferred
embodiment a nuclease domain comprises Fok1.

[0036] The invention aso provides for the one or more heterologous functional domains to
have one or more of" the following activities: methylase activity, demethylase activity,
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transcription activation activity, transcription repression activity, transcription release factor
activity, histone modification activity, nuclease activity, single-strand RNA cleavage activity,
double-strand RNA cleavage activity, single-strand DNA cleavage activity, double-strand DNA
cleavage activity and nucleic acid binding activity. At least one or more heterologous functional
domains may be at or near the amino-terminus of the effector protein and/or wherein at least one
or more heterologous functional domains is at or near the carboxy-terminus of the effector
protein. The one or more heterologous functional domains may be fused to the effector protein.
The one or more heterologous functional domains may be tethered to the effector protein. The
one or more heterologous functional domains may be linked to the effector protein by a linker
moiety.

[0037] The invention also provides for the effector protein (e.g., a Cpfl) comprising an
effector protein (e.g., a Cpfl) from an organism from a genus comprising Streptococcus,
Campylobacter, Nitratifractor, Staphylococcus, Parvibaculum, Roseburia, Neisseria,
Gluconacetobacter, Azospirillum, Sphaerochaeta, Lactobacillus, Eubacterium, Corynebacter,
Carnobacterium, Rhodobacter, Listeria, Paludibacter, Clostridium, Lachnospiraceae,
Clostridiaridium, Leptotrichia, Francisella, Legionella, Alicyclobacillus, Methanomethyophilus,
Porphyromonas, Prevotella, Bacteroidetes, Helcococcus, Letospira, Desulfovibrio,
Desulfonatronum, Opitutaceae, Tuberibacillus, Bacillus, Brevibacilus, Methylobacterium or
Acidaminococcus.

[0038] The invention also provides for the effector protein (e.g., a Cpfl) comprising an
effector protein (e.g., a Cpfl) from an organism from S mutans, S agalactiae, S equisimilis, S
sanguinis, S. pneumonia; C. jeuni, C. coli; N. salsuginis, N. tergarcus, S. auricularis, S
carnosus; N. meningitides, N. gonorrhoeae; L. monocytogenes, L. ivanovii; C. botulinum, C.
difficile, C. tetani, C. sordellii.

[0039] The effector protein may comprise a chimeric effector protein comprising a first
fragment from a first effector protein (e.g., a Cpfl) ortholog and a second fragment from a
second effector (e.g., a Cpfl) protein ortholog, and wherein the first and second effector protein
orthologs are different. At least one of the first and second effector protein (e.g., a Cpfl)
orthologs may comprise an effector protein (e.g., a Cpfl) from an organism comprising
Streptococcus, Campylobacter, Nitratifractor, Staphylococcus, Parvibaculum, Roseburia,
Neisseria, Gluconacetobacter, Azospirillum, Sphaerochaeta, Lactobacillus, Eubacterium,
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Corynebacter, Carnobacterium, Rhodobacter, Listeria, Paludibacter, Clostridium,
Lachnospiraceae, Clostridiaridium, Leptotrichia, Francisella, Legionella, Alicyclobacillus,
Methanomethyophilus, Porphyromonas, Prevotella, Bacteroidetes, Helcococcus, Letospira,
Desulfovibrio, Desulfonatronum, Opitutaceae, Tuberibacillus, Bacillus, Brevibacilus,
Methylobacterium or- Acidaminococcus; e.g., a chimeric effector protein comprising a first
fragment and a second fragment wherein each of the first and second fragments is selected from
a Cpfl off an organism comprising Streptococcus, Campylobacter, Nitratifractor,
Saphylococcus, Parvibaculum, Roseburia, Neisseria, Gluconacetobacter, Azospirillum,
Shaerochaeta, Lactobacillus, Eubacterium, Corynebacter, Carnobacterium, Rhodobacter,
Listeria, Paludibacter, Clostridium, Lachnospiraceae, Clostridiaridium, Leptotrichia,
Francisella, Legionella, Alicyclobacillus, Methanomethyophilus, Porphyromonas, Prevotella,
Bacteroidetes, Helcococcus, Letospira, Desulfovibrio, Desulfonatronum, Opitutaceae,
Tuberibacillus, Bacillus, Brevibacilus, Methylobacterium or Acidaminococcus wherein the first
and second fragments are not from the same bacteria; for instance a chimeric effector protein
comprising a first fragment and a second fragment wherein each of the first and second
fragments is selected from a Cpfl of' S mutans, S agalactiae, S. equisimilis, S. sanguinis, S
pneumonia; C. jegjuni, C. coli; N. salsuginis, N. tergarcus, S auricularis, S carnosus, N.
meningitides, N. gonorrhoeae; L. monocytogenes, L. ivanovii; C. botulinum, C. difficile, C.
tetani, C. sordellii; Francisdlla tularensis 1, Prevotella albensis, Lachnospiraceae bacterium
MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium GW2011_GWA2_ 33 10,
Parcubacteria bacterium GW2011_GWC2_44 17, Smithella sp. SCADC, Acidaminococcus sp.
BV3L6, Lachnospiraceae bacterium MA2020, Candidatus Methanoplasma termitum,
Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai, Lachnospiraceae bacterium
ND2006, Porphyromonas crevioricanis 3, Prevotella disiens and Porphyromonas macacae,
wherein the first and second fragments are not from the same bacteria.

[0040] In preferred embodiments of the invention the effector protein is derived from a Cpfl
locus (herein such effector proteins are also referred to as “Cpflp”), e.g., a Cpfl protein (and
such. effector protein or Cpfl protein or protein derived from a Cpfl locus is also called
“CRISPR enzyme”). Cpfl loci include but are not limited to the Cpfl loci of bacterial species
listed in Figure 64. In a more preferred embodiment, the Cpflp is derived from a bacterial
species selected from Francisella tularensis 1, Prevotella albensis, Lachnospiraceae bacterium
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MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium GW2011 _GWA2_ 33 10,
Parcubacteria bacterium GW2011_GWC2_44 17, Smithella sp. SCADC, Acidaminococcus sp.
BV3L6, Lachnospiraceae bacterium MA2020, Candidatus Methanoplasma termitum,
Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai, Lachnospiraceae bacterium
ND2006, Porphyromonas crevioricanis 3, Prevotella disiens and Porphyromonas macacae. In
certain  embodiments, the Cpflp is derived from a bacterial species selected from
Acidaminococcus sp. BV3L6, Lachnospiraceae bacterium MA2020. In certain embodiments, the
effector protein is derived from a subspecies of Francisella tularensis 1, including but not
limited to Francisella tularensis subsp. Novicida.

[0041] In further embodiments of the invention a protospacer adjacent motif (PAM) or
PAM-like motif’ directs binding of the effector protein complex to the target locus of interest. In
a preferred embodiment of the invention, the PAM is 5" TTN, where N is A/C/G or T and the
effector protein is FnCpflp. In another preferred embodiment of the invention, the PAM is 5
TTTV, where V is A/C or G and the effector protein is AsCpfl, LbCpfl or PaCpflp. In certain
embodiments, the PAM is5 TTN, where N is A/C/G or T, the effector protein is FnCpflp, and
the PAM is located upstream of the 5 end of the protospacer. In certain embodiments of the
invention, the PAM is 5 CTA, where the effector protein is FnCpflp, and the PAM is located
upstream of the 5 end of the protospacer or the target locus. In preferred embodiments, the
invention provides for an expanded targeting range for RNA guided genome editing nucleases
wherein the T-rich PAMs of the Cpf1 family alow for targeting and editing of AT-rich genomes.
[0042] In certain embodiments, the CRISPR enzyme is engineered and can comprise one or
more mutations that reduce or eliminate a nuclease activity. The amino acid positions in the
FnCpflp RuvC domain include but are not limited to D917A, E1006A, E1028A, D1227A,
D1255A, N1257A, D917A, E1006A, E1028A, D1227A, D1255A and N1257A. Applicants have
alsoidentified a putative second nuclease domain which is most similar to PD-(D/E)XK nuclease
superfamily and Hincll endonuclease like. The point mutations to be generated in this putative
nuclease domain to substantially reduce nuclease activity include but are not limited to N580A,
N584A, T587A, W6E09A, D610A, K613A, E614A, D616A, K624A, D625A, K627A and
Y629A. In a preferred embodiment, the mutation in the FnCpflp RuvC domain is D917A or
E1006A, wherein the D917A or E1006A mutation completely inactivates the DNA cleavage
activity of' the FnCpf1 effector protein. In another embodiment, the mutation in the FnCpflp

~
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RuvC domain is D1255A, wherein the mutated FnCpf1 effector protein has significantly reduced
nucleolytic activity.

[0043] The amino acid positions in the AsCpflp RuvC domain include but are not limited to
908, 993, and 1263. In a preferred embodiment, the mutation in the AsCpflp RuvC domain is
D908A, E993A, and D1263A, wherein the D908A, E993A, and D1263A mutations completely
inactivates the DNA cleavage activity of the AsCpfl effector protein. The amino acid positions
in the LbCpflp RuvC domain include but are not limited to832, 947 or 1180. In a preferred
embodiment, the mutation in the LbCpflp RuvC domain is LbD832A, E925A, D947A or D1180A,
wherein the LbD832A E925A, D947A or D1180A mutations completely inactivates the DNA
cleavage activity of the LbCpf1 effector protein.

[0044] Mutations can also be made at neighboring residues, e.g., at amino acids near those
indicated above that participate in the nuclease acrivity. In some embodiments, only the RuvC
domain is inactivated, and in other embodiments, another putative nuclease domain is
inactivated, wherein the effector protein complex functions as a nickase and cleaves only one
DNA strand. In a preferred embodiment, the other putative nuclease domain is a Hincll-like
endonuclease domain. In some embodiments, two FNCpfl, AsCpfl or LbCpfl variants (each a
different nickase) are used to increase specificity, two nickase variants are used to cleave DNA at
a target (where both nickases cleave a DNA strand, while miminizing or eliminating off-target
modifications where only one DNA strand is cleaved and subsequently repaired). In preferred
embodiments the Cpfl effector protein cleaves sequences associated with or at a target locus of
interest as a homodimer comprising two Cpfl effector protein molecules. In a preferred
embodiment the homodimer may comprise two Cpfl effector protein molecules comprising a
different mutation in their respective RuvC domains.

[0045] The invention contemplates methods of using two or more nickases, in particular a
dua or double nickase approach. In some aspects and embodiments, a single type FnCpfl,
AsCpfl or LbCpfl nickase may be delivered, for example a modified FnCpfl, AsCpfl or
LbCpfl or a modified FnCpfl, AsCpfl or LbCpfl nickase as described herein. This resultsin
the target DNA being bound by two FnCpfl nickases. In addition, it is also envisaged that
different orthologs may be used, e.g, an FnCpf1, AsCpfl or LbCpf1 nickase on one strand (e.g.,
the coding strand) of'the DNA and an ortholog on the non-coding or opposite DNA strand. The
ortholog can be, but is not limited to, a Cas9 nickase such as a SaCas9 nickase or a SpCas9
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nickase. It may be advantageous to use two different orthologs that require different PAMs and
may also have different guide requirements, thus allowing a greater deal of control for the user.
In certain embodiments, DNA cleavage will involve at least four types of nickases, wherein each
type is guided to a different sequence of target DNA, wherein each pair introduces a first nick
into one DNA. strand and the second introduces a nick into the second DNA strand. In such
methods, at |east two pairs of single stranded breaks are introduced into the target DNA wherein
upon introduction of first and second pairs of single-strand breaks, target sequences between the
first and second pairs of single-strand breaks are excised. In certain embodiments, one or both of
the orthologs is controllable, i.e. inducible.

[0046] In certain embodiments of the invention, the guide RNA or mature crRNA comprises,
consists essentially of, or consists of a direct repeat sequence and a guide sequence or spacer
sequence. In certain embodiments, the guide RNA or mature crRNA comprises, consists
essentially of, or consists of a direct repeat sequence linked to a guide sequence or spacer
sequence. In certain embodiments the guide RNA or mature crRNA comprises 19 nts of partial
direct repeat followed by 20-30 nt of guide sequence or spacer sequence, advantageously about
20 nt, 23-25 nt or 24 nt. In certain embodiments, the effector protein is a FNnCpfl, AsCpfl or
LbCpf1 effector protein and requires at least 16 nt of guide sequence to achieve detectable DNA
cleavage and a minimum of 17 nt of guide sequence to achieve efficient DNA cleavage in vitro.
In certain embodiments, the direct repeat sequence is located upstream (i.e., 5') from the guide
sequence or spacer sequence. In a preferred embodiment the seed sequence (i.e. the sequence
essential critical for recognition and/or hybridization to the sequence at the target locus) of the
FnCpf1, AsCpfl or LbCpfl guide RNA is approximately within the first 5 nt on the 5 end of the
guide sequence or spacer sequence.

[0047] In preferred embodiments of the invention, the mature crRNA comprises a stem loop
or an optimized stem loop structure or an optimized secondary structure. In preferred
embodiments the mature crRNA comprises a stem loop or an optimized stem loop structure in
the direct: repeat sequence, wherein the stem loop or optimized stem loop structure is important
for- cleavage activity. In certain embodiments, the mature crRNA preferably comprises a single
stem loop. In certain embodiments, the direct repeat sequence preferably comprises asingle stem
loop. In certain embodiments, the cleavage activity of the effector protein complex is modified
by introducing mutations that affect the stem loop RNA duplex structure. In preferred
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embodiments, mutations which maintain the RNA duplex of the stem loop may be introduced,
whereby the cleavage activity of the effector protein complex is maintained. In other preferred
embodiments, mutations which disrupt the RNA duplex structure of the stem loop may be
introduced, whereby the cleavage activity of the effector protein complex is completely
abolished.

[0048] The invention aso provides for the nucleotide sequence encoding the effector protein
being codon optimized for expression in a eukaryote or eukaryotic cell in any of the herein
described methods or compositions. In an embodiment of the invention, the codon optimized
effector protein is FNnCpflp, AsCpfl or LbCpfl and is codon optimized for operability in a
eukaryotic cell or organism, e.g., such cell or organism as elsewhere herein mentioned, for
instance, without limitation, a yeast cell, or a mammalian cell or organism, including a mouse
cell, arat cell, and a human cell or non-human eukaryote organism, e.g., plant.

[0049] In certain embodiments of the invention, at least one nuclear localization signal
(NLS) is attached to the nucleic acid sequences encoding the Cpf1 effector proteins. In preferred
embodiments at least one or more C-terminal or N-terminal NLSs are attached (and hence
nucleic acid molecule(s) coding for the the Cpfl effector protein can include coding for NLS(s)
so that: the expressed product has the NLS(s) attached or connected). In a preferred embodiment
a C-terminal NLS is attached for optimal expression and nuclear targeting in eukaryotic cells,
preferably human cells. In a preferred embodiment, the codon optimized effector protein is
FnCpflp, AsCpfl or LbCpfl and the spacer length of the guide RNA is from 15to 35 nt. In
certain embodiments, the spacer length of the guide RNA is at least 16 nucleotides, such as at
least 17 nucleotides. In certain embodiments, the spacer length is from 15 to 17 nt, from 17 to 20
nt, from 20 to 24 nt, eg. 20, 21, 22, 23, or 24 nt, from 23 to 25 nt, e.q., 23, 24, or 25 nt, from 24
to 27 nt, from 27-30 nt, from 30-35 nt, or 35 nt or longer. In certain embodiments of the
invention, the codon optimized effector protein is FnCpflp and the direct repeat length of the
guide RNA is at least 16 nucleotides. In certain embodiments, the codon optimized effector
protein.is FnCpflp and the direct repeat length of the guide RNA isfrom 16 to 20 nt, e.g., 16, 17,
18, 19, or-20 nucleotides. In certain preferred embodiments, the direct repeat length of the guide
RNA is 19 nucleotides.

[0050] The invention also encompasses methods for delivering multiple nucleic acid
components, wherein each nucleic acid component is specific for a different target locus of

o
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interest thereby modifying multiple target loci of interest. The nucleic acid component of the
complex may comprise one or more protein-binding RNA aptamers. The one or more aptamers
may be capable of binding a bacteriophage coat protein. The bacteriophage coat protein may be
selected from the group comprising Q3, F2, GA, fr, JP501, MS2, M12, R17, BZ13, JP34, JP500,
KU1, M11, MX1, TW18, VK, SP, FI, ID2, NL95, TW19, AP205, ¢Ch5, ¢Ch8r, ¢Ch12r,
PCh23r, 7s and PRR1. In a preferred embodiment the bacteriophage coat protein is MS2. The
invention also provides for the nucleic acid component of the complex being 30 or more, 40 or
more or 50 or more nucleotides in length.

[0051] The invention also encompasses the cells, components and/or systems of the present
invention having trace amounts of cations present in the cells, components and/or systems.
Advantageoudly, the cation is magnesium, such as Mgz+. The cation may be present in a trace
amount. A preferred range may be about 1 mM to about 15 mM for the cation, which is
advantageously Mg”". A preferred concentration may be about 1 mM for human based cells,
components and/or systems and about 10 mM to about 15 mM for bacteria based cells,
components and/or systems. See, e.g., Gasiunas et a., PNAS, published online September 4,
2012, www.pnas.org/cgi/doi/10.1073/pnas.1208507109.

[0052] Accordingly, it is an object of the invention not to encompass within the invention
any previously known product, process of making the product, or method of using the product
such that: Applicants reserve the right and hereby disclose a disclaimer of any previously known
product, process, or method. It is further noted that the invention does not intend to encompass
within the scope of"the invention any product, process, or making of the product or method of
using the product, which does not meet the written description and enablement requirements of
the USPTO (35 U.S.C. 8112, first paragraph) or the EPO (Article 83 of the EPC), such that
Applicants reserve the right and hereby disclose a disclaimer of any previously described
product, process of'making the product, or method of using the product. It may be advantageous
in the practice of the invention to be in compliance with Art. 53(c) EPC and Rule 28(b) and (c)
EPC. Nothing herein is to be construed as a promise.

[0053] It is noted that in this disclosure and particularly in the claims and/or paragraphs,
terms such as "comprises', "comprised”, "comprising" and the like can have the meaning
attributed to it in U.S. Patent law; e.g., they can mean "includes’, "included”, "including”, and
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the like; and that terms such as "consisting essentially of" and "consists essentially of" have the
meaning; ascribed to them in U.S. Patent law.

[0054] These and other embodiments are disclosed or are obvious from and encompassed by,
the following Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0055] The novel features of the invention are set forth with particularity in the appended claims. A
better-understanding of the features and advantages of the present invention will be obtained by reference
to the following detailed description that sets forth illustrative embodiments, in which the principles of
theinvention are utilized, and the accompanying drawings of which:

[0056] FIGS. 1A-1B depict a new classification of' CRISPR-Cas systems. Class 2 includes
multisubunit crRNA-effector complexes (Cascade) and Class 2 includes Single-subunit crRNA-
effector complexes (Cas9-like).

[0057] FIG. 2 provides amolecular organization of CRISPR-Cas.

[0058] FIGS. 3A-3D provide structures of Type | and Il effector complexes. common
architecture/common ancestry despite extensive sequence divergence.

[0059] FIG. 4 shows CRISPR-Cas as aRNA recognition motif (RRM)-centered system.
[0060] FIGS. 5A-5D show Casl phylogeny where recombination of adaptation and crRNA-
effector modules show a major aspect of CRISPR-Cas evolution.

[0061] FIG. 6 shows a CRISPR-Cas census, specifically a distribution of CRISPR-Cas
types/subtypes among archaea and bacteria

[0062] FIG. 7 depicts a pipeline for identifying Cas candidates.

[0063] FIGS. 8A-8D depict an organization of complete loci of Class 2 systems.

[0064] FIGS. 9A-9B depict C2cl neighborhoods.

[0065] FIGS. 10A-10C depict a Casl tree.

[0066] FIGS. 11A-11B depict a domain organization of class 2 families.

[0067] FIGS. 12A-12B depict TnpB homology regions in Class 2 proteins (SEQ ID NOS
246-428, respectively, in order of appearance).

[0068] FIGS. 13A-13B depict C2c2 neighborhoods.

[0069] FIGS. 14A-14E depict HEPN RxxxxH motif in C2c2 family (SEQ ID NOS 429-
1032, respectively, in order of appearance).
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[0070] FIG. 15 depicts C2C1: 1. Alicyclobacillus acidoterrestris ATCC 49025 (SEQ ID NOS
1034-1037, respectively, in order of appearance).

[0071] FIG. 16 depicts C2C1: 4. Desulfonatronum thiodismutans strain MLF-1 (SEQ ID NOS
1038-1041, respectively, in order of appearance).

[0072] FIG. 17 depicts C2C1: 5. Opitutaceae bacterium TAV5 (SEQ ID NOS 1042-1045,
respectively, in order of appearance).

[0073] FIG. 18 depicts C2C1: 7. Bacillus thermoamylovorans strain B4166 (SEQ ID NOS 1046-
1049, respectively, in order of appearance).

[0074] FIG. 19 depicts C2C1: 9. Bacillus sp. NSP2.1 (SEQ ID NOS 1050-1053, respectively,
in order- of ‘appearance).

[0075] FIG. 20 depicts C2C2: 1. Lachnospiraceae bacterium MA2020 (SEQ ID NOS 1054-
1057, respectively, in order of appearance).

[0076] FIG. 21 depicts C2C2: 2. Lachnospiraceae bacterium NK4A179 (SEQ ID NOS 1058-
1064, respectively, in order of appearance).

[0077] FIG. 22 depicts C2C2: 3. [Clostridium] aminophilum DSM 10710 (SEQ ID NOS 1065-
1068, respectively, in order of appearance).

[0078] FIG. 23 depicts C2C2: 4. Lachnospiraceae bacterium NK4A144 (SEQ ID NOS 1069
and 1070, respectively, in order of appearance).

[0079] FIG. 24 depicts C2C2: 5. Carnobacterium gallinarum DSM 4847 (SEQ ID NOS
1071-1074, respectively, in order of appearance).

[0080] FIG. 25 depicts C2C2: 6. Carnobacterium gallinarum DSM 4847 (SEQ ID NOS
1075-1081, respectively, in order of appearance).

[0081] FIG. 26 depicts C2C2: 7. Paludibacter propionicigenes WB4 (SEQ ID NO: 1082).

[0082] FIG. 27 depicts C2C2: 8. Listeria seeligeri serovar 1/2b (SEQ ID NOS 1083-1086,
respectively, in order of appearance).

[0083] FIG. 28 depicts C2C2: 9. Listeria weihenstephanensis FSL R9-0317 (SEQ ID NO: 1087).
[0084] FIG. 29 depicts C2C2: 10. Listeria bacterium FSL M6-0635 (SEQ ID NOS 1088 and
1091, respectively, in order of appearance).

[0085] FIG. 30 depicts C2C2: 11. Leptotrichia wadei F0279 (SEQ ID NO: 1092).

[0086] FIG. 31 depicts C2C2: 12. Leptotrichia wadei F0279 (SEQ ID NOS 1093-1099,

respectively, in order of appearance).
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[0087] FIG. 32 depicts C2C2: 14. Leptotrichia shahii DSM 19757 (SEQ ID NOS 1100-1103,
respectively, in order of appearance).

[0088] FIG. 33 depicts C2C2: 15. Rhodobacter capsulatus SB 1003 (SEQ ID NOS 1104 and
1105, respectively, in order of appearance).

[0089] FIG. 34 depicts C2C2: 16. Rhodobacter capsulatus R121 (SEQ ID NOS 1106 and
1107, respectively, in order of appearance).

[0090] FIG. 35 depicts C2C2: 17. Rhodobacter capsulatus DE442 (SEQ ID NOS 1108 and
11009, respectively, in order of appearance).

[009]] FIG. 36 depicts atree of DRs

[0092] FIG. 37 depicts atree of C2C2s

[0093] FIGS. 38A-38BB show the sequence alignment of Cas-Cpf1 orthologs (SEQ ID NOS
1033 and 1110-1166, respectively, in order of appearance).

[0094] FIGS. 39A-39B show the overview of Cpfl loci aignment

[0095] FIGS. 40A-40X shows the PACY C184 FnCpfl (PY001) vector contruct (SEQ ID
NO: 1167 and SEQ ID NOS 1168-1189, respectively, in order of appearance).

[0096] FIGS. 41A-411 shows the sequence of humanized PaCpfl, with the nucleotide
sequence as SEQ ID NO: 1190 and the protein sequence as SEQ ID NO: 1191.

[0097] FIG. 42 depicts aPAM challenge assay

[0098] FIG. 43 depicts a schematic of an endogenous FNCpfl locus. pY 0001 is apACY 184
backbone (from NEB) with a partial FnCpf1 locus. The FnCpfl locus was PCR amplified in
three pieces and cloned into Xbal and Hind3 cut pACY C184 using Gibson assembly. PY 0001
contains the endogenous FnCpfl locus from 255bp of the acetyltransferase 3' sequence to the
fourth spacer sequence. Only spacer 1-3 are potentially active since space 4 is no longer flanked
by direct repeats.

[0099] FIG. 44 depicts PAM libraries, which discloses discloses SEQ ID NOS 1192-1195,
respectively, in order of appearance.. Both PAM libraries (left and right) are in pUC19. The
complexity of left PAM library is 48 ~ 65k and the complexity of the right PAM library is 47 ~
16k. Both libraries were prepared with a representation of > 500.

[00100] FIG. 45A-4E depicts FnCpfl PAM Screen Computational Analysis. After sequencing
of the screen DNA, the regions corresponding to either the left PAM or the right PAM were
extracted. For-each sample, the number of PAMs present in the sequenced library were compared
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to the number of expected PAMs in the library (478 for the left library, 477 for the right). FIG.
44A depicts the left library showed PAM depletion. To quantify this depletion, an enrichment
ratio was calculated. For both conditions (control pACYC or FnCpfl containing pACY C) the

sample + 0.01

ratio = — log,

ratio was cal culated for each PAM in the library as " initial libravy + 0.01 ot ng
the distribution shows little enrichment in the control sample and enrichment in both bioreps.
FIGS. 44B-44D depict PAM ratio distributions. FIGS. 44E shows PAMs above aratio of 8 were
collected, and the frequency distributions were plotted, revealinga5 YYN PAM.

[00101] FIG. 46 depicts RNAseq analysis of the Francisella tolerances Cpfl locus, which
shows that the CRISPR locus is actively expressed. In addition to the Cpf1 and Cas genes, two
small non-coding transcript are highly transcribed, which might be the putative tracrRNAs. The
CRISPR array is aso expressed. Both the putative tracrRNAs and CRISPR array are transcribed
inthe same direction as the Cpf1 and Cas genes. Here all RNA transcripts identified through the
RNAseq experiment are mapped against the locus. After further evaluation of the FnCpf1 locus,
Applicants concluded that target DNA cleavage by a Cpfl effector protein complex does not
require a tracrRNA. Applicants determined that Cpfl effector protein complexes comprising
only a Cpf1 effector protein and a crRNA (guide RNA comprising a direct repeat sequence and a
guide sequence) were sufficient to cleave target DNA.

[00102] FIG. 47 depicts zooming into the Cpfl CRISPR array. Many different short
transcripts can be identified. In this plot, all identified RNA transcripts are mapped against the
Cpfl locus.

[00103] FIG. 48 depicts identifying two putative tracrRNASs after selecting transcripts that are
less than 85 nucleotides long

[00104] FIG. 49 depicts zooming into putative tracrRNA 1 (SEQ ID NO: 1196) and the CRISPR
array

[00105] FIG. 50 depicts zooming into putative tracrRNA 2 which discloses SEQ ID NOS 1197-
1203, respectively, in order of appearance.

[00106] FIG. 51 depicts putative crRNA sequences (repeat in blue, spacer in black) (SEQ ID NOS
1205 and 1206, respectively, in order of appearance).

[00107] FIG. 52 shows a schematic of the assay to confirm the predicted FNnCpfl PAM in

Vivo.
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[00108] FIG. 53 shows FnCpf1l locus carrying cells and control cells transformed with pUC19
encoding endogenous spacer 1 with 5 TTN PAM.

[00109] FIG. 54 shows a schematic indicating putative tracrRNA sequence positions in the FnCpfl
locus, the crRNA (SEQ ID NO: 1207) and the pUC protospacer vector.

[00110] FIG. 55 is a gel showing the PCR fragment with TTa PAM and proto-spacerl
sequence incubated in cell lysate.

[00111] FIG. 56 is a gel showing the pUC-spacerl with different PAMs incubated in cell
lysate.

[00112] FIG. 57 isagel showing the Basl digestion after incubation in cell lysate.

[00113] FIG. 58 isagel showing digestion results for three putative crRNA sequences (SEQ
ID'NO: 1208).

[00114] FIG. 59 isagel showing testing of different lengths of spacer against a piece of target
DNA containing the target site: 5'-TTAgagaagtcatttaataaggccactgttaaaa-3' (SEQ ID NO: 1209).
The results show that crRNAs 1-7 mediated successful cleavage of the target DNA in vitro with
FnCpfl. crRNAs 8-13 did not facilitate cleavage of the target DNA. SEQ ID NOS 1210-1248 are
disclosed, respectively, in order of appearance.

[00115] FIG. 60 is aschematic indicating the minimal FnCpf1 locus.

[00116] FIG. 61isaschematic indicating the minimal Cpfl guide (SEQ ID NO: 1249).

[00117] FIG. 62A-62E depicts PaCpfl PAM Screen Computational Analysis. After
sequencing; of the screen DNA, the regions corresponding to either the left PAM or the right
PAM' were extracted. For each sample, the number of' PAMSs present in the sequenced library
were compared to the number of expected PAMs in the library (4"7). (FIG. 62A) The left library
showed very dlight PAM depletion. To quantify this depletion, an enrichment ratio was
calculated. For both conditions (control pACYC or PaCpfl containing pACYC) the ratio was
calculated for-each PAM inthelibrary as

, samnple + 0.01
Patiey 5 o JOg, s
% initial Hbrary + 0.01

Plotting; the distribution shows little enrichment in the control sample and enrichment in both
bioreps. FIGS. 62B-62D depict PAM ratio distributions. FIG. 62E shows all PAMs above aratio
of*4.5 were collected, and the frequency distributions were plotted, revealinga5 TTTV PAM,

whereV'isA or CorG.
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[00118] FIG. 63 shows a vector map of the human codon optimized PaCpfl sequence
depicted as CBh-NL S-huPaCpf1-NL S-3xHA-pA.

[00119] FIGS. 64A-64B show a phylogenetic tree of 51 Cpfl loci in different bacteria.
Highlighted boxes indicate Gene Reference #s. 1-17. Boxed/numbered orthologs were tested for
in vitro cleavage activity with predicted mature crRNA; orthologs with boxes around their
numbers showed activity in the in vitro assay.

[00120] FIGS. 65A-65H show the details of the human codon optimized sequence for
Lachnospiraceae bacterium MC2017 1 Cpfl having a gene length of 3849 nts (Ref #3 in FIG.
64). FIG. 65A: Codon Adaptation Index (CAl). The distribution of codon usage frequency along
the length of the gene sequence. A CAIl of 1.0 is considered to be perfect in the desired
expression organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression
level. FIG. 65B: Frequency of Optimal Codons (FOP). The percentage distribution of codons in
computed codon quality groups. The value of 100 is set for the codon with the highest usage
frequency for a given amino acid in the desired expression organism. FIG. 65C: GC Content
Adjustment. The ideal percentage range of GC content is between 30-70%. Peaks of %GC
content in a 60 bp window have been removed. FIG. 65D: Restriction Enzymes and CIS-Acting
Elements. FIG. 65E: Remove Repeat Sequences. FIG. 65F-G: Optimized Sequence (Optimized
Sequence Length: 3849, GC% 54.70) (SEQ ID NO: 1250). FIG. 65H: Protein Sequence (SEQ ID
NO: 1251).

[00121] FIGS. 66A-66H show the details of the human codon optimized sequence for
Butyrivibrio proteoclasticus Cpfl having a gene length of 3873 nts (Ref #4 in FIG. 64). FIG.
66A: Codon Adaptation Index (CAl). The distribution of codon usage frequency along the length
of the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression
organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression level. FIG.
66B: Frequency of Optimal Codons (FOP). The percentage distribution of codons in computed
codon quality groups. The value of 100 is set for the codon with the highest usage frequency for
agiven amino acid in the desired expression organism. FIG. 66C: GC Content Adjustment. The
ideal percentage range of' GC content is between 30-70%. Peaks of %GC content in a 60 bp
window have been removed. FIG. 66D: Restriction Enzymes and CIS-Acting Elements. FIG.
66E: Remove Repeat Sequences. FIG. 66F-G: Optimized Sequence (Optimized Sequence
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Length: 3873, GC% 54.05) (SEQ ID NO: 1252). FIG. 66H: Protein Sequence (SEQ ID NO:
1253).

[00122] FIGS. 67A-67H show the details of the human codon optimized sequence for
Peregrinibacteria bacterium GW2011 _GWA2_33 10 Cpfl having a gene length of 4581 nts (Ref
#5 in FIG. 64). FIG. 67A: Codon Adaptation Index (CAl). The distribution of codon usage
frequency aong; the length of the gene sequence. A CAl of 1.0 is considered to be perfect inthe
desired expression organism, and a CAl of > 0.8 is regarded as good, in terms of high gene
expression level. FIG. 67B: Frequency of Optimal Codons (FOP). The percentage distribution of
codons in computed codon quality groups. The value of 100 is set for the codon with the highest
usage frequency for a given amino acid in the desired expression organism. FIG. 67C. GC
Content: Adjustment. The ideal percentage range of' GC content is between 30-70%. Peaks of
%GC content in a 60 bp window have been removed. FIG. 67D: Restriction Enzymes and CIS-
Acting Elements. FIG. 67E: Remove Repeat Sequences. FIG. 67F-G: Optimized Sequence
(Optimized Sequence Length: 4581, GC% 50.81) (SEQ ID NO: 1254). FIG. 67H: Protein
Sequence (SEQ ID NO: 1255).

[00123] FIGS. 68A-68H show the details of the human codon optimized sequence for
Parcubacteria bacterium GW2011_GWC2_44 17 Cpfl having a gene length of 4206 nts (Ref #6
in FIG. 64). FIG. 68A: Codon Adaptation Index (CAIl). The distribution of codon usage
frequency aong; the length of the gene sequence. A CAl of 1.0 is considered to be perfect in the
desired expression organism, and a CAl of > 0.8 is regarded as good, in terms of high gene
expression level. FIG. 68B: Frequency of Optimal Codons (FOP). The percentage distribution of
codons in computed codon quality groups. The value of 100 is set for the codon with the highest
usage frequency for a given amino acid in the desired expression organism. FIG. 68C: GC
Content: Adjustment. The ideal percentage range of GC content is between 30-70%. Peaks of
%GC content in a 60 bp window have been removed. FIG. 68D: Restriction Enzymes and CIS-
Acting Elements. FIG. 68E: Remove Repeat Sequences. FIG. 68F-G: Optimized Sequence
(Optimized Sequence Length: 4206, GC% 52.17) (SEQ ID NO: 1256). FIG. 68H: Protein
Seguence (SEQ ID NO: 1257).

[00124] FIGS. 69A-69H show the details of the human codon optimized sequence for
Smithella sp. SCADC Cpfl having a gene length of 3900 nts (Ref #7 in FIG. 64). FIG. 69A:
Codon Adaptation Index (CAl). The distribution of codon usage frequency along the length of
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the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression organism,
and a CAIl of > 0.8 is regarded as good, in terms of high gene expression level. FIG. 69B:
Frequency of Optimal Codons (FOP). The percentage distribution of codons in computed codon
quality groups. The value of 100 is set for the codon with the highest usage frequency for a given
amino acid in the desired expression organism. FIG. 69C: GC Content Adjustment. The ideal
percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp window
have been removed. FIG. 69D: Restriction Enzymes and CIS-Acting Elements. FIG. 69E:
Remove Repeat: Sequences. FIG. 69F-G: Optimized Sequence (Optimized Sequence Length: 3900,
GC%51.56) (SEQ ID NO: 1258). FIG. 69H: Protein Sequence (SEQ ID NO: 1259).

[00125] FIGS. 70A-70H show the details of the human codon optimized sequence for
Acidaminococcus sp. BV3L6 Cpfl having a gene length of 4071 nts (Ref #8 in FIG. 64). FIG.
70A: Codon Adaptation Index (CAl). The distribution of codon usage frequency aong the length
of" the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression
organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression level. FIG.
70B: Frequency of Optimal Codons (FOP). The percentage distribution of codons in computed
codon quality groups. The value of 100 is set for the codon with the highest usage frequency for
a given amino acid in the desired expression organism. FIG. 70C: GC Content Adjustment. The
ideal percentage range of' GC content is between 30-70%. Peaks of %GC content in a 60 bp
window have been removed. FIG. 70D: Restriction Enzymes and CIS-Acting Elements. FIG.
70E: Remove Repeat Sequences. FIG. 70F-G: Optimized Sequence (Optimized Sequence
Length: 4071, GC% 54.89) (SEQ ID NO: 1260). FIG. 70H: Protein Sequence (SEQ ID NO:
1261).

[00126] FIGS. 71A-71H show the details of the human codon optimized sequence for
L achnospiraceae bacterium MA 2020 Cpfl having a gene length of 3768 nts (Ref #9 in FIG. 64).
FIG. 71A: Codon Adaptation Index (CAl). The distribution of codon usage frequency along the
length of the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression
organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression level. FIG.
71B: Frequency of Optima Codons (FOP). The percentage distribution of codons in computed
codon quality groups. The value of 100 is set for the codon with the highest usage frequency for
a given amino acid in the desired expression organism. FIG. 71C: GC Content Adjustment. The
ideal percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp
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window have been removed. FIG. 71D: Restriction Enzymes and CIS-Acting Elements. FIG.
71E: Remove Repeat Sequences. FIG. 71F-G: Optimized Sequence (Optimized Sequence
Length: 3768, GC% 51.53) (SEQ ID NO: 1262). FIG. 71H: Protein Sequence (SEQ ID NO:
1263).

[00127] FIGS. 72A-72H show the details of the human codon optimized sequence for
Candidatus Methanoplasma termitum Cpfl having a gene length of 3864 nts (Ref #10 in FIG.
64). FIG. 72A: Codon Adaptation Index (CAl). The distribution of codon usage frequency along
the length of the gene sequence. A CAI of 1.0 is considered to be perfect in the desired
expression organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression
level. FIG. 72B: Frequency of Optimal Codons (FOP). The percentage distribution of codons in
computed codon quality groups. The value of 100 is set for the codon with the highest usage
frequency for a given amino acid in the desired expression organism. FIG. 72C: GC Content
Adjustment. The ideal percentage range of' GC content is between 30-70%. Peaks of %GC
content in a 60 bp window have been removed. FIG. 72D: Restriction Enzymes and CIS-Acting
Elements. FIG. 72E: Remove Repeat Sequences. FIG. 72F-G: Optimized Sequence (Optimized
Sequence Length: 3864, GC% 52.67) (SEQ ID NO: 1264). FIG. 72H: Protein Sequence (SEQ ID
NO: 1265).

[00128] FIGS. 73A-73H show the details of the human codon optimized sequence for
Eubacterium eligens Cpfl having a gene length of 3996 nts (Ref #11 in FIG. 64). FIG. 73A:
Codon Adaptation Index (CAl). The distribution of codon usage frequency along the length of
the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression organism,
and a CAIl of > 0.8 is regarded as good, in terms of high gene expression level. FIG. 73B:
Frequency of Optimal Codons (FOP). The percentage distribution of codons in computed codon
quality groups. The value of 100 is set for the codon with the highest usage frequency for a given
amino acid in the desired expression organism. FIG. 73C: GC Content Adjustment. The ideal
percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp window
have been removed. FIG. 73D: Restriction Enzymes and CIS-Acting Elements. FIG. 73E:
Remove Repeat Sequences. FIG. 73F-G: Optimized Sequence (Optimized Sequence Length:
3996, GC% 50.52) (SEQ ID NO: 1266). FIG. 73H: Protein Sequence (SEQ ID NO: 1267).
[00129] FIGS. 74A-74H show the details of the human codon optimized sequence for
Moraxella bovoculi 237 Cpfl having a gene length of 4269 nts (Ref #12 in FIG. 64). FIG. 74A:
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Codon Adaptation Index (CAl). The distribution of codon usage frequency along the length of
the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression organism,
and a CAIl of > 0.8 is regarded as good, in terms of high gene expression level. FIG. 74B:
Frequency of Optimal Codons (FOP). The percentage distribution of codons in computed codon
quality groups. The value of 100 is set for the codon with the highest usage frequency for a given
amino acid in the desired expression organism. FIG. 74C: GC Content Adjustment. The ideal
percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp window
have been removed. FIG. 74D: Restriction Enzymes and CIS-Acting Elements. FIG. 74E:
Remove Repeat Sequences. FIG. 74F-G: Optimized Sequence (Optimized Sequence Length:
4269, GC% 53.58) (SEQ ID NO: 1268). FIG. 74H: Protein Sequence (SEQ ID NO: 1269).

[00130] FIGS. 75A-75H show the details of the human codon optimized sequence for
Leptospirainadai Cpfl having a gene length of 3939 nts (Ref #13 in FIG. 64). FIG. 75A: Codon
Adaptation Index (CAl). The distribution of codon usage frequency along the length of the gene
sequence. A CAl of 1.0 is considered to be perfect in the desired expression organism, and a CAl
of > 0.8 is regarded as good, in terms of high gene expression level. FIG. 75B: Frequency of
Optimal Codons (FOP). The percentage distribution of codons in computed codon quality
groups. The value of 100 is set for the codon with the highest usage frequency for a given amino
acid in the desired expression organism. FIG. 75C: GC Content Adjustment. The ideal
percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp window
have been removed. FIG. 75D: Restriction Enzymes and CIS-Acting Elements. FIG. 75E:
Remove Repeat Sequences. FIG. 75F-G: Optimized Sequence (Optimized Sequence Length:
3939, GC% 51.30) (SEQ ID NO: 1270). FIG. 75H: Protein Sequence (SEQ ID NO: 1271).

[00131] FIGS. 76A-76H show the details of the human codon optimized sequence for
L achnospiraceae bacterium ND2006 Cpfl having a gene length of 3834 nts (Ref #14 in FIG. 64).
FIG. 76A: Codon Adaptation Index (CAl). The distribution of codon usage frequency along the
length of the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression
organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression level. FIG.
76B: Frequency of Optima Codons (FOP). The percentage distribution of codons in computed
codon quality groups. The value of 100 is set for the codon with the highest usage frequency for
agiven amino acid in the desired expression organism. FIG. 76C: GC Content Adjustment. The
ideal percentage range of' GC content is between 30-70%. Peaks of %GC content in a 60 bp
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window have been removed. FIG. 76D: Restriction Enzymes and CIS-Acting Elements. FIG.
76E: Remove Repeat Sequences. FIG. 76F-G: Optimized Sequence (Optimized Sequence
Length: 3834, GC% 51.06) (SEQ ID NO: 1272). FIG. 76H: Protein Sequence (SEQ ID NO:
1273).

[00132] FIGS. 77A-77H show the details of the human codon optimized sequence for
Porphyromonas crevioricanis 3 Cpfl having a gene length of 3930 nts (Ref #15 in FIG. 64). FIG.
77A: Codon Adaptation Index (CAl). The distribution of codon usage frequency along the length
of the gene sequence. A CAI of 1.0 is considered to be perfect in the desired expression
organism, and a CAl of > 0.8 is regarded as good, in terms of high gene expression level. FIG.
77B: Frequency of Optima Codons (FOP). The percentage distribution of codons in computed
codon quality groups. The value of 100 is set for the codon with the highest usage frequency for
agiven amino acid in the desired expression organism. FIG. 77C: GC Content Adjustment. The
ideal percentage range of' GC content is between 30-70%. Peaks of %GC content in a 60 bp
window have been removed. FIG. 77D: Restriction Enzymes and CIS-Acting Elements. FIG.
77E: Remove Repeat Sequences. FIG. 77F-G: Optimized Sequence (Optimized Sequence
Length: 3930, GC% 54.42) (SEQ ID NO: 1274). FIG. 77H: Protein Sequence (SEQ ID NO:
1275).

[00133] FIGS. 78A-78H show the details of the human codon optimized sequence for
Prevotella disiens Cpf1 having a gene length of 4119 nts (Ref #16 in FIG. 64). FIG. 78A: Codon
Adaptation Index (CAl). The distribution of codon usage frequency along the length of the gene
sequence. A CAl of 1.0 is considered to be perfect in the desired expression organism, and a CAl
of > 0.8 is regarded as good, in terms of high gene expression level. FIG. 78B: Frequency of
Optimal Codons (FOP). The percentage distribution of codons in computed codon quality
groups. The value of 100 is set for the codon with the highest usage frequency for a given amino
acid in the desired expression organism. FIG. 78C. GC Content Adjustment. The ideal
percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp window
have been removed. FIG. 78D: Restriction Enzymes and CIS-Acting Elements. FIG. 78E:
Remove Repeat Sequences. FIG. 78F-G: Optimized Sequence (Optimized Sequence Length:
4119, GC% 51.88) (SEQ ID NO: 1276). FIG. 78H: Protein Sequence (SEQ ID NO: 1277).
[00134] FIGS. 79A-79H shows the details of the human codon optimized sequence for
Porphyromonas macacae Cpfl having a gene length of 3888 nts (Ref #17 in FIG. 64). FIG. 79A:
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Codon Adaptation Index (CAl). The distribution of codon usage frequency along the length of
the gene sequence. A CAl of 1.0 is considered to be perfect in the desired expression organism,
and a CAIl of > 0.8 is regarded as good, in terms of high gene expression level. FIG. 79B:
Frequency of Optimal Codons (FOP). The percentage distribution of codons in computed codon
quality groups. The value of 100 is set for the codon with the highest usage frequency for a given
amino acid in the desired expression organism. FIG. 79C: GC Content Adjustment. The ideal
percentage range of GC content is between 30-70%. Peaks of %GC content in a 60 bp window
have been removed. FIG. 79D: Restriction Enzymes and CIS-Acting Elements. FIG. 79E:
Remove Repeat Sequences. FIG. 79F-G: Optimized Sequence (Optimized Sequence Length:
3888, GC% 53.26) (SEQ ID NO: 1278). FIG. 79H: Protein Sequence (SEQ ID NO: 1279).
[00135] FIG. 80A-801 shows direct repeat (DR) sequences for each ortholog (refer to
numbering Ref’# 3-17 in FIG. 64) and their predicted fold structure. SEQ ID NOS 1280-1313,
respectively, are disclosed in order of appearance.

[00136] FIG. 81 shows cleavage of a PCR amplicon of the human Emx1 locus. SEQ ID NOS
1314-1318, respectively, are disclosed in order of appearance.

[00137] FIG. 82A-82B shows the effect of truncation in 5 DR on cleavage Activity. FIG.
82A shows a gel in which cleavage results with 5 DR truncations is indicated. FIG. 82B shows a
diagram in which crDNA deltaDR5 disrupted the stem loop at the 5 end. This indicates that the
stemloop at the 5" end is essential for cleavage activity. SEQ ID NOS 1319-1324, respectively,
are disclosed in order of ‘appearance.

[00138] FIG. 83 shows the effect of crRNA-DNA target mismatch on cleavage efficiency.
SEQ ID'NOS 1325-1335, respectively, are disclosed in order of appearance.

[00139] FIG. 84 shows the cleavage of DNA using purified Francisella and Prevotella Cpf1.
SEQ ID'NO: 1336 is disclosed.

[00140] FIG. 85A-85B show diagrams of DR secondary structures. FIG. 85A shows a FnCpf1l
DR secondary structure (SEQ ID NO: 1337) (stem loop highlighted). FIG. 85B shows a PaCpf1
DR secondary structure (SEQ ID NO: 1338) (stem loop highlighted, identical except for a single
base difference in the loop region).

[00141] FIG. 86 shows afurther depiction of the RNAseq analysis of the FnCpl locus.
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[00142] FIG. 87A-87B show schematics of mature crRNA sequences. FIG. 87A shows a
mature crRNA sequences for FnCpfl. FIG. 87B shows a mature crRNA sequences for PaCpf1.
SEQ ID'NOS 1339-1342, respectively, are disclosed in order of appearance.

[00143] FIG. 88 shows cleavage of DNA using human codon optimized Francisella novicida
FnCpfl. The top band corresponds to un-cleaved full length fragment (606bp). Expected
cleavage product sizes of ~345bp and ~261bp are indicated by triangles.

[00144] FIG. 89 showsin vitro ortholog assay demonstrating cleavage by Cpfl orthologs.
[00145] FIGS. 90A-90C show computationally derived PAMs from the in vitro cutting assay.
[00146] FIG. 91 shows Cpfl cutting in a staggered fashion with 5 overhangs. SEQ ID NOS
1343-1345, respectively, are disclosed in order of appearance.

[00147] FIG. 92 shows effect of spacer length on cutting. SEQ ID NOS 1346-1352,
respectively, are disclosed in order of appearance.

[00148] FIG. 93 shows SURVEY OR data for FnCpf1 mediated indelsin HEK293T cells.
[00149] FIGS. 94A-94F show the processing of transcripts when sections of the FnCpf1 locus
are deleted as compared to the processing of transcripts in awild type FnCpf1 locus. FIGS. 95B,
95D and 95F zoom in on the processed spacer. SEQ ID NOS 1353-1401, respectively, are
disclosed in order of appearance.

[00150] FIGS. 95A-95E show the Francisella tularensis subsp. novicida U112 Cpfl CRISPR
locus provides immunity against transformation of plasmids containing protospacers flanked by
a5-TTN PAM. FIG. 95A show the organization of two CRISPR loci found in Francisella
tularensis subsp. novicida U112 (NC_008601). The domain organization of FnCas9 and FnCpf1l
are compared. FIG. 95B provide a schematic illustration of the plasmid depletion assay for
discovering the PAM position and identity. Competent E. coli harboring either the heterologous
FnCpf1 locus plasmid (pFnCpfl) or the empty vector control were transformed with alibrary of
plasmids containing the matching protospacer flanked by randomized 5 or 3 PAM sequences
and selected with antibiotic to deplete plasmids carrying successfully-targeted PAM. Plasmids
from surviving colonies were extracted and sequenced to determine depleted PAM sequences.
FIGS. 95C-95D show sequence logos for the FnCpfl PAM as determined by the plasmid
depletion assay. Letter height at position is determined by information content; error bars show
95% Bayesian confidence interval. FIG. 95Eshows E. coli harboring pFnCpfl demonstrate
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robust interference against plasmids carrying 5-TTN PAMs (n = 3, error bars represent mean +
SEM.).

[00151] FIGS. 96A-96C shows heterologous expression of FNnCpfl and CRISPR array in E.
coli’ is sufficient to mediate plasmid DNA interference and crRNA maturation. Small RNA-seq
of Francisella tularensis subsp. novicida U112 (FIG. 96A) reveals transcription and processing
of the FnCpfl CRISPR array. The mature crRNA begins with a 19 nt partial direct repeat
followed by 23-25 nt of spacer sequence. Small RNA-seq of E. coli transformed with a plasmid
carrying synthetic promoter-driven FnCpfl and CRISPR array (FIG. 96B) shows crRNA
processing independent of Cas genes and other sequence elements in the FnCpfl locus. FIG.
96C depicts E. coli’ harboring different truncations of the FnCpf1l CRISPR locus and shows that
only FnCpf1 and the CRISPR array are required for plasmid DNA interference (n = 3, error bars
show mean + S.E.M.). SEQ ID NO: 1580 is disclosed.

[00152] FIGS. 97A-97E shows FnCpfl is targeted by crRNA to cleave DNA in vitro. FIG.
97A is a schematic of the FnCpf1 crRNA-DNA targeting complex. Cleavage sites are indicated
by red arrows (SEQ ID NOS 1402 and 1403, respectively, disclosed in order of appearance).
FnCpf1 and crRNA aone mediated RNA-guided cleavage of target DNA in a crRNA- and Mg”-
dependent manner (FIG. 97B). FIG. 97C shows FnCpfl cleaves both linear and supercoiled
DNA. FIG. 97D shows Sanger sequencing traces from FnCpf1-digested target show staggered
overhangs (SEQ ID NOS 1404 and 1406, respectively, disclosed in order of appearance). The
non-templated addition of* an additional adenine, denoted as N, is an artifact of the polymerase
used in sequencing. Reverse primer read represented as reverse complement to aid visualization.
FIG. 97E shows cleavage is dependent on base-pairing at the 5 PAM. FnCpfl can only
recognize the PAM in correctly Watson-Crick paired DNA.

[00153] FIGS. 98A-98B shows catalytic residues in the C-terminal RuvC domain of FnCpfl
are necessary for DNA cleavage. FIG. 98A shows the domain structure of FnCpfl with RuvC
catalytic residues highlighted. The catalytic residues were identified based on sequence
homology to Thermus thermophilus RuvC (PDB ID: 4EP5). FIG. 98B depicts a native TBE
PAGE gel showing that mutation of the RuvC catalytic residues of FnCpfl (D917A and
E1006A) and mutation of the RuvC (D10A) catalytic residue of SpCas9 prevents double
stranded DNA cleavage. Denaturing TBE-Urea PAGE gel showing that mutation of the RuvC
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catalytic residues of FnCpfl (D917A and E1006A) prevents DNA nicking activity, whereas
mutation of the RuvC (D10A) catalytic residue of SpCas9 results in nicking of the target site.
[00154] FIGS. 99A-99E shows crRNA requirements for FnCpfl nuclease activity in vitro.
FIG. 99A shows the effect of spacer length on FnCpf1 cleavage activity. FIG. 99B shows the
effect of crRNA-target DNA mismatch on FnCpf1 cleavage activity. FIG. 99C demonstrates the
effect of direct repeat length on FnCpfl cleavage activity. FIG. 99D shows FnCpfl cleavage
activity depends on secondary structure in the stem of the direct repeat RNA structure. FIG. 99E
shows FnCpf1 cleavage activity is unaffected by loop mutations but is sensitive to mutation in
the 3'-most base of the direct repeat. SEQ ID NOS 1407-1433, respectively, disclosed in order of
appearance.

[00155] FIGS. 100A-100F provides an analysis of Cpf1-family protein diversity and function.
FIGS. 100A-100B show a phylogenetic comparison of 16 Cpf1 orthologs selected for functional
analysis. Conserved sequences are shown in dark gray. The RuvC domain, bridge helix, and zinc
finger are highlighted. FIG. 100C shows an alignment of direct repeats from the 16 Cpf1-family
proteins. Sequences that are removed post crRNA maturation are colored gray. Non-conserved
bases are colored red. The stem duplex is highlighted in gray. FIG. 100D depicts RNAfold
(Lorenz et al., 2011) prediction of the direct repeat sequence in the mature crRNA. Predictions
for FnCpfl along with three less-conserved orthologs shown. FIG. 100E shows ortholog
crRNAs with similar direct repeat sequences are able to function with FnCpfl to mediate target
DNA cleavage. FIG. 100F shows PAM sequences for 8 Cpf1-family proteins identified using in
vitro cleavage of a plasmid library containing randomized PAMs flanking the protospacer. SEQ
ID'NOS 1434-1453, respectively, disclosed in order of appearance.

[00156] FIGS. 101A-101E shows Cpfl mediates robust genome editing in human cell lines.
FIG. 101A is a schemative showing expression of individua Cpfl-family proteins in HEK
293FT cells using CMV -driven expression vectors. The corresponding crRNA is expressed using
a PCR fragment containing a U6 promoter fused to the crRNA sequence. Transfected cells were
analyzed using either Surveyor nuclease assay or targeted deep sequencing. FIG. 101B (top)
depicts the sequence of° DNMT1-targeting crRNA 3, and sequencing reads (bottom) show
representative indels. 1G. 101B discloses SEQ ID NOS 1454-1465, respectively, in order of
appearance. FIG. 101C provides a comparison of in vitro and in vivo cleavage activity. The
DNMT1 target region was PCR amplified and the genomic fragment was used to test Cpfl-
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mediated cleavage. All 8 Cpfl-family proteins showed DNA cleavage in vitro (top). Candidates
7 —AsCpfl and 13 — Lb3Cpf1 facilitated robust indel formation in human cells (bottom). FIG.
101D shows Cpfl and SpCas9 target sequences in the human DNMT1 locus (SEQ ID NOS
1466-1473, respectively, disclosed in order of appearance). FIG. 101E provides a comparison of
Cpf1 and SpCas9 genome editing efficiency. Target sites correspond to sequences shown in FIG.
101D.

[00157] FIGS. 102A-102D shows an in vivo plasmid depletion assay for identifying FnCpfl
PAM. (See aso FIG. 95). FIG. 102A: Transformation of E. coli harboring pFnCpfl with a
library of plasmids carrying randomized 5 PAM sequences. A subset of plasmids were depleted.
Plot shows depletion levels in ranked order. Depletion is measured as the negative log, fold ratio
of ' normalized abundance compared pACY C184 E. coli controls. PAMs above a threshold of
3.5 are used to generate sequence logos. FIG. 102B: Transformation of E. coli harboring
pFnCpfl with a library of plasmids carrying randomized 3 PAM sequences. A subset of
plasmids were depleted. Plot shows depletion levels in ranked order. Depletion is measured as
the negative log, fold ratio of normalized abundance compared pACY C184 E. coli controls and
PAMs above a threshold of 3.5 are used to generate sequence logos. FIG. 102C: Input library of
plasmids carrying randomized 5 PAM sequences. Plot shows depletion levels in ranked order.
Depletion is measured as the negative log, fold ratio of normalized abundance compared
PACY C184 E. coli controls. PAMs above athreshold of 3.5 are used to generate sequence logos.
FIG. 102D: The number of uniqgue PAMs passing significance threshold for pairwise
combinations of bases at the 2 and 3 positions of the 5’ PAM.

[00158] FIGS. 103A-103D shows FnCpfl Protein Purification. (See aso FIG. 97). FIG.
103A depicts a Coomassie blue stained acrylamide gel of FnCpf1 showing stepwise purification.
A band just above 160 kD eluted from the Ni-NTA column, consistent with the size of a MBP-
FnCpfl fusion (189.7 kD). Upon addition of TEV protease a lower molecular weight band
appeared, consistent with the size of 147 kD free FnCpfl. FIG. 103B: Size exclusion gel
filtration of fnCpf1. FnCpfl eluted at a size approximately 300 kD (62.65 mL ), suggesting Cpfl
may- exist in solution as a dimer. FIG. 103C shows protein standards used to calibrate the
Superdex 200 column. BDex = Blue Dextran (void volume), Ald = Aldolase (158 kD), Ov =
Ovalbumin (44 kD), RibA = Ribonuclease A (13.7 kD), Apr = Aprotinin (6.5 kD). FIG. 103D:
Cdlibration curve of the Superdex 200 column. K_ is calculated as (elution volume — void
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volume)/(geometric column volume — void volume). Standards were plotted and fit to a
logarithmic curve.

[00159] FIGS. 104A-104E shows cleavage patterns of FnCpfl. (See also FIG. 97). Sanger
sequencing traces from FnCpfl-digested DNA targets show staggered overhangs. The non-
templated addition of an additional adenine, denoted as N, is an artifact of the polymerase used
in sequencing. Sanger traces are shown for different TTN PAMs with protospacer 1 (FIG.
104A), protospacer 2 (FIG. 104B), and protospacer 3 (FIG. 104C) and targets DNMT1 and
EMX1 (FIG. 104D). The (-) strand segquence is reverse-complemented to show the top strand
sequence. Cleavage sites are indicated by red triangles. Smaller triangles indicate putative
aternative cleavage sites. FIG. 104E shows the effect of PAM-dista crRNA-target DNA
mismatch on FnCpf1l cleavage activity. SEQ ID NOS 1474-1494, respectively, disclosed in order
of ‘appearance.

[00160] FIGS. 105A-105B shows an amino acid sequence alignment of FnCpfl (SEQ ID NO:
1495), AsCpfl (SEQ ID NO: 1496), and LbCpfl (SEQ ID NO: 1497). (See aso FIG. 100).
Residues that are conserved are highlighted with a red background and conserved mutations are
highlighted with an outline and red font. Secondary structure prediction is highlighted above
(FnCpfl) and below (LbCpfl) the alignment. Alpha helices are shown as a curly symbol and
beta strands are shown as dashes. Protein domains identified in FIG. 95A are aso highlighted.
[00161] FIGS. 106A-106D provides maps bacterial genomic loci corresponding to the 16
Cpfl1-family proteins selected for mammalian experimentation. (See aso FIG. 100). FIGS.
106A-106D disclose SEQ ID NOS 1498-1513, respectively, in order of appearance.

[00162] FIGS. 107A-107E shows in vitro characterization of Cpfl-family proteins. FIG.
107A is a schematic for in vitro PAM screen using Cpfl-family proteins. A library of plasmids
bearing randomized 5 PAM sequences were cleaved by individual Cpfl-family proteins and
their corresponding crRNAs. Uncleaved plasmid DNA was purified and sequenced to identify
specific PAM motifs that were depleted. FIG. 107B indicates the number of unique sequences
passing: significance threshold for pairwise combinations of bases at the 2 and 3 positions of the
5 PAM for 7 — AsCpfl. FIG. 107C indicates the number of unique PAMSs passing significance
threshold for triple combinations of bases at the 2, 3, and 4 positions of the 5 PAM for 13 —
LbCpfl. FIGS. 107D-107E E and F show Sanger sequencing traces from 7 — AsCpf1-digested
target (FIGS. 107E) and 13 — LbCpfl-digested target (FIG. 107F) and show staggered
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overhangs. The non-templated addition of an additional adenine, denoted as N, is an artifact of
the polymerase used in sequencing. Cleavage sites are indicated by red triangles. Smaller
triangles indicate putative alternative cleavage sites. FIG. 107D-E discloses SEQ ID NOS 1514-
1519, respectively, in order of appearance.

[00163] FIGS. 108A-108F indicates human cell genome editing efficiency at additional loci.
Surveyor gels show quantification of indel efficiency achieved by each Cpfl-family protein at
DNMT1 target sites 1 (FIG. 108A), 2 (FIG. 108B), and 4 (FIG. 108C). FIGS. 108A-108C
indicate human cell genome editing efficiency at additional loci and Sanger sequencing of
cleaved of DNMT target sites. Surveyor gels show quantification of indel efficiency achieved by
each Cpfl-family protein at EMX1 target sites 1 (FIG. 108D) and 2 (FIG. 108E). Indel
distributions for AsCpfl and LbCpfl and DNMT1 target sites 2, 3, and 4 (FIG. 108F). Cyan
bars represent total indel coverage; blue bars represent distribution of 3’ ends of indels. For each
target, PAM sequenceisin red and target sequenceisin light blue.

[00164] FIGS. 109A-109C depicts a computational analysis of the primary structure of Cpfl
nucleases reveals three distinct regions. First a C-terminal RuvC like domain, which is the only
functional characterized domain. Second a N-terminal apha-helical region and thirst a mixed
alpha and beta region, located between the RuvC like domain and the apha-helical region.
[00165] FIGS. 110A-110E depict an AsCpfl Rad50 alignment (PDB 4W9M). SEQ ID NOS
1520 and 1521, respectively, disclosed in order of appearance. FIG. 110C depicts an AsCpfl
RuvC alignment (PDB 4L DO0). SEQ ID NOS 1522 and 1523, respectively, disclosed in order of
appearance. FIGS. 110D-110E depicts an alignment of AsCpfl and FnCpfl which identifies
Rad50 domain in FnCpfl. SEQ ID NOS 1524 and 1525, respectively, disclosed in order of
appearance.

[00166] FIG. 111 depicts a structure of Rad50 (4W9M) in complex with DNA. DNA
interacting residues are highlighted (in red).

[00167] FIG. 112 depicts a structure of RuvC (4LDO0) in complex with holiday junction. DNA
interacting residues are highlighted in red.

[00168] FIG. 113 depicts ablast of' AsCpf1 aigns to a region of the site specific recombinase
XerD. An active site regions of XerD is LYWTGMR (SEQ ID NO: 1) with R being a catalytic
residue. SEQ ID NOS 1526-1527, respectively, disclosed in order of appearance.
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[00169] FIG. 114 depicts aregion is conserved in Cpfl orthologs (Y ellow box) and athough
the R is not: conserved, a highly conserved aspartic acid (orange box) is just C-terminal of this
region and a nearby conserved region (blue box) with an absolutely conserved arginine. The
aspartic acid is D732 in LbCpf1. SEQ ID NOS 1204 and 1528-1579, respectively, disclosed in
order-of ‘appearance.

[00170] FIG. 115A shows an experiment where 150,000 HEK293T cells were plated per 24-
well 24h before transfection. Cells were transfected with 400ng huAsCpf1 plasmid and 100ng of
tandem guide plasmid comprising one guide sequence directed to GRIN28 and one directed to
EMX1 placed in tandem behind the U6 promoter, using Lipofectamin2000. Cells were harvested
72h: after transfection and AsCpfl activity mediated by tandem guides was assayed using the
SURVEY OR nuclease assay.

[00171] FIG. 115B demonstrates INDEL formation in both the GRIN28 and the EM X1 gene.
[00172] FIG. 116 shows FnCpf1 cleavage of an array with increasing concentrations of EDTA
(and decreasing concentrations of Mg2+). The buffer is 20 mM TrisHClI pH 7 (room
temperature), 50 mM KCI, and includes a murine RNAse inhibitor to prevent degradation of
RNA due to potential trace amount of non-specific RNase carried over from protein purification.
[00173] The figures herein are for illustrative purposes only and are not necessarily drawn to

scale.
DETAILED DESCRIPTION OF THE INVENTION

[00174] The present application describes novel RNA-guided endonucleases (e.g. Cpfl
effector proteins). which are functionally distinct from the CRISPR-Cas9 systems described
previously and hence the terminology of elements associated with these novel endonulceases are
modified accordingly herein. Cpfl-associated CRISPR arrays described herein are processed into
mature crRNAs without the requirement of an additional tracrRNA. The crRNAs described
herein comprise a spacer sequence (or guide sequence) and a direct repeat sequence and a Cpflp-
crRNA complex by itself’ is sufficient to efficiently cleave target DNA. The seed sequence
described herein, e.g. the seed sequence of 'a FnCpf1 guide RNA is approximately within the first
5ntonthe5 end of the spacer sequence (or guide sequence) and mutations within the seed
sequence adversely affect cleavage activity of the Cpf1l effector protein complex.
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[00175] Ingenera, a CRISPR system is characterized by elements that promote the formation
of 'a CRISPR. complex at the site of a target sequence (also referred to as a protospacer in the
context: of an endogenous CRISPR system). In the context of formation of a CRISPR complex,
“target sequence” refers to a sequence to which a guide sequence is designed to target, e.g. have
complementarity, where hybridization between a target sequence and a guide sequence promotes
the formation of a CRISPR complex. The section of the guide sequence through which
complementarity to the target sequence is important for cleavage acitivity is referred to herein as
the seed sequence. A target sequence may comprise any polynucleotide, such as DNA or RNA
polynucleotides and is comprised within a target locus of interest. In some embodiments, a
target sequence is located in the nucleus or cytoplasm of a cell. The herein described invention
encompasses novel effector proteins of Class 2 CRISPR-Cas systems, of which Cas9 is an
exemplary effector protein and hence terms used in this application to describe novel effector
proteins, may correlate to the terms used to describe the CRISPR-Cas9 system.

[00176] The CRISPR-Cas loci has more than 50 gene families and there is no strictly
universal genes. Therefore, no single evolutionary tree is feasible and a multi-pronged approach
is needed to identify new families. So far, there is comprehensive cas gene identification of 395
profiles for 93 Cas proteins. Classification includes signature gene profiles plus signatures of
locus architecture. A new classification of CRISPR-Cas systems is proposed in FIG. 1. Class 1
includes multisubunit crRNA-effector complexes (Cascade) and Class 2 includes Single-subunit
crRNA-effector complexes (Cas9-like). FIG. 2 provides a molecular organization of CRISPR-
Cas. FIG. 3 provides structures off Type | and Ill effector complexes. common
architecture/common ancestry despite extensive sequence divergence. FIG. 4 shows CRISPR-
Cas as a RNA recognition motif (RRM)-centered system. FIG. 5 shows Casl phylogeny where
recombination of adaptation and crRNA-effector modules show a major aspect of CRISPR-Cas
evolution. FIG. 6 shows a CRISPR-Cas census, specifically a distribution of CRISPR-Cas
types/subtypes among archaea and bacteria.

[00177] The action of the CRISPR-Cas system is usually divided into three stages: (1)
adaptation or- spacer integration, (2) processing of the primary transcript of the CRISPR locus
(pre-crRNA): and maturation of the crRNA which includes the spacer and variable regions
corresponding to 5° and 3’ fragments of' CRISPR repeats, and (3) DNA (or RNA) interference.
Two proteins, Casl and Cas2, that are present in the great mgjority of the known CRISPR-Cas
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systems are sufficient for the insertion of spacers into the CRISPR cassettes. These two proteins
form a complex that is required for this adaptation process; the endonuclease activity of Casl is
required for spacer integration whereas Cas2 appears to perform a nonenzymatic function. The
Casl-Cas2 complex represents the highly conserved “information processing” module of
CRISPR-Cas that appears to be quasi-autonomous from the rest of the system. (See Annotation
and Classification of’ CRISPR-Cas Systems. Makarova KS, Koonin EV. Methods Mol Biol.
2015;1311:47-75).

[00178] The previously described Class 2 systems, namely Type Il and the putative Type V,
consisted of” only three or four genes in the cas operon, namely the casl and cas2 genes
comprising; the adaptation module (the casl-cas2 pair of genes are not involved in interference),
a single multidomain effector protein that is responsible for interference but also contributes to
the pre-crRNA processing and adaptation, and often a fourth gene with uncharacterized functions
that is dispensable in at least some Type Il systems (and in some cases the fourth gene is cas4
(biochemical or in silico evidence shows that Cas4 is a PD-(DE)xK superfamily nuclease with
three-cysteine C-terminal cluster; possesses 5-ssDNA exonuclease activity) or csn2, which
encodes an inactivated ATPase). In most cases, a CRISPR array and a gene for a distinct RNA
species known as tracrRNA, a trans-encoded small CRISPR RNA, are adjacent to Class 2 cas
operons. The tracrRNA is partially homologous to the repeats within the respective CRISPR
array and is essential for the processing of pre-crRNA that is catalyzed by RNAse Ill, a
ubiquitous bacterial enzyme that is not associated with the CRISPR-Cas loci.

[00179] Casl isthe most conserved protein that is present in most of the CRISPR-Cas systems
and evolves slower than other Cas proteins. Accordingly, Casl phylogeny has been used as the
guide for CRISPR-Cas system classification. Biochemical or in silico evidence shows that Casl
is a metal-dependent deoxyribonuclease. Deletion of Casl in E. coli results in increased
sengitivity to DNA damage and impaired chromosomal segregation as described in “A dual
function of the CRISPR-Cassystem in bacterial antivirus immunity and DNA repair,” Babu M et
al. Mol Microbiol 79:484-502 (2011). Biochemical or in silico evidence shows that Cas 2 is a
RNase specific to U-rich regions and is adouble- stranded DNase.

[00180] Aspects of the invention relate to the identification and engineering of novel effector
proteins associated with Class 2 CRISPR-Cas systems. In a preferred embodiment, the effector
protein comprises a single-subunit: effector module. In a further embodiment the effector protein
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is functional in prokaryotic or eukaryotic cells for in vitro, in vivo or ex vivo applications. An
aspect of the invention encompasses computational methods and algorithms to predict new Class
2 CRISPR-Cas systems and identify the components therein.

[00181] In one embodiment, a computational method of identifying novel Class 2 CRISPR-
Cas loci comprises the following steps. detecting al contigs encoding the Casl protein;
identifying al predicted protein coding genes within 20kB of the casl gene; comparing the
identified genes with Cas protein-specific profiles and predicting CRISPR arrays, selecting
unclassified candidate CRISPR-Cas loci containing proteins larger than 500 amino acids (>500
ad); anayzing selected candidates using PSI-BLAST and HHPred, thereby isolating and
identifying novel Class 2 CRISPR-Cas loci. In addition to the above mentioned steps, additional
analysis of ‘the candidates may be conducted by searching metagenomics databases for additional
homologs.

[00182] In one aspect the detecting all contigs encoding the Casl protein is performed by
GenemarkS which a gene prediction program as further described in “ GeneMarkS: a self-training
method for prediction of gene starts in microbial genomes. Implications for finding sequence
motifs in regulatory regions.” John Besemer, Alexandre Lomsadze and Mark Borodovsky,
Nucleic Acids Research (2001) 29, pp 2607-2618, herein incorporated by reference.

[00183] In one aspect the identifying all predicted protein coding genes is carried out by
comparing the identified genes with Cas protein-specific profiles and annotating them according
to NCBI' Conserved Domain Database (CDD) which is a protein annotation resource that
consists of” a collection of" well-annotated multiple sequence alignment models for ancient
domains and full-length proteins. These are available as position-specific score matrices
(PSSMs): for fast identification of* conserved domains in protein sequences via RPS-BLAST.
CDD: content includes NCBI-curated domains, which use 3D-structure information to explicitly
define domain boundaries and provide insights into sequence/structure/function relationships, as
well as domain models imported from a number of external source databases (Pfam, SMART,
COG, PRK, TIGRFAM). In a further aspect, CRISPR arrays were predicted using a PILER-CR
program which is a public domain software for finding CRISPR repeats as described in “PILER-
CR: fast and accurate identification of' CRISPR repeats’, Edgar, R.C., BMC Bioinformatics, Jan
20;8:18(2007), herein incorporated by reference.
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[00184] In a further aspect, the case by case anaysis is performed using PSI-BLAST
(Position-Specific Iterative Basic Local Alignment Search Tool). PSI-BLAST derives a
position-specific scoring matrix (PSSM) or profile from the multiple sequence alignment of
sequences detected above a given score threshold using protein—protein BLAST. This PSSM is
used to further search the database for new matches, and is updated for subsequent iterations
with these newly detected sequences. Thus, PSI-BLAST provides a means of detecting distant
rel ationships between proteins.

[00185] In another aspect, the case by case analysis is performed using HHpred, a method for
sequence database searching and structure prediction that is as easy to use as BLAST or PSI-
BLAST and that is at the same time much more sensitive in finding remote homologs. In fact,
HHpred's sensitivity is competitive with the most powerful servers for structure prediction
currently available. HHpred is the first server that is based on the pairwise comparison of profile
hidden Markov models (HMMs). Whereas most conventional sequence search methods search
sequence databases such as UniProt or the NR, HHpred searches alignment databases, like Pfam
or SMART. This greatly smplifies the list of hits to a number of sequence families instead of a
clutter of single sequences. All major publicly available profile and alignment databases are
available through HHpred. HHpred accepts a single query sequence or a multiple alignment as
input. Within only a few minutes it returns the search results in an easy-to-read format similar to
that of PSI-BLAST. Search options include local or globa alignment and scoring secondary
structure similarity. HHpred can produce pairwise query-template sequence aignments, merged
guery-template multiple alignments (e.g. for transitive searches), as well as 3D structural models
calculated by the MODEL LER software from HHpred alignments.

[00186] The term “nucleic acid-targeting system”, wherein nucleic acid is DNA or RNA, and
in.some aspects may also refer to DNA-RNA hybirds or derivatives thereof, refers collectively to
transcripts and other elements involved in the expression of or directing the activity of DNA or
RNA-targeting CRISPR-associated (“Cas’) genes, which may include sequences encoding a
DNA_ or RNA-targeting Cas protein and a DNA or RNA-targeting guide RNA comprising a
CRISPR RNA_ (crRNA) sequence and (in CRISPR-Cas9 system but not all systems) a trans-
activating CRISPR-Cas system RNA (tracrRNA) sequence, or other sequences and transcripts
from a DNA or RNA-targeting CRISPR locus. In the Cpfl DNA targeting RNA-guided

endonuclease systems described herein, a tracrRNA sequence is not required. In genera, a
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RNA-targeting system is characterized by elements that promote the formation of a RNA-
targeting complex at the site of atarget RNA sequence. In the context of formation of a DNA or
RNA-targeting complex, “target sequence’ refers to a DNA or RNA sequence to which a DNA
or RNA-targeting guide RNA is designed to have complementarity, where hybridization
between a target sequence and a RNA-targeting guide RNA promotes the formation of a RNA-
targeting complex. In some embodiments, a target sequence is located in the nucleus or
cytoplasm of ‘a cell.

[00187] In an aspect of the invention, novel DNA targeting systems also referred to as DNA-
targeting CRISPR-Cas or the CRISPR-Cas DNA-targeting system of the present application are
based on identified Type V(e.g. subtype V-A and subtype V-B) Cas proteins which do not
require the generation of customized proteins to target specific DNA sequences but rather a
single effector protein or enzyme can be programmed by a RNA molecul e to recognize a specific
DNA target, in other words the enzyme can be recruited to a specific DNA target using said
RNA molecule. Aspects of the invention particularly relate to DNA targeting RNA-guided Cpfl
CRISPR systems.

[00188] In an aspect of the invention, novel RNA targeting systems also referred to as RNA-
or RNA-targeting CRISPR-Cas or the CRISPR-Cas system RNA-targeting system of the present
application are based on identified Type VI Cas proteins which do not require the generation of
customized proteins to target specific RNA sequences but rather a single enzyme can be
programmed by a RNA molecule to recognize a specific RNA target, in other words the enzyme
can be recruited to a specific RNA target using said RNA molecule.

[00189] The nucleic acids-targeting systems, the vector systems, the vectors and the
compositions described herein may be used in various nucleic acids-targeting applications,
atering or modifying synthesis of* a gene product, such as a protein, nucleic acids cleavage,
nucleic acids editing, nucleic acids splicing; trafficking of target nucleic acids, tracing of target
nucleic acids, isolation of target nucleic acids, visualization of target nucleic acids, etc.

[00190] As used herein, a Cas protein or a CRISPR enzyme refers to any of the proteins
presented in the new classification of CRISPR-Cas systems. In an advantageous embodiment, the
present invention encompasses effector proteins identified in a Type V CRISPR-Cas loci, e.g. a
Cpf1- encoding loci denoted as subtype V-A. Presently, the subtype V-A loci encompasses casl,
cas2, a distinct gene denoted cpfl and a CRISPR array. Cpf1(CRISPR-associated protein Cpfl,
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subtype PREFRAN) is a large protein (about 1300 amino acids) that contains a RuvC-like
nuclease domain homologous to the corresponding domain of Cas9 along with a counterpart to
the characteristic arginine-rich cluster of Cas9. However, Cpfl lacks the HNH nuclease domain
that is present in all Cas9 proteins, and the RuvC-like domain is contiguous in the Cpfl
sequence, in contrast to Cas9 where it contains long inserts including the HNH domain.
Accordingly, in particular embodiments, the CRISPR-Cas enzyme comprises only a RuvC-like
nuclease domain.

[00191] The Cpfl gene is found in several diverse bacterial genomes, typically in the same
locus with casl, cas2, and cas4 genes and a CRISPR cassette (for example, FNFX1 1431-
FNFX1_ 1428 of Francisella cf'. novicida Fx1). Thus, the layout of this putative novel CRISPR-
Cas system appears to be similar to that of type 11-B. Furthermore, similar to Cas9, the Cpfl
protein contains a readily identifiable C-termina region that is homologous to the transposon
ORF-B and includes an active RuvC-like nuclease, an arginine-rich region, and a Zn finger
(absent in Cas9). However, unlike Cas9, Cpfl is also present in several genomes without a
CRISPR-Cas context and its relatively high similarity with ORF-B suggests that it might be a
transposon component. It was suggested that if this was a genuine CRISPR-Cas system and Cpfl
is a functional analog of Cas9 it would be a novel CRISPR-Cas type, namely type V (See
Annotation and Classification of CRISPR-Cas Systems. Makarova KS, Koonin EV. Methods
Mol Biol. 2015;1311:47-75). However, as described herein, Cpfl is denoted to be in subtype V-
A to distinguish it from C2clp which does not have an identical domain structure and is hence
denoted to be in subtype V-B.

[00192] In an advantageous embodiment, the present invention encompasses compositions
and systems comprising effector proteins identified in a Cpf1 loci denoted as subtype V-A.
[00193] Aspects of the invention aso encompass methods and uses of the compositions and
systems described herein in genome engineering, e.g. for atering or manipulating the expression
of  one or more genes or the one or more gene products, in prokaryotic or eukaryotic cells, in
Vitro, in vivo or ex vivo.

[00194] In embodiments of the invention the terms mature crRNA and guide RNA and single
guide RNA are used interchangeably as in foregoing cited documents such as WO 2014/093622
(PCT/US2013/074667). In general, a guide sequence is any polynucleotide sequence having
sufficient. complementarity with a target polynucleotide sequence to hybridize with the target
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sequence and direct sequence-specific binding of'a CRISPR complex to the target sequence. In
some embodiments, the degree of complementarity between a guide sequence and its
corresponding; target sequence, when optimally aligned using a suitable alignment algorithm, is
about or more than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or more.
Optimal aignment may be determined with the use of any suitable algorithm for aligning
sequences, non-limiting example of which include the Smith-Waterman algorithm, the
Needleman-Wunsch algorithm, algorithms based on the Burrows-Wheeler Transform (e.g., the
Burrows Wheeler Aligner), ClustaW, Clustal X, BLAT, Novoalign (Novocraft Technologies,
available at www.novocraft.com), ELAND (Illumina, San Diego, CA), SOAP (available at
soap.genomics.org.cn), and Mag (available at mag.sourceforge.net). In some embodiments, a
guide sequence is about or more than about 5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75, or more nucleotides in length. In some
embodiments, a guide sequence is less than about 75, 50, 45, 40, 35, 30, 25, 20, 15, 12, or fewer
nucleotides in length. Preferably the guide sequence is 10 - 30 nucleotides long. The ability of a
guide sequence to direct sequence-specific binding of'a CRISPR complex to a target sequence
may be assessed by any suitable assay. For example, the components of a CRISPR system
sufficient to form a CRISPR complex, including the guide sequence to be tested, may be
provided to a host cell having the corresponding target sequence, such as by transfection with
vectors encoding the components of the CRISPR sequence, followed by an assessment of
preferential cleavage within the target sequence, such as by Surveyor assay as described herein.
Similarly, cleavage of a target polynucleotide sequence may be evaluated in a test tube by
providing the target sequence, components of a CRISPR complex, including the guide sequence
to be tested and a control guide sequence different from the test guide sequence, and comparing
binding: or rate of cleavage at the target sequence between the test and control guide sequence
reactions. Other assays are possible, and will occur to those skilled in the art. A guide sequence
may be selected to target any target sequence. In some embodiments, the target sequence is a
sequence within agenome of ‘a cell. Exemplary target sequences include those that are unique in
the target genome.

[00195] Ingenera, and throughout this specification, the term “vector” refers to anucleic acid
molecule capable of transporting another nucleic acid to which it has been linked. Vectors
include, but: are not limited to, nucleic acid molecules that are single-stranded, double-stranded,
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or partialy double-stranded; nucleic acid molecules that comprise one or more free ends, no free
ends (e.g., circular); nucleic acid molecules that comprise DNA, RNA, or both; and other
varieties of polynucleotides known in the art. One type of vector is a “plasmid,” which refersto
acircular double stranded DNA loop into which additional DNA segments can be inserted, such
as by standard molecular cloning techniques. Another type of vector is a viral vector, wherein
virally-derived DNA or RNA sequences are present in the vector for packaging into avirus (e.g.,
retroviruses, replication defective retroviruses, adenoviruses, replication defective adenoviruses,
and adeno-associated viruses). Viral vectors aso include polynucleotides carried by a virus for
transfection into a host cell. Certain vectors are capable of autonomous replication in a host cell
into which they are introduced (e.g., bacterial vectors having a bacterial origin of replication and
episomal mammalian vectors). Other vectors (e.g., non-episomal mammalian vectors) are
integrated into the genome of" a host cell upon introduction into the host cell, and thereby are
replicated along with the host genome. Moreover, certain vectors are capable of directing the
expression of genes to which they are operatively-linked. Such vectors are referred to herein as
“expression vectors.” Vectors for and that result in expression in a eukaryotic cell can be
referred to herein as “eukaryotic expression vectors.” Common expression vectors of utility in
recombinant DNA techniques are often in the form of plasmids.

[00196] Recombinant expression vectors can comprise a nucleic acid of the invention in a
form suitable for expression of the nucleic acid in a host cell, which means that the recombinant
expression vectors include one or more regulatory elements, which may be selected on the basis
of 'the host cells to be used for expression, that is operatively-linked to the nucleic acid sequence
to be expressed. Within a recombinant expression vector, “operably linked” is intended to mean
that: the nucleotide sequence of interest is linked to the regulatory element(s) in a manner that
allows for expression of  the nucleotide sequence (e.g., in an in vitro transcription/translation
system orin a host cell when the vector is introduced into the host cell).

[00197] The term “regulatory element” is intended to include promoters, enhancers, internal
ribosomal entry sites (IRES), and other expression control elements (e.g., transcription
termination signals, such as polyadenylation signals and poly-U sequences). Such regulatory
elements are described, for example, in Goeddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Calif. (1990). Regulatory
elements include those that direct constitutive expression of® a nucleotide sequence in many types
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of host cell and those that direct expression of the nucleotide sequence only in certain host cells
(e.g., tissue-specific regulatory sequences). A tissue-specific promoter may direct expression
primarily in a desired tissue of interest, such as muscle, neuron, bone, skin, blood, specific
organs (e.g., liver, pancreas), or particular cell types (e.g., lymphocytes). Regulatory elements
may also direct expression in a temporal-dependent manner, such as in a cell-cycle dependent or
developmental stage-dependent manner, which may or may not also be tissue or cell-type
specific. In some embodiments, a vector comprises one or more pol |11 promoter (e.g., 1, 2, 3, 4,
5, or more pol |1l promoters), one or more pol |l promoters (e.g., 1, 2, 3, 4, 5, or more pol |1
promoters), one or more pol | promoters (e.g., 1, 2, 3, 4, 5, or more pol | promoters), or
combinations thereof. Examples of pol |11 promoters include, but are not limited to, U6 and H1
promoters. Examples of pol |l promoters include, but are not limited to, the retroviral Rous
sarcoma virus (RSV) LTR promoter (optionally with the RSV enhancer), the cytomegalovirus
(CMV) promoter (optionally with the CMV enhancer) [see, e.g., Boshart et a, Cell, 41:521-530
(1985)], the SV40 promoter, the dihydrofolate reductase promoter, the [3-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EF10 promoter. Also encompassed by the
term “regulatory element” are enhancer elements, such as WPRE; CMV enhancers; the R-U5’
segment in LTR of HTLV-I (Mol. Cell. Biol., Vol. 8(1), p. 466-472, 1988); SV40 enhancer; and
the intron sequence between exons 2 and 3 of rabbit [3-globin (Proc. Natl. Acad. Sci. USA., Vol.
78(3), p. 1527-31, 1981). It will be appreciated by those skilled in the art that the design of the
expression vector can depend on such factors as the choice of the host cell to be transformed, the
level of expression desired, etc. A vector can be introduced into host cells to thereby produce
transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids
as described herein (e.g., clustered regularly interspersed short palindromic repeats (CRISPR)
transcripts, proteins, enzymes, mutant forms thereof, fusion proteins thereof, etc.).

[00198] Advantageous vectors include lentiviruses and adeno-associated viruses, and types of
such vectors can also be selected for targeting particular types of cells.

[00199] As used herein, the term “crRNA” or “guide RNA” or “single guide RNA” or
“sgRNA” or “one or more nucleic acid components’ of a Type V CRISPR-Cas locus effector
protein comprises any polynucleotide sequence having sufficient complementarity with a target
nucleic acid sequence to hybridize with the target nucleic acid sequence and direct sequence-
specific binding of a nucleic acid-targeting complex to the target nucleic acid sequence. In some
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embodiments, the degree of complementarity, when optimally aligned using a suitable alignment
algorithm, is about or more than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or
more. Optimal alignment may be determined with the use of any suitable algorithm for aligning
sequences, non-limiting example of which include the Smith-Waterman algorithm, the
Needleman-Wunsch algorithm, algorithms based on the Burrows-Wheeler Transform (e.g., the
Burrows Wheeler Aligner), ClustaW, Clustal X, BLAT, Novoalign (Novocraft Technologies;
available at www.novocraft.com), ELAND (Illumina, San Diego, CA), SOAP (available at
soap.genomics.org.cn), and Mag (available at mag.sourceforge.net). The ability of a guide
sequence (within a nucleic acid-targeting guide RNA) to direct sequence-specific binding of a
nucleic acid-targeting complex to atarget nucleic acid sequence may be assessed by any suitable
assay. For example, the components of a nucleic acid-targeting CRISPR system sufficient to
form a nucleic acid-targeting complex, including the guide sequence to be tested, may be
provided to a host cell having the corresponding target nucleic acid sequence, such as by
transfection with vectors encoding the components of the nucleic acid-targeting complex,
followed by an assessment of preferential targeting (e.g., cleavage) within the target nucleic acid
sequence, such as by Surveyor assay as described herein. Similarly, cleavage of atarget nucleic
acid sequence may be evaluated in a test tube by providing the target nucleic acid sequence,
components of a nucleic acid-targeting complex, including the guide sequence to be tested and a
control guide sequence different from the test guide sequence, and comparing binding or rate of
cleavage at the target sequence between the test and control guide sequence reactions. Other
assays are possible, and will occur to those skilled in the art. A guide sequence, and hence a
nucleic acid-targeting guide RNA may be selected to target any target nucleic acid sequence. The
target sequence may be DNA. The target sequence may be any RNA sequence. In some
embodiments, the target sequence may be a sequence within a RNA molecule selected from the
group consisting of messenger RNA (mRNA), pre-mRNA, ribosomaal RNA (rRNA), transfer
RNA (tRNA), micro-RNA (miRNA), small interfering RNA (siRNA), small nuclear RNA
(snRNA), small nucleolar RNA (snoRNA), double stranded RNA (dsRNA), non coding RNA
(ncRNA), long non-coding RNA (IncRNA), and small cytoplasmatic RNA (scRNA). In some
preferred embodiments, the target sequence may be a sequence within a RNA molecule selected
from the group consisting of mMRNA, pree-mRNA, and rRNA. In some preferred embodiments,
the target sequence may be a sequence within a RNA molecule selected from the group
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consisting of ncRNA, and IncRNA. In some more preferred embodiments, the target sequence
may be a sequence within an mMRNA molecule or a preemRNA molecule.

[00200] In some embodiments, a nucleic acid-targeting guide RNA is selected to reduce the
degree secondary structure within the RNA-targeting guide RNA. In some embodiments, about
or less than about 75%, 50%, 40%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or fewer of the
nucleotides of” the nucleic acid-targeting guide RNA participate in self-complementary base
pairing when optimally folded. Optimal folding may be determined by any suitable
polynucleotide folding algorithm. Some programs are based on calculating the minimal Gibbs
free energy. An example of one such algorithm is mFold, as described by Zuker and Stiegler
(Nucleic Acids Res. 9 (1981), 133-148). Another example folding algorithm is the online
webserver RNAfold, developed at Institute for Theoretical Chemistry at the University of
Vienna, using; the centroid structure prediction algorithm (see e.g., A.R. Gruber et al., 2008, Cell
106(1): 23-24; and PA Carrand GM Church, 2009, Nature Biotechnology 27(12): 1151-62).
[00201] The “tracrRNA” sequence or analogous terms includes any polynucleotide sequence
that: has sufficient complementarity with a crRNA sequence to hybridize. As indicated herein
above, in embodiments of the present invention, the tracrRNA is not required for cleavage
activity of Cpf1 effector protein complexes.

[00202] Applicants also perform a challenge experiment to verify the DNA targeting and
cleaving; capability of' a Type V/Type VI protein such as Cpf1/C2¢c1/C2c2. This experiment
closely parallels similar work in E. coli for the heterologous expression of StCas9 (Sapranauskas,
R. et a. Nucleic Acids Res 39, 9275-9282 (2011)). Applicants introduce a plasmid containing
both a PAM  and a resistance gene into the heterologous E. coli, and then plate on the
corresponding antibiotic. If'there is DNA cleavage of the plasmid, Applicants observe no viable
colonies.

[00203] Infurther detail, the assay is as follows for a DNA target. Two E.coli strains are used
in this assay. One carries a plasmid that encodes the endogenous effector protein locus from the
bacterial strain. The other strain carries an empty plasmid (e.g.pACY C184, control strain). All
possible 7 or 8 bp PAM sequences are presented on an antibiotic resistance plasmid (pUC19 with
ampicillin resistance gene). The PAM islocated next to the sequence of proto-spacer 1 (the DNA
target to the first spacer in the endogenous effector protein locus). Two PAM libraries were
cloned. One has a 8 random bp 5 of the proto-spacer (e.g. total of 65536 different PAM
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sequences = complexity). The other library has 7 random bp 3’ of the proto-spacer (e.g. tota
complexity is 16384 different PAMs). Both libraries were cloned to have in average 500
plasmids per possible PAM. Test strain and control strain were transformed with 5 PAM and
3'PAM library in separate transformations and transformed cells were plated separately on
ampicillin plates. Recognition and subsequent cutting/interference with the plasmid renders a cell
vulnerable to ampicillin and prevents growth. Approximately 12h after transformation, all
colonies formed by the test and control strains where harvested and plasmid DNA was isolated.
Plasmid DNA was used as template for PCR amplification and subsequent deep sequencing.
Representation of all PAMs in the untransfomed libraries showed the expected representation of
PAMs in transformed cells. Representation of all PAMs found in control strains showed the
actual representation. Representation of all PAMs in test strain showed which PAMs are not
recognized by the enzyme and comparison to the control strain allows extracting the sequence of
the depleted PAM.

[00204] In some embodiments of CRISPR-Cas9 systems, the degree of complementarity
between the tracrRNA sequence and crRNA sequence is along the length of the shorter of the
two when optimally aligned. As described herein, in embodiments of the present invention, the
tracrRNA is not required. In some embodiments of previously described CRISPR-Cas systems
(e.g. CRISPR-Cas9 systems), chimeric synthetic guide RNAs (sgRNAS) designs may incorporate
at least 12 bp of duplex structure between the crRNA and tracrRNA, however in the Cpfl
CRISPR systems described herein such chimeric RNAs (chi-RNAS) are not possible as the
system does not utilize atracrRNA.

[00205] For minimization of toxicity and off-target effect, it will be important to control the
concentration of nucleic acid-targeting guide RNA delivered. Optimal concentrations of nucleic
acid-targeting guide RNA can be determined by testing different concentrations in a cellular or
non-human eukaryote animal model and using deep sequencing the analyze the extent of
modification at potential off-target genomic loci. The concentration that gives the highest level
of ‘on-target modification while minimizing the level of off-target modification should be chosen
for in vivo delivery. The nucleic acid-targeting system is derived advantageously from a Type
V/Type VI CRISPR system. In some embodiments, one or more elements of a nucleic acid-
targeting system is derived from a particular organism comprising an endogenous RNA-targeting
system. In preferred embodiments of the invention, the RNA-targeting system is a Type V/Type
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VI CRISPR system. In particular embodiments, the Type V/Type VI RNA-targeting Cas enzyme
is Cpf1/C2c1/C2c2. Non-limiting examples of Cas proteins include Casl, CaslB, Cas2, Cas3,
CasA, Casb, Casb, Cas?, Cas8, Cas9 (also known as Csnl and Csx12), Casl0, Csyl, Csy2, Csy3,
Csel, Cse2, Cscl, Csc2, Csab, Csn2, Csm2, Csm3, Csmd, Csmb5, Csm6, Cmrl, Cmr3, Cmr4,
Cmr5, Cmr6, Csbl, Csh2, Csh3, Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csxl, Csx15, Csfl,
Csf2, Csf3, Csf4, homologues thereof, or modified versions thereof.In embodiments, the Type
V/Type VI protein such as Cpf1/C2c1/C2c2 as referred to herein also encompasses a homologue
or an orthologue of 'a Type V/Type VI protein such as Cpf1/C2c1/C2c2. The terms “orthologue”
(also referred to as “ortholog” herein) and “homologue” (also referred to as “homolog” herein) are
well knownin the art. By means of further guidance, a“homologue” of aprotein as used hereinis a
protein of the same species which performs the same or a similar function as the protein it is a
homologue of. Homologous proteins may but need not be structurally related, or are only partially
structurally related. An “orthologue” of a protein as used herein is a protein of a different species
which performs the same or a similar function as the protein it is an orthologue of. Orthologous
proteins may but need not be structurally related, or are only partialy structurally related. Homologs
and orthologs may be identified by homology modelling (see, e.g., Greer, Science vol. 228 (1985)
1055, and Blundell et a. Eur J Biochem vol 172 (1988), 513) or "structural BLAST" (Dey F, Cliff
Zhang Q, Petrey D, Honig B. Toward a "structural BLAST": using structural relationships to infer
function. Protein Sci. 2013 Apr;22(4):359-66. doi: 10.1002/pro.2225.). See also Shmakov et al.
(2015) for application in the field of CRISPR-Cas loci. Homologous proteins may but need not be
structuraly related, or are only partially structurally related. In particular embodiments, the
homologue or orthologue of Cpf1 as referred to herein has a sequence homology or identity of at
least: 80%, more preferably at least 85%, even more preferably at least 90%, such as for instance at
least: 95% with Cpfl. In further embodiments, the homologue or orthologue of Cpfl as referred to
herein has a sequence identity of at |east 80%, more preferably at |east 85%, even more preferably
at: least 90%, such as for instance at least 95% with the wild type Cpfl. Where the Cpf1 has one or
more mutations (mutated), the homologue or orthologue of said Cpfl as referred to herein has a
sequence identity of at least 80%, more preferably at least 85%, even more preferably at least 90%,
such as forinstance at |east 95% with the mutated Cpf1.

[00206] In. an ambodiment, the type V Cas protein may be an ortholog of an organism of a
genus which includes, but is not limited to Acidaminococcus sp, Lachnospiraceae bacterium or
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Moraxella bovoculi; in particular embodiments, the type V Cas protein may be an ortholog of an
organism of a species which includes, but is not limited to Acidaminococcus sp. BV3L6;
Lachnospiraceae bacterium ND2006 (LbCpfl) or Moraxella bovoculi 237.In particular
embodiments, the homologue or orthologue of Cpfl as referred to herein has a sequence
homology or identity of at least 80%, more preferably at least 85%, even more preferably at least
90%, such as for instance at least 95% with one or more of the Cpf1 sequences disclosed herein.
In further-embodiments, the homologue or orthologue of Cpf' as referred to herein has a sequence
identity of at: |east 80%, more preferably at least 85%, even more preferably at least 90%, such as
for instance at least 95% with the wild type FnCpf1, AsCpfl or LbCpf1.

[00207] In particular embodiments, the Cpfl protein of the invention has a sequence
homology or identity of at least 60%, more particularly at least 70, such as at least 80%, more
preferably at least 85%, even more preferably at least 90%, such as for instance at least 95% with
FnCpf1, AsCpfl or LbCpfl. In further embodiments, the Cpfl protein as referred to herein has a
sequence identity of at least 60%, such as at least 70%, more particularly at least 80%, more
preferably at least 85%, even more preferably at least 90%, such as for instance at least 95% with
the wild type AsCpfl or LbCpfl. In particular embodiments, the Cpfl protein of the present
invention has less than 60% sequence identity with FnCpfl. The skilled person will understand
that: this includes truncated forms of the Cpfl protein whereby the sequence identity is
determined. over the length of the truncated form.

[00208] Some methods of identifying orthologs of' CRISPR-Cas system enzymes may involve
identifying tracr sequences in genomes of 'interest. |dentification of tracr sequences may relate to the
following steps: Search for the direct repeats or tracr mate sequences in a database to identify a
CRISPR region comprising a CRISPR enzyme. Search for homologous sequences in the CRISPR
region flanking the CRISPR enzyme in both the sense and antisense directions. Look for
transcriptional terminators and secondary structures. |dentify any sequence that is not a direct repeat
or atracr mate sequence but has more than 50% identity to the direct repeat or tracr mate sequence
as a potential tracr sequence. Take the potential tracr sequence and analyze for transcriptional
terminator sequences associated therewith. In this system, RNA-sequencing data revealed that the
potential tracrRNAs identified computationally were only lowly expressed suggesting possibility
that:tracrRNA may not be necessary for function of the present system. After further evaluation of
the FnCpf1 locus and addition of in vitro cleavage results, Applicants concluded that target DNA
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cleavage by a Cpf1l effector protein complex does not require atracrRNA. Applicants determined
that: Cpfl effector protein complexes comprising only a Cpfl effector protein and a crRNA
(guide RNA comprising; a direct repeat sequence and a guide sequence) were sufficient to cleave
target DNA.

[00209] It will be appreciated that any of the functionalities described herein may be
engineered. into CRISPR enzymes from other orthologs, incuding chimeric enzymes comprising
fragments from multiple orthologs. Examples of such orthologs are described elsewhere herein.
Thus, chimeric enzymes may comprise fragments of CRISPR enzyme orthologs of organisms of a
genus which includes but is not limited to Corynebacter, Sutterella, Legionella, Treponema,
Filifactor, Eubacterium, Streptococcus, Lactobacillus, Mycoplasma, Bacteroides, Flaviivola,
Flavobacterium, Sphaerochaeta, Azospirillum, Gluconacetobacter, Neisseria, Roseburia,
Parvibaculum, Saphylococcus, Nitratifractor, Mycoplasma and Campylobacter. A chimeric
enzyme can comprise a first fragment and a second fragment, and the fragrments can be of
CRISPR. enzyme orthologs of  organisms of genuses herein mentioned or of species herein
mentioned; advantageously the fragments are from CRISPR enzyme orthol ogs of different species.
[00210] Inembodiments, the Type V/Type VI RNA-targeting effector protein, in particular the
Cpfl/C2cl/C2c2 protein as referred to herein also encompasses a functional variant of
Cpfl/C2cl/C2c2 or a homologue or an orthologue thereof. A “functiona variant” of a protein as
used herein refers to a variant of such protein which retains at least partially the activity of that
protein. Functional variants may include mutants (which may be insertion, deletion, or replacement
mutants), including polymorphs, etc. Also included within functional variants are fusion products of
such protein with another, usually unrelated, nucleic acid, protein, polypeptide or peptide.
Functional variants may be naturally occurring or may be man-made. Advantageous embodiments
can involve engineered or non-naturally occurring Type V/Type VI RNA-targeting effector protein,
e.g., Cpf1/C2c1/C2c2 or an ortholog or homolog thereof.

[00211] In an embodiment, nucleic acid molecule(s) encoding the Type V/Type VI RNA-
targeting effector protein, in particular Cpf1/C2c1/C2c2 or an ortholog or homolog thereof, may be
codon-optimized for expression in an eukaryotic cell. A eukaryote can be as herein discussed.
Nucleic acid molecule(s) can be engineered or non-naturally occurring.

[00212] In an embodiment, the Type V/Type VI RNA-targeting effector protein, in particular

Cpfl/C2c1/C2c2 or an ortholog or homolog thereof, may comprise one or more mutations (and
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hence nucleic acid molecule(s) coding for same may have mutation(s)). The mutations may be
artificially introduced mutations and may include but are not limited to one or more mutationsin a
catalytic domain. Examples of catalytic domains with reference to a Cas9 enzyme may include but
arenotlimited to RuvC I, RuvC I, RuvC |1l and HNH domains.

[00213] In an embodiment, the Type V/Type VI protein such as Cpf1/C2c1/C2c2 or an
ortholog; or homolog thereof, may be used as a generic nucleic acid binding protein with fusion
to or being operably linked to a functional domain. Exemplary functional domains may include
but are not limited to trandational initiator, trandational activator, translational repressor,
nucleases, in particular ribonucleases, a spliceosome, beads, a light inducible/controllable
domain or-achemically inducible/controllable domain.

[00214] In some embodiments, the unmodified nucleic acid-targeting effector protein may
have cleavage activity. In some embodiments, the RNA-targeting effector protein may direct
cleavage of one or both nucleic acid (DNA or RNA) strands at the location of or near a target
sequence, such as within the target sequence and/or within the complement of the target
sequence or at. sequences associated with the target sequence. In some embodiments, the nucleic
acid-targeting; effector protein may direct cleavage of one or both DNA or RNA strands within
about 1, 2, 3,4,5,6,7,8,9, 10, 15, 20, 25, 50, 100, 200, 500, or more base pairs from the first or
last: nucleotide of a target sequence. In some embodiments, the cleavage may be staggered, i.e.
generating; sticky ends. In some embodiments, the cleavage is a staggered cut with a 5
overhang. In some embodiments, the cleavage is a staggered cut with a5’ overhang of 1 to 5
nucleotides, preferably of 4 or 5 nucleotides. In some embodiments, the cleavage site is distant
from the PAM, e.g., the cleavage occurs after the 18" nucleotide on the non-target strand and
after-the 23™ nucleotide on the targeted strand (Figure 97A). In some embodiments, the cleavage
site occurs after the 18™ nucleotide (counted from the PAM) on the non-target strand and after
the 23 nucleotide (counted from the PAM) on the targeted strand (Figure 97A). In some
embodiments, a vector encodes a nucleic acid-targeting effector protein that may be mutated
with respect to a corresponding. wild-type enzyme such that the mutated nucleic acid-targeting
effector- protein lacks the ability to cleave one or both DNA or RNA strands of a target
polynuclectide containing a target sequence. As a further example, two or more cataytic
domains of a Cas protein (e.g. RuvC I, RuvC Il, and RuvC Ill or the HNH domain of a Cas9
protein), may be mutated to produce a mutated Cas protein substantially lacking all DNA

~
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cleavage activity. As described herein, corresponding catalytic domains of a Cpfl effector
protein may also be mutated to produce a mutated Cpfl effector protein lacking all DNA
cleavage activity or having substantially reduced DNA cleavage activity. In some embodiments,
a nucleic acid-targeting effector protein may be considered to substantialy lack all RNA
cleavage activity when the RNA cleavage activity of the mutated enzyme is about no more than
25%, 10%, 5%, 1%, 0.1%, 0.01%, or less of the nucleic acid cleavage activity of the non-
mutated form of the enzyme; an example can be when the nucleic acid cleavage activity of the
mutated form is nil or negligible as compared with the non-mutated form. An effector protein
may be identified with reference to the general class of enzymes that share homology to the
biggest nuclease with multiple nuclease domains from the Type V/Type VI CRISPR system.
Most preferably, the effector protein is a Type V/Type VI protein such as Cpf1/C2c1/C2c2. In
further embodiments, the effector protein isa Type V protein. By derived, Applicants mean that
the derived enzyme is largely based, in the sense of having a high degree of sequence homology
with, a wildtype enzyme, but that it has been mutated (modified) in some way as known in the
art or as described herein.

[00215] Again, it will be appreciated that the terms Cas and CRISPR enzyme and CRISPR
protein and Cas protein are generally used interchangeably and at al points of reference herein
refer by analogy to novel CRISPR effector proteins further described in this application, unless
otherwise apparent, such as by specific reference to Cas9. As mentioned above, many of the
residue numberings used herein refer to the effector protein from the Type V/Type VI CRISPR
locus. However, it will be appreciated that this invention includes many more effector proteins
from other species of microbes. In certain embodiments, effector proteins may be constitutively
present. or inducibly present or conditionally present or administered or delivered. Effector
protein optimization may be used to enhance function or to develop new functions, one can
generate chimeric effector proteins. And as described herein effector proteins may be modified
to be used as a generic nucleic acid binding proteins.

[00216] Typicdly, in the context of a nucleic acid-targeting system, formation of a nucleic
acid-targeting complex (comprising a guide RNA hybridized to atarget sequence and complexed
with one or more nucleic acid-targeting effector proteins) results in cleavage of one or both
DNA orRNA strandsin or near (e.g., within 1, 2, 3,4, 5, 6, 7, 8, 9, 10, 20, 50, or more base pairs
from): the target sequence. As used herein the term “ sequence(s) associated with atarget locus of
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interest” refers to sequences near the vicinity of the target sequence (e.g. within 1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 20, 50, or more base pairs from the target sequence, wherein the target sequence is
comprised within atarget locus of interest).

[00217] An example of a codon optimized sequence, is in this instance a sequence optimized
for expression in a eukaryote, e.g., humans (i.e. being optimized for expression in humans), or
for another eukaryote, anima or mammal as herein discussed; see, e.g., SaCas9 human codon
optimized sequence in WO 2014/093622 (PCT/US2013/074667) as an example of a codon
optimized sequence (from knowledge in the art and this disclosure, codon optimizing coding
nucleic acid molecule(s), especialy as to effector protein (e.g., Cpfl) is within the ambit of the
skilled artisan). Whilst this is preferred, it will be appreciated that other examples are possible
and codon optimization for a host species other than human, or for codon optimization for
specific organs is known. In some embodiments, an enzyme coding sequence encoding a
DNA/RNA-targeting Cas protein is codon optimized for expression in particular cells, such as
eukaryotic cells. The eukaryotic cells may be those of or derived from a particular organism,
such as a plant or a mammal, including but not limited to human, or non-human eukaryote or
animal or mammal as herein discussed, e.g., mouse, rat, rabbit, dog, livestock, or non-human
mammal or primate. In some embodiments, processes for modifying the germ line genetic
identity of human beings and/or processes for modifying the genetic identity of animals which
are likely to cause them suffering without any substantial medical benefit to man or animal, and
also animals resulting from such processes, may be excluded. In general, codon optimization
refers to a process of' modifying a nucleic acid sequence for enhanced expression in the host cells
of interest by replacing at least one codon (e.g., about or more than about 1, 2, 3, 4, 5, 10, 15, 20,
25, 50, or more codons) of the native sequence with codons that are more frequently or most
frequently used in the genes of " that host cell while maintaining the native amino acid sequence.
Various species exhibit particular bias for certain codons of a particular amino acid. Codon bias
(differences in codon usage between organisms) often correlates with the efficiency of
tranglation of” messenger RNA (mRNA), which is in turn believed to be dependent on, among
other things, the properties of the codons being transated and the availability of particular
transfer RNA (tRNA) molecules. The predominance of selected tRNAs in a cell is generaly a
reflection of the codons used most frequently in peptide synthesis. Accordingly, genes can be
tailored for optimal gene expression in a given organism based on codon optimization. Codon
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usage tables are readily available, for example, at the “Codon Usage Database” available at
www.kazusa.orjp/codon/ and these tables can be adapted in a number of ways. See Nakamura,
Y., et al. “Codon usage tabulated from the international DNA sequence databases: status for the
year 2000" Nucl. Acids Res. 28:292 (2000). Computer algorithms for codon optimizing a
particular sequence for expression in a particular host cell are also available, such as Gene Forge
(Aptagen; Jacobus, PA), are aso available. In some embodiments, one or more codons (e.g., 1,
2, 3, 4,5, 10, 15, 20, 25, 50, or more, or al codons) in a sequence encoding a DNA/RNA-
targeting; Cas protein corresponds to the most frequently used codon for a particular amino acid.
As to codon usage in yeast, reference is made to the online Y east Genome database available at
http://www.yeastgenome.org/community/codon_usage.shtml, or Codon selection in yeast,
Bennetzen and Hall, J Biol Chem. 1982 Mar 25;257(6):3026-31. As to codon usage in plants
including. algae, reference is made to Codon usage in higher plants, green algae, and
cyanobacteria, Campbell and Gowri, Plant Physiol. 1990 Jan; 92(1): 1-11.; as well as Codon
usage in plant genes, Murray et al, Nucleic Acids Res. 1989 Jan 25;17(2):477-98; or Selection on
the codon bias of" chloroplast and cyanelle genes in different plant and algal lineages, Morton
BR, JMol Evol. 1998 Apr;46(4):449-59.

[00218] In some embodiments, a vector encodes a nucleic acid-targeting effector protein such
as the Type V/Type VI RNA-targeting effector protein, in particular Cpf1/C2c1/C2c2 or an
orthol og; or-homol og thereof comprising one or more nuclear localization sequences (NLSs), such
as about ormore than about 1, 2, 3,4, 5, 6, 7, 8, 9, 10, or more NLSs. In some embodiments, the
RNA-targeting; effector protein comprises about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or
more NL Ss at: or near the amino-terminus, about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or
more NLSs at or near the carboxy-terminus, or a combination of these (e.g., zero or at least one
ormore NLS at the amino-terminus and zero or at one or more NLS at the carboxy terminus).
When more than one NLS is present, each may be selected independently of the others, such that
a single NLS may be present in more than one copy and/or in combination with one or more
otherNL Ss present in one or more copies. In some embodiments, an NLS is considered near the
N--or- C-terminus when the nearest amino acid of the NLS iswithin about 1, 2, 3, 4, 5, 10, 15, 20,
25, 30, 40, 50, or more amino acids aong the polypeptide chain from the N- or C-terminus.
Non-limiting examples of' NLSs include an NLS sequence derived from: the NLS of the SV40
virus large T-antigen, having the amino acid sequence PKKKRKV (SEQ ID NO: 2); the NLS
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from nucleoplasmin (e.g., the nucleoplasmin bipartite NLS with the sequence
KRPAATKKAGQAKKKK (SEQ ID NO: 3)); the c-myc NLS having the amino acid sequence
PAAKRVKLD (SEQ ID NO: 4) or RQRRNELKRSP (SEQ ID NO: 5); the hRNPA1 M9 NLS
having the sequence NQSSNFGPMKGGNFGGRSSGPY GGGGQYFAKPRNQGGY (SEQ ID
NO: 6); the sequence RMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRNV
(SEQ ID' NO: 7) of the IBB domain from importin-alpha; the sequences VSRKRPRP (SEQ ID
NO: 8) and PPKKARED (SEQ ID NO: 9) of the myoma T protein; the sequence PQPKKKPL
(SEQ ID' NO: 10) of human p53; the sequence SALIKKKKKMAP (SEQ ID NO: 11) of mouse
c-abl 1V; the sequences DRLRR (SEQ ID NO: 12) and PKQKKRK (SEQ ID NO: 13) of the
influenza virus NS1; the sequence RKLKKKIKKL (SEQ ID NO: 14) of the Hepatitis virus delta
antigen; the sequence REKKKFLKRR (SEQ ID NO: 15) of the mouse Mx1 protein; the
sequence KRKGDEVDGVDEVAKKKSKK (SEQ ID NO: 16) of the human poly(ADP-ribose)
polymerase; and the sequence RKCLQAGMNLEARKTKK (SEQ ID NO: 17) of the steroid
hormone receptors (human) glucocorticoid. In general, the one or more NLSs are of sufficient
strength to drive accumulation of the DNA/RNA-targeting Cas protein in a detectable amount in
the nucleus of a eukaryotic cell. In general, strength of nuclear localization activity may derive
from the number of NLSs in the nucleic acid-targeting effector protein, the particular NLS(s)
used, or a combination of these factors. Detection of accumulation in the nucleus may be
performed by any suitable technique. For example, a detectable marker may be fused to the
nucleic acid-targeting protein, such that location within a cell may be visualized, such as in
combination with a means for detecting the location of the nucleus (e.g., a stain specific for the
nucleus such as DAPI). Cell nuclel may also be isolated from cells, the contents of which may
then be analyzed by any suitable process for detecting protein, such as immunohistochemistry,
Western blot, or enzyme activity assay. Accumulation in the nucleus may also be determined
indirectly, such as by an assay for the effect of nucleic acid-targeting complex formation (e.g.,
assay for DNA or RNA cleavage or mutation at the target sequence, or assay for altered gene
expression activity affected by DNA or RNA-targeting complex formation and/or DNA or RNA-
targeting Cas protein activity), as compared to a control not exposed to the nucleic acid-targeting
Cas protein or nucleic acid-targeting complex, or exposed to a nucleic acid-targeting Cas protein
lacking the one or more NLSs. In preferred embodiments of the herein described Cpfl effector
protein complexes and systems the codon optimized Cpfl effector proteins comprise an NLS
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attached to the C-terminal of the protein. In certain embodiments, other localization tags may be
fused to the Cas protein, such as without limitation for localizing the Cas to particular sitesin a
cell, such as organells, such mitochondria, plastids, chloroplast, vesicles, golgi, (nuclear or
cellular) membranes, ribosomes, nucleoluse, ER, cytoskeleton, vacuoles, centrosome,
nucleosome, granules, centrioles, etc

[00219] In some embodiments, one or more vectors driving expression of one or more
elements of 'a nucleic acid-targeting system are introduced into a host cell such that expression of
the elements of the nucleic acid-targeting system direct formation of a nucleic acid-targeting
complex at one or more target sites. For example, a nucleic acid-targeting effector enzyme and a
nucleic acid-targeting guide RNA could each be operably linked to separate regulatory elements
on separate vectors. RNA(s) of the nucleic acid-targeting system can be delivered to a transgenic
nucleic acid-targeting effector protein animal or mammal, e.g., an animal or mammal that
constitutively or inducibly or conditionally expresses nucleic acid-targeting effector protein; or
an animal or mammal that is otherwise expressing nucleic acid-targeting effector proteins or has
cells containing nucleic acid-targeting effector proteins, such as by way of prior administration
thereto of a vector or vectors that code for and express in vivo nucleic acid-targeting effector
proteins. Alternatively, two or more of the elements expressed from the same or different
regulatory elements, may be combined in a single vector, with one or more additional vectors
providing any components of the nucleic acid-targeting system not included in the first vector.
nucleic acid-targeting system elements that are combined in a single vector may be arranged in
any suitable orientation, such as one element located 5 with respect to (“upstream” of) or 3’
with respect to (“downstream” of) a second element. The coding sequence of one element may
be located on the same or opposite strand of the coding sequence of a second element, and
oriented in the same or opposite direction. In some embodiments, a single promoter drives
expression of a transcript encoding a nucleic acid-targeting effector protein and the nucleic acid-
targeting guide RNA, embedded within one or more intron sequences (e.g., each in a different
intron, two or more in at least one intron, or al in a single intron). In some embodiments, the
nucleic acid-targeting effector protein and the nucleic acid-targeting guide RNA may be operably
linked to and expressed from the same promoter. Delivery vehicles, vectors, particles,
nanoparticles, formulations and components thereof for expression of one or more elements of a
nucleic acid-targeting system are as used in the foregoing documents, such as WO 2014/093622
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(PCT/US2013/074667). In some embodiments, a vector comprises one or more insertion sites,
such as a restriction endonuclease recognition sequence (also referred to as a“cloning site”). In
some embodiments, one or more insertion sites (e.g., about or more than about 1, 2, 3, 4, 5, 6, 7,
8, 9, 10, or more insertion sites) are located upstream and/or downstream of one or more
sequence elements of ‘one or more vectors. When multiple different guide sequences are used, a
single expression construct may be used to target nucleic acid-targeting activity to multiple
different, corresponding target sequences within a cell. For example, a single vector may
comprise about or more than about 1, 2, 3,4, 5, 6, 7, 8, 9, 10, 15, 20, or more guide sequences.
In some embodiments, about or more than about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more such guide-
sequence-containing vectors may be provided, and optionaly delivered to a cell. In some
embodiments, a vector comprises a regulatory element operably linked to an enzyme-coding
sequence encoding a a nucleic acid-targeting effector protein. Nucleic acid-targeting effector
protein or nucleic acid-targeting guide RNA or RNA(s) can be delivered separately; and
advantageously at least one of these is delivered via a particle complex. nucleic acid-targeting
effector protein mRNA can be delivered prior to the nucleic acid-targeting guide RNA to give
time for nucleic acid-targeting effector protein to be expressed. Nucleic acid-targeting effector
protein mMRNA might be administered 1-12 hours (preferably around 2-6 hours) prior to the
administration of 'nucleic acid-targeting guide RNA. Alternatively, nucleic acid-targeting effector
protein MRNA and nucleic acid-targeting guide RNA can be administered together.
Advantageously, a second booster dose of guide RNA can be administered 1-12 hours
(preferably around 2-6 hours) after the initial administration of nucleic acid-targeting effector
protein MRNA + guide RNA. Additional administrations of nucleic acid-targeting effector
protein mRNA and/or guide RNA might be useful to achieve the most efficient levels of genome
modification.

[00220] In one aspect, the invention provides methods for using one or more elements of a
nucleic acid-targeting system. The nucleic acid-targeting complex of the invention provides an
effective means for modifying atarget DNA or RNA (single or double stranded, linear or super-
coiled). The nucleic acid-targeting complex of the invention has a wide variety of utility
including modifying (e.g., deleting, inserting, translocating, inactivating, activating) a target
DNA or RNA in a multiplicity of cell types. As such the nucleic acid-targeting complex of the

invention has a broad spectrum of applications in, e.g., gene therapy, drug screening, disease
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diagnosis, and prognosis. An exemplary nucleic acid-targeting complex comprises a DNA or
RNA-targeting effector protein complexed with a guide RNA hybridized to a target sequence
within the target locus of interest.

[00221] In one embodiment, this invention provides a method of cleaving a target RNA. The
method may comprise modifying a target RNA using a nucleic acid-targeting complex that binds
to the target RNA and effect cleavage of said target RNA. In an embodiment, the nucleic acid-
targeting complex of the invention, when introduced into a cell, may create a break (e.g., asingle
or-adouble strand break) in the RNA sequence. For example, the method can be used to cleave a
disease RNA in acell. For example, an exogenous RNA template comprising a sequence to be
integrated flanked by an upstream sequence and a downstream sequence may be introduced into
acell. The upstream and downstream sequences share sequence similarity with either side of the
site of integration in the RNA. Where desired, a donor RNA can be mRNA. The exogenous
RNA template comprises a sequence to be integrated (e.g., a mutated RNA). The sequence for
integration may be a sequence endogenous or exogenous to the cell. Examples of a sequence to
be integrated include RNA encoding a protein or a non-coding RNA (e.g., amicroRNA). Thus,
the sequence for integration may be operably linked to an appropriate control segquence or
sequences. Alternatively, the sequence to be integrated may provide a regulatory function. The
upstream and downstream sequences in the exogenous RNA template are selected to promote
recombination between the RNA sequence of interest and the donor RNA. The upstream
sequence isa RNA sequence that shares sequence similarity with the RNA sequence upstream of
the targeted site for integration. Similarly, the downstream sequence is a RNA sequence that
shares sequence similarity with the RNA sequence downstream of the targeted site of integration.
The upstream and downstream sequences in the exogenous RNA template can have 75%, 80%,
85%, 90%, 95%, or 100% sequence identity with the targeted RNA sequence. Preferably, the
upstream and downstream sequences in the exogenous RNA template have about 95%, 96%,
97%, 98%, 99%, or 100% sequence identity with the targeted RNA sequence. In some methods,
the upstream and downstream sequences in the exogenous RNA template have about 99% or
100% sequence identity with the targeted RNA sequence. An upstream or downstream sequence
may comprise from about 20 bp to about 2500 bp, for example, about 50, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000,
2100, 2200, 2300, 2400, or 2500 bp. In some methods, the exemplary upstream or downstream
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sequence have about 200 bp to about 2000 bp, about 600 bp to about 1000 bp, or more
particularly about 700 bp to about 1000 bp. In some methods, the exogenous RNA template may
further comprise a marker. Such a marker may make it easy to screen for targeted integrations.
Examples of" suitable markers include restriction sites, fluorescent proteins, or selectable
markers. The exogenous RNA template of the invention can be constructed using recombinant
techniques (see, for example, Sambrook et al., 2001 and Ausubel et a., 1996). In a method for
modifying a target RNA by integrating an exogenous RNA template, a break (e.g., double or
single stranded break in double or single stranded DNA or RNA) is introduced into the DNA or
RNA sequence by the nucleic acid-targeting complex, the break is repaired via homologous
recombination with an exogenous RNA template such that the template is integrated into the
RNA target. The presence of a double-stranded break facilitates integration of the template. In
other- embodiments, this invention provides a method of modifying expression of a RNA in a
eukaryotic cell. The method comprises increasing or decreasing expression of a target
polynucleotide by using a nucleic acid-targeting complex that binds to the DNA or RNA (eg.,
MRNA or premRNA). In some methods, a target RNA can be inactivated to effect the
modification of the expression in a cell. For example, upon the binding of a RNA-targeting
complex to atarget sequence in acell, the target RNA is inactivated such that the sequence is not
translated, the coded protein is not produced, or the sequence does not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that: the protein or microRNA or pre-microRNA transcript is not produced. The target RNA of a
RNA-targeting complex can be any RNA endogenous or exogenous to the eukaryotic cell. For
example, the target RNA can be a RNA residing in the nucleus of the eukaryotic cell. The target
RNA can be a sequence (e.g., mMRNA or pre-mRNA) coding a gene product (e.g., aprotein) or a
non-coding sequence (e.g., NCRNA, INcRNA, tRNA, or rRNA). Examples of target RNA include
a sequence associated with a signaling biochemical pathway, e.g., a signaling biochemical
pathway-associated RNA. Examples of target RNA include a disease associated RNA. A
“disease-associated” RNA refers to any RNA which is yielding trandation products at an
abnormal level or in an abnormal form in cells derived from a disease-affected tissues compared
with tissues or cells of a non disease control. It may be a RNA transcribed from a gene that
becomes expressed at an abnormally high level; it may be a RNA transcribed from a gene that
becomes expressed at an abnormally low level, where the altered expression correlates with the
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occurrence and/or progression of the disease. A disease-associated RNA also refers to a RNA
transcribed from a gene possessing mutation(s) or genetic variation that is directly responsible or
isin linkage disequilibrium with a gene(s) that is responsible for the etiology of a disease. The
trandated products may be known or unknown, and may be at a normal or abnormal level. The
target RNA of a RNA-targeting complex can be any RNA endogenous or exogenous to the
eukaryotic cell. For example, the target RNA can be a RNA residing in the nucleus of the
eukaryotic cell. The target RNA can be a sequence (e.g., mMRNA or pre-mRNA) coding a gene
product (e.g., a protein) or a non-coding sequence (e.g., "CRNA, IncRNA, tRNA, or rRNA).
[00222] In some embodiments, the method may comprise allowing a nucleic acid-targeting
complex to bind to the target DNA or RNA to effect cleavage of said target DNA or RNA
thereby modifying the target DNA or RNA, wherein the nucleic acid-targeting complex
comprises a nucleic acid-targeting effector protein complexed with a guide RNA hybridized to a
target sequence within said target DNA or RNA. In one aspect, the invention provides a method
of modifying expression of DNA or RNA in a eukaryotic cell. In some embodiments, the
method comprises allowing a nucleic acid-targeting complex to bind to the DNA or RNA such
that said binding results in increased or decreased expression of said DNA or RNA; wherein the
nucleic acid-targeting complex comprises a nucleic acid-targeting effector protein complexed
with a guide RNA. Similar considerations and conditions apply as above for methods of
modifying atarget DNA or RNA. In fact, these sampling, culturing and re-introduction options
apply across the aspects of the present invention. In one aspect, the invention provides for
methods of'modifying a target DNA or RNA in a eukaryatic cell, which may be in vivo, ex vivo
orinvitro. In some embodiments, the method comprises sampling a cell or population of cells
from a human or- non-human animal, and modifying the cell or cells. Culturing may occur at any
stage ex vivo. The cell or cells may even be re-introduced into the non-human animal or plant.
Forre-introduced cells it is particularly preferred that the cells are stem cells.

[00223] Indeed, in any aspect of the invention, the nucleic acid-targeting complex may
comprise a nucleic acid-targeting effector protein complexed with a guide RNA hybridized to a
target: sequence.

[00224] The invention relates to the engineering and optimization of systems, methods and
compositions used for the control of gene expression involving DNA or RNA sequence
targeting, that: relate to the nucleic acid-targeting system and components thereof. In
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advantageous embodiments, the effector enzyme is a Type V/Type VI protein such as
Cpf1/C2cl/C2c2. An advantage of the present methods is that the CRISPR system minimizes or
avoids off-target binding and its resulting side effects. This is achieved using systems arranged
to have a high degree of sequence specificity for the target DNA or RNA.

[00225] In relation to a nucleic acid-targeting complex or system preferably, the crRNA
sequence has one or more stem loops or hairpins and is 30 or more nucleotides in length, 40 or
more nucleotides in length, or 50 or more nucleotides in length; the crRNA sequence is between
10 to 30 nucleotides in length, the nucleic acid-targeting effector protein is a Type V/Type VI
Cas enzyme. In certain embodiments, the crRNA sequence is between 42 and 44 nucleotides in
length, and the nucleic acid-targeting Cas protein is Cpfl of Francisella tularensis
subsp.novocida U112. In certain embodiments, the crRNA comprises, consists essentialy of, or
consists of* 19 nucleotides of a direct repeat and between 23 and 25 nucleotides of spacer
sequence, and the nucleic acid-targeting Cas protein is Cpfl of Francisella tularensis
subsp.novocida U112.

[00226] The use of two different aptamers (each associated with a distinct nucleic acid-
targeting guide RNAS) allows an activator-adaptor protein fusion and a repressor-adaptor protein
fusion to be used, with different nucleic acid-targeting guide RNAsS, to activate expression of one
DNA or RNA, whilst repressing another. They, along with their different guide RNAs can be
administered together, or substantially together, in a multiplexed approach. A large number of
such modified nucleic acid-targeting guide RNAs can be used all at the same time, for example
10 or 20 or 30 and so forth, whilst only one (or at least a minimal number) of effector protein
molecules need to be delivered, as a comparatively small number of effector protein molecules
can be used with a large number modified guides. The adaptor protein may be associated
(preferably linked or fused to) one or more activators or one or more repressors. For example,
the adaptor protein may be associated with a first activator and a second activator. The first and
second activators may be the same, but they are preferably different activators.  Three or more
or- even four or more activators (or repressors) may be used, but package size may limit the
number- being higher than 5 different functional domains. Linkers are preferably used, over a
direct fusion to the adaptor protein, where two or more functional domains are associated with
the adaptor- protein. Suitable linkers might include the GlySer linker.
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[00227] It is aso envisaged that the nucleic acid-targeting effector protein-guide RNA
complex as awhole may be associated with two or more functional domains. For example, there
may be two or more functional domains associated with the nucleic acid-targeting effector
protein, orthere may be two or more functional domains associated with the guide RNA (via one
or-more adaptor proteins), or there may be one or more functional domains associated with the
nucleic acid-targeting effector protein and one or more functional domains associated with the
guide RNA (via one or more adaptor proteins).

[00228] The fusion between the adaptor protein and the activator or repressor may include a
linker. For example, GlySer linkers GGGS (SEQ ID NO: 18) can be used. They can be used in
repeats of 3 ((GGGGS), (SEQ ID NO: 19)) or 6 (SEQ ID NO: 20), 9 (SEQ ID NO: 21) or even
12 (SEQ ID NO: 22) or more, to provide suitable lengths, as required. Linkers can be used
between the guide RNAs and the functional domain (activator or repressor), or between the
nucleic acid-targeting Cas protein (Cas) and the functional domain (activator or repressor). The
linkers the user to engineer appropriate amounts of “mechanical flexibility”.

[00229] The invention comprehends a nucleic acid-targeting complex comprising a nucleic
acid-targeting effector protein and a guide RNA, wherein the nucleic acid-targeting effector
protein comprises at least one mutation, such that the nucleic acid-targeting effector protein has
no more than 5% of”the activity of the nucleic acid-targeting effector protein not having the at
least one mutation and, optional, at least one or more nuclear localization sequences; the guide
RNA comprises a guide sequence capable of hybridizing to a target sequence in a RNA of
interest in a cell; and wherein: the nucleic acid-targeting effector protein is associated with two
or-more functional domains; or at least one loop of the guide RNA is modified by the insertion of
distinct RNA sequence(s) that bind to one or more adaptor proteins, and wherein the adaptor
protein is associated with two or more functional domains; or the nucleic acid-targeting Cas
protein is associated with one or more functional domains and at least one loop of the guide
RNA is modified by the insertion of distinct RNA sequence(s) that bind to one or more adaptor
proteins, and wherein the adaptor protein is associated with one or more functional domains.
[00230] In one aspect, the invention provides a method of generating a model eukaryotic cell
comprising a mutated disease gene. In some embodiments, a disease gene is any gene associated
an increase in the risk of having or developing a disease. In some embodiments, the method
comprises (a) introducing one or more vectors into a eukaryotic cell, wherein the one or more

~
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vectors drive expression of one or more of: a Cpfl enzyme and a protected guide RNA
comprising a guide sequence linked to a direct repeat sequence; and (b) allowing a CRISPR
complex to bind to atarget polynuclectide to effect cleavage of the target polynucleotide within
said disease gene, wherein the CRISPR complex comprises the Cpf1 enzyme complexed with the
guide RNA. comprising. the sequence that is hybridized to the target sequence within the target
polynucleotide, thereby generating a model eukaryotic cell comprising a mutated disease gene.
In.some embodiments, said cleavage comprises cleaving one or two strands at the location of the
target sequence by said Cpfl enzyme. In some embodiments, said cleavage results in decreased
transcription of a target gene. In some embodiments, the method further comprises repairing
said cleaved target polynucleotide by non-homologous end joining (NHEJ)-based gene insertion
mechanisms with an exogenous template polynucleotide, wherein said repair results in a
mutation comprising an insertion, deletion, or substitution of one or more nucleotides of said
target polynucleotide. In some embodiments, said mutation results in one or more amino acid
changesin aprotein expression from a gene comprising the target sequence.

[00231] In an aspect the invention provides methods as herein discussed wherein the host is a
eukaryotic cell. In an aspect the invention provides a method as herein discussed wherein the
host is a mammalian cell. In an aspect the invention provides a method as herein discussed,
wherein the host is a non-human eukaryote cell. In an aspect the invention provides a method as
herein discussed, wherein the non-human eukaryote cell is a non-human mammal cell. In an
aspect the invention provides a method as herein discussed, wherein the non-human mammal cell
may be including, but not limited to, primate bovine, ovine, procine, canine, rodent, Leporidae
such as monkey, cow, sheep, pig, dog, rabbit, rat or mouse cell. In an aspect the invention
provides a method as herein discussed, the cell may be a a non-mammalian eukaryotic cell such
as poultry bird (e.g., chicken), vertebrate fish (e.g., salmon) or shellfish (e.g., oyster, claim,
lobster, shrimp) cell. In an aspect the invention provides a method as herein discussed, the non-
human eukaryote cell is a plant cell. The plant cell may be of a monocot or dicot or of acrop or
grain plant such as cassava, corn, sorghum, soybean, wheat, oat or rice. The plant cell may also
be of an algae, tree or production plant, fruit or vegetable (e.g., trees such as citrus trees, e.g.,
orange, grapefruit or lemon trees; peach or nectarine trees; apple or pear trees; nut trees such as
almond or-walnut or pistachio trees; nightshade plants; plants of the genus Brassica; plants of the
genus Lactuca; plants of' the genus Spinacia; plants of the genus Capsicum; cotton, tobacco,
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asparagus, carrot, cabbage, broccoli, cauliflower, tomato, eggplant, pepper, lettuce, spinach,
strawberry, blueberry, raspberry, blackberry, grape, coffee, cocoa, etc).

[00232] In one aspect, the invention provides a method for developing a biologically active
agent that modulates a cell signaling event associated with a disease gene. In some
embodiments, a disease gene is any gene associated an increase in the risk of having or
developing a disease. In some embodiments, the method comprises (a) contacting a test
compound with amodel cell of any one of the above-described embodiments; and (b) detecting a
change in a readout that is indicative of a reduction or an augmentation of a cell signaling event
associated with said mutation in said disease gene, thereby developing said biologically active
agent that modulates said cell signaling event associated with said disease gene.

[00233] In one aspect the invention provides for a method of selecting one or more cell(s) by
introducing; one or more mutations in a gene in the one or more cell (s), the method comprising:
introducing one or more vectors into the cell (s), wherein the one or more vectors drive
expression of one or more of: Cpfl, a guide sequence linked to a direct repeat sequence, and an
editing template; wherein the editing template comprises the one or more mutations that abolish
Cpfl cleavage; alowing homologous recombination of the editing template with the target
polynucleotide in the cell(s) to be selected; allowing a Cpfl CRISPR-Cas complex to bind to a
target: polynucleotide to effect cleavage of the target polynucleotide within said gene, wherein
the Cpfl CRISPR-Cas complex comprises the Cpfl complexed with (1) the guide sequence that
is hybridized to the target sequence within the target polynucleotide, and (2) the direct repeat
sequence, wherein binding of the Cpfl CRISPR-Cas complex to the target polynucleotide
induces cell death, thereby allowing one or more cell(s) in which one or more mutations have
been introduced to be selected; this includes the present split Cpfl. In another preferred
embodiment of the invention the cell to be selected may be a eukaryotic cell. Aspects of the
invention alow for selection of specific cells without requiring a selection marker or a two-step
process that may include a counter-selection system. In particular embodiments, the model
eukaryotic cell is comprised within amodel eukaryotic organism.

[00234] In one aspect, the invention provides a recombinant polynucleotide comprising a
guide sequence downstream of" a direct repeat sequence, wherein the guide sequence when
expressed directs sequence-specific binding of a Cpf1l CRISPR-Cas complex to a corresponding
target sequence present. in a eukaryotic cell. In some embodiments, the target sequence is aviral

64



WO 2016/205711 PCT/US2016/038181

sequence present in a eukaryotic cell. In some embodiments, the target sequence is a proto-
oncogene or- an oncogene.

[00235
comprising (a) a first regulatory element operably linked to a direct repeat sequence and one or

n one aspect, the invention provides a vector system or eukaryotic host cell

more insertion sites for inserting one or more guide sequences (including any of the modified
guide sequences as described herein) downstream of the DR sequence, wherein when expressed,
the guide sequence directs sequence-specific binding of a Cpf1 CRISPR-Cas complex to atarget
sequence in a eukaryotic cell, wherein the Cpfl CRISPR-Cas complex comprises Cpfl
(including any of the modified enzymes as described herein) complexed with the guide sequence
that is hybridized to the target sequence (and optionally the DR sequence); and/or (b) a second
regulatory element operably linked to an enzyme-coding sequence encoding said Cpfl enzyme
comprising a nuclear localization sequence and/or NES. In some embodiments, the host cell
comprises components (a) and (b). In some embodiments, component (a), component (b), or
components (a) and (b) are stably integrated into a genome of the host eukaryotic cell. In some
embodiments, component (a) further comprises two or more guide sequences operably linked to
the first regulatory element, wherein when expressed, each of the two or more guide sequences
direct sequence specific binding of a Cpf1l CRISPR-Cas complex to a different target sequence in
a eukaryotic cell. . In some embodiments, the CRISPR enzyme comprises one or more nuclear
localization sequences and/or nuclear export sequences or NES of sufficient strength to drive
accumulation of said CRISPR enzyme in a detectable amount in and/or out of the nucleus of a
eukaryotic cell. In some embodiments, the Cpfl enzyme is derived from Francisella tularensis 1,
Francisella tularensis subsp. novicida, Prevotella albensis, Lachnospiraceae bacterium MC2017
1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium GW2011 GWA2_33 10,
Parcubacteria bacterium GW2011 GWC2 44 17, Smithella sp. SCADC, Acidaminococcus sp.
BV3L6, Lachnospiraceae bacterium MAZ2020, Candidatus Methanoplasma termitum,
Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai, Lachnospiraceae bacterium
ND2006, Porphyromonas crevioricanis 3, Prevotella disiens, or Porphyromonas macacae Cpfl,
including any of the modified enzymes as described herein, and may include further alteration or
mutation of 'the Cpf1, and can be a chimeric Cpfl. . In some embodiments, the CRISPR enzyme
is codon-optimized for expression in a eukaryotic cell. In some embodiments, the CRISPR

enzyme directs cleavage of one or two strands at the location of the target sequence. In a
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preferred embodiment, the strand break is a staggered cut with a 5 overhang. In some
embodiments, the Cpfl lacks DNA strand cleavage activity (e.g., no more than 5% nuclease
activity as compared with a wild type enzyme or enzyme not having the mutation or alteration
that: decreases nuclease activity). In some embodiments, the first regulatory element is a
polymerase |11 promoter. In some embodiments, the second regulatory element is a polymerase
[1-promoter. In some embodiments, the direct repeat has a minimum length of 16 nts and a single
stem loop. In further embodiments the direct repeat has a length longer than 16 nts, preferably
more than 17 nts, and has more than one stem loop or optimized secondary structures. In some
embodiments, the guide sequenceis at least 16, 17, 18, 19, 20, 25 nucleotides, or between 16-30,
or between 16-25, or between 16-20 nucleotides in length.

[00236] In one aspect, the invention provides a kit comprising one or more of the components
described herein. In some embodiments, the kit comprises a vector system or host cell as
described herein and instructions for using the kit.

Modified Cpfl enzymes

[00237] Computational analysis of the primary structure of Cpfl nucleases reveals three distinct
regions (Figure 1). First a C-termina RuvC like domain, which is the only functional characterized
domain. Second a N-terminal alpha-helical region and thirst a mixed apha and beta region, located
between the RuvC like domain and the alpha-helical region.

[00238] Severa small stretches of  unstructured regions are predicted within the Cpfl primary
structure. Unstructured regions, which are exposed to the solvent and not conserved within different Cpfl
orthologs, are preferred sides for splits and insertions of small protein sequences (Figure 2 and 3). In
addition, these sides can be used to generate chimeric proteins between Cpf1 orthologs.

[00239] Based on the above information, mutants can be generated which lead to inactivation
of” the enzyme or which modify the double strand nuclease to nickase activity. In aternative
embodiments, this information is used to develop enzymes with reduced off-target effects
(described elsewhere herein)

[00240] In certain of the above-described Cpfl enzymes, the enzyme is modified by mutation
of one or more residues including but not limited to positions D917, E1006, E1028, D1227,
D1255A, N1257, according to FnCpfl protein or any corresponding ortholog. In an aspect the
invention provides a herein-discussed composition wherein the Cpfl enzyme is an inactivated
enzyme which comprises one or more mutations selected from the group consisting of D917A,
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E1006A, E1028A, D1227A, D1255A, N1257A, D917A, E1006A, E1028A, D1227A, D1255A
and N1257A according to FnCpfl protein or corresponding positions in a Cpfl ortholog. In an
aspect: the invention provides a herein-discussed composition, wherein the CRISPR enzyme
comprises D917, or E1006 and D917, or D917 and D1255, according to FnCpfl protein or a
corresponding position in a Cpf1 ortholog.

[00241] In certain of the above-described Cpfl enzymes, the enzyme is modified by mutation
of ‘one or more residues (in the RuvC domain) including but not limited to positions R909, R912,
R930, R947, K949, R951, R955, K965, K968, K1000, K1002, R1003, K1009, K1017, K1022,
K1029, K1035, K1054, K1072, K1086, R1094, K1095, K1109, K1118, K1142, K1150, K1158,
K1159, R1220, R1226, R1242, and/or R1252 with reference to amino acid position numbering
of AsCpf1 (Acidaminococcus sp. BV3L6).

[00242] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of one or more residues (in the RAD50) domain including but
not limited positions K324, K335, K337, R331, K369, K370, R386, R392, R393, K400, K404,
K406, K408, K414, K429, K436, K438, K459, K460, K464, R670, K675, R681, K686, K689,
R699, K705, R725, K729, K739, K748, and/or K752 with reference to amino acid position
numbering of AsCpf1 (Acidaminococcus sp. BV3L6).

[00243]  In certain of the Cpfl enzymes, the enzyme is modified by mutation of one or more
residues including but not limited positions R912, T923, R947, K949, R951, R955, K965, K968,
K1000, R1003, K1009, K1017, K1022, K1029, K1072, K1086, F1103, R1226, and/or R1252
with reference to amino acid position numbering of' AsCpf1 (Acidaminococcus sp. BV 3L6).
[00244] In certain embodiments, the Cpfl enzyme is modified by mutation of one or more
residues including but not limited positions R833, R836, K847, K879, K881, R883, R887, K897,
K900, K932, R935, K940, K948, K953, K960, K984, K1003, K1017, R1033, R1138, R1165,
and/or R1252 with reference to amino acid position numbering of LbCpfl (Lachnospiraceae
bacterium ND2006).

[00245]  In certain embodiments, the Cpfl enzyme is modified by mutation of one or more
residues including but not limited positions K15, R18, K26, Q34, R43, K48, K51, R56, R84,
K85, K87, N93, R103, N104, T118, K123, K134, R176, K177, R192, K200, K226, K273, K275,
T291, R301, K307, K369, S404, V409, K414, K436, K438, K468, D482, K516, R518, K524,
K530, K532, K548, K559, K570, R574, K592, D596, K603, K607, K613, C647, R681, K686,
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H720, K739, K748, K757, T766, K780, R790, P791, K796, K809, K815, T816, K860, R862,
R863, K868, K897, R909, R912, T923, R947, K949, R951, R955, K965, K968, K1000, R1003,
K1009, K1017, K1022, K1029, A1053, K1072, K1086, F1103, S1209, R1226, R1252, K1273,
K1282, and/or K1288 with reference to amino acid position numbering of AsCpfl
(Acidaminococcus sp. BV3L6).

[00246]  In certain embodiments, the enzyme is modified by mutation of one or more residues
including but not limited positions K15, R18, K26, R34, R43, K48, K51, K56, K87, K88, D90,
K96, K106, K107, K120, Q125, K143, R186, K187, R202, K210, K235, K296, K298, K314,
K320, K326, K397, K444, K449, E454, A483, E491, K527, K541, K581, R583, K589, K595,
K597, K613, K624, K635, K639, K656, K660, K667, K671, K677, K719, K725, K730, K763,
K782, K791, R800, K809, K823, R833, K834, K839, K852, K858, K859, K869, K871, R872,
K877, K905, R918, R921, K932, 1960, K962, R964, R968, K978, K981, K1013, R1016, K1021,
K1029, K1034, K1041, K1065, K1084, and/or K1098 with reference to amino acid position
numbering of FNCpf1 (Francisella novicida U112).

[00247]  In certain embodiments, the enzyme is modified by mutation of one or more residues
including but not limited positions K15, R18, K26, K34, R43, K48, K51, R56, K83, K84, R86,
K92, R102, K103, K116, K121, R158, E159, R174, R182, K206, K251, K253, K269, K271,
K278, P342, K380, R385, K390, K415, K421, K457, K471, A506, R508, K514, K520, K522,
K538, Y548, K560, K564, K580, K584, K591, K595, K601, K634, K640, R645, K679, K689,
K707, T716, K725, R737, R747, R748, K753, K768, K774, K775, K785, K787, R788, Q793,
K821, R833, R836, K847, K879, K881, R883, R887, K897, K900, K932, R935, K940, K948,
K953, K960, K984, K1003, K1017, R1033, K1121, R1138, R1165, K1190, K1199, and/or
K 1208 with reference to amino acid position numbering of LbCpf1 (Lachnospiraceae bacterium
ND2006).

[00248]  In certain embodiments, the enzyme is modified by mutation of one or more residues
including; but not limited positions K14, R17, R25, K33, M42, Q47, K50, D55, K85, N86, K88,
K94, R104, K105, K118, K123, K131, R174, K175, R190, R198, 1221, K267, Q269, K285,
K291, K297, K357, K403, K409, K414, K448, K460, K501, K515, K550, R552, K558, K564,
K566, K582, K593, K604, K608, K623, K627, K633, K637, E643, K780, Y787, K792, K830,
Q846, K858, K867, K876, K890, R900, K901, M906, K921, K927, K928, K937, K939, R940,
K945, Q975, R987, R990, K1001, R1034, 11036, R1038, R1042, K1052, K1055, K1087, R1090,
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K1095, N1103, K1108, K1115, K1139, K1158, R1172, K1188, K1276, R1293, A1319, K1340,
K 1349, and/or K1356 with reference to amino acid position numbering of MbCpfl (Moraxella
bovoculi 237).

Deactivated / mmactivated Cofl protein

[00249] Where the Cpfl protein has nuclease activity, the Cpfl protein may be modified to
have diminished nuclease activity e.g., nuclease inactivation of at least 70%, at least 80%, at
least 90%, at: least 95%, at least 97%, or 100% as compared with the wild type enzyme; or to put
in another way, a Cpf1 enzyme having advantageously about 0% of the nuclease activity of the
non-mutated or wild type Cpfl enzyme or CRISPR enzyme, or no more than about 3% or about
5% or about 10% of the nuclease activity of the non-mutated or wild type Cpfl enzyme, e.g. of
the non-mutated or wild type Francisella novicida U112 (FnCpfl), Acidaminococcus sp. BV3L6
(AsCpfl), Lachnospiraceae bacterium ND2006 (LbCpfl) or Moraxella bovoculi 237 (MbCpfl
Cpfl enzyme or CRISPR enzyme. This is possible by introducing mutations into the nuclease
domains of the Cpf1 and orthologs thereof.

[00250] More particularly, the inactivated Cpfl enzymes include enzymes mutated in amino
acid positions As908, As993, As1263 of AsCpfl or corresponding positions in Cpfl orthologs.
Additionally, the inactivated Cpfl enzymes include enzymes mutated in amino acid position
Lb832, 925, 947 or 1180 of LbCpfl or corresponding positions in Cpfl orthologs. More
particularly, the inactivated Cpfl enzymes include enzymes comprising one or more of
mutations AsD908A, AsSE993A, AsD1263A of AsCpfl or corresponding mutations in Cpfl
orthologs. Additionally, the inactivated Cpf1l enzymes include enzymes comprising one or more
of mutations LbD832A, E925A, D947A or D1180A of LbCpf1 or corresponding mutations in Cpfl
orthologs.

[00251] The inactivated Cpfl CRISPR enzyme may have associated (e.g., via fusion protein)
one or more functional domains, including for example, one or more domains from the group
comprising, consisting essentially of, or consisting of methylase activity, demethylase activity,
transcription activation activity, transcription repression activity, transcription release factor
activity, histone modification activity, RNA cleavage activity, DNA cleavage activity, nucleic
acid binding activity, and molecular switches (e.g., light inducible). Preferred domains are Fok1,
VP64, P65, HSF1, MyoD1. In the event that Fok1 is provided, it is advantageous that multiple
Fok1 functional domains are provided to alow for a functional dimer and that gRNASs are
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designed to provide proper spacing for functional use (Fok1l) as specifically described in Tsai et
al. Nature Biotechnology, Vol. 32, Number 6, June 2014). The adaptor protein may utlilize
known linkers to attach such functional domains. In some cases it is advantageous that
additionaly at least one NLS is provided. In some instances, it is advantageous to position the
NLS at the N terminus. When more than one functional domain is included, the functional
domains may be the same or different.

[00252] In generd, the positioning of the one or more functional domain on the inactivated
Cpfl enzyme is one which alows for correct spatial orientation for the functional domain to
affect the target: with the attributed functional effect. For example, if the functional domain is a
transcription activator (e.g., VP64 or p65), the transcription activator is placed in a spatia
orientation. which alows it to affect the transcription of the target. Likewise, a transcription
repressor- will be advantageously positioned to affect the transcription of the target, and a
nuclease (e.g., Fokl1) will be advantageously positioned to cleave or partaly cleave the target.
This may include positions other than the N- / C- terminus of the CRISPR enzyme.

Destabilized Cpfl

[00253] In certain embodiments, the effector protein (CRISPR enzyme; Cpfl) according to the
invention as described herein is associated with or fused to a destabilization domain (DD). In some
embodiments, the DD is ER50. A corresponding stabilizing ligand for this DD is, in some embodiments,
4HT. As such, in some embodiments, one of the at least one DDs is ER50 and a stabilizing ligand
therefor-is 4HT or CMP8. In some embodiments, the DD is DHFR50. A corresponding stabilizing ligand
for-this DD is, in some embodiments, TMP. As such, in some embodiments, one of the at least one DDs
is DHFR50 and a stabilizing ligand therefor is TMP. In some embodiments, the DD is ER50. A
corresponding stabilizing ligand for this DD is, in some embodiments, CMP8. CMP8 may therefore be
an aternative stabilizing ligand to 4HT in the ER50 system. While it may be possible that CM P8 :and
4HT" can/should be used in a competitive matter, some cell types may be more susceptible to one or the
other- of these two ligands, and from this disclosure and the knowledge in the art the skilled person can
use CMP8 and/or-4HT.

[00254]  In some embodiments, one or two DDs may be fused to the N- terminal end of the CRISPR
enzyme with one or-two DDs fused to the C- terminal of the CRISPR enzyme. In some embodiments,
the at:|east: two DDs are associated with the CRISPR enzyme and the DDs are the same DD, i.e. the DDs
are homologous. Thus, both (or two or more) of the DDs could be ER50 DDs. Thisis preferred in some
embodiments. Alternatively, both (or two or more) of the DDs could be DHFR50 DDs. This is:aso
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preferred in some embodiments.  In some embodiments, the at least two DDs are associated with the
CRISPR enzyme and the DDs are different DDs, i.e. the DDs are heterologous. Thus, one of the DDS
could be ER50 while one or more of the DDs or any other DDs could be DHFR50. Having two or more
DDs which are heterologous may be advantageous as it would provide a greater level of degradation
control. A tandem fusion of more than one DD at the N or C-term may enhance degradation; and such a
tandem fusion can be, for example ER50-ER50-C2c2 or DHFR-DHFR-Cpf1. It is envisaged that high
levels of degradation would occur in the absence of either stabilizing ligand, intermediate levels of
degradation would occur in the absence of one stabilizing ligand and the presence of the other (or
another): stabilizing ligand, while low levels of degradation would occur in the presence of both (or two of
more) of the stabilizing ligands. Control may also be imparted by having an N-terminal ER50 DD and a
C-termina DHFR50 DD.

[00255]  In some embodiments, the fusion of the CRISPR enzyme with the DD comprises a linker
between the DD and the CRISPR enzyme. In some embodiments, the linker is a GlySer linker. In some
embodiments, the DD-CRISPR enzyme further comprises at least one Nuclear Export Signal (NES). In
some embodiments, the DD-CRISPR enzyme comprises two or more NESs. In some embodiments, the
DD-CRISPR enzyme comprises at least one Nuclear Localization Signal (NLS). This may be in addition
to an NES. In some embodiments, the CRISPR enzyme comprises or consists essentially of or consists of
alocalization (nuclear import or export) signa as, or as part of, the linker between the CRISPR enzyme
and the DD. HA or Flag tags are also within the ambit of the invention as linkers. Applicants use NLS
and/orNES as linker and also use Glycine Serine linkers as short as GS up to (GGGGS)3.

[00256] Destabilizing domains have general utility to confer instability to a wide range of proteins;
see, e.g., Miyazaki, J Am Chem Soc. Mar 7, 2012; 134(9): 3942-3945, incorporated herein by reference.
CMP8 or 4-hydroxytamoxifen can be destabilizing domains. More generally, A temperature-sensitive
mutant of mammalian DHFR (DHFRts), a destabilizing residue by the N-end rule, was found to be stable
at:a permissive temperature but unstable at 37 °C. The addition of methotrexate, a high-affinity ligand for
mammalian DHFR, to cells expressing DHFRts inhibited degradation of the protein partially. This was.an
important demonstration that a small molecule ligand can stabilize a protein otherwise targeted for
degradation in cells. A rapamycin derivative was used to stabilize an unstable mutant of the FRB domain
o mTOR (FRB*) and restore the function of the fused kinase, GSK-3[36,7 This system demonstrated that
ligand-dependent stability represented an attractive strategy to regulate the function of a specific protein
in a complex biological environment. A system to control protein activity can involve the DD becoming
functional when the ubiquitin complementation occurs by rapamycin induced dimerization of FK506-
binding protein and FKBP12. Mutants of human FKBP12 or ecDHFR protein can be engineered to be
metabolically unstable in the absence of their high-affinity ligands, Shield-1 or trimethoprim (TMP),
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respectively. These mutants are some of the possible destabilizing domains (DDs) useful in the practice of
the invention and instability of'a DD as a fusion with a CRISPR enzyme confers to the CRISPR protein
degradation of the entire fusion protein by the proteasome. Shield-1 and TMP bind to and stabilize the
DD in a dose-dependent manner. The estrogen receptor ligand binding domain (ERLBD, residues 305-
549 of ERSL) can aso be engineered as a destabilizing domain. Since the estrogen receptor signaling
pathway is involved in a variety of diseases such as breast cancer, the pathway has been widely studied
and. numerous agonist and antagonists of estrogen receptor have been developed. Thus, compatible pairs
of ERLBD: and drugs are known. There are ligands that bind to mutant but not wild-type forms of the
ERLBD. By using one of these mutant domains encoding three mutations (L384M, M421G, G521R)12, it
is possible to regulate the stability of an ERLBD-derived DD using a ligand that does not perturb
endogenous estrogen-sensitive networks. An additional mutation (Y537S) can be introduced to further
destabilize the ERLBD and to configure it as a potential DD candidate. This tetra-mutant is an
advantageous DD development. The mutant ERLBD can be fused to a CRISPR enzyme and its stability
can be regulated or perturbed using aligand, whereby the CRISPR enzyme has a DD. Another DD can be
a 12-kDa (107-amino-acid) tag based on a mutated FKBP protein, stabilized by Shield1 ligand; see, e.g.,
Nature Methods 5, (2008). For instance a DD can be a modified FK506 binding protein 12 (FKBP12) that
binds to and is reversibly stabilized by a synthetic, biologically inert small molecule, Shield-1; see, e.g.,
Banaszynski LA, Chen LC, Maynard-Smith LA, Ooi AG, Wandless TJ. A rapid, reversible, and tunable
method. to regulate protein function in living cells using synthetic small molecules. Cell. 2006;126:995—
1004; Banaszynski LA, Sellmyer MA, Contag CH, Wandless TJ, Thorne SH. Chemical control of protein
stability and function in living mice. Nat Med. 2008;14:1123-1127; Maynard-Smith LA, Chen LC,
Banaszynski LA, Ooi AG, Wandless TJ. A directed approach for engineering conditional protein stability
using biologically silent small molecules. The Journal of biological chemistry. 2007;282:24866—24872,
and Rodriguez, Chem Biol. Mar 23, 2012; 19(3): 391-398—all of which are incorporated herein by
reference and may be employed in the practice of the invention in selected a DD to associate with a
CRISPR enzyme in the practice of this invention. As can be seen, the knowledge in the art includes a
number- of’ DDs, and the DD can be associated with, e.g., fused to, advantageously with a linker, to.a
CRISPR enzyme, whereby the DD can be stabilized in the presence of a ligand and when there is the
absence thereof 'the DD can become destabilized, whereby the CRISPR enzyme is entirely destabilized, or
the DD can be stabilized in the absence of a ligand and when the ligand is present the DD can become
destabilized; the DD allows the CRISPR enzyme and hence the CRISPR-Cas complex or system to be
regulated. or- controlled—turned on or off* so to speak, to thereby provide means for regulation or control
of" the system, e.g., in an in vivo or in vitro environment. For instance, when a protein of interest is
expressed as a fusion with the DD tag, it is destabilized and rapidly degraded in the cell, e.g., by

72



WO 2016/205711 PCT/US2016/038181

proteasomes. Thus, absence of stabilizing ligand leads to a D associated Cas being degraded. When a
new DD is fused to a protein of interest, its instability is conferred to the protein of interest, resulting in
the rapid degradation of the entire fusion protein. Peak activity for Cas is sometimes beneficial to reduce
off-target effects. Thus, short bursts of high activity are preferred. The present invention is able to
provide such peaks. In some senses the system is inducible. In some other senses, the system repressed
in the absence of stabilizing ligand and de-repressed in the presence of stabilizing ligand.

Enzyme mutations reducing off-tar get effects

[00257] In one aspect, the invention provides a non-naturally occurring or engineered
CRISPR enzyme, preferably a class 2 CRISPR enzyme, preferably a Type V or VI CRISPR
enzyme as described herein, such as preferably, but without limitation Cpfl as described herein
elsewhere, having one or more mutations resulting in reduced off-target effects, i.e. improved
CRISPR enzymes for use in effecting modifications to target loci but which reduce or eliminate
activity towards off-targets, such as when complexed to guide RNAs, as well as improved
improved. CRISPR enzymes for increasing the activity of CRISPR enzymes, such as when
complexed. with guide RNAs. It is to be understood that mutated enzymes as described herein
below may be used in any of the methods according to the invention as described herein
elsewhere. Any of the methods, products, compositions and uses as described herein elsewhere
are equally applicable with the mutated CRISPR enzymes as further detailed below. It isto be
understood, that in the aspects and embodiments as described herein, when referring to or
reading, on Cpfl as the CRISPR enzyme, reconstitution of a functional CRISPR-Cas system
preferably does not require or is not dependent on a tracr sequence and/or direct repeat is 5
(upstream): of 'the guide (target or spacer) sequence.

[00258] By means of further guidance, the following particular aspects and embodiments are
provided.

[00259] The inventors have surprisingly determined that modifications may be made to
CRISPR enzymes which confer reduced off-target activity compared to unmodified CRISPR
enzymes and/or increased target activity compared to unmodified CRISPR enzymes. Thus, in
certain aspects of 'the invention provided herein are improved CRISPR enzymes which may have
utility in a wide range of' gene modifying applications. Also provided herein are CRISPR
complexes, compositions and systems, as well as methods and uses, all comprising the herein
disclosed modified CRISPR enzymes.
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[00260] In this disclosure, the term “Cas’ can mean “Cpfl” or a CRISPR enzyme. In the
context: of” this aspect of the invention, a Cpfl or CRISPR enzyme is mutated or modified,
“whereby the enzyme in the CRISPR complex has reduced capability of modifying one or more
off-target loci as compared to an unmodified enzyme” (or like expressions); and, when reading
this specification, the terms “Cpfl” or “Cas’ or “CRISPR enzyme and the like are meant to
include mutated or modified Cpf1 or Cas or CRISPR enzyme in accordance with the invention,
i.e., “whereby the enzyme in the CRISPR complex has reduced capability of modifying one or
more off-target loci as compared to an unmodified enzyme” (or like expressions).

[00261] In an aspect, there is provided an engineered Cpfl protein as defined herein, such as
Cpf1, wherein the protein complexes with a nucleic acid molecule comprising RNA to form a
CRISPR complex, wherein when in the CRISPR complex, the nucleic acid molecul e targets one
or-more target polynucleotide loci, the protein comprises at least one modification compared to
unmodified Cpf1 protein, and wherein the CRISPR complex comprising the modified protein has
altered activity as compared to the complex comprising the unmodified Cpfl protein. It isto be
understood that when referring herein to CRISPR “protein”, the Cpfl protein preferably is a
modified CRISPR enzyme (e.g. having increased or decreased (or no) enzymatic activity, such as
without limitation including Cpfl. The term “CRISPR protein” may be used interchangeably
with “CRISPR enzyme’, irrespective of whether the CRISPR protein has altered, such as
increased or decreased (or no) enzymatic activity, compared to the wild type CRISPR protein.
[00262] In an aspect, the altered activity of the engineered CRISPR protein comprises an
atered binding property as to the nucleic acid molecule comprising RNA or the target
polynucleotide loci, altered binding kinetics as to the nucleic acid molecule comprising RNA or
the target polynucleotide loci, or atered binding specificity as to the nucleic acid molecule
comprising RNA or the target polynucleotide loci compared to off-target polynucleotide loci.
[00263] In some embodiments, the unmodified Cas has DNA cleavage activity, such as Cpf1.
In some embodiments, the Cas directs cleavage of one or both strands at the location of atarget
sequence, such as within the target sequence and/or within the complement of the target
sequence. In some embodiments, the Cas directs cleavage of one or both strands within about 1,
2,3,4,5,6,7,8,9, 10, 15, 20, 25, 50, 100, 200, 500, or more base pairs from the first or last
nucleotide of a target sequence. In some embodiments, a vector encodes a Cas that is mutated to
with respect to a corresponding wild-type enzyme such that the mutated Cas lacks the ability to
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cleave one or both strands of a target polynucleotide containing a target sequence. In some
embodiments, aCasis considered to substantially lack all DNA cleavage activity when the DNA
cleavage activity of the mutated enzyme is about no more than 25%, 10%, 5%, 1%, 0.1%,
0.01%, or less of the DNA cleavage activity of the non-mutated form of the enzyme; an example
can be when the DNA cleavage activity of the mutated form is nil or negligible as compared with
the non-mutated form. Thus, the Cas may comprise one or more mutations and may be used as a
generic DNA binding protein with or without fusion to a functional domain. The mutations may
be artificially introduced mutations or gain- or loss-of-function mutations. In one aspect of the
invention, the Cas enzyme may be fused to a protein, eg., a TAG, andlor an
inducible/controllable domain such as a chemically inducible/controllable domain. The Cas in
the invention may be a chimeric Cas proteins; e.g., a Cas having enhanced function by being a
chimera. Chimeric Cas proteins may be new Cas containing fragments from more than one
naturally occurring Cas. These may comprise fusions of N-termina fragment(s) of one Cas9
homolog with C-terminal fragment(s) of another Cas homolog. The Cas can be delivered into the
cell in the form of mRNA. The expression of Cas can be under the control of an inducible
promoter. It is explicitly an object of the invention to avoid reading on known mutations. Indeed,
the phrase “whereby the enzyme in the CRISPR complex has reduced capability of modifying
one or more off-target loci as compared to an unmodified enzyme and/or whereby the enzyme in
the CRISPR complex has increased capability of modifying the one or more target loci as
compared to an unmodified enzyme” (or like expressions) is not intended to read upon mutations
that: only result in a nickase or dead Cas or known Cas9 mutations. HOWEVER, thisis not to say
that the instant invention modification(s) or mutation(s) “whereby the enzyme in the CRISPR
complex has reduced capability of* modifying one or more off-target loci as compared to an
unmodified enzyme and/or whereby the enzyme in the CRISPR complex has increased capability
of” modifying the one or more target loci as compared to an unmodified enzyme” (or like
expressions) cannot be combined with mutations that result in the enzyme being a nickase or
dead. Such a dead enzyme can be an enhanced nucleic acid molecule binder. And such a nickase
can be an enhanced nickase. For instance, changing neutral amino acid(s) in and/or near the
groove and/or- other charged residues in other locations in Cas that are in close proximity to a
nucleic acid (e.g., DNA, cDNA, RNA, gRNA to positive charged amino acid(s) may result in
“whereby the enzyme in the CRISPR complex has reduced capability of modifying one or more
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off-target loci as compared to an unmodified enzyme and/or whereby the enzyme in the CRISPR
complex has increased capability of modifying the one or more target loci as compared to an
unmodified enzyme”, e.g., more cutting. As this can be both enhanced on- and off-target cutting
(a super cutting Cpfl), using such with what is known in the art as a tru-guide or tru-sgRNAs
(see, e.g., Fuet al., “Improving CRISPR-Cas nuclease specificity using truncated guide RNAS,”
Nature Biotechnology 32, 279-284 (2014) doi:10.1038/nbt.2808 Received 17 November 2013
Accepted 06 January 2014 Published online 26 January 2014 Corrected online 29 January
2014) to have enhanced on target activity without higher off target cutting or for making super
cutting nickases, or for combination with a mutation that renders the Cas dead for a super binder.
[00264] In certain embodiments, the altered activity of the engineered Cpfl protein comprises
increased targeting efficiency or decreased off-target binding. In certain embodiments, the
altered activity of the engineered Cpf1 protein comprises modified cleavage activity.

[00265] In certain embodiments, the altered activity comprises altered binding property asto
the nucleic acid molecule comprising RNA or the target polynucleotide loci, atered binding
kinetics as to the nucleic acid molecule comprising RNA or the target polynucleotide loci, or
atered binding specificity as to the nucleic acid molecule comprising RNA or the target
polynucleotide loci compared to off-target polynucleotide loci.

[00266] In certain embodiments, the altered activity comprises increased targeting efficiency
or decreased off-target binding. In certain embodiments, the altered activity comprises modified
cleavage activity. In certain embodiments, the altered activity comprises increased cleavage
activity as to the target polynucleotide loci. In certain embodiments, the altered activity
comprises decreased cleavage activity as to the target polynuclectide loci. In certain
embodiments, the altered activity comprises decreased cleavage activity as to off-target
polynucleotide loci. In certain embodiments, the altered activity comprises increased cleavage
activity as to off-target polynucleotide loci.

[00267]  Accordingly, in certain embodiments, there is increased specificity for target
polynucleotide loci as compared to off-target polynucleotide loci. In other embodiments, thereis
reduced specificity for target polynucleotide loci as compared to off-target polynuclectide loci.
[00268] In an aspect of the invention, the atered activity of the engineered Cpfl protein
comprises altered helicase kinetics.
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[00269] In an aspect of the invention, the engineered Cpfl protein comprises a modification
that alters association of the protein with the nucleic acid molecule comprising RNA, or a strand
of 'the target polynucleotide loci, or a strand of off-target polynucleotide loci. In an aspect of the
invention, the engineered Cpfl protein comprises a modification that aters formation of the
CRISPR.complex.

[00270]  In certain embodiments, the modified Cpfl protein comprises a modification that
alters targeting of ' the nucleic acid molecule to the polynucleotide loci. In certain embodiments,
the modification comprises a mutation in a region of the protein that associates with the nucleic
acid molecule. In certain embodiments, the modification comprises a mutation in aregion of the
protein that associates with astrand of the target polynucleotide loci. In certain embodiments, the
modification comprises a mutation in a region of the protein that associates with a strand of the
off-target polynucleotide loci. In certain embodiments, the modification or mutation comprises
decreased positive charge in aregion of the protein that associates with the nucleic acid molecule
comprising RNA, or a strand of the target polynucleotide loci, or a strand of off-target
polynucleotide loci. In certain embodiments, the modification or mutation comprises decreased
negative charge in a region of the protein that associates with the nucleic acid molecule
comprising RNA, or a strand of the target polynucleotide loci, or a strand of off-target
polynucleotide loci. In certain embodiments, the modification or mutation comprises increased
positive charge in a region of the protein that associates with the nucleic acid molecule
comprising. RNA, or a strand of' the target polynucleotide loci, or a strand of off-target
polynucleotide loci. In certain embodiments, the modification or mutation comprises increased
negative charge in a region of' the protein that associates with the nucleic acid molecule
comprising RNA, or a strand of' the target polynucleotide loci, or a strand of off-target
polynucleotide loci. In certain embodiments, the modification or mutation increases steric
hindrance between the protein and the nucleic acid molecule comprising RNA, or a strand of the
target polynucleotide loci, or a strand of off-target polynucleotide loci. In certain embodiments,
the modification or mutation comprises a substitution of Lys, His, Arg, Glu, Asp, Ser, Gly, or
Thr. In certain embodiments, the modification or mutation comprises a substitution with Gly,
Ala, lle, Glu, or Asp. In certain embodiments, the modification or mutation comprises an amino
acid substitution in a binding groove.

[00271] In as aspect, the present invention provides:
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a non-naturally-occurring CRISPR enzyme as defined herein, such as Cpfl,
wherein:
the enzyme complexes with guide RNA to form a CRISPR complex,
when in the CRISPR complex, the guide RNA targets one or more target polynucleotide
loci and the enzyme alters the polynucleotide loci, and
the enzyme comprises at least one modification,
whereby the enzyme in the CRISPR complex has reduced capability of modifying
one or more off-target loci as compared to an unmodified enzyme, and/or whereby the enzyme in
the CRISPR. complex has increased capability of modifying the one or more target loci as
compared to an unmodified enzyme.
[00272] Inany such non-naturally-occurring CRISPR enzyme, the modification may comprise
maodification of one or more amino acid residues of the enzyme.
[00273]  Inany such non-naturally-occurring CRISPR enzyme, the modification may comprise
modification of one or more amino acid residues located in a region which comprises residues
which are positively charged in the unmodified enzyme.
[00274]  Inany such non-naturally-occurring CRISPR enzyme, the modification may comprise
modification of one or more amino acid residues which are positively charged in the unmodified
enzyme.
[00275] Inany such non-naturally-occurring CRISPR enzyme, the modification may comprise
modification of one or more amino acid residues which are not positively charged in the
unmodified enzyme.
[00276] The modification may comprise modification of one or more amino acid residues
which are uncharged in the unmodified enzyme.
[00277] The modification may comprise modification of one or more amino acid residues
which are negatively charged in the unmodified enzyme.
[00278] The modification may comprise modification of one or more amino acid residues
which are are hydrophobic in the unmodified enzyme.
[00279] The modification may comprise modification of one or more amino acid residues
which are polar in the unmodified enzyme.
[00280] In certain of' the above-described non-naturaly-occurring CRISPR enzymes, the
modification may comprise modification of one or more residues located in agroove.
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[00281] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
modification may comprise modification of one or more residues located outside of a groove.
[00282] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
modification comprises a modification of one or more residues wherein the one or more residues
comprises arginine, histidine or lysine.

[00283] Inany of the above-described non-naturally-occurring CRISPR enzymes, the enzyme
may be modified by mutation of said one or more residues.

[00284] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with an aanine residue.

[00285] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with aspartic acid or glutamic acid.
[00286] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with serine, threonine, asparagine
or glutamine.

[00287] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of* a residue in the unmodified enzyme with aanine, glycine, isoleucine,
leucine, methionine, phenylalanine, tryptophan, tyrosine or valine.

[00288] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with a polar amino acid residue.
[00289] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with an amino acid residue which
isnot a polar-amino acid residue.

[00290] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
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comprises substitution of a residue in the unmodified enzyme with a negatively charged amino
acid residue.

[00291] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with an amino acid residue which
is not a negatively charged amino acid residue.

[00292] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of” a residue in the unmodified enzyme with an uncharged amino acid
residue

[00293] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with with an amino acid residue
which is not an uncharged amino acid residue.

[00294] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with a hydrophobic amino acid
residue

[00295] In certain of the above-described non-naturally-occurring CRISPR enzymes, the
enzyme is modified by mutation of said one or more residues, and wherein the mutation
comprises substitution of a residue in the unmodified enzyme with an amino acid residue which
is not a hydrophobic amino acid residue.

[00296] In some embodiments, the CRISPR enzyme, such as preferably Cpfl enzyme is
derived Francisella tularensis 1, Francisella tularensis subsp. novicida, Prevotella abensis,
L achnospiraceae bacterium MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium
GW2011 GWA?2 33 10, Parcubacteria bacterium GW2011 GWC2 44 17, Smithella sp.
SCADC, Acidaminococcus sp. BV3L6, Lachnospiraceae bacterium MA2020, Candidatus
Methanoplasma termitum, Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai,
Lachnospiraceae bacterium ND2006, Porphyromonas crevioricanis 3, Prevotella disiens, or
Porphyromonas macacae Cpfl(e.g., a Cpfl of one of these organisms modified as described
herein), and may include further mutations or aterations or be achimeric Cpf1l.
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[00297]  In certain embodiments, the Cpfl protein comprises one or more nuclear localization
signal (NLS):domains. In certain embodiments, the Cpfl protein comprises at least two or more
NLSs.

[00298] In certain embodiments, the Cpfl protein comprises a chimeric CRISPR protein,
comprising; a first fragment from a first CRISPR orthologue and a second fragment from a
second. CIRSPR orthologue, and the first and second CRISPR orthologues are different.

[00299]  In certain embodiments, the enzyme is modified by or comprises modification, e.g.,
comprises, consists essentially of or consists of modification by mutation of any one of the
residues listed herein or a corresponding residue in the respective orthologue; or the enzyme
comprises, consists essentially of or consists of modification in any one (single), two (double), three
(triple), four (quadruple) or more position(s) in accordance with the disclosure throughout this
application, or a corresponding residue or position in the CRISPR enzyme orthologue, e.g., an enzyme
comprising, consisting essentially of or consisting of modification in any one of the Cpf1 residues recited
herein, or a corresponding residue or position in the CRISPR enzyme orthologue. In such an enzyme,
each residue may be modified by substitution with an alanine residue.

[00300] Applicants recently described a method for the generation of Cas9 orthologues with
enhanced specificity (Slaymaker et a. 2015 “Rationally engineered Cas9 nucleases with
improved specificity”). This strategy can be used to enhance the specificity of Cpfl orthologues.
Primary residues for mutagenesis are preferably all positive charges residues within the RuvC
domain. Additional residues are positive charged residues that are conserved between different
orthologues.

[00301] In certain embodiments, specificity of Cpfl may be improved by mutating residues
that: stabilize the non-targeted DNA strand.

[00302] In certain of the above-described non-naturally-occurring Cpfl enzymes, the enzyme
is modified by mutation of one or more residues (in the RuvC domain) including but not limited
positions R909, R912, R930, R947, K949, R951, R955, K965, K968, K1000, K1002, R1003,
K1009, K1017, K1022, K1029, K1035, K1054, K1072, K1086, R1094, K1095, K1109, K1118,
K1142, K1150, K1158, K1159, R1220, R1226, R1242, and/or R1252 with reference to amino
acid position numbering; of AsCpf1 (Acidaminococcus sp. BV3L6).

[00303] In certain of the above-described non-naturally-occurring Cpfl enzymes, the enzyme
is modified by mutation of one or more residues (in the RAD50) domain including but not
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limited positions K324, K335, K337, R331, K369, K370, R386, R392, R393, K400, K404,
K406, K408, K414, K429, K436, K438, K459, K460, K464, R670, K675, R681, K686, K689,
R699, K705, R725, K729, K739, K748, and/or K752 with reference to amino acid position
numbering of AsCpf1 (Acidaminococcus sp. BV3L6).

[00304] In certain of the above-described non-naturally-occurring Cpfl enzymes, the enzyme
is modified by mutation of one or more residues including but not limited positions R912, T923,
R947, K949, R951, R955, K965, K968, K1000, R1003, K1009, K1017, K1022, K1029, K1072,
K1086, F1103, R1226, and/or R1252 with reference to amino acid position numbering of
AsCpfl (Acidaminococcus sp. BV3L6).

[00305]  In certain embodiments, the enzyme is modified by mutation of one or more residues
including but not limited positions R833, R836, K847, K879, K881, R883, R887, K897, K900,
K932, R935, K940, K948, K953, K960, K984, K1003, K1017, R1033, R1138, R1165, and/or
R1252 with reference to amino acid position numbering of LbCpf1 (Lachnospiraceae bacterium
ND2006).

[00306] In certain embodiments, the Cpfl enzyme is modified by mutation of one or more
residues including but not limited positions K15, R18, K26, Q34, R43, K48, K51, R56, R84,
K85, K87, N93, R103, N104, T118, K123, K134, R176, K177, R192, K200, K226, K273, K275,
T291, R301, K307, K369, $S404, V409, K414, K436, K438, K468, D482, K516, R518, K524,
K530, K532, K548, K559, K570, R574, K592, D596, K603, K607, K613, C647, R681, K686,
H720, K739, K748, K757, T766, K780, R790, P791, K796, K809, K815, T816, K860, R862,
R863, K868, K897, R909, R912, T923, R947, K949, R951, R955, K965, K968, K1000, R1003,
K1009, K1017, K1022, K1029, A1053, K1072, K1086, F1103, S1209, R1226, R1252, K1273,
K1282, and/or K1288 with reference to amino acid position numbering of AsCpfl
(Acidaminococcus sp. BV3L6).

[00307] In certain embodiments, the Cpfl enzyme is modified by mutation of one or more
residues including but not limited positions K15, R18, K26, R34, R43, K48, K51, K56, K87,
K88, D90, K96, K106, K107, K120, Q125, K143, R186, K187, R202, K210, K235, K296, K298,
K314, K320, K326, K397, K444, K449, E454, A483, E491, K527, K541, K581, R583, K589,
K595, K597, K613, K624, K635, K639, K656, K660, K667, K671, K677, K719, K725, K730,
K763, K782, K791, R800, K809, K823, R833, K834, K839, K852, K858, K859, K869, K871,
R872, K877, K905, R918, R921, K932, 1960, K962, R964, R968, K978, K981, K1013, R1016,
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K1021, K1029, K1034, K1041, K1065, K1084, and/or K1098 with reference to amino acid
position numbering of FnCpf1 (Francisellanovicida U112).
[00308] In certain embodiments, the Cpfl enzyme is modified by mutation of one or more
residues including but not limited positions K15, R18, K26, K34, R43, K48, K51, R56, K83,
K84, R86, K92, R102, K103, K116, K121, R158, E159, R174, R182, K206, K251, K253, K269,
K271, K278, P342, K380, R385, K390, K415, K421, K457, K471, A506, R508, K514, K520,
K522, K538, Y548, K560, K564, K580, K584, K591, K595, K601, K634, K640, R645, K679,
K689, K707, T716, K725, R737, R747, R748, K753, K768, K774, K775, K785, K787, R788,
Q793, K821, R833, R836, K847, K879, K881, R883, R887, K897, K900, K932, R935, K940,
K948, K953, K960, K984, K1003, K1017, R1033, K1121, R1138, R1165, K1190, K1199,
and/or K1208 with reference to amino acid position numbering of LbCpfl (Lachnospiraceae
bacterium ND2006).
[00309] In certain embodiments, the enzyme is modified by mutation of one or more residues
including but not limited positions K14, R17, R25, K33, M42, Q47, K50, D55, K85, N86, K88,
K94, R104, K105, K118, K123, K131, R174, K175, R190, R198, 1221, K267, Q269, K285,
K291, K297, K357, K403, K409, K414, K448, K460, K501, K515, K550, R552, K558, K564,
K566, K582, K593, K604, K608, K623, K627, K633, K637, E643, K780, Y 787, K792, K830,
Q846, K858, K867, K876, K890, R900, K901, M906, K921, K927, K928, K937, K939, R940,
K945, Q975, R987, R990, K1001, R1034, 11036, R1038, R1042, K1052, K1055, K1087, R1090,
K1095, N1103, K1108, K1115, K1139, K1158, R1172, K1188, K1276, R1293, A1319, K1340,
K 1349, and/or K1356 with reference to amino acid position numbering of MbCpfl (Moraxella
bovoculi 237).
[00310] Inany of the non-naturally-occurring CRISPR enzymes:
a single mismatch may exist between the target and a corresponding sequence of the

one or more off-target loci; and/or

two, three or four or more mismatches may exist between the target and a corresponding
sequence of 'the one or more off-target loci, and/or

whereinin (ii) said two, three or four or more mismatches are contiguous.

[00311] In any of the non-naturally-occurring CRISPR enzymes the enzyme in the CRISPR
complex may have reduced capability of modifying one or more off-target loci as compared to

&3



WO 2016/205711 PCT/US2016/038181

an unmodified enzyme and wherein the enzyme in the CRISPR complex has increased capability
of‘'modifying the said target loci as compared to an unmodified enzyme.

[00312] In any of the non-naturaly-occurring CRISPR enzymes, when in the CRISPR
complex the relative difference of the modifying capability of the enzyme as between target and
at least one off-target locus may be increased compared to the relative difference of an
unmodified enzyme.

[00313] In any of the non-naturally-occurring CRISPR enzymes, the CRISPR enzyme may
comprise one or more additional mutations, wherein the one or more additional mutations are in
one or more catalytically active domains.

[00314] In such non-naturally-occurring CRISPR enzymes, the CRISPR enzyme may have
reduced or abolished nuclease activity compared with an enzyme lacking said one or more
additional mutations.

[00315] In some such non-naturally-occurring CRISPR enzymes, the CRISPR enzyme does
not: direct cleavage of one or other DNA strand at the location of the target sequence.

[00316] Where the CRISPR enzyme comprises one or more additional mutations in one or
more catalytically active domains, the one or more additional mutations may be in a catalytically
active domain of 'the CRISPR enzyme comprising RuvCl, RuvCll or RuvClIl|.

[00317] Without being bound by theory, in an aspect of the invention, the methods and
mutations described provide for enhancing conformational rearrangement of CRISPR enzyme
domains (e.g. Cpf1 domains) to positions that results in cleavage at on-target sits and avoidance
of those conformational states at off-target sites. CRISPR enzymes cleave target DNA in a series
of coordinated steps. First, the PAM-interacting domain recognizes the PAM sequence 5’ of the
target: DNA. After PAM binding, the first 10-12 nucleotides of the target sequence (seed
sequence) are sampled for gRNA:DNA complementarity, a process dependent on DNA duplex
separation. If'the seed sequence nucleotides complement the gRNA, the remainder of DNA is
unwound and the full length of' gRNA hybridizes with the target DNA strand. nt-grooves may
stabilize the non-targeted DNA strand and facilitate unwinding through non-specific interactions
with. positive charges of the DNA phosphate backbone. RNA:cDNA and CRISPR
enzyme:ncDNA interactions drive DNA unwinding in competition against cDNA:ncDNA
rehybridization. Other CRISPR enzyme domains may affect the conformation of nuclease
domains as well, for example linkers connecting different domains. Accordingly, the methods
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and mutations provided encompass, without limitation, RuvCl, RuvClIl, RuvCIll and linkers.
Conformational changes in for instance Cpfl brought about by target DNA binding, including
seed sequence interaction, and interactions with the target and non-target DNA strand determine
whether the domains are positioned to trigger nuclease activity. Thus, the mutations and methods
provided herein demonstrate and enable modifications that go beyond PAM recognition and
RNA-DNA base pairing.

[00318] In an aspect, the invention provides CRISPR nucleases as defined herein, such as
Cpfl, that comprise an improved equilibrium towards conformations associated with cleavage
activity: when involved in on-target interactions and/or improved equilibrium away from
conformations associated with cleavage activity when involved in off-target interactions. In one
aspect, the invention provides Cas (e.g. Cpfl) nucleases with improved proof-reading function,
i.e. aCas (e.g. Cpfl) nuclease which adopts a conformation comprising nuclease activity at an
on-target site, and which conformation has increased unfavorability at an off-target site.
Sternberg et al., Nature 527(7576):110-3, doi: 10.1038/naturel5544, published online 28
October 2015. Epub 2015 Oct 28, used Forster resonance energy transfer FRET) experiments to
detect relative orientations of the Cas (e.g. Cpf1l) catalytic domains when associated with on- and
off-target DNA, and which may be extrapolated to the CRISPR enzymes of the present invention
(e.g. Cpfl).

[00319] The invention further provides methods and mutations for modulating nuclease
activity and/or specificity using modified guide RNAs. As discussed, on-target nuclease activity
can be increased or decreased. Also, off-target nuclease activity can be increased or decreased.
Further, there can be increased or decreased specificity as to on-target activity vs. off-target
activity. Modified guide RNAs include, without limitation, truncated guide RNAS, dead guide
RNAs, chemicaly modified guide RNAs, guide RNAs associated with functional domains,
modified guide RNAs comprising functiona domains, modified guide RNAs comprising
aptamers, modified guide RNAs comprising adapter proteins, and guide RNAs comprising added
or-modified loops. In some embodiments, one or more functional domains are associated with an
dead gRNA (dRNA). In some embodiments, a dRNA complex with the CRISPR enzyme directs
gene regulation by a functional domain at on gene locus while an gRNA directs DNA cleavage
by the CRISPR enzyme at another locus. In some embodiments, dRNAs are selected to
maximize selectivity of regulation for a gene locus of interest compared to off-target regulation.
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In. some embodiments, dRNAs are selected to maximize target gene regulation and minimize
target cleavage.

[00320] For the purposes of the following discussion, reference to a functional domain could
be a functional domain associated with the CRISPR enzyme or a functional domain associated
with the adaptor protein.

[00321] In the practice of the invention, loops of the gRNA may be extended, without
colliding with the Cas (e.g. Cpfl) protein by the insertion of distinct RNA loop(s) or disctinct
sequence(s) that may recruit adaptor proteins that can bind to the distinct RNA loop(s) or distinct
sequence(s). The adaptor proteins may include but are not limited to orthogonal RNA-binding
protein / aptamer combinations that exist within the diversity of bacteriophage coat proteins. A
list: of 'such coat: proteins includes, but is not limited to: Q[3, F2, GA, fr, JP501, M12, R17, BZ13,
JP34, JP500, KU1, M11, MX1, TW18, VK, SP, FI, ID2, NL95, TW19, AP205, ¢Ch5, ¢Chér,
¢Chb12r, PCh23r, 7s and PRR1. These adaptor proteins or orthogonal RNA binding proteins can
further recruit effector proteins or fusions which comprise one or more functional domains. In
some embodiments, the functional domain may be selected from the group consisting of:
transposase domain, integrase domain, recombinase domain, resolvase domain, invertase
domain, protease domain, DNA methyltransferase domain, DNA hydroxylmethylase domain,
DNA demethylase domain, histone acetylase domain, histone deacetylases domain, nuclease
domain, repressor domain, activator domain, nuclear-localization signal domains, transcription-
regulatory protein (or transcription complex recruiting) domain, cellular uptake activity
associated domain, nucleic acid binding domain, antibody presentation domain, histone
modifying enzymes, recruiter of” histone modifying enzymes; inhibitor of histone modifying
enzymes, histone methyltransferase, histone demethylase, histone kinase, histone phosphatase,
histone ribosylase, histone deribosylase, histone ubiquitinase, histone deubiquitinase, histone
biotinase and histone tail protease. In some preferred embodiments, the functional domain is a
transcriptional activation domain, such as, without limitation, VP64, p65, MyoD1, HSF1, RTA,
SET7/9 or a histone acetyltransferase. In some embodiments, the functional domain is a
transcription repression domain, preferably KRAB. In some embodiments, the transcription
repression domain is SID, or concatemers of SID (eg SID4X). In some embodiments, the
functional domain is an epigenetic modifying domain, such that an epigenetic modifying enzyme
isprovided. In some embodiments, the functional domain is an activation domain, which may be

86



WO 2016/205711 PCT/US2016/038181

the P65 activation domain. In some embodiments, the functional domain is a deaminase, such as
a cytidine deaminase. Cytidine deaminese may be directed to a target nucleic acid to where it
directs conversion of cytidine to uridine, resulting in C to T substitutions (G to A on the
complementary strand). In such an embodiment, nucleotide substitutions can be effected without
DNA cleavage.

[00322] In an aspect, the invention also provides methods and mutations for modulating Cas
(e.g. Cpfl) binding activity and/or binding specificity. In certain embodiments Cas (e.g. Cpfl)
proteins lacking nuclease activity are used. In certain embodiments, modified guide RNAs are
employed that: promote binding but not nuclease activity of a Cas (e.g. Cpfl) nuclease. In such
embodiments, on-target binding can be increased or decreased. Also, in such embodiments off-
target binding can be increased or decreased. Moreover, there can be increased or decreased
specificity asto on-target binding vs. off-target binding.

[00323] In particular embodiments, a reduction of off-target cleavage is ensured by
destabilizing strand separation, more particularly by introducing mutations in the Cpf1l enzyme
decreasing the positive charge in the DNA interacting regions (as described herein and further
exemplified for Cas9 by Slaymaker et a. 2016 (Science, 1;351(6268):84-8). In further
embodiments, a reduction of off-target cleavage is ensured by introducing mutations into Cpfl
enzyme which affect the interaction between the target strand and the guide RNA sequence,
more particularly disrupting interactions between Cpf1l and the phosphate backbone of the target
DNA strand in such a way as to retain target specific activity but reduce off-target activity (as
described for Cas9 by Kleinstiver et a. 2016, Nature, 28;529(7587):490-5). In particular
embodiments, the off-target activity is reduced by way of a modified Cpfl wherein both
interaction with target strand and non-target strand are modified compared to wild-type Cpf1.
[00324] The methods and mutations which can be employed in various combinations to
increase or decrease activity and/or specificity of on-target vs. off-target activity, or increase or
decrease binding and/or specificity of on-target vs. off-target binding, can be used to compensate
or enhance mutations or modifications made to promote other effects. Such mutations or
modifications made to promote other effects include mutations or modification to the Cas (e.g.
Cpfl) and or mutation or modification made to a guide RNA. In certain embodiments, the
methods and mutations are used with chemically modified guide RNAs. Examples of guide RNA
chemical modifications include, without limitation, incorporation of 2’-O-methyl (M), 2'-O-
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methyl 3phosphorothioate (MS), or 2-O-methyl 3thioPACE (MSP) at one or more terminal
nucleotides. Such chemically modified guide RNAs can comprise increased stability and
increased activity as compared to unmodified guide RNAS, though on-target vs. off-target
specificity is not predictable. (See, Hendel, 2015, Nat Biotechnol. 33(9):985-9, doi:
10.1038/nbt.3290, published online 29 June 2015). Chemically modified guide RNAs futher
include, without limitation, RNAs with phosphorothioate linkages and locked nucleic acid
(LNA) nucleotides comprising a methylene bridge between the 2" and 4’ carbons of the ribose
ring. The methods and mutations of the invention are used to modulate Cas (e.g. Cpf1l) nuclease
activity and/or binding with chemically modified guide RNAS.

[00325] In an aspect, the invention provides methods and mutations for modulating binding
and/or binding specificity of Cas (e.g. Cpf1) proteins according to the invention as defined herein
comprising functional domains such as nucleases, transcriptional activators, transcriptional
repressors, and the like. For example, a Cas (e.g. Cpfl) protein can be made nuclease-null, or
having altered or reduced nuclease activity by introducing mutations such as for instance Cpfl
mutations described herein elsewhere, and include for instance D917A, E1006A, E1028A,
D1227A, D1255A, N1257A, D917A, E1006A, E1028A, D1227A, D1255A and N1257A with
reference to the amino acid positions in the FnCpflp RuvC domain; or for instance N580A,
N584A, T587A, W609A, D610A, K613A, E614A, D616A, K624A, D625A, K627A and Y 629A
with reference to the putative second nuclease domain as described herein elsewhere. Nuclease
deficient: Cas (e.g. Cpfl) proteins are useful for RNA-guided target sequence dependent delivery
of functional domains. The invention provides methods and mutations for modulating binding of
Cas (e.g. Cpfl) proteins. In one embodiment, the functional domain comprises VP64, providing
an RNA-guided transcription factor. In another embodiment, the functional domain comprises
Fok I, providing an RNA-guided nuclease activity. Mention is made of U.S. Pat. Pub.
2014/0356959, U.S. Pat. Pub. 2014/0342456, U.S. Pat. Pub. 2015/0031132, and Mali, P. et 4.,
2013, Science 339(6121):823-6, doi: 10.1126/science.1232033, published online 3 January 2013
and through the teachings herein the invention comprehends methods and materials of these
documents applied in conjunction with the teachings herein. In certain embodiments, on-target
binding is increased. In certain embodiments, off-target binding is decreased. In certain
embodiments, on-target binding is decreased. In certain embodiments, off-target binding is
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increased. Accordingly, the invention also provides for increasing or decreasing specificity of
on-target binding vs. off-target binding of functionalized Cas (e.g. Cpf1) binding proteins.
[00326] The use of Cas (e.g. Cpfl) as an RNA-guided binding protein is not limited to
nuclease-null Cas (e.g. Cpfl). Cas (e.g. Cpfl) enzymes comprising nuclease activity can also
function as RNA-guided binding proteins when used with certain guide RNAs. For example
short guide RNAs and guide RNAs comprising nucleotides mismatched to the target can
promote RNA directed Cas (e.g. Cpfl) binding to a target sequence with little or no target
cleavage. (See, e.g., Dahlman, 2015, Nat Biotechnol. 33(11):1159-1161, doi: 10.1038/nbt.3390,
published online 05 October 2015). In an aspect, the invention provides methods and mutations
for modulating binding of Cas (e.g. Cpfl) proteins that comprise nuclease activity. In certain
embodiments, on-target binding is increased. In certain embodiments, off-target binding is
decreased. In certain embodiments, on-target binding is decreased. In certain embodiments, off-
target binding isincreased. In certain embodiments, there is increased or decreased specificity of
on-target binding vs. off-target binding. In certain embodiments, nuclease activity of guide
RNA-Cas (e.g. Cpfl) enzyme is also modulated.

[00327] RNA-DNA heteroduplex formation is important for cleavage activity and specificity
throughout the target region, not only the seed region sequence closest to the PAM. Thus,
truncated guide RNAsS show reduced cleavage activity and specificity. In an aspect, the
invention provides method and mutations for increasing activity and specificity of cleavage using
altered guide RNAs.

[00328] The invention also demonstrates that modifications of Cas (e.g. Cpfl) nuclease
specificity can be made in concert with modifications to targeting range. Cas (e.g. Cpfl) mutants
can be designed that have increased target specificity as well as accommodating modificationsin
PAM : recognition, for example by choosing mutations that alter PAM specificity and combining
those mutations with nt-groove mutations that increase (or if desired, decrease) specificity for
on-target sequences vs. off-target sequences. In one such embodiment, a Pl domain residue is
mutated to accommodate recognition of a desired PAM sequence while one or more nt-groove
amino acids is mutated to alter target specificity. The Cas (e.g. Cpfl) methods and modifications
described herein can be used to counter loss of specificity resulting from ateration of PAM
recognition, enhance gain of specificity resulting from alteration of PAM recognition, counter
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gain of specificity resulting from ateration of PAM recognition, or enhance loss of specificity
resulting from alteration of PAM recognition.

[00329] The methods and mutations can be used with any Cas (e.g. Cpf1) enzyme with altered
PAM recognition. Non-limiting examples of PAMs included are as described herein el sewhere.
[00330] Infurther embodiments, the methods and mutations are used modified proteins.
[00331] In any of the non-naturally-occurring CRISPR enzymes, the CRISPR enzyme may
comprise one or more heterologous functional domains.

[00332] The one or more heterologous functional domains may comprise one or more nuclear
localization signal (NLS) domains. The one or more heterologous functional domains may
comprise at |east two or more NL Ss.

[00333] The one or more heterologous functional domains may comprise one or more
transcriptional activation domains. A transcriptional activation domain may comprise VP64.
[00334] The one or more heterologous functional domains may comprise one or more
transcriptional repression domains. A transcriptional repression domain may comprise a KRAB
domain or-a SID domain.

[00335] The one or more heterologous functional domain may comprise one or more nuclease
domains. The one or more nuclease domains may comprise Fok1.

[00336] The one or more heterologous functional domains may have one or more of the
following activities. methylase activity, demethylase activity, transcription activation activity,
transcription repression activity, transcription release factor activity, histone modification
activity, nuclease activity, single-strand RNA cleavage activity, double-strand RNA cleavage
activity, single-strand DNA cleavage activity, double-strand DNA cleavage activity and nucleic
acid binding activity.

[00337] The at least one or more heterologous functional domains may be at or near the
amino-terminus of the enzyme and/or at or near the carboxy-terminus of the enzyme.

[00338] The one or more heterologous functional domains may be fused to the CRISPR
enzyme, or-tethered to the CRISPR enzyme, or linked to the CRISPR enzyme by alinker moiety.
[00339] In any of the non-naturally-occurring CRISPR enzymes, the CRISPR enzyme may
comprise a CRISPR enzyme from an organism from a genus comprising Francisella tularensis
1, Francisella tularensis subsp. novicida, Prevotella albensis, Lachnospiraceae bacterium
MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium GW2011_GWA2_ 33 10,
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Parcubacteria bacterium GW2011_GWC2_44 17, Smithella sp. SCADC, Acidaminococcus sp.
BV3L6, Lachnospiraceae bacterium MA2020, Candidatus Methanoplasma termitum,
Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai, Lachnospiraceae bacterium
ND2006, Porphyromonas crevioricanis 3, Prevotella disiens, or Porphyromonas macacae (e.g.,
a Cpfl of one of these organisms modified as described herein), and may include further
mutations or aterations or be a chimeric Cas (e.g. Cpf1l).

[00340] In any of the non-naturally-occurring CRISPR enzymes, the CRISPR enzyme may
comprise a chimeric Cas (e.g. Cpfl) enzyme comprising a first fragment from a first Cas (e.g.
Cpf1) ortholog and a second fragment from a second Cas (e.g. Cpfl) ortholog, and the first and
second Cas (e.g. Cpfl) orthologs are different. At least one of the first and second Cas (e.g.
Cpfl): orthologs may comprise a Cas (e.g. Cpfl) from an organism comprising Francisella
tularensis 1, Francisella tularensis subsp. novicida, Prevotella albensis, Lachnospiraceae
bacterium MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium
GW2011 GWA2 33 10, Parcubacteria bacterium GW2011 GWC2 44 17, Smithella sp.
SCADC, Acidaminococcus sp. BV3L6, Lachnospiraceae bacterium MA2020, Candidatus
Methanoplasma termitum, Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai,
Lachnospiraceae bacterium ND2006, Porphyromonas crevioricanis 3, Prevotella disiens, or
Porphyromonas macacae.

[00341] In any of' the non-naturally-occurring CRISPR enzymes, a nucleotide sequence
encoding the CRISPR enzyme may be codon optimized for expression in a eukaryote.

[00342] In any of the non-naturally-occurring CRISPR enzymes, the cell may be a eukaryotic
cell or a prokaryotic cell; wherein the CRISPR complex is operable in the cell, and whereby the
enzyme of ‘the CRISPR complex has reduced capability of modifying one or more off-target loci
of the cell as compared to an unmodified enzyme and/or whereby the enzyme in the CRISPR
complex has increased capability of modifying the one or more target loci as compared to an
unmodified enzyme.

[00343] Accordingly, in an aspect, the invention provides a eukaryotic cell comprising the
engineered CRISPR protein or the system as defined herein.

[00344] In certain embodiments, the methods as described herein may comprise providing a
Cas (e.g. Cpfl) transgenic cell in which one or more nucleic acids encoding one or more guide
RNAs are provided or introduced operably connected in the cell with a regulatory element
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comprising a promoter of one or more gene of interest. As used herein, the term “Cas transgenic
cell” refers to a cell, such as a eukaryotic cell, in which a Cas gene has been genomicaly
integrated. The nature, type, or origin of the cell are not particularly limiting according to the
present invention. Also the way how the Cas transgene is introduced in the cell is may vary and
can be any method as is known in the art. In certain embodiments, the Cas transgenic cell is
obtained by introducing the Cas transgene in an isolated cell. In certain other embodiments, the
Cas transgenic cell is obtained by isolating cells from a Cas transgenic organism. By means of
example, and without limitation, the Cas transgenic cell as referred to herein may be derived
from a Cas transgenic eukaryote, such as a Cas knock-in eukaryote. Reference is made to WO
2014/093622 (PCT/US13/74667), incorporated herein by reference. Methods of US Patent
Publication Nos. 20120017290 and 20110265198 assigned to Sangamo BioSciences, Inc.
directed to targeting the Rosa locus may be modified to utilize the CRISPR Cas system of the
present invention. Methods of US Patent Publication No. 20130236946 assigned to Cellectis
directed to targeting the Rosa locus may also be modified to utilize the CRISPR Cas system of
the present invention. By means of’ further example reference is made to Platt et. a. (Cell;
159(2):440-455 (2014)), describing a Cas9 knock-in mouse, which is incorporated herein by
reference, and which can be extrapolated to the CRISPR enzymes of the present invention as
defined herein. The Cas transgene can further comprise a Lox-Stop-polyA-Lox(LSL) cassette
thereby rendering Cas expression inducible by Cre recombinase. Alternatively, the Cas
transgenic cell may be obtained by introducing the Cas transgene in an isolated cell. Delivery
systems for transgenes are well known in the art. By means of example, the Cas transgene may
be delivered in for instance eukaryotic cell by means of vector (e.g., AAV, adenovirus,
lentivirus). and/or particle and/or nanoparticle delivery, as aso described herein elsewhere.
[00345] It will be understood by the skilled person that the cell, such as the Cas transgenic
cell, as referred to herein may comprise further genomic alterations besides having an integrated
Cas gene or the mutations arising from the sequence specific action of Cas when complexed with
RNA capable of guiding Cas to a target locus, such as for instance one or more oncogenic
mutations, as for instance and without limitation described in Platt et al. (2014), Chen et al.,
(2014): or Kumar et al.. (2009).

[00346] The invention also provides a composition comprising the engineered CRISPR
protein as described herein, such as described in this section.
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[00347] The invention aso provides a non-naturaly-occurring, engineered composition
comprising a CRISPR-Cas complex comprising any the non-naturally-occurring CRISPR
enzyme described above.

[00348] In an aspect, the invention provides in a vector system comprising one or more
vectors, wherein the one or more vectors comprises:

a) a first regulatory element operably linked to a nucleotide sequence encoding the
engineered CRISPR protein as defined herein; and optionally

b): a second regulatory element operably linked to one or more nucleotide sequences
encoding one or more nucleic acid molecules comprising a guide RNA comprising a guide
sequence, a direct repeat sequence , optionaly wherein components (a) and (b) are located on
same or- different vectors.

[00349] The invention also provides a non-naturally-occurring, engineered composition
comprising:

a delivery system operably configured to deliver CRISPR-Cas complex components
or one or more polynucleotide sequences comprising or encoding said components into a cell,
and wherein said CRISPR-Cas complex is operable in the cell,

CRISPR-Cas complex components or one or more polynucleotide sequences
encoding for transcription and/or transation in the cell the CRISPR-Cas complex components,
comprising:

(1) the non-naturaly-occurring CRISPR enzyme (e.g. engineered Cpfl) as
described herein;

(I1) CRISPR-Cas guide RNA comprising:

the guide sequence, and

adirect repeat sequence,

wherein the enzyme in the CRISPR complex has reduced capability of modifying
one or more off-target loci as compared to an unmodified enzyme and/or whereby the enzyme in
the CRISPR complex has increased capability of modifying the one or more target loci as
compared to an unmodified enzyme.
[00350] In an aspect, the invention also provides in a system comprising the engineered
CRISPR protein as described herein, such as described in this section.
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[00351] In any such compositions, the delivery system may comprise a yeast system, a
lipofection system, a microinjection system, a biolistic system, virosomes, liposomes,
immunoliposomes, polycations, lipid:nucleic acid conjugates or artificial virions, as defined
herein elsewhere.
[00352] In any such compositions, the delivery system may comprise a vector system
comprising one or more vectors, and wherein component (1) comprises a first regulatory
element operably linked to a polynucleotide sequence which comprises the guide sequence, the
direct repeat sequence and optionally, and wherein component (I) comprises a second regulatory
element operably linked to a polynucleotide sequence encoding the CRISPR enzyme.
[00353] In any such compositions, the delivery system may comprise a vector system
comprising one or more vectors, and wherein component (1) comprises a first regulatory
element operably linked to the guide sequence and the direct repeat sequence, and wherein
component (1) comprises a second regulatory element operably linked to a polynucleotide
sequence encoding the CRISPR enzyme.
[00354] In any such compositions, the composition may comprise more than one guide RNA,
and each guide RNA has a different target whereby there is multiplexing.
[00355] Inany such compositions, the polynucl eotide sequence(s) may be on one vector.
[00356] The invention also provides an engineered, non-naturally occurring Clustered
Regularly Interspersed Short Palindromic Repeats (CRISPR)-CRISPR associated (Cas)
(CRISPR-Cas) vector system comprising one or more vectors comprising:
a) a first regulatory element operably linked to a nucleotide sequence encoding a non-naturally-
occurring CRISPR enzyme of any one of the inventive constructs herein; and
b): a second regulatory element operably linked to one or more nucleotide sequences encoding
one or- more of the guide RNAS, the guide RNA comprising a guide sequence, a direct repeat
sequence,
wherein:
components (a) and (b) are located on same or different vectors,

the CRISPR complex is formed;

the guide RNA targets the target polynucleotide loci and the enzyme alters the
polynucleotide loci, and
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the enzyme in the CRISPR complex has reduced capability of modifying one or
more off-target loci as compared to an unmodified enzyme and/or whereby the enzyme in the
CRISPR complex has increased capability of modifying the one or more target loci as compared
to an unmodified enzyme.
[00357] In such a system, component (I1) may comprise a first regulatory element operably
linked to a polynucleotide sequence which comprises the guide sequence, the direct repeat
sequence, and wherein component (I1) may comprise a second regulatory element operably
linked to a polynucleotide sequence encoding the CRISPR enzyme. In such a system, where
applicable the guide RNA may comprise a chimeric RNA.
[00358] In such a system, component (1) may comprise a first regulatory element operably
linked to the guide sequence and the direct repeat sequence, and wherein component (I11) may
comprise a second regulatory element operably linked to a polynucl eotide sequence encoding the
CRISPR enzyme. Such a system may comprise more than one guide RNA, and each guide RNA
has a different target whereby there is multiplexing. Components (a) and (b) may be on the same
vector.
[00359] In any such systems comprising vectors, the one or more vectors may comprise one
or more viral vectors, such as one or more retrovirus, lentivirus, adenovirus, adeno-associated
virus or herpes simplex virus.
[00360] In any such systems comprising regulatory elements, at least one of said regulatory
elements may comprise a tissue-specific promoter. The tissue-specific promoter may direct
expression in amammalian blood cell, in amammalian liver cell or in amammalian eye.
[00361] In any of the above-described compositions or systems the direct repeat sequence,
may  comprise one or more protein-interacting RNA aptamers. The one or more aptamers may
be located in the tetraloop. The one or more aptamers may be capable of binding MS2
bacteriophage coat protein.
[00362] In any of'the above-described compositions or systems the cell may a eukaryotic cell
or a prokaryotic cell; wherein the CRISPR complex is operable in the cell, and whereby the
enzyme of 'the CRISPR complex has reduced capability of modifying one or more off-target loci
of the cell as compared to an unmodified enzyme and/or whereby the enzyme in the CRISPR
complex has increased capability of modifying the one or more target loci as compared to an
unmodified enzyme.
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[00363] The invention also provides a CRISPR complex of any of the above-described
compositions or from any of the above-described systems.

[00364] The invention also provides a method of° modifying a locus of interest in a cell
comprising; contacting; the cell with any of the herein-described engineered CRISPR enzymes
(e.g. engineered Cpfl), compositions or any of the herein-described systems or vector systems,
or wherein the cell comprises any of the herein-described CRISPR complexes present within the
cell. In such methods the cell may be a prokaryotic or eukaryotic cell, preferably a eukaryotic
cell. In such methods, an organism may comprise the cell. In such methods the organism may
not be a human or other-animal.

[00365] Any such method may be ex vivo or in vitro.

[00366] In certain embodiments, a nucleotide sequence encoding at least one of said guide
RNA or Cas protein is operably connected in the cell with a regulatory element comprising a
promoter of a gene of interest, whereby expression of a least one CRISPR-Cas system
component is driven by the promoter of the gene of interest. “operably connected” is intended to
mean that the nucleotide sequence encoding the guide RNA and/or the Cas is linked to the
regulatory element(s): in a manner that allows for expression of the nucleotide sequence, as aso
referred to herein elsewhere. The term “regulatory element” is also described herein elsewhere.
According to the invention, the regulatory element comprises a promoter of a gene of interest,
such: as preferably a promoter of an endogenous gene of interest. In certain embodiments, the
promoter-is at its endogenous genomic location. In such embodiments, the nucleic acid encoding
the CRISPR. and/or Cas is under transcriptional control of the promoter of the gene of interest at
its native genomic location. In certain other embodiments, the promoter is provided on a
(separate) nucleic acid molecule, such as a vector or plasmid, or other extrachromosomal nucleic
acid, i.e. the promoter-is not provided at its native genomic location. In certain embodiments, the
promoter-is genomically integrated at a non-native genomic location.

[00367] Any such method, said modifying may comprise modulating gene expression. Said
modulating, gene expression may comprise activating gene expression and/or repressing gene
expression. Accordingly, in an aspect, the invention provides in a method of modulating gene
expression, wherein the method comprises introducing the engineered CRISPR protein or system
as described herein into a cell.
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[00368] Theinvention also provides a method of treating a disease, disorder or infection in an
individual in need thereof comprising administering an effective amount of any of the engineered
CRISPR enzymes (e.g. engineered Cpfl), compositions, systems or CRISPR complexes
described. herein. The disease, disorder or infection may comprise a viral infection. The vira
infection.may be HBV.

[00369] The invention aso provides the use of any of the engineered CRISPR enzymes (e.g.
engineered. Cpfl), compositions, systems or CRISPR complexes described above for gene or
genome editing.

[00370] Theinvention also provides a method of atering the expression of a genomic locus of
interest: in a mammalian cell comprising contacting the cell with the engineered CRISPR
enzymes (e.g. engineered Cpfl), compositions, systems or CRISPR complexes described herein
and thereby delivering: the CRISPR-Cas (vector) and allowing the CRISPR-Cas complex to form
and bind to target, and determining. if the expression of the genomic locus has been altered, such
asincreased. or decreased. expression, or modification of a gene product.

[00371] Theinvention aso provides any of the engineered CRISPR enzymes (e.g. engineered
Cpfl), compositions, systems or CRISPR complexes described above for use as a therapeutic.
The therapeutic: may be for gene or genome editing, or gene therapy.

[00372] In certain embodiments the activity of engineered CRISPR enzymes (e.g. engineered
Cpf1): as described herein comprises genomic DNA cleavage, optionally resulting in decreased
transcription of’a gene.

[00373] In an aspect, the invention provides in an isolated cell having altered expression of a
genomic: locus from the method s as described herein, wherein the altered expression is in
comparison with a cell that has not been subjected to the method of altering the expression of the
genomic: locus. In arelated aspect, the invention provides in a cell line established from such
cell.

[00374] In one aspect, the invention provides a method of modifying an organism or a non-
human organism by manipulation of a target sequence in a genomic locus of interest of for
instance: an HSC(hematopoietic stem cell), e.g., wherein the genomic locus of interest is associated
with: a mutation associated with an aberrant protein expression or with a disease condition or

state, comprising:
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delivering to an HSC, e.g., via contacting an HSC with a particle containing, a non-
naturally occurring or engineered composition comprising:
l. a CRISPR-Cas system guide RNA (gRNA) polynucleoctide sequence,
comprising:
@ a guide sequence capable of hybridizing to a target
sequencein aHSC,
(b) adirect repeat sequence, and
1. a CRISPR enzyme, optionally comprising at least one or more nuclear
localization sequences,
wherein, the guide sequence directs sequence-specific binding of a CRISPR complex to
the target sequence, and
wherein the CRISPR complex comprises the CRISPR enzyme complexed with (1) the
guide sequence that is hybridized to the target sequence,; and
the method may optionally include also delivering a HDR template, e.g., via the particle
contacting the HSC containing or contacting the HSC with another particle containing, the HDR
template wherein the HDR template provides expression of a normal or less aberrant form of the
protein; wherein “normal” is as to wild type, and “aberrant” can be a protein expression that
givesrisetoa condition or disease state; and
optionally the method may include isolating or obtaining HSC from the organism or non-
human organism, optionally expanding the HSC population, performing contacting of the
particle(s) with the HSC to obtain a modified HSC population, optionally expanding the
population of modified HSCs, and optionally administering modified HSCs to the organism or
non-human organism.
[00375] In one aspect, the invention provides a method of modifying an organism or a non-
human organism by manipulation of a target sequence in a genomic locus of interest of for
instance a HSC, e.g., wherein the genomic locus of interest is associated with a mutation
associated with an aberrant protein expression or with a disease condition or state, comprising:
delivering to an HSC, e.g., via contacting an HSC with a particle containing, a non-naturally
occurring; or engineered composition comprising: 1. (a) a guide sequence capable of hybridizing
to a target sequence in a HSC, and (b) at least one or more direct repeat sequences, and Il. a
CRISPR enzyme optionally having one or more NLSs,, and the guide sequence directs sequence-
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specific binding of'a CRISPR complex to the target sequence, and wherein the CRISPR complex
comprises the CRISPR enzyme complexed with the guide sequence that is hybridized to the
target sequence,; and

the method may optionally include also delivering a HDR template, e.g., via the particle
contacting the HSC containing or contacting the HSC with another particle containing, the HDR
template wherein the HDR template provides expression of a normal or less aberrant form of the
protein; wherein “normal” is as to wild type, and “aberrant” can be a protein expression that
givesriseto a condition or disease state; and

optionally the method may include isolating or obtaining HSC from the organism or non-
human organism, optionally expanding the HSC population, performing contacting of the
particle(s) with the HSC to obtain a modified HSC population, optionally expanding the
population of modified HSCs, and optionally administering modified HSCs to the organism or
non-human organism.
[00376] The delivery can be of one or more polynucleotides encoding any one or more or all
of the CRISPR-complex, advantageously linked to one or more regulatory elements for in vivo
expression, e.g. via particle(s), containing a vector containing the polynucleotide(s) operably
linked to the regulatory element(s). Any or al of the polynucleotide sequence encoding a
CRISPR enzyme, guide sequence, direct repeat sequence, may be RNA. It will be appreciated
that: where reference is made to a polynucleotide, which is RNA and is said to ‘comprise’ a
feature such a direct repeat sequence, the RNA sequence includes the feature. Where the
polynucleotide is DNA and is said to comprise afeature such a direct repeat sequence, the DNA
sequence is or can be transcribed into the RNA including the feature at issue. Where the feature
is a protein, such as the CRISPR enzyme, the DNA or RNA sequence referred to is, or can be,
translated (and in the case of DNA transcribed first).
[00377] In certain embodiments the invention provides a method of modifying an organism,
e.g., mammal including human or a non-human mammal or organism by manipulation of atarget
sequence in a genomic locus of interest of'an HSC e.g., wherein the genomic locus of interest is
associated with a mutation associated with an aberrant protein expression or with a disease
condition or state, comprising delivering, e.g., via contacting of a non-naturally occurring or
engineered composition with the HSC, wherein the composition comprises one or more particles
comprising viral, plasmid or nucleic acid molecule vector(s) (e.g. RNA) operably encoding a
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composition for expression thereof, wherein the composition comprises: (A) I. afirst regulatory
element operably linked to a CRISPR-Cas system RNA polynucleotide sequence, wherein the
polynuclectide sequence comprises (a) a guide sequence capable of hybridizing to a target
sequence in a eukaryotic cell, (b) a direct repeat sequence and 1l. a second regulatory element
operably linked to an enzyme-coding sequence encoding a CRISPR enzyme comprising at least
one or more nuclear localization sequences (or optionally at least one or more nuclear
localization sequences as some embodiments can involve no NLS), wherein (a), (b) and (c) are
arranged in a 5 to 3 orientation, wherein components | and Il are located on the same or
different vectors of  the system, wherein when transcribed and the guide sequence directs
sequence-specific binding of a CRISPR complex to the target sequence, and wherein the
CRISPR complex comprises the CRISPR enzyme complexed with the guide sequence that is
hybridized to the target sequence, or (B) a non-naturally occurring or engineered composition
comprising a vector system comprising one or more vectors comprising |. a first regulatory
element operably linked to () a guide sequence capable of hybridizing to a target sequencein a
eukaryotic cell, and (b) at least one or more direct repeat sequences, 1l. a second regulatory
element operably linked to an enzyme-coding sequence encoding a CRISPR enzyme, and
optionally, where applicable, wherein components I, and |1 are located on the same or different
vectors of the system, wherein when transcribed and the guide sequence directs sequence-
specific binding of'a CRISPR complex to the target sequence, and wherein the CRISPR complex
comprises the CRISPR enzyme complexed with the guide sequence that is hybridized to the
target sequence; the method may optionally include also delivering a HDR template, e.g., viathe
particle contacting the HSC containing or contacting the HSC with another particle containing,
the HDR template wherein the HDR template provides expression of a normal or less aberrant
form of the protein; wherein “normal” is as to wild type, and “aberrant” can be a protein
expression that gives rise to a condition or disease state; and optionally the method may include
isolating or obtaining HSC from the organism or non-human organism, optionally expanding the
HSC population, performing contacting of the particle(s) with the HSC to obtain a modified HSC
population, optionally expanding the population of modified HSCs, and optionally administering
modified HSCs to the organism or non-human organism. In some embodiments, components |, 11
and |11 are located on the same vector. In other embodiments, components | and |l are located on
the same vector, while component 1l is located on another vector. In other embodiments,
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components |- and 111 are located on the same vector, while component 1l is located on another
vector. In other embodiments, components Il and Ill are located on the same vector, while
component | is located on another vector. In other embodiments, each of components |, Il and 111
is located on different vectors. The invention also provides a viral or plasmid vector system as
described herein.
[00378] By manipulation of a target sequence, Applicants aso mean the epigenetic
manipulation of a target sequence. This may be f'the chromatin state of atarget sequence, such
as by modification of the methylation state of the target sequence (i.e. addition or removal of
methylation or methylation patterns or CpG islands), histone modification, increasing or
reducing accessibility to the target sequence, or by promoting 3D folding. It will be appreciated
that where reference is made to a method of modifying an organism or mammal including human
or-a non-human mammal or organism by manipulation of atarget sequence in a genomic locus of
interest, this may apply to the organism (or mammal) as a whole or just a single cell or
population of cells from that organism (if the organism is multicellular). In the case of humans,
for-instance, Applicants envisage, inter alia, a single cell or a population of cells and these may
preferably be modified ex vivo and then re-introduced. In this case, a biopsy or other tissue or
biological fluid sample may be necessary. Stem cells are also particularly preferred in this
regard. But, of course, in vivo embodiments are also envisaged. And the invention is especially
advantageous as to HSCs.
[00379] The invention in some embodiments comprehends a method of modifying an
organism or a non-human organism by manipulation of a first and a second target sequence on
opposite strands of'a DNA duplex in a genomic locus of interest in a HSC e.g., wherein the
genomic locus of interest is associated with a mutation associated with an aberrant protein
expression or with a disease condition or state, comprising delivering, e.g., by contacting HSCs
with particle(s) comprising a non-naturally occurring or engineered composition comprising :
l. a first CRISPR-Cas (e.g. Cpfl) system RNA polynuclectide sequence,
wherein the first polynucleotide sequence comprises:
(@  a first guide sequence capable of hybridizing to the first target
sequence,
(b)  afirst direct repeat sequence, and
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. a second CRISPR-Cas (e.g. Cpfl) system guide RNA polynucleotide
sequence, wherein the second polynucleotide sequence comprises:
@ a second guide sequence capable of hybridizing to the second target
sequence,
(b)  asecond direct repeat sequence, and
1. a polynucleotide sequence encoding a CRISPR enzyme comprising at least
one or more nuclear localization sequences and comprising one or more
mutations, wherein (a), (b) and (c) are arranged in a5’ to 3’ orientation; or
IV.  expression product(s) of one or more of I. to Ill., e.g., the the first and the
second direct repeat sequence, the CRISPR enzyme;
wherein when transcribed, the first and the second guide sequence directs sequence-
specific binding of afirst and a second CRISPR complex to the first and second target sequences
respectively, wherein the first CRISPR complex comprises the CRISPR enzyme complexed with
(2): the first guide sequence that is hybridized to the first target sequence, wherein the second
CRISPR complex comprises the CRISPR enzyme complexed with (1) the second guide sequence
that is hybridized to the second target sequence, wherein the polynucleotide sequence encoding a
CRISPR enzyme is DNA or RNA, and wherein the first guide sequence directs cleavage of one
strand of the DNA duplex near the first target sequence and the second guide sequence directs
cleavage of the other strand near the second target sequence inducing a double strand break,
thereby modifying the organism or the non-human organism; and the method may optionally
include also delivering a HDR template, e.g., via the particle contacting the HSC containing or
contacting the HSC with another particle containing, the HDR template wherein the HDR
template provides expression of a normal or less aberrant form of the protein; wherein “normal”
is as to wild type, and “aberrant” can be a protein expression that gives rise to a condition or
disease state; and optionally the method may include isolating or obtaining HSC from the
organism or non-human organism, optionaly expanding the HSC population, performing
contacting of” the particle(s) with the HSC to obtain a modified HSC population, optionally
expanding the population of modified HSCs, and optionally administering modified HSCs to the
organism or non-human organism. In some methods of the invention any or al of the
polynucleotide sequence encoding the CRISPR enzyme, the first and the second guide sequence,
the first and the second direct repeat sequence. In further embodiments of the invention the
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polynucleotides encoding the sequence encoding the CRISPR enzyme, the first and the second
guide sequence, the first and the second direct repeat sequence, iSare RNA and are delivered via
liposomes, nanoparticles, exosomes, microvesicles, or a gene-gun; but, it is advantageous that
the delivery is viaa particle. In certain embodiments of the invention, the first and second direct
repeat. sequence share 100% identity. In some embodiments, the polynucleotides may be
comprised within a vector system comprising one or more vectors. In preferred embodiments,
the first CRISPR enzyme has one or more mutations such that the enzyme is a complementary
strand nicking enzyme, and the second CRISPR enzyme has one or more mutations such that the
enzyme is a non-complementary strand nicking enzyme. Alternatively the first enzyme may be a
non-complementary strand nicking enzyme, and the second enzyme may be a complementary
strand nicking enzyme. In preferred methods of the invention the first guide sequence directing
cleavage of one strand of the DNA duplex near the first target sequence and the second guide
sequence directing cleavage of the other strand near the second target sequence results in a 5’
overhang. In embodiments of the invention the 5 overhang is at most 200 base pairs, preferably
at most 100 base pairs, or more preferably at most 50 base pairs. In embodiments of the
invention the 5 overhang is at least 26 base pairs, preferably at least 30 base pairs or more
preferably 34-50 base pairs.
[00380] The invention in some embodiments comprehends a method of modifying an
organism or a non-human organism by manipulation of a first and a second target sequence on
opposite strands of'a DNA duplex in a genomic locus of interest in for instance a HSC e.g.,
wherein the genomic locus of interest is associated with a mutation associated with an aberrant
protein expression or with a disease condition or state, comprising delivering, e.g., by contacting
HSCs with particle(s) comprising a non-naturally occurring or engineered composition
comprising :
l. afirst regulatory element operably linked to
(@  a first guide sequence capable of hybridizing to the first target
sequence, and
(b)  atleast one or more direct repeat sequences,
1. a second regulatory element operably linked to
€] a second guide sequence capable of hybridizing to the second target
sequence, and
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(b)  atleast one or more direct repeat sequences,
I1l.  athird regulatory element operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme (e.g. Cpfl), and
V. expression product(s) of one or more of 1. to 1V., eg., the the first and the

second direct repeat sequence, the CRISPR enzyme;
wherein components I, I1, 111 and 1V are located on the same or different vectors of the system,
when transcribed, and the first and the second guide sequence direct sequence-specific binding of
a first and a second CRISPR complex to the first and second target sequences respectively,
wherein the first CRISPR complex comprises the CRISPR enzyme complexed with (1) the first
guide sequence that is hybridized to the first target sequence, wherein the second CRISPR
complex comprises the CRISPR enzyme complexed with the second guide sequence that is
hybridized to the second target sequence, wherein the polynucleotide sequence encoding a
CRISPR enzyme is DNA or RNA, and wherein the first guide sequence directs cleavage of one
strand of the DNA duplex near the first target sequence and the second guide sequence directs
cleavage of the other strand near the second target sequence inducing a double strand break,
thereby modifying the organism or the non-human organism; and the method may optionally
include also delivering a HDR template, e.g., via the particle contacting the HSC containing or
contacting the HSC with another particle containing, the HDR template wherein the HDR
template provides expression of'a normal or less aberrant form of the protein; wherein “normal”
is as to wild type, and “aberrant” can be a protein expression that gives rise to a condition or
disease state; and optionally the method may include isolating or obtaining HSC from the
organism or non-human organism, optionaly expanding the HSC population, performing
contacting of” the particle(s) with the HSC to obtain a modified HSC population, optionally
expanding the population of modified HSCs, and optionally administering modified HSCs to the
organism or - non-human organism.
[00381] The invention also provides a vector system as described herein. The system may
comprise one, two, three or four different vectors. Components I, II, Il and IV may thus be
located on one, two, three or four different vectors, and all combinations for possible locations of
the components are herein envisaged, for example: components |, 11, 111 and IV can be located on
the same vector; components I, II, 1l and IV can each be located on different vectors,
components I, I, 11 I and IV may be located on a total of two or three different vectors, with all
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combinations of locations envisaged, etc. In some methods of the invention any or al of the
polynucleotide sequence encoding the CRISPR enzyme, the first and the second guide sequence,
the first and the second direct repeat sequence islare RNA. In further embodiments of the
invention the first and second direct repeat sequence share 100% identity. In preferred
embodiments, the first CRISPR enzyme has one or more mutations such that the enzyme is a
complementary strand nicking enzyme, and the second CRISPR enzyme has one or more
mutations such that the enzyme is a non-complementary strand nicking enzyme. Alternatively
the first enzyme may be a non-complementary strand nicking enzyme, and the second enzyme
may be a complementary strand nicking enzyme. In a further embodiment of the invention, one
or more of the viral vectors are delivered via liposomes, nanoparticles, exosomes, microvesicles,
or-agene-gun; but, particle delivery is advantageous.

[00382] In preferred methods of the invention the first guide sequence directing cleavage of
one strand of the DNA duplex near the first target sequence and the second guide sequence
directing cleavage of other strand near the second target sequence results in a5’ overhang. In
embodiments of the invention the 5’ overhang is at most 200 base pairs, preferably at most 100
base pairs, or more preferably at most 50 base pairs. In embodiments of the invention the 5
overhangis at least 26 base pairs, preferably at least 30 base pairs or more preferably 34-50 base
pairs.

[00383] The invention in some embodiments comprehends a method of modifying a genomic
locus of interest in for instance HSC e.g., wherein the genomic locus of interest is associated
with a mutation associated with an aberrant protein expression or with a disease condition or
state, by introducing into the HSC, e.g., by contacting HSCs with particle(s) comprising, a Cas
protein having one or- more mutations and two guide RNAs that target afirst strand and a second
strand of the DNA molecule respectively in the HSC, whereby the guide RNASs target the DNA
molecule and the Cas protein nicks each of the first strand and the second strand of the DNA
molecule, whereby atarget in the HSC is altered; and, wherein the Cas protein and the two guide
RNAs do not naturally occur together and the method may optionally include also delivering a
HDR template, e.g., via the particle contacting the HSC containing or contacting the HSC with
another particle containing, the HDR template wherein the HDR template provides expression of
anormal orless aberrant form of the protein; wherein “normal” is as to wild type, and “aberrant”
can be a protein expression that gives rise to a condition or disease state; and optionally the
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method may include isolating or obtaining HSC from the organism or non-human organism,
optionally expanding. the HSC population, performing contacting of the particle(s) with the HSC
to obtain a modified HSC population, optionally expanding the population of modified HSCs,
and optionally administering modified HSCs to the organism or non-human organism. In
preferred methods of ‘the invention the Cas protein nicking each of the first strand and the second
strand of the DNA molecule results in a5’ overhang. In embodiments of the invention the 5’
overhang is at most 200 base pairs, preferably at most 100 base pairs, or more preferably at most
50 base pairs. In embodiments of the invention the 5 overhang is at least 26 base pairs,
preferably at least 30 base pairs or more preferably 34-50 base pairs. In an aspect of the
invention the Cas protein is codon optimized for expression in a eukaryotic cell, preferably a
mammalian cell or a human cell. Aspects of the invention relate to the expression of a gene
product: being decreased or a template polynuclectide being further introduced into the DNA
molecule encoding the gene product or an intervening sequence being excised precisely by
allowing the two 5 overhangs to reanneal and ligate or the activity or function of the gene
product being altered or the expression of the gene product being increased. In an embodiment of
the invention, the gene product is a protein.
[00384] The invention in some embodiments comprehends a method of modifying a genomic
locus of interest in for instance HSC e.g., wherein the genomic locus of interest is associated
with a mutation associated with an aberrant protein expression or with a disease condition or
state, by introducing into the HSC, e.g., by contacting HSCs with particle(s) comprising,

a) afirst regulatory element operably linked to each of two CRISPR-Cas system

guide RNAs that target a first strand and a second strand respectively of a
double stranded DNA molecule of the HSC, and

b) a second regulatory element operably linked to a Cas (e.g. Cpf1l) protein, or

C) expression product(s) of'a) or b),
wherein components (@) and (b) are located on same or different vectors of the system, whereby
the guide RNAs target the DNA molecule of the HSC and the Cas protein nicks each of the first
strand and the second strand of the DNA molecule of the HSC; and, wherein the Cas protein and
the two guide RNAs do not naturally occur together; and the method may optionally include also
delivering a HDR template, e.g., via the particle contacting the HSC containing or contacting the
HSC: with another- particle containing, the HDR template wherein the HDR template provides
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expression of 'a normal or less aberrant form of the protein; wherein “normal” is as to wild type,
and “aberrant” can be a protein expression that gives rise to a condition or disease state; and
optionally the method may include isolating or obtaining HSC from the organism or non-human
organism, optionally expanding the HSC population, performing contacting of the particle(s)
with the HSC to obtain a modified HSC population, optionally expanding the population of
modified HSCs, and optionaly administering modified HSCs to the organism or non-human
organism. In aspects of the invention the guide RNAs may comprise a guide sequence fused to a
direct repeat sequence. Aspects of the invention relate to the expression of a gene product being
decreased or a template polynucleotide being further introduced into the DNA molecule
encoding; the gene product or an intervening sequence being excised precisely by alowing the
two 5 overhangs to reanneal and ligate or the activity or function of the gene product being
atered or the expression of the gene product being increased. In an embodiment of the invention,
the gene product is a protein. In preferred embodiments of the invention the vectors of the
system are viral vectors. In a further embodiment, the vectors of the system are delivered via
liposomes, nanoparticles, exosomes, microvesicles, or a gene-gun; and particles are preferred. In
one aspect, the invention provides a method of modifying a target polynucleotide in a HSC. In
some embodiments, the method comprises allowing a CRISPR complex to bind to the target
polynucleotide to effect cleavage of said target polynucleotide thereby modifying the target
polynucleotide, wherein the CRISPR complex comprises a CRISPR enzyme complexed with a
guide sequence hybridized to a target sequence within said target polynucleotide, wherein said
guide sequence is linked to a direct repeat sequence. In some embodiments, said cleavage
comprises cleaving one or two strands at the location of the target sequence by said CRISPR
enzyme. In some embodiments, said cleavage results in decreased transcription of atarget gene.
Inisome embodiments, the method further comprises repairing said cleaved target polynucleotide
by homologous recombination with an exogenous template polynucleotide, wherein said repair
results in a mutation comprising an insertion, deletion, or substitution of one or more nucleotides
of*said target polynucleotide. In some embodiments, said mutation results in one or more amino
acid changes in a protein expressed from a gene comprising the target sequence. In some
embodiments, the method further comprises delivering one or more vectors or expression
product(s) thereof, e.g., via particle(s), to for instance said HSC, wherein the one or more vectors
drive expression of’ one or more of: the CRISPR enzyme, the guide sequence linked to the direct
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repeat sequence. In some embodiments, said vectors are delivered to for instance the HSC in a
subject. In some embodiments, said modifying takes place in said HSC in a cell culture. In
some embodiments, the method further comprises isolating said HSC from a subject prior to said
modifying. In some embodiments, the method further comprises returning said HSC and/or cells
derived therefrom to said subject.

[00385] In one aspect, the invention provides a method of generating for instance a HSC
comprising a mutated disease gene. In some embodiments, a disease gene is any gene associated
with anincrease in the risk of having or developing adisease. In some embodiments, the method
comprises (a) introducing one or more vectors or expression product(s) thereof, e.g., via
particle(s), into a HSC, wherein the one or more vectors drive expression of one or more of: a
CRISPR enzyme, a guide sequence linked to a direct repeat sequence; and (b) alowing a
CRISPR complex to bind to a target polynucleotide to effect cleavage of the target
polynucleotide within said disease gene, wherein the CRISPR complex comprises the CRISPR
enzyme complexed with the guide sequence that is hybridized to the target sequence within the
target polynucleotide, and optionally, where applicable, thereby generating a HSC comprising a
mutated disease gene. In some embodiments, said cleavage comprises cleaving one or two
strands at the location of the target sequence by said CRISPR enzyme. In some embodiments,
said cleavage results in decreased transcription of a target gene. In some embodiments, the
method further comprises repairing said cleaved target polynucleotide by homologous
recombination with an exogenous template polynucleotide, wherein said repair results in a
mutation comprising an insertion, deletion, or substitution of one or more nucleotides of said
target polynucleotide. In some embodiments, said mutation results in one or more amino acid
changes in a protein expresson from a gene comprising the target sequence. In some
embodiments the modified HSC is administered to an animal to thereby generate an animal
model.

[00386] In one aspect, the invention provides for methods of modifying a target
polynucleotide in for instance a HSC. In some embodiments, the method comprises alowing a
CRISPR complex to bind to the target polynucleotide to effect cleavage of said target
polynucleotide thereby modifying the target polynucleotide, wherein the CRISPR complex
comprises a CRISPR enzyme complexed with a guide sequence hybridized to a target sequence
within said target polynucleotide, wherein said guide sequence is linked to a direct repeat
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sequence. In other embodiments, this invention provides a method of modifying expression of a
polynucleotide in a eukaryotic cell that arises from for instance an HSC. The method comprises
increasing or decreasing expression of a target polynucleotide by using a CRISPR complex that
binds to the polynucleotide in the HSC; advantageously the CRISPR complex is delivered via
particle(s).

[00387] In some methods, atarget polynucleotide can be inactivated to effect the modification
of the expression in for instance an HSC. For example, upon the binding of a CRISPR complex
toatarget sequence in acell, the target polynucleotide is inactivated such that the sequence is not
transcribed, the coded protein is not produced, or the sequence does not function as the wild-type
sequence does.

[00388] In some embodiments the RNA of the CRISPR-Cas system, e.g., the guide or gRNA,
can be modified; for instance to include an aptamer or a functional domain. An aptamer is a
synthetic oligonucleotide that binds to a specific target molecule; for instance a nucleic acid
molecule that has been engineered through repeated rounds of in vitro selection or SELEX
(systematic evolution of ' ligands by exponential enrichment) to bind to various molecular targets
such as small molecules, proteins, nucleic acids, and even cells, tissues and organisms. Aptamers
are useful in that they offer molecular recognition properties that rival that of antibodies. In
addition to their discriminate recognition, aptamers offer advantages over antibodies including
that: they elicit little or no immunogenicity in therapeutic applications. Accordingly, in the
practice of the invention, either or both of the enzyme or the RNA can include a functional
domain.

[00389] In some embodiments, the functional domain is a transcriptional activation domain,
preferably VP64. In some embodiments, the functional domain is a transcription repression
domain, preferably KRAB. In some embodiments, the transcription repression domain is SID, or
concatemers of SID (eg SID4X). In some embodiments, the functional domain is an epigenetic
modifying domain, such that an epigenetic modifying enzyme is provided. In some
embodiments, the functional domain is an activation domain, which may be the P65 activation
domain. In some embodiments, the functional domain comprises nuclease activity. In one such
embodiment, the functional domain comprises Fok1.

[00390] Theinvention also provides anin vitro or ex vivo cell comprising any of the modified
CRISPR enzymes, compositions, systems or complexes described above, or from any of the
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methods described above. The cell may be a eukaryotic cell or a prokaryotic cell. The invention
also provides progeny of such cells. The invention also provides a product of any such cell or of
any such progeny, wherein the product is a product of the said one or more target loci as
modified by the modified CRISPR enzyme of the CRISPR complex. The product may be a
peptide, polypeptide or protein. Some such products may be modified by the modified CRISPR
enzyme of the CRISPR complex. In some such modified products, the product of the target
locus is physically distinct from the product of the said target locus which has not been modified
by the said modified CRISPR enzyme.

[00391] The invention also provides a polynucleotide molecule comprising a polynucleotide
sequence encoding any of the non-naturally-occurring CRISPR enzymes described above.
[00392] Any such polynucleotide may further comprise one or more regulatory elements
which are operably linked to the polynucleotide sequence encoding the non-naturally-occurring
CRISPR enzyme.

[00393] Inany such polynucleotide which comprises one or more regulatory elements, the one
or more regulatory elements may be operably configured for expression of the non-naturally-
occurring CRISPR enzyme in a eukaryotic cell. The eukaryotic cell may be a human cell. The
eukaryotic cell may be a rodent cell, optionally amouse cell. The eukaryotic cell may be ayeast
cell. The eukaryotic cell may be a chinese hamster ovary (CHO) cell. The eukaryotic cell may
be aninsect cell.

[00394] Inany such polynucleotide which comprises one or more regulatory elements, the one
or more regulatory elements may be operably configured for expression of the non-naturally-
occurring CRISPR enzyme in a prokaryaotic cell.

[00395] Inany such polynucleotide which comprises one or more regulatory elements, the one
or more regulatory elements may operably configured for expression of the non-naturally-
occurring CRISPR enzyme in an in vitro system.

[00396] The invention also provides an expression vector comprising any of the above-
described polynucleotide molecules. The invention aso provides such polynucleotide
molecule(s), for instance such polynucleotide molecules operably configured to express the
protein and/or the nucleic acid component(s), as well as such vector(s).

[00397] The invention further provides for a method of making muations to a Cas (e.g. Cpfl)
or-a mutated or modified Cas (e.g. Cpfl) that is an ortholog of the CRISPR enzymes according
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to the invention as described herein, comprising ascertaining amino acid(s) in that ortholog may
bein close proximity or may touch a nucleic acid molecule, e.g., DNA, RNA, gRNA, etc., and/or
amino acid(s) analogous or corresponding to herein-identified amino acid(s) in CRISPR enzymes
according to the invention as described herein for modification and/or mutation, and synthesizing
or- preparing or expressing the orthologue comprising, consisting of or consisting essentially of
modification(s) and/or mutation(s) or mutating as herein-discussed, e.g., modifying, e.g.,
changing or mutating, a neutral amino acid to a charged, e.g., positively charged, amino acid,
e.g., from alanine to, e.g., lysine. The so modified ortholog can be used in CRISPR-Cas systems,
and nucleic acid molecule(s) expressing it may be used in vector or other delivery systems that
deliver molecules or or encoding CRISPR-Cas system components as herein-discussed.

[00398] In an aspect, the invention provides efficient on-target activity and minimizes off
target activity. In an aspect, the invention provides efficient on-target cleavage by a CRISPR
protein and minimizes off-target cleavage by the CRISPR protein. In an aspect, the invention
provides guide specific binding of'a CRISPR protein at a gene locus without DNA cleavage. In
an aspect, the invention provides efficient guide directed on-target binding of a CRISPR protein
at: a gene locus and minimizes off-target binding of the CRISPR protein. Accordingly, in an
aspect, the invention provides target-specific gene regulation. In an aspect, the invention
provides guide specific binding of a CRISPR enzyme at a gene locus without DNA cleavage.
Accordingly, in an aspect, the invention provides for cleavage at one gene locus and gene
regulation at a different gene locus using a single CRISPR enzyme. In an aspect, the invention
provides orthogonal activation and/or inhibition and/or cleavage of multiple targets using one or
more CRISPR protein and/or enzyme.

[00399] In another aspect, the present invention provides for a method of functional screening
of genes in a genome in a pool of cells ex vivo or in vivo comprising the administration or
expression of a library comprising a plurality of CRISPR-Cas system guide RNAs (gRNAs) and
wherein the screening further comprises use of a CRISPR enzyme, wherein the CRISPR
complex is modified to comprise a heterologous functional domain. In an aspect the invention
provides a method for: screening a genome comprising the administration to a host or expression
in a host in vivo of a library. In an aspect the invention provides a method as herein discussed
further comprising an activator administered to the host or expressed in the host. In an aspect the
invention provides a method as herein discussed wherein the activator is attached to a CRISPR
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protein. In an aspect the invention provides a method as herein discussed wherein the activator is
attached to the N terminus or the C terminus of the CRISPR protein. In an aspect the invention
provides a method as herein discussed wherein the activator is attached to a gRNA loop. In an
aspect the invention provides a method as herein discussed further comprising a repressor
administered to the host or expressed in the host. In an aspect the invention provides a method as
herein discussed wherein the screening comprises affecting and detecting gene activation, gene
inhibition, or cleavagein the locus.

[00400] In an aspect the invention provides a method as herein discussed wherein the host isa
eukaryotic cell. In an aspect the invention provides a method as herein discussed wherein the
host is a mammalian cell. In an aspect the invention provides a method as herein discussed,
wherein the host is a non-human eukaryote cell. In an aspect the invention provides a method as
herein discussed, wherein the non-human eukaryote cell is a non-human mammal cell. In an
aspect the invention provides a method as herein discussed, wherein the non-human mammal cell
may be including, but not limited to, primate bovine, ovine, procine, canine, rodent, Leporidae
such as monkey, cow, sheep, pig, dog, rabbit, rat or mouse cell. In an aspect the invention
provides a method as herein discussed, the cell may be a a non-mammalian eukaryotic cell such
as poultry bird (e.g., chicken), vertebrate fish (e.g., salmon) or shellfish (e.g., oyster, claim,
lobster, shrimp) cell. In an aspect the invention provides a method as herein discussed, the non-
human eukaryote cell is a plant cell. The plant cell may be of a monocot or dicot or of acrop or
grain plant such as cassava, corn, sorghum, soybean, wheat, oat or rice. The plant cell may also
be of an algae, tree or production plant, fruit or vegetable (e.g., trees such as citrus trees, e.g.,
orange, grapefruit or lemon trees; peach or nectarine trees; apple or pear trees; nut trees such as
almond or-walnut or pistachio trees; nightshade plants; plants of the genus Brassica; plants of the
genus Lactuca; plants of the genus Spinacia; plants of the genus Capsicum; cotton, tobacco,
asparagus, carrot, cabbage, broccoli, cauliflower, tomato, eggplant, pepper, lettuce, spinach,
strawberry, blueberry, raspberry, blackberry, grape, coffee, cocoa, etc).

[00401] In an aspect the invention provides a method as herein discussed comprising the
delivery of the CRISPR-Cas complexes or component(s) thereof or nucleic acid molecule(s)
coding, therefor, wherein said nucleic acid molecule(s) are operatively linked to regulatory
sequence(s) and expressed in vivo. In an aspect the invention provides a method as herein
discussed wherein the expressing in vivo is via a lentivirus, an adenovirus, or an AAV. In an
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aspect the invention provides a method as herein discussed wherein the delivery isvia a particle,
ananoparticle, alipid or a cell penetrating peptide (CPP).

[00402] In particular embodiments it can be of interest to target the CRISPR-Cas complex to
the chloroplast. In many cases, this targeting may be achieved by the presence of an N -termina
extension, called a chloroplast transit peptide (CTP) or plastid transit peptide. Chromosomal
transgenes from bacterial sources must have a sequence encoding a CTP sequence fused to a
sequence encoding an expressed polypeptide if the expressed polypeptide is to be
compartmentalized in the plant plastid (e.g. chloroplast). Accordingly, localization of an
exogenous polypeptide to a chloroplast is often 1 accomplished by means of operably linking a
polynucleotide sequence encoding a CTP sequence to the 5' region of a polynucleotide encoding
the exogenous polypeptide. The CTP is removed in a processing step during translocation into
the plastid. Processing efficiency may, however, be affected by the amino acid sequence of the
CTP and nearby sequences at the NH 2 terminus of the peptide. Other options for targeting to the
chloroplast: which have been described are the maize cab-m7 signal sequence (U. S. Patent
7,022,896, WO 97/41228) a pea glutathione reductase signal sequence (WO 97/41228) and the CTP
described in US2009029861.

[00403] In an aspect the invention provides a pair of CRISPR-Cas complexes, each
comprising aguide RNA (gRNA) comprising a guide sequence capable of hybridizing to atarget
sequence in a genomic locus of interest in a cell, wherein at least one loop of each sgRNA is
modified by the insertion of distinct RNA sequence(s) that bind to one or more adaptor proteins,
and wherein the adaptor protein is associated with one or more functional domains, wherein each
gRNA of each CRISPR-Cas comprises a functional domain having a DNA cleavage activity. In
an aspect the invention provides a paired CRISPR-Cas complexes as herein-discussed, wherein
the DNA cleavage activity is due to a Fok1 nuclease.

[00404] In an aspect the invention provides a method for cutting a target sequence in a
genomic locus of interest comprising delivery to a cell of the CRISPR-Cas complexes or
component(s) thereof’ or nucleic acid molecule(s) coding therefor, wherein said nucleic acid
molecule(s) are operatively linked to regulatory sequence(s) and expressed in vivo. In an aspect
the invention provides a method as herein-discussed wherein the delivery is via a lentivirus, an
adenovirus, or an AAV. In an aspect the invention provides a method as herein-discussed or

paired CRISPR-Cas complexes as herein-discussed wherein the target sequence for a first
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complex of the pair is on a first strand of double stranded DNA and the target sequence for a
second complex of the pair is on a second strand of double stranded DNA. In an aspect the
invention provides a method as herein-discussed or paired CRISPR-Cas complexes as herein-
discussed wherein the target sequences of the first and second complexes are in proximity to
each: other- such that the DNA is cut in a manner that facilitates homology directed repair. In an
aspect a herein method can further include introducing into the cell template DNA. In an aspect a
herein method or herein paired CRISPR-Cas complexes can involve wherein each CRISPR-Cas
complex has a CRISPR enzyme that is mutated such that it has no more than about 5% of the
nuclease activity of the CRISPR enzyme that is not mutated.

[00405] In an aspect the invention provides a library, method or complex as herein-discussed
wherein the gRNA is modified to have at least one non-coding functional loop, e.g., wherein the
at: least one non-coding functional loop is repressive; for instance, wherein the at least one non-
coding functional loop comprises Alu.

[00406] In one aspect, the invention provides a method for altering or modifying expression of
agene product. The said method may comprise introducing into acell containing and expressing
a DNA molecule encoding the gene product an engineered, non-naturally occurring CRISPR-Cas
system comprising a Cas protein and guide RNA that targets the DNA molecule, whereby the
guide RNA targets the DNA molecule encoding the gene product and the Cas protein cleavesthe
DNA molecule encoding the gene product, whereby expression of the gene product is altered;
and, wherein the Cas protein and the guide RNA do not naturally occur together. The invention
further comprehends the Cas protein being codon optimized for expression in a Eukaryotic cell.
In a preferred embodiment the Eukaryotic cell is a mammalian cell and in a more preferred
embodiment the mammalian cell is a human cell. In a further embodiment of the invention, the
expression of the gene product is decreased.

[00407] Inan aspect, the invention provides atered cells and progeny of those cells, as well as
products made by the cells. CRISPR-Cas (e.g. Cpfl) proteins and systems of the invention are
used to produce cells comprising a modified target locus. In some embodiments, the method
may comprise allowing a nucleic acid-targeting complex to bind to the target DNA or RNA to
effect cleavage of 'said target DNA or RNA thereby modifying the target DNA or RNA, wherein
the nucleic acid-targeting complex comprises a nucleic acid-targeting effector protein complexed
with a guide RNA hybridized to a target sequence within said target DNA or RNA. In one
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aspect, the invention provides a method of repairing a genetic locus in acell. In another aspect,
the invention provides a method of modifying expression of DNA or RNA in a eukaryotic cell.
In. some embodiments, the method comprises allowing a nucleic acid-targeting complex to bind
to the DNA or RNA such that said binding results in increased or decreased expression of said
DNA or RNA; wherein the nucleic acid-targeting complex comprises a nucleic acid-targeting
effector protein complexed with a guide RNA. Similar considerations and conditions apply as
above for methods of ' modifying atarget DNA or RNA. In fact, these sampling, culturing and re-
introduction options apply across the aspects of the present invention. In an aspect, the invention
provides for methods of ' modifying a target DNA or RNA in a eukaryotic cell, which may be in
Vivo, ex vivo or in vitro. In some embodiments, the method comprises sampling a cell or
population of” cells from a human or non-human animal, and modifying the cell or cells.
Culturing may occur at any stage ex vivo. Such cells can be, without limitation, plant cells,
animal cells, particular cell types of any organism, including stem cells, immune cells, T cell, B
cells, dendritic cells, cardiovascular cells, epithelial cells, stem cells and the like. The cells can
be modified according to the invention to produce gene products, for example in controlled
amounts, which may be increased or decreased, depending on use, and/or mutated. In certain
embodiments, a genetic locus of the cell isrepaired. The cell or cells may even be re-introduced
into the non-human animal or plant. For re-introduced cells it may be preferred that the cells are
stem cells.

[00408] In an aspect, the invention provides cells which transiently comprise CRISPR
systems, or components. For example, CRISPR proteins or enzymes and nucleic acids are
transiently provided to a cell and a genetic locus is atered, followed by a decline in the amount
of ‘one or more components of the CRISPR system. Subsequently, the cells, progeny of the cells,
and organisms which comprise the cells, having acquired a CRISPR mediated genetic alteration,
comprise a diminished amount of one or more CRISPR system components, or no longer contain
the one or more CRISPR system components. One non-limiting example is a self-inactivating
CRISPR-Cas system such as further described herein. Thus, the invention provides cells, and
organisms, and progeny of the cells and organisms which comprise one or more CRISPR-Cas
system-altered genetic loci, but essentially lack one or more CRISPR system component. In
certain embodiments, the CRISPR system components are substantially absent. Such cells,
tissues and organisms advantageously comprise a desired or selected genetic alteration but have
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lost CRISPR-Cas components or remnants thereof’ that potentially might act non-specificaly,
lead to questions of safety, or hinder regulatory approval. As well, the invention provides
products made by the cells, organisms, and progeny of the cells and organisms.
I nducible Cpf1l CRI SPR-Cas systems (“ Split-Cpf1”)
[00409] In an aspect the invention provides a non-naturally occurring or engineered inducible
Cpf1 CRISPR-Cas system, comprising:
afirst Cpfl fusion construct attached to afirst half of an inducible dimer and
a second Cpf1 fusion construct attached to a second half of the inducible dimer,

wherein the first Cpfl fusion construct is operably linked to one or more nuclear
localization signals,

wherein the second Cpfl fusion construct is operably linked to one or more nuclear
export signals,

wherein contact with an inducer energy source brings the first and second halves of the
inducible dimer together,

wherein bringing the first and second halves of the inducible dimer together alows the
first and second Cpf1 fusion constructs to constitute a functional Cpfl CRISPR-Cas system,

wherein the Cpf1l CRISPR-Cas system comprises a guide RNA (gRNA) comprising a
guide sequence capable of hybridizing to a target sequence in a genomic locus of interest in a
cell, and

wherein the functional Cpfl CRISPR-Cas system binds to the target sequence and,
optionally, edits the genomic locus to alter gene expression.
[00410] In an aspect of the invention in the inducible Cpf1 CRISPR-Cas system, the inducible
dimer is or comprises or consists essentially of or consists of an inducible heterodimer. In an
aspect, in inducible Cpfl CRISPR-Cas system, the first half or afirst portion or afirst fragment
of the inducible heterodimer is or comprises or consists of or consists essentialy of an FKBP,
optionally FKBP12. In an aspect of the invention, in the inducible Cpfl CRISPR-Cas system, the
second half* or a second portion or a second fragment of the inducible heterodimer is or
comprises or- consists of” or consists essentialy of FRB. In an aspect of the invention, in the
inducible Cpfl CRISPR-Cas system, the arrangement of the first Cpfl fusion construct is or
comprises or- consists of or consists essentialy of' N’ terminal Cpfl part-FRB-NES. In an aspect
of the invention, in the inducible Cpf1 CRISPR-Cas system, the arrangement of the first Cpfl

116



WO 2016/205711 PCT/US2016/038181

fusion construct is or comprises or consists of or consists essentialy of NES-N’ terminal Cpfl
part-FRB-NES. In an aspect of the invention, in the inducible Cpfl CRISPR-Cas system, the
arrangement of the second Cpfl fusion construct is or comprises or consists essentially of or
consists of' C' terminal Cpfl part-FKBP-NLS. In an aspect the invention provides in the
inducible Cpfl CRISPR-Cas system, the arrangement of the second Cpf1 fusion construct is or
comprises or consists of or consists essentially of NLS-C’ terminal Cpfl part-FKBP-NLS. In an
aspect, in inducible Cpf1 CRISPR-Cas system there can be a linker that separates the Cpfl part
from the half or portion or fragment of the inducible dimer. In an aspect, in the inducible Cpfl
CRISPR-Cas system, the inducer energy source is or comprises or consists essentially of or
consists of ‘rapamycin. In an aspect, in inducible Cpfl CRISPR-Cas system, the inducible dimer
is an inducible homodimer. In an aspect, in inducible Cpf1 CRISPR-Cas system, the Cpfl is
FnCpfl. In an aspect, in the inducible Cpfl CRISPR-Cas system, one or more functional
domains are associated with one or both parts of the Cpf1, e.g., the functional domains optionally
including a transcriptional activator, a transcriptional or a nuclease such as a Fok1 nuclease. In
an aspect, in the inducible Cpfl CRISPR-Cas system, the functional Cpfl CRISPR-Cas system
binds to the target sequence and the enzyme is a dead-Cpfl, optionally having a diminished
nuclease activity of at least 97%, or 100% (or no more than 3% and advantageously 0% nuclease
activity) as compared with the Cpfl not having the at least one mutation. The invention further
comprehends and an aspect of the invention provides, a polynucleotide encoding the inducible
Cpfl CRISPR-Cas system as herein discussed.

[00411] In an aspect, the invention provides a vector for delivery of the first Cpfl fusion
construct, attached to a first half' or portion or fragment of an inducible dimer and operably
linked to one or more nuclear localization signals, according as herein discussed. In an aspect,
the invention provides a vector for delivery of the second Cpfl fusion construct, attached to a
second half” or portion or fragment of an inducible dimer and operably linked to one or more
nuclear export signals.

[00412] In an aspect, the invention provides a vector for delivery of both: the first Cpfl fusion
construct, attached to a first half* or portion or fragment of an inducible dimer and operably
linked to one or more nuclear localization signals, as herein discussed; and the second Cpfl
fusion construct, attached to a second half’ or portion or fragment of an inducible dimer and
operably linked to one or more nuclear export signals, as herein discussed.
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[00413] Inan aspect, the vector can be single plasmid or expression cassette.
[00414] The invention, in an aspect, provides a eukaryotic host cell or cell line transformed
with any of the vectors herein discussed or expressing the inducible Cpf1l CRISPR-Cas system as
herein discussed.
[00415] The invention, in an aspect provides, a transgenic organism transformed with any of
the vectors herein discussed or expressing the inducible Cpfl CRISPR-Cas system herein
discussed, or the progeny thereof. In an aspect, the invention provides a model organism which
constitutively expresses the inducible Cpf1 CRISPR-Cas system as herein discussed.
[00416] In an aspect, the invention provides non-naturally occurring or engineered inducible
Cpf1 CRISPR-Cas system, comprising:
afirst Cpfl fusion construct attached to afirst half of an inducible heterodimer and
a second Cpf1 fusion construct attached to a second half’ of the inducible heterodimer,

wherein the first Cpfl fusion construct is operably linked to one or more nuclear
localization signals,

wherein the second CPf1 fusion construct is operably linked to a nuclear export signal,

wherein contact with an inducer energy source brings the first and second halves of the
inducible heterodimer together,

wherein bringing the first and second halves of the inducible heterodimer together allows
the first and second Cpf1 fusion constructs to constitute a functional Cpfl CRISPR-Cas system,

wherein the Cpf1l CRISPR-Cas system comprises a guide RNA (gRNA) comprising a
guide sequence capable of hybridizing to a target sequence in a genomic locus of interest in a
cell, and

wherein the functional Cpfl CRISPR-Cas system edits the genomic locus to ater gene
expression.
[00417] In an aspect, the invention provides a method of treating a subject in need thereof,
comprising inducing gene editing by transforming the subject with the polynucleotide as herein
discussed or- any of the vectors herein discussed and administering an inducer energy source to
the subject. The invention comprehends uses of such a polynucleotide or vector in the
manufacture of a medicament, e.g., such a medicament for treating a subject or for such a
method of treating a subject. The invention comprehends the polynucleotide as herein discussed
or- any of the vectors herein discussed for use in a method of treating a subject in need thereof
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comprising inducing gene editing, wherein the method further comprises administering an
inducer energy source to the subject. In an aspect, in the method, a repair template is aso
provided, for example delivered by avector comprising said repair template.

[00418] Theinvention also provides a method of treating a subject in need thereof, comprising
inducing transcriptional activation or repression by transforming the subject with the
polynucleotide herein discussed or any of the vectors herein discussed, wherein said
polynucleotide or vector encodes or comprises the catalytically inactive Cpfl and one or more
associated functional domains as herein discussed; the method further comprising administering
an inducer energy source to the subject. The invention also provides the polynucleotide herein
discussed or any of the vectors herein discussed for use in a method of treating a subject in need
thereof  comprising inducing transcriptional activation or repression, wherein the method further
comprises administering an inducer energy source to the subject.

[00419] Accordingly, the invention comprehends inter alia homodimers as well as
heterodimers, dead-Cpf1 or Cpfl having essentially no nuclease activity, e.g., through mutation,
systems or- complexes wherein there is one or more NLS and/or one or more NES; functional
domain(s) linked to split Cpf1; methods, including methods of treatment, and uses.

[00420] It will be appreciated that where reference is made herein to Cpfl, Cpfl protein or
Cpf1 enzyme, this includes the present split Cpf1. In one aspect, the invention provides a method
for atering or modifying expression of a gene product. The said method may comprise
introducing into a cell containing and expressing a DNA molecule encoding the gene product an
engineered, non-naturally occurring Cpfl CRISPR-Cas system comprising a Cpfl protein and
guide RNA that targets the DNA molecule, whereby the guide RNA targets the DNA molecule
encoding; the gene product and the Cpfl protein cleaves the DNA molecule encoding the gene
product, whereby expression of the gene product is altered; and, wherein the Cpfl protein and
the guide RNA do not naturally occur together. The invention comprehends the guide RNA
comprising a guide sequence linked to a direct repeat (DR) sequence. The invention further
comprehends the Cpfl protein being codon optimized for expression in a eukaryotic cell. In a
preferred embodiment the eukaryotic cell is a mammalian cell and in a more preferred
embodiment the mammalian cell is a human cell. In a further embodiment of the invention, the
expression of the gene product is decreased.
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[00421] In one aspect, the invention provides an engineered, non-naturally occurring Cpfl
CRISPR-Cas system comprising a Cpfl protein and a guide RNA that targets a DNA molecule
encoding; a gene product in a cell, whereby the guide RNA targets the DNA molecule encoding
the gene product and the Cpfl protein cleaves the DNA molecule encoding the gene product,
whereby expression of the gene product is altered; and, wherein the Cpfl protein and the guide
RNA do not naturally occur together; this including the present split Cpfl. The invention
comprehends the guide RNA comprising a guide sequence linked to a DR sequence. The
invention further comprehends the Cpfl protein being codon optimized for expression in a
eukaryotic cell. In a preferred embodiment the eukaryotic cell is a mammalian cell and in amore
preferred embodiment the mammalian cell is a human cell. In a further embodiment of the
invention, the expression of the gene product is decreased.

[00422] In another aspect, the invention provides an engineered, non-naturally occurring
vector system comprising one or more vectors comprising a first regulatory element operably
linked to a Cpfl CRISPR-Cas system guide RNA that targets a DNA molecule encoding a gene
product and a second regulatory element operably linked to a Cpfl protein; this includes the
present split Cpf1. Components (@) and (b) may be located on same or different vectors of the
system. The guide RNA targets the DNA molecule encoding the gene product in a cell and the
Cpf1 protein cleaves the DNA molecule encoding the gene product, whereby expression of the
gene product is altered; and, wherein the Cpf1 protein and the guide RNA do not naturally occur
together. The invention comprehends the guide RNA comprising a guide sequence linked to a
DR sequence. The invention further comprehends the Cpfl protein being codon optimized for
expression in a eukaryotic cell. In a preferred embodiment the eukaryotic cell is a mammalian
cell and in a more preferred embodiment the mammalian cell is a human cell. In a further
embodiment of the invention, the expression of the gene product is decreased.

[00423] Inone aspect, the invention provides a vector system comprising one or more vectors.
In some embodiments, the system comprises. (a) a first regulatory element operably linked to a
DR sequence and one or more insertion sites for inserting one or more guide sequences
downstream of the DR sequence, wherein when expressed, the guide sequence directs sequence-
specific binding of a Cpfl CRISPR-Cas complex to a target sequence in a eukaryotic cell,
wherein the Cpfl CRISPR-Cas complex comprises Cpfl complexed with (1) the guide sequence
that is hybridized to the target sequence, and (2) the DR sequence; and (b) a second regulatory
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element operably linked to an enzyme-coding sequence encoding said Cpfl enzyme comprising
a nuclear localization sequence; wherein components (a) and (b) are located on the same or
different vectors of the system; this includes the present split Cpfl. In some embodiments,
component () further comprises two or more guide sequences operably linked to the first
regulatory element, wherein when expressed, each of the two or more guide sequences direct
sequence specific binding of a Cpf1 CRISPR-Cas complex to a different target sequence in a
eukaryotic cell.

[00424] In some embodiments, the Cpfl CRISPR-Cas complex comprises one or more
nuclear localization sequences of sufficient strength to drive accumulation of said Cpf1 CRISPR-
Cas complex in a detectable amount in the nucleus of a eukaryotic cell. Without wishing to be
bound by theory, it is believed that a nuclear localization sequence is not necessary for Cpfl
CRISPR-Cas complex activity in eukaryotes, but that including such sequences enhances activity
of the system, especialy as to targeting nucleic acid molecules in the nucleus.

[00425] In some embodiments, the Cpfl enzyme is Cpfl of a bacterial species selected from
the group consisting of Francisella tularensis 1, Francisella tularensis subsp. novicida, Prevotella
albensis, Lachnospiraceae bacterium MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria
bacterium GW2011 GWAZ2 33 10, Parcubacteria bacterium GW2011 GWC2_44 17,
Smithella sp. SCADC, Acidaminococcus sp. BV3L6, Lachnospiraceae bacterium MA2020,
Candidatus Methanoplasma termitum, Eubacterium eligens, Moraxella bovoculi 237, Leptospira
inadai, Lachnospiraceae bacterium ND2006, Porphyromonas crevioricanis 3, Prevotella disiens,
and Porphyromonas macacae, and may include mutated CPf1 derived from these organisms. The
enzyme may be a Cpf1 homolog or ortholog. In some embodiments, the Cpf1l is codon-optimized
for expression in a eukaryotic cell. In some embodiments, the Cpfl directs cleavage of one or
two strands at the location of the target sequence. In a preferred embodiment, the strand break is
a staggered cut with a 5° overhang. In some embodiments, the first regulatory element is a
polymerase 111 promoter. In some embodiments, the second regulatory element is a polymerase
|1 promoter. In some embodiments, the direct repeat has a minimum length of 16 nts and a single
stem loop. In further embodiments the direct repeat has a length longer than 16 nts, preferably
more than 17 nts, and has more than one stem loop or optimized secondary structures.

[00426] In one aspect, the invention provides a eukaryotic host cell comprising (a) a first
regul atory element operably linked to a direct repeat sequence and one or more insertion sites for
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inserting one or more guide sequences downstream of the DR sequence, wherein when
expressed, the guide sequence directs sequence-specific binding of a Cpf1 CRISPR-Cas complex
to a target sequence in a eukaryotic cell, wherein the Cpfl CRISPR-Cas complex comprises
Cpf1 complexed with (1) the guide sequence that is hybridized to the target sequence, and (2) the
DR sequence; and/or (b) a second regulatory element operably linked to an enzyme-coding
sequence encoding said Cpfl enzyme comprising a nuclear localization sequence. In some
embodiments, the host cell comprises components (a) and (b); this includes the present split
Cpf1. In some embodiments, component (a), component (b), or components (a) and (b) are stably
integrated into a genome of the host eukaryotic cell. In some embodiments, component (a)
further comprises two or more guide sequences operably linked to the first regulatory element,
wherein when expressed, each of the two or more guide sequences direct sequence specific
binding of a Cpf1 CRISPR-Cas complex to a different target sequence in a eukaryotic cell. In
some embodiments, the CPf1 is codon-optimized for expression in a eukaryotic cell. In some
embodiments, the Cpfl directs cleavage of one or two strands at the location of the target
sequence. In a preferred embodiment, the strand break is a staggered cut with a5’ overhang. In
some embodiments, the Cpfl lacks DNA strand cleavage activity. In some embodiments, the
first regulatory element is a polymerase |11 promoter. In some embodiments, the direct repeat has
aminimum length of 16 nts and a single stem loop. In further embodiments the direct repeat has
a length longer than 16 nts, preferably more than 17 nts, and has more than one stem loop or
optimized secondary structures. In an aspect, the invention provides a non-human eukaryotic
organism; preferably a multicellular eukaryotic organism, comprising a eukaryotic host cell
according to any of the described embodiments. In other aspects, the invention provides a
eukaryotic organism; preferably a multicellular eukaryotic organism, comprising a eukaryotic
host: cell according to any of the described embodiments. The organism in some embodiments of
these aspects may be an animal; for example a mammal. Also, the organism may be an arthropod
such as an insect. The organism also may be a plant. Further, the organism may be afungus.

[00427] In one aspect, the invention provides a kit comprising one or more of the components
described herein. In some embodiments, the kit comprises a vector system and instructions for
using the kit. In some embodiments, the vector system comprises (a) a first regulatory element
operably linked to a direct repeat sequence and one or more insertion sites for inserting one or
more guide sequences downstream of the DR sequence, wherein when expressed, the guide
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sequence directs sequence-specific binding of a Cpf1 CRISPR-Cas complex to atarget sequence
inaeukaryotic cell, wherein the Cpf1 CRISPR-Cas complex comprises Cpf1 complexed with (1)
the guide sequence that is hybridized to the target sequence, and (2) the DR sequence; and/or (b)
a second regulatory element operably linked to an enzyme-coding sequence encoding said Cpfl
enzyme comprising a nuclear localization sequence and advantageously this includes the present
split Cpfl. In some embodiments, the kit comprises components (a) and (b) located on the same
or-different vectors of the system. In some embodiments, component (&) further comprises two or
more guide sequences operably linked to the first regulatory element, wherein when expressed,
each: of the two or more guide sequences direct sequence specific binding of a Cpfl CRISPR-Cas
complex to a different target sequence in a eukaryotic cell. In some embodiments, the Cpfl
comprises one or more nuclear localization sequences of sufficient strength to drive
accumulation of said Cpfl in a detectable amount in the nucleus of a eukaryotic cell. In some
embodiments, the Cpfl enzyme is Cpfl of a bacterial species selected from the group consisting
of Francisella tularensis 1, Francisdlla tularensis subsp. novicida, Prevotella abensis,
L achnospiraceae bacterium MC2017 1, Butyrivibrio proteoclasticus, Peregrinibacteria bacterium
GW2011 GWAZ2 33 10, Parcubacteria bacterium GW2011 GWC2 44 17, Smithella sp.
SCADC, Acidaminococcus sp. BV3L6, Lachnospiraceae bacterium MA2020, Candidatus
Methanoplasma termitum, Eubacterium eligens, Moraxella bovoculi 237, Leptospira inadai,
Lachnospiraceae bacterium ND2006, Porphyromonas crevioricanis 3, Prevotella disiens, and
Porphyromonas macacae, and may include mutated CPf1 derived from these organisms. The
enzyme may be a Cpf1 homolog or ortholog. In some embodiments, the Cpf1 is codon-optimized
for expression in a eukaryotic cell. In some embodiments, the Cpfl directs cleavage of one or
two strands at the location of the target sequence. In a preferred embodiment, the strand break is
a staggered cut with a 5’ overhang. In some embodiments, the CRISPR enzyme lacks DNA
strand cleavage activity. In some embodiments, the direct repeat has a minimum length of 16 nts
and a single stem loop. In further embodiments the direct repeat has a length longer than 16 nts,
preferably more than 17 nts, and has more than one stem loop or optimized secondary structures.

[00428] In one aspect, the invention provides a method of modifying a target polynucleotide
in a eukaryotic cell. In some embodiments, the method comprises allowing a Cpf1 CRISPR-Cas
complex to bind to the target polynucleotide to effect cleavage of said target polynucleotide
thereby modifying the target polynucleotide, wherein the Cpfl CRISPR-Cas complex comprises
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Cpfl complexed with a guide sequence hybridized to a target sequence within said target
polynucleotide, wherein said guide sequence is linked to a direct repeat sequence. In some
embodiments, said cleavage comprises cleaving one or two strands at the location of the target
sequence by said Cpf1; this includes the present split Cpfl. In some embodiments, said cleavage
results in decreased transcription of a target gene. In some embodiments, the method further
comprises repairing said cleaved target polynucleotide by homologous recombination with an
exogenous template polynucleotide, wherein said repair results in a mutation comprising an
insertion, deletion, or substitution of one or more nucleotides of said target polynucleotide. In
some embodiments, said mutation results in one or more amino acid changes in a protein
expressed from a gene comprising the target sequence. In some embodiments, the method further
comprises delivering one or more vectors to said eukaryotic cell, wherein the one or more
vectors drive expression of one or more of: the Cpfl, and the guide sequence linked to the DR
sequence. In some embodiments, said vectors are delivered to the eukaryotic cell in a subject. In
some embodiments, said modifying takes place in said eukaryotic cell in acell culture. In some
embodiments, the method further comprises isolating said eukaryotic cell from a subject prior to
said modifying. In some embodiments, the method further comprises returning said eukaryotic
cell and/or cells derived therefrom to said subject.

[00429] In one aspect, the invention provides a method of modifying expression of a
polynuclectide in a eukaryotic cell. In some embodiments, the method comprises allowing a
Cpfl CRISPR-Cas complex to bind to the polynucleotide such that said binding results in
increased or decreased expression of said polynucleotide; wherein the Cpfl CRISPR-Cas
complex comprises Cpfl complexed with a guide sequence hybridized to a target sequence
within said polynucleotide, wherein said guide sequence is linked to a direct repeat sequence;
this includes the present split Cpfl. In some embodiments, the method further comprises
delivering one or more vectors to said eukaryotic cells, wherein the one or more vectors drive
expression of ‘one or more of:: the Cpf1, and the guide sequence linked to the DR sequence.
[00430] In one aspect, the invention provides a method of generating a model eukaryotic cell
comprising:a mutated disease gene. In some embodiments, a disease gene is any gene associated
an increase in the risk of having or developing a disease. In some embodiments, the method
comprises (a) introducing one or more vectors into a eukaryotic cell, wherein the one or more
vectors drive expression of’ one or more of: Cpfl, and a guide sequence linked to a direct repeat
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sequence; and (b) alowing a Cpf1l CRISPR-Cas complex to bind to a target polynucleotide to
effect cleavage of the target polynucleotide within said disease gene, wherein the Cpf1l CRISPR-
Cas complex comprises the Cpf1 complexed with (1) the guide sequence that is hybridized to the
target sequence within the target polynucleotide, and (2) the DR sequence, thereby generating a
model eukaryotic cell comprising a mutated disease gene; this includes the present split Cpfl. In
some embodiments, said cleavage comprises cleaving one or two strands at the location of the
target sequence by said Cpf1l. In a preferred embodiment, the strand break is a staggered cut with
a5 overhang. In some embodiments, said cleavage results in decreased transcription of a target
gene. In some embodiments, the method further comprises repairing said cleaved target
polynucleotide by homologous recombination with an exogenous template polynucleotide,
wherein said repair results in a mutation comprising an insertion, deletion, or substitution of one
or-more nucleotides of said target polynucleotide. In some embodiments, said mutation results in
one or more amino acid changes in a protein expression from a gene comprising the target
sequence.

[00431] In one aspect, the invention provides a method for developing a biologically active
agent that modulates a cell signaling event associated with a disease gene. In some embodiments,
adisease geneis any gene associated an increase in the risk of having or developing a disease. In
some embodiments, the method comprises (@) contacting a test compound with a model cell of
any one of the described embodiments; and (b) detecting a change in a readout that is indicative
of "a reduction or an augmentation of a cell signaling event associated with said mutation in said
disease gene, thereby developing said biologically active agent that modulates said cell signaling
event associated with said disease gene.

[00432] In one aspect, the invention provides a recombinant polynucleotide comprising a
guide sequence downstream of a direct repeat sequence, wherein the guide sequence when
expressed directs sequence-specific binding of a Cpf1l CRISPR-Cas complex to a corresponding
target sequence present in a eukaryotic cell. In some embodiments, the target sequence is aviral
sequence present in a eukaryotic cell. In some embodiments, the target sequence is a proto-
oncogene or-an oncogene.

[00433] In one aspect the invention provides for a method of selecting one or more cell(s) by
introducing; one or more mutations in a gene in the one or more cell (s), the method comprising:

introducing one or more vectors into the cel (s), wherein the one or more vectors drive
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expression of one or more of: Cpfl, a guide sequence linked to a direct repeat sequence, and an
editing template; wherein the editing template comprises the one or more mutations that abolish
Cpfl cleavage; alowing homologous recombination of the editing template with the target
polynucleotide in the cell(s) to be selected; allowing a Cpfl CRISPR-Cas complex to bind to a
target polynucleotide to effect cleavage of the target polynucleotide within said gene, wherein
the Cpfl CRISPR-Cas complex comprises the Cpfl complexed with (1) the guide sequence that
is hybridized to the target sequence within the target polynucleotide, and (2) the direct repeat
sequence, wherein binding of the Cpfl CRISPR-Cas complex to the target polynucleotide
induces cell death, thereby allowing one or more cell(s) in which one or more mutations have
been introduced to be selected; this includes the present split Cpfl. In another preferred
embodiment of the invention the cell to be selected may be a eukaryotic cell. Aspects of the
invention alow for selection of specific cells without requiring a selection marker or a two-step
process that may include a counter-selection system.

[00434] Herein there is the phrase “this includes the present split Cpf1” or similar text; and,
thisistoindicate that Cpfl in embodiments herein can be asplit Cpfl as herein discussed.
[00435] In an aspect the invention involves a non-naturally occurring or engineered inducible
Cpfl CRISPR-Cas system, comprising a first Cpfl fusion construct attached to afirst half of an
inducible heterodimer and a second Cpfl fusion construct attached to a second haf of the
inducible heterodimer, wherein the first CPf1 fusion construct is operably linked to one or more
nuclear localization signals, wherein the second CPf1 fusion construct is operably linked to a
nuclear export signal, wherein contact with an inducer energy source brings the first and second
halves of 'the inducible heterodimer together, wherein bringing the first and second halves of the
inducible heterodimer together alows the first and second Cpf1 fusion constructs to constitute a
functional Cpfl CRISPR-Cas system, wherein the Cpfl CRISPR-Cas system comprises a guide
RNA (gRNA) comprising a guide sequence capable of hybridizing to a target sequence in a
genomic locus of interest in a cell, and wherein the functional Cpfl CRISPR-Cas system edits
the genomic locus to alter gene expression. In an embodiment of the invention the first half of
the inducible heterodimer is FKBP12 and the second half of the inducible heterodimer is FRB. In
another- embodiment of ‘the invention the inducer energy source is rapamycin.

[00436] An inducer energy source may be considered to be simply an inducer or a dimerizing
agent. The term ‘inducer energy source’ is used herein throughout for consistency. The inducer
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energy source (or inducer) acts to reconstitute the Cpfl. In some embodiments, the inducer
energy source brings the two parts of the Cpf1 together through the action of the two halves of
the inducible dimer. The two halves of the inducible dimer therefore are brought tougher in the
presence of ‘the inducer energy source. The two halves of the dimer will not form into the dimer
(dimerize) without the inducer energy source.

[00437] Thus, the two halves of the inducible dimer cooperate with the inducer energy source
to dimerize the dimer. Thisin turn reconstitutes the Cpf1 by bringing the first and second parts of
the Cpf1 together.

[00438] The CRISPR enzyme fusion constructs each comprise one part of the split Cpfl.
These are fused, preferably via a linker such as a GlySer linker described herein, to one of the
two halves of the dimer. The two halves of the dimer may be substantially the same two
monomers that together that form the homodimer, or they may be different monomers that
together form the heterodimer. As such, the two monomers can be thought of as one half of the
full dimer.

[00439] The Cpfl is split in the sense that the two parts of the Cpfl enzyme substantially
comprise a functioning Cpfl. That Cpfl may function as a genome editing enzyme (when
forming a complex with the target DNA and the guide), such as a nickase or a nuclease (cleaving
both strands of the DNA), or it may be a dead-Cpfl which is essentially a DNA-binding protein
with very little or no catalytic activity, due to typically mutation(s) in its catalytic domains.
[00440] The two parts of the split Cpf1 can be thought of as the N’ terminal part and the C’
terminal part of the split Cpfl. The fusion is typically at the split point of the Cpfl. In other
words, the C' terminal of the N’ terminal part of the split Cpfl is fused to one of the dimer
halves, whilst the N’ terminal of the C' terminal part is fused to the other dimer half.

[00441] The Cpfl does not have to be split in the sense that the break is newly created. The
split pointistypically designed in silico and cloned into the constructs. Together, the two parts of
the split Cpfl, the N’ terminal and C' terminal parts, form a full Cpfl, comprising preferably at
least 70% or- more of the wildtype amino acids (or nucleotides encoding them), preferably at
least 80% or more, preferably at least 90% or more, preferably at least 95% or more, and most
preferably at least 99% or more of the wildtype amino acids (or nucleotides encoding them).
Some trimming may be possible, and mutants are envisaged. Non-functional domains may be
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removed entirely. What is important is that the two parts may be brought together and that the
desired Cpf1 function is restored or reconstituted.

[00442] The dimer may be a homodimer or a heterodimer.

[00443] One or more, preferably two, NLSs may be used in operable linkage to the first Cpfl
construct. One or more, preferably two, NESs may be used in operable linkage to the first Cpfl
construct. The NLSs and/or the NESs preferably flank the split Cpfl-dimer (i.e., half dimer)
fusion, i.e., one NLS may be positioned at the N’ terminal of the first Cpfl construct and one
NLS may be at the C' terminal of the first Cpfl construct. Similarly, one NES may be positioned
at the N’ terminal of the second Cpfl construct and one NES may be at the C’ termina of the
second Cpf1 construct. Where reference ismade to N’ or C' terminals, it will be appreciated that
these correspond to 5" ad 3’ ends in the corresponding nucleotide sequence.

[00444] A preferred arrangement is that the first Cpfl construct is arranged 5-NLS-(N’
terminal Cpfl part)-linker-(first half of the dimer)-NLS-3'. A preferred arrangement is that the
second Cpfl construct is arranged 5'-NES--(second half’ of the dimer)-linker-(C’ terminal Cpfl
part)-NES-3'. A suitable promoter is preferably upstream of each of these constructs. The two
constructs may be delivered separately or together.

[00445] In some embodiments, one or all of the NES(s) in operable linkage to the second
CPf1 construct may be swapped out for an NLS. However, this may be typically not preferred
and, in other embodiments, the localization signal in operable linkage to the second Cpfl
construct is one or more NES(s).

[00446] It will also be appreciated that the NES may be operably linked to the N’ terminal
fragment of the split Cpfl and that the NLS may be operably linked to the C' terminal fragment
of the split Cpf1. However, the arrangement where the NLS is operably linked to the N’ terminal
fragment of the split Cpf1 and that the NES is operably linked to the C' terminal fragment of the
split Cpf1l may be preferred.

[00447] The NES functions to localize the second Cpfl fusion construct outside of the
nucleus, at least until the inducer energy source is provided (e.g., at least until an energy source
is provided to the inducer to perform its function). The presence of the inducer stimulates
dimerization of  the two Cpfl fusions within the cytoplasm and makes it thermodynamically
worthwhile for the dimerized, first and second, Cpfl fusions to localize to the nucleus. Without
being bound by theory, Applicants believe that the NES sequesters the second Cpf1 fusion to the
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cytoplasm (i.e., outside of the nucleus). The NLS on the first Cpfl fusion localizes it to the
nucleus. In both cases, Applicants use the NES or NL S to shift an equilibrium (the equilibrium of
nuclear transport) to a desired direction. The dimerization typically occurs outside of the nucleus
(avery small fraction might happen in the nucleus) and the NL Ss on the dimerized complex shift
the equilibrium of nuclear transport to nuclear localization, so the dimerized and hence
reconstituted Cpf1 enters the nucleus.

[00448] Beneficialy, Applicants are able to reconstitute function in the split Cpfl. Transient
transfection is used to prove the concept and dimerization occurs in the background in the
presence of the inducer energy source. No activity is seen with separate fragments of the Cpf1.
Stable expression through lentiviral delivery is then used to develop this and show that a split
Cpf1 approach can be used.

[00449] This present split Cpfl approach is beneficial as it allows the Cpfl activity to be
inducible, thus allowing for temporal control. Furthermore, different localization sequences may
be used (i.e., the NES and NLS as preferred) to reduce background activity from auto-assembled
complexes. Tissue specific promoters, for example one for each of the first and second Cpfl
fusion constructs, may also be used for tissue-specific targeting, thus providing spatial control.
Two different tissue specific promoters may be used to exert afiner degree of control if required.
The same approach may be used in respect of stage-specific promoters or there may a mixture of
stage and tissue specific promoters, where one of the first and second Cpf1 fusion constructs is
under the control of" (i.e. operably linked to or comprises) a tissue-specific promoter, whilst the
other-of the first and second Cpf1 fusion constructs is under the control of (i.e. operably linked to
or-comprises) a stage-specific promoter.

[00450] The inducible Cpf1l CRISPR-Cas system comprises one or more nuclear localization
sequences (NL Ss), as described herein, for example as operably linked to the first Cpfl fusion
construct. These nuclear localization sequences are idealy of sufficient strength to drive
accumulation of said first Cpfl fusion construct in a detectable amount in the nucleus of a
eukaryotic cell. Without wishing to be bound by theory, it is believed that a nuclear localization
sequence is not necessary for Cpfl CRISPR-Cas complex activity in eukaryotes, but that
including such sequences enhances activity of the system, especialy as to targeting nucleic acid
molecules in the nucleus, and assists with the operation of the present 2-part system.
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[00451] Equaly, the second Cpfl fusion construct is operably linked to a nuclear export
sequence (NES). Indeed, it may be linked to one or more nuclear export sequences. In other
words, the number of export sequences used with the second Cpf1 fusion construct is preferably
lor2or3. Typicaly 2 is preferred, but 1 is enough and so is preferred in some embodiments.
Suitable examples of NLS and NES are known in the art. For example, a preferred nuclear export
signal (NES) is human protein tyrosin kinase 2. Preferred signals will be species specific.

[00452] Where the FRB and FKBP system are used, the FKBP is preferably flanked by
nuclear localization sequences (NLSs). Where the FRB and FKBP system are used, the
preferred arrangement is N’ terminal Cpfl — FRB — NES : C' terminal Cpfl-FKBP-NLS.
Thus, the first Cpfl fusion construct would comprise the C' terminal Cpfl part and the second
Cpf1 fusion construct would comprise the N’ terminal Cpf1 part.

[00453] Another beneficial aspect to the present invention is that it may be turned on quickly,
i.e. that is has arapid response. It is believed, without being bound by theory, that Cpfl activity
can be induced through dimerization of existing (already present) fusion constructs (through
contact with the inducer energy source) more rapidly than through the expression (especialy
trandation) of new fusion constructs. As such, the first and second Cpf1 fusion constructs may
be expressed in the target cell ahead of time, i.e. before Cpfl activity is required. Cpfl activity
can then be temporally controlled and then quickly constituted through addition of the inducer
energy source, which ideally acts more quickly (to dimerize the heterodimer and thereby provide
Cpf1 activity) than through expression (including induction of transcription) of Cpfl delivered
by a vector, for example.

[00454] The terms Cpfl or Cpfl enzyme and CRISPR enzyme are used interchangeably
herein unless otherwise apparent.

[00455] Applicants demonstrate that CPf1 can be split into two components, which
reconstitute a functional nuclease when brought back together. Employing rapamycin sensitive
dimerization domains, Applicants generate a chemically inducible Cpfl for temporal control of
Cpfl-mediated genome editing and transcription modulation. Put another way, Applicants
demonstrate that Cpfl can be rendered chemically inducible by being split into two fragments
and that rapamycin-sensitive dimerization domains may be used for controlled reassembly of the
Cpfl. Applicants show that the re-assembled Cpfl may be used to mediate genome editing
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(through nuclease/nickase activity) as well as transcription modulation (as a DNA-binding
domain, the so-called “dead Cpf1”).

[00456] As such, the use of rapamycin-sensitive dimerization domains is preferred.
Reassembly of the Cpfl is preferred. Reassembly can be determined by restoration of binding
activity. Where the Cpfl is a nickase or induces a double-strand break, suitable comparison
percentages compared to awildtype are described herein.

[00457] Rapamycin treatments can last 12 days. The dose can be 200nM. This temporal
and/or molar dosage is an example of an appropriate dose for Human embryonic kidney 293FT
(HEK293FT) cell lines and this may also be used in other cell lines. This figure can be
extrapolated out for therapeutic use in vivo into, for example, mg/kg. However, it is also
envisaged that the standard dosage for administering rapamycin to a subject is used here as well.
By the “standard dosage”, it is meant the dosage under rapamycin’s normal therapeutic use or
primary indication (i.e. the dose used when rapamycin is administered for use to prevent organ
rejection).

[00458] It is noteworthy that the preferred arrangement of Cpfl-FRB/FKBP pieces are
separate and inactive until rapamycin-induced dimerization of FRB and FKBP results in
reassembly of a functional full-length Cpfl nuclease. Thus, it is preferred that first Cpfl fusion
construct: attached to a first half of an inducible heterodimer is delivered separately and/or is
localized separately from the second Cpfl fusion construct attached to afirst half of an inducible
heterodimer.

[00459] To sequester the Cpf1(N)-FRB fragment in the cytoplasm, where it is less likely to
dimerize with the nuclear-localized Cpf1(C)-FKBP fragment, it is preferable to use on Cpf1(N)-
FRB. a single nuclear export sequence (NES) from the human protein tyrosin kinase 2 (Cpf1(N)-
FRB-NES). In the presence of rapamycin, Cpf1(N)-FRB-NES dimerizes with Cpf1(C)-FKBP-
2XNLS to reconstitute a complete Cpfl protein, which shifts the balance of nuclear trafficking
toward nuclear import and allows DNA targeting.

[00460] High dosage of Cpfl can exacerbate indel frequencies at off-target (OT) sequences
which exhibit few mismatches to the guide strand. Such sequences are especially susceptible, if
mismatches are non-consecutive and/or outside of the seed region of the guide. Accordingly,
temporal control of Cpfl activity could be used to reduce dosage in long-term expression
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experiments and therefore result in reduced off-target indels compared to constitutively active
Cpf1.

[00461] Vira delivery is preferred. In particular, a lentiviral or AAV delivery vector is
envisaged. Applicants generate a split-Cpfl lentivirus construct, similar to the lentiCRISPR
plasmid. The split pieces should be small enough to fit the ~4.7kb size limitation of AAV.
[00462] Applicants demonstrate that stable, low copy expression of split Cpfl can be used to
induce substantial indels at a targeted locus without significant mutation at off-target sites.
Applicants clone Cpf1 fragments (2 parts based on split 5, described herein).

[00463] A dead Cpfl may aso be used, comprising a VP64 transactivation domain, for
example added to Cpf1(C)-FKBP-2xNL S (dead-Cpf1(C)-FKBP-2xNL S-VP64). These fragments
reconstitute a catalytically inactive Cpfl-VP64 fusion (dead-Cpfl-VP64). Transcriptional
activation is induced by VP64 in the presence of rapamycin to induce the dimerization of the
Cpf1(C)-FKBP fusion and the Cpfl(N)-FRB fusion. In other words, Applicants test the
inducibility of split dead-Cpf1-V P64 and show that transcriptional activation is induced by split
dead-Cpf1-VP64 in the presence of rapamycin. As such, the present inducible Cpf1 may be
associated with one or more functional domain, such as a transcriptional activator or repressor or
a nuclease (such as Fokl1). A functiona domain may be bound to or fused with one part of the
split Cpfl.

[00464] A preferred arrangement is that the first Cpfl construct is arranged 5'-First
Locdlization Signal-(N’ terminal CPfl part)-linker-(first half' of the dimer)-First Localization
Signal-3’ and the second Cpf1 construct is arranged 5'- Second L ocalization Signal--(second half
of the dimer)-linker-(C’ terminal Cpfl part)-Second Localization Signal-Functional Domain-3'.
Here, afunctional domain is placed at the 3' end of the second Cpfl construct. Alternatively, a
functional domain may be placed at the 5 end of the first Cpfl construct. One or more
functional domains may be used at the 3 end or the 5’ end or at both ends. A suitable promoter
is preferably upstream of  each of  these constructs. The two constructs may be delivered
separately or together. The Localization Signals may be an NLS or an NES, so long as they are
not: inter-mixed on each construct.

[00465] In an aspect the invention provides an inducible Cpfl CRISPR-Cas system wherein
the Cpf1 has a diminished nuclease activity of at least 97%, or 100% as compared with the Cpfl

enzyme not having the at |east one mutation.
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[00466] Accordingly, itisalso preferred that the Cpflisadead-Cpfl. Idealy, the split should
always be so that: the catalytic domain(s) are unaffected. For the dead-Cpf1 the intention is that
DNA binding occurs, but not cleavage or nickase activity is shown.

[00467] In an aspect the invention provides an inducible Cpf1 CRISPR-Cas system as herein
discussed wherein one or more functional domains is associated with the Cpf1. This functional
domain may be associated with (i.e. bound to or fused with) one part of the split Cpfl or both.
There may be one associated with each of the two parts of the split Cpfl. These may therefore
be typicaly provided as part of the first and/or second Cpfl fusion constructs, as fusions within
that: construct. The functional domains are typically fused via a linker, such as GlySer linker, as
discussed herein. The one or more functional domains may be transcriptional activation domain
or a repressor domain. Although they may be different domains it is preferred that all the
functional domains are either activator or repressor and that a mixture of the two is not used.
[00468] The transcriptional activation domain may comprise VP64, p65, MyoD1, HSF1, RTA
or SET7/9.

[00469] In an aspect, the invention provides an inducible Cpf1 CRISPR-Cas system as herein
discussed wherein the one or more functional domains associated with the Cpfl is a
transcriptional repressor domain.

[00470] In an aspect, the invention provides an inducible Cpf1 CRISPR-Cas system as herein
discussed wherein the transcriptional repressor domain is aKRAB domain.

[00471] In an aspect, the invention provides an inducible Cpf1 CRISPR-Cas system as herein
discussed wherein the transcriptional repressor domain is a NUE domain, NcoR domain, SID
domain or-a SID4X domain.

[00472] In an aspect the invention provides an inducible Cpf1 CRISPR-Cas system as herein
discussed wherein the one or more functional domains associated with the adaptor protein have
one or more activities comprising methylase activity, demethylase activity, transcription
activation activity, transcription repression activity, transcription release factor activity, histone
modification activity, RNA cleavage activity, DNA cleavage activity, DNA integration activity
or-nucleic acid binding activity.

[00473] Histone modifying domains are also preferred in some embodiments. Exemplary
histone modifying domains are discussed below. Transposase domains, HR (Homologous

Recombination). machinery domains, recombinase domains, and/or integrase domains are aso
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preferred as the present functional domains. In some embodiments, DNA integration activity
includes HR machinery domains, integrase domains, recombinase domains and/or transposase
domains.

[00474] In an aspect the invention provides an inducible Cpf1 CRISPR-Cas system as herein
discussed wherein the DNA cleavage activity is due to a nuclease.

[00475] In an aspect the invention provides an inducible Cpfl CRISPR-Cas system as herein
discussed wherein the nuclease comprises a Fok1 nuclease.

[00476] The use of such functional domains, which are preferred with the present split Cpfl
system, is also discussed in detail in Konermann et a. (“ Genome-scale transcriptional activation
with an engineered CRISPR-Cas9 complex” Nature published 11 Dec 2014).

[00477] The present system may be used with any guide.

[00478] Modified guides may be used in certain embodiments. Particularly preferred are
guides embodying the teachings of Konermann Nature 11 Dec 2014 paper mentioned above.
These guides are modified so that protein-binding RNA portions (such as aptamers) are added.
Such portion(s) may replace a portion of the guide. Corresponding RNA-binding protein
domains can be used to then recognise the RNA and recruit functional domains, such as those
described herein, to the guide. Thisis primarily for use with dead-Cpf1 leading to transcriptional
activation or repression or DNA cleavage through nucleases such as Fokl. The use of such
guides in combination with dead-Cpf1 is powerful, and it is especially powerful if the Cpfl itself
is also associated with its own functional domain, as discussed herein. When a dead-Cpf1 (with
or without: its own associated functional domain) is induced to reconstitute in accordance with
the presentinvention, i.e. isasplit Cpfl, then the tool is especially useful.

[00479] A guide RNA (gRNA), aso preferred for use in the present invention, can comprise a
guide sequence capable of hybridizing to a target sequence in a genomic locus of interest in a
cell, wherein the gRNA is modified by the insertion of distinct RNA sequence(s) that bind to one
or more adaptor proteins, and wherein the adaptor protein is associated with one or more
functional domains. The Cpfl may comprise at least one mutation, such that the Cpfl enzyme
has no more than 5% of the nuclease activity of the Cpfl enzyme not having the at least one
mutation; and/or at least one or more nuclear localization sequences. Also provided is a non-
naturally occurring or engineered composition comprising: one or more guide RNA (gRNA)
comprising a guide sequence capable of hybridizing to a target sequence in a genomic locus of
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interestin acell, a Cpf1 enzyme comprising at least one or more nuclear localization sequences,
wherein the CPf1 enzyme comprises at least one mutation, such that the Cpfl enzyme has no
more than 5% of the nuclease activity of the Cpf1l enzyme not having the at least one mutation,
wherein the at least one gRNA is modified by the insertion of distinct RNA sequence(s) that bind
to one or more adaptor proteins, and wherein the adaptor protein is associated with one or more
functional domains.

[00480] The gRNA that is preferably modified by the insertion of distinct RNA sequence(s)
that bind to one or more adaptor proteins. The insertion of distinct RNA sequence(s) that bind to
one or more adaptor proteins is preferably an aptamer sequence or two or more aptamer
sequences specific to the same or different adaptor protein(s). The adaptor protein preferably
comprises MS2, PP7, Q, F2, GA, fr, JP501, M12, R17, BZ13, JP34, JP500, KU1, M11, MX1,
TW18, VK, SP, FI, ID2, NL95, TW19, AP205, ¢Ch5, ¢Ch8r, pChl2r, pCb23r, 7s, PRR1L. Cell
lines stably expressing inter alia split dead-Cpf1 can be useful.

[00481] Applicants demonstrate that Cpfl can be split into two distinct fragments, which
recongtitute a functional full-length Cpfl nuclease when brought back together using chemical
induction. The split Cpf1 architecture will be useful for a variety of applications. For example,
split CPf1 may enable genetic strategies for restricting Cpfl activity to intersectional cell
populations by putting each fragment under a different tissue specific promoter. Additionally,
different chemically inducible dimerization domains such as APA and gibberellin may also be
employed.

[00482] Theinducer energy source is preferably chemical induction.

[00483] The split position or location is the point at which the first part of the Cpfl enzyme is
separated from the second part. In some embodiments, the first part will comprise or encode
amino acids 1 to X, whilst the second part will comprise or encode amino acids X+1 to the end.
In this example, the numbering is contiguous, but this may not always be necessary as amino
acids (or the nucleotides encoding them) could be trimmed from the end of either of the split
ends, provided that sufficient DNA binding activity and, if required, DNA nickase or cleavage
activity is retained, for example at least 40%, 50%, 60%, 70%, 80%, 90% or 95% activity
compared to wildtype Cpf1.

[00484] The exemplary numbering provided herein may be in reference to the wildtype
protein, preferably the wildtype FnCpfl. However, it is envisaged that mutants of the wildtype
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Cpfl such as of FnCpfl protein can be used. The numbering may also not follow exactly the
FnCpf1 numbering as, for instance, some N’ or C' terminal truncations or deletions may be used,
but this can be addressed using standard sequence alignment tools. Orthologs are also preferred
as a sequence aignment tool.

[00485] Thus, the split position may be selected using ordinary skill in the art, for instance
based on crystal data and/or computational structure predictions.

[00486] For example, computational analysis of the primary structure of Cpfl nucleases
reveals three distinct regions (Fig. 1). First a C-termina RuvC like domain, which is the only
functional characterized domain. Second a N-terminal alpha-helical region and thirst a mixed
alpha and beta region, located between the RuvC like domain and the apha-helical region.
Several small stretches of” unstructured regions are predicted within the Cpfl primary structure.
Unstructured regions, which are exposed to the solvent and not conserved within different Cpfl
orthologs, may represent preferred sides for splits (Fig. 2 and Fig. 3).

[00487] The following table presents non-limiting potential split regions within As and
LbCpfl. A split site within such aregion may be opportune.

Split region AsCpfl EbCpft
1 575-588 566-571
2 631-645 754-757
3 653-664 -
4 818-844 -

[00488] For Fn, As and Lb Cpfl mutants, it should be readily apparent what the
corresponding; position for a potential split site is, for example, based on a sequence alignment.
For non-Fn, As and Lb enzymes one can use the crystal structure of an ortholog if a relatively
high degree of homology exists between the ortholog and the intended Cpfl, or one can use
computational prediction.

[00489] Idedly, the split position should be located within a region or loop. Preferably, the
split: position occurs where an interruption of the amino acid sequence does not result in the
partial or full destruction of a structural feature (e.g. apha-helixes or beta-sheets). Unstructured
regions (regions that do not show up in the crystal structure because these regions are not
structured enough to be “frozen” in a crystal) are often preferred options. Applicants can for

example make splits in unstructured regions that are exposed on the surface of Cpf1.
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[00490] Applicants can follow the following procedure which is provided as a preferred
example and as guidance. Since unstructured regions don’t show up in the crystal structure,
Applicants cross-reference the surrounding amino acid sequence of the crystal with the primary
amino acid sequence of the Cpfl. Each unstructured region can be made of for example about 3
to 10 amino acids, which does not show up in the crystal. Applicants therefore make the split in
between these amino acids. To include more potential split sides Applicants include splits
located in loops at the outside of Cpf1 using the same criteria as with unstructured regions.
[00491] In some embodiments, the split positon is in an outside loop of the Cpfl. In other
preferred embodiments, the split position is in an unstructured region of the Cpfl. An
unstructured region is typically a highly flexible outside loop whose structure cannot be readily
determined from a crystal pattern.

[00492] Once the split position has been identified, suitable constructs can be designed.
[00493] Typicaly, an NES is positioned at the N’ terminal end of the first part of the split
amino acid (orthe 5’ end of nucleotide encoding it). Inthat case, an NLS is positioned at the C’
terminal end of the second part of the split amino acid (or the 3' end of the nucleotide encoding
it). Inthisway, the first Cpfl fusion construct may be operably linked to one or more nuclear
export signals and the second Cpfl fusion construct may be operably linked to a nuclear
localization signal.

[00494] Of course, the reverse arrangement may be provided, where an NLS is positioned at
the N’ terminal end of the first part of the split amino acid (or the 5 end of nucleotide encoding
it). Inthat case, an NES is positioned at the C' terminal end of the second part of the split amino
acid (or the 3 end of the nucleotide encoding it). Thus, the first Cpfl fusion construct may be
operably linked to one or more nuclear localization signals and the second Cpf1 fusion construct
may be operably linked to a nuclear export signal.

[00495]  Splits which keep the two parts (either side of the split) roughly the same length may
be advantageous for packing purposes. For example, it is thought to be easier to maintain
stoichiometry between both pieces when the transcripts are about the same size.

[00496] In certain examples, the N- and C-term pieces of human codon-optimized Cpfl such
as FnCpf1 are fused to FRB and FKBP dimerization domains, respectively. This arrangement
may be preferred. They may be switched over (i.e. N’ term to FKBP and C' term to FRB).
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[00497]  Linkers such as (GGGGS), are preferably used herein to separate the Cpf1 fragment
from the dimerization domain. (GGGGS), is preferable because it is arelatively long linker (15
amino acids). The glycine residues are the most flexible and the serine residues enhance the
chance that the linker is on the outside of the protein. (GGGGS), (GGGGS), or (GGGGS), , may
preferably be used as dternatives.  Other preferred aternatives are (GGGGS),, (GGGGS),,
(GGGGY),, (GGGGY),, (GGGEGY),, (GGGEGY),, (GGGGY), , or (GGGGS),, -
[00498]  For example, (GGGGS), may be included between the N’ term Cpf1 fragment and
FRB. For example, (GGGGS), may be included between FKB and the C’ term Cpf1 fragment.
[00499] Alternative linkers are available, but highly flexible linkers are thought to work best
to alow for maximum opportunity for the 2 parts of the Cpfl to come together and thus
reconstitute Cpfl activity. One alternative is that the NLS of nucleoplasmin can be used as a
linker.
[00500] A linker can also be used between the Cpfl and any functional domain. Again, a
(GGGGS), linker may be used here (or the 6, 9, or 12 repeat versions therefore) or the NLS of
nucleoplasmin can be used as alinker between CPf1 and the functional domain.
[00501] Alternatives to the FRB/FKBP system are envisaged. For example the ABA and
gibberellin system.
[00502] Accordingly, preferred examples of the FKBP family are any one of the following
inducible systems. FKBP which dimerizes with CalcineurinA (CNA), in the presence of FK506;
FKBP which dimerizes with CyP-Fas, in the presence of FKCsA; FKBP which dimerizes with
FRB, in the presence of Rapamycin; GyrB which dimerizes with GryB, in the presence of
Coumermycin; GAIl which dimerizes with GID1, in the presence of Gibberellin; or Snap-tag
which dimerizes with HaloTag, in the presence of HaXS.
[00503] Alternatives within the FKBP family itself are also preferred. For example, FKBP,
which homo-dimerizes (i.e. one FKBP dimerizes with another FKBP) in the presence of
FK1012. Thus, also provided is a non-naturaly occurring or engineered inducible Cpfl
CRISPR-Cas system, comprising:

afirst Cpf1l fusion construct attached to afirst half of an inducible homoodimer and

a second Cpf1 fusion construct attached to a second half of the inducible homoodimer,

wherein the first Cpfl fusion construct is operably linked to one or more nuclear
localization signals,
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wherein the second Cpf1 fusion construct is operably linked to a (optionally one or more)
nuclear export signal(s),

wherein contact with an inducer energy source brings the first and second halves of the
inducible homoodimer together,

wherein bringing the first and second halves of the inducible homoodimer together allows
the first and second CPf1 fusion constructs to constitute a functional Cpf1 CRISPR-Cas system,

wherein the Cpf1l CRISPR-Cas system comprises a guide RNA (gRNA) comprising a
guide sequence capable of hybridizing to a target sequence in a genomic locus of interest in a
cell, and

wherein the functional Cpfl CRISPR-Cas system binds to the target sequence and,
optionally, edits the genomic locus to alter gene expression.
[00504] In one embodiment, the homodimer is preferably FKBP and the inducer energy
sourceis preferably FK1012. In another embodiment, the homodimer is preferably GryB and the
inducer energy source is preferably Coumermycin. In another embodiment, the homodimer is
preferably ABA and the inducer energy source is preferably Gibberellin.
[00505] In other embodiments, the dimer is a heterodimer. Preferred examples of
heterodimers are any one of the following inducible systems. FKBP which dimerizes with
CalcineurinA (CNA), in the presence of FK506; FKBP which dimerizes with CyP-Fas, in the
presence of FKCsA; FKBP which dimerizes with FRB, in the presence of Rapamycin, in the
presence of Coumermycin; GAI which dimerizes with GID1, in the presence of Gibberellin; or
Snap-tag; which dimerizes with HaloTag, in the presence of HaXS.
[00506] Applicants used FKBP/FRB because it is well characterized and both domains are
sufficiently small (<100 amino acids) to assist with packaging. Furthermore, rapamycin has
been used for a long time and side effects are well understood. Large dimerization domains
(>300 aa): should work too but may require longer linkers to make enable Cpf1 reconstitution.
[00507] Paulmurugan and Gambhir (Cancer Res, August 15, 2005 65; 7413) discusses the
background to the FRB/FKBP/Rapamycin system. Another useful paper is the article by
Crabtree et al. (Chemistry & Biology 13, 99-107, Jan 2006).
[00508] In an example, a single vector, an expression cassette (plasmid) is constructed.
gRNA is under the control of'a U6 promoter. Two different Cpfl splits are used. The split Cpfl
construct: is based on a first Cpfl fusion construct, flanked by NLSs, with FKBP fused to C
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terminal part of the split CPf1 via a GlySer linker; and a second CPf1 fusion construct, flanked
by NESs, with FRB fused with the N terminal part of the split CPf1 via a GlySer linker. To
separate the first and second Cpfl fusion constructs, P2A is used splitting on transcription. The
Split Cpfl showsindel formation similar to wildtype in the presence of rapamycin, but markedly
lower indel formation than the wildtype in the absence of rapamycin.
[00509] Accordingly, asingle vector is provided. The vector comprises:

afirst Cpfl fusion construct attached to afirst half' of an inducible dimer and

asecond Cpf1 fusion construct attached to a second half of the inducible dimer,

wherein the first Cpfl fusion construct is operably linked to one or more nuclear
localization signals,

wherein the second CPf1 fusion construct is operably linked to one or more nuclear
export signals,

wherein contact with an inducer energy source brings the first and second halves of the
inducible heterodimer together,

wherein bringing the first and second halves of the inducible heterodimer together allows
the first and second CPf1 fusion constructs to constitute a functional Cpf1 CRISPR-Cas system,

wherein the Cpfl CRISPR-Cas system comprises a guide RNA (gRNA) comprising a
guide sequence capable of hybridizing to a target sequence in a genomic locus of interest in a
cell, and

wherein the functional Cpfl CRISPR-Cas system binds to the target sequence and,
optionally, edits the genomic locus to ater gene expression. These elements are preferably
provided on a single construct, for example an expression cassette.
[00510] The first Cpfl fusion construct is preferably flanked by at least one nuclear
localization signal at each end. The second CPf1 fusion construct is preferably flanked by at
least one nuclear export signal at each end.
[00511] Also provided is a method of treating a subject in need thereof, comprising inducing
gene editing by transforming the subject with the polynucleotide encoding the system or any of
the present vectors and administering an inducer energy source to the subject. A suitable repair
template may also be provided, for example delivered by a vector comprising said repair
templ ate.
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[00512] Also provided is a method of treating a subject in need thereof, comprising inducing
transcriptional activation or repression by transforming the subject with the polynucleotide
encoding; the present system or any of the present vectors, wherein said polynuclectide or vector
encodes or comprises the catalytically inactive Cpfl and one or more associated functional
domains; the method further comprising administering an inducer energy source to the subject.
[00513] Compositions comprising the present system for use in said method of treatment are
also provided. Use of 'the present system in the manufacture of a medicament for such methods
of treatment are also provided.

[00514] Examples of conditions treatable by the present system are described herein or in
documents cited herein.

[00515] The single vector can comprise a transcript-splitting agent, for example P2A. P2A
splits the transcript in two, to separate the first and second CPf1 fusion constructs. The splitting
is due to “ribosomal skipping “. In essence, the ribosome skips an amino acid during translation,
which breaks the protein chain and results in two separate polypeptides/proteins. The single
vector-is also useful for applications where low background activity is not of concern but a high
inducible activity is desired.

[00516] One example would be the generation of clonal embryonic stem cell lines. The
normal procedure is transient transfection with plasmids encoding wt CPf1 or Cpfl nickases.
These plasmids produce Cpfl molecules, which stay active for several days and have a higher
chance of off"target activity. Using the single expression vector for split Cpfl alows restricting
“high™ Cpf1 activity to a shorter time window (e.g. one dose of an inducer, such as rapamycin).
Without continual (daily) inducer (e.g. rapamycin) treatments the activity of single expression
split Cpfl vectorsis low and presents a reduced chance of causing unwanted off target effects.
[00517] A peak of induced Cpfl activity is beneficia in some embodiments and may most
easily be brought about using a single delivery vector, but it is also possible through a dual
vector system (each vector delivering one half of the split CPf1). The peak may be high activity
and for-a short timescale, typically the lifetime of the inducer.

[00518] Accordingly, provided is a method for generation of clonal embryonic stem cell lines,
comprising transfecting one or more embryonic stem cells with a polynucleotide encoding the
present system or- one of the present vectors to express the present split Cpfl and administering
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or contacting the one or more stem cells with the present inducer energy source to induce
reconstitution of the Cpfl. A repair template may be provided.

[00519] As with all methods described herein, it will be appreciated that suitable gRNA or
guides will be required.

[00520] Where functional domains and the like are “associated” with one or other part of the
enzyme, these are typically fusions. The term “associated with” is used here in respect of how
one molecule ‘associates’ with respect to another, for example between parts of the Cpfl and a
functional domain. In the case of such protein-protein interactions, this association may be
viewed in terms of recognition in the way an antibody recognises an epitope. Alternatively, one
protein may be associated with another protein via a fusion of the two, for instance one subunit
being fused to another subunit. Fusion typically occurs by addition of the amino acid sequence
of one to that of the other, for instance via splicing together of the nucleotide sequences that
encode each protein or subunit. Alternatively, this may essentially be viewed as binding between
two molecules or direct linkage, such as afusion protein. In any event, the fusion protein may
include a linker between the two subunits of interest (i.e. between the enzyme and the functional
domain or between the adaptor protein and the functional domain). Thus, in some embodiments,
the part of the CPfl is associated with a functional domain by binding thereto. In other
embodiments, the CPfl is associated with a functional domain because the two are fused
together, optionally via an intermediate linker. Examples of linkers include the GlySer linkers
discussed herein.

[00521] Other examples of" inducers include light and hormones. For light, the inducible
dimers may be heterodimers and include first light-inducible half of a dimer and a second (and
complimentary) light-inducible half of a dimer. A preferred example of first and second light-
inducible dimer halves is the CIB1 and CRY2 system. The CIB1 domain is a heterodimeric
binding partner of ‘the light-sensitive Cryptochrome 2 (CRY 2).

[00522] In another example, the blue light—responsive Magnet dimerization system (pMag
and nMag) may be fused to the two parts of a split Cpf1 protein. In response to light stimulation,
pMag and nMag dimerize and Cpfl reassembles. For example, such system is described in
connection with Cas9 in Nihongaki et a. (Nat. Biotechnol. 33, 755-790, 2015).

[00523] The invention comprehends that the inducer energy source may be heat, ultrasound,
electromagnetic energy or chemical. In a preferred embodiment of the invention, the inducer
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energy source may be an antibiotic, a small molecule, a hormone, a hormone derivative, a steroid
or a steroid derivative. In a more preferred embodiment, the inducer energy source maybe
abscisic acid (ABA), doxycycline (DOX), cumate, rapamycin, 4-hydroxytamoxifen (40HT),
estrogen or ecdysone. The invention provides that the at least one switch may be selected from
the group consisting of  antibiotic based inducible systems, electromagnetic energy based
inducible systems, small molecule based inducible systems, nuclear receptor based inducible
systems and hormone based inducible systems. In a more preferred embodiment the at least one
switch may be selected from the group consisting of tetracycline (Tet)/DOX inducible systems,
light inducible systems, ABA inducible systems, cumate repressor/operator systems,
40HT/estrogen inducible systems, ecdysone-based inducible systems and FKBP12/FRAP
(FKBP12-rapamycin complex) inducible systems. Such inducers are also discussed herein and
in PCT/US2013/051418, incorporated herein by reference.

[00524] In generd, any use that can be made of a Cpfl, whether wt, nickase or a dead-Cpf1l
(with or without associated functional domains) can be pursued using the present split Cpfl
approach. The benefit remains the inducible nature of the Cpf1 activity.

[00525] As a further example, split CPf1 fusions with fluorescent proteins like GFP can be
made. This would allow imaging of genomic loci (see "Dynamic Imaging of Genomic Loci in
Living Human Cells by an Optimized CRISPR/Cas System" Chen B et a. Cell 2013), but in an
inducible manner. As such, in some embodiments, one or more of the Cpfl parts may be
associated (and in particular fused with) a fluorescent protein, for example GFP.

[00526] Further experiments address whether there is a difference in off-target cutting,
between wild type (wt) and split Cpfl, when on-target cutting is at the same level. To do this,
Applicants use transient transfection of wt and split Cpfl plasmids and harvest at different time
points. Applicants look for off-target activatation after finding a set of samples where on-target
cutting is within +/- 5%. Applicants make cell lines with stable expression of wt or split Cpfl
without guides (using lentivirus). After antibiotic selection, guides are delivered with a separate
lentivirus and thereis harvest at different time points to measure on-/off-target cutting.

[00527] Applicants introduce a destabilizing sequence (PEST, see “Use of mRNA- and
protein-destabilizing elements to develop a highly responsive reporter system” Voon DC et al.
Nucleic Acids Research 2005) into the FRB(N)Cpfl-NES fragment to facilitate faster
degradation and therefore reduced stability of the split dead-Cpf1-V P64 complex.
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[00528] Such destabilizing sequences as described elsewhere in this specification (including
PEST): can be advantageous for use with split Cpfl systems.

[00529] Cdll lines stably expressing split dead-Cpf1-VP64 and MS2-p65-HSF1 + guide are
generated. A PLX resistance screen can demonstrate that a non-reversible, timed transcriptional
activation can be useful in drug screens. This approach is may be advantageous when a split
dead-Cpf1-VP64 is not reversible.

[00530] In one aspect the invention provides a non-naturally occurring or engineered Cpfl
CRISPR-Cas system which may comprise at least one switch wherein the activity of said Cpfl
CRISPR-Cas system is controlled by contact with at least one inducer energy source as to the
switch. In an embodiment of the invention the control as to the at least one switch or the activity
of 'said Cpfl CRISPR-Cas system may be activated, enhanced, terminated or repressed. The
contact with the at least one inducer energy source may result in afirst effect and a second effect.
The first effect may be one or more of nuclear import, nuclear export, recruitment of a
secondary component (such as an effector molecule), conformational change (of protein, DNA or
RNA), cleavage, release of cargo (such as a caged molecule or a co-factor), association or
dissociation. The second effect may be one or more of  activation, enhancement, termination or
repression of ‘the control as to the at least one switch or the activity of said Cpfl CRISPR-Cas
system. In one embodiment the first effect and the second effect may occur in a cascade.

[00531] In another aspect of the invention the Cpfl CRISPR-Cas system may further
comprise at least one or more nuclear localization signal (NLS), nuclear export signa (NES),
functional domain, flexible linker, mutation, deletion, alteration or truncation. The one or more
of 'the NLS, the NES or the functional domain may be conditionally activated or inactivated. In
another embodiment, the mutation may be one or more of a mutation in a transcription factor
homology region, a mutation in a DNA binding domain (such as mutating basic residues of a
basic helix loop helix), a mutation in an endogenous NL S or a mutation in an endogenous NES.
The invention comprehends that the inducer energy source may be heat, ultrasound,
electromagnetic energy or chemical. In a preferred embodiment of the invention, the inducer
energy source may be an antibiotic, a small molecule, a hormone, a hormone derivative, a steroid
or a steroid derivative. In a more preferred embodiment, the inducer energy source maybe
abscisic acid (ABA), doxycycline (DOX), cumate, rapamycin, 4-hydroxytamoxifen (40HT),
estrogen or- ecdysone. The invention provides that the at least one switch may be selected from
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the group consisting of antibiotic based inducible systems, electromagnetic energy based
inducible systems, small molecule based inducible systems, nuclear receptor based inducible
systems and hormone based inducible systems. In a more preferred embodiment the at least one
switch may be selected from the group consisting of tetracycline (Tet)/DOX inducible systems,
light inducible systems, ABA inducible systems, cumate repressor/operator systems,
40HT/estrogen inducible systems, ecdysone-based inducible systems and FKBP12/FRAP
(FKBP12-rapamycin complex) inducible systems.

[00532] Aspects of control as detailed in this application relate to at least one or more
switch(es). The term “switch” as used herein refers to a system or a set of components that act in
a coordinated manner to affect a change, encompassing all aspects of biological function such as
activation, repression, enhancement or termination of that function. In one aspect the term switch
encompasses genetic switches which comprise the basic components of gene regulatory proteins
and the specific DNA sequences that these proteins recognize. In one aspect, switches relate to
inducible and repressible systems used in gene regulation. In general, an inducible system may
be off" unless there is the presence of some molecule (caled an inducer) that allows for gene
expression. The molecule is said to “induce expression”. The manner by which this happens is
dependent on the control mechanisms as well as differencesin cell type. A repressible system is
on except in the presence of some molecule (called a corepressor) that suppresses gene
expression. The molecule is said to “repress expression”. The manner by which this happens is
dependent: on the control mechanisms as well as differencesin cell type. The term “inducible’ as
used herein may encompass all aspects of  a switch irrespective of the molecular mechanism
involved. Accordingly a switch as comprehended by the invention may include but is not limited
to antibiotic based inducible systems, electromagnetic energy based inducible systems, small
molecule based inducible systems, nuclear receptor based inducible systems and hormone based
inducible systems. In preferred embodiments the switch may be a tetracycline (Tet)/DOX
inducible system, a light inducible systems, a Abscisic acid (ABA) inducible system, a cumate
repressor/operator system, a 40HT/estrogen inducible system, an ecdysone-based inducible
systems or-a FKBP12/FRAP (FKBP12-rapamycin complex) inducible system.

[00533] The present Cpfl CRISPR-Cas system may be designed to modulate or alter
expression of” individual endogenous genes in a temporally and spatially precise manner. The
Cpfl CRISPR-Cas system may be designed to bind to the promoter sequence of the gene of
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interest to change gene expression. The Cpf1 may be spilt into two where one half is fused to one
half* of the cryptochrome heterodimer (cryptochrome-2 or CIB1), while the remaining
cryptochrome partner is fused to the other half of the Cpfl. In some aspects, a transcriptional
effector domain may also beincluded in the Cpf1 CRISPR-Cas system. Effector domains may be
either activators, such as VP16, VP64, or p65, or repressors, such as KRAB, EnR, or SID. In
unstimulated state, the one half’ Cpfl-cryptochrome2 protein localizes to the promoter of the
gene of interest, but is not bound to the CIB1-effector protein. Upon stimulation with blue
spectrum light, cryptochrome-2 becomes activated, undergoes a conformational change, and
revealsits binding domain. CIB1, in turn, binds to cryptochrome-2 resulting in localization of the
second half’ of the Cpfl to the promoter region of the gene of interest and initiating genome
editing which may result in gene overexpression or silencing. Aspects of LITEs are further
described in Liu, H et al. , Science, 2008 and Kennedy M et al., Nature Methods 2010, the
contents of 'which are herein incorporated by reference in their entirety.

[00534] Activator and repressor domains which may further modulate function may be
selected on the basis of” species, strength, mechanism, duration, size, or any number of other
parameters. Preferred effector domains include, but are not limited to, a transposase domain,
integrase domain, recombinase domain, resolvase domain, invertase domain, protease domain,
DNA methyltransferase domain, DNA demethylase domain, histone acetylase domain, histone
deacetylases domain, nuclease domain, repressor domain, activator domain, nuclear-localization
signal domains, transcription-protein recruiting domain, cellular uptake activity associated
domain, nucleic acid binding domain or antibody presentation domain.

[00535] There are several different ways to generate chemical inducible systems as well: 1.
ABI-PYL based system inducible by Abscisic Acid (ABA) (see, eg., website at
stke.sciencemag.org/cgi/content/abstract/sigtrans;4/164/rs2), 2. FKBP-FRB based system
inducible by rapamycin (or related chemicals based on rapamycin) (see, eg., website at
nature.com/nmeth/journal/v2/n6/full/nmeth763.html), 3. GID1-GAIl based system inducible by
Gibberellin (GA) (see, eg., website at
nature.com/nchembio/journal /v8/n5/full/nchembi.922.html).

[00536] Another system contemplated by the present invention is a chemical inducible system
based on change in sub-cellular localization. Applicants also comprehend an inducible Cpfl
CRISPR-Cas system engineered to target a genomic locus of interest wherein the Cpfl enzymeis
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split into two fusion constructs that are further linked to different parts of a chemical or energy
sensitive protein. This chemical or energy sensitive protein will lead to a change in the sub-
cellular localization of either half of the CPf1 enzyme (i.e. transportation of either half of the
Cpfl enzyme from cytoplasm into the nucleus of the cells) upon the binding of a chemical or
energy transfer to the chemical or energy sensitive protein. This transportation of fusion
constructs from one sub-cellular compartments or organelles, in which its activity is sequestered
due to lack of substrate for the reconstituted Cpfl CRISPR-Cas system, into another one in
which the substrate is present would allow the components to come together and reconstitute
functional activity and to then come in contact with its desired substrate (i.e. genomic DNA in
the mammalian nucleus) and result in activation or repression of target gene expression.

[00537] Other inducible systems are contemplated such as, but not limited to, regulation by
heavy-metals [Mayo KE et al., Cell 1982, 29:99-108; Searle PF et a., Mol Cell Biol 1985,
5:1480-1489 and Brinster RL et al., Nature (London) 1982, 296:39-42], steroid hormones [Hynes
NE et al., Proc Natl Acad Sci USA 1981, 78:2038-2042; Klock G et a., Nature (London) 1987,
329:734-736 and Lee F et al., Nature (London) 1981, 294:228-232.], heat shock [Nouer L: Heat
Shock Response. Boca Raton, FL: CRC; 1991] and other reagents have been developed [Mullick
A, Massie B: Transcription, trandation and the control of gene expression. In Encyclopedia of
Cell Technology Edited by: Speir RE. Wiley; 2000:1140-1164 and Fussenegger M, . Biotechnol
Prog; 2001, 17:1-51]. However, there are limitations with these inducible mammalian promoters
such as "leakiness' of the "off" state and pleiotropic effects of inducers (heat shock, heavy
metals, glucocorticoids etc.). The use of insect hormones (ecdysone) has been proposed in an
attempt to reduce the interference with cellular processes in mammalian cells[No D et a., Proc
Natl Acad Sci USA 1996, 93:3346-3351]. Another elegant system uses rapamycin as the inducer
[Rivera VM et a., Nat Med 1996, 2:1028-1032] but the role of rapamycin as an
immunosuppressant was a magjor limitation to its use in vivo and therefore it was necessary to
find a biologicaly inert compound [Saez E et a., Proc Natl Acad Sci USA 2000, 97:14512-
14517] forthe control of gene expression.

[00538] In particular embodiments, the gene editing systems described herein are placed
under the control of a passcode kill switch, which is a mechanisms which efficiently kills the
host: cell when the conditions of the cell are atered. This is ensured by introducing hybrid Lacl-
GalR family transcription factors, which require the presence of IPTG to be switched on (Chan et
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al. 2015 Nature Nature Chemical’ Biology doi:10.1038/nchembio.1979 which can be used to
drive a gene encoding an enzyme critical for cell-survival. By combining different transcription
factors sensitive to different chemicals, a “code” can be generated, This system can be used to
gpatially and temporally control the extent of' CRISPR-induced genetic modifications, which can
be of 'interest in different fields including therapeutic applications and may aso be of interest to
avoid the “escape’ of GMOs from their intended environment.

Self-inactivating_ systems

[00539] Once all copies of agene in the genome of a cell have been edited, continued CRISRP/Cpfl
expression in that cell is no longer necessary. Indeed, sustained expression would be undesirable
in case of off-target effects at unintended genomic sites, etc. Thus time-limited expression would
be useful. Inducible expression offers one approach, but in addition Applicants envisage a Self-
Inactivating CRISPR-Cpfl system that relies on the use of a non-coding guide target sequence
within the CRISPR vector itself. Thus, after expression begins, the CRISPR system will lead to
its own destruction, but before destruction is complete it will have time to edit the genomic
copies of the target gene (which, with a normal point mutation in a diploid cell, requires at most
two edits). Simply, the self” inactivating CRISPR-Cas system includes additional RNA (i.e,,
guide RNA) that targets the coding sequence for the CRISPR enzyme itself or that targets one or
more non-coding guide target sequences complementary to unigue sequences present in one or
more of the following:

[00540] (@) within the promoter driving expression of the non-coding RNA elements,

[00541]  (b) within the promoter driving expression of the Cpfl gene,

[00542] (c) within 100bp of the ATG trandational start codon in the Cpf1 coding sequence,
[00543] (d) within the inverted terminal repeat (iTR) of a viral delivery vector, e.g., in the
AAV genome.

[00544] Furthermore, that RNA can be delivered via a vector, e.g., a separate vector or the
same vector that is encoding the CRISPR complex. When provided by a separate vector, the
CRISPR RNA that targets Cpfl expression can be administered sequentialy or simultaneously.
When administered sequentialy, the CRISPR RNA that targets Cpfl expression is to be
delivered after the CRISPR RNA that is intended for e.g. gene editing or gene engineering. This
period may be a period of minutes (e.g. 5 minutes, 10 minutes, 20 minutes, 30 minutes, 45

minutes, 60 minutes). This period may be a period of hours (e.g. 2 hours, 4 hours, 6 hours, 8
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hours, 12 hours, 24 hours). This period may be a period of days (e.g. 2 days, 3 days, 4 days, 7
days). This period may be a period of weeks (e.g. 2 weeks, 3 weeks, 4 weeks). This period may
be a period of months (e.g. 2 months, 4 months, 8 months, 12 months). This period may be a
period of ‘years (2 years, 3 years, 4 years). In this fashion, the Cas enzyme associates with a first
gRNA capable of hybridizing to a first target, such as a genomic locus or loci of interest and
undertakes the function(s) desired of the CRISPR-Cas system (e.g., gene engineering); and
subsequently the Cpf1 enzyme may then associate with the second gRNA capable of hybridizing
to the sequence comprising at least part of the Cpfl or CRISPR cassette. Where the gRNA
targets the sequences encoding expression of the Cpf1 protein, the enzyme becomes impeded and
the system becomes self” inactivating. In the same manner, CRISPR RNA that targets Cpfl
expression applied via, for example liposome, lipofection, nanoparticles, microvesicles as
explained herein, may be administered sequentially or simultaneously. Similarly, self-
inactivation may be used for inactivation of one or more guide RNA used to target one or more
targets.

[00545] In some aspects, a single gRNA is provided that is capable of hybridization to a
sequence downstream of a CRISPR enzyme start codon, whereby after a period of time thereisa
loss of 'the CRISPR enzyme expression. In some aspects, one or more gRNA(S) are provided
that: are capable of hybridization to one or more coding or non-coding regions of the
polynucleotide encoding the CRISPR-Cas system, whereby after a period of time there is a
inactivation of one or more, or in some cases all, of the CRISPR-Cas systems. In some aspects
of 'the system, and not to be limited by theory, the cell may comprise a plurality of CRISPR-Cas
complexes, wherein a first subset of CRISPR complexes comprise a first gRNA capable of
targeting a genomic locus or loci to be edited, and a second subset of CRISPR complexes
comprise at least one second gRNA capable of targeting the polynucleotide encoding the
CRISPR-Cas system, wherein the first subset of CRISPR-Cas complexes mediate editing of the
targeted genomic locus or loci and the second subset of CRISPR complexes eventually inactivate
the CRISPR-Cas system, thereby inactivating further CRISPR-Cas expression in the cell.

[00546] Thus the invention provides a CRISPR-Cas system comprising one or more vectors
for delivery to a eukaryotic cell, wherein the vector(s) encode(s): (i) a CRISPR enzyme, more
particularly Cpf1; (ii) afirst guide RNA capable of hybridizing to a target sequence in the cell;
and (iii) a second guide RNA capable of hybridizing to one or more target sequence(s) in the
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vector which encodes the CRISPR enzyme, When expressed within the cell, the first guide RNA
directs sequence-specific binding of a first CRISPR complex to the target sequence in the cell;
the second guide RNA directs sequence-specific binding of a second CRISPR complex to the
target: sequence in the vector which encodes the CRISPR enzyme; the CRISPR complexes
comprise a CRISPR enzyme bound to a guide RNA, whereby a guide RNA can hybridize to its
target sequence; and the second CRISPR complex inactivates the CRISPR-Cas system to prevent
continued expression of the CRISPR enzyme by the cell.

[00547] Further characteristics of the vector(s), the encoded enzyme, the guide sequences, etc.
are disclosed elsewhere herein. The system can encode (i) a CRISPR enzyme, more particularly
Cpf1; (ii) afirst gRNA comprising a sequence capable of hybridizing to afirst target sequencein
the cell, (iii) a second guide RNA capable of hybridizing to the vector which encodes the
CRISPR enzyme. Similarly, the enzyme can include one or more NL S, etc.

[00548] The various coding sequences (CRISPR enzyme, guide RNAS) can be included on a
single vector or on multiple vectors. For instance, it is possible to encode the enzyme on one
vector and the various RNA sequences on another vector, or to encode the enzyme and one
gRNA on one vector, and the remaining gRNA on another vector, or any other permutation. In
general, asystem using atotal of one or two different vectorsis preferred.

[00549] Where multiple vectors are used, it is possible to deliver them in unequal numbers,
and ideally with an excess of a vector which encodes the first guide RNA relative to the second
guide RNA, thereby assisting in delaying final inactivation of the CRISPR system until genome
editing has had a chance to occur.

[00550] The first guide RNA can target any target sequence of interest within a genome, as
described elsewhere herein. The second guide RNA targets a sequence within the vector which
encodes the CRISPR Cas9 enzyme, and thereby inactivates the enzyme's expression from that
vector. Thus the target sequence in the vector must be capable of inactivating expression.
Suitable target sequences can be, for instance, near to or within the trandational start codon for
the Cpfl coding sequence, in a hon-coding sequence in the promoter driving expression of the
non-coding RNA elements, within the promoter driving expression of the Cpfl gene, within
100bp of the ATG trandational start codon in the Cpfl coding sequence, and/or within the
inverted terminal repeat: (iTR) of a viral delivery vector, eg., in the AAV genome. A double
stranded break near this region can induce a frame shift in the Cpf1 coding sequence, causing a
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loss of protein expression. An alternative target sequence for the “self-inactivating” guide RNA
would aim to edit/inactivate regulatory regions/sequences needed for the expression of the
CRISPR-Cpf1 system or for the stability of the vector. For instance, if the promoter for the Cpfl
coding sequence is disrupted then transcription can be inhibited or prevented. Similarly, if a
vector includes sequences for replication, maintenance or stability then it is possible to target
these. For instance, in a AAV vector a useful target sequence is within the iTR. Other useful
sequences to target can be promoter sequences, polyadenlyation sites, etc.

[00551] Furthermore, if the guide RNASs are expressed in array format, the “ self-inactivating”
guide RNAs that target both promoters simultaneously will result in the excision of the
intervening nucleotides from within the CRISPR-Cas expression construct, effectively leading to
its complete inactivation. Similarly, excision of the intervening nucleotides will result where the
guide RNAs target both ITRs, or targets two or more other CRISPR-Cas components
simultaneously. Self-inactivation as explained herein is applicable, in general, with CRISPR-
Cpfl systems in order to provide regulation of the CRISPR-Cpf1. For example, self-inactivation
as explained herein may be applied to the CRISPR repair of mutations, for example expansion
disorders, as explained herein. As a result of this self-inactivation, CRISPR repair is only
transiently active.

[00552] Addition of non-targeting nucleotides to the 5 end (eg. 1 — 10 nucleotides,
preferably 1 — 5 nucleotides) of the “self-inactivating” guide RNA can be used to delay its
processing and/or modify its efficiency as a means of ensuring editing at the targeted genomic
locus priorto CRISPR-Cpf1 shutdown.

[00553] In one aspect of the self-inactivating AAV-CRISPR-Cpfl system, plasmids that co-
express one or more gRNA targeting genomic sequences of interest (e.g. 1-2, 1-5, 1-10, 1 -15, 1-
20, 1-30) may be established with “self-inactivating” gRNAs that target an LbCpfl sequence at
or near the engineered ATG start site (e.g. within 5 nucleotides, within 15 nucleotides, within 30
nucleotides, within 50 nucleotides, within 100 nucleotides). A regulatory sequence in the U6
promoter- region can also be targeted with an gRNA. The U6-driven gRNAs may be designed in
an array format such that multiple gRNA sequences can be simultaneously released. When first
delivered into target tissue/cells (left cell) gRNAS begin to accumulate while Cpfl levelsrisein
the nucleus. Cpfl complexes with al of the gRNAs to mediate genome editing and self-
inactivation of'the CRISPR-Cpf1 plasmids.
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[00554] One aspect of a self-inactivating CRISPR-Cpfl system is expression of singly or in
tandam array format from 1 up to 4 or more different guide sequences; e.g. up to about 20 or
about: 30 guides sequences. Each individual self’ inactivating guide sequence may target a
different target. Such may be processed from, e.g. one chimeric pol3 transcript. Pol3 promoters
such: as U6 or H1 promoters may be used. Pol2 promoters such as those mentioned throughout
herein. Inverted termina repeat (iTR) sequences may flank the Pol3 promoter - gRNA(Ss)-Pol2
promoter- Cpf1.

[00555]  One aspect of a chimeric, tandem array transcript is that one or more guide(s) edit the
one or more target(s) while one or more self  inactivating guides inactivate the CRISPR/Cpf1
system. Thus, for example, the described CRISPR-Cpf1 system for repairing expansion disorders
may be directly combined with the self-inactivating CRISPR-Cpfl system described herein.
Such a system may, for example, have two guides directed to the target region for repair as well
as at least a third guide directed to self-inactivation of the CRISPR-Cpfl. Reference is made to
Application Ser. No. PCT/US2014/069897, entitled “Compositions And Methods Of Use Of
Crigpr-Cas Systems In  Nucleotide Repeat Disorders,” published Dec. 12, 2014 as
WO/2015/089351.

Gene Editing.or Altering.a Target L oci with Cpfl

[00556] The double strand break or single strand break in one of the strands advantageously
should be sufficiently close to target position such that correction occurs. In an embodiment, the
distance is not more than 50, 100, 200, 300, 350 or 400 nucleotides. While not wishing to be
bound by theory, it is believed that the break should be sufficiently close to target position such
that the break is within the region that is subject to exonuclease-mediated removal during end
resection. If'the distance between the target position and a break is too great, the mutation may
not be included in the end resection and, therefore, may not be corrected, as the template nucleic
acid sequence may only be used to correct sequence within the end resection region.

[00557] In an embodiment, in which a guide RNA and a Type V/Type VI molecule, in
particular Cpf1/C2c1/C2c2 or an ortholog or homolog thereof, preferably a Cpfl nuclease induce a
double strand break for the purpose of inducing HDR-mediated correction, the cleavage site is
between 0-200 bp (e.g., 0 to 175, 0 to 150, 0 to 125, 0 to 100, 0 to 75, 0 to 50, 0 to 25, 25 to 200,
25to 175, 25 to 150, 25 to 125, 25 to 100, 25 to 75, 25 to 50, 50 to 200, 50 to 175, 50 to 150, 50
to 125, 50 to 100, 50 to 75, 75 to 200, 75to 175, 75 to 150, 75 to 1 25, 75 to 100 bp) away from
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the target position. In an embodiment, the cleavage site is between 0- 100 bp (e.g., 0 to 75, 0 to
50, 0 to 25, 25 to 100, 25 to 75, 25 to 50, 50 to 100, 50 to 75 or 75 to 100 bp) away from the
target position. In a further embodiment, two or more guide RNAs complexing with Cpfl or an
ortholog; or homolog thereof, may be used to induce multiplexed breaks for purpose of inducing
HDR-mediated. correction.

[00558] The homology arm should extend at least as far as the region in which end resection
may occur, e.g., in order to allow the resected single stranded overhang to find a complementary
region within the donor template. The overall length could be limited by parameters such as
plasmid size or viral packaging limits. In an embodiment, a homology arm may not extend into
repeated elements. Exemplary homology arm lengths include a least 50, 100, 250, 500, 750 or
1000 nucleotides.

[00559] Target position, as used herein, refers to a site on atarget nucleic acid or target gene
(e.g., the chromosome) that is modified by a Type V/Type VI, in particular Cpf1/C2c1/C2c2 or
an ortholog or homolog thereof, preferably Cpfl molecule-dependent process. For example, the
target position can be a modified Cpf1 molecule cleavage of the target nucleic acid and template
nucleic acid directed modification, e.g., correction, of the target position. In an embodiment, a
target position can be a site between two nucleotides, e.g., adjacent nucleotides, on the target
nucleic acid into which one or more nucleotides is added. The target position may comprise one
or more nucleotides that are altered, e.g., corrected, by a template nucleic acid. In an
embodiment, the target position is within atarget sequence (e.g., the sequence to which the guide
RNA binds). In an embodiment, atarget position is upstream or downstream of atarget sequence
(e.0., the sequence to which the guide RNA binds).

[00560] A template nucleic acid, as that term is used herein, refers to a nucleic acid sequence
which. can be used in conjunction with a Type V/Type VI molecule, in particular
Cpf1/C2c1/C2c2 or an ortholog or homolog thereof, preferably a Cpf1 molecule and a guide RNA
molecule to alter the structure of a target position. In an embodiment, the target nucleic acid is
modified to have some or al of the sequence of the template nucleic acid, typically at or near
cleavage site(s). In an embodiment, the template nucleic acid is single stranded. In an aternate
embodiment, the template nuceic acid is double stranded. In an embodiment, the template
nucleic acid is DNA, e.g., double stranded DNA. In an aternate embodiment, the template
nucleic acid is single stranded DNA.
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[00561] In an embodiment, the template nucleic acid aters the structure of the target position
by participating in homologous recombination. In an embodiment, the template nucleic acid
alters the sequence of the target position. In an embodiment, the template nucleic acid results in
the incorporation of 'a modified, or non-naturally occurring base into the target nucleic acid.
[00562] The template sequence may undergo a breakage mediated or catalyzed recombination
with the target sequence. In an embodiment, the template nucleic acid may include sequence that
corresponds to a site on the target sequence that is cleaved by an Cpf1 mediated cleavage event.
In an embodiment, the template nucleic acid may include sequence that corresponds to both, a
first site on the target sequence that is cleaved in afirst Cpfl mediated event, and a second site
on the target sequence that is cleaved in a second Cpfl mediated event.

[00563] In certain embodiments, the template nucleic acid can include sequence which results
in an ateration in the coding sequence of a translated sequence, e.g., one which results in the
substitution of one amino acid for another in a protein product, e.g., transforming a mutant alele
into awild type allele, transforming a wild type allele into a mutant allele, and/or introducing a
stop codon, insertion of an amino acid residue, deletion of an amino acid residue, or a nonsense
mutation. In certain embodiments, the template nucleic acid can include sequence which results
in an alteration in a non-coding sequence, e.g., an ateration in an exon or in a 5' or 3' non-
translated or non-transcribed region. Such alterations include an alteration in a control element,
e.g., apromoter, enhancer, and an alteration in a cis-acting or trans-acting control element.
[00564] A template nucleic acid having homology with a target position in a target gene may
be used to ater the structure of ‘a target sequence. The template sequence may be used to alter an
unwanted structure, e.g., an unwanted or mutant nucleotide. The template nucleic acid may
include sequence which, when integrated, results in: decreasing the activity of a positive control
element; increasing the activity of a positive control element; decreasing the activity of a
negative control element; increasing the activity of a negative control element; decreasing the
expression of a gene; increasing the expression of a gene; increasing resistance to a disorder or
disease; increasing resistance to viral entry; correcting a mutation or atering an unwanted amino
acid residue conferring, increasing, abolishing or decreasing a biological property of a gene
product, e.g., increasing the enzymatic activity of an enzyme, or increasing the ability of a gene
product to interact with another molecule.
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[00565] The template nucleic acid may include sequence which results in: a change in
sequenceof'l, 2, 3,4,5,6,7,8,9,10,11, 12 or more nucleotides of the target sequence. In an
embodiment, the template nucleic acid may be 20+/- 10, 30+/- 10, 40+/- 10, 50+/- 10, 60+/- 10,
70+/--10, 80+/- 10, 90+/- 10, 100+/- 10, 1 10+/- 10, 120+/- 10, 130+/- 10, 140+/- 10, 150+/- 10,
160+/- 10, 170+/- 10, 1 80+/- 10, 190+/- 10, 200+/- 10, 210+/-10, of 220+/- 10 nucleotides in
length. In an embodiment, the template nucleic acid may be 30+/-20, 40+/-20, 50+/-20, 60+/-20,
70+/- 20, 80+/-20, 90+/-20, 100+/-20, 1 10+/-20, 120+/-20, 130+/-20, 140+/-20, | 50+/-20,
160+/-20, 170+/-20, 180+/-20, 190+/-20, 200+/-20, 210+/-20, of 220+/-20 nucleotides in length.
In an embodiment, the template nucleic acid is 10 to 1,000, 20 to 900, 30 to 800, 40 to 700, 50
to 600, 50 to 500, 50 to 400, 50 to300, 50 to 200, or 50 to 100 nuclectides in length.

[00566] A template nucleic acid comprises the following components: [5' homology arm]-
[replacement sequence]-[3' homology arm]. The homology arms provide for recombination into
the chromosome, thus replacing the undesired element, e.g., a mutation or signature, with the
replacement: sequence. In an embodiment, the homology arms flank the most distal cleavage
sites. In an embodiment, the 3' end of the 5" homology arm is the position next to the 5' end of
the replacement sequence. In an embodiment, the 5 homology arm can extend at least 10, 20, 30,
40, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, or 2000 nucleotides 5' from the
5" end of the replacement sequence. In an embodiment, the 5' end of the 3' homology arm isthe
position next to the 3" end of the replacement sequence. In an embodiment, the 3' homology arm
can extend at least 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, or
2000 nucleotides 3' from the 3" end of the replacement sequence.

[00567] In certain embodiments, one or both homology arms may be shortened to avoid
including certain sequence repeat elements. For example, a 5 homology arm may be shortened
to avoid a sequence repeat element. In other embodiments, a 3' homology arm may be shortened
to avoid a sequence repeat element. In some embodiments, both the 5' and the 3' homology arms
may be shortened to avoid including certain sequence repeat elements.

[00568] In certain embodiments, a template nucleic acids for correcting a mutation may
designed for use as a single-stranded oligonucleotide. When using a single-stranded
oligonucleotide, 5" and 3' homology arms may range up to about 200 base pairs (bp) in length,
e.g., atleast 25, 50, 75, 100, 125, 150, 175, or 200 bp in length.

Cpf1 Effector: Protein Complex System Promoted Non-Homologous End-Joining
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[00569] In certain embodiments, nuclease-induced non-homologous end-joining (NHEJ) can
be used to target gene-specific knockouts. Nuclease-induced NHEJ can also be used to remove
(e.0., delete) sequence in a gene of ‘interest. Generally, NHEJ repairs a double-strand break in the
DNA by joining together the two ends; however, generally, the original sequence isrestored only
if two compatible ends, exactly as they were formed by the double-strand break, are perfectly
ligated. The DNA ends of the double-strand break are frequently the subject of enzymatic
processing, resulting; in the addition or removal of nucleotides, at one or both strands, prior to
rejoining; of 'the ends. This results in the presence of insertion and/or deletion (indel) mutationsin
the DNA sequence at the site of the NHEJ repair. Two-thirds of these mutations typically alter
the reading frame and, therefore, produce a non-functiona protein. Additionally, mutations that
maintain the reading frame, but which insert or delete a significant amount of sequence, can
destroy functionality of the protein. This is locus dependent as mutations in critical functional
domains are likely less tolerable than mutations in non-critical regions of the protein. The indel
mutations generated by NHEJ are unpredictable in nature; however, at a given break site certain
indel sequences are favored and are over represented in the population, likely due to small
regions of ' microhomology. The lengths of deletions can vary widely; most commonly in the 1-
50 bp range, but they can easily be greater than 50 bp, e.g., they can easily reach greater than
about: 100-200 bp. Insertions tend to be shorter and often include short duplications of the
sequence immediately surrounding the break site. However, it is possible to obtain large
insertions, and in these cases, the inserted sequence has often been traced to other regions of the
genome or-to plasmid DNA present in the cells.

[00570] Because NHEJ is a mutagenic process, it may also be used to delete small sequence
motifs as long as the generation of" a specific final sequence is not required. If a double-strand
break is targeted near to a short target sequence, the deletion mutations caused by the NHEJ
repair often span, and therefore remove, the unwanted nucleotides. For the deletion of larger
DNA segments, introducing two double-strand breaks, one on each side of the sequence, can
result. in NHEJ between the ends with removal of the entire intervening sequence. Both of these
approaches can be used to delete specific DNA sequences, however, the error-prone nature of
NHEJ may still produce indel mutations at the site of repair.

[00571] Both double strand cleaving Type V/Type VI molecule, in particular Cpf1/C2c1/C2c2
or-an ortholog: or-homol og thereof, preferably Cpf1l molecules and single strand, or nickase, Type
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V/Type VI molecule, in particular Cpf1/C2c1/C2c2 or an ortholog or homolog thereof, preferably
Cpfl molecules can be used in the methods and compositions described herein to generate
NHEJ- mediated indels. NHEJ-mediated indels targeted to the gene, e.g., a coding region, e.g.,
an early coding region of a gene of interest can be used to knockout (i.e., eliminate expression
of) a gene of interest. For example, early coding region of a gene of interest includes sequence
immediately following a transcription start site, within a first exon of the coding sequence, or
within 500 bp of the transcription start site (e.g., less than 500, 450, 400, 350, 300, 250, 200,
150, 100 or-50 bp).

[00572] Inan embodiment, in which aguide RNA and Type V/Type VI molecule, in particular
Cpf1/C2c1/C2c2 or an ortholog or homolog thereof, preferably Cpfl nuclease generate a double
strand break for the purpose of inducing NHEJ-mediated indels, a guide RNA may be configured
to position one double-strand break in close proximity to a nucleotide of the target position. In an
embodiment, the cleavage site may be between 0-500 bp away from the target position (e.g., less
than 500, 400, 300, 200, 100, 50, 40, 30, 25, 20, 15, 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 bp from the
target position).

[00573] In an embodiment, in which two guide RNAs complexing with Type V/Type VI
molecules, in particular Cpf1/C2c1/C2c2 or an ortholog or homolog thereof, preferably Cpfl
nickases induce two single strand breaks for the purpose of inducing NHEJ mediated indels, two
guide RNAs may be configured to position two single-strand breaks to provide for NHEJ repair a
nucleotide of the target position.

Cpf1 Effector: Protein . Complexes Can Deliver Functional Effectors

[00574] Unlike CRISPR-Cas-mediated gene knockout, which permanently eliminates
expression. by mutating the gene at the DNA level, CRISPR-Cas knockdown alows for
temporary reduction of gene expression through the use of artificial transcription factors.
Mutating, key residues in both DNA cleavage domains of the Cpfl protein, such as FnCpfl
protein (e.g. the D917A and H1006A mutations of the FnCpfl protein or D908A, E993A,
D1263A according to AsCpfl protein or D832A, E925A, D947A or D1180A according to
LbCpf1 protein) results in the generation of a catalytically inactive Cpfl. A catalytically inactive
Cpfl complexes with a guide RNA and localizes to the DNA sequence specified by that guide
RNA's targeting: domain, however, it does not cleave the target DNA. Fusion of the inactive
Cpf1 protein, such as FnCpfl protein (e.g. the D917A and H1006A mutations) to an effector
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domain, e.g., a transcription repression domain, enables recruitment of the effector to any DNA
site specified by the guide RNA. In certain embodiments, Cpfl may be fused to a transcriptional
repression domain and recruited to the promoter region of a gene. Especially for gene repression,
it is contemplated herein that blocking the binding site of an endogenous transcription factor
would aid in downregulating gene expression. In another embodiment, an inactive Cpfl can be
fused to a chromatin modifying protein. Altering chromatin status can result in decreased
expression of 'the target gene.

[00575]  In an embodiment, a guide RNA molecule can be targeted to a known transcription response
elements (e.g., promoters, enhancers, etc.), a known upstream activating sequences, and/or sequences of
unknown or known function that are suspected of being able to control expression of the target DNA.
[00576] In some methods, atarget polynucleotide can be inactivated to effect the modification
of the expression in a cell. For example, upon the binding of a CRISPR complex to a target
sequence in a cell, the target polynucleotide is inactivated such that the sequence is not
transcribed, the coded protein is not produced, or the sequence does not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein is not produced.

[00577] In certain embodiments, the CRISPR enzyme comprises one or more mutations
selected from the group consisting of D917A, E1006A and D1225A and/or the one or more
mutations isin a RuvC domain of the CRISPR enzyme or is a mutation as otherwise as discussed
herein. In some embodiments, the CRISPR enzyme has one or more mutations in a catalytic
domain, wherein when transcribed, the direct repeat sequence forms a single stem loop and the
guide sequence directs sequence-specific binding of a CRISPR complex to the target sequence,
and wherein the enzyme further comprises a functional domain. In some embodiments, the
functiona domain is a transcriptional activation domain, preferably VP64. In some
embodiments, the functional domain is a transcription repression domain, preferably KRAB. In
some embodiments, the transcription repression domain is SID, or concatemers of SID (eg
SID4X). In some embodiments, the functional domain is an epigenetic modifying domain, such
that: an epigenetic modifying enzyme is provided. In some embodiments, the functional domain
isan activation domain, which may be the P65 activation domain.
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[00578] Through this disclosure and the knowledge in the art, CRISPR-Cas system,
specifically the novel CRISPR systems described herein, or components thereof or nucleic acid
mol ecules thereof" (including, for instance HDR template) or nucleic acid molecules encoding or
providing components thereof may be delivered by a delivery system herein described both
generally and in detail.

[00579] Vector delivery, e.g., plasmid, viral delivery: The CRISPR enzyme, for instance a
Cpfl, and/or any of the present RNAS, for instance a guide RNA, can be delivered using any
suitable vector, e.g., plasmid or vira vectors, such as adeno associated virus (AAV), lentivirus,
adenovirus or other vira vector types, or combinations thereof. Cpfl and one or more guide
RNAs can be packaged into one or more vectors, e.g., plasmid or viral vectors. In some
embodiments, the vector, e.g., plasmid or viral vector is delivered to the tissue of interest by, for
example, an intramuscular injection, while other times the delivery is via intravenous,
transdermal, intranasal, oral, mucosal, or other delivery methods. Such delivery may be either
via a single dose, or multiple doses. One skilled in the art understands that the actual dosage to
be delivered herein may vary greatly depending upon a variety of factors, such as the vector
choice, the target cell, organism, or tissue, the general condition of the subject to be treated, the
degree of transformation/modification sought, the administration route, the administration mode,
the type of transformation/modification sought, etc.

[00580] Such a dosage may further contain, for example, a carrier (water, saline, ethanol,
glycerol, lactose, sucrose, calcium phosphate, gelatin, dextran, agar, pectin, peanut oil, sesame
oil, etc.), a diluent, a pharmaceutically-acceptable carrier (e.g., phosphate-buffered saline), a
pharmaceutically-acceptable excipient, and/or other compounds known in the art. The dosage
may further contain one or more pharmaceutically acceptable salts such as, for example, a
mineral acid salt such as a hydrochloride, a hydrobromide, a phosphate, a sulfate, etc.; and the
salts of organic acids such as acetates, propionates, malonates, benzoates, etc. Additionally,
auxiliary substances, such as wetting or emulsifying agents, pH buffering substances, gels or
gelling materials, flavorings, colorants, microspheres, polymers, suspension agents, etc. may also
be present herein. In addition, one or more other conventional pharmaceutical ingredients, such
as preservatives, humectants, suspending agents, surfactants, antioxidants, anticaking agents,
fillers, chelating agents, coating agents, chemical stabilizers, etc. may also be present, especialy
if the dosage form is a recondtitutable form. Suitable exemplary ingredients include
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microcrystalline cellulose, carboxymethylcellulose sodium, polysorbate 80, phenylethyl alcohoal,
chlorobutanol, potassium sorbate, sorbic acid, sulfur dioxide, propyl galate, the parabens, ethyl
vanillin, glycerin, phenol, parachlorophenol, gelatin, albumin and a combination thereof. A
thorough discussion of pharmaceutically acceptable excipients is available in REMINGTON'S
PHARMACEUTICAL SCIENCES (Mack Pub. Co., N.J. 1991) which is incorporated by
reference herein.

[00581] In an embodiment herein the delivery is via an adenovirus, which may be at a single
booster dose containing at least 1 x 10° particles (also referred to as particle units, pu) of
adenoviral vector. In an embodiment herein, the dose preferably is at least about 1 x 10°
particles (for example, about 1 x 10°-1 x 10 particles), more preferably at least about 1 x 10’
particles, more preferably at least about 1 x 10° particles (e.g., about 1 x 10°-1 x 10" particles or
about 1 x 10°-1 x 10" particles), and most preferably at least about 1 x 10° particles (e.g., about
1 x 10°-1 x 10" particles or about 1 x 10°-1 x 10" particles), or even at least about 1 x 10"
particles (e.g., about 1 x 10"°-1x 10" particles) of the adenoviral vector. Alternatively, the dose
comprises no more than about 1 x 10 particles, preferably no more than about 1 x 10"
particles, even more preferably no more than about 1 x 10" particles, even more preferably no
more than about 1 x 10" particles, and most preferably no more than about 1 x 10" particles
(e.g., no more than about 1 X 10° articles). Thus, the dose may contain a single dose of
adenoviral vector with, for example, about 1 x 10° particle units (pu), about 2 x 10° pu, about 4 x
10™ pu, about 1 x 10" pu, about 2 x 10" pu, about 4 x 10" pu, about 1 x 10° pu, about 2 x 10° pu,
about 4 x 10” pu, about 1 x 10° pu, about 2 x 10° pu, about 4 x 10° pu, about 1 x 10" pu, about 2
x 10" pu, about 4 x 10" pu, about 1 x 10" pu, about 2 x 10" pu, about 4 x 10" pu, about 1 X
10" pu, about 2 x 10"* pu, or about 4 x 10" pu of adenoviral vector. See, for example, the
adenovira vectorsin U.S. Patent No. 8,454,972 B2 to Nabdl, €t. al., granted on June 4, 2013;
incorporated by reference herein, and the dosages at col 29, lines 36-58 thereof. In an
embodiment herein, the adenovirusis delivered via multiple doses.

[00582] In an embodiment herein, the delivery is via an AAV. A therapeuticaly effective
dosage for-in vivo delivery of the AAV to a human is believed to be in the range of from about
20 to about 50 ml of saline solution containing from about 1 x 10" to about 1 x 10" functional
AAV/ml solution. The dosage may be adjusted to balance the therapeutic benefit against any side
effects. In an embodiment herein, the AAV dose is generally in the range of concentrations of
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from about 1 x 10° to 1 x 10" genomes AAV, from about 1 x 10° to 1 x 10°° genomes AAV,
from about 1 x 10" to about 1 x 10" genomes, or about 1 x 10" to about 1 x 10'° genomes
AAV. A human dosage may be about 1 x 10" genomes AAV. Such concentrations may be
delivered in from about 0.001 ml to about 100 ml, about 0.05 to about 50 ml, or about 10 to
about 25 ml of a carrier solution. Other effective dosages can be readily established by one of
ordinary skill in the art through routine trials establishing dose response curves. See, for
example, U.S. Patent No. 8,404,658 B2 to Hajjar, et al., granted on March 26, 2013, at col. 27,
lines 45-60.

[00583] Inan embodiment herein the delivery isviaaplasmid. In such plasmid compositions,
the dosage should be a sufficient amount of plasmid to elicit a response. For instance, suitable
guantities of plasmid DNA in plasmid compositions can be from about 0.1 to about 2 mg, or
from about 1 Pg to about 10 g per 70 kg individual. Plasmids of the invention will generally
comprise (i) a promoter; (ii) a sequence encoding a CRISPR enzyme, operably linked to said
promoter; (iii) a selectable marker; (iv) an origin of replication; and (v) a transcription terminator
downstream of ‘and operably linked to (ii). The plasmid can aso encode the RNA components of
a CRISPR complex, but one or more of these may instead be encoded on a different vector.
[00584] The doses herein are based on an average 70 kg individual. The frequency of
administration is within the ambit of the medical or veterinary practitioner (e.g., physician,
veterinarian), or scientist skilled in the art. It is also noted that mice used in experiments are
typically about: 20g: and from mice experiments one can scale up to a 70 kg individual .

[00585] The dosage used for the compositions provided herein include dosages for repeated
administration or repeat dosing. In particular embodiments, the administration is repeated within
a period of several weeks, months, or years. Suitable assays can be performed to obtain an
optimal dosage regime. Repeated administration can allow the use of lower dosage, which can
positively affect off-target modifications.

[00586] In some embodiments the RNA molecules of the invention are delivered in liposome
or- lipofectin formulations and the like and can be prepared by methods well known to those
skilled in the art. Such methods are described, for example, in U.S. Pat. Nos. 5,593,972,
5,589,466, and 5,580,859, which are herein incorporated by reference. Delivery systems aimed
specifically at the enhanced and improved delivery of SRNA into mammalian cells have been
developed, (see, for example, Shen et a FEBS Let. 2003, 539:111-114; Xia et al., Nat. Biotech.
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2002, 20:1006-1010; Reich et a., Mol. Vision. 2003, 9: 210-216; Sorensen et al., J. Mol. Biol.
2003, 327: 761-766; Lewis et al., Nat. Gen. 2002, 32: 107-108 and Simeoni et al., NAR 2003,
31, 11: 2717-2724) and may be applied to the present invention. SRNA has recently been
successfully used for inhibition of gene expression in primates (see for example. Tolentino et al.,
Retina 24(4):660 which may also be applied to the present invention.

[00587] Indeed, RNA delivery is a useful method of in vivo delivery. It is possible to deliver
Cpfl and gRNA (and, for instance, HR repair template) into cells using liposomes or
nanoparticles. Thus delivery of the CRISPR enzyme, such as a Cpfl and/or delivery of the
RNAs of the invention may be in RNA form and via microvesicles, liposomes or particle or
particles. For example, Cpf1 mRNA and gRNA can be packaged into liposomal particles for
delivery in vivo. Liposomal transfection reagents such as lipofectamine from Life Technologies
and other reagents on the market can effectively deliver RNA molecules into the liver.

[00588] Means of delivery of RNA also preferred include delivery of RNA via particles (Cho,
S., Goldberg, M., Son, S., Xu, Q., Yang, F., Md, Y., Bogatyrev, S., Langer, R. and Anderson,
D., Lipid-like nanoparticles for small interfering RNA delivery to endothelial cells, Advanced
Functional Materials, 19: 3112-3118, 2010) or exosomes (Schroeder, A., Levins, C., Cortez, C.,
Langer, R., and Anderson, D., Lipid-based nanotherapeutics for SSRNA delivery, Journal of
Internal Medicine, 267: 9-21, 2010, PMID: 20059641). Indeed, exosomes have been shown to be
particularly useful in delivery SIRNA, a system with some parallels to the CRISPR system. For
instance, El-Andalouss S, et a. (“Exosome-mediated delivery of SsSRNA in vitro and in vivo.”
Nat: Protoc. 2012 Dec;7(12):2112-26. doi: 10.1038/nprot.2012.131. Epub 2012 Nov 15.) describe
how exosomes are promising tools for drug delivery across different biological barriers and can
be harnessed for delivery of ' SSRNA in vitro and in vivo. Their approach is to generate targeted
exosomes through transfection of” an expression vector, comprising an exosomal protein fused
with a peptide ligand. The exosomes are then purify and characterized from transfected cell
supernatant, then RNA is loaded into the exosomes. Delivery or administration according to the
invention can be performed with exosomes, in particular but not limited to the brain. Vitamin E
(Crtocopheral): may be conjugated with CRISPR Cas and delivered to the brain along with high
density lipoprotein (HDL ), for example in a similar manner as was done by Uno et a. (HUMAN
GENE THERAPY 22:711-719 (June 2011)) for delivering short-interfering RNA (siRNA) to the
brain. Mice were infused via Osmotic minipumps (model 1007D; Alzet, Cupertino, CA) filled
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with phosphate-buffered saline (PBS) or free TocsiBACE or Toc-sSs BACE/HDL and connected
with Brain Infusion Kit 3 (Alzet). A brain-infusion cannula was placed about 0.5mm posterior to
the bregma at: midline for infusion into the dorsal third ventricle. Uno et al. found that as little as
3 nmol of Toc-siRNA with HDL could induce a target reduction in comparable degree by the
same ICV infusion method. A similar dosage of CRISPR Cas conjugated to ortocopherol and co-
administered with HDL targeted to the brain may be contemplated for humans in the present
invention, for- example, about 3 nmol to about 3 pPmol of CRISPR Cas targeted to the brain may
be contemplated. Zou et a. (HUMAN GENE THERAPY 22:465-475 (April 2011)) describes a
method of lentiviral-mediated delivery of short-hairpin RNAs targeting PKCY for in vivo gene
silencing in the spina cord of rats. Zou et a. administered about 10 [l of a recombinant
lentivirus having atiter of 1 x 10° transduci ng units (TU)/ml by an intrathecal catheter. A similar
dosage of CRISPR Cas expressed in alentiviral vector targeted to the brain may be contemplated
for humans in the present invention, for example, about 10-50 ml of CRISPR Cas targeted to the
brainin alentivirus having atiter of 1 x 10° transduci ng units (TU)/ml may be contemplated.
[00589] Preassembled recombinant CRISPR-Cpfl complexes comprising Cpfl and crRNA
may be transfected, for example by electroporation, resulting in high mutation rates and absence
of’ detectable off-target mutations. Hur, JK. et a, Targeted mutagenesis in mice by
electroporation of Cpf1 ribonucleoproteins, Nat Biotechnol. 2016 Jun 6. doi: 10.1038/nbt.3596.
[Epub ahead of print]

[00590] In terms of local delivery to the brain, this can be achieved in various ways. For
instance, material can be delivered intrastriatally e.g. by injection. Injection can be performed
stereotactically via a craniotomy.

[00591] Enhancing NHEJ or HR efficiency is also helpful for delivery. It is preferred that
NHEJ efficiency is enhanced by co-expressing end-processing enzymes such as Trex2
(Dumitrache et al. Genetics. 2011 August; 188(4): 787—797). It is preferred that HR efficiency is
increased by transiently inhibiting NHEJ machineries such as Ku70 and Ku86. HR efficiency can
also be increased by co-expressing prokaryotic or eukaryotic homologous recombination
enzymes such as RecBCD, RecA.

Packaging.and Promoters

[00592] Ways to package inventive Cpfl coding nucleic acid molecules, e.g., DNA, into
vectors, e.g., viral vectors, to mediate genome modification in vivo include:
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To achieve NHEJmediated gene knockout:

Single virus vector:

Vector containing two or more expression cassettes:

Promoter-Cpf1 coding nucleic acid molecule -terminator

Promoter-gRNA 1-terminator

Promoter-gRNA 2-terminator

Promoter-gRNA (N)-terminator (up to size limit of vector)

Double virus vector:

Vector 1 containing one expression cassette for driving the expression of Cpfl
Promoter-Cpf1 coding nucleic acid molecul e-terminator

Vector 2 containing one more expression cassettes for driving the expression

of ‘one or more guideRNAS

Promoter-gRNA 1-terminator
Promoter-gRNA (N)-terminator (up to size limit of vector)
To mediate homol ogy-directed repair.

In addition to the single and double virus vector approaches described above,

an additional vector can be used to deliver a homology-direct repair template.

[00593]

include:

The promoter used to drive Cpfl coding nucleic acid molecule expression can

— AAV ITR can serve as a promoter: this is advantageous for eliminating the need for an

additional promoter element (which can take up space in the vector). The additional space freed

up can be used to drive the expression of additional elements (JRNA, etc.). Also, ITR activity is

relatively weaker, so can be used to reduce potential toxicity due to over expression of Cpf1l.

— For- ubiquitous expression, promoters that can be used include: CMV, CAG, CBh, PGK,

SV 40, Ferritin heavy or light chains, etc.

[00594]

For brain or other CNS expression, can use promoters: Synapsinl for al neurons,

CaMKIlalphafor excitatory neurons, GAD67 or GADG6E5 or VGAT for GABAergic neurons, etc.

[00595]
[00596]
[00597]

For liver expression, can use Albumin promoter.
For-lung expression, can use use SP-B.
For endothelial cells, can use ICAM.
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[00598] For hematopoietic cells can use IFNbeta or CD45.
[00599] For Osteoblasts can one can use the OG-2.

[00600] The promoter used to drive guide RNA can include:
— Pol 111 promoters such as U6 or H1

— Use of 'Pol 11 promoter and intronic cassettes to express gRNA
Adeno associated virus (AAV)

[00601] Cpfl and one or more guide RNA can be delivered using adeno associated virus
(AAV), lentivirus, adenovirus or other plasmid or viral vector types, in particular, using
formulations and doses from, for example, US Patents Nos. 8,454,972 (formulations, doses for
adenovirus), 8,404,658 (formulations, doses for AAV) and 5,846,946 (formulations, doses for
DNA plasmids) and from clinical trials and publications regarding the clinical trials involving
lentivirus, AAV and adenovirus. For examples, for AAV, the route of administration,
formulation and dose can be as in US Patent No. 8,454,972 and as in clinical trials involving
AAV. For Adenovirus, the route of administration, formulation and dose can be asin US Patent
No. 8,404,658 and as in clinical trials involving adenovirus. For plasmid delivery, the route of
administration, formulation and dose can be as in US Patent No 5,846,946 and as in clinica
studies involving plasmids. Doses may be based on or extrapolated to an average 70 kg
individual (e.g. a male adult human), and can be adjusted for patients, subjects, mammals of
different weight and species. Frequency of administration is within the ambit of the medical or
veterinary practitioner (e.g., physician, veterinarian), depending on usual factors including the
age, sex, general health, other conditions of the patient or subject and the particular condition or
symptoms being addressed. The viral vectors can be injected into the tissue of interest. For cell-
type specific genome modification, the expression of Cpfl can be driven by a cell-type specific
promoter. For example, liver-specific expression might use the Albumin promoter and neuron-
specific expression (e.g. for targeting CNS disorders) might use the Synapsin | promoter.
[00602] In terms of in vivo delivery, AAV is advantageous over other viral vectors for a
couple of reasons:

Low toxicity (this may be due to the purification method not requiring ultra centrifugation of

cell particles that can activate the immune response) and

Low probability of causing insertional mutagenesis because it doesn’t integrate into the host

genome.
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[00603] AAV has a packaging limit of 4.5 or 4.75 Kb. This means that Cpfl as well as a
promoter and transcription terminator have to be all fit into the same vira vector. Constructs
larger than 4.5 or 4.75 Kb will lead to significantly reduced virus production. SpCas9 is quite
large, the gene itself'is over 4.1 Kb, which makes it difficult for packing into AAV. Therefore
embodiments of the invention include utilizing homologs of Cpf1 that are shorter.

[00604] AstoAAV,the AAV canbe AAV1, AAV2, AAV5 or any combination thereof. One
can select the AAV of the AAV with regard to the cells to be targeted; e.g., one can select AAV
serotypes 1, 2, 5 or a hybrid capsid AAV1, AAV2, AAV5 or any combination thereof for
targeting brain or neuronal cells; and one can select AAV 4 for targeting cardiac tissue. AAV8is
useful for delivery to the liver. The herein promoters and vectors are preferred individualy. A
tabulation of certain AAV serotypes as to these cells (see Grimm, D. et al, J. Virol. 82: 5887-
5911 (2008)) is as follows:

Cell Line AAV-TAAV-2 AAV-3 AAV-4 AAV-SAAV-6 AAV-B AAV-D

Huh-7 13 100 2.5 0.0 0.1 10 0.7 6.0
HEK293 25 100 2.5 0.1 0.1 5 0.7 0.1
Hela 3 100 2.0 0.1 6.7 i 0.2 0.1
Hep(2 3 166 167 03 1.7 3 0.3 ND
HeplA 20 160 0.2 1.6 0.1 1 3.2 0.0
911 |7 100 11 ).2 0.1 17 0.1 ND
CHC 100 100 14 14 333 50 10 1.0
COSs 33 100 33 33 5.0 14 2.0 0.5
MeWo 10 100 20 0.3 6.7 10 1.0 0.2
NIH3T3 11y 160 2.9 2.9 0.3 10 0.3 N
AS549 14 160 20 ND 0.5 10 0.5 0.1
HT1IR0 20 100 10 0.1 0.3 33 0.5 0.1

Monocytes i1t 1066 ND  ND 125 1429 ND ND
Immature DC 2500 100 ND ND 222 2857 ND  ND
Mature DC 2222 160 ND  ND 333 3333 Nb ND

Lentivirus

[00605] Lentiviruses are complex retroviruses that have the ability to infect and express their
genes in both mitotic and post-mitotic cells. The most commonly known lentivirusis the human
immunodeficiency virus (HIV), which uses the envelope glycoproteins of other viruses to target
abroad range of cell types.

[00606] Lentiviruses may be prepared as follows. After cloning pCaseES10 (which contains a
lentiviral transfer plasmid backbone), HEK293FT at low passage (p=5) were seeded in a T-75
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flask to 50% confluence the day before transfection in DMEM with 10% fetal bovine serum and
without antibiotics. After 20 hours, media was changed to OptiMEM (serum-free) media and
transfection was done 4 hours later. Cells were transfected with 10 pg of lentiviral transfer
plasmid (pCaseS10) and the following packaging plasmids. 5 Hg of pMD2.G (VSV-g
pseudotype), and 7.5ug of psPAX2 (gag/pol/rev/tat). Transfection was done in 4mL OptiMEM
with a cationic lipid delivery agent (50uL Lipofectamine 2000 and 100ul Plus reagent). After 6
hours, the media was changed to antibiotic-free DMEM with 10% fetal bovine serum. These
methods use serum during cell culture, but serum-free methods are preferred.

[00607] Lentivirus may be purified as follows. Viral supernatants were harvested after 48
hours. Supernatants were first cleared of debris and filtered through a 0.45um low protein
binding (PVDF) filter. They were then spun in a ultracentrifuge for 2 hours at 24,000 rpm. Viral
pellets were resuspended in 50ul of DMEM overnight at 4C. They were then aliquotted and
immediately frozen at -80°C.

[00608] In another embodiment, minimal non-primate lentiviral vectors based on the equine
infectious anemia virus (EIAV) are aso contemplated, especially for ocular gene therapy (see,
e.g., Balagaan, J Gene Med 2006; 8: 275 — 285). In another embodiment, RetinoStat®, an
equine infectious anemia virus-based lentiviral gene therapy vector that expresses angiostatic
proteins endostatin and angiostatin that is delivered via a subretinal injection for the treatment of
the web form of  age-related macular degeneration is also contemplated (see, e.g., Binley et al.,
HUMAN GENE THERAPY 23:980-991 (September 2012)) and this vector may be modified for
the CRISPR-Cas system of the present invention.

[00609] In another embodiment, self-inactivating lentiviral vectors with an SSIRNA targeting a
common exon shared by HIV tat/rev, a nucleolar-localizing TAR decoy, and an anti—-CCR5-
specific hammerhead ribozyme (see, e.g., DiGiusto et al. (2010) Sci Trand Med 2:36ra43) may
be used/and or- adapted to the CRISPR-Cas system of the present invention. A minimum of 2.5 x
106 CD34+ cells per kilogram patient weight may be collected and prestimulated for 16 to 20
hours in X-VIVO 15 medium (Lonza) containing 2 Umol/L-glutamine, stem cell factor (100
ng/ml), Flt-3 ligand (FIt-3L) (100 ng/ml), and thrombopoietin (10 ng/ml) (CellGenix) a a
density of 2 x 106 cells/ml. Prestimulated cells may be transduced with lentiviral at a multiplicity
of infection of* 5 for 16 to 24 hours in 75-cm2 tissue culture flasks coated with fibronectin (25
mg/cm?2) (RetroNectin, TakaraBio Inc.).
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[00610] Lentiviral vectors have been disclosed as in the treatment for Parkinson’s Disease,
see, e.g., US Patent Publication No. 20120295960 and US Patent Nos. 7303910 and 7351585.
Lentiviral vectors have aso been disclosed for the treatment of ocular diseases, see e.g., US
Patent Publication Nos. 20060281180, 20090007284, US20110117189; US20090017543;
US20070054961, US20100317109. Lentiviral vectors have also been disclosed for delivery to
the brain, see, eg., US Paent Publication Nos. US20110293571; US20110293571,
US20040013648, US20070025970, US20090111106 and US Patent No. US7259015.

RNA delivery

[00611] RNA delivery: The CRISPR enzyme, for instance a Cpfl, and/or any of the present
RNAsS, for-instance a guide RNA, can aso be delivered in the form of RNA. Cpf1 mRNA can be
generated using in vitro transcription. For example, Cpf1 mRNA can be synthesized using a PCR
cassette containing the following elements: T7_promoter-kozak sequence (GCCACC)-Cpfl1-3
UTR from beta globin-polyA tail (astring of 120 or more adenines). The cassette can be used for
transcription by T7 polymerase. Guide RNASs can also be transcribed using in vitro transcription
from a cassette containing T7_promoter-GG-guide RNA sequence.

[00612] To enhance expression and reduce possible toxicity, the CRISPR enzyme-coding
sequence and/or the guide RNA can be modified to include one or more modified nucleoside e.g.
using pseudo-U or 5-Methyl-C.

[00613] mMRNA delivery methods are especialy promising for liver delivery currently.

[00614] Much clinical work on RNA delivery has focused on RNAI or antisense, but these
systems can be adapted for delivery of RNA for implementing the present invention. References
below to RNAI etc. should be read accordingly.

Particle delivery systems and/or formulations:

[00615] Severa types of particle delivery systems and/or formulations are known to be useful
in a diverse spectrum of biomedical applications. In general, a particle is defined as a small
object: that behaves as a whole unit with respect to its transport and properties. Particles are
further classified according to diameter Coarse particles cover a range between 2,500 and
10,000 nanometers. Fine particles are sized between 100 and 2,500 nanometers. Ultrafine
particles, or nanoparticles, are generally between 1 and 100 nanometers in size. The basis of the
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100-nm limit is the fact that novel properties that differentiate particles from the bulk material
typically develop at acritical length scale of under 100 nm.

[00616] As used herein, a particle delivery system/formulation is defined as any biological
delivery system/formulation which includes a particle in accordance with the present invention.
A particle in accordance with the present invention is any entity having a greatest dimension
(e.g. diameter) of less than 100 microns (Jim). In some embodiments, inventive particles have a
greatest dimension of less than 10 L m. In some embodiments, inventive particles have a greatest
dimension of'less than 2000 nanometers (nm). In some embodiments, inventive particles have a
greatest dimension of less than 1000 nanometers (nm). In some embodiments, inventive particles
have a greatest dimension of less than 900 nm, 800 nm, 700 nm, 600 nm, 500 nm, 400 nm, 300
nm, 200 nm, or 100 nm. Typically, inventive particles have a greatest dimension (e.g., diameter)
of’500 nm or less. In some embodiments, inventive particles have a greatest dimension (e.g.,
diameter) of 250 nm or less. In some embodiments, inventive particles have a greatest dimension
(e.g., diameter) of 200 nm or less. In some embodiments, inventive particles have a greatest
dimension (e.g., diameter) of 150 nm or less. In some embodiments, inventive particles have a
greatest dimension (e.g., diameter) of 100 nm or less. Smaller particles, e.g., having a greatest
dimension of° 50 nm or less are used in some embodiments of the invention. In some
embodiments, inventive particles have a greatest dimension ranging between 25 nm and 200 nm.

[00617] Particle characterization (including e.g., characterizing morphology, dimension, etc.)
is done using a variety of different technigues. Common techniques are electron microscopy
(TEM, SEM), atomic force microscopy (AFM), dynamic light scattering (DLS), X-ray
photoel ectron spectroscopy (XPS), powder X-ray diffraction (XRD), Fourier transform infrared
spectroscopy  (FTIR), matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry(MALDI-TOF), ultraviolet-visible spectroscopy, dual polarisation interferometry
and nuclear magnetic resonance (NMR). Characterization (dimension measurements) may be
made as to native particles (i.e., preloading) or after loading of the cargo (herein cargo refers to
e.g., one or more components of CRISPR-Cas system e.g., CRISPR enzyme or mRNA or guide
RNA, or any  combination thereof, and may include additional carriers and/or excipients) to
provide particles of an optima size for delivery for any in vitro, ex vivo and/or in vivo
application of the present invention. In certain preferred embodiments, particle dimension (e.g.,
diameter) characterization is based on measurements using dynamic laser scattering (DLS).
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Mention is made of US Patent No. 8,709,843; US Patent No. 6,007,845; US Patent No.
5,855,913; US Patent No. 5,985,309; US. Patent No. 5,543,158; and the publication by James E.
Dahlman and Carmen Barnes et a. Nature Nanotechnology (2014) published online 11 May
2014, doi:10.1038/nnano0.2014.84, concerning particles, methods of making and using them and
measurements thereof.

[00618] Particles delivery systems within the scope of the present invention may be provided
in.any form, including but not limited to solid, semi-solid, emulsion, or colloidal particles. As
such any of 'the delivery systems described herein, including but not limited to, e.g., lipid-based
systems, liposomes, micelles, microvesicles, exosomes, or gene gun may be provided as particle
delivery systems within the scope of the present invention.

Particles

[00619] It will be appreciated that refernec made herein to particles or nanoparticles can be
interchangeable, where approapriate. CRISPR enzyme mRNA and guide RNA may be delivered
simultaneously using particles or lipid envelopes; for instance, CRISPR enzyme and RNA of the
invention, eg., as a complex, can be delivered via a particle as in Dahlman et al.,
W02015089419 A2 and documents cited therein, such as 7C1 (see, e.g., James E. Dahlman and
Carmen Barnes et a. Nature Nanotechnology (2014) published online 11 May 2014,
doi:10.1038/nnan0.2014.84), e.g., delivery particle comprising lipid or lipidoid and hydrophilic
polymer, e.g., cationic lipid and hydrophilic polymer, for instance wherein the the cationic lipid
comprises 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) or 1,2-ditetradecanoyl-sn-
glycero-3-phosphocholine (DMPC) and/or wherein the hydrophilic polymer comprises ethylene
glycol or polyethylene glycol (PEG); and/or wherein the particle further comprises cholesterol (e.g.,
particle from formulation 1 = DOTAP 100, DMPC 0, PEG 0, Cholesterol O; formulation number 2
=DOTAP 90, DMPC 0, PEG 10, Cholesterol O; formulation number 3 = DOTAP 90, DMPC 0,
PEG 5, Cholesterol 5), wherein particles are formed using an efficient, multistep process wherein
first, effector protein and RNA are mixed together, eg., a a 1:1 molar ratio, eg., a room
temperature, e.g., for 30 minutes, e.g., in sterile, nuclease free 1X PBS; and separately, DOTAP,
DMPC, PEG, and cholesterol as applicable for the formulation are dissolved in acohol, e.g., 100%
ethanol; and, the: two solutions are mixed together to form particles containing the complexes).
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[00620] Nucleic acid-targeting effector proteins (such asaTypeV protein such Cpfl) mRNA
and guide RNA may be delivered simultaneously using particles or lipid envelopes. Examples of
suitable particles include but are not limited to those described in US 9,301,923.

[00621] For example, Su X, Fricke J, Kavanagh DG, Irvine DJ (“In vitro and in vivo mRNA
delivery using lipid-enveloped pH-responsive polymer nanoparticles” Mol Pharm. 2011 Jun
6;8(3):774-87. doi: 10.1021/mp100390w. Epub 2011 Apr 1) describes biodegradable core-shell
structured nanoparticles with a poly([3-amino ester) (PBAE) core enveloped by a phospholipid
bilayer shell. These were developed for in vivo mRNA delivery. The pH-responsive PBAE
component was chosen to promote endosome disruption, while the lipid surface layer was
selected to minimize toxicity of the polycation core. Such are, therefore, preferred for delivering
RNA of the present invention.

[00622] In one embodiment, particles/nanoparticles based on self' assembling bioadhesive
polymers are contemplated, which may be applied to oral delivery of peptides, intravenous
delivery of peptides and nasal delivery of peptides, al to the brain. Other embodiments, such as
oral absorption and ocular delivery of hydrophobic drugs are also contemplated. The molecular
envel ope technology involves an engineered polymer envelope which is protected and delivered
to the site of 'the disease (see, e.g., Mazza, M. et al. ACSNano, 2013. 7(2): 1016-1026; Siew, A.,
et a. Mol Pharm, 2012. 9(1):14-28; Lalatsa, A., et a. J Contr Rel, 2012. 161(2):523-36; Lalatsa,
A., et a., Mol Pharm, 2012. 9(6):1665-80; Lalatsa, A., et a. Mol Pharm, 2012. 9(6):1764-74;
Garrett, N.L., et a. J Biophotonics, 2012. 5(5-6):458-68; Garrett, N.L., et al. J Raman Spect,
2012. 43(5):681-688; Ahmad, S., et a. J Roya Soc Interface 2010. 7:5423-33; Uchegbu, |.F.
Expert Opin Drug Déliv, 2006. 3(5):629-40; Qu, X.,et a. Biomacromolecules, 2006. 7(12):3452-
9 and Uchegbu, I.F., et a. Int J Pharm, 2001. 224:185-199). Doses of about 5 mg/kg are
contemplated, with single or multiple doses, depending on the target tissue.

[00623] In one embodiment, particles/nanoparticles that can deliver RNA to a cancer cell to
stop tumor: growth developed by Dan Anderson’s lab at MIT may be used/and or adapted to the
CRISPR Cas system of" the present invention. In particular, the Anderson lab developed fully
automated, combinatorial systems for the synthesis, purification, characterization, and
formulation of new biomaterials and nanoformulations. See, e.g., Alabi et al., Proc Natl Acad
Sci U S A. 2013 Aug 6;110(32):12881-6; Zhang et a., Adv Mater. 2013 Sep 6;25(33):4641-5;
Jiang et al., Nano Lett. 2013 Mar 13;13(3):1059-64; Karagiannis et al., ACS Nano. 2012 Oct
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23;6(10):8484-7; Whitehead et al., ACS Nano. 2012 Aug 28;6(8):6922-9 and Lee et a., Nat
Nanotechnol. 2012 Jun 3;7(6):389-93.

[00624] US patent application 20110293703 relates to lipidoid compounds are also
particularly useful in the administration of polynucleotides, which may be applied to deliver the
CRISPR Cas system of the present invention. In one aspect, the aminoacohol lipidoid
compounds are combined with an agent to be delivered to a cell or a subject to form
microparticles, nanoparticles, liposomes, or micelles. The agent to be delivered by the particles,
liposomes, or micelles may be in the form of a gas, liquid, or solid, and the agent may be a
polynucleotide, protein, peptide, or small molecule. The minoacohol lipidoid compounds may
be combined with other aminoalcohol lipidoid compounds, polymers (synthetic or natura),
surfactants, cholesterol, carbohydrates, proteins, lipids, etc. to form the particles. These particles
may  then optionally be combined with a pharmaceutical excipient to form a pharmaceutical
composition.

[00625] US Patent Publication No. 20110293703 aso provides methods of preparing the
aminoalcohol lipidoid compounds. One or more equivalents of an amine are allowed to react
with one or more equivalents of an epoxide-terminated compound under suitable conditions to
form an aminoalcohol lipidoid compound of the present invention. In certain embodiments, all
the amino groups of 'the amine are fully reacted with the epoxide-terminated compound to form
tertiary amines. In other embodiments, all the amino groups of the amine are not fully reacted
with the epoxide-terminated compound to form tertiary amines thereby resulting in primary or
secondary amines in the aminoalcohol lipidoid compound. These primary or secondary amines
are left as is or may be reacted with another electrophile such as a different epoxide-terminated
compound. As will be appreciated by one skilled in the art, reacting an amine with less than
excess of" epoxide-terminated compound will result in a plurality of different aminoalcohol
lipidoid compounds with various numbers of tails. Certain amines may be fully functionalized
with two epoxide-derived compound tails while other molecules will not be completely
functionalized with epoxide-derived compound tails. For example, a diamine or polyamine may
include one, two, three, or four epoxide-derived compound tails off' the various amino moieties
of 'the molecule resulting in primary, secondary, and tertiary amines. In certain embodiments, all
the amino groups are not fully functionalized. In certain embodiments, two of the same types of
epoxide-terminated compounds are used. In other embodiments, two or more different epoxide-

172



WO 2016/205711 PCT/US2016/038181

terminated compounds are used. The synthesis of the aminoalcohol lipidoid compounds is
performed with or without solvent, and the synthesis may be performed at higher temperatures
ranging, from 30-100 °C., preferably at approximately 50-90 °C. The prepared aminoal cohol
lipidoid compounds may be optionaly purified. For example, the mixture of aminoalcohol
lipidoid compounds may be purified to yield an aminoalcohol lipidoid compound with a
particular number of epoxide-derived compound tails. Or the mixture may be purified to yield a
particular stereo- or regioisomer. The aminoalcohol lipidoid compounds may also be alkylated
using an akyl halide (e.g., methyl iodide) or other alkylating agent, and/or they may be acylated.
[00626] US Patent Publication No. 20110293703 aso provides libraries of aminoalcohol
lipidoid compounds prepared by the inventive methods. These aminoal cohol lipidoid compounds
may" be prepared and/or screened using high-throughput techniques involving liquid handlers,
robots, microtiter plates, computers, etc. In certain embodiments, the aminoalcohol lipidoid
compounds are screened for their ability to transfect polynucleotides or other agents (e.g.,
proteins, peptides, small molecules) into the cell.

[00627] US Patent Publication No. 20130302401 relates to a class of poly(beta-amino
alcohols) (PBAAS) has been prepared using combinatorial polymerization. The inventive PBAAS
may be used in biotechnology and biomedical applications as coatings (such as coatings of films
or multilayer films for medical devices or implants), additives, materias, excipients, non-
biofouling agents, micropatterning agents, and cellular encapsulation agents. When used as
surface coatings, these PBAAs elicited different levels of inflammation, both in vitro and invivo,
depending on their chemical structures. The large chemical diversity of this class of materials
allowed us to identify polymer coatings that inhibit macrophage activation in vitro. Furthermore,
these coatings reduce the recruitment of" inflammatory cells, and reduce fibrosis, following the
subcutaneous implantation of carboxylated polystyrene microparticles. These polymers may be
used to form polyelectrolyte complex capsules for cell encapsulation. The invention may also
have many other biological applications such as antimicrobial coatings, DNA or ssRNA delivery,
and stem cell tissue engineering. The teachings of US Patent Publication No. 20130302401 may
be applied to the CRISPR Cas system of the present invention. In some embodiments, sugar-
based particles may be used, for example GalNAc, as described herein and with reference to
W02014118272 (incorporated herein by reference) and Nair, JK et al., 2014, Journa of the
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American Chemical Society 136 (49), 16958-16961) and the teaching herein, especialy in
respect of delivery appliesto all particles unless otherwise apparent.

[00628] In another embodiment, lipid nanoparticles (LNPs) are contemplated. An
antitransthyretin small interfering RNA has been encapsulated in lipid nanoparticles and
delivered to humans (see, e.g., Coelho et al., N Engl J Med 2013;369:819-29), and such a system
may be adapted and applied to the CRISPR Cas system of the present invention. Doses of about
0.01 to about 1 mg per kg of body weight administered intravenously are contemplated.
Medications to reduce the risk of infusion-related reactions are contemplated, such as
dexamethasone, acetampinophen, diphenhydramine or cetirizine, and ranitidine are
contemplated. Multiple doses of about 0.3 mg per kilogram every 4 weeks for five doses are also
contemplated.

[00629] LNPs have been shown to be highly effective in delivering SSRNAs to the liver (see,
e.g., Tabernero et al., Cancer Discovery, April 2013, Vol. 3, No. 4, pages 363-470) and are
therefore contemplated for delivering RNA encoding CRISPR Cas to the liver. A dosage of
about four doses of'6 mg/kg of the LNP every two weeks may be contemplated. Tabernero et al.
demonstrated that tumor regression was observed after the first 2 cycles of LNPs dosed at 0.7
mg/kg, and by the end of 6 cycles the patient had achieved a partial response with complete
regression of’ the lymph node metastasis and substantial shrinkage of the liver tumors. A
complete response was obtained after 40 doses in this patient, who has remained in remission
and completed treatment after receiving doses over 26 months. Two patients with RCC and
extrahepatic sites of disease including kidney, lung, and lymph nodes that were progressing
following prior therapy with VEGF pathway inhibitors had stable disease at all sites for
approximately 8 to 12 months, and a patient with PNET and liver metastases continued on the
extension study for 18 months (36 doses) with stable disease.

[00630] However, the charge of the LNP must be taken into consideration. As cationic lipids
combined with negatively charged lipids to induce nonbilayer structures that facilitate
intracellular delivery. Because charged LNPs are rapidly cleared from circulation following
intravenous injection, ionizable cationic lipids with pKa values below 7 were developed (see,
e.g., Rosin et a, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011). Negatively
charged polymers such as RNA may be loaded into LNPs at low pH values (e.g., pH 4) where
the ionizable lipids display a positive charge. However, at physiologica pH values, the LNPs
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exhibit a low surface charge compatible with longer circulation times. Four species of ionizable
cationic lipids have been focused upon, namely 1,2-dilineoyl-3-dimethylammonium-propane
(DLIinDAP), 1,2-dilinoleyloxy-3-N,N-dimethylaminopropane (DLinDMA), 1,2-dilinoleyloxy-
keto-N,N-dimethyl-3-aminopropane (DLIinNKDMA), and 1,2-dilinoleyl-4-(2-
dimethylaminoethyl)-[1,3]-dioxolane (DLinKC2-DMA). It has been shown that LNP siRNA
systems containing these lipids exhibit remarkably different gene silencing properties in
hepatocytes in vivo, with potencies varying according to the series DLinKC2-
DMA>DLinKDMA>DLinDMA>>DLinDAP employing a Factor VIl gene silencing model (see,
e.g., Rosin et al, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011). A dosage of
1 Mg/ml of LNP or CRISPR-Cas RNA in or associated with the LNP may be contemplated,
especially for-aformulation containing DLinK C2-DMA.

[00631] Preparation of' LNPs and CRISPR Cas encapsulation may be used/and or adapted
from Rosin et a, Molecular Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011). The cationic
lipids 1,2-dilineoyl-3-dimethylammonium-propane (DLinDAP), 1,2-dilinoleyloxy-3-N,N-
dimethylaminopropane  (DLinDMA),  1,2-dilinoleyloxyketo-N,N-dimethyl-3-aminopropane
(DLinK-DMA), 1,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane (DLinKC2-DMA), (3-
o-[2"-(methoxypolyethyleneglycol 2000) succinoyl]-1,2-dimyristoyl-sn-glycol (PEG-S-DMG),
and R-3-[(methoxy-poly(ethylene glycol)2000) carbamoyl]-1,2-dimyristyloxIpropyl-3-amine
(PEG-C-DOMG) may be provided by Tekmira Pharmaceuticals (Vancouver, Canada) or
synthesized. Cholesterol may be purchased from Sigma (St Louis, MO). The specific CRISPR
Cas RNA may be encapsulated in LNPs containing DLinDAP, DLinDMA, DLinK-DMA, and
DLinKC2-DMA (cationic lipid:DSPC:CHOL: PEGS-DMG or PEG-C-DOMG at 40:10:40:10
molar ratios). When required, 0.2% SP-DiOC18 (Invitrogen, Burlington, Canada) may be
incorporated to assess cellular uptake, intracellular delivery, and biodistribution. Encapsulation
may be performed by dissolving lipid mixtures comprised of cationic
lipid:DSPC:cholesterol:PEG-c-DOMG (40:10:40:10 molar ratio) in ethanol to a final lipid
concentration of 10 mmol/I. This ethanol solution of lipid may be added drop-wise to 50 mmol/I
citrate, pH 4.0 to form multilamellar vesicles to produce a final concentration of 30% ethanol
vol/vol. Large unilamellar vesicles may be formed following extrusion of multilamellar vesicles
through two stacked 80 nm Nuclepore polycarbonate filters using the Extruder (Northern Lipids,
Vancouver, Canada). Encapsulation may be achieved by adding RNA dissolved at 2 mg/ml in 50

175



WO 2016/205711 PCT/US2016/038181

mmol/l citrate, pH 4.0 containing 30% ethanol vol/vol drop-wise to extruded preformed large
unilamellar vesicles and incubation at 31 °C for 30 minutes with constant mixing to a final
RNA/lipid weight ratio of 0.06/1 wt/wt. Removal of ethanol and neutralization of formulation
buffer were performed by dialysis against phosphate-buffered saline (PBS), pH 7.4 for 16 hours
using Spectra/Por 2 regenerated cellulose dialysis membranes. Nanoparticle size distribution
may be determined by dynamic light scattering using a NICOMP 370 particle sizer, the
vesicle/intensity modes, and Gaussian fitting (Nicomp Particle Sizing, Santa Barbara, CA). The
particle size for all three LNP systems may be ~70 nm in diameter. RNA encapsulation
efficiency may be determined by removal of free RNA using VivaPureD MiniH columns
(Sartorius Stedim Biotech) from samples collected before and after dialysis. The encapsulated
RNA may be extracted from the eluted nanoparticles and quantified at 260 nm. RNA to lipid
ratio was determined by measurement of cholesterol content in vesicles using the Cholesterol E
enzymatic assay from Wako Chemicals USA (Richmond, VA). In conjunction with the herein
discussion of LNPs and PEG lipids, PEGylated liposomes or LNPs are likewise suitable for
delivery of 'a CRISPR-Cas system or components thereof.

[00632] Preparation of large LNPs may be used/and or adapted from Rosin et al, Molecular
Therapy, vol. 19, no. 12, pages 1286-2200, Dec. 2011. A lipid premix solution (20.4 mg/ml total
lipid concentration) may be prepared in ethanol containing DLinKC2-DMA, DSPC, and
cholesterol at 50:10:38.5 molar ratios. Sodium acetate may be added to the lipid premix at a
molar ratio of 0.75:1 (sodium acetate:DLIiNKC2-DMA). The lipids may be subsequently
hydrated by combining the mixture with 1.85 volumes of citrate buffer (10 mmol/I, pH 3.0) with
vigorous stirring, resulting in spontaneous liposome formation in aqueous buffer containing 35%
ethanol. The liposome solution may be incubated at 37 °C to allow for time-dependent increase
in particle size. Aliquots may be removed at various times during incubation to investigate
changes in liposome size by dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments,
Worcestershire, UK). Once the desired particle size is achieved, an agueous PEG lipid solution
(stock =10 mg/ml PEG-DMG in 35% (vol/vol) ethanol) may be added to the liposome mixture
toyield a final PEG molar concentration of 3.5% of ' total lipid. Upon addition of PEG-lipids, the
liposomes should their size, effectively quenching further growth. RNA may then be added to the
empty liposomes at an RNA to total lipid ratio of approximately 1:10 (wt:wt), followed by
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incubation for 30 minutes at 37 °C to form loaded LNPs. The mixture may be subsequently
dialyzed overnight in PBS and filtered with a 0.45-Um syringe filter.

[00633] Spherical Nucleic Acid (SNA™) constructs and other nanoparticles (particularly gold
nanoparticles) are also contemplated as a means to delivery CRISPR-Cas system to intended
targets. Significant data show that AuraSense Therapeutics Spherical Nucleic Acid (SNA™)
constructs, based upon nucleic acid-functionalized gold nanoparticles, are useful.

[00634] Literature that may be employed in conjunction with herein teachings include: Cutler
et al., J. Am. Chem. Soc. 2011 133:9254-9257, Hao et a., Small. 2011 7:3158-3162, Zhang et
al., ACS Nano. 2011 5:6962-6970, Cutler et a., J. Am. Chem. Soc. 2012 134:1376-1391, Y oung
et al., Nano Lett. 2012 12:3867-71, Zheng et a., Proc. Natl. Acad. Sci. USA. 2012 109:11975-
80, Mirkin, Nanomedicine 2012 7:635-638 Zhang et a., J. Am. Chem. Soc. 2012 134:16488-
1691, Weintraub, Nature 2013 495:514-S16, Choi et a., Proc. Natl. Acad. Sci. USA. 2013
110(19):7625-7630, Jensen et a., Sci. Trand. Med. 5, 209ral52 (2013) and Mirkin, et al., Small,
10:186-192.

[00635] Self-assembling nanoparticles with RNA may be constructed with polyethyleneimine
(PEI): that is PEGylated with an Arg-Gly-Asp (RGD) peptide ligand attached at the distal end of
the polyethylene glycol (PEG). This system has been used, for example, as a means to target
tumor neovasculature expressing integrins and deliver siRNA inhibiting vascular endothelial
growth factor receptor-2 (VEGF R2) expression and thereby achieve tumor angiogenesis (see,
e.g., Schiffelers et al., Nucleic Acids Research, 2004, Vol. 32, No. 19). Nanoplexes may be
prepared by mixing equal volumes of agueous solutions of cationic polymer and nucleic acid to
give a net molar excess of ionizable nitrogen (polymer) to phosphate (nucleic acid) over the
range of 2 to 6. The electrostatic interactions between cationic polymers and nucleic acid
resulted in the formation of" polyplexes with average particle size distribution of about 100 nm,
hence referred to here as nanoplexes. A dosage of about 100 to 200 mg of CRISPR Cas is
envisioned for delivery in the self-assembling nanoparticles of Schiffelers et al.

[00636] The nanoplexes of Bartlett et al. (PNAS, September 25, 2007,vol. 104, no. 39) may
also be applied to the present invention. The nanoplexes of Bartlett et al. are prepared by mixing
equal volumes of  agueous solutions of cationic polymer and nucleic acid to give a net molar
excess of ‘ionizable nitrogen (polymer) to phosphate (nucleic acid) over the range of 2 to 6. The
electrostatic interactions between cationic polymers and nucleic acid resulted in the formation of
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polyplexes with average particle size distribution of about 100 nm, hence referred to here as
nanoplexes. The DOTA-sSIRNA of Bartlett et a. was synthesized as follows: 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid mono(N-hydroxysuccinimide ester) (DOTA-
NHSester) was ordered from Macrocyclics (Dallas, TX). The amine modified RNA sense strand
with a 100-fold molar excess of DOTA-NHS-ester in carbonate buffer (pH 9) was added to a
microcentrifuge tube. The contents were reacted by stirring for 4 h at room temperature. The
DOTA-RNA sense conjugate was ethanol-precipitated, resuspended in water, and annealed to the
unmodified antisense strand to yield DOTA-sIRNA. All liquids were pretreated with Chelex-100
(Bio-Rad, Hercules, CA) to remove trace metal contaminants. Tf-targeted and nontargeted
siIRNA nanoparticles may be formed by using cyclodextrin-containing polycations. Typically,
nanoparticles were formed in water at a charge ratio of 3 (+/-) and an SSRNA concentration of 0.5
g/liter. One percent of the adamantane-PEG molecules on the surface of the targeted
nanoparticles were modified with Tf (adamantane-PEG-Tf). The nanoparticles were suspended
ina5% (wt/val) glucose carrier solution for injection.

[00637] Davisetal. (Nature, Vol 464, 15 April 2010) conducts a RNA clinical trial that uses a
targeted nanoparticle-delivery system (clinical tria registration number NCT00689065). Patients
with solid cancers refractory to standard-of-care therapies are administered doses of targeted
nanoparticles on days 1, 3, 8 and 10 of a 21-day cycle by a 30-min intravenous infusion. The
nanoparticles consist of a synthetic delivery system containing: (1) a linear, cyclodextrin-based
polymer: (CDP), (2) a human transferrin protein (TF) targeting ligand displayed on the exterior of
the nanoparticle to engage TF receptors (TFR) on the surface of the cancer cells, (3) a
hydrophilic polymer (polyethylene glycol (PEG) used to promote nanoparticle stability in
biological fluids), and (4) SsIRNA designed to reduce the expression of the RRM2 (sequence used
in the clinic was previously denoted siR2B+5). The TFR has long been known to be upregulated
in.malignant cells, and RRM2 is an established anti-cancer target. These nanoparticles (clinical
version denoted as CALAA-01) have been shown to be well tolerated in multi-dosing studies in
non-human primates. Although a single patient with chronic myeloid leukaemia has been
administered siRNAby liposomal delivery, Davis et a.’s clinical tria isthe initial human trial to
systemically deliver sSRNA with a targeted delivery system and to treat patients with solid
cancer. To ascertain whether the targeted delivery system can provide effective delivery of
functional SSIRNA to human tumours, Davis et a. investigated biopsies from three patients from

178



WO 2016/205711 PCT/US2016/038181

three different dosing cohorts; patients A, B and C, al of whom had metastatic melanoma and
received CALAA-01 doses of 18, 24 and 30 mg m” sSiRNA, respectively. Similar doses may also
be contemplated for the CRISPR Cas system of the present invention. The delivery of the
invention may be achieved with nanoparticles containing a linear, cyclodextrin-based polymer
(CDP), a human transferrin protein (TF) targeting ligand displayed on the exterior of the
nanoparticle to engage TF receptors (TFR) on the surface of the cancer cells and/or a hydrophilic
polymer (for example, polyethylene glycol (PEG) used to promote nanoparticle stability in
biological fluids).

[00638] Interms of'thisinvention, it is preferred to have one or more components of CRISPR
complex, e.g., CRISPR enzyme or mRNA or guide RNA delivered using nanoparticles or lipid
envelopes. Other delivery systems or vectors are may be used in conjunction with the
nanoparticle aspects of the invention.

[00639] In general, a"nanoparticle” refers to any particle having a diameter of less than 1000
nm. In certain preferred embodiments, nanoparticles of the invention have a greatest dimension
(e.g., diameter) of '500 nm or less. In other preferred embodiments, nanoparticles of the invention
have a greatest dimension ranging between 25 nm and 200 nm. In other preferred embodiments,
nanoparticles of the invention have a greatest dimension of 100 nm or less. In other preferred
embodiments, nanoparticles of the invention have a greatest dimension ranging between 35 nm
and 60 nm.

[00640] Nanoarticles encompassed in the present invention may be provided in different
forms, e.g., as solid nanoparticles (e.g., metal such as silver, gold, iron, titanium), non-metal,
lipid-based solids, polymers), suspensions of  nanoparticles, or combinations thereof. Metal,
dielectric, and semiconductor nanoparticles may be prepared, as well as hybrid structures (e.g.,
core-shell nanoparticles). Nanoparticles made of semiconducting material may also be labeled
guantum dots if they are small enough (typically sub 10 nm) that quantization of electronic
energy levels occurs. Such nanoscale particles are used in biomedical applications as drug
carriers orimaging agents and may be adapted for similar purposes in the present invention.
[00641] Semi-solid and soft nanoparticles have been manufactured, and are within the scope
of 'the present invention. A prototype nanoparticle of semi-solid nature is the liposome. Various
types of liposome nanoparticles are currently used clinically as delivery systems for anticancer
drugs and vaccines. Nanoparticles with one half hydrophilic and the other half hydrophobic are
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termed Janus particles and are particularly effective for stabilizing emulsions. They can self-
assemble at water/oil interfaces and act as solid surfactants.

[00642] US Patent No. 8,709,843, incorporated herein by reference, provides a drug delivery
system for targeted delivery of therapeutic agent-containing particles to tissues, cells, and
intracellular compartments. The invention provides targeted particles comprising comprising
polymer conjugated to a surfactant, hydrophilic polymer or lipid.

[00643] US Patent No. 6,007,845, incorporated herein by reference, provides particles which
have a core of 'a multiblock copolymer formed by covalently linking a multifunctional compound
with one or more hydrophobic polymers and one or more hydrophilic polymers, and conatin a
biologically active material.

[00644] US Patent No. 5,855,913, incorporated herein by reference, provides a particulate
composition having aerodynamically light particles having a tap density of less than 0.4 g/cm3
with a mean diameter of between 5 um and 30 U m, incorporating a surfactant on the surface
thereof for drug delivery to the pulmonary system.

[00645] US Patent No. 5,985,309, incorporated herein by reference, provides particles
incorporating a surfactant and/or a hydrophilic or hydrophobic complex of a positively or
negatively charged therapeutic or diagnostic agent and a charged molecule of opposite charge for
delivery to the pulmonary system.

[00646] US. Patent No. 5,543,158, incorporated herein by reference, provides biodegradable
injectable particles having a biodegradable solid core containing a biologicaly active material
and poly(alkylene glycol) moieties on the surface.

[00647] WO2012135025 (also published as US20120251560), incorporated herein by
reference, describes conjugated polyethyleneimine (PEI) polymers and conjugated aza-
macrocycles (collectively referred to as “conjugated lipomer” or “lipomers’). In certain
embodiments, it can envisioned that such conjugated lipomers can be used in the context of the
CRISPR-Cas system to achieve in vitro, ex vivo and in vivo genomic perturbations to modify
gene expression, including modulation of protein expression.

[00648] In one embodiment, the nanoparticle may be epoxide-modified lipid—polymer,
advantageously 7C1 (see, eg., James E. Dahiman and Carmen Barnes et al. Nature
Nanotechnology (2014) published online 11 May 2014, doi:10.1038/nnano.2014.84). C71 was
synthesized by reacting C15 epoxide-terminated lipids with PEI600 at a 14:1 molar ratio, and
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was formulated with C14PEG2000 to produce nanoparticles (diameter between 35 and 60 nm)
that were stable in PBS solution for at |east 40 days.

[00649] An epoxide-modified lipid-polymer may be utilized to deliver the CRISPR-Cas
system of the present invention to pulmonary, cardiovascular or renal cells, however, one of skill
inthe art may adapt the system to deliver to other target organs. Dosage ranging from about 0.05
to about 0.6 mg/kg are envisioned. Dosages over several days or weeks are also envisioned, with
atotal dosage of about 2 mg/kg.

Exosomes

[00650] Exosomes are endogenous nano-vesicles that transport RNAs and proteins, and which
can deliver RNA to the brain and other target organs. To reduce immunogenicity, Alvarez-Erviti
et a. (2011, Nat Biotechnol 29: 341) used self-derived dendritic cells for exosome production.
Targeting to the brain was achieved by engineering the dendritic cells to express Lamp2b, an
exosomal membrane protein, fused to the neuron-specific RV G peptide. Purified exosomes were
loaded with exogenous RNA by electroporation. Intravenously injected RV G-targeted exosomes
delivered GAPDH siRNA specifically to neurons, microglia, oligodendrocytes in the brain,
resulting in a specific gene knockdown. Pre-exposure to RVG exosomes did not attenuate
knockdown, and non-specific uptake in other tissues was not observed. The therapeutic potential
of ' exosome-mediated SIRNA delivery was demonstrated by the strong mRNA (60%) and protein
(62%): knockdown of BACEL, atherapeutic target in Alzheimer's disease.

[00651] To obtain a pool of immunologically inert exosomes, Alvarez-Erviti et al. harvested
bone marrow from inbred C57BL/6 mice with a homogenous major histocompatibility complex
(MHC): haplotype. As immature dendritic cells produce large quantities of exosomes devoid of
T-cell activators such as MHC-11 and CD86, Alvarez-Erviti et a. selected for dendritic cells with
granulocyte/macrophage-colony stimulating factor (GM-CSF) for 7 d. Exosomes were purified
from the culture supernatant the following day using well-established ultracentrifugation
protocols. The exosomes produced were physically homogenous, with a size distribution peaking
at 80 nm in diameter as determined by nanoparticle tracking analysis (NTA) and electron
microscopy. Alvarez-Erviti et al. obtained 6-12 g of exosomes (measured based on protein
concentration) per 10° cells,

[00652] Next, Alvarez-Erviti et al. investigated the possibility of loading modified exosomes
with exogenous cargoes using electroporation protocols adapted for nanoscale applications. As
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electroporation for membrane particles at the nanometer scale is not well-characterized,
nonspecific Cy5-labeled RNA was used for the empirical optimization of the electroporation
protocol. The amount of encapsulated RNA was assayed after ultracentrifugation and lysis of
exosomes. Electroporation at 400 V and 125 UF resulted in the greatest retention of RNA and
was used for all subsequent experiments.

[00653] Alvarez-Erviti et al. administered 150 g of each BACE1 siRNA encapsulated in 150
Mg, of RV G- exosomes to normal C57BL/6 mice and compared the knockdown efficiency to four
controls: untreated mice, mice injected with RVG exosomes only, mice injected with BACE1
siIRNA complexed to an in vivo cationic liposome reagent and mice injected with BACEL SiRNA
complexed to RVG-9R, the RV G peptide conjugated to 9 D-arginines that electrostatically binds
to the SIRNA. Cortical tissue samples were analyzed 3 d after administration and a significant
protein knockdown (45%, P < 0.05, versus 62%, P < 0.01) in both SRNA-RVG-9R-treated and
SSRNARVG exosome-treated mice was observed, resulting from a significant decrease in
BACEL1 mRNA levels (66% [+ or -] 15%, P < 0.001 and 61% [+ or -] 13% respectively, P <
0.01). Moreover, Applicants demonstrated a significant decrease (55%, P < 0.05) in the total
[beta]-amyloid 1-42 levels, amain component of the amyloid plagues in Alzheimer's pathology,
in the RV G-exosome-treated animals. The decrease observed was greater than the [3-amyloid 1-
40 decrease demonstrated in normal mice after intraventricular injection of BACEL inhibitors.
Alvarez-Erviti et a. carried out 5-rapid amplification of cDNA ends (RACE) on BACE1
cleavage product, which provided evidence of' RNAi-mediated knockdown by the SRNA.
[00654] Finally, Alvarez-Erviti et a. investigated whether RNA-RVG exosomes induced
immune responses in vivo by assessing IL-6, IP-10, TNFO and IFN-O serum concentrations.
Following exosome treatment, nonsignificant changes in all cytokines were registered similar to
siRNA-transfection reagent treatment in contrast to SRNA-RVG-9R, which potently stimulated
IL-6 secretion, confirming the immunologically inert profile of the exosome treatment. Given
that: exosomes encapsulate only 20% of SIRNA, delivery with RV G-exosome appears to be more
efficient than RVG-9R delivery as comparable mRNA knockdown and greater protein
knockdown was achieved with fivefold less SRNA without the corresponding level of immune
stimulation. This experiment demonstrated the therapeutic potential of RVG-exosome
technology, which is potentialy suited for long-term silencing of genes related to
neurodegenerative diseases. The exosome delivery system of Alvarez-Erviti et a. may be applied
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to deliver the CRISPR-Cas system of the present invention to therapeutic targets, especialy
neurodegenerative diseases. A dosage of about 100 to 1000 mg of CRISPR Cas encapsulated in
about 100 to 1000 mg of RV G exosomes may be contemplated for the present invention.

[00655] El-Andalouss et a. (Nature Protocols 7,2112-2126(2012)) discloses how exosomes
derived from cultured cells can be harnessed for delivery of RNA in vitro and in vivo. This
protocol first describes the generation of targeted exosomes through transfection of an expression
vector, comprising an exosomal protein fused with a peptide ligand. Next, El-Andalouss et al.
explain how to purify and characterize exosomes from transfected cell supernatant. Next, El-
Andaloussi et al. detail crucial steps for loading RNA into exosomes. Finally, EI-Andalouss et
al. outline how to use exosomes to efficiently deliver RNA in vitro and in vivo in mouse brain.
Examples of anticipated results in which exosome-mediated RNA delivery is evauated by
functional assays and imaging are also provided. The entire protocol takes * 3 weeks. Delivery or
administration according to the invention may be performed using exosomes produced from self-
derived dendritic cells. From the herein teachings, this can be employed in the practice of the
invention.

[00656] In another embodiment, the plasma exosomes of Wahlgren et al. (Nucleic Acids
Research, 2012, Vol. 40, No. 17 €130) are contemplated. Exosomes are hano-sized vesicles (30—
90nm in size) produced by many cell types, including dendritic cells (DC), B cells, T cells, mast
cells, epithelial cells and tumor cells. These vesicles are formed by inward budding of late
endosomes and are then released to the extracellular environment upon fusion with the plasma
membrane. Because exosomes naturally carry RNA between cells, this property may be useful in
gene therapy, and from this disclosure can be employed in the practice of the instant invention.
[00657] Exosomes from plasma can be prepared by centrifugation of buffy coat at 900g for 20
min to isolate the plasma followed by harvesting cell supernatants, centrifuging at 300g for 10
min to eliminate cells and at 16 500g for 30 min followed by filtration through a 0.22 mm filter.
Exosomes are pelleted by ultracentrifugation at 120 000g for70 min. Chemical transfection of
SiRNA into exosomes is carried out according to the manufacturer’s instructions in RNAI
Human/Mouse Starter Kit (Quiagen, Hilden, Germany). SIRNA is added to 100 ml PBS at afinal
concentration of° 2 mmol/ml. After adding HiPerFect transfection reagent, the mixture is
incubated for 10 min at RT. In order to remove the excess of micelles, the exosomes are re-
isolated using adehyde/sulfate latex beads. The chemical transfection of CRISPR Cas into
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exosomes may be conducted similarly to SSRNA. The exosomes may be co-cultured with
monocytes and lymphocytes isolated from the peripheral blood of healthy donors. Therefore, it
may be contemplated that exosomes containing CRISPR Cas may be introduced to monocytes
and lymphocytes of and autologously reintroduced into a human. Accordingly, delivery or
administration according to the invention may be performed using plasma exosomes.

Liposomes

[00658] Delivery or administration according to the invention can be performed with
liposomes. Liposomes are spherical vesicle structures composed of a uni- or multilamellar lipid
bilayer surrounding internal aqueous compartments and a relatively impermeable outer lipophilic
phospholipid bilayer. Liposomes have gained considerable attention as drug delivery carriers
because they are biocompatible, nontoxic, can deliver both hydrophilic and lipophilic drug
molecules, protect their cargo from degradation by plasma enzymes, and transport their load
across biological membranes and the blood brain barrier (BBB) (see, e.g., Spuch and Navarro,
Journal of° Drug Delivery, vol. 2011, Article ID 469679, 12 pages, 2011
doi:10.1155/2011/469679 for review).

[00659] Liposomes can be made from several different types of lipids, however,
phospholipids are most commonly used to generate liposomes as drug carriers. Although
liposome formation is spontaneous when a lipid film is mixed with an aqueous solution, it can
also be expedited by applying force in the form of shaking by using a homogenizer, sonicator, or
an extrusion apparatus (see, e.g., Spuch and Navarro, Journa of Drug Delivery, vol. 2011,
Article ID 469679, 12 pages, 2011. doi:10.1155/2011/469679 for review).

[00660] Severa other additives may be added to liposomes in order to modify their structure
and properties. For instance, either cholesterol or sphingomyelin may be added to the liposomal
mixture in order to help stabilize the liposomal structure and to prevent the leakage of the
liposomal inner cargo. Further, liposomes are prepared from hydrogenated egg
phosphatidylcholine or egg phosphatidylcholine, cholesterol, and dicetyl phosphate, and their
mean vesicle sizes were adjusted to about 50 and 100 nm. (see, e.g., Spuch and Navarro, Journal
of Drug Delivery, vol. 2011, Article ID 469679, 12 pages, 2011. doi:10.1155/2011/469679 for
review).

[00661] A liposome formulation may be mainly comprised of natural phospholipids and lipids
such. as 1,2-distearoryl-sn-glycero-3-phosphatidyl choline (DSPC), sphingomyelin, egg
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phosphatidylcholines and monosialoganglioside. Since this formulation is made up of
phospholipids only, liposomal formulations have encountered many challenges, one of the ones
being the instability in plasma. Several attempts to overcome these challenges have been made,
specificaly in the manipulation of the lipid membrane. One of these attempts focused on the
manipulation of cholesterol. Addition of cholesterol to conventional formulations reduces rapid
release of the encapsulated bioactive compound into the plasma or 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) increases the stability (see, e.g., Spuch and Navarro, Journal of
Drug Delivery, vol. 2011, Article ID 469679, 12 pages, 2011. doi:10.1155/2011/469679 for
review).

[00662] In a particularly advantageous embodiment, Trojan Horse liposomes (also known as
Molecular  Trojan Horses) are desirable and protocols may be found at
http://cshprotocol s.cshlp.org/content/2010/4/pdb.prot5407.1ong. These particles allow delivery of
atransgene to the entire brain after an intravascular injection. Without being bound by limitation,
it is believed that neutral lipid particles with specific antibodies conjugated to surface allow
crossing of the blood brain barrier via endocytosis. Applicant postulates utilizing Trojan Horse
Liposomes to deliver the CRISPR family of nucleases to the brain via an intravascular injection,
which would alow whole brain transgenic animals without the need for embryonic
manipulation. About 1-5 g of DNA or RNA may be contemplated for in vivo administration in
liposomes.

[00663] In another embodiment, the CRISPR Cas system or components thereof may be
administered in liposomes, such as a stable nucleic-acid-lipid particle (SNALP) (see, eg.,
Morrissey et a., Nature Biotechnology, Vol. 23, No. 8, August 2005). Daily intravenous
injections of about 1, 3 or 5 mg/kg/day of a specific CRISPR Cas targeted in a SNALP are
contemplated. The daily treatment may be over about three days and then weekly for about five
weeks. In another embodiment, a specific CRISPR Cas encapsulated SNALP) administered by
intravenous injection to at doses of about 1 or 2.5 mg/kg are also contemplated (see, eg.,
Zimmerman et al., Nature Letters, Vol. 441, 4 May 2006). The SNALP formulation may contain
the lipids 3-N-[(wmethoxypoly(ethylene glycol) 2000) carbamoyl] -1,2-dimyristyloxy-
propylamine (PEG-C-DMA), 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane (DLinDMA),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol, in a 2:40:10:48 molar per
cent:ratio (see, e.9., Zimmerman et al., Nature Letters, Vol. 441, 4 May 2006).
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[00664] In another embodiment, stable nucleic-acid-lipid particles (SNALPs) have proven to
be effective delivery molecules to highly vascularized HepG2-derived liver tumors but not in
poorly vascularized HCT-116 derived liver tumors (see, e.g., Li, Gene Therapy (2012) 19, 775
780). The SNALP liposomes may be prepared by formulating D-Lin-DMA and PEG-C-DMA
with distearoylphosphatidylcholine (DSPC), Cholesterol and SsIRNA using a 25:1 lipid/siRNA
ratio and a 48/40/10/2 molar ratio of Cholesterol/D-Lin-DMA/DSPC/PEG-C-DMA. The resulted
SNALP liposomes are about 80-100 nm in size.

[00665] In yet another embodiment, a SNALP may comprise synthetic cholesterol (Sigma-
Aldrich, St Louis, MO, USA), dipa mitoylphosphatidylcholine (Avanti Polar Lipids, Alabaster,
AL, USA), 3-N-[(w-methoxy poly(ethylene glycol)2000)carbamoyl]-1,2-
dimyrestyloxypropylamine, and cationic 1,2-dilinoleyloxy-3-N,Ndimethylaminopropane (see,
e.g., Geisbert et al., Lancet 2010; 375: 1896-905). A dosage of about 2 mg/kg total CRISPR Cas
per-dose administered as, for example, a bolus intravenous infusion may be contemplated.
[00666] In yet another embodiment, a SNALP may comprise synthetic cholesterol (Sigma-
Aldrich), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti Polar Lipids Inc.), PEG-
cDMA, and 1,2-dilinoleyloxy-3-(N;N-dimethyl)aminopropane (DLinDMA) (see, e.g., Judge, J.
Clin. Invest. 119:661-673 (2009)). Formulations used for in vivo studies may comprise a final
lipid/RNA mass ratio of about 9:1.

[00667] The safety profile of RNAi nanomedicines has been reviewed by Barros and Gollob
of 'Alnylam Pharmaceuticals (see, e.g., Advanced Drug Delivery Reviews 64 (2012) 1730-1737).
The stable nucleic acid lipid particle (SNALP) is comprised of four different lipids — an
ionizable lipid (DLinDMA) that is cationic at low pH, a neutral helper lipid, cholesterol, and a
diffusible polyethylene glycol (PEG)-lipid. The particle is approximately 80 nm in diameter and
is charge-neutral at physiologic pH. During formulation, the ionizable lipid serves to condense
lipid with the anionic RNA during particle formation. When positively charged under
increasingly acidic endosomal conditions, the ionizable lipid al'so mediates the fusion of SNALP
with the endosomal membrane enabling release of RNA into the cytoplasm. The PEG-lipid
stabilizes the particle and reduces aggregation during formulation, and subsequently provides a
neutral hydrophilic exterior that improves pharmacokinetic properties.

[00668] To date, two clinical programs have been initiated using SNALP formulations with
RNA. Tekmira Pharmaceuticals recently completed a phase | single-dose study of SNALP-ApoB
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in adult volunteers with elevated LDL cholesterol. ApoB is predominantly expressed in the liver
and jejunum and is essentia for the assembly and secretion of VLDL and LDL. Seventeen
subjects received a single dose of SNALP-ApoB (dose escalation across 7 dose levels). There
was no evidence of" liver toxicity (anticipated as the potential dose-limiting toxicity based on
preclinical studies). One (of two) subjects at the highest dose experienced flu-like symptoms
consistent with immune system stimulation, and the decision was made to conclude the trial.
[00669] Alnylam Pharmaceuticals has similarly advanced ALN-TTRO1, which employs the
SNALP technology described above and targets hepatocyte production of both mutant and wild-
type TTR to treat TTR amyloidosis (ATTR). Three ATTR syndromes have been described:
familial amyloidotic polyneuropathy (FAP) and familial amyloidotic cardiomyopathy (FAC) —
both caused by autosomal dominant mutations in TTR; and senile systemic amyloidosis (SSA)
cause by wildtype TTR. A placebo-controlled, single dose-escalation phase | trial of ALN-
TTRO1 was recently completed in patients with ATTR. ALN-TTRO1 was administered as a 15-
minute IV infusion to 31 patients (23 with study drug and 8 with placebo) within a dose range of
0.01 to 1.0 mg/kg (based on siRNA). Treatment was well tolerated with no significant increases
inliver function tests. Infusion-related reactions were noted in 3 of 23 patients at=0.4 mg/kg; all
responded to slowing of" the infusion rate and all continued on study. Minimal and transient
elevations of serum cytokines IL-6, IP-10 and IL-1ra were noted in two patients at the highest
dose of "1 mg/kg (as anticipated from preclinical and NHP studies). Lowering of serum TTR, the
expected pharmacodynamics effect of ALN-TTROL, was observed at 1 mg/kg.

[00670] In yet another embodiment, a SNALP may be made by solubilizing a cationic lipid,
DSPC, cholesterol and PEG-lipid eg., in ethanol, eg., at a molar ratio of 40:10:40:10,
respectively (see, Semple et a., Nature Niotechnology, Volume 28 Number 2 February 2010, pp.
172-177). The lipid mixture was added to an aqueous buffer (50 mM citrate, pH 4) with mixing
to a fina ethanol and lipid concentration of* 30% (vol/vol) and 6.1 mg/ml, respectively, and
allowed to equilibrate at 22 °C for 2 min before extrusion. The hydrated lipids were extruded
through two stacked 80 nm pore-sized filters (Nuclepore) at 22 °C using a Lipex Extruder
(Northern Lipids) until a vesicle diameter of 70-90 nm, as determined by dynamic light
scattering analysis, was obtained. This generally required 1-3 passes. The siRNA (solubilized in
a 50 mM_ citrate, pH 4 agueous solution containing 30% ethanol) was added to the pre-
equilibrated (35 °C) vesicles at arate of ~5 ml/min with mixing. After afinal target SRNA/lipid
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ratio of 0.06 (wt/wt) was reached, the mixture was incubated for a further 30 min at 35 °C to
allow vesicle reorganization and encapsulation of the SRNA. The ethanol was then removed and
the external buffer replaced with PBS (155 mM NaCl, 3 mM Na,HPO,, 1 mM KH,PO,, pH 7.5)
by either dialysis or tangential flow diafiltration. SRNA were encapsulated in SNALP using a
controlled step-wise dilution method process. The lipid constituents of KC2-SNALP were DLin-
KC2-DMA (cationic lipid), dipalmitoylphosphatidylcholine (DPPC; Avanti Polar Lipids),
synthetic cholesterol (Sigma) and PEG-C-DMA used at a molar ratio of 57.1:7.1:34.3:1.4. Upon
formation of the loaded particles, SNALP were dialyzed against PBS and filter sterilized through
a 0.2 pm filter before use. Mean particle sizes were 75-85 nm and 90-95% of the SSRNA was
encapsulated within the lipid particles. The final SSRNA/lipid ratio in formulations used for in
vivo testing was ~0.15 (wt/wt). LNP-siRNA systems containing Factor VIl siRNA were diluted
to the appropriate concentrations in sterile PBS immediately before use and the formulations
were administered intravenously through the lateral tail vein in atotal volume of 10 mi/kg. This
method and these delivery systems may be extrapolated to the CRISPR Cas system of the present
invention.

Other Lipids

[00671] Other cationic lipids, such as amino lipid 2,2-dilinoleyl-4-dimethylaminoethyl-[1,3]-
dioxolane (DLin-KC2-DMA) may be utilized to encapsulate CRISPR Cas or components thereof
or nucleic acid molecule(s) coding therefor e.g., similar to SIRNA (see, e.g., Jayaraman, Angew.
Chem. Int. Ed. 2012, 51, 8529 —8533), and hence may be employed in the practice of the
invention. A preformed vesicle with the following lipid composition may be contemplated:
amino lipid, distearoylphosphatidylcholine (DSPC), cholesterol and (R)-2,3-bis(octadecyloxy)
propyl-1-(methoxy poly(ethylene glycol)2000)propylcarbamate (PEG-lipid) in the molar ratio
40/10/40/10, respectively, and a FVII siRNA/total lipid ratio of approximately 0.05 (w/w). To
ensure a narrow particle size distribution in the range of 70-90 nm and a low polydispersity
index of’ 0.11+0.04 (n=56), the particles may be extruded up to three times through 80 nm
membranes prior to adding the guide RNA.. Particles containing the highly potent amino lipid 16
may be used, in which the molar ratio of the four lipid components 16, DSPC, cholesterol and
PEG-lipid (50/10/38.5/1.5) which may be further optimized to enhance in vivo activity.

[00672] Michael S D Kormann et a. ("Expression of therapeutic proteins after delivery of
chemically modified mRNA in mice: Nature Biotechnology, Volume:29, Pages. 154-157
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(2011)): describes the use of lipid envelopes to deliver RNA. Use of lipid envelopes is also
preferred in the present invention.

[00673] In another embodiment, lipids may be formulated with the CRISPR Cas system of the
present invention or component(s) thereof or nucleic acid molecule(s) coding therefor to form
lipid nanoparticles (LNPs). Lipids include, but are not limited to, DLin-KC2-DMA4, C12-200
and colipids disteroylphosphatidyl choline, cholesterol, and PEG-DMG may be formulated with
CRISPR Cas instead of SSRNA (see, e.g., Novobrantseva, Molecular Therapy—Nucleic Acids
(2012): 1, e4; doi:10.1038/mtna.2011.3) using a spontaneous vesicle formation procedure. The
component molar ratio may be about 50/10/38.5/1.5 (DLin-KC2-DMA or Cl12-
200/disteroylphosphatidyl choline/cholesterol/PEG-DMG). The final lipid:sSSIRNA weight ratio
may be ~12:1 and 9:1 in the case of DLin-KC2-DMA and C12-200 lipid nanoparticles (LNPs),
respectively. The formulations may have mean particle diameters of ~80 nm with >90%
entrapment efficiency. A 3 mg/kg dose may be contemplated.

[00674] Tekmira has a portfolio of approximately 95 patent families, in the U.S. and abroad,
that are directed to various aspects of LNPs and LNP formulations (see, e.g., U.S. Pat. Nos.
7,982,027, 7,799,565; 8,058,069; 8,283,333; 7,901,708; 7,745,651; 7,803,397; 8,101,741,
8,188,263; 7,915,399; 8,236,943 and 7,838,658 and European Pat. Nos 1766035; 1519714;
1781593 and 1664316), all of which may be used and/or adapted to the present invention.
[00675] The CRISPR Cas system or components thereof” or nucleic acid molecule(s) coding
therefor may be delivered encapsulated in PLGA Microspheres such as that further described in
US published applications 20130252281 and 20130245107 and 20130244279 (assigned to
Moderna Therapeutics) which relate to aspects of formulation of compositions comprising
modified nucleic acid molecules which may encode a protein, a protein precursor, or a partialy
or-fully processed form of the protein or a protein precursor. The formulation may have a molar
ratio 50:10:38.5:1.5-3.0 (cationic lipid:fusogenic lipid:cholesterol:PEG lipid). The PEG lipid
may be selected from, but is not limited to PEG-c-DOMG, PEG-DMG. The fusogenic lipid may
be DSPC. See also, Schrum et a., Delivery and Formulation of Engineered Nucleic Acids, US
published application 20120251618.

[00676] Nanomerics' technology addresses bioavailability challenges for a broad range of
therapeutics, including low molecular weight hydrophobic drugs, peptides, and nucleic acid
based therapeutics (plasmid, SSRNA, miRNA). Specific administration routes for which the
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technology has demonstrated clear advantages include the oral route, transport across the blood-
brain-barrier, delivery to solid tumours, as well as to the eye. See, e.qg., Mazza et al., 2013, ACS
Nano. 2013 Feb 26;7(2):1016-26; Uchegbu and Siew, 2013, J Pharm Sci. 102(2):305-10 and
Lalatsaet al., 2012, J Control Release. 2012 Jul 20; 161(2):523-36.

[00677] US Patent Publication No. 20050019923 describes cationic dendrimers for delivering
bioactive molecules, such as polynucleotide molecules, peptides and polypeptides and/or
pharmaceutical agents, to a mammalian body. The dendrimers are suitable for targeting the
delivery of the bioactive molecules to, for example, the liver, spleen, lung, kidney or heart (or
even the brain). Dendrimers are synthetic 3-dimensional macromolecules that are prepared in a
step-wise fashion from simple branched monomer units, the nature and functionality of which
can be easily controlled and varied. Dendrimers are synthesised from the repeated addition of
building blocks to a multifunctional core (divergent approach to synthesis), or towards a
multifunctional core (convergent approach to synthesis) and each addition of a 3-dimensional
shell of building blocks leads to the formation of a higher generation of the dendrimers.
Polypropylenimine dendrimers start from a diaminobutane core to which is added twice the
number: of amino groups by a double Michael addition of acrylonitrile to the primary amines
followed by the hydrogenation of the nitriles. This results in a doubling of the amino groups.
Polypropylenimine dendrimers contain 100% protonable nitrogens and up to 64 terminal amino
groups (generation 5, DAB 64). Protonable groups are usually amine groups which are able to
accept protons at neutral pH. The use of dendrimers as gene delivery agents has largely focused
on the use of the polyamidoamine. and phosphorous containing compounds with a mixture of
amine/amide or N--P(O,)S as the conjugating units respectively with no work being reported on
the use of the lower generation polypropylenimine dendrimers for gene delivery.
Polypropylenimine dendrimers have also been studied as pH sensitive controlled release systems
for drug delivery and for their encapsulation of guest molecules when chemicaly modified by
peripheral amino acid groups. The cytotoxicity and interaction of polypropylenimine dendrimers
with DNA aswell as the transfection efficacy of' DAB 64 has also been studied.

[00678] US Patent Publication No. 20050019923 is based upon the observation that, contrary
to earlier reports, cationic dendrimers, such as polypropylenimine dendrimers, display suitable
properties, such as specific targeting and low toxicity, for use in the targeted delivery of
bioactive molecules, such as genetic material. In addition, derivatives of the cationic dendrimer
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also display suitable properties for the targeted delivery of bioactive molecules. See aso,
Bioactive Polymers, US published application 20080267903, which discloses "Various
polymers, including cationic polyamine polymers and dendrimeric polymers, are shown to
possess anti-proliferative activity, and may therefore be useful for treatment of disorders
characterised by undesirable cellular proliferation such as neoplasms and tumours, inflammatory
disorders (including autoimmune disorders), psoriasis and atherosclerosis. The polymers may be
used alone as active agents, or as delivery vehicles for other therapeutic agents, such as drug
molecules or nucleic acids for gene therapy. In such cases, the polymers own intrinsic anti-
tumour activity may complement the activity of the agent to be delivered." The disclosures of
these patent publications may be employed in conjunction with herein teachings for delivery of
CRISPR Cas system(s) or component(s) thereof or nucleic acid molecule(s) coding therefor.

Supercharged proteins

[00679] Supercharged proteins are a class of engineered or naturally occurring proteins with
unusually high positive or negative net theoretical charge and may be employed in delivery of
CRISPR Cas system(s) or component(s) thereof” or nucleic acid molecule(s) coding therefor.
Both supernegatively and superpositively charged proteins exhibit a remarkable ability to
withstand thermally or chemically induced aggregation. Superpositively charged proteins are
also able to penetrate mammalian cells. Associating cargo with these proteins, such as plasmid
DNA, RNA, or other proteins, can enable the functiona delivery of these macromolecules into
mammalian cells both in vitro and in vivo. David Liu's lab reported the creation and
characterization of” supercharged proteins in 2007 (Lawrence et a., 2007, Journa of the
American Chemical Society 129, 10110-10112).

[00680] The nonvira delivery of RNA and plasmid DNA into mammalian cells are valuable
both for research and therapeutic applications (Akinc et a., 2010, Nat. Biotech. 26, 561-569).
Purified +36 GFP protein (or other superpositively charged protein) is mixed with RNAs in the
appropriate serum-free media and allowed to complex prior addition to cells. Inclusion of serum
at this stage inhibits formation of  the supercharged protein-RNA complexes and reduces the
effectiveness of the treatment. The following protocol has been found to be effective for avariety
of cell lines (McNaughton et a., 2009, Proc. Natl. Acad. Sci. USA 106, 6111-6116) (However,
pilot. experiments varying the dose of protein and RNA should be performed to optimize the
procedure for-specific cell lines):
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[00681] (1) One day before treatment, plate 1 x 10° cells per well in a 48-well
plate.
[00682] (2) On the day of treatment, dilute purified +36 GFP protein in serumfree
media to afina concentration 200nM. Add RNA to a final concentration of 50nM.
Vortex to mix and incubate at room temperature for 20min.
[00683] (3) During incubation, aspirate media from cells and wash once with PBS.
[00684] (4) Following incubation of +36 GFP and RNA, add the protein-RNA
complexesto cells.
[00685] (5) Incubate cells with complexes at 37 °C for 4h.
[00686] (6) Following incubation, aspirate the media and wash three times with 20
U/mL heparin PBS. Incubate cells with serum-containing media for a further 48h or
longer depending upon the assay for activity.
[00687] (7) Analyze cells by immunoblot, gPCR, phenotypic assay, or other
appropriate method.
[00688] David Liu's lab has further found +36 GFP to be an effective plasmid delivery
reagent in arange of cells. As plasmid DNA is alarger cargo than SSRNA, proportionately more
+36 GFP protein is required to effectively complex plasmids. For effective plasmid delivery
Applicants have developed a variant of +36 GFP bearing a C-terminal HA2 peptide tag, a known
endosome-disrupting peptide derived from the influenza virus hemagglutinin protein. The
following protocol has been effective in avariety of cells, but as above it is advised that plasmid
DNA and supercharged protein doses be optimized for specific cell lines and delivery
applications:
[00689] (1) One day before treatment, plate 1 x 10° per well in a 48-well plate. (2)
Onthed
[00690] ay of treatment, dilute purified p36 GFP protein in serumfree mediato a
final concentration 2 mM. Add 1mg of plasmid DNA. Vortex to mix and incubate at
room temperature for 10min.
[00691] (3) During incubation, aspirate mediafrom cells and wash once with PBS.
[00692] (4) Following incubation of p36 GFP and plasmid DNA, gently add the
protein-DNA complexesto cells.
[00693] (5) Incubate cells with complexes at 37 C for 4h.
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[00694] (6) Following incubation, aspirate the media and wash with PBS. Incubate
cells in serum-containing media and incubate for a further 24—48h.
[00695] (7) Analyze plasmid delivery (e.g., by plasmid-driven gene expression) as
appropriate.
[00696] See dso, eg., McNaughton et a., Proc. Natl. Acad. Sci. USA 106, 6111-6116
(2009); Cronican et al., ACS Chemical Biology 5, 747-752 (2010); Cronican et al., Chemistry &
Biology 18, 833-838 (2011); Thompson et a., Methods in Enzymology 503, 293-319 (2012);
Thompson, D.B., et a., Chemistry & Biology 19 (7), 831-843 (2012). The methods of the super
charged proteins may be used and/or adapted for delivery of the CRISPR Cas system of the
present invention. These systems of Dr. Lui and documents herein in conjunction with herein
teaching can be employed in the delivery of CRISPR Cas system(s) or component(s) thereof or
nucleic acid molecule(s) coding therefor.
Cell Penetrating Peptides (CPPs)

[00697] In yet another embodiment, cell penetrating peptides (CPPs) are contemplated for the
delivery of the CRISPR Cas system. CPPs are short peptides that facilitate cellular uptake of
various molecular cargo (from nanosize particles to small chemical molecules and large
fragments of DNA). The term “cargo” as used herein includes but is not limited to the group
consisting of" therapeutic agents, diagnostic probes, peptides, nucleic acids, antisense
oligonucleotides, plasmids, proteins, particles, including nanoparticles, liposomes,
chromophores, small molecules and radioactive materials. In aspects of the invention, the cargo
may also comprise any component of the CRISPR Cas system or the entire functional CRISPR
Cas system. Aspects of the present invention further provide methods for delivering a desired
cargo into a subject comprising: (a) preparing a complex comprising the cell penetrating peptide
of the present invention and a desired cargo, and (b) orally, intraarticularly, intraperitoneally,
intrathecally, intrarterialy, intranasally, intraparenchymally, subcutaneously, intramuscularly,
intravenously, dermally, intrarectally, or topically administering the complex to a subject. The
cargo is associated with the peptides either through chemical linkage via covalent bonds or
through non-covalent interactions.

[00698] The function of the CPPs are to deliver the cargo into cells, a process that commonly
occurs through endocytosis with the cargo delivered to the endosomes of living mammalian

cells. Cell-penetrating peptides are of different sizes, amino acid sequences, and charges but all
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CPPs have one distinct characteristic, which is the ability to translocate the plasma membrane
and facilitate the delivery of various molecular cargoes to the cytoplasm or an organelle. CPP
translocation may be classified into three main entry mechanisms. direct penetration in the
membrane, endocytosis-mediated entry, and translocation through the formation of a transitory
structure. CPPs have found numerous applications in medicine as drug delivery agents in the
treatment of different diseases including cancer and virus inhibitors, as well as contrast agents
for cell labeling. Examples of the latter include acting as a carrier for GFP, MRI contrast agents,
or quantum dots. CPPs hold great potential as in vitro and in vivo delivery vectors for use in
research and medicine. CPPs typically have an amino acid composition that either contains a
high relative abundance of positively charged amino acids such as lysine or arginine or has
se