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CRISPR Systems with Engineered Dual Guide Nucleic Acids

RELATED APPLICATIONS

{0001} This application claims the benefit of and priority to U.S. Provisional Patent

Application No. 62/910,055, filed on October 3, 2019, the disclosure of which is hereby

E

incorporated by reference in its entirety for all purposes.

FIELD OF THE INVENTION

{6002} The present invention relates to an engineered Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) system comprising engineered dual guide nucleic acids
{e.g., RNAs) capable of activating a CRISPR-~Associated (Cas) nuclease, methods of
targeting, editing, and/or modifying a nucleic acid using the engineered CRISPR system, and

compositions and cells comprising the engineered CRISPR system.

BACKGROUND OF THE INVENTION

{0003} Recent advances have been made in precise genome targeting technologies. For
example, specific loct in genomic DNA can be targeted, edited, or otherwise modified by
designer meganucleases, zinc finger nucleases, or transcription activator-like effectors
{TALHEs). Furthermore, the CRISPR-Cas systems of bacterial and archaeal adaptive
immunity have been adapted for precise targeting of genomic DNA in eukaryotic cells.
Compared to the earlier generations of genome editing tools, the CRISPR-Cas systems are
easy to set up, scalable, and amenable to targeting multiple positions within the eukaryotic

genome, thereby providing a major resource for new applications in genome engineering.

{6004] Two distinct classes of CRISPR-Cas systems have been identified. Class 1
CRISPR-Cas systems utilize multi-protein effector complexes, whereas class 2 CRISPR-Cas
systems utilize single-protein effectors (see, Makarova ef ol (2017) CeLe, 168: 328). Among
the three types of class 2 CRISPR-Cas systems, type I and type V systems typically target
DNA and type VI systerns typically target RNA (id.). Naturally occurring type U etfector
complexes consist of Cas9, CRISPR RNA (crRNA}, and trans-activating CRISPR RNA
{tracrRNA), but the ¢rRNA and tracrRNA can be fused as a single guide RNA inan
engineered system for simplicity (see, Wang ef a/. (2016) ANNU. REV. BIOCHEM., 85: 227}

Certain naturally occurring type V systems, such as type V-A, type V-C, and type V-D
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systems, do not require tractRNA and use crRNA alone as the guide for cleavage of target

DNA (see, Zetsche ef af. (2015) CuLL, 163: 759, Makarova ef af. (2017) CeLL, 168 328).

{6005} The CRISPR-Cas systems have been engineered for various purposes, such as
genomic DNA cleavage, base editing, epigenome editing, and genomic imaging (see, e.g.,
Wang ez af. (2016) ANNU. REV. BIOCHEM,, 85: 227 and Rees er a/. (2018) NAT REV. GENET |
19: 770). Although significant developments have been made, there still remains a need for

new and useful CRISPR-Cas systems as powerful precise genome targeting tools.

SUMMARY OF THE INVENTION

{06006} The invention is based, in part, upon the design of a dual guide CRISPR-Cas
system in which a targeter nucleic acid and a modulator nucleic acid, when hybridized to
form a complex, can activate a Cas nuclease that, in a naturally occurring system, is activated
by a single ctRNA in the absence of a tractRNA. The engineered dual gutde CRISPR-Cas
system described herein can be used to target, edit, or modify a target nucleic acid such as

genomic DNA,

16007} Type V-A, type V-C, and type V-D CRISPR-Cas systems naturally include a Cas
nuclease and a single guide RNA (7.e., ctRNA). By splitting the single guide RNA mto two
different nucleic acids, the engineered system describe herein provides better flexibility and
tunability. For example, the efficiency of nucleic acid cleavage can be increased or decreased
by adjusting the hybridization length and/or atfinity of the targeter nucleic acid and the
modulator nucleic acid. Furthermore, given the length limitation of nucleic acids that can be
synthesized with high vield and accuracy, the use of dual guide nucleic acids allows
incorporation of more polynuclectide elements that can improve editing efficacy and/or

specificity.

{0008} In particular, the dual guide system can be engineered as a tunable system to
decrease off-target editing, and thus can be used to edit a nucleic acid with high specificity.
The systerm can be eroployed in a number of applications, for example, editing cells such as
mammalian cells for use in therapy. The decrease in off-target editing 1s particularly
desirable when creating genetically engineered proliferating cells, such as stem cells,
progenitor cells, and immune memory cells, to be administered to a subject in need of the
therapy. High specificity can be accomplished using the dual guide systems described herein,

which optionally further include, for example, one or more chemical modifications to the

b2
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targeter nucleic acid and/or modulator nucleic acid, an editing enhancer sequence, and/or a

donor template-recruiting sequence.

{6009} Accordingly, in one aspect, the present invention provides an engineered, non-

naturally occurring system comprising:

(a) a targeter nucleic acid comprising;
(1) a spacer sequence designed to hybridize with a target nucleotide sequence; and
(i1) a targeter stem sequence; and

{b) a modulator nucleic actd comprising a modulator stem sequence complementary to the

targeter stem sequence,

wherein the targeter nucleic acid and the modulator nucleic acid are separate nucleic acids,
and wherein a complex comprising the targeter nucleic acid and the modulator nucleic acid is
capable of activating a CRISPR Associated (Cas) nuclease that, in a naturally occurring

system, s activated by a single crRNA in the absence of a tracrRNA.
{6010} In certain embodiments, the Cas nuclease is a type V-A Cas nuclease.

{6011} In certain embaodiments, the targeter stem sequence and the modulator stem
sequence are each 4-10 nucleotides in fength. In certain embodiments, the targeter stem
sequence and the modulator stem sequence are each 5 nucleotides in length. In certain
embodiments, the targeter stem sequence and the modulator stem sequence are hybridized

through Watson-Crick base pairing,

{6012} In certain embaodiments, the spacer sequence 1s about 20 nucleoctides in length. In
certain embodiments, the spacer sequence is 18 nucleotides in length or shorter. In certain

embodiments, the spacer sequence is 17 nucleotides in length or shorter.

{0013} In certain embodiments, the targeter nucleic acid comprises, from 5 to 3°, the

targeter stern sequence, the spacer sequence, and an optional additional nucleotide sequence.

{6014} In certain embodiments, the targeter nucleic acid comprises a ribonucleic acid
{(RNA). In certain embodiments, the targeter nucleic acid comprises a modified RNA. In
certain embodiments, the targeter nucleic acid comprises a combination of RNA and DNA.
In certain embodiments, the targeter nucleic acid comprises a chemical modification. In
certain embodiments, the chemical modification is present in one or more nucleotides at the

3’ end of the targeter nucleic acid. In certain embodiments, the chemical modification is
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selected from the group consisting of 2"-O-methyl, 2'-fluoro, 2'-0C-~-methoxvethyl,

phosphorothioate, phosphorodithioate, pseudouridine, and any combinations thereof.

{6015} In certain embodiments, the modulator nucleic acid further comprises an
additional nucleotide sequence. In certain embodiments, the additional nucleotide sequence
is positioned 5’ to the modulator stem sequence. In certain embodiments, the additional
nucleotide sequence is 4-50 nucleotides in length. In certain embodiments, the additional
nucleotide sequence comprises a donor template-recruiting sequence capable of hybridizing
with a donor template. In certain embodiments, the engineered, non-naturally occurring
system further comprises the donor template. In certain embodiments, the modulator nucleic

acid comprises one or more nucleotides 37 to the modulator stem sequence

{6016} In certain embodiments, the modulator nucleic acid comprises an RNA. In certain
embodiments, the modulator nucleic acid comprises a modified RNA. In certain
embodiments, the modulator nucleic acid comprises a combination of RNA and DNA. In
certain embodiments, the modulator nucleic acid comprises a chemical modification. In
certain embodiments, the chemical modification is present in one or more nucleotides at the
5" end of the modulator nucleic acid. In certain embodiments, the chemical modification is
selected from the group consisting of 2'-O-methyi, 2'-fluoro, 27-O-methoxyethyl,

phosphorothioate, phosphorodithioate, pseudouridine, and any combinations thereof.

18017} In certain embodiments, the targeter nucleic acid and the modulator nucleic acid

are not covalently linked.

{6018} In certain embodiments, the Cas nuclease comprises an amino actd sequence at
feast 80% identical to SEQ 1D NO: 1. In certain embodiments, the Cas nuclease 1s Cpfl. In
certain embodiments, the engineered, non-naturally occurring system further comprises the
Cas nuclease. In certain embodiments, the targeter nucleic acid, the modulator nucleic acid,
and the Cas nuclease are present 1n a ribonucleoprotein (RNP) complex.

16019} In another aspect, the present invention provides a eukaryotic cell comprising an
engineered, non-naturally occurring system disclosed herein.

{6020} In another aspect, the present invention provides a composition {e.g.,
pharmaceutical composition) comprising an engineered, non-naturally occurring system or a
eukaryotic cell disclosed herein.

{0021} In another aspect, the present invention provides a method of cleaving a target

DNA having a target nucleotide sequence, the method comprising contacting the target DNA
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with an engineered, non-naturally occurring system disclosed herein, thereby resulting in

cleavage of the target DNA.
{6022} In certain embodiments, the contacting occurs in vitro.

{6023} In certain embodiments, the contacting occurs tn a cell ex vive, In certain
embodiments, the target DNA is genomic DNA of the cell. In certain embodiments, the
system is delivered into the cell as a pre-formed RNP complex. In certain embodiments, the

pre-formed RNP complex is delivered into the cell by electroporation.

{6024} In another aspect, the present invention provides a method of editing the genome
of a eukaryotic cell, the method comprising delivering an engineered, non~-naturally occurring
system disclosed herein into the eukaryotic cell, thereby resuiting in editing of the genome of
the eukaryotic cell.

106025} In certain embodiments, the system is delivered into the cell as a pre-formed RNP

complex. In certain embodiments, the system is delivered into the cell by electroporation.

{0026} In certain embodiments of the method tnvolving a eukaryotic cell, the cell is an

immune cell. In certain embodiments, the immune cell is a T lymphocyte.

BRIEF DESCRIPTION OF THE DRAWINGS

18027 Figure 1A is a schematic representation showing the structure of an exemplary
dual guide type V-A CRISPR-Cas system. Figures 1B-1D are & series of schematic
representation showing incorporation of a protecting group {e.g., a protective nucleotide
sequence or a chemical modification} (Figure 1B), a donor template-recruiting sequence
(Figure 1{), and an editing enhancer (Figure 1B) into the dual gutde type V-A CRISPR-Cas

system.

{0028} Figure 2A is a series of schematic representations showing the predicted
secondary structures of the two ctRNAs tested in an i vitro cleavage experiment. Figure 2B
is a photograph showing gel electrophoresis results from an i vifro cleavage experiment
using MAD7 complexed with two different ctRNAs, referred to as “ctRNA1” and
“crRNAZ2,” and their corresponding sets of targeter RNAs and modulator RNAs that were

chemically transcribed.

106029} Figure 3 is a photograph showing gel electrophoresis results from an in vifro

cleavage experiment using MAD7 complexed with three different ctRNAs, referred to as

U
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“crRNA1,” “crRNA3,” and “crRNA4,” and their corresponding sets of targeter RNA and

modulator RNAs, either chemically synthesized or produced by 71 vitro transcription.

{60306} Figures 4A~4H are a series of schematic representations showing the predicted
secondary structure of hybridized targeter and modulator RNAs. Crosses (within the foop
regions) indicate the sites where the RINAs are split into a targeter RNA and a modulator
RNA. In Figures 4A4-4F, RNA #1 15 a single guide RNA. RNAs #2, #4, #6, #8 and #10
represent modulator RNAs, and RNAs #3, #5, #7, #9, and #11 represent targeter RNAs. In
Figures 4G-4H, RNAs #12 and #14 are single guide RNAs containing hairpin sequences.
RNA #13 is a modulator RNA corresponding to RINA #12, and RNA #15 is a targeter RNA
corresponding to RNA #14. Figure 41 15 a set of photographs showing gel electrophoresis
results from an in vifro cleavage experiment using MAD7 complexed with combinations of

targeter and modulator RNAs.

{6031} Figures SA-51 are a series of schematic representations showing the predicted
secondary structures of ctRNAs. Where a crRNA 15 split into a combination of a modulator
RNA and a targeter RNA, thick crosses (within the loop regions, corresponding to
combinations 3, 5, 7,9, 11, 13, and 15) and thin crosses (within the stem regions,
corresponding to combinations 4, 6, 8, 10, 12, 14, and 16) indicate the sites where the
crRNAs are split. The Gibbs free energy change (AG) during the secondary structure
formation of the corresponding ctRNA, as predicted by the RNAfold program, is noted for
each construct or combination. Figures 5J-5K are photographs showing gel electrophoresis
results from an in vifro cleavage experiment using MAD7 complexed with ctRNA constructs
or combinations of targeter and modulator RNAs. The ratio of cleaved product in Figure 5§

was determined by measuring the relative intensities of the bands.

10032} Figure 6A 1s a bar graph showing the read fraction of edited and unedited copies
of target DNA by each ctRNA or a corresponding set of targeter RNA and modulator RNA
tested. “Repl” and “rep2” means the first and second replicates, respectively, of the same
experiment. Figure 6B is a bar graph showing the number of sequencing reads obtained in

each condition. The colors indicate the guality of the reads.
10033} Figure 7 is a bar graph showing the percentage of edited copies of the target locus
{shown on the x-axis) in the genome of Jurkat cells.

10034} Figure 8 is a bar graph showing the percentage of genome copies edited in the

CD32, PDCD1, or TIGIT genes of Jurkat cells after delivery of dual guide CRISPR systerns
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with the crRNA sphit at different sites (1, 2, 3, 4, or 5 nucleotides with regards to the 5’end of

the loop).

DETAILED DESCRIPTION OF THE INVENTION

{0035} The invention is based, in part, upon the design of a dual guide CRISPR-Cas
system in which a targeter nucleic acid and a modulator nucleic acid, when hybridized to
form a complex, can activate a Cas nuclease that, in a naturally occurring system, is activated
by a single ctRNA in the absence of a tractrRNA. The engineered dual gutde CRISPR-Cas
system described herein can be used to target, edit, or modify a target nucleic acid such as

genomic DNA.

10036} Type V-A, type V-C, and type V-I» CRISPR-Cas systems naturally include a Cas
nuclease and a single guide RNA (7.e., ctRNA). By splitting the single guide RNA into two
different nucleic acids, the engineered system describe herein provides better flexibility and
tunability. For example, the efficiency of nucleic acid cleavage can be increased or decreased
by adjusting the hybridization length and/or affinity of the targeter nucleic acid and the
modulator nucleic acid. Furthermore, given the length limitation of nucleic acids that can be
synthesized with high vield and accuracy, the use of dual guide nucleic acids allows
incorporation of more polvnuclectide elements that can improve editing efficacy and/or

specificity.

{6037} In particular, the dual guide system can be engineered as a tunable system to
decrease oft-target editing, and thus can be used to edit a nucleic acid with high specificity.
The systern can be eroployed in a number of applications, for example, editing cells such as
mammalian cells for use in therapy. The decrease in off-target editing 1s particularly
desirable when creating genetically engineered proliferating cells, such as stem cells,
progenitor cells, and immune memory cells, to be administered to a subject in need of the
therapy. High specificity can be accomplished using the dual guide systems described herein,
which optionally further include, for example, one or more chemical modifications to the
targeter nucleic acid and/or modulator nucleic acid, an editing enhancer sequence, and/or a

donor template-recruiting sequence.

10038} The features and uses of the dual guide CRISPR-Cas system are discussed in the

following sections.

~J
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1. Enzineered. Non-Naturallv Occurrine Dual Guide CRISPR-Cas Svstems

{0039] The engineered, non-naturally occurring system of the present invention

COMPrises:

(a) atargeter nucleic acid comprising:

W

(i) aspacer sequence designed to hybridize with a target nucleotide sequence; and
(i1} a targeter stem sequence; and

(b} a modulator nucleic acid comprising a modulator stem sequence complementary

to the targeter stem sequence,

wherein the targeter nucleic acid and the modulator nucleic acid are separate nucleic acids,
10 and wherein a complex comprising the targeter nucleic acid and the modulator nucleic acid 13
capable of activating a Cas nuclease that, in a naturally occurring system, is activated by a

single crtRINA in the absence of a tractRINA.

{0040} Type V-A, type V-C, and type V-D CRISPR-Cas systerns are distinctive subtypes
of CRISPR-Cas systems under the classification described in Makarova ef of. (2017) CELL,
15 168: 328 Naturally occurring CRISPR-Cas systems of these subtypes lack a tracrRNA and
rely on a single crRNA to guide the CRISPR-Cas complex to the target DNA. Naturally
occurring type V-A Cas proteins comprise a RuvC-like nuclease domain but lack an HNH
endonuclease domain, and recognize a 5™ T-rich protospacer adjacent motif (PAM}, the 57
orientation determined using the non-target strand (7.e., the strand not hybridized with the
20 spacer sequence) as the coordinate. Naturally occurring type V-A CRISPR-Cas systems
cleave a double-stranded DNA to generate a staggered double-stranded break rather than a
blunt end. The cleavage site is distant from the PAM site (e.g., separated by at least 10, 11,
12, 13, 14, or 15 nuclectides from the PAM on the non-target strand and/or separated by at
feast 15, 16, 17, 18, or 19 nucleotides from the sequence complementary to PAM on the

25 target strand).

18041} Accordingly, in another aspect, the instant disclosure provides an engineered, non-

naturally occurring system comprising:
{(a} atargeter nucleic acid comprising:
(i) aspacer sequence designed to hybridize with a target nucleotide sequence; and

30 (i) a targeter stem sequence; and
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{b) a moduiator nucleic acid comprising a modulator stem sequence complementary

to the targeter stem sequence,

wherein the targeter nucleic acid and the modulator nucleic acid are separate nucleic acids,
and wherein a complex comprising the targeter nucieic acid and the modulator nucleic acid is
capable of activating a type V-A, type V-C, or type V-D Cas nuclease. In certain

embodiments, the Cas nuclease is a type V-A Cas nuclease.
Cas Proteins

{6042} The terms “CRISPR-Associated protein,” “Cas protein,” and “Cas,” as used
interchangeably herein, refer to a naturally occurring Cas protein ot an engineered Cas
protein. Non-limiting examples of Cas protein engineering includes but are not limited to
mutations and modifications of the Cas protein that alter the activity of the Cas, alter the
PAM specificity, broaden the range of recognized PAMs, and/or reduce the ability to modify
one or more off-target loci as compared to a corresponding unmodified Cas. In certain
embodiments, the altered activity of the engineered Cas comprises altered ability (e.g.,
specificity or kinetics) to bind the naturally occurring orRNA or engineered dual guide
nucleic acids, altered ability {e.g., specificity or kinetics) to bind the target nuclectide
sequence, altered processivity of nucleic acid scanning, and/or altered effector {e.g., nuclease)
activity. A Cas protein having the nuclease activity is referred to as a “CRISPR-Associated

nuclease” or “Cas nuclease,” as used interchangeably herein.

10043} In certain embodiments, the Cas nuclease that a complex comprising the targeter
nucleic acid and the modulator nucleic acid is capable of activating is a type V-A, type V-(,

or type V-D Cas nuclease. In certain embodiments, the Cas nuclease is a type V-A nuclease.

{0044} In certain embodiments, the type V-A Cas nucleases comprises Cpfi. Cpfl
proteins are known in the art and are described in UK. Patent Nos. 9,790,490 and 10,113,179,
Cpt'l orthologs can be found in various bacterial and archaeal genomes. For example, in
certain embodiments, the Cpf1 protein is dentved from Francisella novicida U112 (Fn),
Acidaminococcus sp. BV3L6 (As), Lachnospiraceae bacterium ND2006 (Lb),
Lachnospiraceae bacterium MA2020 (1.b2), Candidatus Methanoplasma termitum (CMt),
Moraxella bovoculi 237 (Mb), Porphyromonas crevioricanis (Pc), Prevotella disiens (Pd),
Francisella tularensis 1, Francisella tularensis subsp. novicida, Prevorella albensis,
Lachnospiraceae bacterium MC2017 1, Butyrivibrio proteociasticus, Peregrinibacteria

bacterium GW2011 GWA2 33 10, Parcubacteria bacterivm GW2011 GWC2 44 17,

Rel



10

15

25

WO 2021/067788 PCT/US2020/054050

Smiithella sp. SCADC, Fubacterium eligens, Leptospiva inadai, Porphyromonas macacae,
Prevotella bryantii, Proteocatella sphenisci, Anaerovibrio sp. RMS0, Moraxelia caprae,

Lachnospiraceae bacterium COEL, or Eubacterium coprosianoligenes.

18045} In certain embodiments, the type V-A Cas nuclease comprises AsCpfl or a variant
thereof. In certain embodiments, the type V-A Cas protein comprises an aming acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to the amino acid
sequence set forth in SEQ D NO: 3. In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ ID NG: 3.

AsCpfl (SEQ ID NG 3)

MTQFEGFTNLYQVSKTLRFELIPOQGKTLKHIQEQGFIEEDKARNDHYKELKPIDRIYK
TYADQCLOLVOLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNATHDYFIGRTDN
LTDAINKRHAEIYKGLFKAELFNGKVEKQLGTVTTTEHENALLRSFDKFTTYFSGEFYE
NRENVFSAEDISTAIPHRIVODNFPRKFKENCHIEFTRUITAVPSLREHFENVKKAIGIFVS
TSIEEVFSFPFYNQLLTQTQIDLYNQLLGGISREAGTERKIKGINEVLNLAIQKNDETAH
ASLPHRFIPLFKOQILSDRNTLSFILEEFK SDEEVIQSFCKYKTLLRNENVLETAEALFN
ELNSIDLTHIFISHKKLETISSALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSL
KHEDINLOQEISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKGEEKEH KSQLD
SLLGLYHLLDWFAVDESNEVDPEFSARLTGIKLEMEPSLSFYNEKARNYATKKPYSVE
KFKLNFOMPTLASGWDVNKEKNNGAILFVENGLYYLGIMPKQKGRYKALSFEPTEK
TSEGFDKMYYDYFPDAAKMIPKCSTOLKAVTAHFQTHTTPILLSNNFIEPLEITKEIYD
LNNPEKEPKKFOQTAYAKKTGDOKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSS
QYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDFAKGHHGKPN
LHTLYWTGLFSPENLAKTSIKINGQAELFYRPKSRMKRMAHRLGEKMLNKKLEDQ
KTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIKDRRFTSDKFFFHY
PITENYQAANSPSKINOQRVNAYLKEHPETPHGIDRGERNLIVITVIDSTGRILEQRSLN
TIQOFDYOQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVY
VVLENLNFGFKSKRTGIAEK AVYQOQFEKMLIDKLNCLVLEDYPAEKVGGVINPY(QL
TDQFTSFAKMGTOSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFL EGFDF
LHYDVETGDFILHFKMNRNLSFORGLPGFMPAWDIVFEEKNETQFDAKGTPFIAGKR]
VPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALL
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RSVLOMRNSNAATGEDYINSPYRDLNGYVCFDSRFONPEWPMBDADANGAYHIALKG
QLLLNHLKESKDLKLONGISNQDWLAYIQELRN

{0046} In certain ernbodiments, the type V-A Cas nuclease comprises LbCpf1 or a variant
thereof. In certain embodiments, the type V-A Cas protein comprises an aming acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
feast 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to the amino acid
sequence set forth in SEQ 1D NO: 4. In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ D NOG: 4.

LbCpfl (SEQ ID NO:. 4}

MSKLEKFTNCYSLSKTLRFKAIPVOKTOQENIDNKRLLVEDEKRAEDYKGVKKLLDR
YYLSFINDVLHSIKEKNINNYISLFREKKTRTEKENKELENLEINLRKEIAKAFKGNEGY
KSLFKKDIETH PEFLDDKDEIALVNSFNGFTTAFTGFFDNRENMFESEEAKSTSIAFRCE
NENLTRYISNMBIFEKVDAIFDKHEVQEIKEKILNSDYDVEDFFEGEFFNFVLTQEGID
VYNAHGGFVTESGEKIKGLNEYINLYNQGKTKQKLPKFKPLYKQVLSDRESLSFYGEG
YTSDEEVLEVFRNTLNKNSEIFSSIKKEEKLFKNFDEYSSAGIFVEKNGPAISTISKDIFG
EWNVIRDKWNAEYDDIHLKKK AVVTEKYEDDRREKSFKKIGSFSLEQLOEYADADLS
VVEKLKEHIQKVDEIYKVYGSSEKLFDADFVLEKSLKKNDAVVAIMKDLEDSVKSFE
NYIKAFFGEGKETNRDESFYGDFVLAYDILLKVDHIVDARNYVTQRPYSKDKFKLY
FONPOIFMGOGWDKDKETDYRATILRYGSKYYLAMDKKYAKCLOKIDEDDVNGNYE
KINYKLLPGPNKMLPRVFFSKKWMAYYNPSEDIQKIYKNGTFKKGDMENLNDCHKL
IDFFKDSISRYPEKWSNAYDENFSETEKYKDIAGFYREVEEQGYKVSFESASKKEVDEKL
VEEGKLYMFQIYNKDFSDKSHGTPNLHTMYFKLLFDENNHGOQIRLSGGAELFMRRA
SLKKEELVVHPANSPIANKNPDNPKKTTTLSYDVYKDKRFSEDGQGYELHIPIAINKCPK
NIFKINTEVRVLLKHDDNPYVIGIDRGERNLLYIVVVDGKGNIVEQY SENEHNNFNGI
RIKTDYHSLLDKKEKERFEARQNWTSIENIKELKAGYISQVVHKICELVEKYDAVIAL
EDLNSGFKNSRVKVEKOQVYQKFEKMLIDKINYMVDEKKSNPCATGGALKGYQITNK
FESFKSMSTONGHFIFYIPAWLTSKIDPSTGFYVNLLKTKYTSIADSKKFISSFDRIMYVPE
EDLFEFALDYKNFSRTDADYIKKWKLYSYONRIRIFRNPKKNNVFDWEEVCLTSAYK
ELFNKYGINYQOQGDIRALLCEQSDEKAFYSSFMALMSLMLOMRNSITGRTDVDEFLISP
VENSDGIFYDSRNYEAQENAILPKNADANGAYNIARKVLWAIGQFKKAEDEKLDKY
KIAISNKEWLEYAQTSVKH

{6047} In certain embodiments, the type V-A Cas nuclease comprises FnCpfl or a variant
thereof. In certain embodiments, the type V-A Cas protein comprises an amino acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
feast 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to the amino acid
sequence set forth in SEQ ID NO: 5. In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ D NG: 5.

11
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FoCpfl (SEQ D NG, 5)

MSIYQEFVNKYSLSKTLRFELIPQGK TLENIKARGLILDDEKRAKDYKKAKQIDKYH
OFFIEEILSSVCISEDLLONY SDVYFKLKKSDDDNLOKDFKSAKDTIKKOQISEYIKDSE
KFKNLFNONLIDAKKGOESDLILWLEQSKDNGIELFK ANSDITDIDEALENK SFKGWT
TYFKGFHENRKNVY SSNDIPTSHYRIVDDNLPKFLENKAK YESLKDKAPEAINYEQIK
KDLAEELTFDIDYKTSEVNORVFSLDEVFEIANFNNY LNQSGITKFNTIIGGKFVNGEN
TKRKGINEYINLYSQQINDK TLKK YKMSVLFKQILSDTESKSFVIDKLEDDSDVVTTM
QSFYEQIAAFK TVEEKSIKETLSLLFDDLKAQKLDLSKIYFKNDKSLTDLSQOVEDDY
SVIGTAVLEYITQOIAPKNLDNPSKKEQELIAKK TEK AK YLSLETIKLALEEFNKHRDI
DKQCRFEEILANF A AIPMIFDEIAQNKDNLAGISIK YONQGKKDLLQASAEDD VK AIK
DLLDQTNNLLHKLKIFHISQSEDK ANILDK DEHFYLVFERCYFELANIVPLYNKIRNYI
TOKPYSDEKFKLNFENSTLANGWDKNKEPDNTAILFIKDDE YYLGVMNKENNKIFD
DKAKENKGEGYKKIVYKLLPGANKMLPKVFFSAKSIKFYNPSEDILRIRNHS THTKN
GSPOKGYEKFEPNIEDCRKFIDFYKQSISKHPEWKDFGFRFSDTORYNSIDEFYREVE
NOGYKLTFENISESYIDSVVNQGKLYLFQIYNKDFSAY SKGRPNLHTLYWKALFDER
NLODVVYKLNGEABLFYRKQSIPKKITHPAKEAIANKNKDNPKKESVFEYDLIKDKR
FTEDKFFFHCPITINFK SSGANKFNDEINLLLKEK ANDVHILSIDRGERHLAYYTLVDG
KGNTIKQDTFNIIGNDRMKTNYHDKLA AIEKDRDSARKDWKKINNIKEMKEGYLSQV
VHEIAKLVIEYNAIVVFEDLNFGFKRGRFK VEKQVYQKLEKMLIEKLNYLVFKDNEF
DKTGGVLRAYQLTAPFETFKKMGKQTGIY YVPAGFTSKICPVTGFVNOLYPKYESY
SKSQEFFSKFDKICYNLDKGYFEFSFDYKNFGDKAAKGKWTIASFGSRLINFRNSDKN
HNWDTREVYPTKELEKLLKDY SIBY GHGECIK AAICGESDKKFFAKLTSVENTILOM
RNSKTGTELDYLISPVADVNGNFFDSRQAPKNMPODADANGAYHIGLKGLMLLGRI
KNNOEGKKLNLVIKNEEYFPEFVONRNN

{06048} In certain embodiments, the type V-A Cas nuclease comprises FPrevotella bryantii
Cpf1 or a vartant thereof. In certain embodiments, the tvpe V-A Cas protein comprises an
amino acid sequence at least 30%, at least 40%, at least 50%, at feast 60%, at least 70%, at
feast 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
feast 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to
the amino acid sequence set forth 1o SEQ 1D NO: 6. In certain embodiments, the type V-A

Cas protein comprises the amino acid sequence set forth in SEQ ID NO: 6.

Prevotella bryanii Cptl (SEQ ID NO: 6)

MOINNLEKUYMEFTDFTGLYSLSKTLRFELKPIGK TLENIKKAGLLEQDOHRADSYKK
/KKHDEYHKAFIEKSLSNFELKYQSEDKLDSLEEYLMYYSMKRIEKTEKDKFAKIQD
NLRKQIADHLKGDESYKTIFSKDLIRKNLPDFVR SDEERTLIKEFKDFTTYFKGFYEN
RENMYSAEDKSTAISHRITHENLPKFVDNINAFSKIILIPELREKLENQIYQDFEEYLNVE
SIDEIFHLDYFSMVMTOQKGIEVYNAHGGKSTNDKKIQGLNEYINLYNQKHKDBCKLPK
LELLFKQILSDRIAISWLPDNFKDDQEALDSIDTCYKNLENDGNVLGEGNLKLLLEN]
DTYNLKGIFIRNDLOLTDISOKMYASWNVIQDAVILDLKKQVSRKKKESAEDYNDRL
KKLYTSQESFSIQYLNDCLRAYGKTENIGDYFAKLGAVNNEHEQTINLFAQVRNAYT
SVOAILTTPYPENANLAQDKETVALIKNLLDSLKRLORFIKPLLGKGDESDKDERFYG
DFTPLWETLNQITPLYNMVRNYMTREKPYSQEKIKENFENSTLLGGWDELNKEHDNTA
HERKNGLYYLAIMKEKSANKIFDKDKLDNSGDCYEEMVYKLLPGANKMLPKVEFSK
SRIDEFKPSENHENYKEKGTHKKGANFNLADCHNUIDFFKSSISKHEDW SKFNFHFSDT
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SSYEDLSDFYREVEQQGYSISFCDVSVEYINKMVEKGDLYLFQIYNKDFSEFSKGTPN
MHTLYWNSLFSKENLNNIIYKENGQAEIFFRKKSINYKRPTHPAHQAIKNKNKCNEK
KESIFDYDLVKDKRYTVDKFQFHVPITMNFKSTGNTNINQGVIDYLRTEDDTHIIGID
RGERHLLYLVVIDSHGKIVEQFTLNEIVNEYGGNIYRTNYHDLLDTREQNREKARES
WOTIENIKELKEGYISQVIHKITDLMQKYHAVVVLEDENMGFMRGROKVEKOQVYQK
FEEMLINKINYLVNKKADONSAGGLLHAYQLTSKFESFOQKLGKQSGFLEFYIPAWNTS
KIDPVTGFVNLFDTRYESIDKAKAFFGKFDSIRYNADKDWEFEFAFDYNNFTTKAEGT
RINWTICTYGSRIRTFRNQAKNSQWDNEEIDETKAYKAFFAKHGINIYDNIKEATAME
TEKSFFEDLLHLEKLTLOMRNSITGTTTDYLISPVHDSKGNFYDSRICDNSLPANADA
NGAYNIARKGLMUIQOQIKDSTSSNRFKFSPITNKDWLIFAQEKPYLND

[06049] In certain embodiments, the type V-A Cas nuclease comprises Proteocatella
sphenisci Cpfl or a variant thereof. In certain embodiments, the type V-A Cas protein
comprises an amino acid sequence at least 30%, at least 40%, at least 50%, at least 60%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at
feast 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99%
identical to the amino acid sequence set forth in SEQ 1D NO: 7. In certain embodiments, the

type V-A Cas protein comprises the amino acid sequence set forth in SEQ 1D NO: 7.

Proteocatella sphenisci Cofl {SEQ ID NO: 7

MENFKNLYPINKTLRFELRPYGKTLENFKKSGLLEKDAFKANSRRSMQAHDEKFKET
EERLKYTEFSECDLGNMTSKDKKITDK AATNLKKOVILSFDDEIFNNYLKPDKNIDA
LFKNDPSNPVISTFKGFTTYFVNFFEIRKHIFKGESSGSMAYRIIDENLTTYLNNIEKIK
KLPEELKSQLEGIDQIDKLNNYNEFITOSGITHYNEHGGISKSENVKIQGINEGINLYCO
KNKVKLPRLTPLYKMILSDRVENSFVLDTIENDTELIEMISDLINKTEISQDVIMSDION
FIKYKQLGNLPGISYSSIVNAICSDYDNNFGDGKRKKSYENDRKKHEETNVYSINYIS
ELLTDTDVSSNIKMRYKELEQNYQVCKENFNATNWMNIKNIK QSEKTNLIKDLLDIL
KSIQRFYDLFDIVDEDKNPSAEFYTWLSKNAEKLDFEFNSVYNKSRNYLTRKOQYSDK
KIKLNFDSPTLAKGWDANKEIDNSTHMREKFNNDRGDYDYFLGIWNKSTPANEKIPL
EDNGLFEKMOQYKLYPDPSKMLPKOQFLSKIWK AKHPTTPEFDKEKYRKEGRHKKGPDEFE
KEFLHELIDCFKHGLYNHDEKYOQDVFGEFNLRNTEDYNSYTEFLEDVERCNYNLSFNK
IADTSNLINDGELYVFQIWSKDFSIDSKGTKNINTIYFESLFSEENMIEKMEKLSGEAE
FYRPASLNYCEDIIKKGHHHAELKDEKFDYPHKDKRYSQDKFFFHVPMVINYKSEKL
NSKSLNNRTNENLGOFTHHGIDRGERHLIVLTVVDVSTGEIVEQKHLDEINTDTKGVY
EHKTHYLNKLEEKSKTRDNERKSWEAETIKELKEGYISHVINEIQKLOEKYNALIVM
ENLNYGFKNSRIKVEKQVYQKFETALIKKFNYHDKKDPETYIHGYQLTNPITTLDKIG
NOSGIVLYIPAWNTSKIDPVTGFVNLLYADDLKYKNQEQAKSFIQKIDNIYFENGEFK
FDIDFSKWNNRYSISKTKWTLTSYGTRIQTFRNPOKNNEWDSAEYDLTEEFKLILNID
GTLKSQDVETYKKFMSLFKIMLGERNSVTGTDIDYMISPVTDKTGTHFDSRENIKNL
PADADANGAYNIARKGIMAIENIMNGISDPLKISNEDYLKYIQNGQE

{6050] In certain embodiments, the type V-A Cas nuclease comprises dnaerovibrio sp.
RMS50 Cptl or a variant thereof. In certain ermbodiments, the type V-A Cas protein
comprises an amino acid sequence at least 30%, at least 40%, at least 50%, at least 60%, at

least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at
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feast 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99%
identical to the amino acid sequence set forth in SEQ ID NO: 8. In certain embodiments, the

type V-A Cas protein comprises the amino actd sequence set forth in SEQ ID NO: 8

Anaerovibrio sp. RMS0O Cofl (SEQ D NG: 8)

MVAFIDEFVGOYPVSKTLRFEARPVPETKKWLESDQCSVLFNDQKRNEYYGVLKEL
LBDYYRAYIEDALTSFTLDKALLENAYDLYCNRDTNAFSSCCEKLRKDLVKAFGNL
KDYLLGSDOQLKDLVELKAKVDAPAGKGKKEIEVDSREINWLNNNAKYSAEDREKYT
KAIESFEGFVTYLTNYKQARENMFESSEDKSTAIAFRVIDOQNMVTYFGNIRIYEKIKAK
YPELYSALKGFEKFFSPTAYSEILSOQSKIDEYNYQCIGRPIDDADFKGVNSLINEYRQK
NOGIKARELPVMSMLYKQILSDRDNSFMSEVINRNEEAIECAKNGYKVSYALFNELLQ
LYKKIFTEDNYONIYVKTQPLTELSQALFGDWSH RNALDNGKYDKDINLAELEKYF
SEYCKVLDADDAAKIQDKFNLKDYFIQKNALDATLPDLDKITOYKPHLDAMLQAIR
KYKLFSMYNGRKKMDVPENGIDFSNEFNATYDKLSEFSILYDRIRNFATKKPYSDEK
MKLSFNMPTMLAGWDYNNETANGCFLFIKDGKYFLGVADSKSKNIFDFKKNPHLED
KYSSKDIYYKVKYKQVSGSAKMLPEKVVFAGSNEKIFGHLISKRILEIREKKLYTAAA
GDRKAVAEWIDFMEKSATATHPEWNEYFRKFKFKNTAEYDNANKFYEDIDKQTYSLEK
/EIPTEYIDEMVSOQHKLYLFOQLYTKDFSDKKKKKGTDNLHTMYWHGVFSDENLKA
VTEGTOPHKLINGEAEMPFMRNPSIEFOVTHEHNKPIANKNPLNTKKESVENYDLIKDEK
RYTERKFYFHCPITLNFRADKPIKYNEKINRFVENNPDVCHIGIDRGERHLLYYTVING
TGDILEQGSLNKISGSYTNDKGEKVNKETDYHDLLDRKEKGKHVAQQAWETIENIKE
LEKAGYLSQVVYKUTQLEMLOYNAVIVLENLNVGFKRGRTKVEKQVYQKFEKAMIDK
LNYLVFKDRGYEMNGSY AKGLOQLTDKFESFDRKIGKQTGCIYYVIPSY TSHIDPKTGF
YNLENAKLRYENITKAQDTIRKFDSISYNAKADYFEFAFDYRSFGVDMARNEWVVC
TCGDLRWEYSAKTRETKAYSVTDRLKELFKAHGIDYVGGENLYSHITEVADKHFLS
TLLFYLRLVLKMRYTVSGTENENDFILSPVEY APGKFFDSREATSTEPMNADANGAY
HIALKGLMTIRGIEDGELHNY GKGGENAAWFKFMONQEYKNNG

{6051 In certain embodiments, the type V-A Cas nuclease comprises AMoraxella caprae
Cpfl or a variant thereof. In certain embodiments, the type V-A Cas protein comprises an
amino acid sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
feast 94%, at least 95%, at least 96%, at least 97%, at least 98%%, or at least 99% identical 1o
the amino acid sequence set forth in SEQ ID NO: 9. In certain embodiments, the type V-A

(Cas protein comprises the amino acid sequence set forth in SEQ ID NO: 9.

Moraxella caprae Cofl (SEQ ID NOG: 9)

MLFODFTHLYPLSKTMRFELKPIGKTLEHIHAKNFLSQGDETMADMY QKVKAILDDY
HRDFIADMMGEVKLTKLAEFYDVYLKFRKNPKDDGLOKQLKDLOAVILRKEIVKPIG
NGGKYKAGYDRLFGAKLFKDGKELGDLAKFVIAQEGESSPKLAHL AHFEKFSTYFT
GFHDNRENMYSDEDKHTAITYRLIHENLPRFIDNLQILATIKQKHSALYDOQHNELTAS
GLDVSLASHLDGYHKLLTOEGITAYNTLLGGISGEAGSRKIQGINELINSHHNQHCHK
SERIAKLRPLHKQILSDGMGVSFLPSKFADDSEMCQAVNEFYRHYADVFAKVOSLED
GFDDHOKDOGIYVEHKNLNELSKQAFGDFALLGRVEDGYYVDVVNPEFNERFAKAK
TDNAKAKLTKEKDKFIKGVHSLASLEQAIEHYTARHDDESVOAGKLGQYFKHGLAG

14



10

o
W

[\
W

30

40

WO 2021/067788 PCT/US2020/054050

/DNPIQKHINNHSTIKGFLERERPAGERALPKIKSGEKNPEMTQLROLKELLDNALNVA
HFAKLLTTKTTLDNODGONFYGEFGALYDELAKIPTLYNKVRDYLSOQKPFSTEKYKLN
FONPTLENGWDLNKEKDNFGHLQKDGCYYLALLDKAHKKVEFDNAPNTGRNVYQK
MIYKLLPGPNKMLPKVEFAKSNLDYYNPSAELLDKY AQGTHKKGNNFNLEDCHALL
DFFKAGINKHPEWOHFGFKFSPTSSYQDLSDFYREVEPQGYQVKFVDINADYINELV
BEOQGOLYLFQIYNKDFSPKAHGKPNLHTLYFKALFSKDNLANPIYKENGEAQIFYRKA
SLDMNETTIHRAGEVLENKNPDNPKKROQFVYDIIKDEKRYTODKFMELHVPITMNEGY
QCMTIKEFNKKVNQSIQOYDEVNVIGIDRGERHLLYETVINSKGEILEQRSLNDITTAS
ANGTOMTTPYHKILDKREIERLNARVOWGEIETIKELKSGYLSHVVHQISQLMLKYN
AWVLEDINFGFKRGRFKVEKQIYONFENALIKKLNHELVLEKDEADDEIGSYKNALQL
TNNFTDLKSIGKQTGFLFY VPAWNTSKIDPETGFVDLLKPRYENIAQSQAFFGKFDKI
CYNADKDYFEFHIDYAKFTDKAKNSRGIWKICSHGDKRYVYDKTANONKGATRG]
NVNDELKSLFARHHINDKOPNEVMDICONNDKEFHKSLIYLLKTLLALRYSNASSDE
DFILSPYANDEGMEFNSALADDTQPONADANGAYHIALKGLWVLEQIKNSDDLNKY
KLAIDNQTWLNFAQNR

{6052] In certain embodiments, the type V-A Cas nuclease comprises Lachnospiraceae
bacterium COE1 Cpfl or a variant thereof. In certain embodiments, the type V-A Cas
protetn comprises an amino acid sequence at least 30%, at least 40%, at least 50%, at least
60%, at least 70%, at least 75%, at least 80%, at least 85%%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at
feast 99% identical to the amino acid sequence set forth in SEQ ID NG 10. In certain
embodiments, the type V-A Cas protein comprises the amino acid sequence set forth in SEQ

D NO: 10

Lachnospiraceae bacterium COEL Cpfl (SEQ ID NO: 10)

MHENNGKIADNFIGIYPVSKTLRFELKPVOGKTQEYIEKHGHL.DEDLKRAGDYKSVKEI
IDAYHKYFIDEALNGIQLDGLKNYYELYEKKRDNNEEKEFQKIOMSLRKOQIVKRFSE
HPOYKYLFEKKELIKNVLPEFTKDNAEEQTLVKSFOQEFTTYFEGFHONREKNMYSDEEK
STAIAYRVVHONLPKYIDNMRIFSMILNTDIRSDLTELFNNLKTKMDITIVEEYFAIDG
FNKVVNQKGIDVYNTILGAFSTDDNTKIKGENEYINLYNGEKNKAKLPKLKPLFKQILS
DRDKISFIPEQFDSDTEVLEAVDMFEYNRLLOFVIENEGQITISKLLTNFSAYDLNKIYV
KNDTTISAISNDLFDDWSYISKAVRENYDSENVDKNKRAAAYEEKKEKALSKIKMYS
TEELNFFVKRKYSCNECHIEGYFERRILEILDEMRYAYESCRILHDKGLINNISLCQDRO
AISELKDFLDSIKEVOWLLKPLMIGQEQADKEEAFYTELLRIWEELEPITLLYNKVRN
YVTKKPYTLEKVKLINFYKSTLEDGWDRKNKEKDNLGHLLKDGOY YLGIMNRRNNKI
ADDAPLAKTDNVYRKMEYKLLTKVSANLPRIFLKDKYNPSEEMLEKYEKGTHLKGE
NFCIDDCRELIDFFKKGIKQYEDWGOQFDFKFSDTESYDDISAFYKEVEHQGYKITFRDI
DETYIDSLVNEGKLYLFQIYNKDFSPYSKGTKNLHTLYWEMLEFSQONLONIVYKENG
NAEIFYRKASINQKDVVVHKADLPIKNKDPONSKKESMFDYDHKDKRFTCDKYQFH
VPITMINFKALGENHFNRKVNRLIHDAENMHHEGIDRGERNLIYLCMIDMKGNIVKQIS
LNEISYDEKNKLEHKRNYHOQLLKTREDENKSARQSWOQTIHTIKELKEGYLSQVIHVIT
DIMVEYNAIVVLEDLNFGFKQGRQKFERQVYQKFEKMLIDKINYLVDKSKGMDED
GGLLHAYQLTDEFKSFKOLGKQSGFLYYIPAWNTSKLDPTTGFVNLFYTKYESVEKS
KEFINNFTSILYNQEREYFEFLFDYSAFTSKAEGSRLKWTVCSKGERVETYRNPKKNN
EWDTOQKIDLTFELEKLENDYSISLLDGDLREQMGKIDKADFYRKKFMELFALIVOMR
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NSDEREDKLISPVLNKYGAFFETGKNERMPLDADANGAYNIARKGLWIHEKIKNTDV
EQLDKVKLTISNKEWLQYAQEHIL

{00583} In certain embodiments, the type V-A Cas nuclease comprises Fubacterium
coprostanoligenes Cpfl or a variant thereof. In certain embodiments, the type V-A Cas
protein comprises an amino acid sequence at least 30%, at least 40%, at least 50%, at least
60%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at
least 99% 1dentical to the amino acid sequence set forth in SEG ID NO: 11, In certain
embodiments, the type V-A Cas protein comprises the amino acid sequence set forth in SEQ

IDNG: 1L

Fubacterium coprostanoligenes Cofl (SEGIDNO: 11D

MDFFKNDMYFLCINGIIVISKLFAYLFLMYKRGVVMIKDNFVNVYSLSKTIRMALIP
WGKTEDNFYKKFLLEEDEERAKNYIK VKGYMDEYHKNFIESALNSVVLNGVDEYCE
LYFKQNKSDSEVKKIESLEASMRKQISK AMKEY TVDGVKIYPLLSKKEFIRELLPEFL
TQDEEIETLEQFNDFSTYFQGFWENRKNIY TDEEKSTGVPYRCINDNLPKFLDNVK SF
EKVILALPQKAVDELNANFNGVYNVDVQDVFSVDYFNFVLSQSGIEK YNNIGGY SN
SDASK VQGLNEKINLYNQQIAK SDK SKKLPLLKPLYKQILSDRSSLSFIPEKFKDDNE
VLNSINVLYDNIAESLEKANDLMSDIANYNTDNIFISSGVAVTDISKK VFGDWSLIRN
NWNDEYESTHKKGKNEEKFY EKEDKEFKKIKSFSVSELQRLANSDLSIVDYLVDESA
SLYADIKTAYNNAKDLLSNEYSHSKRLSKNDDAIELIK SFLDSIKNYEAFLKPLCGTG
KEESKDNAFYGAFLECFEEIRQVDAVYNKVRNHITQKPY SNDKIKLNFQNPQFLAGW
DKNKERAYRSVLLRNGEKYYLAIMEKGK SKLFEDFPEDESSPFEKIDYKLLPEPSKM
LPKVFFATSNKDLFNPSDEILNIRATGSFKKGDSFNLDDCHKFIDFYKASIENHPDWS
KFDEDFSETNDYEDISKFFKEVSDOQGY SIGYRKISESYLEEMVDNGSLYMFQLYNKDF
SENRKSKGTPNLHTLYFKMLFDERNLEDVVYKLSGGAEMFYRKPSIDKNEMIVHPK
NQPIDNKNPNNVKKTSTFEYDIVKDMR YTK PQFQLHLPIVLNFKANSKGYINDDVRN
VLKNSEDTY VIGIDRGERNLYVYACVVDGNGKLVEQVPLNVIEADNGYK TDYHKLLN
DREEKRNEARK SWKTIGNIKELKEGYISQVVHKICQLVVKYDAVIAMEDLNSGFVNS
RKKVEKQVYQKFERMLTQKLNYLVDKKLDPNEMGGLLNAYQLTNEATKVRNGRQ
DGHFYIPAWLTSKIDPTTGFVNLLKPK YNSVSASKEFFSKFDEIRYNEKENYFEFSFNY
DNFPKCNADFKREWTVCTYGDRIRTFRDPENNNKFNSEVVVLNDEFKNLFVEFDIDY
TDNLKEQILAMDEK SFYKKLMGLLSLTLOMRNSISKNVDVDYLISPVKNSNGEFYDS
RNYDITSSLPCDADSNGAYNIARKGLWAINQIKQADDETK ANISIKNSEWLQYAQNC
DEV

{0054} In certain embodiments, the type V-A Cas nuclease 1s not Cpfl. In certain

embodiments, the type V-A Cas nuclease is not AsCpfl.

18055] In certain embodiments, the type V-A Cas nuclease comprises MAD1, MADZ,
MAD3, MAD4, MADS, MADG, MAD7, MADS, MADS, MAD10, MAD11, MAD12,
MADI3, MAD 4, MADIS, MAD16 MAD17, MADIE, MADI19, or MADZ0, or variants
thereof. MADI-MAD20 are known in the art and are described in U.S. Patent No. 9,982,279,
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{0056} In certain embodiments, the type V-A Cas nuclease comprises MAD7 or a vanant
thereof. In certain embodiments, the type V-A Cas protein comprises an amino acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at igast 70%, at least 75%, at
least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
feast 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to the amino acid
sequence set forth in SEQ ID NO: 1. In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ ID NO: 1.

MAD7 (SEQ ID NGO 1)

MNNGTNNFONFIGISSLOKTERNALIPTETTQOQFIVKNGHKEDEL RGENROILKDIMD
DYYRGFISETLSSIDDIDWTSLFERMEIQLKNGDNKDTLIKEQTEYREKATHKKFANDD
RFKNMFESAKLISDILPEFVIHNNNY SASEKFEKTOVIKLFSRFATSFKDYFKNRANCES
ADDISSSSCHRIVNDNAEIFFSNALVYRRIVKSLSNDDINKISGDMKDSLKEMSLEELY
SYEKYGEFITQEGISFYNDICGKVNSFMNLY COKNKENKNLYKLOKEHKQILCIADTS
YEVPYKFESDEEVYQSVNGFLDNISSKHIVERLRKIGDNYNGYNLDKIYIVSKFYESY
SQKTYRDWETINTALEIHYNNILPGNGKSKADKVKKAVENDLOKSITEINELVENYK
LCSDDNIKAETYHEISHILNNFEAQELKYNPEIHLVESELKASELEKNVLDVIMNAFH
WCSVEMTEELVDKDNNFYAELEEIYDEIYPVISLYNLVENYVTQKPYSTEKKIKLNFGE
PTLADGW SKSKEY SNNAHLMRDNLYYLGIFNAKNKPDKKHEGNTSENKGDYKEMI
YNLLPGPNKMIPKVELSSKTGVETYKPSAYILEGYKONKHIK SSKDFDITFCHDLIDYF
KNCIAITHPEWKNFGFDFSDTSTYEDISGFYREVELQGYKIDWTYISEKDIDLLQEK GO
LYLFOQIYNEKDFSKKSTGNDNLHTMYLKNLEFSEENLEKDIVLKINGEAEIFFRESSIKNPI
HKKGSIEVNRTYEAEEKDQFGNIQIVREKNIPENIYQELYKYFNDKSDKELSDEAAKL
KNVVGHHEAATNIVKDYRYTYDKYFLHMPITINFKANKTGFINDRILOQYIAKEKDLH
VIGIDRGERNLIYVSVIDTCGNIVEQKSEFNIVNGYDYQIKLKOQQEGARQIARKEWKEI
GKIKEIKEGYLSLVIHEISKMVIKYNAHAMEDLSYGFKKGRFKVERQVYQKFETMLI
NKLINYLVFKDISITENGGLLKGYQLTYIPDELENVGHOQCGCIFYVPAAYTSKIDPTTG
FVNIFKFKDLTYVDAKREFIKKFDSIRYDSEKNLFCFTFDYNNFITONTVMSKSSWSVY
TYGVRIKRRFVNGRESNESDTIDITKDMEKTEEMTDINWRDGHDLRQDIIDYEIVQHI
FEIFRLTVOMRNSLSELEDRDYDRLISPVENENNIFYDSAKAGDALPKDADANGAYCI
ALKGLYEIKQITENWKEDGKFSRDKLKISNKDWEFDFIQNKRYL

{60571 In certain embodiments, the type V-A Cas nuclease comprises MAD2 or a variant
thereof. In certain embodiments, the type V-A Cas protetn comprises an amino acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast 80%, at least 85%, at least 90%, at least 91%, at least 92%., at least 93%, at least 94%, at
least 95%, at least 9694, at least 97%, at least 98%, or at least 99% identical to the amuno acid
sequence set forth in SEQ ID NO: 2. In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ ID NO: 2.

MADZ (SEQ ID NQO: 2}

MESSLTKFINKYSKOQLTIKNELIPVGKTLENIKENGLIDGDEQLNENYQKAKIIVDDFLR
DFINKALNNTQIGNWRELADALNKEDEDNIEKLODKIRGIIVSKFETFDLFSSY SIKKD
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EKIDDDNDVEEEELDLGKKTSSFKYIFRKNLFKLVLPSYLKTTNQDKLEKISSFDNES
TYFRGFFENRKNIFTEKPISTSIAYRIVHDNFPKFLDNIRCEFNVWOTECPOLIVKADNY
LKSKNVIAKDKSLANYFTVGAYDYFLSQNGIDFYNNIGGLPAFAGHEKIQGLNEFIN
QECOKDSELKSKLKNRHAFKMAVLFKOQILSDREKSFVIDEFESDAQVIDAVKNFY AE
QCKDNNVIFNLLNLIKNIAFLSDDELDGIFIEGKYLSSVSOQKLYSDWSKLRNDIEDSAN
SKQGNKELAKKIKTNKGDVEKAISKYEFSESELNSIVHDNTKFSDLLSCTLHKVASEK
LVEVNEGDWPKHLKNNEEKQKIKEPLDALLEIYNTLLIFNCKSFNENGNFYVDYDR
CINELSSVVYLYNKTRNYCTKKPYNTDKFKLNFNSPOLGEGFSKSKENDCLTLLFKK
DDNYYVGHREKGAKINFDDTOQAIADNTDNCIFKMNYFLLKDAKKFIPKCSIQLKEVKA
HFKKSEDDYILSDKEKFASPLVIKKSTFLLATARVKGKKGNIKKFOQKEYSKENPTEYR
NSINEWIAFCKEFLKTYKAATIEDITTLKKAEEYADIVEFYKDVDNLCYKLEFCPIKT
SFIENLIDNGDLYLFRINNKDFSSKSTGTKNLHTLYLQAIFDERNLNNPTIMLNGGAEL
FYRKESIEQKNRITHKAGSILVNKVCKDGTSLDDKIRNEIYOQYENKFIDTLSDEAKKY
LPNVIKKEATHDITKDKRFTSDKFFFHCPLTINYKEGDTKQFNNEVLSFLRGNPDINIE
GIDRGERNLIYVTVINQKGEILDSVSFNTVINKSSKIEQTVDYEEKLAVREKERIFAKR
SWDSISKIATLKEGYLSAIVHEICLEMIKHNAIVVLEENLNAGFKRIRGGLSEKSVYQKF
EKMLINKINYFVSKKESDWNKPSGLLNGLGLSDOQFESFERLGIQSGFIFYVPAAYTSK
IDPTTGFANVENLSKVRNVDAIKSFFSNFNEISYSKKEALFKFSFDLDSLSKK GEFSSFV
KFSKSKWNVYTF GERHI{PKNKQGYREDKRH\ILTFE\H{KLLNEYKVSFDLENNLIP\J
LTSANLEDTFWKELFFIFKTTLOLRNSVINGKEDVLISPVKNAKGEFFVSGTHNKTLP
QDCDANGAYHIALKGLMILERNNLVREEKDTKEKIMAISNVDWFEYVOKRRGVL

{0058} In certain embodiments, the type V-A Cas nucleases comprises Csml. Csml
proteins are known in the art and are described in U.S. Patent No. 9,896,696, Csml orthologs
can be found in various bacterial and archaeal genomes. For example, in certain
embodiments, the Csm1 protein is derived from Smithella sp. SCADC (Sm), Sulfuricurvum

sp. (8s), or Microgenomates (Roizmanbacteria) bacterium (Mb).

[6059] In certain embodiments, the type V-A Cas nuclease comprises SmCsml or a
variant thereof. In certain embodiments, the type V-A Cas protein comprises an amino acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast 80%, at least 85%, at least 90%, at least 91%, at least 32%, at least 93%, at least 94%, at
least 95%, at least 9694, at least 97%, at least 98%, or at least 99% identical to the amino acid
sequence set forth 1o SEQ 1D NO: 12, In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ [D NO: 12

Smithello sp. SCADC Csmi (SEQ ID NG: 12)

MERKYRKITKTIRFKLLPDKIQDISROVAVLONSTNAEKKNNLLRLVQRGQELPKLLNE
YIRYSDNHELKSNVTVHFRWLRLFTKDLFYNWEKKDNTEKKIKISDYVVYLSHVFEAFL
KEWESTIERVNADCNKPEESKTRDAEIALSIRKLGIKHOQLPFIKGFVDNSNDEKNSEDT
KSKLTALLSEFEAVEKICEQNYLPSQSSGIATAKASFNYYTINKKOQKDFEAEIVALKKQ
LHARYGNKKYDQLLRELNLIPLKELPLKEL PLIEFYSEIKKRKSTKKSEFLEAVSNGLY
FDDLKSKFPLFOQTESNKYDEYLKLSNKITQKSTAKSLESKDSPEAGKLOQTEITKLKKN
ROEYFEKAFGKYVOLCELYKETAGKRGKLK GOIKGIENERIDSQRLOYWALVLEDNL
KHSLILIPKEKTNELYRKVWGAKDDGASSSSSSTLYYFESMTYRALRKLCFGINGNTE
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LPEIOKELPOYNOKEFGEFCFHK SNDDKEIDEPK LISFYQSVLK TDEVKNTLALPOSVE
NEVAIQSFETRQDFOIALEKCCYAKKOISESLKKEILENYNTOQIFKITSLDLOQRSEQKN
LKGHTRIWNRFWTKQNEEINYNLRLNPEIAIVWRKAKK TRIEK YGERSVLYEPEKRN
RYLHEQYTLCTTVTIDNALNNEITFAFEDTKKKGTEIVK YNEKINOTLKK EFNKNGLW
FYGIDAGEIELATLALMNKDKEPQLFTVYELKKLDFFKHGYIYNKERELVIREKPYK

AIQNLSYFLNEELYEK TFRDGKFNETYNELFKEKHVSAIDLTTAK VINGKHLNGDMIT
FLNLRILHAQRKIYEELIENPHAELKEKDVKLYFEIEGKDKDIYISRLDFEYIKPYQEIS

NYLFAYFASQQINEAREEEQINQTKRALAGNMIGVIVYLYQKYRGIISIEDLKQTKVE
SDRNKFEGNIERPLEWALYRKFQOEGY VPPISELIKLRELEKFPLKDVKOQPK YENIQOQ
FGIKFVSPEETSTTCPECLRRFKDYDKNKQEGFCKCQCGFDTRNDLEGFEGLNDPD

KVAAFNIAKRGFEDLOK YK

10060} In certain embodiments, the type V-A Cas nuclease comprises SsCsm1l or a
variant thereof. In certain embodiments, the type V-A Cas protein comprises an amino acid
sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast B0%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to the aming acid
sequence set forth in SEQ 1D NO: 13, In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ ID NO: 13,

Sulfuricurvum sp. Csmi (SEQ D NG: 13)

MLHAFTNOYOQLSKTLRFGATLRKEDEKKCK SHEELKGFVDISYENMKSSATIAESENE
NELVKKCERCYSEIVKFHNAWEKIYYRTDQIAVYKDFYRQLSRKARFDAGKONSQLI
TLASLCOMYQGAKLSRYITNYWKDNITROKSFLKDFSQOQLHQYTRALEKSDKAHTK
PNLINFNKTFMVLANLVYNEIVIPLSNGAISFPNISKLEDGEESHLIEFALNDYSQLSELIG
ELKDAIATNGGYTPFAKVTLNHYTAEQKPHVFKNDIDAKIRELKELIGLVETLKGKSSE
CGIEEYFSNLDKFSTYNDRNQOQSVIVRTQCFRKYKPIPFLVKHOLAKYISEPNGWDEDAVA
KVLDAVGAIRSPAHDY ANNQEGFDLNHYPIKVAFDYAWEQLANSLYTTVTFPQEMC
EKYLNSIYGCEVSKEPVFKFYADLLYIRKNLAVLEHKNNLPSNQEEFICKINNTFENIV
LPYRISQFETYKKDIWAWINDGHDHEKYTDAKQQLGFIRGGLKGRIKAEEVSQKDKY
GKIKSYYENPYTKLTNEFKQISSTYGKTF AELRDEFKEK‘JEITEITHFGH[EDKI\RDRY
LEASELKHEQINHVSTILNKLDKSSEFITYQVKSLTSKTLIKLIKNHTTKKGAISPYADF
HTSKTOEFNKNEIEKNWDNYKREQVLVEYVEDCLTD ST‘,\/IAKR ONWAEFGWNIEKC
NSYEDIEHEIDQK ‘SYLLQ‘SD'I‘I%KQ SIASLVEGGCLLLPINOQDITSKERKDKNQFSKD
WNHIFEGSKEFRLHPEFAVSYRTPIEGYPVOQKRYGRLOFVCAFNAHIVPONGEFINLK
KQIENFNDEDVOKRNVTEFNKKVNHALSDKEYVVIGIDRGLKQLATLCVLDKRGKIL
GDFEIYKKEFVRAEKRSESHWEHTQAETRHILDL SNERVETTIEGKKVLVDQSLTLVK
KNRDTPDEEATEENKOQKIKLKQLSYIRKLOHKMQTNEQDVLDLINNEPSDEEFKKRIE
GLISSFGEGOKYADLPINTMREMISDLOQGVIARGNNQTEKNKHELDAADNLKQGIVA
NMIGIVNYIFAKYSYKAYISLEDLSRAYGGAKSGYDGRYLPSTSQDEDVDFKEQONQ
MLAGLGTYQFFEMOLLEKKLOKIQSDNTVLRFVPAFRSADNYRNILRLEETKYKSKPF
GVVHFIDPKFTSKKCPVCSKTNVYRDKDDILVCKECGFRSDSQLKERENNIHYIHNG
DDNGAYHIALKSVENLIQOMK

{0061} In certain embodiments, the type V-A Cas nuclease comprises MbCsm1 or a

vartant thereof. In certain embodiments, the type V-A Cas protein comprises an amino acid
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sequence at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at
feast 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
feast 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical to the amino acid
sequence set forth in SEQ ID NO: 14, In certain embodiments, the type V-A Cas protein

comprises the amino acid sequence set forth in SEQ ID NG: 14

Microgenomates (Roizmanbacteric) bacterivm Csml (SEQ ID NG: 14)

MEIQELKNLYEVEKKTVRFELKPSKKKIFEGGDVIKLOKDFEKVOKFFLDIFVYKNEHT
KLEFKKKREIKYTWLRTNTKNEFYNWRGKSDTGENYALNKIGFLAEEHLRWINEW(Q
ELTKSLKDLTOREEHKQERKSDIAFVERNFLKRONLPFIKDFFNAVIDIQGKQGKESD
DKIRKFREEIKEIEKNLNACSREYLPTQSNGVLLYKASFSYYTLNKTPKEYEDLKKEK
ESELSSVLLKEIYRREKRFNRTTNOQKDTLFECTSDWLVKIKLGKDIYEWTLDEAYQKM
KIWKANQKSNFIEAVAGDKLTHONFRKQFPLFDASDEDFETFYRLTK AL DKNPENA
KKIAQKRGKFFNAPNETVQTKNYHELCELYKRIAVKRGKHAEIKGIENEEVQSQLLT
HWAVIAEERDKEFIVLIPRENGGRKLENHKNAHAFLOEKDRKEPNDIK VYHFKSLTLR
SLEKLCFKEAKNTFAPEIKKETNPKIWFPTYKOQEWNSTPERLIKFYKQVLOSNYAQTY
LBEVDFGNLNTFLETHFTTLEEFESDLEKTCYTKVPVYFAKKELETFADEFEAEVFE]
TTRSISTESKRKENAHAEIWRDFW SRENEEENHITRLNPEVSVLYRDEIKEKSNTSRK
NREKSNANNRFSDPRFTLATTITINADKKKSNLAFKTVEDINIHIDNFNEKKEFSKNFSGE
WVYGIDRGLKELATLNVVKESDVENVEFGVSQPKEFAKIPIYKLRDEKAILKDENGLS
LENAKGEARKVIDNISDVLEEGKEPDSTLFEKREVSSIDLTRAKLIKGHIISNGDOKTY
LKEKETSAKRRIFELFSTAKIDKSSOFHVRKTIELSGTKIYWLCEWQRQDSWRTEKVS
LRNTLEKGYLONLDLKNRFENIETIEKINHLRDAITANMVGILSHLONKLEMOGVIALE
NLDTVREQSNKKMIDEHFEQSNEHVSRRLEWALYCKFANTGEVPPQIKESIFLRDEF
KVCQGIGILNFIDVEKGTSSNCPNCDOQESRKTGSHFICNFOQNNCIFSSKENRNLLEQNLHN
SDDVAAFNIAKRGLEIVKY

{0062] More type V-A Cas nucleases and their corresponding naturally occurring
CRISPR-Cas systems can be identified by computational and experimental methods known
in the art, e.g., as described in U S, Patent No. 9,790,490 and Shmakov ef o/ (2015) MoL.
CELL, 60: 385, Exemplary computational methods include analysis of putative Cas proteins
by homology modeling, structural BLAST, PSI-BLAST, or HHPred, and analysis of putative
CRISPR loci by identification of CRISPR arrays. Exemplary experimental methods include
in vitro cleavage assays and in-cell nuclease assays {e.g., the Surveyor assay) as described in

Zetsche er ol (2015) CELL, 163 759

18063} In certain embodiments, the Cas nuclease directs cleavage of one or both strands
at the target locus, such as the target strand {i.e., the strand having the target nucleotide
sequence that hybridizes with a single guide nucleic acid or dual guide nucleic acids) and/or
the non-target strand. In certain embodiments, the Cas nuclease 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

nucleotides from the first or last nucleotide of the target nuclectide sequence or its
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complementary sequence. In certain embodiments, the cleavage is staggered, i.e. generating
sticky ends. In certain embodiments, the cleavage generates a staggered cut with a &'
overhang. In certain embodiments, the cleavage generates a staggered cut with a 5' overhang
of 1 to 5 nucleotides, e.g., of 4 or S nucleotides. In certain embodiments, the cleavage site is
distant tfrom the PAM, e.g, the cleavage occurs after the 18th nucleotide on the non-target

strand and after the 23rd nuclectide on the target strand.

{0064} In certain embodiments, the engineered, non-naturally occurring system of the
present invention further comprises the Cas nuclease that a complex comprising the targeter
nucleic acid and the modulator nucleic acid is capable of activating. In other embodiments,
the engineered, non-naturally occurring system of the present invention further comprises a
Cas protein that is related to the Cas nuclease that a complex comprising the targeter nucleic
acid and the modulator nucleic acid is capable of activating. For exarmple, in certain
embodiments, the Cas protein comprises an amino acid sequence at least 80% {(e.g., at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, or at least 99%) identical to the Cas nuclease. In certain
embodiments, the Cas protein comprises a nuclease-inactive mutant of the Cas nuclease. In

certain embodiments, the Cas protein further comprises an effector domain,

18065} In certain embodiments, the Cas protein lacks substantially all DNA cleavage
activity. Such a Cas protein can be generated by introducing one or more mutations {0 an
active Cas nuclease {e.g., a naturally occurring Cas nuclease}. A mutated Cas protein is
considered to lack substantially all DNA cleavage activity when the DNA cleavage activity
of the protein has no more than about 25%, 10%, 5%, 1%, 0.1%, 0.01%, or less of the DNA
cleavage activity of the corresponding non-mutated form, for example, nil or negligible as
compared with the non-mutated form. Thus, the Cas protein may comprise one or more
mutations {¢.2., a mutation in the RuvC domain of a type V-A Cas protein) and be used as a
generic DNA binding protein with or without tusion to an effector domain. Exemplary
mutations include D90BA, E993 A, and D1263A with reference to the amino acid positions in
AsCpftl; D832A, E925A, and D1180A with reference to the amino acid positions in LbCpf1;
and DS17A, E1006A, and DI1255A with reference to the amino acid position numbering of
the FnCpfl. More mutations can be designed and generated according to the crystal structure

described in Yamano ef al. (2016) CELL, 105 949

18066} It is understood that the Cas protein, rather than losing nuclease activity to cleave

all DNA, may lose the ability to cleave only the target strand or only the non-target strand of
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a double-stranded DNA, thereby being functional as a nickase (see, Gao er al. (2016) CeLL
RES., 26: 901} Accordingly, in certain embodiments, the Cas nuclease is a Cas nickase. In
certain embodiments, the Cas nuclease has the activity to cleave the non-target strand but
tacks substantially the activity to cleave the target strand, e.g., by a mutation in the Nuc
domain. In certain embodiments, the Cas nuclease has the cleavage activity to cleave the

target strand but lacks substantially the activity to cleave the non-target strand.

{6067} In other embodiments, the Cas nuclease has the activity to cleave a double-

stranded DNA and result in a double-strand break.

{0068} Cas protetns that lack substantially all DNA cleavage activity or have the ability
to cleave only one strand may also be identified from naturally occurring systems. For
example, certain naturally occurring CRISPR-Cas systems may retain the ability to bind the
target nucleotide sequence but lose entire or partial DNA cleavage activity in eukaryotic {e.g.,
mammaltan or human) cells. Such type V-A proteins are disclosed, for example, in Kim ef

al. {2017y ACS SyntH. BioL. 6(7): 1273-82 and Zhang ef af. (2017) CELL Discov. 3:17018.

10069} The activity of the Cas protein {e.g., Cas nuclease) can be altered, thereby creating
an engineered Cas protein. In certain embodiments, the altered activity of the engineered Cas

protein comprises increased targeting efficiency and/or decreased off-target binding. While

recognized by the Cas protein, for example, by the presence of one or more mismatches
between the spacer sequence and the target nucleotide sequence, which may affect the
stability and/or conformation of the CRISPR-Cas complex. In certain embodiments, the
altered activity comprises modified binding, e.g., increased binding to the target locus {e.g.,
the target strand or the non-target strand) and/or decreased binding to off-target loct. In
certain embodiments, the altered activity comprises altered charge in a region of the protein
that associates with a single guide nucleic acid or dual guide nucleic acids. In certain
embodiments, the altered activity of the engineered Cas protein comprises altered charge in a
region of the protein that associates with the target strand and/or the non-target strand. In
certain embodiments, the altered activity of the engineered Cas protein comprises altered
charge in a region of the protein that associates with an off-target locus. The altered charge
can include decreased positive charge, decreased negative charge, increased positive charge,
and increased negative charge. For example, decreased negative charge and ncreased
positive charge may generally strengthen the binding to the nucleic acid(s) whereas decreased

positive charge and increased negative charge may weaken the binding to the nucleic acid(s}.
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Inn certain embodiments, the altered activity comprises increased or decreased steric hindrance
between the protein and a single guide nucleic acid or dual guide nucleic acids. In certain
embodiments, the altered activity comprises increased or decreased steric hindrance between
the protein and the target strand and/or the non-target strand. In certain embodiments, the
altered activity comprises increased or decreased steric hindrance between the protein and an
off-target locus. 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, Hle, Glu, or Asp. In certain
embodiments, the modification or mutation comprises an amino acid substitution in the
groove between the WED and RuvC domain of the Cas protein {e.g., a type V-A Cas

protein).

{06070} In certain embodiments, the altered activity of the engineered Cas protein
comprises increased nuclease activity to cleave the target locus. In certain embodiments, the
altered activity of the engineered Cas protein comprises decreased nuclease activity to cleave
an off-target locus. In certain embodiments, the altered activity of the engineered Cas protein
comprises altered helicase kinetics. In certain embodiments, the engineered Cas protein

comprises a modification that alters formation of the CRISPR complex.

18071} In certain embodiments, a protospacer adjacent motit (PAM) or PAM-like motif
directs binding of the Cas protein complex to the target locus. Many Cas proteins have PAM
specificity. The precise sequence and length requirements for the PAM differ depending on
the Cas protein used. PAM sequences are typically 2-5 base pairs in length and are adjacent
to {but tocated on a different strand of target BNA from) the target nucleotide sequence.
PAM sequences can be identified using a method known in the art, such as testing cleavage,
targeting, or modification of oligonucleotides having the target nucleotide sequence and

different PAM sequences.

{6072} Exemplary PAM sequences are provided in Table 1. In one embodiment, the Cas
protein is MAD7 and the PAM is TTTN, wherein Nis A, C, G, or T. In one embodiment, the
Cas protein is MAD7 and the PAM 1s CTTN, wherein Nis A, C, G, or T. In another
embodiment, the Cas protein 13 AsCpfl and the PAM is TTTN, wherein Nis A, C, G, or T.
I another embodiment, the Cas protein is FnCpfl and the PAM is 5' TTN, wherein N is A,
C, G, or T. PAM sequences for certain other type V-A Cas proteins are disclosed in Zetsche
et al. (2015 CELL, 163: 759 and U.S. Patent No. 9,982 279, Further, engineering of the

PAM Interacting (PI) domain of a Cas protein may allow programing of PAM specificity,
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improve target site recoguaition fidelity, and increase the versatility of the engineered, non-
naturally occurring system. Exemplary approaches to alter the PAM specificity of Cpfl is

described in Gao ef al. (2017) NAT. BIOTECHNOL., 35: 789,

18073} In certain embodiments, the engineered Cas protein comprises a modification that
alters the Cas protein specificity in concert with modification to targeting range. Cas mutants
can be designed to have increased target specificity as well as accommodating modifications
in PAM recognition, for example by choosing mutations that alter PAM specificity (e.g., in
the Pl domain} and combining those mutations with groove mutations that increase (or if
desired, decrease} specificity for the on-target locus versus off-target loci. The Cas
modifications described herein can be used to counter loss of specificity resulting from
alteration of PAM recognition, enhance gain of specificity resulting from alteration of PAM
recognition, counter gain of specificity resulting from alteration of PAM recognition, or

enhance loss of specificity resulting from alteration of PAM recognition.

10074} In certain embodiments, the engineered Cas protein comprises one or more
nuclear localization signal (NLS) motifs. In certain embodiments, the engineered Cas protein
comprises at least 2 (e.g., atleast 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least
9, or at feast 10) NLS motifs. Non-limiting examples of NLS motifs include: the NLS of
SV40 large T-antigen, having the amino acid sequence of PKKKRKV (SEQ 1D NO: 23); the
NLS from nucleoplasmin, e.g., the nucleoplasmin bipartite NLS having the amino acid
sequence of KRPAATKKAGQAKKKK (SEQ ID NGO: 24); the c-myc NLS, having the
amino acid sequence of PAAKRVKLD (SEQ ID NO: 25) or RQRRNELKRSP (SEQ ID NO:
26); the hRNPAT M9 NLS, having the amino acid sequence of
NOSSNFGPMKGONFGGRSSGPYGGGGQYFAKPRNQGGY (SEQ D NO: 27); the
importin-o IBB domain NLS, having the amino acid sequence of
RMRIZFKNKGKDTAELRRRRVEVSVELRKAKKDEQILKRRINY (SEQ [D NO: 28); the
rmyoma T protein NLS, having the amino acid sequence of VSRKRPRP (SEQ ID NO: 29) or
PPKKARED (SEQ ID NO: 30); the human p33 NLS, having the amino acid sequence of
POPKKKPL (SEQ 1D NO: 31); the mouse ¢-abl IV NLS, having the amino acid sequence of
SALIKKKEKMAP (8EQ 1D NG: 32); the influenza virus NS1 NLS, having the amino acid
sequence of DRLRR (SEQ D NG: 33) or PKOQKKRK (SEQ 1D NO: 34); the hepatitis virus 8
antigen NLS, having the amino acid sequence of RKEKKKIKKL (SEQ ID NO: 35); the
mouse Mx1 protein NLS, having the amino acid sequence of REKKKFLKRR (SEQ ID NO:

36); the human poly(ADP-ribose) polymerase NLS, having the amino acid sequence of
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KRKGDEVDOGVDEVAKKKSKK (SEQ 1D NO: 37); the human glucocorticotd receptor
NLS, having the amino acid sequence of RKCLOQAGMNLEARKTKK (SEQ D NG: 38), and
synthetic NL.S motifs such as PAAKKKKLD (SEQ 1D NG: 39).

18075} In general, the one or more NLS motifs are of sufficient strength to drive
accumulation of the Cas protein in a detectable amount in the nucleus of a eukaryotic cell.
The strength of nuclear localization activity may derive from the number of NL.S motif{(s) in
the Cas protein, the particular NLS motif(s) used, the position(s) of the NLS motif(s), or a
combination of these factors. In certain embodiments, the engineered Cas protein comprises
at least 1 {e.g., atleast 2, at least 3, at least 4, at feast 5, at least 0, at least 7, at least 8, at least
9, or at least 10) NLS motif{s) at or near the N-terminus {e.g., within about 1, 2, 3, 4, 5, 10,
15, 20, 25, 30, 40, 50, or more amino acids along the polypeptide chain from the N-terminus).
In certain embodiments, the engineered Cas protein comprises at least 1 {e.g., at least 2, at
least 3, at least 4, at least 5, at least 6, at least 7, at least &, at least 9, or at least 10) NLS
motif{s) at or near the C-terminus {e.g., within about 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, or
more amino acids along the polypeptide chain from the C-terminus). In certain
embodiments, the engineered Cas protein comprises at least 1 {e.g., at least 2, at least 3, at
least 4, at least 5, at least 6, at least 7, at least 8, at least 9, or at least 10) NLS motif{s) at or
near the C-terminus and at least 1 {e.g., at least 2, at least 3, at least 4, at least 5, at least 6, at
least 7, at least 8, at least 9, or at least 10) NLS motif{s) at or near the N-terminus. In certain
embodiments, the engineered (as protein comprises one, two, or three NLS motifs at or near
the C~terminus. In certain ernbodiments, the engineered Cas protein comprises one NLS
motif at or near the N-terminus and one, two, or three NLS motifs at or near the C-terminus.
In certain embodiments, the engineered Cas protein comprises a nucleoplasmin NLS at or

near the C-terminus.

{6076} Detection of accumulation in the nucleus may be performed by any suitable
technmque. For example, a detectable marker may be tused to the nucleic acid-targeting
protein, such that location within a cell may be visualized. Cell nuclei may also be 1solated
from cells, the contents of which may then be analyzed by any suitable process for detecting
the protein, such as immunochistochemistry, Western blot, or enzyme activity assay.
Accumulation in the nucleus may also be determined indirectly, such as by an assay that

detects the etfect of the nuclear import of a Cas protein complex {e.g., assay for DNA

cleavage or mutation at the target locus, or assay for altered gene expression activity) as
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compared to a control not exposed to the Cas protein or exposed to a Cas protein lacking one

or more of the NLS motifs.

{6077} The Cas protein in the invention may comprise a chimeric Cas protein, e.g., a Cas
protein having enhanced function by being a chimera. Chimeric Cas proteins may be new
Cas proteins containing fragments from more than one naturally occurring Cas proteins or
variants thereof. For example, fragments of multiple type V-A Cas homologs {e.g.,
orthologs) may be fused to form a chimeric Cas protein. In certain embodiments, the
chimeric (Cas protein comprises fragments of Cpfl orthologs from multiple species and/or

strains.

{0078} In certain embodiments, the Cas protein comprises one or more etfector domains.
The one or more effector domains may be located at or near the N-terminus of the Cas
protein and/or at or near the C-terminus of the Cas protein. In certain embodiments, an
effector domain comprised in the Cas protein is a transcriptional activation domain {e.g.,
VP64), a transcriptional repression domain (e.g., a KRAB domain or an SID domain), an
exogenous nuclease domain {e.g., Fokl}, a deaminase domain {(e.g., cytidine deaminase or
adenine deaminase}, or a reverse transcriptase domain (e.g., a high fidelity reverse
transcriptase domain). Other activities of effector domains include but are vot limited to
methylase activity, demethylase activity, transcription release factor activity, translational
initiation activity, translational activation activity, translational repression activity, histone
modification {e.g., acetylation or demethylation) activity, single-stranded RNA cleavage
activity, double-strand RNA cleavage activity, single-strand DNA cleavage activity, double-

strand DNA cleavage activity, and nucleic actd binding activity.

{6079} In certain embodiments, the Cas protein comprises one or more protein domains
that enhance homology-directed repair (HDR) and/or inhibit non-homologous end joining
{NHED). Exemplary protein domains having such functions are described in Jayavaradhan ef
al. {2019y NAT. CoMMUN. 10(1): 2866 and Janssen ¢ o/, (2019) MoOL. THER. NUCLEIC ACIDS
16: 141-54. In certain embodiments, the Cas protein comprises a dominant negative version
of p53-binding protein 1 (53BP1), for example, a fragment of 33BP1 comprising a minimum
focus forming region {e.g., amino acids 1231-1644 of human 33BP1). In certain
embodiments, the Cas protein comprises a motif that is targeted by APC-Cdh1, such as amino
acids 1-110 of human Geruinin, thereby resulting in degradation of the fusion protein during

the HDR non-permissive 1 phase of the cell cycle.
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{G080] In certain embodiments, the Cas protein comprises an inducible or controllable
domain. Non-limiting examples of inducers or controllers include light, hormones, and small
molecule drugs. In certain embodiments, the Cas protein comprises a light inducible or
controliable domain. In certain embodiments, the Cas protein comprises a chemically

inducible or controllable domain.

{6081} In certain embodiments, the Cas protein comprises a tag protein or peptide for
ease of tracking or purification. Non-limiting examples of tag proteins and peptides include
fluorescent proteins (e.g., green fluorescent protetn {GFP), YFP, REP, CFP, mCherry,

tdTomato), HIS tags {e.g., 6xHis tag), hemagglutinin (HA) tag, FLAG tag, and Myc tag.

{0082} In certain embodiments, the Cas protein is conjugated to a non-protein moiety,
such as a fluorophore useful for genomic imaging. In certain embodiments, the Cas protein is
covalently conjugated to the non-protein moiety. The terms “CRISPR-Associated protein,”

“Cas protein,” “Cas,” “CRISPR-Associated nuclease,” and “Cas nuclease” are used herein o

include such conjugates despite the presence of one or more non-protein moieties.

Targeter and Modulator Nucleic Acids

{0083} The engineered, non-naturally occurring system of the present invention
comprises a targeter nucleic acid and a modulator nucleic acid that, when hybridized to form
a complex, are capable of activating a Cas nuclease disclosed herein. In certain
embodiments, the Cas nuclease is activated by a single ¢crRNA in the absence of a tracrRINA
in a naturally occurring system. In certain embodiments, the Cas nuclease is a type V-A, type

Y-C, or type V-D nuclease,

{6084} The term “targeter nucleic acid,” as used herein, refers to a nucleic acid
comprising (i} a spacer sequence designed to hybridize with a target nucleotide sequence; and
(i1) a targeter stem sequence capable of hybridizing with an additional nucleic acid to form a
complex, wherein the complex is capable of activating a Cas nuclease {(e.g., a type V-A Cas
nuclease} under suitable conditions, and wherein the targeter nucleic acid aloune, in the
absence of the additional nucleic acid, is not capable of activating the Cas nuclease under the
same conditions.

{0085} The term “modulator nuclete acid,” as used herein in connection with a given
targeter nucleic acid and its corresponding Cas nuclease, refers to a nucleic acid capable of

hybridizing with the targeter nucleic acid to form a complex, wherein the complex, but not
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the modulator nucleic acid alone, is capable of activating the type Cas nuclease under suitable

conditions.

{0086} The term “suitable conditions,” as used in the definitions of “targeter nucleic acid”
and “modulator nucleic acid,” refers to the conditions under which a naturally occurring
CRISPR-Cas system is operative, such as in a prokaryotic cell, in a eukaryotic {e.g.,

mammalian or human) cell, or in an in vifro assay.

{6087} The targeter nucleic acid and/or the modulator nucleic acid can be synthesized
chemically or produced in a biological process {(e.g., catalyzed by an RNA polymerase in an
in vifro reaction). Such reaction or process may limit the lengths of the targeter and
modulator nucleic acids. In certain embodiments, the targeter nucleic acid 15 no more than
100, 96, 80, 70, 60, 50, 40, 30, or 25 nuclectides in length. In certain embodiments, the
targeter nucleic acid is at feast 20, 25, 30, 40, 50, 60, 70, 80, or 90 nucleotides in length. In
certain embodiments, the targeter nucleic acid 1s 20-100, 20-90, 20-80, 20-70, 20-60, 20-50,
20-40, 20-30, 20-25, 25-100, 25-90, 25-80, 25-70, 25-60, 25-50, 25-40, 25-30, 30-100, 30-90,
30-80, 30-70, 30-60, 30-50, 30-40, 40-100, 40-90, 40-80, 40-70, 40-60, 40-50, 50-100, 50-90,
50-80, 50-70, 50-60, 60-100, 60-90, 60-80, 60-70, 70-100, 70-90, 70-80, 80-100, 80-90, or
90-100 nucleotides 1n length. In certain embodiments, the modulator nucleic acid 1s no more
than 100, 90, 80, 70, 60, 50, 40, 30, or 20 nuclectides in length. In certain embodiments, the
modulator nucleic acid 1s at least 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, or 90 nucleotides in
fength. In certain embodiments, the modulator nuclete acid ts 10-100, 10-90, 10-80, 10-70,
10-60, 10-50, 10-40, 10-30, 10-20, 15-100, 15-90, 15-80, 15-70, 15-60, 15-50, 15-40, 15-30,
15-20, 20-100, 2090, 20-80, 20-70, 20-60, 20-50, 20-40, 20-30, 25-100, 25-90, 25-80, 25-70,
25-60, 25-50, 25-40, 25-30, 30-100, 30-90, 30-80, 30-70, 30-60, 30-50, 30-40, 40-100, 40-90,
40-80, 40-70, 40-60, 40-50, 50-100, 50-90, 50-80, 50-70, 50-60, 60-100, 60-90, 60-80, 60-70,
70-100, 70-90, 70-80, 80-100, 80-90, or 90-100 nucleotides in length.

L

{0088} In naturally occurring type V-A CRISPR-Cas systems, the crRNA comprises a
scatffold sequence (also called direct repeat sequence) and a spacer sequence that hybridizes
with the target nucleotide sequence. In certain naturally occurring type V-A CRISPR-Cas
systems, the scaffold sequence forms a stem-loop structure 1n which the stem consists of five
consecutive base pairs. A dual guide type V-A CRISPR-Cas system may be derived from a
naturally occurring type V-A CRISPR-Cas system, or a variant thereof in which the Cas
protein is guided to the target nucleotide sequence by a crRNA alone, such system referred to

herein as a “single guide type V-A CRISPR-Cas system.” In a dual guide type V-A CRISPR-
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Cas system disclosed herein, the targeter nucleic actd comprises the chain of the stem
sequence between the spacer and the loop (the “targeter stem sequence”) and the spacer
sequence, and the modulator nucleic acid comprises the other chain of the stem sequence (the
“modulator stem sequence”) and the 57 tail positioned 5’ to the modulator stem sequence.
The targeter stem sequence 158 100% cormplementary to the modulator stem sequence. As
such, the double-stranded complex of the targeter nucleic acid and the modulator nucleic acid
retains the orentation of the §7 tail, the modulator stem sequence, the targeter stem sequence,
and the spacer sequence of a single guide type V-A CRISPR-Cas system but lacks the loop
structure between the modulator stem sequence and the targeter stem sequence. A schematic

representation of an exemplary double-stranded complex is shown in Figure 1.

{6089] Notwithstanding the general structural similarity, 1t has been discovered that the
stemn-loop structure of the crBNA in a naturally occurring type V-A CRISPR complex is
dispensable for the functionality of the CRISPR system. This discovery is surprising because
the prior art has suggested that the stem-loop structure is critical (see, Zetsche ef /. (2015)
CeLL, 163: 759) and that removal of the loop structure by “splitting” the crRNA abrogated
the activity of a AsCptl CRISPR system (see, Li ¢ o/ (2017) NAT. BIOMED. ENG., 1: 0066).

{06090} It is contemplated that the length of the duplex may be a factor in providing an
operative dual guide CRISPR system. In certain embodiments, the targeter stem sequence
and the modulator stem sequence each consist of 4-10 nucleotides that base pair with each
other. In certain embodiments, the targeter stem sequence and the modulator stem sequence
each consist of 4-9, 4-8, 4-7 4-6,4-5, 5-10, 5-9, 5-8, 5-7, or 5-6 nucleotides that base pair
with each other. In certain embodiments, the targeter stem sequence and the modulator stem
sequence each consist of 4, 5, 6, 7, 8, 9, or 10 nucleotides. It is understood that the
composition of the nucleotides in each sequence affects the stability of the duplex, and a C-G
base pair confers greater stability than an A-U base pair. In certain embodiments, 20%-80%,
20%-70%, 20%-60%, 20%6-50%, 20%-40%, 20%-30%, 30%-80%, 30%-70%, 30%-60%,
30%-50%, 30%-40%, 40%-80%, 40%-70%, 40%-60%, 40%%-50%, 50%-80%, 50%-70%,
50%-60%, 60%-80%, 60%-70%, or 70%-80% of the base pairs are C-G base pairs.

{0091} In certain embodiments, the targeter stem sequence and the rnodulator stem
sequence each consist of 5 nuclestides. As such, the targeter stem sequence and the
modulator stem sequence form a duplex of 5 base pairs. In certain embodiments, 0-4, 0-3, 0-
2,0-1, 1-5, 1-4, 1-3, 1-2, 2-5 2-4, 2-3, 3-5, 3-4, or 4-5 out of the 5 base pairs are C-( base

pairs. In certain embodiments, 0, 1, 2, 3, 4, or 5 out of the 5 base pairs are C-G base pairs. In
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certain embodiments, the targeter stem sequence conststs of 57-GUAGA-3” (SEQ 1D NO: 21)
and the modulator stem sequence consists of 5'-UCUAC-3". In certain embodiments, the
targeter stem sequence consists of 5 -GUGGG-37 (SEQ 1D NGO: 22) and the modulator stem

sequence consists of S -CCCAC-3’.

{00921 It is also contemplated that the compatibility of the duplex for a given Cas
nuclease may be a factor in providing an operative dual guide CRISPR system. For example,
the targeter stem sequence and the modulator stem sequence can be derived from a naturally
occurring crRNA capable of activating a Cas nuclease in the absence of a tracrRNA. In
certain embodiments, the nucleotide sequences of the targeter stem sequence and the
modulator stem sequence are identical to the corresponding stem sequences of a stem-loop

structure in such naturally occurring crRNA.

{6093} In certain embodiments, the targeter nucleic acid comprises, from 5" t0 37, a
targeter stem sequence and a spacer sequence. The spacer sequence is designed to hybridize
with the target nucleotide sequence. To provide sufficient targeting to the target nucleotide
sequence, the spacer sequence is generally 16 or more nucleotides in length. In certain
embodiments, the spacer sequence is at least 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,26, 27, 28,
29, 30, 35, 40, 45, 50, or 75 nucleotides in length. In certain embodiments, the spacer
sequence is shorter than or equal to 75, 50, 45, 40, 35, 30, 25, or 20 mucleotides in length.
Shorter spacer sequence may be desirable for reducing oft-target events. Accordingly, in
certain embodiments, the spacer sequence is shorter than or equal to 19, 18, or 17
nucleotides. In certain embodiments, the spacer sequence 1s 17-30 nucleotides in length, e.g.,
20-30 nucieotides, 20-25 nucleotides, 20-24 nucleotides, 20-23 nucleotides, 23-25
nucleotides, 20-22 nucleotides, or about 20 nucleotides in length. In certain embodiments,
the spacer sequence is 20 nucleotides in length. In certain embodiments, the spacer sequence
is at least about 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%
complementary to the target nucleotide sequence. In certain embodiments, the spacer
sequence is 100% complementary to the target nuclectide sequence in the seed region (about
5 base pairs proximal to the PAM). In certain embodiments, the spacer sequence is 100%
complementary to the target nuclectide sequence. It has been reported that compared to
DNA binding, DNA cleavage is less tolerant to mismatches between the spacer sequence and
the target nucleotide sequence (see, Klein ef o/ (2018) CELL REPORTS, 22: 1413}

Accordingly, in specific embodiments, when the engineered, non-naturally occurring system
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comprises a Cas nuclease, the spacer sequence i3 100% complementary to the target

nucleotide sequence.

{0094} Proper design of the spacer sequence 135 dependent upon the selection of target
nucleotide sequence. For example, to select a target nucleotide sequence in a specific gene in
a given genome, sequence analysis can be conducted to minimize potential hyvbridization of
the spacer sequence with any other loct in the genome. The association of the target
nucleotide sequence with a PAM recognized by the Cas protein is also considered by many
design methods. In a type V-A CRISPR-Cas system, the PAM 13 immediately upstream from
the target sequence when using the non-target strand (7.e., the strand not hybridized with the
spacer sequence) as the coordinate. Computational models have been developed to assess the
targetability of the target nucleotide sequence as well as any potential off-target effect, for
exampie, as disclosed in Doench ef ¢/, (2016) NaT BIOTECHNOL, 34: 184; Chuat ef /.
(2018) GENOME BIOLOGY,19: 80; and Klein er a/. (2018} CELL REPORTS, 22: 1413. Although
computational methods are usetul for selection of spacer sequences, it i1s generally advisable
to design multiple spacer sequences and select one or more with high efficiency and

speciticity based upon the results of in vifro and/or 7n vivo experiments.

{0095} In certain ernbodiments, the 37 end of the targeter stem sequence is linked by no
morethan 1,2, 3,4, 5,6,7, & 9, or 10 nucleotides to the 5" end of the spacer sequence. In
certain embodiments, the targeter stem sequence and the spacer sequence are adjacent to each
other, directly linked by an internucleotide bond. In certain embodiments, the targeter stem
sequence and the spacer sequence are linked by one nucleotide, e.g., a uridine. In certain
embodiments, the targeter stem sequence and the spacer sequence are linked by two or more
nucleotides. In certain embodiments, the targeter stem sequence and the spacer sequence

arelinked by 1,2,3,4,5,6,7, 8 9, or 10 nucleotides.

{6096] In certain embodiments, the targeter nuclete acid further comprises an additional
nucleotide sequence S’ to the targeter stem sequence. In certain embodiments, the additional
nucleotide sequence comprises at feast 1 {e.g., at least 2, at least 3, at least 4, at least 5, at
least 6, at least 7, at least 8, at least 9, at least 10, at least 15, at least 20, at least 25, at least
30, at least 35, at least 40, at least 45, or at least 50) nucleotides. In certain embodiments, the
additional nuclectide sequence consists of 1,2, 3,4, 5,6,7, 8,9, 10, 15, 20, 25, 30, 35, 40,
45, or SO nucleotides. In certain embodiments, the additional nucleotide sequence consists of
2 nucleotides. In certain embodiments, the additional nucleotide sequence is reminiscent to

the loop or a fragment thereof {e.g., one, two, three, or four nucleotides at the 37 end of the
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foop) in a ctRNA of a corresponding single guide CRISPR-Cas system. [t ts understood that
an additional nucleotide sequence S to the targeter stem sequence is dispensable.
Accordingly, in certain embodiments, the targeter nucleic acid does not comprise any

additional nucleotide 57 to the targeter stem sequence.

10097} In certain embodiments, the targeter nucleic acid further comprises an additional
nucleotide sequence containing one or more nuclectides at the 37 end that does not hvbridize
with the target nucleotide sequence. The additional nucleotide sequence may protect the
targeter nucleic acid from degradation by 3°-5 exonuclease. In certain embodiments, the
additional nucleotide sequence is no more than 100 nucleotides in length. In certain
embodiments, the additional nucleotide sequence 13 no more than 90, 80, 70, 60, 50, 40, 30,
20, or 10 nucleotides in length. In certain embodiments, the additional nuclectide sequence is
atleast 1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, or 50 nucleotides in length. In
certain embodiments, the additional nuclectide sequence 1s 5-100, 5-50, 5-40, 5-30, 5-25, 5-
20, 5-15, 5-10, 10-100, 10-50, 10-40, 10-30, 10-25, 10-20, 10-15, 15-100, 15-50, 15-40, 15-
30, 15-25, 15-20, 20-100, 20-50, 20-40, 20-30, 20-25, 25-100, 25-50, 25-40, 25-30, 30-100,
30-50, 30-40, 40-100, 40-50, or 50-100 nucleotides in length.

{0098} In certain embodiments, the additional nucleotide sequence forms a hairpin with
the spacer sequence. Such secondary structure may increase the specificity of the engineered,
non-naturally occurring system {(see, Kocak ef af. (2019) NAT BIOTECH. 37: 657-66). In
certain embodiments, the free energy change during the hairpin formation is greater than or
equal to -20 keal/mol, -15 kecal/mol, -14 kecal/mol, -13 kcal/mol, -12 kcal/mol, -11 kcal/mol,
or -10 kcal/mol. In certain embodiments, the free energy change during the hairpin formation
is greater than or equal to -5 keal/mol, -6 kcal/mol, -7 kcal/mol, -8 kcal/mol, -9 kcal/mol, -10
kcal/mol, -11 kcal/mol, ~12 keal/mol, -13 keal/mol, -14 kcal/mol, or -15 kcal/mol. In certain
embodiments, the free energy change during the hairpin formation is in the range of -20 to -
10 keal/mol, -20 to -11 keal/mol, -20 to ~-12 keal/mol, -20 to -13 kcal/mol, -20 to -14
kcal/mol, -20 to -15 kcal/mol, -15 to -10 kcal/mol, -15 to -11 keal/mol, ~15 to -12 keal/mol, -
1510 -13 keal/mol, ~15 to -14 kecal/mol, -14 to -10 keal/mol, -14 to -11 keal/mol, ~14 t0 ~-12
kcal/mol, -14 to 13 kcal/mol, -13 to -10 keal/mol, 13 to -11 kcal/mol, -13 to -12 kcal/mol, -
12 to -10 keal/mol, -12 to -11 kcal/mol, or -11 to -10 kcal/mol. In other embodiments, the

targeter nucleic acid does not comprise any nucleotide 3’ to the spacer sequence.

18099} In certain embodiments, the modulator nucleic acid further comprises an

additional nucleotide sequence 3’ to the modulator stem sequence. In certain embodiments,
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the additional nucleotide sequence comprises at least 1 {e.g., at least 2, at least 3, at least 4, at
feast 5, at least &, at least 7, at least 8, at least 9, at least 10, at least 15, at least 20, at least 25,
at least 30, at least 35, at least 40, at least 45, or at least 30) nucleotides. In certain
embodiments, the additional nucleotide sequence consists of 1,2, 3,4,5,6,7, 8,9, 10, 15,
20, 25, 30, 35, 40, 45, or 50 nucleotides. In certain embodiments, the additional nucleotide
sequence consists of | nucleotide {e.g., uridine). In certain embodiments, the additional
nucieotide sequence consists of 2 nucleotides. In certain embodiments, the additional
nucleotide sequence is reminiscent to the loop or a fragment thereof (e.g., one, two, three, or
four nucleotides at the 57 end of the loop) in a crRNA of a corresponding single guide
CRISPR-Cas system. It is understood that an additional nucleotide sequence 37 to the
modulator stem sequence is dispensable. Accordingly, in certain embodiments, the
modulator nucleic acid does not comprise any additional nucleotide 37 to the modulator stem

sequence.

{0100] It ts understood that the additional nucleotide sequence 57 to the targeter stem
sequence and the additional nuclectide sequence 37 1o the modulator stem sequence, if
present, may interact with each other. For example, although the nucleotide immediately 57
to the targeter stem sequence and the nucleotide immediately 37 to the modulator stem
sequence do not form a Watson-Crick base pair (otherwise they would constitute part of the
targeter stem sequence and part of the modulator stem sequence, respectively), other
nucleotides in the additional nucleotide sequence 57 to the targeter stem sequence and the
additional nucleotide sequence 37 to the modulator sterm sequence may form one, two, three,
or more base pairs {e.g., Watson-Crick base pairs). Such interaction may atfect the stability

of the complex comprising the targeter mucleic acid and the modulator nucleic acid.

{0101} The stability of a complex comprising a targeter nucleic acid and a modulator
nucleic acid can be assessed by the Gibbs free energy change (AG) during the formation of
the complex, either calculated or actually measured. Where all the predicted base pairing in
the complex occurs between a base in the targeter nucleic acid and a base in the modulator
nucleic acid, 7.e., there is no mtra-strand secondary structure, the AG during the formation of
the complex correlates generally with the AG during the formation of a secondary structure
within the corresponding single guide nucleic acid. Methods of calculating or measuring the
AG are known inn the art. An exemplary method is RNAfold (roa.tbi.univie.ac.at/cgt-
bin/RNAWebSuite/RINAfold.cgi} as disclosed in Gruber ef af. (2008) NUCLEIC ACIDS RES.,

36{Web Server issue) W70-W74. Unless indicated otherwise, the AG values in the present

(8]
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disclosure are calculated by RNAfold for the formation of a secondary structure within a
corresponding single guide nucleic acid. In certain embodiments, the AG is lower than or
equal to -1 keal/mol, e.g., lower than or equal to -2 keal/mol, lower than or equal to -3
keal/mol, lower than or equal to -4 kcal/mol, lower than or equal to -5 kcal/mol, lower than or
equal to -6 kcal/mol, lower than or equal to -7 kcal/mol, lower than or equal to -7 5 keal/mol,
or lower than or equal to -8 keal/mol. In certain embodiments, the AG is greater than or
equal to -10 keal/mol, e.g., greater than or equal to -9 keal/mol, greater than or equal to -85
kcal/mol, or greater than or equal to -8 kcal/mol. In certain embodiments, the AG is in the
range of -10 to -4 kcal/mol. In certain embodiments, the AG is in the range of -8 to -4
kcal/mol, -7 to -4 kcal/mol, -6 to -4 kcal/mol, -5 to -4 kcal/mol, -8 to -4.5 kcal/mol, -7 to -4.5
kcal/mol, -6 to -4.5 kcal/mol, or -5 to -4.5 kcal/mol. In certain embodiments, the AG 1s about
-8 kcal/mol, -7 keal/mol, -6 keal/mol, -5 kcal/mol, -4.9 keal/mol, -4.8 kcal/mol, -4.7 kcal/mol,
4.6 keal/mol, -4.5 kcal/mol, -4 4 kcal/mol, -4.3 kecal/mol, -4 2 kcal/mol, -4.1 kecal/mol, or -4

keal/mol.

{¢102] It ts understood that the AG may be affected by a sequence in the targeter nucleic
acid that 1s not within the targeter stem sequence, and/or a sequence in the modulator nucleic
acid that 1s not within the modulator stem sequence. For example, one or more base pairs
{e.g., Watson-Crick base pair) between an additional sequence 57 to the targeter stem
sequence and an additional sequence 3 to the modulator stem sequence may reduce the AG,
i.e., stabilize the nucleic acid complex. In certain embodiments, the nucleotide immediately
S to the targeter stem sequence comprises a uracil or is a unidine, and the nucleotide
immediately 37 to the modulator stem sequence comprises a uracil or is a uridine, thereby

forming a nonconventional U-U base pair.

{0103] In certain embodiments, the modulator nucleic acid comprises a nucleotide
sequence referred to herein as a *5’ tail” positioned 5 to the modulator stem sequence.
Where the CRISPR system 15 a type V-A CRISPR system, the §7 tail in a dual guide system
is reminiscent to the nuclectide sequence positioned 5 to the stem-loop structure of the
scaffold sequence in a crRNA (the single guide). Accordingly, the 57 tail can comprise the
corresponding nucleotide sequences when a dual guide system is engineered from a single

guide system.

{0104} Without being bound by theory, it is contemplated that the 57 tail way participate
in the formation of the CRISPR-Cas complex. For example, in certain embodiments, the &’

tatl forms a pseudoknot structure with the modulator stem sequence, which is recognized by
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the Cas protein (see, Yamano ef af. (2016) CELL, 165: 949). In certain embodiments, the 57
tatl is at least 3 (e.g., at least 4 or at least 5) nucleotides in length. In certain embodiments,
the 5° tail is 3, 4, or 5 nuclectides in length. In certain embodiments, the nuclectide at the 3°
end of the 7 tail comprises a uracil or 1s a uridine. In certain embodiments, the second
nucleotide in the 57 tail, the position counted from the 37 end, comprises a uraci] oris a
uridine. In certain embodiments, the third nucleotide in the 57 tail, the position counted from
the 37 end, comprises an adenine or s an adenosine. This third nucleotide may form a base
pair {e.g., a Watson-Crick base pair) with a nucleotide 5° to the modulator stem sequence.
Accordingly, in certain embodiments, the modulator nucleic acid comprises a uridine or a
uracil-containing nucleotide 57 to the modulator stem sequence. In certain embodiments, the
S7 tail comprises the nucleotide sequence of S°-AUU-3". In certain embodiments, the 57 tail
comprises the nucleotide sequence of °-AAUU-3". In certain embodiments, the 57 tail
comprises the nucleotide sequence of 5-UAAUU-3’. In certain embodiments, the 5 tail is

positioned immediately 57 to the modulator stem sequence.

{¢105] In certain embodiments, the targeter nucleic acid and/or the modulator nucleic
acid are designed to reduce the degree of secondary structure other than the hybridization
between the targeter stem sequence and the modulator stem sequence. In certain
embodiments, no more than about 75%, 530%, 40%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or
fewer of the nucleotides of the targeter nucleic acid and/or the modulator nucleic acid
participate in self-complementary base pairing when optimally folded. Optimal folding may
be determined by any suitable polynucleotide folding algorithro. Some programs are based
on calculating the minimal Gibbs free energy. An example of one such algonthm 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 Carr and GM
Church, 2009, Nature Biotechnology 27(12): 1151-62).

{0106} The targeter nucleic acid is directed to a specific target nucleotide sequence, and
the donor template ts designed to modify the target nucleotide sequence or a sequence
nearby. It is understood, therefore, that association of the targeter or modulator nucleic acid
with a donor template can increase editing efficiency and reduce off-targeting. In a multiplex
method (e.g., as disclosed in the “Multiplex Methods” subsection of section I infra),

association of a donor template with a modulator nucleic acid allows combination of a

(8]
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targeter nucleic acid library with a donor template library, making designs of screening or
selection assays more efficient and flexible. Accordingly, in certain embodiments, the
modulator nucleic acid further comprises a donor template-recruiting sequence capable of
hybridizing with a donor template (see Figure 1C). Donor templates are described in the
“Donor Templates” subsection of section H/nfra. The donor template and donor template-
recruiting sequence can be designed such that they bear sequence complementarity. In
certain embodiments, the donor ternplate-recruiting sequence is at least 90% {(e.g., at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least
98%, or at least 99%) complementary to at least a portion of the donor template. In certain
embodiments, the donor template-recruiting sequence is 100% complementary fo at leasta
portion of the donor ternplate. In certain embodiments, where the donor template comprises
an engineered sequence not homologous to the sequence to be repaired, the donor template-
recruiting sequence is capable of hybridizing with the engineered sequence in the donor
template. In certain embodiments, the donor template-recruiting sequence 1s at least 20, 25,
30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 nucleotides in length. In certain
embodiments, the donor template-recruiting sequence is positioned at the 57 end of the
modulator nucleic acid. In certain embodiments, the donor template-recruiting sequence is
linked to the 57 tail, if present, or to the modulator stem sequence, of the modulator nucleic

acid through an internucleotide bond or a nuclectide linker,

{0107} In certain embaodiments, the modulator nucleic acid further comprises an editing
enhancer sequence, which increases the efficiency of gene editing and/or homology-directed
repair (HDR) (see Figure 1), Exemplary editing enhancer sequences are described in Park
ef al. (2018) NaT COMMUN. 9: 3313, In certain embodiments, the editing enhancer sequence
is positioned 5 to the 57 tail, if present, or 57 1o the modulator stem sequence. In certain
embodiments, the editing enhancer sequence is 1-50, 4-50, 9-50, 15-50, 25-50, 1-25, 4-25, 9-
25, 15-25, 1-15, 4-15, 9-15, 1-9, 4-9, or 1-4 nucleotides in length. In certain embodiments,
the editing enhancer sequenceis about 1,2, 3,4, 5,6, 7, 8,9, 10, 15, 20, 25, 30, 35, 40, 45,
50, or 55 nucleotides in length. The editing enhancer sequence s designed to minimize
homology to the target nucleotide sequence or any other sequence that the engineered, non-
naturally occurring system may be contacted to, e.g., the genome sequence of a cell into
which the engineered, non-naturally occurring system is delivered. In certain embodiments,
the editing enhancer is designed to munimize the presence of hairpio structure. The editing

enhancer can comprise one or more of the chemical modifications disclosed herein.



10

20

30

WO 2021/067788 PCT/US2020/054050

{4108} The modulator and/or targeter nucleic acids can further comprise a protective
nucleotide sequence that prevents or reduces nucleic acid degradation. In certain
embodiments, the protective nucleotide sequence is at least 5 {e.g., at least 10, at least 15, at
least 20, at least 25, at least 30, at least 35, at least 40, at least 45, or at least 50) nucleotides
in fength. The length of the protective nucleotide sequence increases the time for an
exonuciease to reach the 57 tail, modulator stem sequence, targeter stem sequence, and/or
spacer sequence, thereby protecting these portions of the modulator and/or targeter nucleic
acids from degradation by an exonuclease. In certain embodiments, the protective nucleotide
sequence forms a secondary structure, such as a hairpin or a tRNA structure, to reduce the
speed of degradation by an exonuclease (see, for example, Wu er ol (2018 CeLe. MoL. LiFg
Sct, 75(19): 3593-3607). Secondary structures can be predicted by methods known in the
art, such as the online webserver RNAfold developed at University of Vienna using the
centroid structure prediction algorithm (see, Gruber ef /. (2008) NUCLEIC ACIDS RES ., 36:
W70} Certain chemical modifications, which may be present in the protective nucleotide
sequence, can also prevent or reduce nucleic acid degradation, as disclosed in the “RNA

Modifications” subsection infra.

10109} A protective nucleotide sequence is typically located at the 57 end, at the 37 end,
or at both ends, of the modulator or targeter nucleic acid. In certain embodiments, the

modulator nucleic acid comprises a protective nucleotide sequence at the 57 end, optionally
through a nucleotide linker (see Figure 1B). In certain embodiments, the modulator nucleic
acid comprises a protective nucleotide sequence at the 37 end. In certain embodiments, the
modulator nucleic acid comprises a protective nucleotide sequence at the 57 end. In certain
embodiments, the modulator nucleic acid comprises a protective nucleotide sequence at the

37 end.

{0110} As described above, various nucleotide sequences can be present in the 57 portion
of a modulator nucleic acid, including but not limited to a donor template-recruiting
sequence, an editing enhancer sequence, a protective nucleotide sequence, and a linker
connecting such sequence to the 57 tail, if present, or to the modulator stem sequence. Itis
understood that the functions of donor template recruitment, editing enhancement, protection
against degradation, and linkage are not exclusive to each other, and one nucleotide sequence
can have one or more of such functions. For example, in certain embodiments, the modulator
nucleic acid comprises a nucleotide sequence that 1s both a donor template-recruiting

sequence and an editing enhancer sequence. In certain embodiments, the modulator nucleic

(8]
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acid comprises a nucleotide sequence that 1s both a donor template-recrutting sequence and a
protective sequence. In certain embodiments, the modulator nucleic acid comprises a
nucleotide sequence that is both an editing enhancer sequence and a protective sequence. In
certain embodiments, the modulator nucleic acid comprises a nucleotide sequence thatis a
douor teruplate-recruiting sequence, an editing enhancer sequence, and a protective sequence.
in certain embodiments, the nucleotide sequence 5’ to the 57 tail, if present, or 5° to the
modulator stem sequence is 1-90, 1-80, 1-70, 1-60, 1-50, 1-40, 1-30, 1-20, 1-10, 10-90, 10-
80, 10-70, 10-60, 10-50, 10-40, 10-30, 10-20, 20-90, 20-80, 20-70, 20-60, 20-50, 20-40, 20-
30, 30-90, 30-80, 30-70, 30-60, 30-50, 30-40, 40-90, 40-80, 40-70, 40-60, 40-50, 50-90, 50-
&0, 50-70, 50-60, 60-90, 60-80, 60-70, 70-90, 70-80, or 80-90 nucleotides in fength.

{0111} In certain embodiments, the engineered, non-naturally occurring system further
comprises one or more compounds {(e.g., small molecule compounds) that enhance HDR
and/or inhibit NHEJ. Exemplary compounds having such functions are described in
Maruyama ef af. (2015) NAT BIOTECHNOL. 33(5): 538-42; Chu et af. (2015) NAaT
BIOTECHNOL. 33(5): 543-48; Yu ef ol (2015) CerL S1EM CELL 16(2): 142-47; Pinder er ol
(2015) NucLEic ACIDS RES. 43(19): 9379-92; and Yagiz ef af. (2019) CoMMUN. BioL. 2: 198,
In certain embodiments, the engineered, non-naturally occurring system further comprises
one or more compounds selected from the group consisting of DNA ligase IV antagonists
{e.g., SCR7 compound, Ad4 EIBSSK protein, and Ad4 Edorf6 protein), RADS] agonists
{e.g., R8-1), DNA-dependent protein kinase (DNA-PK} antagonists {e.g., NU7441 and
KU0060648), B3-adrenergic receptor agonists (e.g., L755507), inhibitors of intracellular
protein transport from the ER to the Golgi apparatus {(e.g., brefeldin A}, and any
combinations thereof.

0112} The sequences of the modulator nucleic acid and the targeter nucleic acid should
be compatible with the Cas protein. Exemplary sequences that are operative with certain type
V-A Cas proteins are provided 1n Table 1. It 1s understood that these sequences are merely

tustrative, and other guide nucleic acid sequences may also be used with these Cas proteins.

Table 1. Type V-A Cas Protein and Corresponding Guide Nucleic Acid Sequences

Cas Protein! Modulator Sequence’ Targeter Stem PAN?
Seguence
MAD7 (SEQ ID NO: 1) | UAAUUUCUAC (SEQ GUAGA (SEQ ID 5" TTTN
D NO: 15) NO: 21)
MAD7(SEQ IDNO: 1) | AUCUAC (SEQIDNG: | GUAGA(SEQ ID 5 TTTN
16) NO: 21)




W
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Cas Protein! Modulator Sequence? Targeter Stem PARY
Sequence

MAD7 (SEQ ID NO: 1y | GGAAUUUCUAC (SEQ | GUAGA (SEQ ID 5 TTTN
D NO: 102) NOG: 21

MAD7(SEQ IDNO: 1) | UAAUUCCCAC (SEQ GUGGG(SEQ ID 5 TTTN
D NO: 17} NO: 22)

MAD2 (SEQ ID NO: 2y | AUCUAC (SEQ IDNO: | GUAGA (SEQ ID 5 TTTN
i6) NG: 21

AsCpfl (SEQ ID NO: UAAUUUCUAC (SEQ GUAGA (SEQ ID 5 TTTN

3) I NO: 15) NG 21)

LbCpfl (SEQ ID NO: UAAUUUCUAC (SEQ GUAGA (SEQ ID STTTTN

4) I NO: 15) NO: 21)

FnCpfl (SEQ ID NO: UAAUUUUCUACU GUAGA (SEQ ID STTIN

5} (SEG ID NO: 18) NO: 21)

Prevotella brvamtii AAUUUCUAC (SEQ ID | GUAGA (SEQ ID 5 TTTC

Cpf1 (SEQ 1D NO: 6) NO: 19) NG: 21

Froteocatella sphenisci | AAUUUCUAC (SEQ ID | GUAGA (SEQ ID 5 TTTC

Cpofl (SEQIDNO.T) NO: 19) NG: 21

Anaerovibrio sp. RMS0 | AAUUUCUAC (SEQ ID | GUAGA (SEQ ID 3 TTTC

Cofl (SEQ ID NO: 8) NO: 19) NOG: 21

Moraxella caprae Cpfl | GAAUUUCUAC (8EQ GUAGA (SEQ 1D 5 TTTC

(SEQ ID NO: 9} I NO: 20} NO: 21

Lactmospiraceae GAAUUUCUAC (8EQ GUAGA (SEQ ID 5 TTTC

bacterium COEL Cpfl D NG 20) NG: 21

(SEQ ID NO: 10)

Fatbacterium GAAUUUCUAC (SEQ GUAGA (SEQ 1D 5 TTTC

coprostanoligenes Cpf1 | 1D NO: 20) NG: 21

(SEQIDNO: 11

Smithella sp. SCADC GAAUUUCUAC (SEQ GUAGA (SEQ 1D 5 TTTC

Csml (SEQ ID NG 12) | ID NO: 20} NG: 21

Sulfuricurvum sp. Csml | GAAUUUCUAC (SEQ GUAGA (SEQ ID 5 TTTC

(SEQ ID NO: 13) I3 NO: 20) NG: 21

Microgenomates GAAUUUCUAC (SEQ GUAGA (SEQ ID 5 TTTC

(Roizmanbacteria) 12 NO: 20) NO: 21)

bacterium Csrol (SEQ

ID NO: 14)

! The amino acid sequences of the Cas proteins are provided at the end of the specification.

* It is understood that a “modulator sequence” listed herein may constitute the nucleotide
sequence of a modulator nucleic acid. Alternatively, additional nucleotide sequences can be
comprised in the modulator nucleic acid 57 and/or 3° to a “modulator sequence” listed herein.
3 In the consensus PAM sequences, N represents A, C, G, or T. When the PAM sequence is
preceded by “5°.)7 it means that the PAM is immediately upstream from the target sequence
when using the non-target strand (7i.e., the strand not hybridized with the spacer sequence) as
the coordinate.
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10113} In certain embodiments, the targeter nucleic acid of the engineered, non-naturally
oceurring system comprises a targeter stem sequence listed in Table 1. In certain
embodiments, the targeter nucleic acid and the modulator nucleic acid of the engineered, non-
naturally occurring system comprise, respectively, a targeter stem sequence and a modulator
sequence listed 1o the same line of Table 1. In certain embodiments, the engineered, non-
naturally occurring system further comprises a Cas nuclease comprising the amino acid
sequence set forth in the SEQ 1D NO histed in the same line of Table 1. Tn certain
embodiments, the engineered, non-naturally occurring system is useful for targeting, editing,
or modifying a nucleic acid comprising a target nucleotide sequence close or adjacent to {e.g.,
immediately downstream of) a PAM listed in the same line of Table T when using the non-

target strand {i.e., the strand not hybridized with the spacer sequence} as the coordinate.

{0114} In certain embodiments, the engineered, non-naturally occurring system is tunable
or inducible. For example, in certain embodiments, the targeter nucleic acid, the modulator
nucleic acid, and/or the Cas protein can be introduced to the target nucleotide sequence at
different times, the system becoming active only when all components are present. In certain
embodiments, the amounts of the targeter nucleic acid, the modulator nucleic acid, and/or the
Cas protein can be titrated to achieve desirable efficiency and specificity. In certain
embodiments, excess amount of a nucleic acid comprising the targeter stem sequence or the
modulator stem sequence can be added to the system, thereby dissociating the complex of the

targeter nucleic and modulator nucleic acid and turning off the system.

BINA Modifications

{0115} The targeter nucleic acid may comprise a DNA (e.g2., modified DNA), an RNA
{e.g., moditied RNA), or a combination thereof. The modulator nuclete acid may comprise a
DNA (e.g., modified DNA}, an RNA (e.g., modified RNA), or a combination thereof. In
certain embodiments, the targeter nucleic acid 1s an RNA and the modulator nucieic acid is an
RNA. A targer nucleic acid in the form of an RNA is also called targeter RNA, and a
modulator nucleic acid in the form of an RNA is also calied modulator RNA. The nuclectide
sequences disclosed herein are presented as DNA sequences by mcluding thymidines (T)
and/or RNA sequences including uridines (U). Tt 15 understood that corresponding DNA
sequences, RNA sequences, and DNA/RNA chimeric sequences are also contemplated. For
example, where a spacer sequence is presented as a DNA sequence, a nucleic acid comprising

this spacer sequence as an RNA can be derived from the DNA sequence disclosed herein by
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replacing each T with U. As a result, for the purpose of describing a nucleotide sequence, T

and U are used interchangeably herein.

{8116} In certain embodiments, the targeter nucleic acid and/or the modulator nucleic
acid are RNAs with one or more modifications in a ribose group, one or more modifications
in a phosphate group, one or more modifications in a nuclecbase, one or more terminal
modifications, or a combination thereof Exemplary modifications are disclosed in U.S.
Patent Application Publication Nos. 2016/0289675, 2017/0355985, 2018/0119140, Watts ef
al. (2008) Drug Discov. Today 13: 842-55
985.

and Hendel er o/ (2015} NAT. BIOTECHNOL. 33:

2

0117} Modifications in a ribose group include but are not limited to modifications at the
2’ position or modifications at the 4’ position. For example, in certain embodiments, the
ribose comprises 2'-0-Cl-4alkyl, such as 2'-O-methyl (2'-OMe). In certain embodiments, the
ribose comprises 2-0-C1-3alkyl-O-C1-3alkyl, such as 2"-methoxyethoxy {2'-0-—
CH,CHOCH;) also known as 2'-0-(2-methoxyethyl) or 2-MOE. In certain embodiments,
the ribose comprises 2'-O-allyl. In certain embodiments, the ribose comprises 2'-0-2,4-
Dinitrophencl (DNP). In certain embodiments, the ribose comprises 2'-halo, such as 2'-F, 2'-
Br, 2'-CL or 2'-L In certain embodiments, the ribose comprises 2'-NH,. In certain
embodiments, the ribose comprises 2'-H {e.g., a deoxynuclectide). In certain embodiments,
the ribose comprises 2'-arabino or 2'-F-arabino. In certain embodiments, the ribose
comprises 2'-LNA or 2'-ULNA. In certain embodiments, the ribose comprises a 4'-

thioribosyl.

{0118} Modifications in a phosphate group include but are not imited to a
phosphorothicate internucleotide linkage, a chiral phosphorothioate internucleotide linkage, a
phosphorodithioate internucleotide linkage, a boranophosphonate internucleotide linkage, a
Ci.aalkyl phosphonate internucleotide linkage such as a methyiphosphonate internucleotide
linkage, a boranophosphonate internucleotide linkage, a phosphonocarboxylate
internucleotide inkage such as a phosphonoacetate internucleotide linkage, a
phosphonocarboxylate ester internuclectide linkage such as a phosphonoacetate ester
internucleotide hinkage, an amide linkage, a thiophosphonocarboxylate internucleotide
linkage such as a thiophosphonoacetate internucleotide linkage, a thiophosphonocarboxvlate
ester internucleotide linkage such as a thiophosphonoacetate ester internucleotide linkage,
and a 2',5"-linkage having a phosphodiester linker or any of the linkers above. Various salts,

mixed salts and free acid forms are also included.
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{6119} Modifications in a nuclecbase include but are not limited to 2-thiouracil, 2~
thiocytosine, 4-thiouracil, 6-thioguanine, 2-aminoadenine, Z-aminopurine, pseudouracil,
hypoxanthine, 7-deazaguanine, 7-deaza-8-azaguanine, 7-deazaadenine, 7-deaza-8-
azaadenine, S-methylcytosine, S-methyluracil, 5-hydroxymethyleytosine, S-
hydroxymethyluracii, 5,6-dehydrouracil, S-propynyleytosine, S-propynyluracil, 3-
ethynylcytosine, S-ethynyluracil, S-allyluracil, S-allylcytosine, 5-aminoallyluracil, 5-
aminoallyl-cytosine, S-bromouracil, 5-todouracil, diaminopurine, ditfluorotoluene,
dihydrouracil, an abasic nucleotide, 7 base, P base, Unstructured Nucleic Acid, isoguanine,
isocytosing (see, Piccirilli ef al. (1990) NATURE, 343: 33), S-methyl-2-pyrimidine (see,

Rappaport (1993} BIOCHEMISTRY, 32: 3047}, x{(A,G,C. T}, and v(AG,C,T).

{0120} Terminal modifications include but are not limited to polyethyleneglycol (PEG),
hydrocarbon linkers (such as heteroatom (Q,S,Ny-substituted bydrocarbon spacers; halo-
substituted hydrocarbon spacers; keto-, carboxyl-, amido-, thionyl-, carbamoyl-,
thionocarbamaoyl-containing hydrocarbon spacers), spermine linkers, dyes such as
fluorescent dyes (for example, fluoresceins, rhodamines, cyanines), quenchers (for example,
dabeyl, BHQ), and other labels {for example biotin, digoxigenin, acridine, streptavidin,
avidin, peptides and/or proteins). In certain embodiments, a terminal modification comprises
a conjugation {or ligation) of the RNA to another molecule comprising an oligonucleotide
{such as deoxyribonucleotides and/or ribonucleotides), a peptide, a protein, a sugar, an
oligosaccharide, a stereid, a lipid, a folic acid, a vitamin and/or other molecule. In certain
embodiments, a terminal modification incorporated 1uto the RNA 15 located internally 1o the
RNA sequence via a linker such as 2-{(4-butylamidofluorescein)propane-1,3-diol
bis(phosphodiester) linker, which is incorporated as a phosphodiester linkage and can be

incorporated anywhere between two nucleotides in the RNA.

{0121} The modifications disclosed above can be combined in the targeter nucleic acid
and/or the modulator nucleic acid that are in the form of RNA. In certain embodiments, the
modification in the RNA is selected from the group consisting of incorporation of 2'-0O-
methyl-3'phosphorothioate, 2'-0O-methyl-3"-phosphoneacetate, 2'-O-methyl-3'-
thiophosphonoacetate, 2'-halo-3'-phosphorothioate (e.g., 2'-fluoro-3'-phosphorothicate}, 2/~
halo-3'-phosphonoacetate (e.g., 2'-fluoro-3'-phosphonoacetate), and 2'-halo-3'-

thiophosphonoacetate {(e.g., 2'-fluoro-3'-thiophosphonoacetate).

18122} In certain embodiments, the modification alters the stability of the RNA. In

certain embodiments, the modification enhances the stability of the RNA, e.g., by increasing
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nuclease resistance of the RNA relative to a corresponding RNA without the modification.
Stability-enhancing modifications include but are not limited to incorporation of 2'-O-methyl,
a 2-0-Ciaalkyl, 27-halo {e.g., 2'-F, 2'-Br, 2'-Cl, or 2'-1}, 2MOE, a 2'-0-Cyzalkyl-0-Ciaalkyl,
2'-NH,, 2'-H (or 2'-deoxy), 2'-arabino, 2'-F-arabino, 4'-thioribosyl sugar moiety, 3'-
phosphorothioate, 3'-phosphounoacetate, 3'-thiophosphonoacetate, 3'-methylphosphonate, 3'-
boranophosphate, 3'-phosphoredithioate, locked nucleic acid (“LINA”) nuclectide which
comprises a methylene bridge between the 2' and 4' carbouns of the ribose ring, and unlocked
nucleic acid (“ULNA") nuclectide. Such modifications are suitable for use as a protecting
group to prevent or reduce degradation of the 57 tail, modulator stem sequence, targeter stem
sequence, and/or spacer sequence (see, the “Targeter and Modulator nucletc acids”

subsection supra).

{6123} In certain embodiments, the modification alters the specificity of the engineered,
non-naturally occurring system. In certain embodiments, the modification enhances the
specification of the engineered, non-naturally occurring system, e.g., by enhancing on-target
binding and/or cleavage, or reducing off-target binding and/or cleavage, or a combination
thereof. Specificity-enhancing modifications include but are not limited to 2-thiouracil, 2-

thiocytosine, 4-thiouracil, 6-thioguanine, Z-aminoadenine, and pseudouracil.

18124} In certain embodiments, the modification alters the immunostimulatory effect of
the RNA relative to a corresponding RNA without the modification. For example, in certain
embodiments, the modification reduces the ability of the RNA to activate TLR7, TLRS,
TLR9, TLR3, RIG-1, and/or MDAS.

{0125} In certain embodiments, the targeter nucleic acid and/or the modulator nucleic
acid comprise at least 1, 2,3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23,24, 25,26, 27, 28,29, 30, 31, 32, 33,34, 35, 36, 37, 38, 39, or 40 modified nuclectides.
The modification can be made at one or more positions in the targeter nucleic acid and/or the
modulator nucleic acid such that these nucleic acids retain functionality. For example, the
modified nucleic acids can still direct the Cas protein to the target nucleotide sequence and
allow the Cas protein to exert its effector function. It 1s understood that the particular
modification{s) at a position may be selected based on the functionality of the nucleotide at
the position. For example, a specificity-enhancing modification may be suitable for a
nucieotide in the spacer sequence, the targeter stem sequence, or the modulator stern
sequence. A stability-enhancing modification may be suitable for one or more terminal

nucleotides in the targeter nucleic acid and/or the modulator nucleic acid. In certain

S
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embodiments, at least 1 {e.g., at least 2, at least 3, at least 4, or at least 5) terminal nucleotides
at the 57 end and/or at least 1 {e.g., at least 2, at least 3, at least 4, or at least S} terminal
nucleotides at the 37 end of the targeter nucleic acid are modified nuclectides. In certain
embodiments, 5 or fewer {e.g., 1 or fewer, 2 or fewer, 3 or fewer, or 4 or fewer) terminal
nucleotides at the 57 end and/or 5 or fewer (e.g., 1 or fewer, 2 or fewer, 3 or fewer, or 4 or
fewer) terminal nucleotides at the 3’ end of the targeter nucleic acid are modified nucleotides.
In certain embodiments, at least 1 {e.g., at least 2, at least 3, at least 4, or at least 5) terminal
nucleotides at the 5" end and/or at least 1 {e.g., at least 2, at least 3, at least 4, or at feast 5)
terminal nucleotides at the 3° end of the modulator nucleic acid are modified nucleotides. In
certain embodiments, 5 or fewer {e.g., 1 or fewer, 2 or fewer, 3 or fewer, or 4 or fewer)
terminal nucleotides at the 5” end and/or 5 or fewer (e.g., 1 or fewer, 2 or fewer, 3 or fewer,
or 4 or fewer) terminal nucleotides at the 37 end of the modulator nucleic acid are modified
nucleotides. Selection of positions for modifications is described in U.S. Patent Application
Publication Nos. 2016/0289675 and 2017/0355985. As used in this paragraph, where the
targeter or modulator nucleic acid is a combination of DNA and RNA, the nucleic acid as a
whole is considered as an RNA, and the DNA nucleotide(s) are considered as modification(s)
of the RNA, including a 2'-H modification of the ribose and optionally a modification of the

nucleobase.

{0126} It is understood that the targeter nucleic acid and the modulator nucleic acid, while
not in the same nucleic acids, 7.e., not linked end-to-end through a traditional internucleotide
bond, can be covalently conjugated to each other through one or more cherical modifications
introduced into these nucleic acids, thereby increasing the stability of the double-stranded

complex and/or improving other characteristics of the system.

11, Methods of Tarcetine, Editine, and/or Modifvine Genomic DNA

{0127} The engineered, non-naturally cccurring system disclosed herein are useful for
targeting, editing, and/or modifying a target nucleic acid, such as a DNA (e.g., genomic
DNAJY o a cell or organism. Accordingly, in one aspect, the present invention provides a
method of modifying a target nucleic acid {e.g., DNA) having a target nucleotide sequence,
the method comprising contacting the target nucleic acid with the engineered, non-naturally

occurring system disclosed herein, thereby resulting in moditication of the target nucleic acid.

{0128} The engineered, non-naturally occurring system can be contacted with the target

nucleic acid as a complex. Accordingly, in certain embodiments, the method comprises
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contacting the target nucieic acid with a dual guide CRISPR-Cas complex comprising (a) a
targeter nucleic acid comprising (1) a spacer sequence designed to hybridize with the target
nucleotide sequence and (it} a targeter stem sequence; (b) a modulator nucleic acid
comprising a modulator stem sequence complementary to the targeter stem sequence; and

{c) a Cas protein, wherein the targeter nucleic acid and the modulator nucleic acid are
separate nucleic acids, and wherein the targeter nucleic acid and the modulator nucleic acid
form a complex that 1s capable of activating a Cas nuclease that, in a naturally occurring
system, is activated by a single ctRNA in the absence of a tractRNA, thereby resulting in
modification of the target nucleic acid. In certain embodiments, the Cas protein comprises an
amino acid sequence at least 80% (e.g., at least 5%, at least 90%, at least 91%, at least 92%,
at least 93%, at least 94%, at least 95%, at least 9%, at least 97%, at least 98%, or at least

99%) identical to the Cas nuclease.

18129 The Cas protein and the Cas nuclease can be identical. Accordingly, in certain
embodiments, the present itnvention provides a method of cleaving a target nucleic acid {e.g.,
DDINA} having a target nucleotide sequence, the method comprising contacting the target
nucleic acid with the engineered, non-naturally occurning system disclosed herein, thereby
resulting in leavage of the target DNA. In certain embodiments, the method comprises
contacting the target nucleic acid with a dual guide CRISPR-Cas complex comprising (a) a
targeter nucleic acid comprising (1) a spacer sequence designed to hybridize with the target
nucleotide sequence and (it} a targeter stem sequence; (b} a modulator nucleic acid
comprising a modulator stern sequence complementary to the targeter stem sequence; and
(¢} a Cas nuclease, wherein the targeter nucleic acid and the modulator nucleic acid are
separate nucleic acids, wherein in a naturally occurring systern the Cas nuclease 1s activated
by a single ctRNA in the absence of a tracrRNA, thereby resulting in cleavage of the target

nucleic acid by the Cas nuclease.

{0136} In certain embodiments, the Cas nuclease is a type V-A, type V-C, or type V-D
Cas nuclease. In certain embodiments, the Cas nuclease is a type V-A Cas nuclease. In
certain embodiments, the target nucleic acid further comprises a cognate PAM positioned
relative to the target nucleotide sequence such that (3} the dual guide CRISPR-Cas complex
binds the target nucleic acid; or (b} the Cas nuclease 1s activated when the dual guide

CRISPR-Cas complex binds the target nucleic acid.

8131} The dual guide CRISPR-Cas complex may be delivered to a cell by introducing a

pre-formed ribonucleoprotein (RNP) complex into the cell. Alternatively, one or more
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components of the dual guide CRISPR-Cas complex may be expressed in the cell.
Exemplary methods of delivery are known in the art and described in, for example, U.S.
Patent Nos. 10,113,167 and 8,697,359 and U.S. Patent Application Publication Nos.
2015/0344912, 2018/0044700, 2018/0003696, 2018/0119140, 2017/0107539, 2018/0282763,
and 2018/0363009.

10132} It ts understood that contacting a DNA (e.g., genomic BNA) in a cell with a dual
guide CRISPR-Cas complex does not require delivery of all components of the complex into
the cell. For examples, one or more of the components may be pre-existing in the cell. In
certain embodiments, the cell {or a parental/ancestral cell thereof) has been engineered to
express the Cas protein, and the targeter nucleic acid {or a nucleic acid comprising a
regulatory element operably linked to a nucleotide sequence encoding the targeter nucleic
acid) and the modulator nucleic acid (or a nucleic acid comprising a regulatory element
operably linked to a nuclectide sequence encoding the modulator nucleic acid) are delivered
into the cell. In certain embodiments, the cell {or a parental/ancestral cell thereof) has been
engineered to express the modulator nucleic acid, and the Cas protein (or a nucleic acid
comprising a regulatory element operably linked to a nucleotide sequence encoding the Cas
protein) and the targeter nucleic acid (or a nucleic acid comprising a regulatory element
operably linked to a nucleotide sequence encoding the targeter nucleic acid} are delivered
into the cell. In certain embodiments, the cell {or a parental/ancestral cell thereof) has been
engineered to express the Cas protein and the modulator nucleic acid, and the targeter nucleic
acid {or a nucleic acid comprising a regulatory element operably linked to a nucleotide

sequence encoding the targeter nucleic acid) is delivered into the cell.

18133} In certain embodiments, the target DNA is in the genome of a target cell.
Accordingly, in another aspect, the present invention provides a cell corprising the non-
naturally occurring system or a CRISPR expression system described herein. In addition, the
present invention provides a cell whose genome has been modified by the dual guide

CRISPR-Cas system or complex disclosed herein.

10134} The target cells can be mitotic or post-mitotic cells from any organism, such as a
bacterial cell, an archaeal cell, a cell of a single-cell eukaryotic organism, a plant cell, an
algal cell, e.g., Botryococcus braunii, Chlamydomonas reinhardtii, Nannochloropsis gaditana,
Chlorella pyrenoidosa, Sargassum patens C. Agardh, and the like, a fungal cell {e.g., a yeast
cell}, an animal cell, a cell from an invertebrate animal {e.g. fruit fly, enidarian, echinoderm,

nematode, etc.), a cell from a vertebrate animal (e g, fish, amphibian, reptile, bird, mammal),
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a cell from a mammal, a cell from a rodent, or a cell from a human. The types of target cells
include but are not limited to a stem cell {(e.g., an embryonic stem (ES) cell, an induced
pluripotent stem (iPS) cell, a germ cell}, a somatic cell {e.g., a fibroblast, a hematopoietic
cell, a T lymphocyte {e.g., CD8" T lymphocyte), an NK cell, a neuron, a muscle cell, a bone
cell, a hepatocyte, a pancreatic cell), an in vitro or in vivo embryonic cell of an embryo at any
stage (e.g., a 1-cell, 2-cell, 4-cell, 8-cell; stage zebrafish embryo). Cells may be from
established cell lines or may be primary cells (i.e., cells and cells cultures that have been
dertved from a subject and allowed to grow in vitro for a limited number of passages of the
culture). For example, primary cultures are cultures that may have been passaged within 0
times, 1 time, 2 times, 4 times, 5 times, 10 times, or 15 times, but not enough times to go
through the crisis stage. Typically, the primary cell lines of the present invention are
maintained for fewer than 10 passages in vitro. If the cells are primary cells, they may be
harvest from an individual by any suitable method. For example, leukocytes may be
harvested by apherests, leukocytapheresis, or density gradient separation, while cells from
tissues such as skin, muscle, bone marrow, spleen, liver, pancreas, lung, intestine, or stomach
can be harvested by biopsy. The harvested cells roay be used immediately, or may be stored
under frozen conditions with a cryopreservative and thawed at a later time in a manner as

commonly known in the art.

Ribonugleoprotein (RINP)Y Delivery and “Cas RNA” Delivery

10135} The engineered, non-naturally occurring system disclosed herein can be delivered
into a cell by suitable methods known in the art, including but not limited to

ribonucleoprotein (RNP) delivery and “Cas RNA” delivery described below,

{0136} In certain embodiments, a dual guide CRISPR-Cas system including a targeter
nucleic acid, a modulator nucleic acid, and a Cas protein can be combined into a RNP
complex and then delivered into the cell as a pre-formed complex. This method is suitable
for active modification of the genetic or epigenetic information in a cell during a limited time
pertod. For example, where the Cas protein has nuclease activity to modity the genomic
DNA of' the cell, the nuclease activity only needs to be retained for a period of time to allow
DNA cleavage, and prolonged nuclease activity may increase off-targeting. Similarly, certain
epigenetic modifications can be maintained in a cell once established and can be inherited by

daughter cells,
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{6137} A “ribonucleoprotein” or “RNP,” as used herein, refers to a complex comprising a
nucleoprotein and a ribonucleic acid. A “nucleoprotein” as provided herein refers to a
protein capable of binding a nucleic acid {e.g., RNA, BNA). Where the nucleoprotetn binds
a ribonucleic acid it 1s referred to as “ribonucleoprotein.” The interaction between the
ribonucleoprotein and the ribonucleic acid may be direct, e g, by covalent bond, or indirect,
e.g., by non-covalent bond (e.g. electrostatic interactions {e.g. tonic bond, hydrogen bond,
halogen bond), van der Waals interactions {e.g. dipole-dipole, dipole-induced dipole, London
dispersion}, ring stacking (pi effects}), hydrophobic interactions, and the like}. In certain
embodiments, the ribonucleoprotein includes an RNA-binding motif non-covalently bound to
the ribonucleic actd. For example, positively charged aromatic amino acid residues (e.g ,
lysine residues) in the RNA-binding motif may form electrostatic interactions with the

negative nucleic acid phosphate backbones of the RNA.

10138} To ensure efficient loading of the Cas protein, the targeter nucleic acid and the
modulator nucleic acid can be provided in excess molar amount {e.g., about 2 fold, about 3
fold, about 4 fold, or about S fold) relative to the Cas protein. In certain embodiments, the
targeter nucleic acid and the modulator nucleic acid are annealed under suitable conditions
prior to complexing with the Cas protein. In other embodiments, the targeter nucleic acid, the

modulator nucleic acid, and the Cas protein are directly mixed together to form an RNP.

{0139} A variety of delivery methods can be used to introduce an RNP disclosed herein
into a cell. Exemplary delivery methods or vehicles include but are not limited to
microinjection, liposomes (see, e.g., U.S. Patent Publication No. 2017/0107539) such as
molecular trojan horses liposomes that delivers molecules across the blood brain barrier (see,
Pardridge ef af. (2010) COLD SPRING HARB. PROTOC,, dot:10.1101/pdb prot5407},
immunoliposomes, virosomes, microvesicles {e.g., exosomes and ARMMSs), polycations,
lipid:nucleic acid conjugates, electroporation, cell permeable peptides (see, U.S. Patent
Publication No. 2018/0363009), nanoparticles, nanowires (see, Shalek es o/ (2012) NANO
LETTERS, 12: 6498), exosomes, and perturbation of cell membrane (e.g., by passing cells
through a constriction 1n a microfluidic system, see, U.S. Patent Publication No.
2018/0003690). Where the target cell is a proliferating cell, the efficiency of RNP delivery
can be enhanced by cell cycle synchronization (see, U.S. Patent Publication No.

2018/0044700}.

18140} In other embodiments, the dual guide CRISPR-Cas system is delivered into a cell

ina “Cas RNA” approach, 7.¢., delivering a targeter nucleic acid, a modulator nucleic acid,
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and an RNA (e.g., messenger RNA (mRNA)) encoding a Cas protein. The RNA encoding
the Cas protein can be translated in the cell and form a complex with the targeter nucleic acid
and the modulator nucleic acid intracellularly. Similar to the RNP approach, RNAs have
limited half-lives in cells, even though stability-increasing modification(s) can be made in
one or more of the RNAs. Accordingly, the “Cas RNA” approach is suitable for active
modification of the genetic or epigenetic information in a cell during a limited time period,

such as BNA cleavage, and has the advantage of reducing off-targeting.

10141} The mRNA can be produced by transcription of a DNA comprising a regulatory
element operably linked to a Cas coding sequence. Given that multiple copies of Cas protein
can be generated from one mRNA, the targeter nucleic acid and the modulator nucleic acid
are generally provided in excess molar amount {e.g., at least 5 fold, at least 10 fold, at least
20 fold, at least 30 fold, at feast SO fold, or at least 100 fold) relative to the mRNA. In certain
embodiments, the targeter nucleic acid and the modulator nucleic acid are annealed under
suttable conditions prior to delivery 1uto the cells. In other embodiments, the targeter nucleic

actd and the modulator nuclete acid are delivered into the cells without annealing in vitro.

10142} A variety of delivery systems can be used to introduce an “Cas RNA” system into
a cell. Non-limiting examples of delivery ruethods or vehicles include microinjection,
biolistic particles, liposomes (see, e.g., U.S. Patent Publication No. 2017/0107539) such as
molecular trojan horses liposomes that delivers molecules across the blood brain barrier (see,
Pardridge et of. {2010 CoLD SPRING HARB. PROTOC ., doi:10.1101/pdb.protS407),
immunoliposomes, virosomes, polycations, lipid:nucleic acid conjugates, electroporation,
nanoparticles, nanowires (see, Shalek er o/ (2012) NANO LETTERS, 12: 6498), exosomes, and
perturbation of cell membrane (e.g., by passing cells through a constriction in a microfluidic
system, see, U.S. Patent Publication No. 2018/0003696). Specific examples of the “nucleic
acid only” approach by electroporation are described in International (PCT) Publication No.

WO2016/164356.

{0143} In other embodiments, the dual guide CRISPR-Cas system is delivered tnto a cell
in the form of a targeter nucleic acid, a modulator nucleic acid, and a DNA comprising a
regulatory element operably linked to a Cas coding sequence. The BNA can be provided ina
plasmid, viral vector, or any other form described in the “CRISPR Expression Systems”
subsection. Such delivery method may result in constitutive expression of Cas protein in the
target cell (e.g., if the DNA is maintained in the cell in an episomal vector or is integrated

into the genome), and may increase the risk of off-targeting which i1s undesirable when the
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Cas protein has nuclease activity. Notwithstanding, this approach is useful when the Cas
protein comprises a non-nuclease etfector (e.g., a transcriptional activator or repressor). It is

also useful for research purposes and for genome editing of plants.

CRISPR Expression Systems

10144} In another aspect, the present invention provides a CRISPR expression system
comprising: {a) a nucleic acid comprising a first regulatory element operably linked to a
nucleotide sequence encoding a targeter nucleic acid disclosed herein comprising (i} a spacer
sequence designed to hybridize with a target nucleotide sequence and (11) a targeter stem
sequence; (b) a nucleic acid comprising a second regulatory element operably linked to a
nucleotide sequence encoding a modulator nucleic acid disclosed herein comprising a
modulator stem sequence complementary to the targeter stem sequence, wherein the targeter
nucleic acid and the modulator nucleic acid are expressed as separate nucleic acids, and
wherein a complex comprising the targeter nucleic acid and the modulator nucleic acid is
capable of activating a Cas nuclease that, in a naturally occurring system, is activated by a

single ctRNA in the absence of a tractRNA.

{¢145] In certain embodiments, the CRISPR expression system further comprises (¢) a
nucleic acid comprising a third regulatory element operably linked to a nucleotide sequence
encoding a Cas protein disclosed herein. In certain embodiments, the Cas protein comprises
an amino acid sequence at least 80% (e.g., at least 85%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at
feast 99%) identical to the Cas nuclease, thereby resulting in modification of the target
nucleic acid (e.g., DNA). In certain embodirents, the Cas protein and the Cas nuclease are
identical, and the method results in cleavage of the target nucleic acid. In certain
embodiments, the Cas nuclease is a type V-A, type V-C, or type V-D Cas nuclease. In

certain embodiments, the Cas nuclease is a type V-A Cas nuclease.

{0146} As used in this context, the term “operably linked” is intended to mean that the
nucieotide sequence of interest 1s linked to the regulatory element in a manner that allows for
expression of the nucleotide sequence (e.g., in an in vitro transcription/translation system or

in a host cell when the vector 15 introduced into the host cell).
{0147} The forro of elements (a), (b), and (¢} of the CRISPR expression system described
above may be independently selected from various nucleic acids such as DNA (e.g., modified

DNA) and RNA {e.g., modified RNA). In certain embodiments, elements (a) and (b) are
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each in the form of DNA. In certain embodiments, the CRISPR expression system further
comprises element (¢} in the form of DNA. The third regulatory element can be a
counstitutive or inducible promoter that drives the expression of the Cas protein. In other
embodiments, the CRISPR expression systern further comprises element (¢} in the form of

RNA (e.g., mRNA).

{148} Hlements {a}, (b}, and/or {¢} can be provided in one or more vectors. The term
“vector,” as used herein, refers to a nucleic acid molecule capable of transporting another
nucleic acid to which it has been linked. Conventional viral and non-viral based gene transfer
methods can be used to introduce nucleic acids in cells, such as prokaryotic cells, eukaryotic
cells, mammalian cells, or target tissues. Non-viral vector delivery systerns include DNA
plasmids, RNA {e.g. a transcript of a vector described herein}, naked nucleic acid, and
nucleic acid complexed with a delivery vehicle, such as a liposome. Viral vector delivery
systems include DNA and RNA viruses, which have either episomal or integrated genomes
after delivery to the cell. Gene therapy procedures are known in the art and disclosed in Van
Brunt (1988) BIOTECHNOLOGY, 6. 1149; Anderson (1992) SCIENCE, 256: 80&; Nabel &
Feigner (1993) TIBTECH, 11: 211; Mitant & Caskey (1993) TIBTECH, 11: 162; Dilion
(1993) TIBTECH, 11: 167; Miller (1992) NATURE, 357: 455; Vigne {1995} RESTORATIVE
NEUROLOGY AND NEUROSCIENCE, 8: 35; Kremer & Perricaudet (1995) BRITISH MEDICAL
BULLETIN, 51: 31; Haddada ef /. (1995) Current TOPICS IN MICROBIOLOGY AND
IMMUNOLOGY, 199: 297; Yu e /. {1994) GENE THERAPY, 1. 13; and Doerfler and Bohm
(Eds.) (2012) The Molecular Repertoire of Adenoviruses I1 Molecular Biology of Virus-Cell
Interactions. In certain embodiments, at least one of the vectors is a DNA plasmid. In certain
embodiments, at least one of the vectors is a viral vector {(e.g., retrovirus, adenovirus, or

adeno-associated virus}.

{0149} 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
eptsomal mammalian vectors). Other vectors {e.g., non-episomal mammalian vectors and
replication defective viral vectors) do not autonomously replicate in the host cell. Certain
vectors, however, may be integrated into the genome of the host cell and thereby are
replicated along with the host genome. A skilled person in the art will appreciate that

o

tropism, and will be able to select one or more vectors suitable for the use.
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{¢150] The term “regulatory element,” as used herein, refers to a transcriptional and/or
translational control sequence, such as a promoter, enhancer, transcription termination signal
{e.g., polyadenylation signal}, internal ribosomal entry sites (IRES), protein degradation
signal, and the like, that provide for and/or regulate transcription of a non-coding sequence
{e.g., a targeter nucleic acid or a modulator nucleic acid) or a coding sequence {e.g., a Cas
protein} and/or regulate transiation of an encoded polypeptide. Such regulatory elements are
described, for example, 1n Goeddel, GENE EXFRESSION 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 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 destred tissue of interest, such as muscle, neuron, bone, skin, blood, specific
organs {e.g., liver, pancreas), or particular cell types (e.g, lyvmphocytes). Regulatory
elements may also direct expression in a temporal-dependent manner, such asin a cell-cycle
dependent or developmental stage-dependent manner, which may or may not also be tissue or
cell-type specific. In certain embodiments, a vector comprises one or more pol HI promoter
{e.g., 1,2, 3,4, 5, or more pol IIf promoters), one or more pol I promoters {e.g., 1,2, 3,4, 5,
or more pol I promoters), one or more pol I promoters (e.g., 1, 2, 3, 4, 5, or more pol 1
promoters), or combinations thereof. Examples of pol I promoters include, but are not
limited to, U6 and HI promoters. Examples of pol I 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), the
SV40 promoter, the dihydrofolate reductase promoter, the P-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EFla promoter. Also encompassed by the
term “regulatory element” are enhancer elements, such as WPRE; CMV eshancers; the R-US'
segment in ETR of HTLV-I (see, Takebe er o/, (1988} MoL. CELL. BIOL , 8: 460); SV40
enhancer; and the intron sequence between exons 2 and 3 of rabbit $-globin (see, O'Hare ef
al. (1981} PROC. NATL. ACAD. SC1 USA ., 78: 1527). It will be appreciated by those skilied in
the art that the design of the expression vector can depend on factors such 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 produce transcripts, proteins, or peptides, including fusion proteins or
peptides, encoded by nucleic acids as described herein (e.g., CRISPR transcripts, proteins,

enzymes, mutant forms thereof, or fusion proteins thereof).
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{0151} In certain embodiments, the nucleotide sequence encoding the Cas protein is
codon optimized for expression in a eukaryotic host cell, e.g., a yeast cell, a mammalian cell
{e.g., a mouse cell, a rat cell, or a human cell}, or a plant cell. 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 translation of
messenger RNA (mRNA), which is in turn believed to be dependent on, among other things,
the properties of the codons being translated and the availability of particular transfer RNA
(tRNA) molecules. The predominance of selected tRNAs in a cell is generally 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 usage
tables are readily available, for example, at the “Codon Usage Database” available at

kazusa.or.ip/codon/ and these tables can be adapted in a number of ways (see, Nakamura ef

al. (2000) NucL. ACips ReS., 28: 292}, Computer algorithms for codon optimizing a
particular sequence for expression in a particular host cell, such as Gene Forge (Aptagen;
Jacobus, Pa), are also available. In certain embodiments, the codon optimization facilitates

or improves expression of the Cas protein in the host cell.

Donor Templates

18152} Cleavage of a target nucleotide sequence in the genome of a cell by the dual guide
CRISPR-Cas system or complex disclosed herein can activate the DNA damage pathways,
which may rejoin the cleaved DNA fragments by NHEJ or HDR. HDR requires a repair
template, either endogenous or exogenous, to transfer the sequence information from the

repair template to the target.

{0153} In certain embodiments, the engineered, non-naturally occurring system or
CRISPR expression system further comprises a donor template. As used herein, the term
“donor template” refers to a nucleic acid designed to serve as a repair template at or near the
target nucleotide sequence upon introduction into a cell or organism. In certain
embodiments, the donor template is complementary to a polynuciectide comprising the target
nucleotide sequence or a portion thereof. When optimally aligned, a donor template may
overlap with one or more nucleotides of a target nucleotide sequences (e.g. about or more
than about 1, 5, 10, 15, 20, 25, 30, 35, 40, or more nucleotides). The nuclectide sequence of
the donor template is typically not ideuntical to the genomic sequence that it replaces. Rather,
the donor template may contain one or more substitutions, insertions, deletions, inversions or

rearrangements with respect to the genomic sequence, so long as sufficient homology 1s

(4
(8]



10

20

30

WO 2021/067788 PCT/US2020/054050

present to support homology-directed repair. In certain embodiments, the donor template
comprises a non-homologous sequence flanked by two regions of homology (7.¢., homology
arms), such that homology-directed repair between the target DNA regton and the two
flanking sequences results in insertion of the non-homologous sequence at the target region,
In certain embodiments, the donor template comprises a non-homologous sequence 10-100
nucleotides, 50-500 nucleotides, 100-1,000 nucleotides, 200-2 000 nucleotides, or 500-5,000

nucieotides in length positioned between two homology arms.

{0154} Generally, the homologous region{s) of a donor template has at least 50%
sequence identity to a genomic sequence with which recombination is desired. The
homology arrus are designed or selected such that they are capable of recorbining with the
nucleotide sequences flanking the target nucleotide sequence under intracellular conditions.
In certain embodiments, where HDR of the non-target strand is desired, the donor template
comprises a first homology arm homologous to a sequence 57 to the target nucleotide
sequence and a second homology arm homologous to a sequence 37 to the target nucleotide
sequence. In certain embodiments, the first homology arm is at least 50% (e.g., at least 60%,
at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%,
at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at ieast 99%,
or 100%) identical to a sequence 57 to the target nucleotide sequence. In certain
embodiments, the second homology arm is at least 50% (e.g., at least 60%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
feast 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100%)
identical to a sequence 37 to the target nucleotide sequence. In certain embodiments, when
the donor template sequence and a polynucleotide comprising a target nucleotide sequence
are optimally aligned, the nearest nuclectide of the donor template is within about 1, 5, 10,
15,20, 25, 50, 75, 100, 200, 300, 400, 500, 1000, 2000, 3000, 4000, or more nucleotides

from the target nucleotide sequence.

{8155] In certain embodiments, the donor template further comprises an engineered
sequence not homologous to the sequence to be repaired. Such engineered sequence can
harbor a barcode and/or a sequence capable of hybridizing with a donor template-recruiting

sequence disclosed herein.

{0156} In certain embodiments, the donor terplate further comprises one or more
mutations refative to the genomic sequence, wherein the one or more mutations reduce or

prevent cleavage, by the same CRISPR-Cas system, of the donor template or of a modified
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genomic sequence with at least a portion of the donor template sequence incorporated. In
certain embodiments, in the donor template, the PAM adjacent to the target nucleotide
sequence and recognized by the Cas nuclease is mutated to a sequence not recognized by the
same Cas nuclease. In certain embodiments, in the donor template, the target nucleotide
sequence {(e.g., the seed region) is mutated. In certain embodiments, the one or more
mutations are silent with respect to the reading frame of a protein-coding sequence

encompassing the mutated sites.

{0157} The donor template can be provided to the cell as single-stranded DNA| single-
stranded RNA, double-stranded BNA, or double-stranded RNA. It is understood that the
dual guide CRISPR-Cas system disclosed herein may possess nuclease activity to cleave the
target strand, the non-target strand, or both. When HDR of the target strand is desired, a
donor template having a nucleic acid sequence complementary to the target strand is also

contemplated.

{0158} The donor template can be introduced into a cell in linear or circular torm. I
introduced in linear form, the ends of the donor terplate may be protected {e.g, from
exonucieolytic degradation) by methods known to those of skill in the art. For example, one
or more dideoxynucleotide residues are added to the 3" terminus of a linear molecule and/or
self-complementary oligonucleotides are ligated to one or both ends {(see, for example, Chang
et al. (1987) PROC. NATL. ACAD SCIUSA, 84: 4959; Nehls ef o/ {(1996) SCIENCE, 272 886;
see also the chemical modifications for increasing stability and/or specificity of RNA
disclosed supra). Additional methods for protecting exogenous polynucleotides from
degradation include, but are not limited to, addition of terminal amino group(s) and the use of
modified internucleotide linkages such as, for example, phosphorothioates,
phosphoramidates, and O-methyl ribose or deoxyribose residues. As an alternative to
protecting the termini of a linear donor template, additional lengths of sequence may be
included outside of the regions of homology that can be degraded without impacting

recombination.

{8159 A donor template can be a component of a vector as described herein, contained in
a separate vector, or provided as a separate polynucleotide, such as an oligonucleotide, linear
polynucleotide, or synthetic polynucleotide. In certain embodiments, the donor template is a
DNA. In certain embodiments, a donor template 18 in the same nucleic acid as a sequence
encoding the targeter nucleic acid, a sequence encoding the modulator nucleic acid, and/or a

sequence encoding the Cas protein, where applicable. In certain embodiments, a donor
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template is provided in a separate nucleic actd. A donor template polynucleotide may be of
any suitable length, such as about or at least about 50, 75, 100, 150, 200, 500, 1000, 2000,

3000, 4000, or more nucleotides in length.

18160} A donor template can be introduced into a cell as an isolated nucleic acid.
Alternatively, a donor template can be introduced into a cell as part of a vector {e.g., a
plasmid) baving additional sequences such as, for example, replication origins, promoters and
genes encoding antibiotic resistance, that are not intended for insertion into the DNA region
of interest. Alternatively, a donor template can be delivered by viruses (e.g., adenovirus,
adeno-associated virus (AAV}). In certain embodiments, the donor template is introduced as
an AAV, e.g., a pseudotyped AAV. The capsid proteins of the AAV can be selected by a
person skilled in the art based upon the tropism of the AAV and the target cell type. For
example, in certain embodiments, the donor template 1s introduced into a hepatocyte as
AAVE or AAV9. In certain embodiments, the donor template is introduced into a
hematopoietic stem cell, a hematopoietic progenitor cell, or a T lymphocyte (e.g., CB8™ T
iymphocyte) as AAVG or an AAVHSC (see, U.S. Patent No. 9,890,396). It is understood that
the sequence of a capsid protein (VP1, VP2, or VP3) may be modified from a wild-type AAV
capsid protein, for example, having at least 50% (e.g., at least 60%, at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%%, or at least 99%) sequence identity

to a wild-type AAY capsid sequence.

{0161} The donor template can be delivered to a cell {e.g., a primary cell} by various
delivery methods, such as a viral or non-viral method disclosed herein. In certain
embodiments, a non-viral donor template is introduced into the target cell as a naked nucleic
acid or in complex with a liposome or poloxamer. In certain embodiments, a non-viral donor
template is introduced into the target cell by electroporation. In other embaodiments, a viral
donor template is introduced into the target cell by infection. The engineered, non-naturally
occurring system can be delivered before, after, or simultaneously with the donor template
{see, International (PCT) Application Publication No. W(O2017/053729). A skilled person in
the art will be able to choose proper timing based upon the form of delivery (consider, for
example, the time needed for transcription and translation of RNA and protein components)
and the half-life of the molecule(s) in the cell. In particular embodiments, where the dual
guide CRISPR-Cas system including the Cas protein is delivered by electroporation {e.g., as

an RNP), the donor teraplate {e.g., as an AAV) 15 introduced into the cell within 4 hours {e.g.,
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within 1,2,3,4,5,6,7,8.9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50,

2

5§, 60, 90, 120, 150, 180, 210, or 240 minutes) after the introduction of the engineered, non-

naturally occusring system.

8162} In certain embodiments, the donor template is conjugated covalently to the
modulator nucleic acid. Covalent linkages suitable for this conjugation are known in the art
and are described, for example, in UK. Patent No. 9,982,278 and Savic ef o/ (2018) Lirg
7:¢33761. In certain embodiments, the donor template i1s covalently linked to the modulator
nucleic acid {e.g., the 57 end of the modulator nucleic acid) through an internucleotide bond.
In certain embodiments, the donor template is covalently linked to the modulator nucleic acid

{e.g., the 57 end of the modulator nucleic acid) through a hinker.

Efficiency and Specificity

{0163} The engineered, non-naturally occurring system of the present invention has the
advantage that the etficiency of nucleic acid targeting, cleavage, or modification can be
increased or decreased by, for example, adjusting the hybridization of dual guide nucleic

acids and the length of the spacer sequence.

{0164} In certain embodiments, the engineered, non-naturally occurring system has high
efficiency. For example, in certain embodiments, at least 10%, at least 20%, at least 30%, at
feast 40%, at least 50%, at least 60%, at least 70%, at least 75%, at least 80%, at least 85%, at
feast 90%, at least 91%, at least 92%, at least 93%, at least 94%., at least 95%, at least 96%, at
teast 97%, at least 98%%, or at least 99% of a population of nucleic acids having the target
nucleotide sequence and a cognate PAM, when contacted with the engineered, non-naturally
occurring system, is targeted, cleaved, or modified. In certain embodiments, the genomes of
at least 10%, at least 20%, at least 30%, at least 40%, at least 50%, at least 60%, at ieast 70%,
at least 75%, at least 80%, at least 5%, at least 90%, at least 91%, at least 92%, at least 93%,
at least 94%, at least 95%, at least 96%, at least 97%, at least 98%%, or at least 99% of g
population of cells, when contacted with the engineered, non-naturally occurring system, are

targeted, cleaved, or modified.

{0165} It has been cbserved that the occurrence of on-target events and the occurrence of
oft-target events are generally correlated. For certain therapeutic purposes, low on-target
efficiency can be tolerated and low off-target frequency is more desirable. For example,
when editing or modifying a proliferating cell that will be delivered to a subject and

proliferate 7 vivo, tolerance to off-target events is low. Prior to delivery, however, it is
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possible to assess the on-target and oftf-target events, thereby selecting one or more colonies

that have the desired edit or modification and lack any undesired edit or modification.

{0166} The method disclosed herein is suttable for such use. In certain embodiments,
when a population of nucleic acids having the target nuclectide sequence and a cognate PAM
is contacted with the engineered, non-naturally occurring system disclosed herein, the
frequency of off-target events {e.g., targeting, cleavage, or modification, depending on the
function of the CRISPR-Cas system} 1s reduced by at least 50%, at least 60%, at least 70%, at
feast 75%, at least 80%, at least 85%, at least 90%, at least 31%0, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99% relative to
the frequency of off-target events when using the corresponding CRISPR system containing a
single guide nucleic acid {e.g., a single crRNA consisting of the sequences of the targeter and
modulator nucleic acids) under the same conditions. In certain embodiments, when genomic
DINA having the target nucleotide sequence and a cognate PAM is contacted with the
engineered, non-naturally occurring systern disclosed herein in a population of cells, the
frequency of off-target events {e.g., targeting, cleavage, or modification, depending on the
function of the CRISPR-Cas system} 1s reduced by at least 50%, at least 60%, at least 70%, at
feast 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99% relative to
the frequency of off-target events when using the corresponding CRISPR system containing a
single guide nucleic acid {e.g., a single crRNA consisting of the sequences of the targeter and
modulator nucleic acids) under the same conditions. In certain embodiments, when delivered
into a population of cells comprising genomic DNA having the target nuclectide sequence
and a cognate PAM, the frequency of oft-target events {e.g., targeting, cleavage, or
modification, depending on the function of the CRISPR-Cas system) in the cells receiving the
engineered, non-naturally occurring system disclosed herein is reduced by at least 50%, at
feast 60%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or
at least 99% relative to the frequency of off-target events in the cells receiving the
corresponding CRISPR system containing a single guide nucleic acid {e.g., a single crRNA
consisting of the sequences of the targeter and modulator nucleic acids) under the same
conditions. Methods of assessing off-target events were summarized in Lazzarotto ef af.
(2018) Na1 Pro1oC. 13(11): 2615-42, and include discovery of in sitw Cas off-targets and

verification by sequencing (DISCOVER-seq) as disclosed in Wienert ef /. (2019} SCIENCE
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364(6437): 286-89; genome-wide unbiased identification of double-stranded breaks (D5Bs)
enabled by sequencing (GUIDE-seq) as disclosed in Kleinstiver ef af. (2016) NAT. BIOTECH.
34: 869-74; circularization for in vifro reporting of cleavage effects by sequencing (CIRCLE-
seq) as described in Kocak e7 af. (2019) NAT. BIOTECH. 37: 657-66. In certain embodiments,
the off-target events include targeting, cleavage, or modification at a given off-target locus
{e.g., the locus with the highest occurrence of off-target events detected). In certain
embodiments, the off-target events include targeting, cleavage, or modification at all the loci

with detectable off-target events, collectively.

Multiplex Methods

{0167} The method of targeting, editing, and/or modifying a genomic DNA disclosed
herein can be conducted in multiplicity. For example, a library of targeter nucleic acids can
be used to target multiple genomic loci; a library of donor templates can also be used to
generate multiple insertions, deletions, and/or substitutions. The multiplex assay can be
conducted in a screening method wherein each separate cell culture {e.g., in a well of a 96-
well plate or a 384-well plate) i1s exposed to a different targeter nucleic acid or a different
combination of targeter nucleic acid and donor template. The multiplex assay can also be
conducted in a selection method wherein a cell culture is exposed to a mixed population of
different targeter nucleic acids and/or donor templates, and the cells with desired
characteristics (e.g., functionality) are enriched or selected by advantageous survival or
growth, resistance to a certain agent, expression of a detectable protein (e.g., a fluorescent

protein that is detectable by flow cytometry), efc.

{0168} In certain embodiments, the multiplex method employs a plurality of targeter
nucleic acids that are capable of hybridizing with different target nucleoctide sequences. In
certain embodiments, the plurality of targeter nucleic acids comprise a common targeter stem
sequence. In certain embodiments, the multiplex method employs a single modulator nucleic
acid capable of hybridizing with the plurality of targeter nucleic acids. In certain
embodiments, the multiplex method employs a single Cas protein {e.g., Cas nuclease)

disclosed herein.

{0169} In certain embodiments, the multiplex method employs a plurality of targeter
nucleic acids that are capable of hybridizing with different target nucleotide sequences that
are close to or adjacent to different PAMs. In certain embodiments, the plurality of targeter

nucleic acids comprise different targeter stem sequences. In certain embodiments, the
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multiplex method employs a plurality of modulator nucleic acids each capable of hybridizing
with a different targeter nucleic acid. In certain embodiments, the multiplex method employs
a plurality of Cas proteins {e.g., Cas nucleases) disclosed herein that have different PAM

specificity.

10176} In certain embodiments, the multiplex method further comprises introducing one
or more donor termplates into the population of celis. In certain embodiments, the multiplex
method employs a plurality of modulator nucleic acids each comprising a different donor
template-recruiting sequence, wherein each donor template-recruiting sequence is capable of

hybridizing with a different donor template.

{0171} In certain embodiments, the plurality of targeter nucleic acids and/or the plurality
of donor templates are designed for saturation editing. For example, in certain embodiments,
each nucleotide position in a sequence of interest is systematically modified with each of all
four traditional bases, A, T, G and C. In other embodiments, at least one sequence in each
gene from a pool of genes of interest 1s modified, for example, according to a CRISPR design
algorithm. In certain embodiments, each sequence from a pool of exogenous elements of
interest {e.g., protein coding sequences, non-protein coding genes, regulatory elements) is

inserted into one or more given loct of the genome.

{6172} It is understood that the multiplex methods suitable for the purpose of carrying out
a screening or selection method, which 1s typically conducted for research purposes, may be
different from the methods suitable for therapeutic purposes. For example, constitutive
expression of certain elements (e.g., a Cas nuclease and/or a modulator nucleic acid) may be
undesirable for therapeutic purposes due to the potential of increased off-targeting,
Conversely, for research purposes, constitutive expression of a Cas nuclease and/or a
modulator nucleic acid may be desirable. For example, the constitutive expression provides a
jarge window during which other elements can be introduced. When a stable cell line is
established for the constitutive expression, the number of exogenous elements that need to be
co-delivered into a single cell is also reduced. Therefore, constitutive expression of certain
elements can increase the efficiency and reduce the complexity of a screening or selection
process. Inducible expression of certain elements of the system disclosed herein may also be
used for research purposes given similar advantages. Expression may be induced by an
exogenous agent {e.g., a small molecule) or by an endogenous molecule or complex present

in a particular cell type (e.g., at a particular stage of differentiation). Methods known in the
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art, such as those described in the “CRISPR Hxpression Svstems” subsection supra, can be
> “ ¥

used for constitutively or inducibly expressing one or more elements.

{6173} It 15 further understood that despite the need to introduce at least three elements—
the targeter nucleic acid, the modulator nucleic acid, and the Cas protein—these three
elements can be delivered into the cell as a single complex of pre-formed RNP. Therefore,
the efficiency of the screening or selection process can alsc be achieved by pre-assembling a

plurality of RNP complexes in a multiplex manner.

{6174} In certain embodiments, the method disclosed herein further comprises a step of
identifying a targeter nucleic acid, a modulator nucleic acid, a Cas protein, a donor template,
or a combination of two or more of these elements from the screening or selection process. A
set of barcodes may be used, for example, in the donor template between two homology
arms, to facilitate the identification. In specific embodiments, the method further comprises
harvesting the population of cells; selectively amplifyving a genomic DNA or RNA sample
including the target nucleotide sequence(s) and/or the barcodes; and/or sequencing the

genomic DNA or RNA sample and/or the barcodes that has been selectively amplified.

{¢175] In another aspect, the present invention provides a library comprising a plurality
of targeter nucleic acids disclosed herein, optionally further comprising one or more
modulator nucleic acids disclosed herein. In another aspect, the present invention provides a
library comprising a plurality of nucleic acids each comprising a regulatory element operably
linked to a different targeter nucleic acid disclosed herein, optionally further comprising a
regulatory element operably linked to a modulator nucleic acid disclosed herein. These
fibraries can be used in combination with one or more Cas proteins or Cas-coding nucleic
acids disclosed herein, and/or one or more donor templates as disclosed herein for a screening

or selection method.

11i. Pharmaceutical Compositions

10176} The present invention provides a composition {e.g., pharmaceutical composttion)
comprising an engineered, non-naturally occurring system or a eukaryotic cell disclosed
herein. In certain embodiments, the composition comprises a complex of the targeter nucleic
acid and the modulator nucleic acid. In certain embodiments, the composition comprises an
RNP comprising the targeter nucleic acid, the modulator nucleic acid, and a Cas protein (e.g.,
the Cas nuclease that the targeter nucleic acid and the modulator nucleic acid are capable of

activating or a related Cas protein).
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{6177} In addition, the present invention provides a method of producing a composition,
the method comprising incubating the targeter nucleic acid and the modulator nucleic acid of
an engineered, non-naturally occurring system disclosed herein under suitable conditions,
thereby producing a composition {e.g., pharmaceutical composition} comprising a complex of
the targeter nucleic acid and the modulator nucleic acid. In certain embodiments, the method
further comprises incubating the targeter nucleic acid and the modulator nucleic acid with a
Cas protein {e.g., the Cas nuclease that the targeter nucleic acid and the modulator nucleic
acid are capable of activating or a related Cas protein), thereby producing a complex of the
targeter nucleic acid, the modulator nucleic acid, and the Cas protein {e.g., an RNP). In

certain embodiments, the method further comprises puritying the complex (e.g., the RNP).

{6178} For therapeutic use, an engineered, non-naturally occurring system, a CRISPR
expression system, or a cell comprising such system or modified by such system disclosed
herein is combined with a pharmaceutically acceptable carrier. The term “pharmaceutically
acceptable” as used herein refers to those compounds, materials, compositions, and/or dosage
forms which are, within the scope of sound medical judgment, suitable for use in contact with
the tissues of human beings and animals without excessive toxicity, irritation, allergic
response, or other problem or complication, commensurate with a reasonable benefit-to-risk

ratio.

10179} The term “pharmaceutically acceptable carrier” as used herein refers to buffers,
carriers, and excipients suitable for use in contact with the tissues of human beings and
animals without excessive toxicity, irritation, allergic response, or other problem or
complication, commensurate with a reasonable benefit/risk ratio. Pharmaceutically
acceptable carriers include any of the standard pharmaceutical carriers, such as a phosphate
butfered saline solution, water, emulsions {e.g., such as an oil/water or water/oil emulsions),
and various types of wetting agents. The compositions also can include stabilizers and
preservatives. For examples of carriers, stabilizers and adjuvants, see, e.g., Martin,
Remington’s Pharmaceutical Sciences, 15th Ed., Mack Publ. Co., Easton, PA (1975},
Pharmaceutically acceptable carriers include buffers, solvents, dispersion media, coatings,
isotonic and absorption delaying agents, and the like, that are compatible with pharmaceutical
administration. The use of such media and agents for pharmaceutically active substances is

known in the art.

{0180} In certain embodiments, a pharmaceutical composition disclosed herein comprises

a salt, e.g., NaCl, MgCl,, KCl, MgS0,, etc; a buffering agent, e.g, a Tris buffer, N-(2-
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Hydroxyethyl}piperazine-N'-(2-ethanesulfonic acid) (HEPES), 2-(N-
Morpholinojethanesulfonic acid (MES), MES sodium salt, 3-(N-Morpholino)propanesulfonic
acid (MOPS), N-tris]Hvdroxymethyl Imethyl-3-aminopropanesulfonic acid (TAPS), etc.; a
solubilizing agent; a detergent, e.g., a non-ionic detergent such as Tween-20, etc.; a nuclease
inhibitor; and the like. For example, in certain embodiments, a subject composition

comprises a subject DNA-targeting RNA and a buffer for stabilizing nucleic acids.

{6181} In certain embodiments, a pharmaceutical composition may contain formulation
materials for modifying, maintaining or preserving, for example, the pH, osmolarity,
viscosity, clarity, color, isotonicity, odor, sterility, stability, rate of dissolution or release,
adsorption or penetration of the composition. In such embodiments, suitable formulation
materials include, but are not limited to, amino acids (such as glycine, ghutamine, asparagine,
arginine or lysine); antimicrobials; antioxidants (such as ascorbic acid, sodium sulfite or
sodium hydrogen-sulfite); buffers (such as borate, bicarbonate, Tris-H(], citrates, phosphates
or other organic acids); bulking agents (such as maunnitol or glycine); chelating agents (such
as ethylenediamine tetraacetic acid (EDTA}), complexing agents (such as caffeine,
polyvinylpyrrolidone, beta-cyclodextrin or hydroxypropyl-beta-cyclodextriny; fillers;
monosaccharides; disaccharides; and other carbohydrates (such as glucose, mannose or
dextrins); proteins (such as serum albumin, gelatin or immunoglobulins}); coloring, flavoring
and diluting agents; emulsifying agents; hydrophilic polymers (such as
polyvinylpyrrolidone); low molecular weight polypeptides; salt-forming counterions {such as
sodium); preservatives {such as benzalkonium chlonde, benzoic acid, salicylic aaid,
thimerosal, phenethyl alcohol, methylparaben, propylparaben, chlorhexidine, sorbic acid or
hydrogen peroxide); solvents (such as glycerin, propylene glycol or polyethylene glycol);
sugar alcohols (such as mannitol or sorbitol); suspending agents; surfactants or wetting agents
{such as pluronics, PEG, sorbitan esters, polysorbates such as polysorbate 20, polysorbate,
triton, tromethamine, lecithin, cholesterol, tyloxapal}, stability enhancing agents (such as
sucrose or sorbitol}; tonicity enhancing agents (such as alkali metal halides, preferably
sodium or potassium chloride, mannitol sorbitol); delivery vehicles; diluents; excipients
and/or pharmaceutical adjuvants (see, Remingion’s Pharmaceutical Sciences, 18th ed. (Mack
Publishing Company, 1990).

{0182} In certain embodiments, a pharmaceutical composition may contain nanoparticles,
e.g., polymeric nanoparticles, liposomes, or micelles (See Anselmo ef al. (2016) BIOENG.

TRANSL. MED. 1: 10-29). In certain embodiment, the pharmaceutical composition comprises
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an inorganic nanoparticle. Exemplary inorganic nanoparticles include, e.g., magnetic
nanoparticles (e.g., FesMnOy) or silica. The outer surface of the nanoparticle can be
conjugated with a positively charged polymer (e.g., polyethylenimine, polylysine, polyserine}
which allows for attachment {e.g., conjugation or entrapment) of payload. In certain
embodiment, the pharmaceutical composition comprises an organic nanoparticle {e.g.,
entrapment of the payload inside the nanoparticle}. Exemplary organic nanoparticles include,
e.g., SNALP liposomes that contain cationic lipids together with neutral helper lipids which
are coated with polyethylene glycol (PEG) and protamine and nucleic acid complex coated
with lipid coating. In certain embodiment, the pharmaceutical composition comprises a
liposome, for example, a liposome disclosed in International Application Publication No. WO

2015/148863.

{0183} In certain ernbodiments, the pharmaceutical composition comprises a targeting
moiety to increase target cell binding or update of nanoparticles and liposomes. Exemplary
targeting moieties include cell specific antigens, monoclonal antibodies, single chain
antibodies, aptamers, polymers, sugars, and cell penetrating peptides. In certain
embodiments, the pharmaceutical composition comprises a fusogenic or endosome-

destabilizing peptide or polymer.

10184 In certain embodiments, a pharmaceutical composition may contain a sustained-
or controlled-delivery formulation. Techniques for formulating sustained- or controlled-
delivery meauns, such as liposome carriers, bio-erodible microparticies or porous beads and
depot injections, are also known to those skilled in the art. Sustained-release preparations
may include, e.g., porous polymeric microparticles or semipermeable polymer matrices in the
form of shaped articles, e.g., films, or microcapsules. Sustained release matrices may include
polyesters, hydrogels, polylactides, copolymers of L-glutamic acid and gamroa ethyl-L-
glutamate, poly (2-hydroxyethyl-inethacrylate}, ethylene vinyl acetate, or poly-D{(—)-3-
hydroxybutyric acid. Sustained release compositions may also include liposomes that can be

prepared by any of several methods known in the art.

{0185} A pharmaceutical composition of the invention can be adnunistered by a variety
of methods known in the art. The route and/or mode of administration vary depending upon
the desired results. Administration can be intravenous, intramuscular, intraperitoneal, or
subcutaneous, or administered proximal to the site of the target. The pharmaceutically
acceptable carrier should be suitable for intravenous, intramuscular, subcutaneous, parenteral,

spinal or epidermal administration {e.g., by injection or infusion}. Depending on the route of
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administration, the active compound, i.e., the multispecific antibody of the invention, may be
coated in a material to protect the compound from the action of acids and other natural

conditions that may inactivate the compound.

{0186 Formulation components suitable for parenteral administration include a sterile
diluent such as water for injection, saline solution, fixed oils, polvethylene glycols, glycerin,
propylene glycol or other synthetic solvents; antibactertal agents such as benzyl alcohol or
methyl parabens; antioxidants such as ascorbic acid or sodium bisulfite; chelating agents such
as EDTA; buffers such as acetates, citrates or phosphates; and agents for the adjustment of

tonicity such as sodium chloride or dextrose.

{01871 For intravenous administration, suitable carriers include physiological saline,
bacteriostatic water, Cremophor ELTM (BASF, Parsippany, NJ) or phosphate buffered saline
(PBS). The carrier should be stable under the conditions of manufacture and storage, and
should be preserved against microorganisms. The carrier can be a solvent or dispersion
medium containing, for example, water, ethanol, polyol (for example, glycerol, propyvlene

glycol, and liquid polyethevlene glycol), and suitable mixtures thereof.

{188} Pharmaceutical formulations preferably are sterile. Sterilization can be
accomplished by any suitable method, e.g., filtration through sterile filtration membranes.
Where the composition s Ivophilized, filter sterilization can be conducted prior to or
following lyophilization and reconstitution. In certain embodiments, a multispecific antibody

is lyophilized, and then reconstituted in butfered saline, at the time of admunistration.

{¢189] Pharmaceutical compositions of the invention can be prepared in accordance with
methods well known and routinely practiced in the art. See, e.g, Remington: The Science and
Practice of Pharmacy, Mack Publishing Co., 20th ed., 2000; and Sustained and Controlled
Release Drug Delivery Systems, J. R. Robinson, ed., Marcel Dekker, Inc., New York, 1978.
Pharmaceutical compositions are preferably manufactured under GMP conditions. Typically,
a therapeutically effective dose or efficacious dose of the multispecific antibody of the
invention 13 employed 1o the pharmaceutical compositions of the invention. The raultispecific
antibodies of the invention are formulated into pharmaceutically acceptable dosage forms by
conventional methods known to those of skill in the art. Dosage regimens are adjusted to
provide the optimum desired response {e.g., a therapeutic response}. For example, a single
bolus may be administered, several divided doses may be administered over time or the dose

may be proportionally reduced or increased as indicated by the exigencies of the therapeutic



10

WO 2021/067788 PCT/US2020/054050

sttuation. It is especially advantageous to formulate parenteral compositions in dosage unit
form for ease of administration and uniformity of dosage. Dosage unit torm as used herein
refers to physically discrete units suited as unitary dosages for the subjects to be ireated; each
unit contains a predetermined quantity of active compound calculated to produce the desired

therapeutic effect in association with the required pharmaceutical carrier.

{6190} Actual dosage levels of the active ingredients in the pharmaceutical compositions
of the invention can be varied so as to obtain an amount of the active ingredient which is
effective to achieve the desired therapeutic response for a particular patient, composition, and
mode of administration, without being toxic to the patient. The selected dosage level depends
upon a variety of pharmacokinetic factors including the activity of the particular
compositions of the present invention employed, or the ester, salt or amide thereof, the route
of administration, the time of administration, the rate of excretion of the particular compound
being employed, the duration of the treatment, other drugs, compounds and/or materials used
in combination with the particular compositions employed, the age, sex, weight, condition,

general health and prior medical history of the patient being treated, and like factors.

1V, Therapeutic Uses

{0191} The engineered, non-naturally occurring system and CRISPR expression system
disclosed herein are useful for targeting, editing, and/or moditying the genomic DNA in a cell
or organism. These systems, as well as a cell comprising one of the systems or a cell whose
genome has been modified by the engineered, non-naturally occurring system, can be used to
treat a disease or disorder in which modification of genetic or epigenetic information 1s
desirable. Accordingly, in another aspect, the present invention provides a method of treating
a disease or disorder, the method comprising administering to a subject in need thereof a non-

naturally occurring system, a CRISPR expression system, or a cell disclosed herein.

{0192} The term “subject” includes human and non-human amimals. Non-human animals
include all vertebrates, e g, mammals and non-mammals, such as non-human primates,
sheep, dog, cow, chickens, araphibians, and reptiles. Except when noted, the terms “patient”
or “subject” are used herein interchangeably.

18193} The terms “treatment”, “treating”, “treat”, “treated”, and the like, as used herein,
refer to obtaining a desired pharmacologic and/or physiologic effect. The effect may be
therapeutic in terms of a partial or complete cure for a disease and/or adverse effect

attributable to the disease or delaying the disease progression. “Treatment”, as used herein,
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covers any treatment of a disease in a mammal, e.g, in a human, and includes: (a) inhibiting
the disease, i.e., arresting 1ts development; and (b) relieving the disease, 1.e., causing
regression of the disease. It is understood that a disease or disorder may be identified by

genetic methods and treated prior to manifestation of any medical symptom.

{0194} For therapeutic purposes, the method disclosed herein is particularly suitable for
editing or modifying a proliferating cell, such as a stem cell {e.g., a hematopoietic stem cell},
a progenitor cell {2.g., a hematopoietic progenitor cell or a lymphoid progenitor cell), ora
memory cell {e.g., a memory T cell}. Given that such cell is delivered to a subject and will
proliferate in vivo, tolerance to off-target events is low. Prior to delivery, however, it is
possible to assess the on-target and off-target events, thereby selecting one or more colonies
that have the desired edit or medification and lack any undesired edit or moditication.
Therefore, lower editing or modifying efficiency can be tolerated for such cell. The
engineered, non-naturally occurring system of the present invention has the advantage of
increasing or decreasing the etficiency of nucleic acid cleavage by, for example, adjusting the
hybridization of dual guide nucleic acids. As a result, it can be used to minumize off-target

events when creating genetically engineered proliferating cells.

{6195} For minimization of toxicity and off-target effect, it is important to countrol the
concentration of the dual guide CRISPR-Cas system delivered. Optimal concentrations can
be determined by testing different concentrations in a cellular, tissue, or non-human
eukaryote animal model and using deep sequencing to 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 selected for ex

vivg or in vivo delivery.

Gene Therapies

{0196} It is understood that the engineered, non-naturally occurring system and CRISPR
expression system disclosed herein can be used to treat a genetic disease or disorder, i.e., a
disease or disorder associated with or otherwise mediated by an vndesirable mutation in the

genome of a subject.

18197} Exemplary genetic diseases or disorders include age-related macular degeneration,
adrenoleukodystrophy (ALD), Alagille syndrome, alpha-1-antitrypsin deficiency,
argininemia, argininosuccinic aciduria, ataxia {e.g., Friedreich ataxia, spinocerebeliar ataxias,

ataxia telangiectasia, essential tremor, spastic paraplegia), autism, biliary atresia, biotinidase
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deficiency, carbamoyl phosphate synthetase I deficiency, carbohydrate deficient glycoprotein
syndrome (CDGS), a central nervous system (CNS})-related disorder (e.g., Alzheimer's
disease, amyotrophic lateral sclerosis (ALS), canavan disease (CI)), ischemia, multiple
sclerosis {MS), neuropathic pain, Parkinson's disease), Bloom's syndrome, cancer, Charcot-
Marie-Tooth disease (e.g., peroneal muscular atrophy, hereditary motor sensory neuropathy),
congenital hepatic porphyria, citrullinemia, Crigler-Najjar syndrome, cystic fibrosis (CF)},
Dentatorubro-Pallidoluysian Atrophy (DRPLA). diabetes insipidus, Fabry, familial
hypercholesterolemia (LDL receptor defect), Fancont's anemia, fragile X syndrome, a fatty
acid oxidation disorder, galactosemia, glucose-o-phosphate dehydrogenase {GOPD), glycogen
storage diseases (e.g., type | {glucose-O-phosphatase deficiency, Von Gierke I (alpha
glucosidase deficiency, Pompe), I {debrancher enzyme deficiency, Cori), IV (brancher
enzyme deficiency, Anderson), V {muscle glycogen phosphorylase deficiency, McArdle), VH
(muscle phosphofructokinase deficiency, Tauri), VI (liver phosphorylase deficiency, Hers),
IX {liver glycogen phosphorylase kinase defictency)), hemophilia A (assoctated with
defective factor VHI), hemophilia B (associated with defective factor IX), Huntington’s
disease, glutaric aciduria, hypophosphatemia, Krabbe, lactic acidosis, Lafora disease, Leber's
Congenital Amaurosis, Lesch Nyhan syndrome, a lysosomal storage disease, metachromatic
leukodystrophy disease (MLD), mucopolysaccharidosis (MPS) (e.g., Hunter syndrome,
Hurler syndrome, Maroteaux-Lamy syndrome, Sanfilippo syndrome, Scheie syndrome,
Morquio syndrome, other, MPSI, MPSIL, MPSHI, MSIV, MPS 7), a muscular/skeletal
disorder (e.g., muscular dystrophy, Duchenne muscular dystrophy}, myotonic Dystrophy
(DM), neoplasia, N-acetylglutamate synthase deficiency, ornithine transcarbamylase
deficiency, phenylketonuria, primary open angle glaucoma, retinitis pigmentosa,
schizophrenia, Severe Combined Immune Deficiency (SCH2), Spinobulbar Muscular Atrophy
(SBMA), sickie cell anemia, Usher syndrome, Tay-Sachs disease, thalasseria (e.g, B-
Thalassemia), trinuclectide repeat disorders, tyrosinemia, Wilson's disease, Wiskott-Aldrich
syndrome, X-linked chronic granulomatous disease (CGD), X-linked severe combined

immune deficiency, and xeroderma pigmentosum.

{0198} Additional exemplary genetic diseases or disorders and associated information are

available on the world wide web at kume.edu/gec/support, genome.gov/ 10001200, and

ncht nlm nih gov/books/NBK 22183/ Additional exemplary genetic diseases or disorders,

associated genetic mutations, and gene therapy approaches to treat genetic diseases or

disorders are described in International (PCT) Publication Nos. W(O2013/126794,
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WO2Z013/163628, WO2015/048577, WO2015/070083, WO2015/089354, W(O2015/134812,
WO2015/138510, WO2015/148670, WO2015/148860, WO2015/148863, WO2015/153780,
WO2015/153789, and WO2015/153791, and U.S. Patent Publication Nos. 2005/0222937,
2009/0271881, 2009/0271881, 2010/0229252, 2010/03 11124, 201 1/0016540, 2011/0023139,
2011/0023144, 2011/0023145, 2011/0023145, 2011/0023 146, 2011/0023153, 2011/0091441,
2011/0158957, 2011/0182807, 2011/0225664, 2012/0159653, 2012/0328580,

2013/0145487, and 2013/0202678.

Immune Cell Encineering

{0199} It is understood that the engineered, non-naturally occurring system and CRISPR
expression system disclosed herein can be used to engineer an immune cell. Immune cells
include but are not limited to lymphocytes (e.g., B lymphocytes or B cells, T lymphocytes or
T cells, and natural killer cells), myeloid cells {e.g., monocytes, macrophages, eosinophils,
mast cells, basophils, and granulocytes), and the stem and progenitor cells that can
differentiate into these cell types (e.g., hematopoietic stem cells, hematopoietic progenitor
cells, and lymphoid progenitor cells). The cells can include autologous cells derived from a

subject to be treated, or alternatively allogenic cells derived from a donor.

{0200} In certain embodiments, the immune cell is a T cell, which can be, for example, a
cuttured T cell, a primary T cell, a T cell from a cultured T cell line (e.g., Jurkat, SupTi}, ora
T cell obtained from a mammal, for example, from a subject to be treated. If obtained from a
mammal, the T cell can be obtained from numerous sources, including but not himited to
blood, bone marrow, lvmph node, the thymus, or other tissues or fluids. T cells can also be
enriched or purified. The T cell can be any type of T cell and can be of any developmental
stage, including but not Himited to, CD47/CD8™ double positive T cells, CD4™ helper T cells
{e.g.., Thi and Th2 cells), CD8" T cells {e.g., cytotoxic T cells), tumor infiltrating
iymphocytes (TILs), memory T cells {e.g., central memory T cells and effector memory T

cells), regulatory T cells, naive T cells, and the like.

{6201} In certain embodiments, an immune cell, e.g,, a T cell, 15 engineered to express an
exogenous gene. For example, in certain embodiments, an engineered CRISPR system
disclosed herein may be used to engineer an immune cell to express an exogenous gene. For
example, in certain embodiments, an engineered CRISPR system disclosed herein may
catalyze DNA cleavage at a gene locus, allowing for site-specific integration of the

exogenous gene at the gene locus by HDR.
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10202} In certain embodiments, an immune cell, e.g, a T cell, is engineered to express a
chimeric antigen receptor (CAR), 7.¢, the T cell comprises an exogenous nucleotide sequence
encoding a CAR. As used herein, the term “chimeric antigen receptor” or “CAR” refers to
any artificial receptor including an antigen-specific binding moiety and one or more signaling
chains derived from an 1mmune receptor. CARs can comprise a single chain fragment
variable (scFv) of an antibody specific for an antigen coupled via hinge and transmembrane
regions to cytoplasmic domains of T cell signaling molecules, e.g. a T cell costimulatory
domain {e.g., from CD28, CD137, 0X40, 1ICOS, or CD2Z7) in tandem with a T cell triggering
domain (e.g. from CD3{}. A T cell expressing a chimeric antigen receptor 1s referred to as a
CAR T cell. Exemplary CAR T cells include CD19 targeted CTLO19 cells (see, Grupp et ol
(2015) BLOOD, 126: 4983), 19-28z cells (see, Park ef af. (20151 Crin. ONCOL., 33: 7010},
and KTE-C19 cells (see, Locke ef o/ (2015 BLOOD, 126: 3991). Additional exemplary CAR
T cells are described in U.S. Patent Nos. 8,399,645, 8 906,682, 7,446,190, 9,181,527,
9,272,002, and 9,266,960, U.S. Patent Publication Nos. 2016/0362472, 2016/0200824, and
2016/0311917, and International (PCT) Publication Nos. W0O2013/142034,
WO2015/120180, W(O2015/188141, W0O2016/120220, and WO2017/040945. Exemplary
approaches to express CARs using CRISPR systems are described in Hale ef ol (2017) MoL
THER METHODS CLINDEV,, 4: 192, MacLeod ef al (2017) MoL THER, 25: 949, and Eyquem
et af. {2017y NATURE, 543: 113.

{6203} In certain embodiments, an immune cell, e.g, a T cell, binds an antigen, e.g., a
cancer antigen, through an endogenous T cell receptor (TCR). In certain embodiments, an
immune cell, e.g, a T cell, is engineered to express an exogenous TCR, e.g., an exogenous
naturally occurring TCR or an exogenous engineered TCR. T cell receptors comprise two
chaius referred to as the a- and B-chains, that combine on the surface of a T cell to form a
heterodimeric receptor that can recognize MHC-restricted antigens. Each of g- and p- chain
comprises a constant region and a variable region. Fach variable region of the a- and B-
chains defines three loops, referred to as complementary determining regions (CDRs) known
as CDR., CDR;, and CDR; that confer the T cell receptor with antigen binding activity and

binding specificity.

{0204} In certain embodiments, a CAR or TCR binds a cancer antigen selected from B-
cell maturation antigen (BCMA), mesothelin, prostate specific membrane antigen (PSMA),
prostate stem cell antigen (PCSA), carbonic anhydrase IX (CAIX), carcinoembryonic antigen

(CEA), CDS, CD7, CD10, CD19, CD20, CD22, CD30, CD33, CD34, CD38, CD41, CD44,
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CD4of, CDS6, CD70, CD74, CDB123, CD133, CD138, epithelial glycoprotein2 (EGP 2,
epithelial glycoprotein-40 (EGP-40}, epithelial cell adhesion molecule (EpCAM), receptor-
type tyrosine-protein kinase (FLT3), folate-binding protein (FBP), fetal acetylcholine
receptor {AChR), folate receptor-a and B (FRa and ), Ganglioside G2 (GD2), Ganglioside
G3 (GD3), epidermal growth factor receptor 2 (HER-2/ERB2), epidermal growth factor
receptor v (EGFRvIIT), ERB3, ERB4, human telom erase reverse transcriptase (WTERT),
Interleukin-13 receptor subunit alpha-2 (IL- 13Ra2), K-light chain, kinase insert domain
receptor (KDR), Lewis A (CA19.9), Lewis Y (LeY), L1 cell adhesion molecule (LICAM),
melanoma-associated antigen 1 {melanoma antigen family Al, MAGE-A1), Mucin 16 (MUC-
16), Mucin 1 (MUC-1; e.g., a truncated MUC-1}, KG2D ligands, cancer-testis antigen NY -
ESO-1, oncofetal antigen (hST4), tumor-associated glycoprotein 72 (TAG-72), vascular
endothelial growth factor R2 (VEGF-R2), Wilms tumor protein (WT-1), type 1 tyrosine-
protein kinase transmembrane receptor (ROR1), B7-H3 (CD276), B7-H6 {(Nkp30),
Choundroitin sulfate proteoglycan-4 (CSPG4), BNAX Accessory Molecule (DNAM-1),
Ephrin type A Receptor 2 (EpHAZ), Fibroblast Associated Protein (FAP), GplOO/HLA-AZ,
Glypican 3 (GPC3), HA-TH, HERK-V, IL-1 IRa, Latent Membrane Protein 1 (LMP1), Neural
cell-adhesion molecule (N-CAM/CDS56), and Trail Receptor (TRAIL-R).

10205} Genetic loct suitable for insertion of a CAR- or exogenous TCR-encoding
sequence include but are vot limited to safe harbor loci (e.g., the AAVS1 locus), TCR subunit
loci {e.g., the TCRo constant (TRAC) locus}, and other [oci associated with certain
advantages (e.g., the CCRS locus, the inactivation of which may prevent or reduce HIV
infection). It is understood that insertion in the TRAC locus reduces tonic CAR signaling and
enhances T cell potency (see, Evquem ef af. (2017) NATURE, 543: 113). Furthermore,
inactivation of the endogenocus TRAC gene may reduce a graft-versus-host disease (GVHD)
response, thereby allowing use of allogeneic T cells as starting materials for preparation of
CAR-T cells. Accordingly, in certain embodiments, an immune cell, e.g, a T cell, is
engineered to have reduced expression of an endogencus TCR or TCR subunit, e.g., TCRa
subunit constant {TRAC). The cell may be engineered to have partially reduced or no
expression of the endogenous TCR or TCR subunit. For example, in certain embodiments,
the immuue cell, e.g., a T cell, 1s engineered to have less than 80% (e.g., less than 70%, less
than 60%, less than 50%, less than 40%, less than 30%, less than 20%, less than 10%, or less
than 5% of the expression of the endogenous TCR or TCR subunit relative to a

corresponding unmodified or parental cell. In certain embodiments, the immune cell, e.g., a
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T cell, is engineered to have no detectable expression of the endogencus TCR or TCR
subunit. Exemplary approaches to reduce expression of TCRs using CRISPR systems are
described in U.S. Patent No. 9,181,527, Linefal (2017) CELL RES, 27 154, Ren er ol
{2017y CLIN CANCER RES, 23: 2255, Cooper ef af. (2018) LEUKEMIA, 32: 1970, and Ren ef a/.

(2017) ONCOTARGET, 8 17002

{0206] It ts understood that certain timmune cells, such as T cells, also express major
histocompatibility complex (MHC) or human leukocyte antigen (HLA) genes, and
inactivation of these endogenous gene may reduce a GVHD response, thereby allowing use
of allogeneic T cells as starting materials for preparation of CAR-T cells. Accordingly, in
certain embodiments, an immune cell, e.g., a T-cell, is engineered to have reduced expression
of one or more endogenous class I or class I MHCs or HLAs (e.g., beta 2-microglobulin
(B2M), class 1T major histocompatibility complex transactivator (CIITA), HLA-E, and/or
HILA-G). The cell may be engineered to have partially reduced or no expression of an
endogenous MHC or HLA. For example, in certain embodiments, the immune cell, e.g,, a T-
cell, is engineered to have less than less than 80% (e.g., less than 70%, less than 60%, less
than 50%, less than 40%, less than 30%, less than 20%, less than 10%, or less than 5%6) of the
expression of endogenous MHC (e.g., BZM, CHTA, HLA-E, or HLA-G) relative to a
corresponding unmodified or parental cell. In certain embodiments, the immune cell, e.g, a
T cell, is engineered to have no detectable expression of an endogenous MHC (e.g., B2M,
CHUTA, HLA-E, or HLA-G). Exemplary approaches to reduce expression of MHCs using
CRISPR systems are described 1o Liu ef ol (2017 CELL Res, 27: 154, Ren ef al. (2017)

CLiN CANCER RES, 23: 2255, and Ren ef a/. (2017 ONCOTARGET, 8: 17002,

18207} Other genes that may be inactivated to reduce a GVHD response include but are
not limited to CD3, CD352, and deoxycytidine kinase (DCK). For example, inactivation of
CK may render the immune cells (e.g., T cells) resistant to purine nucleotide analogue (PNA)
compounds, which are often used to compromise the host immune system in order to reduce a

GVHD response during an immune cell therapy.

10208} In certain embodiments, an immune cell, e.g., a T cell, is engineered to have
reduced expression of an endogenous gene. For example, in certain embodiments, an
engineered CRISPR system disclosed herein may be used to engineer an immune cell to have
reduced expression of an endogenous gene. For example, in certain ernbodiments, an
engingered CRISPR system disclosed herein may result in DNA cleavage at a gene locus,

thereby inactivating the targeted gene. In other embodiments, an engineered CRISPR system
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disclosed herein may be fused to an effector domain {e.g., a transcriptional repressor or

histone methylase) to reduce the expression of the target gene.

{6209} It is understood that the activity of an immune cell {e.g., T cell) may be enhanced
by inactivating or reducing the expression of an immune suppressor such as an immune
checkpoint protein. Accordingly, in certain embodiments, an immune cell, e.g, a T cell, is
engineered to have reduced expression of an immune checkpoint protein. Exemplary
immune checkpoint proteins expressed by wild-type T cells include but are not limited to PD-
I, CTLA-4, AZAR, B7-H3, B7-H4, BTLA, KIR, LAG3, TIM-3, TIGIT, VISTA, PTPNG
(SHP-1), and FAS. The cell may be moditied to have partially reduced or no expression of
the immune checkpoint protein. For example, in certain embodiments, the immune cell, e.g.,
a T cell, is engineered to have less than 80% (e.g., less than 70%, less than 60%, less than
50%, less than 40%, less than 30%, less than 20%, less than 10%, or less than 5%) of the
expression of the immune checkpoint protein relative to a corresponding unmodified or
parental cell. In certain embodiments, the immune cell, e.g., a T cell, 15 engineered to have
no detectable expression of the immune checkpoint protein. Exemplary approaches to reduce
expression of immune checkpoint proteins using CRISPR systems are described in
International (PCT) Publication No. WO2017/017184, Cooper ef a/. (2018) LEUKEMIA, 32
1970, Su et af. (2016) ONCOIMMUNOLOGY, 6: ¢1249558, and Zhang ef af. (2017} FRONT
MED, 11: 554

{0210} In certain embodiments, an immune cell, e.g, a T cell, is moditfied to express a
dominant-negative form of an iramune checkpoint protein. In certain embodiments, the
dominant-negative form of the checkpoint inhibitor can act as a decoy receptor to bind or
otherwise sequester the natural ligand that would otherwise bind and activate the wild-type
immune checkpoint protein. Examples of engineered immune cells, for example, T cells
containing dominant-negative forms of an immune suppressor are described, for example, in

International (PCT) Publication No. W0O2017/040945,

{0211} In certain embodiments, an immune cell, e.g,, a T cell, 1s modified to express a
gene {e.g., a transcription factor, a cytokine, or an enzyme) that regulates the survival,
proliferation, activity, or differentiation {e.g., 10to a memory cell) of the immune cell. In
certain embodiments, the immune cell is modified to express TETZ, FOXO1, [L-12, IL-15,
fL-18, 10-21, IL-7, GLUTI, GLUT3, HK1, HK2, GAPDH, LDHA, PDK 1, PKM2, PFKFRB3,
PGK1, ENOL, GYS1, and/or ALDOA. In certain embodiments, the modification is an

insertion of a nucleotide sequence encoding the protein operably linked to a regulatory

~J
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element. In certain embodiments, the modification is a substitution of a single nuclectide

polymorphism (SNP) site in the endogenous gene.

{6212} In certain embodiments, an immune cell, e.g,, a T cell, 1s modified to express a
protein {e.g., a cytokine or an enzyme) that regulates the microenvironment that the immune
cell 1s designed to migrate to (e.g., a tumor microenvironment). In certain embodiments, the

immune cell 1s modified to express CA9, CA12, 3 V-ATPase subunit, NHE1, and/or MCT-1.
Y. Kits

{0213} It is understood that the engineered, non-naturally occurring system, the CRISPR
expression system, and the hibrary disclosed herein can be packaged in a kit suitable for use
by a medical provider. Accordingly, in another aspect, the invention provides kits containing
any one or more of the elements disclosed in the above systems, hibraries, methods, and
compositions. In certain embodiments, the kit comprises an engineered, non-naturally
occurting systern as disclosed herein and instructions for using the kit. The instructions may
be specific to the applications and methods described herein. In certain embodiments, one or
more of the elements of the system are provided in a solution. In certain embodiments, one
or more of the elements of the system are provided in lyophilized form, and the kit further
comprises a diluent. Elements may be provided individually or in combinations, and may be
provided in any suitable container, such as a vial, a bottle, a tube, or immobilized on the
surface of a solid base (e.g., chip or microarray}. In certain embaodiments, the kit comprises
one or more of the nucleic acids and/or proteins described herein. In certain embodiments,

the kit provides all elements of the systems of the invention.

{0214} In certain embodiments of a kit comprising the engineered, non-naturally
occurring system, the targeter nucleic acid and the modulator nucleic acid are provided in
separate containers. In other embodiments, the targeter nucleic acid and the modulator
nucleic acid are pre-complexed, and the complex s provided in a single container. In certain
embodiments, the kit comprises a Cas protein or a nucleic acid comprising a regulatory
element operably linked to a nucleic acid encoding a Cas protein provided n a separate
container. In other embodiments, the kit comprises a Cas protein pre-complexed with the
targeter nucleic acid and the modulator nucleic acid, and the complex is provided in a single
contatner.

{0215} In order to target multiple target nucleotide sequences, e.g., for use in a screening

or selection process, a kit may be provided comprising multiple targeter nucleic acids.
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Accordingly, in certain embodiments, the kit comprises a plurality of targeter nucleic acids as
disclosed herein {e.g., in separate tubes or immobilized on the surtace of a solid base such as
a chip or a microarray), optionally one or more modulator nucleic acids as disciosed herein,
and optionally a Cas protein or a regulatory element operably linked to a nucleic acid
encoding a Cas protetn as disclosed herein. Such kits are useful for identifying a targeter
nucleic acid with the highest etficiency and/or specificity to target a given gene, for
identifying a gene implicated in a physiological or pathological pathway, or for engineening a
cell to achieve desired functionality in a multiplex assay. In certain embodiments, the kit
further comprises one or more donor templates provided in one or more separate containers.
In certain embodiments, the kit comprises a plurality of donor templates as disclosed herein
{e.g., in separate tubes or immobilized on the surtace of a solid base such as a chip or a
microarray), one or more targeter nucleic acids disclosed herein, and one or more modulator
nucleic acids as disclosed herein, and optionally a Cas protein or a regulatory element
operably linked to a nucleic acid encoding a Cas protein as disclosed herein. Such kits are
useful tor identifying a donor template that introduces optimal genetic modification in a
multiplex assay. The CRISPR expression systems as disclosed herein are also suitable for

use in a kit

10216} In certain embodiments, a kit further comprises one or more reagents and/or
buffers for use in a process utilizing one or more of the elements described herein. Reagents
may be provided in any suitable container and may be provided in a form that is usable in a
particular assay, or in a form that requires addition of one or more other components before
use {e.g., in concentrate or lyophilized form). A buffer may be a reaction or storage buffer,
including but not limited to a sodium carbonate butter, a sodium bicarbonate buffer, a borate
buffer, a Tris buffer, a MOPS buffer, a HEPES buffer, and combinations thereof. In some
embodiments, the buffer is alkaline. In certain embodiments, the bufter has a pH from about
7 to about 10. In certain embodiments, the kit further comprises a pharmaceutically
acceptable carrier. In certain embodiments, the kit further comprises one or more devices or

other materials for administration to a subject.

{0217} Throughout the description, where compositions are described as having,
including, or comprising specific components, or where processes and methods are described
as having, including, or comprising specific steps, it is contemplated that, additionally, there

are compositions of the present invention that consist essentially of, or consist of, the recited
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components, and that there are processes and methods according to the present invention that

consist essentially of, or consist of, the recited processing steps.

{0218} In the application, where an element or component is said to be included in and/or
selected from a list of recited elements or components, it should be understood that the
element or component can be any one of the recited elements or components, or the element
or component can be selected from a group consisting of two or more of the recited elements

or components.

{6219} Further, 1t should be understood that elements and/or features of a composition or
a method described herein can be combined in a variety of ways without departing from the
spirit and scope of the present invention, whether explicit or implicit herein. For example,
where reference is made to a particular compound, that compound can be used in various
embodiments of compositions of the present invention and/or in methods of the present
invention, unless otherwise understood from the context. In other words, within this
application, embodiments have been described and depicted in a way that enables a clear and
concise application to be written and drawn, but it is intended and will be appreciated that
embodiments may be varicusly combined or separated without parting from the present
teachings and invention{s). For example, it will be appreciated that all features described and
depicted herein can be applicable to all aspects of the invention(s) described and depicted

herein.

[06226] The terms “a” and “an” and “the” and similar references in the context of
describing the invention {especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. For example, the term “a cell” includes a plurality of cells,
including mixtures thereof. Where the plural form is used for compounds, salts, and the like,

this is taken to mean also a single compound, salt, or the like.

{0221} It should be understood that the expression “at least one of” includes individually
each of the recited objects after the expression and the various combinations of two or more
of the recited objects unless otherwise understood from the context and use. The expression
“and/or” in connection with three or more recited objects should be understood to have the
same meaning unless otherwise understood from the context.

2% <h

10222} The use of the term “include,” “includes,” “including,” “have,” “has,” “having,”

“contain,” “contains,” or “containing,” including grammatical equivalents thereof, should be

76



10

15

20

30

WO 2021/067788 PCT/US2020/054050

understood generally as open-ended and non-limiting, for example, not excluding additional
unrecited elements or steps, unless otherwise specifically stated or understood from the
COBEEXE,

18223} Where the use of the term “about” is before a quantitative value, the present
invention also includes the specific quantitative value itself, unless specifically stated
otherwise. As used herein, the term “about” refers to a £10% variation from the nominal

value unless otherwise indicated or inferred.

{0224} It should be understood that the order of steps or order for performing certain
actions is immaterial so long as the present invention remain operable. Moreover, two or

more steps or actions may be conducted simultaneously.

{0225} The use of any and all exaroples, or exemplary language herein, for example,
“such as” or “including,” 1s intended merely to illustrate better the present invention and does
not pose a limitation ou the scope of the invention unless clatmed. No language in the
specification should be construed as indicating any non-claimed element as essential to the

practice of the present invention.

EXAMPLES

10226} The following Examples are merely illustrative and are not intended to himit the

scope or content of the invention in any way.

Example 1.  fn Vitro Cleavage of Target DNA by Dual Guide MAD7 CRISPR-Cas
Systems

10227} MAD7 is a type V-A (as protein that has endonuclease activity when complexed
with a single guide RNA, also known as a ctRNA in a type V-A system {see, U.S. Patent No.
9,982,279). This example describes cleavage of target DNA using MAD7 1n complex with

dual guide nucleic acids in an 71 vifro cleavage assay.

{0228} Briefly, two different crRNAs, named crRINAT and crRNAZ, were designed to
target the DNMT1 gene. In particular, crRNAZ2 has been reported to have better ability to
activate LbCasi2a and FnoCas12a in zebrafish (see, Liu e7 ol (2019) NUC. ACIDS RES. 47(8):
4169-80). Predicted secondary structures of crRNA1 and ctRNAZ are shown in Figure 2A.
Also designed were a set of targeter and modulator RNAs corresponding to crRNAT, named
crRNAT targeter] and crRNAT modulator], respectively, and a set of targeter and

modulator RNAs corresponding to crRNA2, named crRINAZ targeter! and
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crRNAZ modulator], respectively. Each set of dual guide RNAs represents split of the
corresponding single guide RNA at the middle position of the loop region. The nucleotide

sequences of these guide RINAs are provided in Table 2.

Table 2. Nucleotide Sequences of Tested Single and Dual Guide RNAs

Guide RNA Nucleotide Sequence SEG ID NO

crRNAT UAAUUUCUACUCUUGUAGAUCUGAUGGUCC | 41
AUGUCUGUUA

crRNAT modulatort UAAUUUCUACUC 42

crRINAT targeterl UUGUAGAUCUGAUGGUCCAUGUCUGUUA 43

crRNA2 UAAUUCCCACUCUUGUGGGUCUGAUGGUCC | 44
AUGUCUGUUA

crRNA2 modulatorl JAAUUCCCACUC 45

crRNAZ targeterl UUGUGGGUCUGAUGGUCCAUGUCUGUUA 46

{0229} These guide RNAs were chemically synthesized. Human DNMT! target DNA
was prepared by PCR and contained the nucleotide sequence of 5°-
CGAGAGAGTGCCTCAGGTATGGTGGGGTGGGCCAGGCTTCCTCTGGGGCCTGAL
TGCCCTCTGOGGGGTACATOTOGGGGGCAGTTGCTGGCCACCGTTTTGGGCTCTGEG
ACTCAGGCGOGTCACCTACCCACGTTCGTGGCCCCATCTTICTCAAGGGGCTGCT
GTGAGGATTGAGTGAGTTGCACGTGTCAAGTGCTTAGAGCAGGCGTGCTGCACA
CAGCAGGCCTTTGGTCAGGTTGGCTGCTGGGCTGGCCCTGGGGCCGTTTCCCTCA
CTCCTGCTCGGTGAATTTGGCTCAGCAGGCACCTGCCTCAGCTGCTCACTTGAGC
CTCTGGOGTCTAGAACCCTICTGGGGACCGTTTGAGGAGTGTITCAGTCTCCGTGAAC
GTTCCCTTAGCACTCTGCCACTTATTGGGTCAGCTGTTAACATCAGTACGTTAATG
TTTCCTGATGGTICCATGTCTGTTACTCGCCTGTCAAGTGGUCGTGACACCGGGLGT
GTTCCCCAGAGTGACTTTTCCTTTTATTITCCCTTCAGCTAAAATAAAGGAGGAGG
AAGCTGCTAAGGACTAGTTCTGCCCTCCCGTCACCCCTOTTTICTGGUCACCAGGAA
TCCCCAACATGCACTGATGTTGTGTTTTTAACATGTCAATCTGTCCGTTCACATGT
GTGGTACATGOTGTTTGTGGCC-3 (SEQ ID NO: 40). MAD7 protein, which contained

a nucleoplasmin NLS at the C-ternunus, was expressed in /2. Coli and purified by fast protein
fiquid chromatography (FPLC).

{0230] The single guide and dual guide CRISPR-Cas systems were tested in an in vifro
cleavage assay. Briefly, | uM MAD7 protein was incubated for 10 minutes at room

temperature with 1 uM orRNA1T, 1 pM ctRNAT modulatort, 1 uM erRNA1 targeterl, a
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combination of 1 pM crRNAT modulator] and 1 uM ctRNAT targeter], 1 uM crRNA2, 1
uM crRNA2 modulatorl, | uM crRNAZ targeter}, or a combination of | pM

crRNAZ modulator] and T uM erRNAZ targeter! to form an RNP complex. Then DNMTI
target DNA was added into the solution at a 10:1 or 1:1 molar ratio of MAD?7 to target DNA.
After a 10-minute incubation at 37 °C, the samples were analyzed by electrophoresis in an

agarose gel.

{0231} As shown in Figure 2B, ctRNAT, crRNAZ2, and their corresponding sets of dual
guide RNAGs activated the nuclease activity of MAD7 to cleave the DNMT1 target DNA. By
contrast, crRNA1 modulatorl, crRNAT targeter], crRNAZ modulatorl, or

crRNAZ targeter] alone did not exhibit such activity. The ability of orRNAT1 to activate
MAD7 nuclease under these conditions was greater than that of crRNAZ. For gach of
ctRNAT and crRNAZ2, the ability of the single guide RNA to activate MAD7 nuclease was

greater than that of the corresponding dual guide system.

Extention of Modulator RNAs at the 5” End

{0232] Next assessed was whether the CRISPR-Cas system could tolerate the addition of
a nucleotide sequence at the 57 end of the crRNAs or modulator RNAs., Two crRNA
sequences, named crRNA3J and ctRNA4, were designed to contain additional nucleotide
sequences at the 5” end of crRNA1. The corresponding dual guide systems included
modulator RNAs, named ¢crRNA3 modulator! and crfRNA4 modulatorl, paired with
crRNAT targeter] as the targeter RNA. The sequences of these newly designed guide RNAs
are provided in Table 3. The additional nuclectide sequences at the 5 end of the RNAs are

underlined.

Table 3. Nucleotide Sequences of Tested crRNAs and Modulator RNAs

Guide RNA Nucleotide Sequence SEQ 1D NO
crRNA3 UCCCAUAGAUGAUAAUUUCUACUCUUGUAG | 47
AUCUGAUGGUCCAUGUCUGUUA
crRNA3 modulatorl UCCCAUAGAUGAUAAUUUCUACUC 48
crRINA4 UCCCAUAGAUGACCGUACUCAUAGUAAUUUC | 49
UACUCUUGUAGAUCUGAUGGUCCAUGUCUG
UUA
cRNA4 modulator] | UCCCAUAGAUGACCGCACUCAUAGUAAUUUC | 50
UACUC
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{0233] These guide RINAg were chemically synthesized. An i vitro cleavage assay was
conducted using the method described above. Each guide RNA was used at the concentration
of 1 uM when incubated with MAD7 to form an RNP. The molar ratio of MAD7 and target
DNA was 10:1.

{0234] As shown in Figure 3, crRNAT, ¢rRNA3, and ¢crRNA4 all activated the nuclease
activity of MADY7 to cleave the DNMT1 target DNA. Moreover, each of

crRINA1 modulatorl, crRNA3 modulatorl, and ctRNA4 modulatorl, in combination with
crtRNAT targeter], activated MAD7 nuclease. By contrast, none of the targeter or modulator
RNAs alone exhibited such activity. Therefore, under these conditions, the additional
nucleotide sequences at the 57 end of a ¢rRNA or a modulator RNA did not appear to have

any negative impact on the ability of the guide RNA to activate MAD7 nuclease.

In Vitro Trapscribed Modulator RNAs

{0235} Next assessed was the activity of in vitro transcribed RNAs in a single guide or
dual guide CRISPR-Cas system. Briefly, crfRNAT and crRINA3 were transcribed i virro
from chemically synthesized double-stranded template DNAs using the MegaScript kit
{Ambion). The template DNAs contained a T7 promoter, which had the nucleotide sequence
of GCAGCTAATACGACTCACTATAGG (SEQ ID NO: S1), immediately upstream of the
sequence encoding the RNA of interest. As a result, the 7 vifro transcribed RNAs, named
crRNAT T7 and crRNA3 17, contained the nucleotide sequence of GG at the 5° end of the
transcribed RNA. The RNAs were purified with the Oligo Clean and Concentration kit
{Zymogen) and quantified on a Nanodrop. The quality of the i vifro transeribed RNAs was

assessed on an agarose gel.

{6236} To generate corresponding dual guide systems, template DNAs containing a T7
promoter immediately upstream of a sequence encoding crRINA1 modulator? or

crRNA3 modulator] were in vifro transcribed. The resulting RNAs, named

crRNAT modulator] T7 and crRNA3 modulator] T7, each contained the nuclectide
sequence of GG at the §7 end of the transcribed RNA. The RNA samples were purified, and
their quantity and quality were assessed as described above. These i vitro transcribed

modulator RNAs were used in combination with chemically synthesized ctRNA1 targeter!.

{02371 The in vitro transcribed RNAs were tested o an in vitro cleavage assay using the
method described above. Each guide RNA was used at the concentration of T pM when

incubated with MAD7 to form an RNP. The molar ratio of MAD7 and target DNA was 10:1.
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10238} As shown in Figure 3, crRNAT T7 and ctRNA3 T7 retained the ability to
activate MAD7 nuclease. Similarly, the combinations of (1) crRNA1 modulator! T7 and
crRNAT targeter] and (2) orRNA3 modulator] T7 and crRNA1 targeter! retained their
ability to activate MAD7 nuclease. Therefore, under these conditions, the in vitro transcribed
crRNAs and modulator RNAs, despite containing additional nucleotide sequences at the 5

end, were suitable for use in the single and dual guide CRISPR-Cas systems, respectively.

“Loop” Termini of Modulator and Targeter RNAs

{6239} The dual guide RNAs described above were designed by splitting single guide
RNAs at the middle position of the ctRNA Joop. Next assessed were variants of the dual
guide RNA systems in which a single guide RNA was split at different positions in the loop.
As shown in Figures 4A-4F, crfRNAT (also called RNA #1 herein} was split at different
positions in the loop to generate modulator RNAs named RNAs #2, #4, #6, #8, and #10, and
targeter RNAs named RNAs #3, #5, #7, #9, and #11. The nucleotide sequences of these

guide RNAs are provided in Table 4.

Table 4, Nucleotide Seqguences of Tested Single and Dual Guide RNAs

Guide RNA Nucleotide Sequence SEQ B NG
RNA #1 UAAUUUCUACUCUUGUAGAUCUGAUGGUCC | 41
AUGUCUGUUA
RNA #2 UAAUUUCUACUC 42
RNA #3 UUGUAGAUCUGAUGGUCCAUGUCUGUUA 43
RNA #4 UAAUUUCUAC 15
RNA #5 UCUUGUAGAUCUGAUGGUCCAUGUCUGUUA | 52
RNA #6 UAAUUUCUACU 53
RNA #7 CUUGUAGAUCUGAUGGUCCAUGUCUGUUA 54
RNA #8 UAAUUUCUACUCU 55
RNA #9 UGUAGAUCUGAUGGUCCAUGUCUGUUA 56
RNA #10 UAAUUUCUACUCUU 57
RNA #11 GUAGAUCUGAUGGUCCAUGUCUGUUA 58

{0240} These guide RNAs were chemically synthesized. An in vitro cleavage assay was
conducted using the method described above. Each guide RINA was used at the concentration
of 1 uM when incubated with MADY7 to form an RNP. The molar ratio of MAD7 and target
DNA was 10:1.
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{0241} As shown in Figure 41, the pairs of guide RNAs #2 and #3, #4 and #5, #6 and #7,
and #8 and #9, and #10 and #11 activated the nuclease activity of MAD7 to cleave the
DNMT1 target DNA. None of these targeter or modulator RNAs alone exhibited such
activity. Therefore, under these conditions, the position in the loop at which crRNAT was

split did not appear to affect the activity of the dual guide RNA system.

10242} Surprisingly, combinations of any modulator RNA selected from RNAs #2, #4,
#6, #8, and #10 with any targeter RNA selected from RNAs #3, #5, #7, #9, and #11 were
shown to activiate MAD7 nuclease (Figure 41). In particular, the combination of RNAs #4
and #11 contained no sequence from the loop of crRNAT, and the combination of RNAs #10
and #5 contained the loop sequence of crRNA1 in both the modulator RNA and the targeter
RINA. Therefore, under these conditions, the loop of a corresponding single guide RNA or a
fragment of the loop was dispensable in the dual guide system. When the loop or a loop
fragment was present, its length in either the targeter RNA or the modulator RNA did not

appear to affect the activity of the dual guide RNA system.

Inclusion of Additional Hairpin Sequences

10243} Next assessed were dual guide RNA systems including a hatrpin sequence at the
5" end of a modulator RNA or at the 37 end of a targeter RNA. As shown in Figures 4G-4H,
a hairpin sequence was added at the 57 end or 37 end of ctRNAT to generate single guide
RNA named RNAs #12 and 14, respectively. A modulator RNA corresponding to RNA #12,
which included the hairpin sequence added at the 57 end of crRNAT modulatorl, was
designed and named RNA #13. A targeter RNA corresponding to RNA #14, which included
the hairpin sequence added at the 37 end of crRNAT targeterl, was designed and named
RNA #15. The nucleotide sequences of these guide RNAs are provided in Table 5. The

hairpin sequences in the guide RINAs are underlined.

Table 8. Nucleotide Sequences of Tested Single and Dual Guide RNAs

Guide RNA MNucleotide Sequence SEQ D NG

RNA #12 GCCOGAAAGGCUAAUUUCUACUCUUGUAGAU | 59
CUGAUGGUCCAUGUCUGUUA

RINA #13 GCCOAAAGGCUAAUUUCUACUC 60

RNA #14 UAAUUUCUACUCUUGUAGAUCUGAUGGUCC | 61
AUGUCUGUUAGCCGAAAGGC

RNA #15 UUGUAGAUCUGAUGGUCCAUGUCUGUUAGE | 62
CGAAAGGC
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{0244 These guide RINAgs were chemically synthesized. An i vitro cleavage assay was
conducted using the method described above. Each guide RNA was used at the concentration
of 1 uM when incubated with MAD7 to form an RNP. The molar ratio of MAD7 and target
DNA was 10:1.

10245} As shown in Figure 41, the hairpin-containing single guide RNAs #12 and 14
activated the nuclease activity of MAD7 to cleave the DNMT1 target DNA. The
corresponding modulator RNA #13 and targeter RNA #15, which contained the hairpin
sequence at the 5 end and the 37 end, respectively, did not show such activity alone.
However, when modulator RNA #13 was combined with targeter RNA #3 (as described in
the “‘Loop” Termini of Modulator and Targeter RNAs” subsection) to form a dual guide
system, this pair of RNAs activated MAD7 nuclease. Similarly, when targeter RNA #15 was
combined with modulator RNA #2 (as described 1o the ““Loop” Termini of Modulator and
Targeter RNAs” subsection} to form a dual guide system, this pair of RNAs activated MAD7
nuclease. Notably, the combination of modulator RNA #13 and targeter RNA #15, each
containing a pairpin sequence, also activated MAD7 nuclease. Therefore, under these
conditions, the hairpin sequence added at the 5 end of a modulator RNA or at the 3’ end of a

targeter RNA did not appear to negatively affect the activity of a dual guide system.

Base Pairing Between Modulator RNA and Tarceter RNA

18246} To assess the impact of modulator RNA-targeter RNA base pairing on the activity
of dual guide systems, more single and dual guide systems were designed and tested.
Specifically, crRNA constructs were designed to introduce additional base pairing between
the modulator RNA and the targeter RNA. The nucleotides in the modulator RNA that
formed these base pairs were positioned 3’ to the modulator stem sequence, and the
nucleotides in the targeter RNA that formed these base pairs were positioned 57 to the
targeter stem sequence. As shown in Figures SA-SI, constructs 1 and 2 were tdentical to
crRNAT and crRNAZ2 described above. The other constructs were split either within the loop
regions to generate combinations 3, 5,7, 9, 11, 13, and 15 or within the stem regions 1o
generate combinations 4, 6, 8, 10, 12, 14, and 16. The nucleotides sequences of these guide
RNAg are provided in Table 6. The Gibbs free energy change (AG) of the corresponding

crRINAs was calculated by the RNAfold program and are noted in Figures SA-5L
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Table 6. Nucleotide Sequences of Tested Single and Dual Guide RNAs

Construct cr RNA Sequence SEQ ID NO

1 UAAUUUCUACUCUUGUAGAUCTGATGGTCCATGTICTG | 63
TTA

Z UAAUUCCCACUCUUGUGGGUCTGATGGTCCATGTCTG | 64
TTA

Combination | Modulator RNA SEQ Targeter RNA Sequence SEQ
Sequence D NO D NG

3 UAAUUCCCACUC 45 UUGUGGGUCTGATGGTCC | 78

ATGTCTGTTA

4 UAAUUCCCACUCUU | 65 UGGGUCTGATGGTCCATG | 79
G TCTGTTA

5 UAAUUCCCACUCUC | 66 UUGUGUGGGUCTGATGGT | 80

CCATGTCTGTTA

6 UAAUUCCCACUCUC | 67 UGGGUCTGATGGTCCATG | 81
UuGuUG TCTGTTA

7 UAAUUCCCACUCCU | 68 UUGUUGUGGGUCTGATGG | 82
C TCCATGTCTGTTA

8 UAAUUCCCACUCCU | 69 UGGGUCTGATGGTCCATG | 83
CUUGUUG TCTGTTA

g UAAUUCCCACUGCU | 70 UUGCUGUGGGUCTGATGG | 84
C TCCATGTCTGTTA

10 UAAUUCCCACUGCU | 71 UGGGUCTGATGGTCCATG | 85
CUUGCUG TCTGTTA

1 UAAUUCCCACUCGC | 72 VUGCUUGUGGGUCTGATG | 86
uc GTCCATGTCTGTTA

12 UAAUUCCCACUCGC | 73 UGGGUCTGATGGTCCATG | 87
UCUUGCUUG TCTGTTA

13 UAAUUCCCACUCGC | 74 UUGCGUGUGGGUCTGATG | 88
uc GTCCATGTCTGTTA

14 UAAUUCCCACUCGC | 75 UGGGUCTGATGGTCCATG | 89
UCUUGCGUG TCTGTTA

15 UAAUUCCCACUCCG | 76 JUGCGUUGUGGGUCTGAT | 90
CucC GGTCCATGTCTGTTA

16 UAAUUCCCACUCCG | 77 UGGGUCTGATGGTCCATG | 9t
CUCUUGCGUUG TCTGTTA

10247} The guide RNAs were chemically synthesized. An #n vifro cleavage assay was

conducted using the method described above, except that the MADT protein was incubated

with an equimolar amount of RNA(s) at 25 °C for 20 min to form an RNP, and the RNPs
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were incubated with the target DNA for 30 minutes. Each guide RNA was used at the
concentration of 1 uM when incubated with MAD7 to form an RNP. The molar ratio of

MAD7 and target DNA was 10:1.

{02481 As shown in Figures 5J-3K, splitting the crRNAs within the stem regions into
dual guides abrogated the activity of the CRISPR-Cas system. However, where the crRNAs
were split within the foop regions, the ability of the dual guide system to activate MAD7
nuclease was reduced in the systems that contained additional base pairing between the

modulator RNA and the targeter RNA.

Example 2. Cleavage of Genomic DNA by Dual Guide MAD7 CRISPR-Cas Systems
18249] This example describes cleavage of the genomic DNA of Jurkat cells using

MAD7 in cormplex with single guide or dual guide nucleic acids.

10250} Briefly, Jurkat cells were grown in RPMI 1640 medium (Thermo Fisher
Scientific, A1049101) supplemented with 10% fetus bovine serum at 37° Cina 5% CO-
environment, and split every 2-3 days to a density of 100,000 cells/mbL. MAD7 protein,
which contained a nucleoplasmin NLS at the C-terminus, was expressed in £. ('ofi and
purified by FPLC. RNP complexes were prepared by incubating 150 prool MAD7 protein
with 150 pmol crRINAT or a combination of 150 pmol crRNA1 modulator! and 150 pmol
ctRNAT1 targeter], as described in Example 1, for 10 minutes at room temperature. The
RNPs were mixed with 200,000 Jurkat cells in a final volume of 25 ul.. Electroporation was
carried out on a 4D-Nucleofector (Lonza) using program CA-137. Following

electroporation, the cells were cultured for three days.

{0251} Genomic DNA of the cells was extracted using the Quick Extract DNA extraction
solution 1.0 (Epicentre). The DNMT1 gene was amplified from the genomic DNA samples
in a PCR reaction using a forward primer having the nucleotide sequence of
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTGTTCAGTCTCCGTGAACGT
{SEQ ID NO: 92) and a reverse primer having the nucleotide sequence of
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTCCTTAGCAGCTTCCTCCTC
C(SEQ ID NO: 93). The amplified DNA was purified and used as template in a second PCR
reaction using Nextera indexing primers Index 1 and Index 2. The sequence of Index T was
CAAGCAGAAGACGGCATACGAGATIHTIGTCTCGTGGGCTCGG (SEQ ID NO: 94) and
the sequence of Index 2 was

AATGATACGGCGACCACCGAGATCTACACHS I TCGTCGGCAGCGTC (SEQ ID NO:
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953, where 17 and 15 represented barcodes for multiplexing. The PCR products were analyzed
by next-generation sequencing, and the data were analyzed with the AmpliCan package (see,
Labun ef of. (2019}, Accurate analysis of genuine CRISPR editing evenis with ampliCon,
GENOME RES., electronically published in advance). The quality of the sequencing results
was verified in Figure 6B. Editing efficiency was determined by the number of edited reads
relative to the total number of reads obtained under each condition. The experiment was

conducted in duplicate.

{0252 As shown in Figure 64, the combination of ctRNA1 modulator] and
crRNAT targeter], in complex with MAD7, edited 25-40% of the DNMT1 genomic locus in
the population of Jurkat cells. This observed efficiency was sumular to the efficiency

achieved by using ctRNAT and MAD7.

Example 3. Cleavage of Other Target Sites by Dual Guide MAD7 CRISPR-Cas
wystems

18253 Examples 1 and 2 describe cleavage of a target DNA having the sequence of the
human DNMT1 gene. This example describes cleavage of other target DNAs using MAD7
in complex with dual guide nucletc acids.

{0254] Briefly, crRNAs and corresponding targeter RNAs were designed to target other
human genes. These targeter RNAs can be combined with crRNA1 modulator] to generate a
dual guide system. The sequences of the guide RNAs used in this experiment are provided in

Table 7. Guide RNAs targeting other human genes are also designed.

Table 7. Nucleotide Sequences of Exemplary Single and Dual Guide RNAs

Guide RNA Nucleotide Sequence Target | SEQ
Gene B NO

crRNAT modulatort | UAAUUUCUACUC N/A 42

crRNA_CD90 UAAUUUCUACUCUUGUAGAUCTGGTGAAGT | CD90 160
TGGTTCGGGAG

crRNA CD90 UUGUAGAUCTGGTGAAGTTGGTTCGGGAG CD%0 101

targeter

crRNA PDCD1 23 | UAAUUUCUACUCUUGUAGAUTCTGCAGGGA | PDCDY | 103
CAATAGGAGCC

ctRNA PDCDY 23 | UUGUAGAUTCTGCAGGGACAATAGGAGCC | PDCDT | 104

targeter

o RNA LAG3 UAAUUUCUACUCUUGUAGAUGGGTGCATAC | LAGS 105
CTGTCTGGCTG
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Guide RNA Nucleotide Sequence Target | SEQ
Gene B NO

crRNA LAG3 UUGUAGAUGGGTGCATACCTGTCTGGCTG LAGS3 166

targeter

crRINA PTPN11 UAAUUUCUACUCUUGUAGAUUAUGACCUG | PTENIL | 107
UAUGGAGGGGAG

crRNA PTPNIT UUGUAGAUUAUGACCUGUAUGGAGGGGAG | PTPNILT | 108

targeter

crRINA PDCDI1 8 UAAUUUCUACUCUUGUAGAUGCACGAAGC | PDCDY | 109
TCTCCGATGTGT

crRNA PDCD1 8 | UUGUAGAUGCACGAAGCTCTCCGATGTGT PDCDY | 110

targeter

crRNA FAS UAAUUUCUACUCUUGUAGAUGTGTAACATA | FAS 11l
CCTGGAGGACA

crRNA FAS UUGUAGAUGTGTAACATACCTGGAGGACA FAS 112

targeter

crRNA TIGIT UAAUUUCUACUCUUGUAGAUGTCCTCCCTC | TIGIT 113
TAGTGGCTGAG

crRINA TIGIT UUGUAGAUGTCCTCCCTCTAGTGGCTGAG TIGIT 114

targeter

crRINA CTLA4 UAAUUUCUACUCUUGUAGAUAGCGGCACA | CTLA4 | 115
AGGCTCAGCTGA

crRINA CTLA4 UUGUAGAUAGCGGCACAAGGCTCAGCTGA | CTLA4 | 116

targeter

crRINA B2M UAAUUUCUACUCUUGUAGAUACTTTCCATT | B2M 117
CTCTGCTGGAT

crRNA B2M UUGUAGAUACTTTCCATTCTCTGCTGGAT B2M 118

targeter

crRNA PBCD1 2 UAAUUUCUACUCUUGUAGAUCCTTCCGCTC | PDCDY | 119
ACCTCCGCCTG

crRNA PDCD1 2 UUGUAGAUCCTTCCGCTCACCTCCGCCTG PDCDYT | 120

targeter

crRNA CDS2 UAAUUUCUACUCUUGUAGAUCTCTTCCTCC | CD52 121
TACTCACCATC

crRINA CD52 UUGUAGAUCTCTTCCTCCTACTCACCATC CDS52 122

targeter

{0255} The guide RNAs were chemically synthesized. In cell cleavage assay was

conducted using the method described in Example 2.

[0236]

the human genome at similar efficiencies as the respective single guide RNA.

As shown in Figure 7, in each of the target loci tested, the dual guide RNAs edited
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Systems using different splits in the ¢vRNA loops

[0257]

guide nucleic acids split at different positions in the cRNA loop.

{02588}

Cleavage of Other Target Sites by Dual Guide MAD7 CRISPR-Cas

This example describes cleavage of DNAs using MAD7 in complex with dual

Briefly, the ctRNAs targeting CD52, PDCD1, and TIGIT and moduiator RNAs

and targeter RNAs in a dual guide CRISPR system were chemically synthesized. The

nucleotide sequences of these RNAs are shown in Table & below.

Table 8. Nucleotide Sequences of Exemplary Single and Dual Guide RNAs

Guide RNA Nucleotide Sequence Target | SEQ
Gene 1D NG

crRNA modulatorl | UAAUUUCUAC N/A 96

crRNA modulator2 | UAAUUUCUACU N/A 97

crRNA modulator3 | UAAUUUCUACUC N/A 42

crRNA _modulatord | UAAUUUCUACUCYU N/A 98

crRNA modulatorS | UAAUUUCUACUCUU N/A 99

crRNA CDs2 UAAUUUCUACUCUUGUAGAUCUCUUCCUC | CD52 123
CUACUCACCAUC

crRNA CDS2 UCUUGUAGAUCUCUUCCUCCUACUCACCAU | CD52 124

targeterl C

oRNA CD52 CUUGUAGAUCUCUUCCUCCUACUCACCAUC | CD52 125

targeter2

crRNA D52 UUGUAGAUCUCUUCCUCCUACUCACCAUC CD52 126

targeter3

crRNA CD52 UGUAGAUCUCUUCCUCCUACUCACCAUC CD52 127

targeterd

crRNA CD52 GUAGAUCUCUUCCUCCUACUCACCAUC CDs52 128

targeterd

crRNA PDCD1 UAAUUUCUACUCUUGUAGAUGCACGAAGC | PDCDY | 129
UCUCCGAUGUGU

ctRNA PDCDT UCUUGUAGAUGCACGAAGCUCUCCGAUGU | PDCBT | 130

targetert GU

crRNA PDCDT CUUGUAGAUGCACGAAGCUCUCCGAUGUG | PDCDIL | 131

fargeter? U

coRNA PDCD1T UUGUAGAUGCACGAAGCUCUCCGAUGUGU | PDCDI | 132

targeter3

crRNA _PDCDT UGUAGAUGCACGAAGCUCUCCGAUGUGU PDCDYI | 133

targeterd
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Guide RNA Nucleotide Sequence Target | SEQ
Gene B NO
crRNA PDCDT GUAGAUGCACGAAGCUCUCCGAUGUGU PDCDL | 134
targeters
oRNA TIGIT UAAUUUCUACUCUUGUAGAUGUCCUCCCU | TIGIT 135
CUAGUGGCUGAG
orRNA TIGIT UCUUGUAGAUGUCCUCCCUCUAGUGGCUG | TIGIT 136
targeter} AG
crRNA TIGIT CUUGUAGAUGUCCUCCCUCUAGUGGCUGA | TIGIT 137
targeter? G
crRNA TIGIT UUGUAGAUGUCCUCCCUCUAGUGGCUGAG | TIGIT 138
targeter3
crRNA TIGIT UGUAGAUGUCCUCCCUCUAGUGGCUGAG TIGIT 139
targeterd
crRNA_TIGIT GUAGAUGUCCUCCCUCUAGUGGCUGAG TIGIT 140
targeters

{0259] In Table 8, crRNA CDS52) crBRNA PDCDI, and crRNA TIGIT were used as
single guide RNAs targeting CD52, PDCDI, and TIGIT, respectively. ¢rRNA _modulator]
was used in combination with crRNA CDS2 targeterl, crRNA PDCDI1 targeter!, or
crRNA TIGIT targeter! as dual guide RNAs corresponding to the respective single guide
RINA, wherein the single guide RNA is split at the first internucleotide bond from the 5’end
of the loop. ¢rRNA modulator? was used in combination with crRNA CD52 targeter2,
crRNA PDCD1Y targeter2, or crfRNA TIGIT targeter? as dual guide RNAs corresponding to
the respective single guide RNA, wherein the single guide RNA 15 split at the second
internucteotide bond from the 5’end of the loop. crRNA modulator3 was used in
combination with crRNA CDS52 targeter3, crtRNA PDCDI targeter3, or

ctRNA TIGIT targeter3 as dual guide RNAs corresponding 1o the respective single guide
RNA, wherein the single guide RNA is split at the third internucleotide bond from the S’end
of the loop. ¢rRNA modulatord was used in combination with ctRNA_CD352 targeterd,
crRINA PDCD1 targeterd, or crRNA TIGIT targeterd as dual guide RNAs corresponding to
the respective single guide RNA, wherein the single guide RNA is split at the fourth
internuclestide bond from the 5’end of the loop. crRNA modulaters was used in
combination with ctRNA_CDS2 targeterS, ooRNA PDCD1 targeter3, or

crRNA TIGIT targeterS as dual guide RNAs corresponding to the respective single guide
RINA, wherein the single guide RNA is split at the fifth internucleotide bond from the 5’end
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of the loop. An in-cell cleavage assay was conducted using the method described in

Examples 1 above.

{0260} As shown in Figure 8, for each target gene tested, the dual guide CRISPR gystem
edited the genomes of cells in the in-cell cleavage assay at similar efficiencies where the split
position is 2, 3, 4, or 5, and at significantly lower efficiencies where the split position is 1
{i.e., split at the first internucieotide bond of the loop from the 57 end). This result suggested
that the modulator RNA should include at least one nucleotide {e.g., uridine} 3° to the

modulator stem sequence for optimal activity in cells.

INCORPORATION BY REFERENCE

18261} The entire disclosure of each of the patent and scientific documents referred to

herein is incorporated by reference for all purposes.

EQUIVALENTS

{0262} The invention may be embodied i1u other specific forms without departing trom
the spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting on the invention described herein.
Scope of the invention ts thus indicated by the appended claims rather than by the foregoing
description, and all changes that come within the meaning and range of equivalency of the

claims are intended to be embraced therein.
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CLAIMS
1. An engineered, non-naturally occurring system comprising:
{(a) a targeter nucleic acid comprising:
{i) a spacer sequence designed to hybridize with a target nucleotide

sequence; and
(1)  atargeter stem sequence; and
{(b) a modulator nucleic acid comprising a modulator stem sequence

complementary to the targeter stem sequence,
wherein the targeter nucleic acid and the modulator nucleic acid are separate nucleic acids,
and wherein a complex comprising the targeter nucleic acid and the modulator nucleic acid s
capable of activating a CRISPR Associated {(Cas) nuclease that, in a naturally occurring
system, is activated by a single crRNA in the absence of a tractRNA.
2. The engineered, non-naturally occurring systern of claim 1, wherein the Cas nuclease
is a type V-A Cas nuclease.
3. The engineered, non-naturally occurring system of claim 1 or 2, wherein the targeter

stem sequence and the modulator stem sequence are each 4-10 nucleotides in length.

4. The engineered, non-naturally occurring system of any one of claims 1-3, wherein the

targeter stem sequence and the modulator stem sequence are each 5 nucleotides 1n length.
5. The engineered, non-naturally occurring systern of any one of the preceding claims,
wherein the targeter stem sequence and the modulator stem sequence are hybridized through

Watson-Crick base pairing.

6. The engineered, non-naturally occurring system of any one of claims 1-5, wherein the

spacer sequence is about 20 nucleotides in length.

7. The engineered, novn-naturally occurring system of any one of claims 1-5, wherein the

spacer sequence is 18 nucleotides in length or shorter.
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g The engineered, non-naturally occurring system of claim 7, wherein the spacer

sequence is 17 nucleotides in length or shorter.

9. The engineered, non-naturally occurring system of any one of the preceding claims,
wherein the targeter nucleic acid comprises, from 57 to 3, the targeter stem sequence, the

spacer sequence, and an optional additional nucleotide sequence.

10. The engineered, non-naturally occurring system of any one of the preceding claims,

wherein the targeter nucleic acid comprises a ribonucleic acid (RINA).

11 The engineered, non-naturally occurring system of claim 10, wherein the targeter

nucleic acid comprises a modified RNA.

12. The engineered, non-naturally occurring system of claim 10 or 11, wherein the

targeter nucleic acid comprises a combination of RNA and DNA.

13. The engineered, non-naturally occurring system of any one of claims 10-12, wherein

the targeter nucleic acid comprises a chemical modification.

14 The engineered, non-naturally occurring system of claim 13, wherein the chemical

modification is present in one or more nucleotides at the 37 end of the targeter nucleic acid.

15. The engineered, non-naturally occurring system of claim 13 or 14, wherein the
chemical modification is selected from the group consisting of 2'-O-methyl, 2'-fluore, 2°-0-
methoxyethyl, phosphorothioate, phosphorodithicate, pseudouridine, and any combinations

thereof

16. The engineered, non-naturally occurring system of any one of the preceding claims,

wherein the modulator nucleic acid further comprises an additional nucleotide sequence.

17.  The engineered, non-naturally occurring system of claim 16, wherein the additional

nucleotide sequence is positioned 57 to the modulator stem sequence.
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18. The engineered, non-naturally occurring system of claim 16 or 17, wherein the

additional nucleotide sequence is 4-50 nucleotides in length.

19. The engineered, non-naturally occurring system of any one of claims 16-18, wherein
the additional nucleotide sequence comprises a donor teraplate-recruiting sequence capable of

hybridizing with a donor template.

20. The engineered, non-naturally occurring system of claim 19, further comprising the
donor template.
21 The engineered, non-naturally occurring system of any one of the preceding claims,

wherein the modulator nucleic acid comprises one or more nucleotides 37 to the modulator

stem sequence.

22. The engineered, non-naturally occurring system of any one of the preceding claims,

wherein the modulator nucleic acid comprises an RNA.

23, The engineered, non-naturally occurring systern of claim 22, wherein the modulator
2 sl 2

nucleic acid comprises a modified RNA.

24. The engineered, non-naturally oceurring system of claim 22 or 23, wherein the

modulator nucleic acid comprises a combination of RNA and DNA.

25, The engineered, non-naturally occurring system of any one of claims 22-24, wherein

the roodulator nucleic acid comprises a chemical modification.

26. The engineered, non-naturally occurring systerm of claim 25, wherein the chemical

modification is present in one or more nucleotides at the 57 end of the modulator nucleic acid.

27. The engineered, non-naturally oceurring system of claim 25 or 26, wherein the
chemical modification is selected from the group consisting of 2'-O-methyl, 2'-fluoro, 2-0-
methoxyethyl, phosphorothioate, phosphorodithioate, pseudouridine, and any combinations

thereof.
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28. The engineered, non-naturally occurring system of any one of the preceding claims,

wherein the targeter nucleic acid and the modulator nucleic acid are not covalently linked.

29. The engineered, non-naturally occurring system of any one of claims 1-28, wherein

the Cas nuclease comprises an amino acid sequence at least 80% 1dentical to SEQ ID NG 1.

30.  The engineered, non-naturally occurring system of any one of claims 1-28, wherein

the Cas nuclease is Cpfl.

31 The engineered, non-naturally occurring systerm of any one of the preceding claims,

further comprising the Cas nuclease.
32, The engineered, non-naturally occurring system of claim 31, wherein the targeter
nucleic acid, the modulator nucleic acid, and the Cas nuclease are presentin a

ribonucleoprotein (RINP) complex.

33, A eukaryotic cell comprising the engineered, non-naturally occurring system of any

one of claims 1-32.

34. A composition comprising the engineered, non-naturally occurring system of any one

of claims 1-32 or the eukaryotic cell of claim 33

35, A method of cleaving a target DNA having a target nucleotide sequence, the method

comprising contacting the target DNA with the engineered, non-naturally occurring system of

any one of claims 1-32, thereby resulting in cleavage of the target DNA.

36.  The method of claim 35, wherein the contacting occurs i vifro.

37.  The method of claim 35, wherein the contacting occurs in a cell ex vivo.

38. The method of claim 37, wherein the target DNA 1s genomic DNA of the cell.

39, The method of claim 37 or 38, wherein the system is delivered into the cell as a pre-

formed RNP complex.
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40.  The method of claim 39, wherein the pre-formed RNP complex is delivered into the

cell by electroporation.

41, A method of editing the genome of a eukaryotic cell, the method comprising
delivering the engineered, non-naturally occurring system of any one of claims 1-32 into the

eukaryotic cell, thereby resulting in editing of the genome of the eukaryotic cell.

42, The method of claim 41, wherein the system is delivered into the cell as a pre-formed

RINP complex.

43, The method of claim 41 or 42, wherein the system is delivered into the cell by
electroporation.

44 The method of any one of claims 37-43, wherein the cell is an immune cell.
45, The method of claim 44, wherein the immune cell is a T lymphocyte.
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