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NUCLEOBASE EDITORS AND USES THEREOF
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BACKGROUND OF THE INVENTION
[0003] Targeted editing of nucleic acid sequences, for example, the targeted cleavage or the
targeted introduction of a specific modification into genomic DNA, is a highly promising
approach for the study of gene function and also has the potential to provide new therapies
for human genetic diseases." An ideal nucleic acid editing technology possesses three
characteristics: (1) high efficiency of installing the desired modification; (2) minimal off-
target activity; and (3) the ability to be programmed to edit precisely any site in a given
nucleic acid, e.g., any site within the human genome.” Current genome engineering tools,
including engineered zinc finger nucleases (ZFNs),’ transcription activator like effector
nucleases (TALENS),* and most recently, the RNA-guided DNA endonuclease Cas9,” effect
sequence-specific DNA cleavage in a genome. This programmable cleavage can result in
mutation of the DNA at the cleavage site via non-homologous end joining (NHEJ) or
replacement of the DNA surrounding the cleavage site via homology-directed repair

(HDR).*’
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[0004] One drawback to the current technologies is that both NHEJ and HDR are stochastic
processes that typically result in modest gene editing efficiencies as well as unwanted gene
alterations that can compete with the desired alteration.® Since many genetic diseases in
principle can be treated by effecting a specific nucleotide change at a specific location in the
genome (for example, a C to T change in a specific codon of a gene associated with a
disease),” the development of a programmable way to achieve such precision gene editing
would represent both a powerful new research tool, as well as a potential new approach to

gene editing-based human therapeutics.

SUMMARY OF THE INVENTION

[0005] The clustered regularly interspaced short palindromic repeat (CRISPR) system is a
recently discovered prokaryotic adaptive immune system'” that has been modified to enable
robust and general genome engineering in a variety of organisms and cell lines."' CRISPR-
Cas (CRISPR associated) systems are protein-RNA complexes that use an RNA molecule
(sgRNA) as a guide to localize the complex to a target DNA sequence via base-pairing.'> In
the natural systems, a Cas protein then acts as an endonuclease to cleave the targeted DNA
sequence.’ The target DNA sequence must be both complementary to the sgRNA, and also
contain a “protospacer-adjacent motif” (PAM) at the 3'-end of the complementary region in
order for the system to function."

[0006] Among the known Cas proteins, S. pyogenes Cas9 has been mostly widely used as a
tool for genome engineering."”> This Cas9 protein is a large, multi-domain protein containing
two distinct nuclease domains. Point mutations can be introduced into Cas9 to abolish
nuclease activity, resulting in a dead Cas9 (dCas9) that still retains its ability to bind DNA in
a sgRNA-programmed manner.'® In principle, when fused to another protein or domain,
dCas9 can target that protein to virtually any DNA sequence simply by co-expression with an
appropriate sgRNA.

[0007] The potential of the dCas9 complex for genome engineering purposes is immense.
Its unique ability to bring proteins to specific sites in a genome programmed by the sgRNA in
theory can be developed into a variety of site-specific genome engineering tools beyond
nucleases, including transcriptional activators, transcriptional repressors, histone-modifying
proteins, integrases, and recombinases.'’ Some of these potential applications have recently
been implemented through dCas9 fusions with transcriptional activators to afford RNA-

16,19,20
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guided transcriptional activators, " transcriptional repressors, and chromatin
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modification enzymes.”' Simple co-expression of these fusions with a variety of sgRNAs
results in specific expression of the target genes. These seminal studies have paved the way
for the design and construction of readily programmable sequence-specific effectors for the
precise manipulation of genomes.

[0008] Significantly, 80-90% of protein mutations responsible for human disease arise from
the substitution, deletion, or insertion of only a single nucleotide.® Most current strategies for
single-base gene correction include engineered nucleases (which rely on the creation of
double-strand breaks, DSBs, followed by stochastic, inefficient homology-directed repair,
HDR), and DNA-RNA chimeric oligonucleotides.”” The latter strategy involves the design of
a RNA/DNA sequence to base pair with a specific sequence in genomic DNA except at the
nucleotide to be edited. The resulting mismatch is recognized by the cell’s endogenous repair
system and fixed, leading to a change in the sequence of either the chimera or the genome.
Both of these strategies suffer from low gene editing efficiencies and unwanted gene
alterations, as they are subject to both the stochasticity of HDR and the competition between
HDR and non-homologous end-joining, NHEJ.>** HDR efficiencies vary according to the
location of the target gene within the genome,™ the state of the cell cycle,” and the type of
cell/tissue.”® The development of a direct, programmable way to install a specific type of base
modification at a precise location in genomic DNA with enzyme-like efficiency and no
stochasticity therefore represents a powerful new approach to gene editing-based research
tools and human therapeutics.

[0009] Some aspects of the disclosure are based on the recognition that certain
configurations of a dCas9 domain, and a cytidine deaminase domain fused by a linker are
useful for efficiently deaminating target cytidine residues. Other aspects of this disclosure
relate to the recognition that a nucleobase editing fusion protein with a cytidine deaminase
domain fused to the N-terminus of a nuclease inactive Cas9 (dCas9) via a linker was capable
of efficiently deaminating target nucleic acids in a double stranded DNA target molecule. See
for example, Examples 3 and 4 below, which demonstrate that the fusion proteins, which are
also referred to herein as base editors, generate less indels and more efficiently deaminate
target nucleic acids than other base editors, such as base editors without a UGI domain. In
some embodiments, the fusion protein comprises a nuclease-inactive Cas9 (dCas9) domain
and an apolipoprotein B mRNA-editing complex 1 (APOBEC1) deaminase domain, where
the deaminase domain is fused to the N-terminus of the dCas9 domain via a linker
comprising the amino acid sequence SGSETPGTSESATPES (SEQ ID NO: 7). In some

embodiments, the nuclease-inactive Cas9 (dCas9) domain of comprises the amino acid
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sequence set forth in SEQ ID NO: 263. In some embodiments, the deaminase is rat
APOBECI (SEQ ID NO: 284). In some embodiments, the deaminase is human APOBEC1
(SEQ ID NO: 282). In some embodiments, the deaminase is pmCDA1 (SEQ ID NO: 5738).
In some embodiments, the deaminase is human APOBEC3G (SEQ ID NO: 275). In some
embodiments, the deaminase is a human APOBEC3G variant of any one of (SEQ ID NOs:
5739-5741).

[0010] Some aspects of the disclosure are based on the recognition that certain
configurations of a dCas9 domain, and a cytidine deaminase domain fused by a linker are
useful for efficiently deaminating target cytidine residues. Other aspects of this disclosure
relate to the recognition that a nucleobase editing fusion protein with an apolipoprotein B
mRNA-editing complex 1 (APOBEC1) deaminase domain fused to the N-terminus of a
nuclease inactive Cas9 (dCas9) via a linker comprising the amino acid sequence
SGSETPGTSESATPES (SEQ ID NO: 7) was capable of efficiently deaminating target
nucleic acids in a double stranded DNA target molecule. In some embodiments, the fusion
protein comprises a nuclease-inactive Cas9 (dCas9) domain and an apolipoprotein B mRNA-
editing complex 1 (APOBEC1) deaminase domain, where the deaminase domain is fused to
the N-terminus of the dCas9 domain via a linker comprising the amino acid sequence
SGSETPGTSESATPES (SEQ ID NO: 7).

[0011] In some embodiments, the fusion protein comprises the amino acid residues 11-1629
of the amino acid sequence set forth in SEQ ID NO: 591. In some embodiments, the fusion
protein comprises the amino acid sequence set forth in SEQ ID NO: 591. In some
embodiments, the fusion protein comprises the amino acid sequence of any one of SEQ ID
NOs: 5737, 5743, 5745, and 5746.

[0012] Some aspects of this disclosure provide strategies, systems, reagents, methods, and
kits that are useful for the targeted editing of nucleic acids, including editing a single site
within a subject’s genome, e.g., a human’s genome. In some embodiments, fusion proteins of
Cas9 (e.g., dCas9, nuclease active Cas9, or Cas9 nickase) and deaminases or deaminase
domains, are provided. In some embodiments, methods for targeted nucleic acid editing are
provided. In some embodiments, reagents and kits for the generation of targeted nucleic acid
editing proteins, e.g., fusion proteins of Cas9 and deaminases or deaminase domains, are
provided.

[0013] Some aspects of this disclosure provide fusion proteins comprising a Cas9 protein as
provided herein that is fused to a second protein (e.g., an enzymatic domain such as a

cytidine deaminase domain), thus forming a fusion protein. In some embodiments, the
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second protein comprises an enzymatic domain, or a binding domain. In some embodiments,
the enzymatic domain is a nuclease, a nickase, a recombinase, a deaminase, a
methyltransferase, a methylase, an acetylase, an acetyltransferase, a transcriptional activator,
or a transcriptional repressor domain. In some embodiments, the enzymatic domain is a
nucleic acid editing domain. In some embodiments, the nucleic acid editing domain is a
deaminase domain. In some embodiments, the deaminase is a cytosine deaminase or a
cytidine deaminase. In some embodiments, the deaminase is an apolipoprotein B mRNA-
editing complex (APOBEC) family deaminase. In some embodiments, the deaminase is an
APOBEC1 deaminase. In some embodiments, the deaminase is an APOBEC2 deaminase. In
some embodiments, the deaminase is an APOBEC3 deaminase. In some embodiments, the
deaminase is an APOBEC3A deaminase. In some embodiments, the deaminase is an
APOBEC3B deaminase. In some embodiments, the deaminase is an APOBEC3C deaminase.
In some embodiments, the deaminase is an APOBEC3D deaminase. In some embodiments,
the deaminase is an APOBEC3E deaminase. In some embodiments, the deaminase is an
APOBECS3F deaminase. In some embodiments, the deaminase is an APOBEC3G deaminase.
In some embodiments, the deaminase is an APOBEC3H deaminase. In some embodiments,
the deaminase is an APOBEC4 deaminase. In some embodiments, the deaminase is an
activation-induced deaminase (AID). It should be appreciated that the deaminase may be
from any suitable organism (e.g., a human or a rat). In some embodiments, the deaminase is
from a human, chimpanzee, gorilla, monkey, cow, dog, rat, or mouse. In some embodiments,
the deaminase is rat APOBEC1 (SEQ ID NO: 284). In some embodiments, the deaminase is
human APOBEC1 (SEQ ID NO: 282). In some embodiments, the deaminase is pmCDA1.
[0014] Some aspects of this disclosure provide fusion proteins comprising: (i) a nuclease-
inactive Cas9 (dCas9) domain comprising the amino acid sequence of SEQ ID NO: 263; and
(11) an apolipoprotein B mRNA-editing complex 1 (APOBEC1) deaminase domain, wherein
the deaminase domain is fused to the N-terminus of the dCas9 domain via a linker
comprising the amino acid sequence of SGSETPGTSESATPES (SEQ ID NO: 7). In some
embodiments, the deaminase is rat APOBEC1 (SEQ ID NO: 284). In some embodiments, the
deaminase is human APOBECI1 (SEQ ID NO: 282). In some embodiments, the fusion protein
comprises the amino acid sequence of SEQ ID NO: 591. In some embodiments, the fusion
protein comprises the amino acid sequence of SEQ ID NO: 5737. In some embodiments, the
deaminase is pmCDA1 (SEQ ID NO: 5738). In some embodiments, the deaminase is human
APOBEC3G (SEQ ID NO: 275). In some embodiments, the deaminase is a human
APOBEC3G variant of any one of SEQ ID NOs: 5739-5741.
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[0015] Some aspects of this disclosure provide fusion proteins comprising: (i) a Cas9
nickase domain and (ii) an apolipoprotein B mRNA-editing complex 1 (APOBEC1)
deaminase domain, wherein the deaminase domain is fused to the N-terminus of the Cas9
nickase domain.. In some embodiments, the Cas9 nickase domain comprises a D10X
mutation of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260, wherein X is
any amino acid except for D. In some embodiments, the amino acid sequence of the Cas9
nickase domain comprises a D10A mutation of the amino acid sequence provided in SEQ ID
NO: 10, or a corresponding mutation in any of the amino acid sequences provided in SEQ ID
NOs: 11-260. In some embodiments, the amino acid sequence of the Cas9 nickase domain
comprises a histidine at amino acid position 840 of the amino acid sequence provided in SEQ
ID NO: 10, or a corresponding amino acid position in any of the amino acid sequences
provided in SEQ ID NOs: 11-260. In some embodiments, the amino acid sequence of the
Cas9 nickase domain comprises the amino acid sequence as set forth in SEQ ID NO: 267. In
some embodiments, the deaminase is rat APOBEC1 (SEQ ID NO: 284). In some
embodiments, the deaminase is human APOBEC1 (SEQ ID NO: 282). In some embodiments,
the deaminase is pmCDA1.

[0016] Some aspects of this disclosure provide fusion proteins comprising: (i) a Cas9
nickase domain and (ii) an apolipoprotein B mRNA-editing complex 1 (APOBEC1)
deaminase domain, wherein the deaminase domain is fused to the N-terminus of the Cas9
nickase domain.. In some embodiments, the Cas9 nickase domain comprises a D10X
mutation of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260, wherein X is
any amino acid except for D. In some embodiments, the amino acid sequence of the Cas9
nickase domain comprises a D10A mutation of the amino acid sequence provided in SEQ ID
NO: 10, or a corresponding mutation in any of the amino acid sequences provided in SEQ ID
NOs: 11-260. In some embodiments, the amino acid sequence of the Cas9 nickase domain
comprises a histidine at amino acid position 840 of the amino acid sequence provided in SEQ
ID NO: 10, or a corresponding amino acid position in any of the amino acid sequences
provided in SEQ ID NOs: 11-260. In some embodiments, the amino acid sequence of the
Cas9 nickase domain comprises the amino acid sequence as set forth in SEQ ID NO: 267. In
some embodiments, the deaminase is rat APOBEC1 (SEQ ID NO: 284). In some
embodiments, the deaminase is human APOBEC1 (SEQ ID NO: 282). In some embodiments,
the deaminase is pmCDA1.
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[0017] Other aspects of this disclosure relate to the recognition that fusion proteins
comprising a deaminase domain, a dCas9 domain and a uracil glycosylase inhibitor (UGI)
domain demonstrate improved efficiency for deaminating target nucleotides in a nucleic acid
molecule. Without wishing to be bound by any particular theory, cellular DNA-repair
response to the presence of U:G heteroduplex DNA may be responsible for a decrease in
nucleobase editing efficiency in cells. Uracil DNA glycosylase (UDG) catalyzes removal of
U from DNA in cells, which may initiate base excision repair, with reversion of the U:G pair
to a C:G pair as the most common outcome. As demonstrated herein, Uracil DNA
Glycosylase Inhibitor (UGI) may inhibit human UDG activity. Without wishing to be bound
by any particular theory, base excision repair may be inhibited by molecules that bind the
single strand, block the edited base, inhibit UGI, inhibit base excision repair, protect the
edited base, and/or promote “fixing” of the non-edited strand, efc. Thus, this disclosure
contemplates fusion proteins comprising a dCas9-cytidine deaminase domain that is fused to
a UGI domain.

[0018] In some embodiments, the fusion protein comprises a nuclease-inactive Cas9
(dCas9) domain; a nucleic acid editing domain; and a uracil glycosylase inhibitor (UGI)
domain. In some embodiments, the dCas9 domain comprises a D10X mutation of the amino
acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of the amino
acid sequences provided in SEQ ID NOs: 11-260, wherein X is any amino acid except for D.
In some embodiments, the amino acid sequence of the dCas9 domain comprises a D10A
mutation of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260. In some
embodiments, the amino acid sequence of the dCas9 domain comprises an H840X mutation
of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any
of the amino acid sequences provided in SEQ ID NOs: 11-260, wherein X is any amino acid
except for H. In some embodiments, the amino acid sequence of the dCas9 domain
comprises an H840A mutation of the amino acid sequence provided in SEQ ID NO: 10, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-
260. In some embodiments, the dCas9 domain comprises the amino acid sequence as set
forth in SEQ ID NO: 263.

[0019] Further aspects of this disclosure relate to the recognition that fusion proteins using
a Cas9 nickase as the Cas9 domain demonstrate improved efficiency for editing nucleic acids.
For example, aspects of this disclosure relate to the recognition that fusion proteins

comprising a Cas9 nickase, a deaminase domain and a UGI domain demonstrate improved
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efficiency for editing nucleic acids. For example, the improved efficiency for editing
nucleotides is described below in the Examples section.

[0020] Some aspects of the disclosure are based on the recognition that any of the base
editors provided herein are capable of modifying a specific nucleotide base without
generating a significant proportion of indels. An “indel”, as used herein, refers to the
insertion or deletion of a nucleotide base within a nucleic acid. Such insertions or deletions
can lead to frame shift mutations within a coding region of a gene. In some embodiments, it
is desirable to generate base editors that efficiently modify (e.g. mutate or deaminate) a
specific nucleotide within a nucleic acid, without generating a large number of insertions or
deletions (i.e., indels) in the nucleic acid. In certain embodiments, any of the base editors
provided herein are capable of generating a greater proportion of intended modifications
(e.g., point mutations or deaminations) versus indels.

[0021] Some aspects of the disclosure are based on the recognition that any of the base
editors provided herein are capable of efficiently generating an intended mutation, such as a
point mutation, in a nucleic acid (e.g. a nucleic acid within a genome of a subject) without
generating a significant number of unintended mutations, such as unintended point mutations.
[0022] In some embodiments, a fusion protein comprises a Cas9 nickase domain, a nucleic
acid editing domain; and a uracil glycosylase inhibitor (UGI) domain. In some embodiments,
the amino acid sequence of the Cas9 nickase domain comprises a D10X mutation of the
amino acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of the
amino acid sequences provided in SEQ ID NOs: 11-260, wherein X is any amino acid except
for D. In some embodiments, the amino acid sequence of the Cas9 nickase domain
comprises a D10A mutation of the amino acid sequence provided in SEQ ID NO: 10, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-
260. In some embodiments, the amino acid sequence of the Cas9 nickase domain comprises
a histidine at amino acid position 840 of the amino acid sequence provided in SEQ ID NO:
10, or a corresponding amino acid position in any of the amino acid sequences provided in
SEQ ID NOs: 11-260. In some embodiments, the amino acid sequence of the Cas9 nickase
domain comprises the amino acid sequence as set forth in SEQ ID NO: 267.

[0023] In some embodiments, the deaminase domain of the fusion protein is fused to the N-
terminus of the dCas9 domain or the Cas9 nickase. In some embodiments, the UGI domain is
fused to the C-terminus of the dCas9 domain or the Cas9 nickase. In some embodiments, the

dCas9 domain or the Cas9 nickase and the nucleic acid editing domain are fused via a linker.
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In some embodiments, the dCas9 domain or the Cas9 nickase and the UGI domain are fused
via a linker.

[0024] In certain embodiments, linkers may be used to link any of the peptides or peptide
domains of the invention. The linker may be as simple as a covalent bond, or it may be a
polymeric linker many atoms in length. In certain embodiments, the linker is a polpeptide or
based on amino acids. In other embodiments, the linker is not peptide-like. In certain
embodiments, the linker is a covalent bond (e.g., a carbon-carbon bond, disulfide bond,
carbon-heteroatom bond, efc.). In certain embodiments, the linker is a carbon-nitrogen bond
of an amide linkage. In certain embodiments, the linker is a cyclic or acyclic, substituted or
unsubstituted, branched or unbranched aliphatic or heteroaliphatic linker. In certain
embodiments, the linker is polymeric (e.g., polyethylene, polyethylene glycol, polyamide,
polyester, efc.). In certain embodiments, the linker comprises a monomer, dimer, or polymer
of aminoalkanoic acid. In certain embodiments, the linker comprises an aminoalkanoic acid
(e.g., glycine, ethanoic acid, alanine, beta-alanine, 3-aminopropanoic acid, 4-aminobutanoic
acid, S-pentanoic acid, efc.). In certain embodiments, the linker comprises a monomer,
dimer, or polymer of aminohexanoic acid (Ahx). In certain embodiments, the linker is based
on a carbocyclic moiety (e.g., cyclopentane, cyclohexane). In other embodiments, the linker
comprises a polyethylene glycol moiety (PEG). In other embodiments, the linker comprises
amino acids. In certain embodiments, the linker comprises a peptide. In certain
embodiments, the linker comprises an aryl or heteroaryl moiety. In certain embodiments, the
linker is based on a phenyl ring. The linker may included funtionalized moieties to facilitate
attachment of a nucleophile (e.g., thiol, amino) from the peptide to the linker. Any
electrophile may be used as part of the linker. Exemplary electrophiles include, but are not
limited to, activated esters, activated amides, Michael acceptors, alkyl halides, aryl halides,
acyl halides, and isothiocyanates.

[0025] In some embodiments, the linker comprises the amino acid sequence (GGGGS),
(SEQ ID NO: 5), (G)s, (EAAAK), (SEQ ID NO: 6), (GGS),, (SGGS), (SEQ ID NO: 4288),
SGSETPGTSESATPES (SEQ ID NO: 7), (XP),, or any combination thereof, wherein n is
independently an integer between 1 and 30, and wherein X is any amino acid. In some
embodiments, the linker comprises the amino acid sequence (GGS),, whereinnis 1, 3, or 7.
In some embodiments, the linker comprises the amino acid sequence SGSETPGTSESATPES
(SEQ ID NO: 7).

[0026] In some embodiments, the fusion protein comprises the structure [nucleic acid

editing domain]-[optional linker sequence]-[dCas9 or Cas9 nickase]-[optional linker
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sequence]-[UGI]. In some embodiments, the fusion protein comprises the structure [nucleic
acid editing domain]-[optional linker sequence]-[UGI]-[optional linker sequence]-[dCas9 or
Cas9 nickase]; [UGI]-[optional linker sequence]-[nucleic acid editing domain]-[optional
linker sequence]-[dCas9 or Cas9 nickase]; [UGI]-[optional linker sequence]-[dCas9 or Cas9
nickase]-[optional linker sequence]-[nucleic acid editing domain]; [dCas9 or Cas9 nickase]-
[optional linker sequence]-[UGI]-[optional linker sequence]-[nucleic acid editing domain]; or
[dCas9 or Cas9 nickase]-[optional linker sequence]-[nucleic acid editing domain]-[optional
linker sequence]-[UGI].

[0027] In some embodiments, the nucleic acid editing domain comprises a deaminase. In
some embodiments, the nucleic acid editing domain comprises a deaminase. In some
embodiments, the deaminase is a cytidine deaminase. In some embodiments, the deaminase
is an apolipoprotein B mRNA-editing complex (APOBEC) family deaminase. In some
embodiments, the deaminase is an APOBEC1 deaminase, an APOBEC2 deaminase, an
APOBEC3A deaminase, an APOBEC3B deaminase, an APOBEC3C deaminase, an
APOBEC3D deaminase, an APOBEC3F deaminase, an APOBEC3G deaminase, an
APOBEC3H deaminase, or an APOBEC4 deaminase. In some embodiments, the deaminase
is an activation-induced deaminase (AID). In some embodiments, the deaminase is a
Lamprey CDA1 (pmCDA1) deaminase.

[0028] In some embodiments, the deaminase is from a human, chimpanzee, gorilla,
monkey, cow, dog, rat, or mouse. In some embodiments, the deaminase is from a human. In
some embodiments the deaminase is from a rat. In some embodiments, the deaminase is a rat
APOBECI1 deaminase comprising the amino acid sequence set forth in (SEQ ID NO: 284).

In some embodiments, the deaminase is a human APOBEC1 deaminase comprising the
amino acid sequence set forth in (SEQ ID NO: 282). In some embodiments, the deaminase is
pmCDAL1 (SEQ ID NO: 5738). In some embodiments, the deaminase is human APOBEC3G
(SEQ ID NO: 275). In some embodiments, the deaminase is a human APOBEC3G variant of
any one of (SEQ ID NOs: 5739-5741). In some embodiments, the deaminase is at least 80%,
at least 85%, at least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or at least 99.5% identical to any one of the amino acid sequences set forth in
SEQ ID NOs: 266-284 or 5725-5741.

[0029] In some embodiments, the UGI domain comprises an amino acid sequence that is at
least 80%, at least 85%, at least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at
least 98%, at least 99%, or at least 99.5% identical to SEQ ID NO: 600. In some
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embodiments, the UGI domain comprises the amino acid sequence as set forth in SEQ ID
NO: 600.

[0030] Some aspects of this disclosure provide complexes comprising a Cas9 protein or a
Cas9 fusion protein as provided herein, and a guide RNA bound to the Cas9 protein or the
Cas9 fusion protein.

[0031] Some aspects of this disclosure provide methods of using the Cas9 proteins, fusion
proteins, or complexes provided herein. For example, some aspects of this disclosure provide
methods comprising contacting a DNA molecule (a) with a Cas9 protein or a fusion protein
as provided herein and with a guide RNA, wherein the guide RNA is about 15-100
nucleotides long and comprises a sequence of at least 10 contiguous nucleotides that is
complementary to a target sequence; or (b) with a Cas9 protein, a Cas9 fusion protein, or a
Cas9 protein or fusion protein complex with a gRNA as provided herein.

[0032] Some aspects of this disclosure provide kits comprising a nucleic acid construct,
comprising (a) a nucleotide sequence encoding a Cas9 protein or a Cas9 fusion protein as
provided herein; and (b) a heterologous promoter that drives expression of the sequence of
(a). In some embodiments, the kit further comprises an expression construct encoding a
guide RNA backbone, wherein the construct comprises a cloning site positioned to allow the
cloning of a nucleic acid sequence identical or complementary to a target sequence into the
guide RNA backbone.

[0033] Some aspects of this disclosure provide polynucleotides encoding a Cas9 protein of
a fusion protein as provided herein. Some aspects of this disclosure provide vectors
comprising such polynucleotides. In some embodiments, the vector comprises a
heterologous promoter driving expression of polynucleotide.

[0034] Some aspects of this disclosure provide cells comprising a Cas9 protein, a fusion
protein, a nucleic acid molecule, and/or a vector as provided herein.

[0035] The description of exemplary embodiments of the reporter systems above is
provided for illustration purposes only and not meant to be limiting. Additional reporter
systems, e.g., variations of the exemplary systems described in detail above, are also
embraced by this disclosure.

[0036] The summary above is meant to illustrate, in a non-limiting manner, some of the
embodiments, advantages, features, and uses of the technology disclosed herein. Other
embodiments, advantages, features, and uses of the technology disclosed herein will be

apparent from the Detailed Description, the Drawings, the Examples, and the Claims.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0037] Figure 1 shows the deaminase activity of deaminases on single stranded DNA
substrates. Single stranded DNA substrates using randomized PAM sequences (NNN PAM)
were used as negative controls. Canonical PAM sequneces used (NGG PAM)
[0038] Figure 2 shows activity of Cas9:deaminase fusion proteins on single stranded DNA
substrates.
[0039] Figure 3 illustrates double stranded DNA substrate binding by
Cas9:deaminase:sgRNA complexes.
[0040] Figure 4 illustrates a double stranded DNA deamination assay.
[0041] Figure S demonstrates that Cas9 fusions can target positions 3-11 of double-
stranded DNA target sequences (numbered according to the schematic in Figure 5). Upper
Gel: 1 uM rAPOBEC1-GGS-dCas9, 125 nM dsDNA, 1 equivalent sgRNA. Mid Gel: 1 uM
rAPOBECl-(GGS)3(SEQ ID NO: 596)-dCas9, 125 nM dsDNA, 1 equivalent sgRNA. Lower

Gel: 1.85 uM rAPOBEC1-XTEN-dCas9, 125 nM dsDNA, 1 equivalent sgRNA.

[0042] Figure 6 demonstrates that the correct guide RNA, e.g., the correct sgRNA, is
required for deaminase activity.

[0043] Figure 7 illustrates the mechanism of target DNA binding of in vivo target
sequences by deaminase-dCas9:sgRNA complexes.

[0044] Figure 8 shows successful deamination of exemplary disease-associated target
sequences.

[0045] Figure 9 shows in vitro C—T editing efficiencies using His6-rAPOBEC1-XTEN-
dCas9.

[0046] Figure 10 shows C—T editing efficiencies in HEK293T cells is greatly enhanced by
fusion with UGL

[0047] Figures 11A to 11C show NBE1 mediates specific, guide RNA-programmed C to U
conversion in vitro. Figure 11A: Nucleobase editing strategy. DNA with a target C (red) at a
locus specified by a guide RNA (green) is bound by dCas9 (blue), which mediates the local
denaturation of the DNA substrate. Cytidine deamination by a tethered APOBEC]1 enzyme
(orange) converts the target C to U. The resulting G:U heteroduplex can be permanently
converted to an A:T base pair following DNA replication or repair. If the U is in the template
DNA strand, it will also result in an RNA transcript containing a G to A mutation following
transcription. Figure 11B: Deamination assay showing an activity window of approximately

five nucleotides. Following incubation of NBE1-sgRNA complexes with dsDNA substrates
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at 37 °C for 2 h, the 5” fluorophore-labeled DNA was isolated and incubated with USER
enzyme (uracil DNA glycosylase and endonuclease VIII) at 37 °C for 1 h to induce DNA
cleavage at the site of any uracils. The resulting DNA was resolved on a denaturing
polyacrylamide gel, and any fluorophore-linked strands were visualized. Each lane is labeled
according to the position of the target C within the protospacer, or with “—" if no target C is
present, counting the base distal from the PAM as position 1. Figure 11C: Deaminase assay
showing the sequence specificity and sgRNA-dependence of NBE1. The DNA substrate with
a target C at position 7 was incubated with NBE1 as in Figure 11B with either the correct
sgRNA, a mismatched sgRNA, or no sgRNA. No C to U editing is observed with the
mismatched sgRNA or with no sgRNA. The positive control sample contains a DNA
sequence with a U synthetically incorporated at position 7.

[0048] Figures 12A to 12B show effects of sequence context and target C position on
nucleobase editing efficiency in vitro. Figure 12A: Effect of changing the sequence
surrounding the target C on editing efficiency in vifro. The deamination yield of 80% of
targeted strands (40% of total sequencing reads from both strands) for C in the protospacer
sequence S-TTATTTCGTGGATTTATTTA-3'(SEQ ID NO: 264) was defined as 1.0, and
the relative deamination efficiencies of substrates containing all possible single-base
mutations at positions 1-6 and 8-13 are shown. Values and error bars reflect the mean and
standard deviation of two or more independent biological replicates performed on different
days. Figure 12B: Positional effect of each NC motif on editing efficiency in vitro. Each NC
target motif was varied from positions 1 to 8 within the protospacer as indicated in the
sequences shown on the right (the PAM shown in red, the protospacer plus one base 5’ to the
protospacer are also shown). The percentage of total sequence reads containing T at each of
the numbered target C positions following incubation with NBE1 is shown in the graph. Note
that the maximum possible deamination yield in vifro is 50% of total sequencing reads (100%
of targeted strands). Values and error bars reflect the mean and standard deviation of two or
three independent biological replicates performed on different days. Figure 12B depicts SEQ
ID NOs: 285 through 292 from top to bottom, respectively.

[0049] Figures 13A to 13C show nucleobase editing in human cells. Figure 13A:
Protospacer (black) and PAM (red) sequences of the six mammalian cell genomic loci
targeted by nucleobase editors. Target Cs are indicated with subscripted numbers
corresponding to their positions within the protospacer. Figure 13 A depicts SEQ ID NOs: 293
through 298 from top to bottom, respectively. Figure 13B: HEK293T cells were transfected
with plasmids expressing NBE1, NBE2, or NBE3 and an appropriate sgRNA. Three days
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after transfection, genomic DNA was extracted and analyzed by high-throughput DNA
sequencing at the six loci. Cellular C to T conversion percentages, defined as the percentage
of total DNA sequencing reads with Ts at the target positions indicated, are shown for NBE1,
NBE2, and NBE3 at all six genomic loci, and for wt Cas9 with a donor HDR template at
three of the six sites (EMX1, HEK293 site 3, and HEK293 site 4). Values and error bars
reflect the mean and standard deviation of three independent biological replicates performed
on different days. Figure 13C: Frequency of indel formation, calculated as described in the
Methods, is shown following treatment of HEK293T cells with NBE2 and NBE3 for all six
genomic loci, or with wt Cas9 and a single-stranded DNA template for HDR at three of the
six sites (EMX1, HEK293 site 3, and HEK?293 site 4). Values reflect the mean of at least
three independent biological replicates performed on different days.

[0050] Figures 14A to 14C show NBE2- and NBE3-mediated correction of three disease-
relevant mutations in mammalian cells. For each site, the sequence of the protospacer is
indicated to the right of the name of the mutation, with the PAM highlighted in green and the
base responsible for the mutation indicated in bold with a subscripted number corresponding
to its position within the protospacer. The amino acid sequence above each disease-associated
allele is shown, together with the corrected amino acid sequence following nucleobase
editing in red. Underneath each sequence are the percentages of total sequencing reads with
the corresponding base. Cells were nucleofected with plasmids encoding NBE2 or NBE3 and
an appropriate sgRNA. Two days after nucleofection, genomic DNA was extracted and
analyzed by HTS to assess pathogenic mutation correction. Figure 14A: The Alzheimer’s
disease-associated APOL4 allele is converted to APOFE3’ in mouse astrocytes by NBE3 in
11% of total reads (44% of nucleofected astrocytes). Two nearby Cs are also converted to Ts,
but with no change to the predicted sequence of the resulting protein (SEQ ID NO: 299).
Figure 14B The cancer-associated p53 N239D mutation is corrected by NBE2 in 11% of
treated human lymphoma cells (12% of nucleofected cells) that are heterozygous for the
mutation (SEQ ID NO: 300). Figure 14C The p53 Y163C mutation is corrected by NBE3 in
7.6% of nucleofected human breast cancer cells (SEQ ID NO: 301).

[0051] Figures 15A to 15D show effects of deaminase—dCas9 linker length and
composition on nucleobase editing. Gel-based deaminase assay showing the deamination
window of nucleobase editors with deaminase—Cas9 linkers of GGS (Figure 15A), (GGS);
(SEQ ID NO: 596) (Figure 15B), XTEN (Figure 15C), or (GGS), (SEQ ID NO: 597) (Figure
15D). Following incubation of 1.85 uM editor-sgRNA complexes with 125 nM dsDNA
substrates at 37 °C for 2 h, the dye-conjugated DNA was isolated and incubated with USER
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enzyme (uracil DNA glycosylase and endonuclease VIII) at 37 °C for an additional hour to
cleave the DNA backbone at the site of any uracils. The resulting DNA was resolved on a
denaturing polyacrylamide gel, and the dye-conjugated strand was imaged. Each lane is
numbered according to the position of the target C within the protospacer, or with — if no
target C is present. 8U is a positive control sequence with a U synthetically incorporated at
position 8.

[0052] Figures 16A to 16B show NBE] is capable of correcting disease-relevant mutations
in vitro. Figure 16A: Protospacer and PAM sequences (red) of seven disease-relevant
mutations. The disease-associated target C in each case is indicated with a subscripted
number reflecting its position within the protospacer. For all mutations except both APOFA
SNPs, the target C resides in the template (non-coding) strand. Figure 16A depicts SEQ ID
NOs: 302 through 308 from top to bottom, respectively. Figure 16B: Deaminase assay
showing each dsDNA oligonucleotide before (—) and after (+) incubation with NBE1, DNA
isolation, and incubation with USER enzymes to cleave DNA at positions containing U.
Positive control lanes from incubation of synthetic oligonucleotides containing U at various
positions within the protospacer with USER enzymes are shown with the corresponding
number indicating the position of the U.

[0053] Figure 17 shows processivity of NBE1. The protospacer and PAM (red) of a 60-mer
DNA oligonucleotide containing eight consecutive Cs is shown at the top. The
oligonucleotide (125 nM) was incubated with NBE1 (2 uM) for 2 h at 37 °C. The DNA was
isolated and analyzed by high-throughput sequencing. Shown are the percent of total reads
for the most frequent nine sequences observed. The vast majority of edited strands (>93%)
have more than one C converted to T. This figure depicts SEQ ID NO: 309.

[0054] Figures 18A to 18H show the effect of fusing UGI to NBE1 to generate NBE2.
Figure 18A: Protospacer and PAM (red) sequences of the six mammalian cell genomic loci
targeted with nucleobase editors. Editable Cs are indicated with labels corresponding to their
positions within the protospacer. Figure 18A depicts SEQ ID NOs: 293 through 298 from top
to bottom, respectively. Figures 18B to 18G: HEK293T cells were transfected with plasmids
expressing NBE1, NBE2, or NBE1 and UG, and an appropriate sgRNA. Three days after
transfection, genomic DNA was extracted and analyzed by high-throughput DNA sequencing
at the six loci. Cellular C to T conversion percentages, defined as the percentage of total
DNA sequencing reads with Ts at the target positions indicated, are shown for NBE1, NBE1
and UGI, and NBE2 at all six genomic loci. Figure 18H: C to T mutation rates at 510 Cs

surrounding the protospacers of interest for NBE1, NBE1 plus UGI on a separate plasmid,
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NBE2, and untreated cells are shown. The data show the results of 3,000,000 DNA
sequencing reads from 1.5x106 cells. Values reflect the mean of at least two biological
experiments conducted on different days.

[0055] Figure 19 shows nucleobase editing efficiencies of NBE2 in U20S and HEK293T
cells. Cellular C to T conversion percentages by NBE2 are shown for each of the six targeted
genomic loci in HEK293T cells and U20S cells. HEK293T cells were transfected using
lipofectamine 2000, and U20S cells were nucleofected. U20S nucleofection efficiency was
74%. Three days after plasmid delivery, genomic DNA was extracted and analyzed for
nucleobase editing at the six genomic loci by HTS. Values and error bars reflect the mean
and standard deviation of at least two biological experiments done on different days.

[0056] Figure 20 shows nucleobase editing persists over multiple cell divisions. Cellular C
to T conversion percentages by NBE2 are displayed at two genomic loci in HEK293T cells
before and after passaging the cells. HEK293T cells were transfected using Lipofectamine
2000. Three days post transfection, the cells were harvested and split in half. One half was
subjected to HTS analysis, and the other half was allowed to propagate for approximately
five cell divisions, then harvested and subjected to HTS analysis.

[0057] Figure 21 shows genetic variants from ClinVar that can be corrected in principle by
nucleobase editing. The NCBI ClinVar database of human genetic variations and their
corresponding phenotypes® was searched for genetic diseases that can be corrected by
current nucleobase editing technologies. The results were filtered by imposing the successive
restrictions listed on the left. The x-axis shows the number of occurrences satistying that
restriction and all above restrictions on a logarithmic scale.

[0058] Figure 22 shows in vifro identification of editable Cs in six genomic loci. Synthetic
80-mers with sequences matching six different genomic sites were incubated with NBE1 then
analyzed for nucleobase editing via HTS. For each site, the sequence of the protospacer is
indicated to the right of the name of the site, with the PAM highlighted in red. Underneath
each sequence are the percentages of total DNA sequencing reads with the corresponding
base. A target C was considered as “editable” if the in vifro conversion efficiency is >10%.
Note that maximum yields are S0% of total DNA sequencing reads since the non-targeted
strand 1s not a substrate for nucleobase editing. This figure depicts SEQ ID NOs: 293 through
298 from top to bottom, respectively.

[0059] Figure 23 shows activities of NBE1, NBE2, and NBE3 at EMX1 off-targets.
HEK?293T cells were transfected with plasmids expressing NBE1, NBE2, or NBE3 and a
sgRNA matching the EMX1 sequence using Lipofectamine 2000. Three days after

16



WO 2017/070632 PCT/US2016/058344

transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus the top ten known Cas9 off-target loci
for the EMX1 sgRNA, as previously determined using the GUIDE-seq method™”. EMX1 off-
target 5 locus did not amplify and is not shown. Sequences of the on-target and off-target
protospacers and protospacer adjacent motifs (PAMs) are displayed. Cellular C to T
conversion percentages, defined as the percentage of total DNA sequencing reads with T at
each position of an original C within the protospacer, are shown for NBE1, NBE2, and
NBE3. On the far right are displayed the total number of sequencing reads reported for each
sequence. This figure depicts SEQ ID NOs: 293, and 310 through 318 from top to bottom,
respectively.

[0060] Figure 24 shows activities of NBE1, NBE2, and NBE3 at FANCEF off-targets.
HEK293T cells were transfected with plasmids expressing NBE1, NBE2, or NBE3 and a
sgRNA matching the FANCF sequence using Lipofectamine 2000. Three days after
transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus all of the known Cas9 off-target loci
for the FANCF sgRNA, as previously determined using the GUIDE-seq method™. Sequences
of the on-target and off-target protospacers and protospacer adjacent motifs (PAMs) are
displayed. Cellular C to T conversion percentages, defined as the percentage of total DNA
sequencing reads with T at each position of an original C within the protospacer, are shown
for NBE1, NBE2, and NBE3. On the far right are displayed the total number of sequencing
reads reported for each sequence. This figure depicts SEQ ID NOs: 294 and 319 through 326
from top to bottom, respectively.

[0061] Figure 25 shows activities of NBE1, NBE2, and NBE3 at HEK293 site 2 off-
targets. HEK293T cells were transfected with plasmids expressing NBE1, NBE2, or NBE3
and a sgRNA matching the HEK293 site 2 sequence using Lipofectamine 2000. Three days
after transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus all of the known Cas9 off-target loci
for the HEK293 site 2 sgRNA, as previously determined using the GUIDE-seq method””.
Sequences of the on-target and off-target protospacers and protospacer adjacent motifs
(PAMs) are displayed. Cellular C to T conversion percentages, defined as the percentage of
total DNA sequencing reads with T at each position of an original C within the protospacer,
are shown for NBE1, NBE2, and NBE3. On the far right are displayed the total number of
sequencing reads reported for each sequence. This figure depicts SEQ ID NOs: 295, 327, and
328 from top to bottom, respectively.

17



WO 2017/070632 PCT/US2016/058344

[0062] Figure 26 shows activities of NBE1, NBE2, and NBE3 at HEK293 site 3 off-
targets. HEK293T cells were transfected with plasmids expressing NBE1, NBE2, or NBE3
and a sgRNA matching the HEK293 site 3 sequence using Lipofectamine 2000. Three days
after transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus all of the known Cas9 off-target loci
for the HEK293 site 3 sgRNA, as previously determined using the GUIDE-seq method””.
Sequences of the on-target and off-target protospacers and protospacer adjacent motifs
(PAMs) are displayed. Cellular C to T conversion percentages, defined as the percentage of
total DNA sequencing reads with T at each position of an original C within the protospacer,
are shown for NBE1, NBE2, and NBE3. On the far right are displayed the total number of
sequencing reads reported for each sequence. This figure depicts SEQ ID NOs: 296 and 659
through 663 from top to bottom, respectively.

[0063] Figure 27 shows activities of NBE1, NBE2, and NBE3 at HEK293 site 4 off-
targets. HEK293T cells were transfected with plasmids expressing NBE1, NBE2, or NBE3
and a sgRNA matching the HEK293 site 4 sequence using Lipofectamine 2000. Three days
after transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus the top ten known Cas9 off-target loci
for the HEK293 site 4 sgRNA, as previously determined using the GUIDE-seq method””.
Sequences of the on-target and off-target protospacers and protospacer adjacent motifs
(PAMs) are displayed. Cellular C to T conversion percentages, defined as the percentage of
total DNA sequencing reads with T at each position of an original C within the protospacer,
are shown for NBE1, NBE2, and NBE3. On the far right are displayed the total number of
sequencing reads reported for each sequence. This figure depicts SEQ ID NOs: 297 and 664
through 673 from top to bottom, respectively.

[0064] Figure 28 shows non-target C mutation rates. Shown here are the C to T mutation
rates at 2,500 distinct cytosines surrounding the six on-target and 34 off-target loci tested,
representing a total of 14,700,000 sequence reads derived from approximately 1.8x106 cells.
[0065] Figures 29A to 29C show base editing in human cells. Figure 29A shows possible
base editing outcomes in mammalian cells. Initial editing resulted in a U:G mismatch.
Recognition and excision of the U by uracil DNA glycosylase (UDG) initiated base excision
repair (BER), which lead to reversion to the C:G starting state. BER was impeded by BE2
and BE3, which inhibited UDG. The U:G mismatch was also processed by mismatch repair
(MMR), which preferentially repaired the nicked strand of a mismatch. BE3 nicked the non-

edited strand containing the G, favoring resolution of the U:G mismatch to the desired U:A or
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T:A outcome. Figure 29B shows HEK293T cells treated as described in the Materials and
Methods in the Examples below. The percentage of total DNA sequencing read with Ts at the
target positions indicated show treatment with BE1, BE2, or BE3, or for treatment with wt
Cas9 with a donor HDR template. Figure 29C shows frequency of indel formation following
the treatment in Figure 29B. Values are listed in Figure 34. For Figures 29B and 29C, values
and error bars reflect the mean and s.d. of three independent biological replicates performed
on different days.

[0066] Figures 30A to 30B show BE3-mediated correction of two disease-relevant
mutations in mammalian cells. The sequence of the protospacer is shown to the right of the
mutation, with the PAM in blue and the target base in red with a subscripted number
indicating its position within the protospacer. Underneath each sequence are the percentages
of total sequencing reads with the corresponding base. Cells were treated as described in the
Materials and Methods. Figure 30A shows the Alzheimer’s disease-associated APOE4 allele
converted to APOE3r in mouse astrocytes by BE3 in 74.9% of total reads. Two nearby Cs
were also converted to Ts, but with no change to the predicted sequence of the resulting
protein. Identical treatment of these cells with wt Cas9 and donor ssDNA results in only 0.3%
correction, with 26.1% indel formation. Figure 30B shows the cancer associated p53 Y163C
mutation corrected by BE3 in 7.6% of nucleofected human breast cancer cells with 0.7%
indel formation. Identical treatment of these cells with wt Cas9 and donor ssDNA results in
no mutation correction with 6.1% indel formation. This figure depicts SEQ ID NOs: 675 to
680 from top to bottom, respectively.

[0067] Figure 31 shows activities of BE1, BE2, and BE3 at HEK293 site 2 off-targets.
HEK293T cells were transfected with plasmids expressing BE1, BE2, or BE3 and a sgRNA
matching the HEK?293 site 2 sequence using Lipofectamine 2000. Three days after
transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus all of the known Cas9 and dCas9 oft-
target loci for the HEK293 site 2 sgRNA, as previously determined by Joung and coworkers
using the GUIDE-seq method (63), and Adli and coworkers using chromatin
immunoprecipitation high-throughput sequencing (ChIP-seq) experiments (18). Sequences of
the on-target and off-target protospacers and protospacer adjacent motifs (PAMs) are
displayed. Cellular C to T conversion percentages, defined as the percentage of total DNA
sequencing reads with T at each position of an original C within the protospacer, are shown

for BE1, BE2, and BE3. On the far right are displayed the total number of sequencing reads
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reported , and the ChIP-seq signal intensity reported for each sequence. This figure depicts
SEQ ID NOs: 681 to 688 from top to bottom, respectively.

[0068] Figure 32 shows activities of BE1, BE2, and BE3 at HEK293 site 3 off-targets.
HEK?293T cells were transfected with plasmids expressing BE1, BE2, or BE3 and a sgRNA
matching the HEK?293 site 3 sequence using Lipofectamine 2000. Three days after
transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus all of the known Cas9 off-target loci
and the top five known dCas9 off-target loci for the HEK293 site 3 sgRNA, as previously
determined by Joung and coworkers using the GUIDE-seq method™, and using chromatin
immunoprecipitation high-throughput sequencing (ChIP-seq) experiments®’. Sequences of the
on-target and off-target protospacers and protospacer adjacent motifs (PAMs) are displayed.
Cellular C to T conversion percentages, defined as the percentage of total DNA sequencing
reads with T at each position of an original C within the protospacer, are shown for BE1,
BE2, and BE3. On the far right are displayed the total number of sequencing reads reported,
and the ChIP-seq signal intensity reported for each sequence. This figure depicts SEQ ID
NOs: 689 to 699 from top to bottom, respectively.

[0069] Figure 33 shows activities of BE1, BE2, and BE3 at HEK293 site 4 off-targets.
HEK?293T cells were transfected with plasmids expressing BE1, BE2, or BE3 and a sgRNA
matching the HEK?293 site 4 sequence using Lipofectamine 2000. Three days after
transfection, genomic DNA was extracted, amplified by PCR, and analyzed by high-
throughput DNA sequencing at the on-target loci, plus the top ten known Cas9 off-target loci
and the top five known dCas9 off-target loci for the HEK293 site 4 sgRNA, as previously
determined using the GUIDE-seq method™, and using chromatin immunoprecipitation high-
throughput sequencing (ChIP-seq) experiments®'. Sequences of the on-target and off-target
protospacers and protospacer adjacent motifs (PAMs) are displayed. Cellular C to T
conversion percentages, defined as the percentage of total DNA sequencing reads with T at
each position of an original C within the protospacer, are shown for BE1, BE2, and BE3. On
the far right are displayed the total number of sequencing reads reported, and the ChIP-seq
signal intensity reported for each sequence. This figure depicts SEQ ID NOs: 700 to 712 from
top to bottom, respectively.

[0070] Figure 34 shows mutation rates of non-protospacer bases following BE3-mediated
correction of the Alzheimer’s disease-associated APOFEA allele to APOFE3r in mouse
astrocytes. The DNA sequence of the 50 bases on either side of the protospacer from Figure

30A and Figure 34B is shown with each base’s position relative to the protospacer. The side
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of the protospacer distal to the PAM is designated with positive numbers, while the side that
includes the PAM is designated with negative numbers, with the PAM shown in blue.
Underneath each sequence are the percentages of total DNA sequencing reads with the
corresponding base for untreated cells, for cells treated with BE3 and an sgRNA targeting the
APOFEA4 C158R mutation, or for cells treated with BE3 and an sgRNA targeting the VEGFA
locus. Neither BE3-treated sample resulted in mutation rates above those of untreated
controls. This figure depicts SEQ ID NOs: 713 to 716 from top to bottom, respectively.
[0071] Figure 35 shows mutation rates of non-protospacer bases following BE3-mediated
correction of the cancer-associated pS3 Y163C mutation in HCC1954 human cells. The DNA
sequence of the 50 bases on either side of the protospacer from Figure 30B and Figure 39Bis
shown with each base’s position relative to the protospacer. The side of the protospacer distal
to the PAM is designated with positive numbers, while the side that includes the PAM is
designated with negative numbers, with the PAM shown in blue. Underneath each sequence
are the percentages of total sequencing reads with the corresponding base for untreated cells,
for cells treated with BE3 and an sgRNA targeting the 7P53 Y163C mutation, or for cells
treated with BE3 and an sgRNA targeting the EGI'A locus. Neither BE3-treated sample
resulted in mutational rates above those of untreated controls. This figure depicts SEQ ID
NOs: 717 to 720 from top to bottom, respectively.

[0072] Figures 36A to 36F show the effects of deaminase, linker length, and linker
composition on base editing. Figure 36A shows a gel-based deaminase assay showing
activity of rAPOBECI1, pmCDA1, hAID, hAPOBEC3G, rAPOBEC1-GGS-dCas9,
rAPOBECI1- (GGS)3(SEQ ID NO: 596)-dCas9, and dCas9-(GGS);(SEQ ID NO: 596)-
rAPOBEC]1 on ssDNA. Enzymes were expressed in a mammalian cell lysate-derived in vitro
transcription-translation system and incubated with 1.8 uM dye-conjugated ssDNA and
USER enzyme (uracil DNA glycosylase and endonuclease VIII) at 37 °C for 2 hours. The
resulting DNA was resolved on a denaturing polyacrylamide gel and imaged. The positive
control is a sequence with a U synthetically incorporated at the same position as the target C.
Figure 36B shows coomassie-stained denaturing PAGE gel of the expressed and purified
proteins used in Figures 36C to 36F. Figures 36C to 36F show gel-based deaminase assay
showing the deamination window of base editors with deaminase—Cas9 linkers of GGS
(Figure 36C), (GGS); (SEQ ID NO: 596) (Figure 36D), XTEN (Figure 36E), or (GGS);
(SEQ ID NO: 597) (Figure 36F). Following incubation of 1.85 uM deaminase-dCas9 fusions
complexed with sgRNA with 125 nM dsDNA substrates at 37 °C for 2 hours, the dye-
conjugated DNA was isolated and incubated with USER enzyme at 37 °C for 1 hour to cleave
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the DNA backbone at the site of any uracils. The resulting DNA was resolved on a
denaturing polyacrylamide gel, and the dye-conjugated strand was imaged. Each lane is
numbered according to the position of the target C within the protospacer, or with — if no
target C is present. 8U is a positive control sequence with a U synthetically incorporated at
position 8. .

[0073] Figures 37A to 37C show BE1 base editing efficiencies are dramatically decreased
in mammalian cells. Figure 37A Protospacer (black and red) and PAM (blue) sequences of
the six mammalian cell genomic loci targeted by base editors. Target Cs are indicated in red
with subscripted numbers corresponding to their positions within the protospacer. Figure 37B
shows synthetic 80-mers with sequences matching six different genomic sites were incubated
with BEI then analyzed for base editing by HTS. For each site, the sequence of the
protospacer is indicated to the right of the name of the site, with the PAM highlighted in blue.
Underneath each sequence are the percentages of total DNA sequencing reads with the
corresponding base. We considered a target C as “editable” if the in vifro conversion
efficiency is >10%. Note that maximum yields are 50% of total DNA sequencing reads since
the non-targeted strand is unaffected by BE1. Values are shown from a single experiment.
Figure 37C shows HEK293T cells were transfected with plasmids expressing BE1 and an
appropriate sgRNA. Three days after transfection, genomic DNA was extracted and analyzed
by high-throughput DNA sequencing at the six loci. Cellular C to T conversion percentages,
defined as the percentage of total DNA sequencing reads with Ts at the target positions
indicated, are shown for BEI at all six genomic loci. Values and error bars of all data from
HEK?293T cells reflect the mean and standard deviation of three independent biological
replicates performed on different days. Figure 37A depicts SEQ ID NOs: 721 to 726 from top
to bottom, respectively. Figure 37B depicts SEQ ID NOs: 727 to 732 from top to bottom,
respectively.

[0074] Figure 38 shows base editing persists over multiple cell divisions. Cellular C to T
conversion percentages by BE2 and BE3 are shown for HEK293 sites 3 and 4 in HEK293T
cells before and after passaging the cells. HEK293T cells were nucleofected with plasmids
expressing BE2 or BE3 and an sgRNA targeting HEK293 site 3 or 4. Three days after
nucleofection, the cells were harvested and split in half. One half was subjected to HTS
analysis, and the other half was allowed to propagate for approximately five cell divisions,
then harvested and subjected to HTS analysis. Values and error bars reflect the mean and

standard deviation of at least two biological experiments.
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[0075] Figures 39A to 39C show non-target C/G mutation rates. Shown here are the C to T
and G to A mutation rates at 2,500 distinct cytosines and guanines surrounding the six on-
target and 34 off-target loci tested, representing a total of 14,700,000 sequence reads derived
from approximately 1.8x10° cells. Figures 39A and 39B show cellular non-target C to T and
G to A conversion percentages by BE1, BE2, and BE3 are plotted individually against their
positions relative to a protospacer for all 2,500 cytosines/guanines. The side of the
protospacer distal to the PAM is designated with positive numbers, while the side that
includes the PAM is designated with negative numbers. Figure 39C shows average non-target
cellular C to T and G to A conversion percentages by BE1, BE2, and BE3 are shown, as well
as the highest and lowest individual conversion percentages.

[0076] Figures 40A to 40B show additional data sets of BE3-mediated correction of two
disease-relevant mutations in mammalian cells. For each site, the sequence of the protospacer
is indicated to the right of the name of the mutation, with the PAM highlighted in blue and
the base responsible for the mutation indicated in red bold with a subscripted number
corresponding to its position within the protospacer. The amino acid sequence above each
disease-associated allele is shown, together with the corrected amino acid sequence following
base editing in green. Underneath each sequence are the percentages of total sequencing reads
with the corresponding base. Cells were nucleofected with plasmids encoding BE3 and an
appropriate sgRNA. Two days after nucleofection, genomic DNA was extracted from the
nucleofected cells and analyzed by HTS to assess pathogenic mutation correction. Figure
40A shows the Alzheimer’s disease-associated APOFE4 allele is converted to APOFE3r in
mouse astrocytes by BE3 in 58.3% of total reads only when treated with the correct sgRNA.
Two nearby Cs are also converted to Ts, but with no change to the predicted sequence of the
resulting protein. Identical treatment of these cells with wt Cas9 and donor ssDNA results in
0.2% correction, with 26.7% indel formation. Figure 40B shows the cancer-associated p53

Y 163C mutation is corrected by BE3 in 3.3% of nucleofected human breast cancer cells only
when treated with the correct sgRNA. Identical treatment of these cells with wt Cas9 and
donor ssDNA results in no detectable mutation correction with 8.0% indel formation.

Figures 40A to 40B depict SEQ ID NOs: 733 to 740 from top to bottom, respectively.

[0077] Figure 41 shows a schematic representation of an exemplary USER (Uracil-Specific
Excision Reagent) Enzyme-based assay, which may be used to test the activity of various

deaminases on single-stranded DNA (ssDNA) substrates.
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[0078] Figure 42 is a schematic of the pmCDA-nCas9-UGI-NLS construct and its activity
at the HeK-3 site relative to the base editor (rAPOBEC1) and the negative control
(untreated).

[0079] Figure 43 is a schematic of the pmCDA1-XTEN-nCas9-UGI-NLS construct and its
activity at the HeK-3 site relative to the base editor APOBEC1) and the negative control
(untreated).

[0080] Figure 44 shows the percent of total sequencing reads with target C converted to T
using cytidine deaminases (CDA) or APOBEC.

[0081] Figure 45 shows the percent of total sequencing reads with target C converted to A
using deaminases (CDA) or APOBEC.

[0082] Figure 46 shows the percent of total sequencing reads with target C converted to G
using deaminases (CDA) or APOBEC.

[0083] Figure 47 is a schematic of the huAPOBEC3G-XTEN-nCas9-UGI-NLS construct
and its activity at the HeK-2 site relative to a mutated form
(huAPOBEC3G*(D316R_D317R)-XTEN-nCas9-UGI-NLS, the base editor (tAPOBEC1)
and the negative control (untreated).

[0084] Figure 48 shows the schematic of the LacZ construct used in the selection assay of
Example 7.

[0085] Figure 49 shows reversion data from different plasmids and constructs.

[0086] Figure 50 shows the verification of lacZ reversion and the purification of reverted
clones.

[0087] Figure 51 is a schematic depicting a deamination selection plasmid used in Example
7.

[0088] Figure 52 shows the results of a chloramphenicol reversion assay (pmCDA 1
fusion).

[0089] Figures S3A to S3B demonstrated DNA correction induction of two constructs.
[0090] Figure 54 shows the results of a chloramphenicol reversion assay (huAPOBEC3G
fusion).

[0091] Figure 55 shows the activities of BE3 and HF-BE3 at EMX1 off-targets. The
sequences, from top to bottom, correspond to SEQ ID NOs: 286-292, 299-301.

[0092] Figure 56 shows on-target base editing efficiencies of BE3 and HF-BE3.

[0093] Figure 57 is a graph demonstrating that mutations affect cytidine deamination with

varying degrees. Combinations of mutations that each slightly impairs catalysis allow
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selective deamination at one position over others. The FANCEF site was
GGAATC4C,CsTTC;; TGCAGCACCTGG (SEQ ID NO: 303).

[0094] Figure 58 is a schematic depicting next generation base editors.

[0095] Figure 59 is a schematic illustrating new base editors made from Cas9 variants.
[0096] Figure 60 shows the base-edited percentage of different NGA PAM sites.

[0097] Figure 61 shows the base-edited percentage of cytidines using NGCG PAM EMX
(VRER BE3) and the C;TC3C4CsATC3AC10ATCAACCGGT (SEQ ID NO: 304) spacer.
[0098] Figure 62 shows the based-edited percentages resulting from different NNGRRT
PAM sites.

[0099] Figure 63 shows the based-edited percentages resulting from different NNHRRT
PAM sites.

[00100] Figures 64A to 64C show the base-edited percentages resulting from different
TTTN PAM sites using Cpfl BE2. The spacers used were:
TTTCCTC;C4CsCsC7C3CoAC;AGGTAGAACAT (Figure 64A, SEQ ID NO: 305),
TTTCC,C,TC4TGTC3CoAC 1 ACCCTCATCCTG (Figure 64B, SEQ ID NO: 306), and
TTTCC,CyC3AGTC7CsTC19C11AC13AC15C16C17TGAAAC (Figure 64C, SEQ ID NO: 307).
[00101] Figure 65 is a schematic depicting selective deamination as achieved through
kinetic modulation of cytidine deaminase point mutagenesis.

[00102] Figure 66 is a graph showing the effect of various mutations on the deamination
window probed in cell culture with multiple cytidines in the spacer. The spacer used was:
TGC;5C4CsCsTC5CoC19TC1,C15C 14 TGGCCC (SEQ ID NO: 308).

[00103] Figure 67 is a graph showing the effect of various mutations on the deamination
window probed in cell culture with multiple cytidines in the spacer. The spacer used was:
AGAGC;sCsC7C3CoC10C11 TC13AAAGAGA (SEQ ID NO: 309).

[00104] Figure 68 is a graph showing the effect of various mutations on the FANCEF site
with a limited number of cytidines. The spacer used was:

GGAATC(C,CsTTC11 TGCAGCACCTGG (SEQ ID NO: 303). Note that the triple mutant
(W90Y, R126E, R132E) preferentially edits the cytidine at the sixth position.

[00105] Figure 69 is a graph showing the effect of various mutations on the HEK3 site
with a limited number of cytidines. The spacer used was:
GGCC4CsAGACTGAGCACGTGATGG (SEQ ID NO: 310). Note that the double and triple
mutants preferentially edit the cytidine at the fifth position over the cytidine in the fourth

position.
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[00106] Figure 70 is a graph showing the effect of various mutations on the EMX1 site
with a limited number of cytidines. The spacer used was:
GAGTCsCsGAGCAGAAGAAGAAGGG (SEQ ID NO: 311). Note that the triple mutant
only edits the cytidine at the fifth position, not the sixth.

[00107] Figure 71 is a graph showing the effect of various mutations on the HEK2 site
with a limited number of cytidines. The spacer used was:
GAACJAC,AAAGCATAGACTGCGGG (SEQ ID NO: 312).

[00108] Figure 72 shows on-target base editing efficiencies of BE3 and BE3 comprising
mutations WO0Y R132E in immortalized astrocytes.

[00109] Figure 73 depicts a schematic of three Cpf1 fusion constructs.

[00110] Figures 74 shows a comparison of plasmid delivery of BE3 and HF-BE3 (EMX1,
FANCEF, and RNF2).

[00111] Figure 75 shows a comparison of plasmid delivery of BE3 and HF-BE3 (HEK3
and HEK 4).

[00112] Figure 76 shows off-target editing of EMX-1 at all 10 sites.

[00113] Figure 77 shows deaminase protein lipofection to HEK cells using a
GAGTCCGAGCAGAAGAAGAAG (SEQ ID NO: 313) spacer. The EMX-1 on-target and
EMX-1 off target site 2 were examined.

[00114] Figure 78 shows deaminase protein lipofection to HEK cells using a
GGAATCCCTTCTGCAGCACCTGG (SEQ ID NO: 314) spacer. The FANCF on target and
FANCEF off target site 1 were examined.

[00115] Figure 79 shows deaminase protein lipofection to HEK cells using a
GGCCCAGACTGAGCACGTGA (SEQ ID NO: 315) spacer. The HEK-3 on target site was
examined.

[00116] Figure 80 shows deaminase protein lipofection to HEK cells using a
GGCACTGCGGCTGGAGGTGGGGG (SEQ ID NO: 316) spacer. The HEK-4 on target, off
target site 1, site 3, and site 4.

[00117] Figure 81 shows the results of an in vifro assay for sgRNA activity for sgHR 13
(GTCAGGTCGAGGGTTCTGTC (SEQ ID NO: 317) spacer; C8 target: G51 to STOP),
sgHR 14 (GGGCCGCAGTATCCTCACTC (SEQ ID NO: 318) spacer, C7 target; C7 target:
Q68 to STOP), and sgHR 15 (CCGCCAGTCCCAGTACGGGA (SEQ ID NO: 319) spacer;
C10 and C11 are targets: W239 or W237 to STOP).

[00118] Figure 82 shows the results of an in vifro assay for sgHR 17
(CAACCACTGCTCAAAGATGC (SEQ ID NO: 320) spacer; C4 and CS5 are targets: W410

26



WO 2017/070632 PCT/US2016/058344

to STOP), and sgHR 16 (CTTCCAGGATGAGAACACAG (SEQ ID NO: 321) spacer; C4
and CS5 are targets: W273 to STOP).

[00119] Figure 83 shows the direct injection of BE3 protein complexed with sgHR 13 in
zebrafish embryos.

[00120] Figure 84 shows the direct injection of BE3 protein complexed with sgHR 16 in
zebrafish embryos.

[00121] Figure 85 shows the direct injection of BE3 protein complexed with sgHR 17 in
zebrafish embryos.

[00122] Figure 86 shows exemplary nucleic acid changes that may be made using base
editors that are capable of making a cytosine to thymine change.

[00123] Figure 87 shows an illustration of apolipoprotein E (APOE) isoforms,
demonstrating how a base editor (e.g., BE3) may be used to edit one APOE isoform (e.g.,
APOE4) into another APOE isoform (e.g., APOE3r) that is associated with a decreased risk
of Alzheimer’s disease.

[00124] Figure 88 shows base editing of APOE4 to APOE3r in mouse astrocytes.

[00125] Figure 89 shows base editing of PRNP to cause early truncation of the protein at
arginine residue 37.

[00126] Figure 90 shows that knocking out UDG (which UGI inhibits) dramatically
improves the cleanliness of efficiency of C to T base editing.

[00127] Figure 91 shows that use of a base editor with the nickase but without UGI leads
to a mixture of outcomes, with very high indel rates.

[00128] Figures 92A to 92G show that SaBE3, SaKKH-BE3, VQR-BE3, EQR-BE3, and
VRER-BE3 mediate efficient base editing at target sites containing non-NGG PAMs in
human cells. Figure 92A shows base editor architectures using S. pyogenes and S. aureus
Cas9. Figure 92B shows recently characterized Cas9 variants with alternate or relaxed PAM
requirements. Figures 92C and 92D show HEK293T cells treated with the base editor
variants shown as described in Example 12. The percentage of total DNA sequencing reads
(with no enrichment for transfected cells) with C converted to T at the target positions
indicated are shown. The PAM sequence of each target tested is shown below the X-axis. The
charts show the results for SaBE3 and SaKKH-BE3 at genomic loci with NNGRRT PAMs
(Figure 92C), SaBE3 and SaKKH-BE3 at genomic loci with NNNRRT PAMs (Figure 92D),
VQR-BE3 and EQR-BE3 at genomic loci with NGAG PAMs (Figure 92E), and with NGAH
PAMs (Figure 92F), and VRER-BE3 at genomic loci with NGCG PAMs (Figure 92G).
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Values and error bars reflect the mean and standard deviation of at least two biological
replicates.

[00129] Figures 93A to 93C demonstrate that base editors with mutations in the cytidine
deaminase domain exhibit narrowed editing windows. Figures 93A to 93C show HEK293T
cells transfected with plasmids expressing mutant base editors and an appropriate sgRNA.
Three days after transfection, genomic DNA was extracted and analyzed by high-throughput
DNA sequencing at the indicated loci. The percentage of total DNA sequencing reads
(without enrichment for transfected cells) with C changed to T at the target positions
indicated are shown for the EMX1 site, HEK293 site 3, FANCEF site, HEK293 site 2, site A,
and site B loci. Figure 93 A illustrates certain cytidine deaminase mutations which narrow the
base editing window. See Figure 98 for the characterization of additional mutations. Figure
93B shows the effect of cytidine deaminase mutations which effect the editing window width
on genomic loci. Combining beneficial mutations has an additive effect on narrowing the
editing window. Figure 93C shows that YE1-BE3, YE2-BE3, EE-BE3, and YEE-BES3 effect
the product distribution of base editing, producing predominantly singly-modified products in
contrast with BE3. Values and error bars reflect the mean and standard deviation of at least
two biological replicates.

[00130] Figures 94A and 94B show genetic variants from ClinVar that in principle can be
corrected by the base editors developed in this work. The NCBI ClinVar database of human
genetic variations and their corresponding phenotypes was searched for genetic diseases that
in theory can be corrected by base editing. Figure 94A demonstrates improvement in base
editing targeting scope among all pathogenic T—C mutations in the ClinVar database
through the use of base editors with altered PAM specificities. The white fractions denote the
proportion of pathogenic T—C mutations accessible on the basis of the PAM requirements of
either BE3, or BE3 together with the five modified-PAM base editors developed in this work.
Figure 94B shows improvement in base editing targeting scope among all pathogenic T—C
mutations in the ClinVar database through the use of base editors with narrowed activity
windows. BE3 was assumed to edit Cs in positions 4-8 with comparable efficiency as shown
in Figures 93 A to 93C. YEE-BE3 was assumed to edit with C5>C6>C7>others preference
within its activity window. The white fractions denote the proportion of pathogenic T—C
mutations that can be edited BE3 without comparable editing of other Cs (left), or that can be
edited BE3 or YEE-BE3 without comparable editing of other Cs (right).

[00131] Figures 95A to 95C show the effect of truncated guide RNAs on base editing
window width. HEK293T cells were transfected with plasmids expressing BE3 and sgRNAs
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of different 5° truncation lengths. The treated cells were analyzed as described in the
Examples. Figure 95A shows protospacer and PAM sequence (top, SEQ ID NO: 4270) and
cellular C to T conversion percentages, defined as the percentage of total DNA sequencing
reads with Ts at the target positions indicated, at a site within the EMX1 genomic locus. At
this site, the base editing window was altered through the use of a 17-nt truncated gRNA.
Figure 95B shows protospacer and PAM sequences (top, SEQ ID NO: 4270) and cellular C
to T conversion percentages, defined as the percentage of total DNA sequencing reads with
Ts at the target positions indicated, at sites within the HEK site 3 and site 4 genomic loci. At
these sites, no change in the base editing window was observed, but a linear decrease in
editing efficiency for all substrate bases as the sgRNA is truncated was noted.

[00132] Figure 96 shows the effect of APOBEC1-Cas9 linker lengths on base editing
window width. HEK293T cells were transfected with plasmids expressing base editors with
rAPOBEC1-Cas9 linkers of XTEN, GGS, (GGS); (SEQ ID NO: 596), (GGS)s (SEQ ID NO:
4271), or (GGS); (SEQ ID NO: 597) and an sgRNA. The treated cells were analyzed as
described in the Examples. Cellular C to T conversion percentages, defined as the percentage
of total DNA sequencing reads with Ts at the target positions indicated, are shown for the
various base editors with different linkers.

[00133] Figures 97A to 97C show the effect of rAPOBEC mutations on base editing
window width. Figure 97C shows HEK293T cells transfected with plasmids expressing an
sgRNA targeting either Site A or Site B and the BE3 point mutants indicated. The treated
cells were analyzed as described in the Examples. All C’s in the protospacer and within three
basepairs of the protospacer are displayed and the cellular C to T conversion percentages are
shown. The ‘editing window widths’, defined as the calculated number of nucleotides within
which editing efficiency exceeds the half-maximal value, are displayed for all tested mutants.
[00134] Figure 98 shows the effect of APOBEC1 mutation son product distributions of
base editing in mammalian cells. HEK293T cells were transfected with plasmids expressing
BES3 or its mutants and an appropriate sgRNAs. The treated cells were analyzed as described
in the Examples. Cellular C to T conversion percentages, defined as the percentage of total
DNA sequencing reads with Ts at the target positions indicated, are shown (left). Percent of
total sequencing reads containing the C to T conversion is shown on the right. The BE3 point
mutants do not significantly affect base editing efficiencies at HEK site 4, a site with only
one target cytidine.

[00135] Figure 99 shows a comparison of on-target editing plasma delivery in BE3 and
HF-BES3.
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[00136] Figure 100 shows a comparison of on-target editing in protein and plasma delivery
of BE3.

[00137] Figure 101 shows a comparison of on-target editing in protein and plasma devliery
of HF-BE3.

[00138] Figure 102 shows that both lipofection and installing HF mutations decrease off-
target deamination events. The diamond indicates no off targets were detected and the
specificity ratio was set to 100.

[00139] Figure 103 shows in vifro C to T editing on a synthetic substrate with Cs placed at
even positions in the protospacer (NNNNTC,TC4TCsTCsTCoTC1,TC14TC16TC15TCyNGG,
SEQ ID NO: 4272).

[00140] Figure 104 shows in vifro C to T editing on a synthetic substrate with Cs placed at
odd positions in the protospacer (NNNNTC,;TC4TCsTCsTC1oTC12TC14TC16TC13TC20NGG,
SEQ ID NO: 4272).

[00141] Figure 105 includes two graphs depicting the specificity ratio of base editing with
plasmid vs. protein delivery.

[00142] Figures 106A to 106B shows BE3 activity on non-NGG PAM sites. HEK293T
cells were transfected with plasmids expressing BE3 and appropriate sgRNA. The treated
cells were analyzed as described in the Examples. Figure 106 A shows BE3 activity on sites
can be efficiently targeted by SaBE3 or SaKKH-BE3. BE3 shows low but significant activity
on the NAG PAM. Figure 106B shows BE3 has significantly reduced editing at sites with
NGA or NGCG PAMs, in contrast to VQR-BE3 or VRER-BE3.

[00143] Figures 107A to 107B show the effect of APOBEC1 mutations on VQR-BE3 and
SaKKH-BE3. HEK293T cells were transfected with plasmids expressing VQR-BE3,
SaKKH-BE3 or its mutants and an appropriate sgRNAs. The treated cells were analyzed as
described in the Methods. Cellular C to T conversion percentages, defined as the percentage
of total DNA sequencing reads with Ts at the target positions indicated, are shown. Figure
107A shows that the window-modulating mutations can be applied to VQR-BE3 to enable
selective base editing at sites targetable by NGA PAM. Figure 107B shows that, when
applied to SaKKH-BE3, the mutations cause overall decrease in base editing efficiency
without conferring base selectivity within the target window.

[00144] Figure 108 shows a schematic representation of nucleotide editing. The following
abbreviations are used: (MMR) - mismatch repair, (BE3 Nickase) - refers to base editor 3,
which comprises a Cas9 nickase domain, (UGI) - uracil glycosylase inhibitor, UDG) - uracil

DNA glycosylase, (APOBEC) — refers to an APOBEC cytidine deaminase.
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DEFINITIONS
[00145] As used herein and in the claims, the singular forms “a,” “an,” and “the” include
the singular and the plural reference unless the context clearly indicates otherwise. Thus, for
example, a reference to “an agent” includes a single agent and a plurality of such agents.
[00146] The term “Cas9” or “Cas9 nuclease” refers to an RNA-guided nuclease comprising
a Cas9 protein, or a fragment thereof (e.g., a protein comprising an active, inactive, or
partially active DNA cleavage domain of Cas9, and/or the gRNA binding domain of Cas9).
A Cas9 nuclease is also referred to sometimes as a casnl nuclease or a CRISPR (clustered
regularly interspaced short palindromic repeat)-associated nuclease. CRISPR is an adaptive
immune system that provides protection against mobile genetic elements (viruses,
transposable elements and conjugative plasmids). CRISPR clusters contain spacers,
sequences complementary to antecedent mobile elements, and target invading nucleic acids.
CRISPR clusters are transcribed and processed into CRISPR RNA (crRNA). In type 11
CRISPR systems correct processing of pre-crRNA requires a trans-encoded small RNA
(tracrRNA), endogenous ribonuclease 3 (rnc) and a Cas9 protein. The tractrRNA serves as a
guide for ribonuclease 3-aided processing of pre-crRNA. Subsequently,
Cas9/crRNA/tracrRNA endonucleolytically cleaves linear or circular dsSDNA target
complementary to the spacer. The target strand not complementary to crRNA is first cut
endonucleolytically, then trimmed 3'-5' exonucleolytically. In nature, DNA-binding and
cleavage typically requires protein and both RNAs. However, single guide RNAs (“sgRNA”,
or simply “gNRA”) can be engineered so as to incorporate aspects of both the crRNA and
tractrRNA into a single RNA species. See, e.g., Jinek M., Chylinski K., Fonfara 1., Hauer M.,
Doudna J.A., Charpentier E. Science 337:816-821(2012), the entire contents of which is
hereby incorporated by reference. Cas9 recognizes a short motif in the CRISPR repeat
sequences (the PAM or protospacer adjacent motif) to help distinguish self versus non-self.
Cas9 nuclease sequences and structures are well known to those of skill in the art (see, e.g.,
“Complete genome sequence of an M1 strain of Streptococcus pyogenes.” Ferretti et al., J.J.,
McShan W.M, Ajdic D.J,, Savic D.J, Savic G., Lyon K., Primeaux C., Sezate S., Suvorov
AN, Kenton S., Lai HS., Lin SP., Qian Y, Jia H G, Najar F.Z., Ren Q., Zhu H., Song L.,
White J., Yuan X, Clifton S W., Roe B.A., McLaughlin R E., Proc. Natl. Acad. Sci. U.S.A.
98:4658-4663(2001); “CRISPR RNA maturation by trans-encoded small RNA and host
factor RNase II1.” Deltcheva E., Chylinski K., Sharma C .M., Gonzales K., Chao Y., Pirzada
Z A, Eckert MR, Vogel J., Charpentier E., Nature 471:602-607(2011); and “A
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programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity.” Jinek
M., Chylinski K., Fonfara 1., Hauer M., Doudna J.A., Charpentier E. Science 337:816-
821(2012), the entire contents of each of which are incorporated herein by reference). Cas9
orthologs have been described in various species, including, but not limited to, S. pyogenes
and S. thermophilus. Additional suitable Cas9 nucleases and sequences will be apparent to
those of skill in the art based on this disclosure, and such Cas9 nucleases and sequences
include Cas9 sequences from the organisms and loci disclosed in Chylinski, Rhun, and
Charpentier, “The tractrRNA and Cas9 families of type II CRISPR-Cas immunity systems”
(2013) RNA Biology 10:5, 726-737; the entire contents of which are incorporated herein by
reference. In some embodiments, a Cas9 nuclease has an inactive (e.g., an inactivated) DNA
cleavage domain, that is, the Cas9 is a nickase.

[00147] A nuclease-inactivated Cas9 protein may interchangeably be referred to as a
“dCas9” protein (for nuclease-“dead” Cas9). Methods for generating a Cas9 protein (or a
fragment thereof) having an inactive DNA cleavage domain are known (See, e.g., Jinek ef al.,
Science. 337:816-821(2012); Q1 et al., “Repurposing CRISPR as an RNA-Guided Platform
for Sequence-Specific Control of Gene Expression” (2013) Cell. 28;152(5):1173-83, the
entire contents of each of which are incorporated herein by reference). For example, the
DNA cleavage domain of Cas9 is known to include two subdomains, the HNH nuclease
subdomain and the RuvC1 subdomain. The HNH subdomain cleaves the strand
complementary to the gRNA, whereas the RuvC1 subdomain cleaves the non-complementary
strand. Mutations within these subdomains can silence the nuclease activity of Cas9. For
example, the mutations D10A and H840A completely inactivate the nuclease activity of .
pyogenes Cas9 (Jinek et al., Science. 337:816-821(2012); Qi et al., Cell. 28;152(5):1173-83
(2013)). In some embodiments, proteins comprising fragments of Cas9 are provided. For
example, in some embodiments, a protein comprises one of two Cas9 domains: (1) the gRNA
binding domain of Cas9; or (2) the DNA cleavage domain of Cas9. In some embodiments,
proteins comprising Cas9 or fragments thereof are referred to as “Cas9 variants.” A Cas9
variant shares homology to Cas9, or a fragment thereof. For example a Cas9 variant is at
least about 70% identical, at least about 80% identical, at least about 90% identical, at least
about 95% identical, at least about 96% identical, at least about 97% identical, at least about
98% identical, at least about 99% identical, at least about 99.5% identical, or at least about
99.9% identical to wild type Cas9. In some embodiments, the Cas9 variant may have 1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30,
31,32, 33, 34, 35,36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more amino acid
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changes compared to wild type Cas9. In some embodiments, the Cas9 variant comprises a
fragment of Cas9 (e.g., a gRNA binding domain or a DNA-cleavage domain), such that the
fragment is at least about 70% identical, at least about 80% identical, at least about 90%
identical, at least about 95% identical, at least about 96% identical, at least about 97%
identical, at least about 98% identical, at least about 99% identical, at least about 99.5%
identical, or at least about 99.9% identical to the corresponding fragment of wild type Cas9.
In some embodiments, the fragment is is at least 30%, at least 35%, at least 40%, at least
45%, at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least
80%, at least 85%, at least 90%, at least 95% identical, at least 96%, at least 97%, at least
98%, at least 99%, or at least 99.5% of the amino acid length of a corresponding wild type
Cas9.

[00148] In some embodiments, the fragment is at least 100 amino acids in length. In some
embodiments, the fragment is at least 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600,
650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, or at least 1300
amino acids in length. In some embodiments, wild type Cas9 corresponds to Cas9 from
Streptococcus pyogenes (NCBI Reference Sequence: NC _017053.1, SEQ ID NO:1
(nucleotide); SEQ ID NO:2 (amino acid)).

ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGG
GCGGTGATCACTGATGATTATAAGGTTCCGTCTAAAAAGTTCAAGGTTCTGGGAA
ATACAGACCGCCACAGTATCAAAAAAAATCTTATAGGGGCTCTTTTATTTGGCAG
TGGAGAGACAGCGGAAGCGACTCGTCTCAAACGGACAGCTCGTAGAAGGTATAC
ACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCG
AAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGTGGAAGAAG
ACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGAAGTTGCTTA
TCATGAGAAATATCCAACTATCTATCATCTGCGAAAAAAATTGGCAGATTCTACT
GATAAAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTC
GTGGTCATTTTTTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAA
ACTATTTATCCAGTTGGTACAAATCTACAATCAATTATTTGAAGAAAACCCTATT
AACGCAAGTAGAGTAGATGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCA
AGACGATTAGAAAATCTCATTGCTCAGCTCCCCGGTGAGAAGAGAAATGGCTTG
TTTGGGAATCTCATTGCTTTGTCATTGGGATTGACCCCTAATTTTAAATCAAATTT
TGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGAT
TTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTTTGGCAG
CTAAGAATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATAGTGA
AATAACTAAGGCTCCCCTATCAGCTTCAATGATTAAGCGCTACGATGAACATCAT
CAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACAACAACTTCCAGAAAAGTATA
AAGAAATCTTTTTTGATCAATCAAAAAACGGATATGCAGGTTATATTGATGGGGG
AGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAATTTTAGAAAAAATGGAT
GGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCGCAAGCAA
CGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATG
CTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTAAAAGACAATCGTGAGAA
GATTGAAAAAATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATTGGCGCGTG
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GCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGAAGAAACAATTACCCCATG
GAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATTTATTGAACGC
ATGACAAACTTTGATAAAAATCTTCCAAATGAAAAAGTACTACCAAAACATAGT
TTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACAAAGGTCAAATATGTTA
CTGAGGGAATGCGAAAACCAGCATTTCTTTCAGGTGAACAGAAGAAAGCCATTG
TTGATTTACTCTTCAAAACAAATCGAAAAGTAACCGTTAAGCAATTAAAAGAAG
ATTATTTCAAAAAAATAGAATGTTTTGATAGTGTTGAAATTTCAGGAGTTGAAGA
TAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTAAAAATTATTAAAGAT
AAAGATTTTTTGGATAATGAAGAAAATGAAGATATCTTAGAGGATATTGTTTTAA
CATTGACCTTATTTGAAGATAGGGGGATGATTGAGGAAAGACTTAAAACATATG
CTCACCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGG
TTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGC
AAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGC
AGCTGATCCATGATGATAGTTTGACATTTAAAGAAGATATTCAAAAAGCACAGG
TGTCTGGACAAGGCCATAGTTTACATGAACAGATTGCTAACTTAGCTGGCAGTCC
TGCTATTAAAAAAGGTATTTTACAGACTGTAAAAATTGTTGATGAACTGGTCAAA
GTAATGGGGCATAAGCCAGAAAATATCGTTATTGAAATGGCACGTGAAAATCAG
ACAACTCAAAAGGGCCAGAAAAATTCGCGAGAGCGTATGAAACGAATCGAAGA
AGGTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAAAATAC
TCAATTGCAAAATGAAAAGCTCTATCTCTATTATCTACAAAATGGAAGAGACATG
TATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATCACA
TTGTTCCACAAAGTTTCATTAAAGACGATTCAATAGACAATAAGGTACTAACGCG
TTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTCAA
AAAGATGAAAAACTATTGGAGACAACTTCTAAACGCCAAGTTAATCACTCAACG
TAAGTTTGATAATTTAACGAAAGCTGAACGTGGAGGTTTGAGTGAACTTGATAAA
GCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCAAATCACTAAGCATGTGG
CACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAATGATAAACTTAT
TCGAGAGGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCGAAAA
GATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACCATCATGCCCATGATG
CGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATATCCAAAACTTGA
ATCGGAGTTTGTCTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATTGCT
AAGTCTGAGCAAGAAATAGGCAAAGCAACCGCAAAATATTTCTTTTACTCTAATA
TCATGAACTTCTTCAAAACAGAAATTACACTTGCAAATGGAGAGATTCGCAAAC
GCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAAAGGGC
GAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAATATTGTCAA
GAAAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAAAG
AAATTCGGACAAGCTTATTGCTCGTAAAAAAGACTGGGATCCAAAAAAATATGG
TGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAA
AAAGGGAAATCGAAGAAGTTAAAATCCGTTAAAGAGTTACTAGGGATCACAATT
ATGGAAAGAAGTTCCTTTGAAAAAAATCCGATTGACTTTTTAGAAGCTAAAGGAT
ATAAGGAAGTTAAAAAAGACTTAATCATTAAACTACCTAAATATAGTCTTTTTGA
GTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAATTACAAAAAGG
AAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGTCAT
TATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTGTG
GAGCAGCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTA
AGCGTGTTATTTTAGCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAACAA
ACATAGAGACAAACCAATACGTGAACAAGCAGAAAATATTATTCATTTATTTAC
GTTGACGAATCTTGGAGCTCCCGCTGCTTTTAAATATTTTGATACAACAATTGATC
GTAAACGATATACGTCTACAAAAGAAGTTTTAGATGCCACTCTTATCCATCAATC
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CATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGACTGA
(SEQ ID NO:1)

MDKKYSIGLDIGTNSVGWAVITDDYKVPSKKFKVLGNTDRHSIKKNLIGALLFGSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLADSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQIYNQLFEENPINASRVDAKAILSARLSKSRRLENLIAQLPG
EKRNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYAD
LFLAAKNLSDAILLSDILRVNSEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEK
YKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT
FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRFNASLGAYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDRGMIEER
LKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFMQLIHDDSLTFKEDIQK AQVSGQGHSLHEQIANLAGSPAIKKGILQTVKIVDELVK
VMGHKPENIVIEMARENQTTQKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLQ
NEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOQSFIKDDSIDNKVLTRSDKNR
GKSDNVPSEEVVKKMKNYWROQLLNAKLITOQRKFDNLTKAERGGLSELDKAGFIKROQ
LVETROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYK VREI
NNYHHAHDAYINAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKAT
AKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKVLSMPQ
VNIVKKTEVOTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAK
VEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELE
NGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHK
HYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPA
AFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:2)
(single underline: HNH domain; double underline: RuvC domain)

[00149] In some embodiments, wild type Cas9 corresponds to, or comprises SEQ ID NO:3
(nucleotide) and/or SEQ ID NO: 4 (amino acid):

ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGG
CTGTCATAACCGATGAATACAAAGTACCTTCAAAGAAATTTAAGGTGTTGGGGA
ACACAGACCGTCATTCGATTAAAAAGAATCTTATCGGTGCCCTCCTATTCGATAG
TGGCGAAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGGAGAAGGTATAC
ACGTCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGCC
AAAGTTGACGATTCTTTCTTTCACCGTTTGGAAGAGTCCTTCCTTGTCGAAGAGG
ACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAGGTGGCAT
ATCATGAAAAGTACCCAACGATTTATCACCTCAGAAAAAAGCTAGTTGACTCAA
CTGATAAAGCGGACCTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTT
CCGTGGGCACTTTCTCATTGAGGGTGATCTAAATCCGGACAACTCGGATGTCGAC
AAACTGTTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTGAAGAGAACCCTA
TAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAATC
CCGACGGCTAGAAAACCTGATCGCACAATTACCCGGAGAGAAGAAAAATGGGTT
GTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAAGTCGAAC
TTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAGGACACGTACGATGAC
GATCTCGACAATCTACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGG
CTGCCAAAAACCTTAGCGATGCAATCCTCCTATCTGACATACTGAGAGTTAATAC
TGAGATTACCAAGGCGCCGTTATCCGCTTCAATGATCAAAAGGTACGATGAACAT
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CACCAAGACTTGACACTTCTCAAGGCCCTAGTCCGTCAGCAACTGCCTGAGAAAT
ATAAGGAAATATTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACG
GCGGAGCGAGTCAAGAGGAATTCTACAAGTTTATCAAACCCATATTAGAGAAGA
TGGATGGGACGGAAGAGTTGCTTGTAAAACTCAATCGCGAAGATCTACTGCGAA
AGCAGCGGACTTTCGACAACGGTAGCATTCCACATCAAATCCACTTAGGCGAATT
GCATGCTATACTTAGAAGGCAGGAGGATTTTTATCCGTTCCTCAAAGACAATCGT
GAAAAGATTGAGAAAATCCTAACCTTTCGCATACCTTACTATGTGGGACCCCTGG
CCCGAGGGAACTCTCGGTTCGCATGGATGACAAGAAAGTCCGAAGAAACGATTA
CTCCATGGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCAATCGTTCAT
CGAGAGGATGACCAACTTTGACAAGAATTTACCGAACGAAAAAGTATTGCCTAA
GCACAGTTTACTTTACGAGTATTTCACAGTGTACAATGAACTCACGAAAGTTAAG
TATGTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGGAGAACAGAAGAAA
GCAATAGTAGATCTGTTATTCAAGACCAACCGCAAAGTGACAGTTAAGCAATTG
AAAGAGGACTACTTTAAGAAAATTGAATGCTTCGATTCTGTCGAGATCTCCGGGG
TAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTAAAGATAAT
TAAAGATAAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATAT
AGTGTTGACTCTTACCCTCTTTGAAGATCGGGAAATGATTGAGGAAAGACTAAAA
ACATACGCTCACCTGTTCGACGATAAGGTTATGAAACAGTTAAAGAGGCGTCGCT
ATACGGGCTGGGGACGATTGTCGCGGAAACTTATCAACGGGATAAGAGACAAGC
AAAGTGGTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCAATAGGAA
CTTTATGCAGCTGATCCATGATGACTCTTTAACCTTCAAAGAGGATATACAAAAG
GCACAGGTTTCCGGACAAGGGGACTCATTGCACGAACATATTGCGAATCTTGCTG
GTTCGCCAGCCATCAAAAAGGGCATACTCCAGACAGTCAAAGTAGTGGATGAGC
TAGTTAAGGTCATGGGACGTCACAAACCGGAAAACATTGTAATCGAGATGGCAC
GCGAAAATCAAACGACTCAGAAGGGGCAAAAAAACAGTCGAGAGCGGATGAAG
AGAATAGAAGAGGGTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCT
GTGGAAAATACCCAATTGCAGAACGAGAAACTTTACCTCTATTACCTACAAAATG
GAAGGGACATGTATGTTGATCAGGAACTGGACATAAACCGTTTATCTGATTACGA
CGTCGATCACATTGTACCCCAATCCTTTTTGAAGGACGATTCAATCGACAATAAA
GTGCTTACACGCTCGGATAAGAACCGAGGGAAAAGTGACAATGTTCCAAGCGAG
GAAGTCGTAAAGAAAATGAAGAACTATTGGCGGCAGCTCCTAAATGCGAAACTG
ATAACGCAAAGAAAGTTCGATAACTTAACTAAAGCTGAGAGGGGTGGCTTGTCT
GAACTTGACAAGGCCGGATTTATTAAACGTCAGCTCGTGGAAACCCGCCAAATC
ACAAAGCATGTTGCACAGATACTAGATTCCCGAATGAATACGAAATACGACGAG
AACGATAAGCTGATTCGGGAAGTCAAAGTAATCACTTTAAAGTCAAAATTGGTG
TCGGACTTCAGAAAGGATTTTCAATTCTATAAAGTTAGGGAGATAAATAACTACC
ACCATGCGCACGACGCTTATCTTAATGCCGTCGTAGGGACCGCACTCATTAAGAA
ATACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGATTACAAAGTTTATGACGTC
CGTAAGATGATCGCGAAAAGCGAACAGGAGATAGGCAAGGCTACAGCCAAATA
CTTCTTTTATTCTAACATTATGAATTTCTTTAAGACGGAAATCACTCTGGCAAACG
GAGAGATACGCAAACGACCTTTAATTGAAACCAATGGGGAGACAGGTGAAATCG
TATGGGATAAGGGCCGGGACTTCGCGACGGTGAGAAAAGTTTTGTCCATGCCCC
AAGTCAACATAGTAAAGAAAACTGAGGTGCAGACCGGAGGGTTTTCAAAGGAAT
CGATTCTTCCAAAAAGGAATAGTGATAAGCTCATCGCTCGTAAAAAGGACTGGG
ACCCGAAAAAGTACGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGT
AGTGGCAAAAGTTGAGAAGGGAAAATCCAAGAAACTGAAGTCAGTCAAAGAAT
TATTGGGGATAACGATTATGGAGCGCTCGTCTTTTGAAAAGAACCCCATCGACTT
CCTTGAGGCGAAAGGTTACAAGGAAGTAAAAAAGGATCTCATAATTAAACTACC
AAAGTATAGTCTGTTTGAGTTAGAAAATGGCCGAAAACGGATGTTGGCTAGCGC
CGGAGAGCTTCAAAAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTT
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CCTGTATTTAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAAGATAACGAA
CAGAAGCAACTTTTTGTTGAGCAGCACAAACATTATCTCGACGAAATCATAGAGC
AAATTTCGGAATTCAGTAAGAGAGTCATCCTAGCTGATGCCAATCTGGACAAAGT
ATTAAGCGCATACAACAAGCACAGGGATAAACCCATACGTGAGCAGGCGGAAA
ATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAGTAT
TTTGACACAACGATAGATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGAC
GCGACACTGATTCACCAATCCATCACGGGATTATATGAAACTCGGATAGATTTGT
CACAGCTTGGGGGTGACGGATCCCCCAAGAAGAAGAGGAAAGTCTCGAGCGACT
ACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACG
ATGACAAGGCTGCAGGA (SEQ ID NO:3)

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOQL
ONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOQSFLKDDSIDNKVITRSDK
NRGKSDNVPSEEVVKKMKNYWROLINAKLITOQRKFDNLTKAERGGLSELDKAGFIK
ROLVETROQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKIL.VSDFRKDFQFYKV
REINNYHHAHDAYILNAVVGTALIKKYPKILESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
POVNIVKKTEVOTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:4)
(single underline: HNH domain; double underline: RuvC domain)

[00150] In some embodiments, wild type Cas9 corresponds to Cas9 from Streptococcus
pyogenes (NCBI Reference Sequence: NC _002737.2, SEQ ID NO: 8 (nucleotide), and
Uniport Reference Sequence: Q99ZW2, SEQ ID NO: 10 (amino acid).

ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGG
GCGGTGATCACTGATGAATATAAGGTTCCGTCTAAAAAGTTCAAGGTTCTGGGAA
ATACAGACCGCCACAGTATCAAAAAAAATCTTATAGGGGCTCTTTTATTTGACAG
TGGAGAGACAGCGGAAGCGACTCGTCTCAAACGGACAGCTCGTAGAAGGTATAC
ACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCG
AAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGTGGAAGAAG
ACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGAAGTTGCTTA
TCATGAGAAATATCCAACTATCTATCATCTGCGAAAAAAATTGGTAGATTCTACT
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GATAAAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTC
GTGGTCATTTTTTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAA
ACTATTTATCCAGTTGGTACAAACCTACAATCAATTATTTGAAGAAAACCCTATT
AACGCAAGTGGAGTAGATGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCA
AGACGATTAGAAAATCTCATTGCTCAGCTCCCCGGTGAGAAGAAAAATGGCTTA
TTTGGGAATCTCATTGCTTTGTCATTGGGTTTGACCCCTAATTTTAAATCAAATTT
TGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGAT
TTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTTTGGCAG
CTAAGAATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATACTGA
AATAACTAAGGCTCCCCTATCAGCTTCAATGATTAAACGCTACGATGAACATCAT
CAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACAACAACTTCCAGAAAAGTATA
AAGAAATCTTTTTTGATCAATCAAAAAACGGATATGCAGGTTATATTGATGGGGG
AGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAATTTTAGAAAAAATGGAT
GGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCGCAAGCAA
CGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATG
CTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTAAAAGACAATCGTGAGAA
GATTGAAAAAATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATTGGCGCGTG
GCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGAAGAAACAATTACCCCATG
GAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATTTATTGAACGC
ATGACAAACTTTGATAAAAATCTTCCAAATGAAAAAGTACTACCAAAACATAGT
TTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACAAAGGTCAAATATGTTA
CTGAAGGAATGCGAAAACCAGCATTTCTTTCAGGTGAACAGAAGAAAGCCATTG
TTGATTTACTCTTCAAAACAAATCGAAAAGTAACCGTTAAGCAATTAAAAGAAG
ATTATTTCAAAAAAATAGAATGTTTTGATAGTGTTGAAATTTCAGGAGTTGAAGA
TAGATTTAATGCTTCATTAGGTACCTACCATGATTTGCTAAAAATTATTAAAGAT
AAAGATTTTTTGGATAATGAAGAAAATGAAGATATCTTAGAGGATATTGTTTTAA
CATTGACCTTATTTGAAGATAGGGAGATGATTGAGGAAAGACTTAAAACATATG
CTCACCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGG
TTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGC
AAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGC
AGCTGATCCATGATGATAGTTTGACATTTAAAGAAGACATTCAAAAAGCACAAG
TGTCTGGACAAGGCGATAGTTTACATGAACATATTGCAAATTTAGCTGGTAGCCC
TGCTATTAAAAAAGGTATTTTACAGACTGTAAAAGTTGTTGATGAATTGGTCAAA
GTAATGGGGCGGCATAAGCCAGAAAATATCGTTATTGAAATGGCACGTGAAAAT
CAGACAACTCAAAAGGGCCAGAAAAATTCGCGAGAGCGTATGAAACGAATCGA
AGAAGGTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAAAA
TACTCAATTGCAAAATGAAAAGCTCTATCTCTATTATCTCCAAAATGGAAGAGAC
ATGTATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATC
ACATTGTTCCACAAAGTTTCCTTAAAGACGATTCAATAGACAATAAGGTCTTAAC
GCGTTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGT
CAAAAAGATGAAAAACTATTGGAGACAACTTCTAAACGCCAAGTTAATCACTCA
ACGTAAGTTTGATAATTTAACGAAAGCTGAACGTGGAGGTTTGAGTGAACTTGAT
AAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCAAATCACTAAGCATG
TGGCACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAATGATAAAC
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TTATTCGAGAGGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCG
AAAAGATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACCATCATGCCCAT
GATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATATCCAAAAC
TTGAATCGGAGTTTGTCTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATT
GCTAAGTCTGAGCAAGAAATAGGCAAAGCAACCGCAAAATATTTCTTTTACTCTA
ATATCATGAACTTCTTCAAAACAGAAATTACACTTGCAAATGGAGAGATTCGCAA
ACGCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAAAGG
GCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAATATTGTC
AAGAAAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAA
AGAAATTCGGACAAGCTTATTGCTCGTAAAAAAGACTGGGATCCAAAAAAATAT
GGTGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGG
AAAAAGGGAAATCGAAGAAGTTAAAATCCGTTAAAGAGTTACTAGGGATCACAA
TTATGGAAAGAAGTTCCTTTGAAAAAAATCCGATTGACTTTTTAGAAGCTAAAGG
ATATAAGGAAGTTAAAAAAGACTTAATCATTAAACTACCTAAATATAGTCTTTTT
GAGTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAATTACAAAAA
GGAAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGTC
ATTATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTG
TGGAGCAGCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTC
TAAGCGTGTTATTTTAGCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAAC
AAACATAGAGACAAACCAATACGTGAACAAGCAGAAAATATTATTCATTTATTT
ACGTTGACGAATCTTGGAGCTCCCGCTGCTTTTAAATATTTTGATACAACAATTG
ATCGTAAACGATATACGTCTACAAAAGAAGTTTTAGATGCCACTCTTATCCATCA
ATCCATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGAC
TGA (SEQ ID NO: 8)

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILOTVKVVDELVK
VYMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
ONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWROLLNAKLITORKFDNIL TKAERGGILSELDKAGFIK
ROLVETROITKHVAQILDSRMNTKYDENDKI IREVKVITLKSKI VSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKIESEFVYGDYKVYDVRKMIAKSEQEIGK
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ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
POQVNIVKKTEVOQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
10) (single underline: HNH domain; double underline: RuvC domain)

[00151] In some embodiments, Cas9 refers to Cas9 from: Corynebacterium ulcerans
(NCBI Refs: NC _015683.1, NC _017317.1); Corynebacterium diphtheria (NCBI Refs:
NC 016782.1, NC_016786.1); Spiroplasma syrphidicola (NCBI Ref: NC_021284.1);
Prevotella intermedia (NCBI Ref: NC_017861.1); Spiroplasma taiwanense (NCBI Ref:

NC _021846.1); Streptococcus iniae (NCBI Ref: NC _021314.1); Belliella baltica (NCBI Ref:
NC_018010.1); Psychroflexus torquis] (NCBI Ref: NC_018721.1); Streptococcus
thermophilus (NCBI Ref: YP 820832.1), Listeria innocua (NCBI Ref: NP _472073.1),
Campylobacter jejuni (NCBI Ref: YP_002344900.1) or Neisseria. meningitidis (NCBI Ref:
YP 002342100.1) or to a Cas9 from any of the organisms listed in Example 5.

[00152] In some embodiments, dCas9 corresponds to, or comprises in part or in whole, a
Cas9 amino acid sequence having one or more mutations that inactivate the Cas9 nuclease
activity. For example, in some embodiments, a dCas9 domain comprises D10A and/or
H840A mutation.

dCas9 (D10A and H840A):

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDS
GETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK VDDSFFHRLEESFLVEEDKK
HERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLAL AHMIKFRGHFLI
EGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQ
LPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQ
YADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQL
PEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRK
QRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSR
FAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYF
TVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIEC
FDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEE
RLKTYAHLFDDK VMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFAN
RNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDEL|
VK VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVE
NTQLONEKLYLYYLONGRDMYVDOQELDINRLSDYDVDAIVPQSFLKDDSIDNKV
LTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLS
[ELDKAGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFR]
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[KDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI‘
‘AKSEQEIGKATAKYFFYSNH\/[NFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF‘
‘ATVRKVLSMPQVNIVKKTEVQT|GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP
TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI
IKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDN
EQKQLFVEQHKHYLDENEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD
(SEQ ID NO: 9) (single underline: HNH domain; double underline: RuvC domain).

[00153] In some embodiments, the Cas9 domain comprises a D10A mutation, while the

residue at position 840 remains a histidine in the amino acid sequence provided in SEQ ID
NO: 10, or at corresponding positions in any of the amino acid sequences provided in SEQ
ID NOs: 11-260. Without wishing to be bound by any particular theory, the presence of the
catalytic residue H840 restores the acvitity of the Cas9 to cleave the non-edited (e.g., non-
deaminated) strand containing a G opposite the targeted C. Restoration of H840 (e.g., from
A840) does not result in the cleavage of the target strand containing the C. Such Cas9
variants are able to generate a single-strand DNA break (nick) at a specific location based on
the gRNA-defined target sequence, leading to repair of the non-edited strand, ultimately
resulting in a G to A change on the non-edited strand. A schematic representation of this
process is shown in Figure 108. Briefly, the C of a C-G basepair can be deaminated to a U by
a deaminase, e.g., an APOBEC deamonase. Nicking the non-edited strand, having the G,
facilitates removal of the G via mismatch repair mechanisms. UGI inhibits UDG, which
prevents removal of the U.

[00154] In other embodiments, dCas9 variants having mutations other than D10A and
HB840A are provided, which, e.g., result in nuclease inactivated Cas9 (dCas9). Such
mutations, by way of example, include other amino acid substitutions at D10 and H820, or
other substitutions within the nuclease domains of Cas9 (e.g., substitutions in the HNH
nuclease subdomain and/or the RuvC1 subdomain). In some embodiments, variants or
homologues of dCas9 (e.g., variants of SEQ ID NO: 10) are provided which are at least about
70% identical, at least about 80% identical, at least about 90% identical, at least about 95%
identical, at least about 98% identical, at least about 99% identical, at least about 99.5%
identical, or at least about 99.9% identical to SEQ ID NO: 10. In some embodiments,
variants of dCas9 (e.g., variants of SEQ ID NO: 10) are provided having amino acid
sequences which are shorter, or longer than SEQ ID NO: 10, by about 5 amino acids, by

about 10 amino acids, by about 15 amino acids, by about 20 amino acids, by about 25 amino
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acids, by about 30 amino acids, by about 40 amino acids, by about 50 amino acids, by about
75 amino acids, by about 100 amino acids or more.

[00155] In some embodiments, Cas9 fusion proteins as provided herein comprise the full-
length amino acid sequence of a Cas9 protein, e.g., one of the Cas9 sequences provided
herein. In other embodiments, however, fusion proteins as provided herein do not comprise a
full-length Cas9 sequence, but only a fragment thereof. For example, in some embodiments,
a Cas9 fusion protein provided herein comprises a Cas9 fragment, wherein the fragment
binds crRNA and tracrRNA or sgRNA, but does not comprise a functional nuclease domain,
e.g., in that it comprises only a truncated version of a nuclease domain or no nuclease domain
at all. Exemplary amino acid sequences of suitable Cas9 domains and Cas9 fragments are
provided herein, and additional suitable sequences of Cas9 domains and fragments will be
apparent to those of skill in the art.

[00156] In some embodiments, Cas9 refers to Cas9 from: Corynebacterium ulcerans
(NCBI Refs: NC _015683.1, NC_017317.1); Corynebacterium diphtheria (NCBI Refs:

NC 016782.1, NC_016786.1); Spiroplasma syrphidicola (NCBI Ref: NC_021284.1);
Prevotella intermedia (NCBI Ref: NC_017861.1); Spiroplasma taiwanense (NCBI Ref:

NC _021846.1); Streptococcus iniae (NCBI Ref: NC_021314.1); Belliella baltica (NCBI Ref:
NC_018010.1); Psychroflexus torquis] (NCBI Ref: NC_018721.1); Streptococcus
thermophilus (NCBI Ref: YP 820832.1); Listeria innocua (NCBI Ref: NP_472073.1);
Campylobacter jejuni (NCBI Ref: YP_002344900.1); or Neisseria. meningitidis (NCBI Ref:
YP 002342100.1).

[00157] The term “deaminase” or “deaminase domain,” as used herein, refers to a protein
or enzyme that catalyzes a deamination reaction. In some embodiments, the deaminase or
deaminase domain is a cytidine deaminase, catalyzing the hydrolytic deamination of cytidine
or deoxycytidine to uridine or deoxyuridine, respectively. In some embodiments, the
deaminase or deaminase domain is a cytidine deaminase domain, catalyzing the hydrolytic
deamination of cytosine to uracil. In some embodiments, the deaminase or deaminase
domain is a naturally-occuring deaminase from an organism, such as a human, chimpanzee,
gorilla, monkey, cow, dog, rat, or mouse. In some embodiments, the deaminase or deaminase
domain is a variant of a naturally-occuring deaminase from an organism, that does not occur
in nature. For example, in some embodiments, the deaminase or deaminase domain is at least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75% at least 80%, at least
85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at

least 99.5% identical to a naturally-occuring deaminase from an organism.
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[00158] The term “effective amount,” as used herein, refers to an amount of a biologically
active agent that is sufficient to elicit a desired biological response. For example, in some
embodiments, an effective amount of a nuclease may refer to the amount of the nuclease that
is sufficient to induce cleavage of a target site specifically bound and cleaved by the nuclease.
In some embodiments, an effective amount of a fusion protein provided herein, e.g., of a
fusion protein comprising a nuclease-inactive Cas9 domain and a nucleic acid editing domain
(e.g., a deaminase domain) may refer to the amount of the fusion protein that is sufficient to
induce editing of a target site specifically bound and edited by the fusion protein. As will be
appreciated by the skilled artisan, the effective amount of an agent, e.g., a fusion protein, a
nuclease, a deaminase, a recombinase, a hybrid protein, a protein dimer, a complex of a
protein (or protein dimer) and a polynucleotide, or a polynucleotide, may vary depending on
various factors as, for example, on the desired biological response, e.g., on the specific allele,
genome, or target site to be edited, on the cell or tissue being targeted, and on the agent being
used.

[00159] The term “linker,” as used herein, refers to a chemical group or a molecule linking
two molecules or moieties, e.g., two domains of a fusion protein, such as, for example, a
nuclease-inactive Cas9 domain and a nucleic acid editing domain (e.g., a deaminase domain).
In some embodiments, a linker joins a gRNA binding domain of an RNA-programmable
nuclease, including a Cas9 nuclease domain, and the catalytic domain of anucleic-acid editing
protein. In some embodiments, a linker joins a dCas9 and a nucleic-acid editing protein.
Typically, the linker is positioned between, or flanked by, two groups, molecules, or other
moieties and connected to each one via a covalent bond, thus connecting the two. In some
embodiments, the linker is an amino acid or a plurality of amino acids (e.g., a peptide or
protein). In some embodiments, the linker is an organic molecule, group, polymer, or
chemical moiety. In some embodiments, the linker is 5-100 amino acids in length, for
example, 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, 30-35, 35-40, 40-45, 45-50, 50-60, 60-70, 70-80, 80-90, 90-100, 100-150, or 150-200
amino acids in length. Longer or shorter linkers are also contemplated.

[00160] The term “mutation,” as used herein, refers to a substitution of a residue within a
sequence, e.g., a nucleic acid or amino acid sequence, with another residue, or a deletion or
insertion of one or more residues within a sequence. Mutations are typically described herein
by identifying the original residue followed by the position of the residue within the sequence
and by the identity of the newly substituted residue. Various methods for making the amino

acid substitutions (mutations) provided herein are well known in the art, and are provided by,
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for example, Green and Sambrook, Molecular Cloning: A Laboratory Manual (4™ ed., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)).

[00161] The terms “nucleic acid” and “nucleic acid molecule,” as used herein, refer to a
compound comprising a nucleobase and an acidic moiety, e.g., a nucleoside, a nucleotide, or
a polymer of nucleotides. Typically, polymeric nucleic acids, e.g., nucleic acid molecules
comprising three or more nucleotides are linear molecules, in which adjacent nucleotides are
linked to each other via a phosphodiester linkage. In some embodiments, “nucleic acid”
refers to individual nucleic acid residues (e.g. nucleotides and/or nucleosides). In some
embodiments, “nucleic acid” refers to an oligonucleotide chain comprising three or more
individual nucleotide residues. As used herein, the terms “oligonucleotide” and
“polynucleotide” can be used interchangeably to refer to a polymer of nucleotides (e.g., a
string of at least three nucleotides). In some embodiments, “nucleic acid” encompasses RNA
as well as single and/or double-stranded DNA. Nucleic acids may be naturally occurring, for
example, in the context of a genome, a transcript, an mRNA, tRNA, rRNA, siRNA, snRNA,
a plasmid, cosmid, chromosome, chromatid, or other naturally occurring nucleic acid
molecule. On the other hand, a nucleic acid molecule may be a non-naturally occurring
molecule, e.g., a recombinant DNA or RNA, an artificial chromosome, an engineered
genome, or fragment thereof, or a synthetic DNA, RNA, DNA/RNA hybrid, or including
non-naturally occurring nucleotides or nucleosides. Furthermore, the terms “nucleic acid,”
“DNA,” “RNA,” and/or similar terms include nucleic acid analogs, e.g., analogs having other
than a phosphodiester backbone. Nucleic acids can be purified from natural sources,
produced using recombinant expression systems and optionally purified, chemically
synthesized, efc. Where appropriate, e.g., in the case of chemically synthesized molecules,
nucleic acids can comprise nucleoside analogs such as analogs having chemically modified
bases or sugars, and backbone modifications. A nucleic acid sequence is presented in the 5
to 3' direction unless otherwise indicated. In some embodiments, a nucleic acid is or
comprises natural nucleosides (e.g. adenosine, thymidine, guanosine, cytidine, uridine,
deoxyadenosine, deoxythymidine, deoxyguanosine, and deoxycytidine); nucleoside analogs
(e.g., 2-aminoadenosine, 2-thiothymidine, inosine, pyrrolo-pyrimidine, 3-methyl adenosine,
5-methylcytidine, 2-aminoadenosine, C5-bromouridine, C5-fluorouridine, C5-iodouridine,
CS5-propynyl-uridine, C5-propynyl-cytidine, C5-methylcytidine, 2-aminoadenosine, 7-
deazaadenosine, 7-deazaguanosine, 8-oxoadenosine, 8-oxoguanosine, O(6)-methylguanine,
and 2-thiocytidine); chemically modified bases; biologically modified bases (e.g., methylated

bases); intercalated bases; modified sugars (e.g., 2'-fluororibose, ribose, 2'-deoxyribose,
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arabinose, and hexose); and/or modified phosphate groups (e.g., phosphorothioates and 5'-N-
phosphoramidite linkages).

[00162] The term “nucleic acid editing domain,” as used herein refers to a protein or
enzyme capable of making one or more modifications (e.g., deamination of a cytidine
residue) to a nucleic acid (e.g., DNA or RNA). Exemplary nucleic acid editing domains
include, but are not limited to a deaminase, a nuclease, a nickase, a recombinase, a
methyltransferase, a methylase, an acetylase, an acetyltransferase, a transcriptional activator,
or a transcriptional repressor domain. In some embodiments the nucleic acid editing domain
is a deaminase (e.g., a cytidine deaminase, such as an APOBEC or an AID deaminase).
[00163] The term “proliferative disease,” as used herein, refers to any disease in which cell
or tissue homeostasis is disturbed in that a cell or cell population exhibits an abnormally
elevated proliferation rate. Proliferative diseases include hyperproliferative diseases, such as
pre-neoplastic hyperplastic conditions and neoplastic diseases. Neoplastic diseases are
characterized by an abnormal proliferation of cells and include both benign and malignant
neoplasias. Malignant neoplasia is also referred to as cancer.

[00164] The terms “protein,” “peptide,” and “polypeptide” are used interchangeably herein,
and refer to a polymer of amino acid residues linked together by peptide (amide) bonds. The
terms refer to a protein, peptide, or polypeptide of any size, structure, or function. Typically,
a protein, peptide, or polypeptide will be at least three amino acids long. A protein, peptide,
or polypeptide may refer to an individual protein or a collection of proteins. One or more of
the amino acids in a protein, peptide, or polypeptide may be modified, for example, by the
addition of a chemical entity such as a carbohydrate group, a hydroxyl group, a phosphate
group, a farnesyl group, an isofarnesyl group, a fatty acid group, a linker for conjugation,
functionalization, or other modification, efc. A protein, peptide, or polypeptide may also be a
single molecule or may be a multi-molecular complex. A protein, peptide, or polypeptide
may be just a fragment of a naturally occurring protein or peptide. A protein, peptide, or
polypeptide may be naturally occurring, recombinant, or synthetic, or any combination
thereof. The term “fusion protein” as used herein refers to a hybrid polypeptide which
comprises protein domains from at least two different proteins. One protein may be located
at the amino-terminal (N-terminal) portion of the fusion protein or at the carboxy-terminal
(C-terminal) protein thus forming an “amino-terminal fusion protein” or a “carboxy-terminal
fusion protein,” respectively. A protein may comprise different domains, for example, a
nucleic acid binding domain (e.g., the gRNA binding domain of Cas9 that directs the binding

of the protein to a target site) and a nucleic acid cleavage domain or a catalytic domain of a
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nucleic-acid editing protein. In some embodiments, a protein comprises a proteinaceous part,
e.g., an amino acid sequence constituting a nucleic acid binding domain, and an organic
compound, e.g., a compound that can act as a nucleic acid cleavage agent. In some
embodiments, a protein is in a complex with, or is in association with, a nucleic acid, e.g.,
RNA. Any of the proteins provided herein may be produced by any method known in the art.
For example, the proteins provided herein may be produced via recombinant protein
expression and purification, which is especially suited for fusion proteins comprising a
peptide linker. Methods for recombinant protein expression and purification are well known,
and include those described by Green and Sambrook, Molecular Cloning: A Laboratory
Manual (4" ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)), the
entire contents of which are incorporated herein by reference.

[00165] The term “RNA-programmable nuclease,” and “RNA-guided nuclease” are used
interchangeably herein and refer to a nuclease that forms a complex with (e.g., binds or
associates with) one or more RNA that is not a target for cleavage. In some embodiments, an
RNA-programmable nuclease, when in a complex with an RNA, may be referred to as a
nuclease:RNA complex. Typically, the bound RNA(s) is referred to as a guide RNA
(gRNA). gRNAs can exist as a complex of two or more RNAs, or as a single RNA molecule.
gRNAs that exist as a single RNA molecule may be referred to as single-guide RNAs
(sgRNAs), though “gRNA” is used interchangeably to refer to guide RNAs that exist as
either single molecules or as a complex of two or more molecules. Typically, gRNAs that
exist as single RNA species comprise two domains: (1) a domain that shares homology to a
target nucleic acid (e.g., and directs binding of a Cas9 complex to the target); and (2) a
domain that binds a Cas9 protein. In some embodiments, domain (2) corresponds to a
sequence known as a tractRNA, and comprises a stem-loop structure. For example, in some
embodiments, domain (2) is identical or homologous to a tractrRNA as provided in Jinek e?
al., Science 337:816-821(2012), the entire contents of which is incorporated herein by
reference. Other examples of gRNAs (e.g., those including domain 2) can be found in U.S.
Provisional Patent Application, U.S.S.N. 61/874,682, filed September 6, 2013, entitled
“Switchable Cas9 Nucleases And Uses Thereof,” and U.S. Provisional Patent Application,
U.S.S.N. 61/874,746, filed September 6, 2013, entitled “Delivery System For Functional
Nucleases,” the entire contents of each are hereby incorporated by reference in their entirety.
In some embodiments, a gRNA comprises two or more of domains (1) and (2), and may be
referred to as an “extended gRNA.” For example, an extended gRNA will, e.g., bind two or

more Cas9 proteins and bind a target nucleic acid at two or more distinct regions, as
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described herein. The gRNA comprises a nucleotide sequence that complements a target site,
which mediates binding of the nuclease/RNA complex to said target site, providing the
sequence specificity of the nuclease:RNA complex. In some embodiments, the RNA-
programmable nuclease is the (CRISPR-associated system) Cas9 endonuclease, for example
Cas9 (Csnl) from Streptococcus pyogenes (see, e.g., “Complete genome sequence of an M1
strain of Streptococcus pyogenes.” Ferretti J.J., McShan W.M., Ajdic D.J, Savic D.J., Savic
G., Lyon K., Primeaux C., Sezate S., Suvorov AN, Kenton S., Lai H.S., Lin SP, Qian Y.,
JiaH.G, Najar F.Z, Ren Q., Zhu H., Song L., White J., Yuan X, Clifton SW_, Roe B A,
McLaughlin R.E., Proc. Natl. Acad. Sci. U.S.A. 98:4658-4663(2001); “CRISPR RNA
maturation by trans-encoded small RNA and host factor RNase II1.” Deltcheva E., Chylinski
K., Sharma C. M., Gonzales K., Chao Y, Pirzada Z.A ., Eckert M.R., Vogel J., Charpentier E.
Nature 471:602-607(2011); and “A programmable dual-RNA-guided DNA endonuclease in

2

adaptive bacterial immunity.” Jinek M., Chylinski K., Fonfara 1., Hauer M., Doudna J A ,
Charpentier E. Science 337:816-821(2012), the entire contents of each of which are
incorporated herein by reference.

[00166] Because RNA-programmable nucleases (e.g., Cas9) use RNA:DNA hybridization
to target DNA cleavage sites, these proteins are able to be targeted, in principle, to any
sequence specified by the guide RNA. Methods of using RNA-programmable nucleases,
such as Cas9, for site-specific cleavage (e.g., to modify a genome) are known in the art (see
e.g., Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 339,
819-823 (2013); Mali, P. ef al. RNA-guided human genome engineering via Cas9. Science
339, 823-826 (2013); Hwang, W.Y. et al. Efficient genome editing in zebrafish using a
CRISPR-Cas system. Nature biotechnology 31, 227-229 (2013);, Jinek, M. et al. RNA-
programmed genome editing in human cells. eLife 2, 00471 (2013); Dicarlo, J.E. et al.
Genome engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic acids
research (2013); Jiang, W. ef al. RNA-guided editing of bacterial genomes using CRISPR-
Cas systems. Nature biotechnology 31, 233-239 (2013); the entire contents of each of which
are incorporated herein by reference).

[00167] The term “subject,” as used herein, refers to an individual organism, for example,
an individual mammal. In some embodiments, the subject is a human. In some
embodiments, the subject is a non-human mammal. In some embodiments, the subject is a
non-human primate. In some embodiments, the subject is a rodent. In some embodiments,
the subject is a sheep, a goat, a cattle, a cat, or a dog. In some embodiments, the subject is a

vertebrate, an amphibian, a reptile, a fish, an insect, a fly, or a nematode. In some
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embodiments, the subject is a research animal. In some embodiments, the subject is
genetically engineered, e.g., a genetically engineered non-human subject. The subject may
be of either sex and at any stage of development.

[00168] The term “target site” refers to a sequence within a nucleic acid molecule that is
deaminated by a deaminase or a fusion protein comprising a deaminase, (e.g., a dCas9-
deaminase fusion protein provided herein).

[00169] The terms “treatment,” “treat,” and “treating,” refer to a clinical intervention
aimed to reverse, alleviate, delay the onset of, or inhibit the progress of a disease or disorder,
or one or more symptoms thereof, as described herein. As used herein, the terms “treatment,”
“treat,” and “treating” refer to a clinical intervention aimed to reverse, alleviate, delay the
onset of, or inhibit the progress of a disease or disorder, or one or more symptoms thereof, as
described herein. In some embodiments, treatment may be administered after one or more
symptoms have developed and/or after a disease has been diagnosed. In other embodiments,
treatment may be administered in the absence of symptoms, e.g., to prevent or delay onset of
a symptom or inhibit onset or progression of a disease. For example, treatment may be
administered to a susceptible individual prior to the onset of symptoms (e.g., in light of a
history of symptoms and/or in light of genetic or other susceptibility factors). Treatment may
also be continued after symptoms have resolved, for example, to prevent or delay their
recurrence.

[00170] The term “recombinant” as used herein in the context of proteins or nucleic acids
refers to proteins or nucleic acids that do not occur in nature, but are the product of human
engineering. For example, in some embodiments, a recombinant protein or nucleic acid
molecule comprises an amino acid or nucleotide sequence that comprises at least one, at least
two, at least three, at least four, at least five, at least six, or at least seven mutations as
compared to any naturally occurring sequence.

[00171] The term “nucleobase editors (NBEs)” or “base editors (BEs),” as used herein,
refers to the Cas9 fusion proteins described herein. In some embodiments, the fusion protein
comprises a nuclease-inactive Cas9 (dCas9) fused to a deaminase. In some embodiments, the
fusion protein comprises a Cas9 nickase fused to a deaminase. In some embodiments, the
fusion protein comprises a nuclease-inactive Cas9 fused to a deaminase and further fused to a
UGI domain. In some embodiments, the fusion protein comprises a Cas9 nickase fused to a
deaminase and further fused to a UGI domain. In some embodiments, the dCas9 of the
fusion protein comprises a D1I0A and a H840A mutation of SEQ ID NO: 10, or a

corresponding mutation in any of SEQ ID NOs: 11-260, which inactivates nuclease activity
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of the Cas9 protein. In some embodiments, the fusion protein comprises a D10A mutation
and comprises a histidine at residue 840 of SEQ ID NO: 10, or a corresponding mutation in
any of SEQ ID NOs: 11-260, which renders Cas9 capable of cleaving only one strand of a
nucleic acid duplex. An example of a Cas9 nickase is shown below in SEQ ID NO: 674.

The terms “nucleobase editors (NBEs)” and “base editors (BEs)” may be used
interchangeably.

[00172] The term “uracil glycosylase inhibitor” or “UGI,” as used herein, refers to a protein
that is capable of inhibiting a uracil-DNA glycosylase base-excision repair enzyme.

[00173] The term “Cas9 nickase,” as used herein, refers to a Cas9 protein that is capable of
cleaving only one strand of a duplexed nucleic acid molecule (e.g., a duplexed DNA
molecule). In some embodiments, a Cas9 nickase comprises a D10A mutation and has a
histidine at position H840 of SEQ ID NO: 10, or a corresponding mutation in any of SEQ ID
NOs: 11-260. For example, a Cas9 nickase may comprise the amino acid sequence as set
forth in SEQ ID NO: 674. Such a Cas9 nickase has an active HNH nuclease domain and is
able to cleave the non-targeted strand of DNA, i.e., the strand bound by the gRNA. Further,
such a Cas9 nickase has an inactive RuvC nuclease domain and is not able to cleave the
targeted strand of the DNA, i.e., the strand where base editing is desired.

[00174] Exemplary Cas9 nickase (Cloning vector pPlatTET-gRNA2; Accession No.
BAV54124).
MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
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NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDFQF YKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK SEQEIGK
ATAKYFFY SNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDK VLSA YNKHRDKPIREQAENITHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
674)

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS OF THE INVENTION
[00175] Some aspects of this disclosure provide fusion proteins that comprise a domain
capable of binding to a nucleotide sequence (e.g., a Cas9, or a Cpf1 protein) and an enzyme
domain, for example, a DNA-editing domain, such as, e.g., a deaminase domain. The
deamination of a nucleobase by a deaminase can lead to a point mutation at the respective
residue, which is referred to herein as nucleic acid editing. Fusion proteins comprising a
Cas9 variant or domain and a DNA editing domain can thus be used for the targeted editing
of nucleic acid sequences. Such fusion proteins are useful for targeted editing of DNA in
vitro, e.g., for the generation of mutant cells or animals; for the introduction of targeted
mutations, e.g., for the correction of genetic defects in cells ex vivo, e.g., in cells obtained
from a subject that are subsequently re-introduced into the same or another subject; and for
the introduction of targeted mutations, e.g., the correction of genetic defects or the
introduction of deactivating mutations in disease-associated genes in a subject. Typically, the
Cas9 domain of the fusion proteins described herein does not have any nuclease activity but
instead is a Cas9 fragment or a dCas9 protein or domain. Methods for the use of Cas9 fusion

proteins as described herein are also provided.

Cas9 domains of Nucleobase FEditors

[00176] Non-limiting, exemplary Cas9 domains are provided herein. The Cas9 domain
may be a nuclease active Cas9 domain, a nucleasae inactive Cas9 domain, or a Cas9 nickase.
In some embodiments, the Cas9 domain is a nuclease active domain. For example, the Cas9
domain may be a Cas9 domain that cuts both strands of a duplexed nucleic acid (e.g., both

strands of a duplexed DNA molecule). In some embodiments, the Cas9 domain comprises
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any one of the amino acid sequences as set forth in SEQ ID NOs: 10-263. In some
embodiments the Cas9 domain comprises an amino acid sequence that is at least 60%, at least
65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to any one of the
amino acid sequences set forth in SEQ ID NOs: 10-263. In some embodiments, the Cas9
domain comprises an amino acid sequence that has 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more or more mutations compared to any one of
the amino acid sequences set forth in SEQ ID NOs: 10-263. In some embodiments, the Cas9
domain comprises an amino acid sequence that has at least 10, at least 15, at least 20, at least
30, at leat 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least
150, at least 200, at least 250, at least 300, at least 350, at least 400, at least 500, at least 600,
at least 700, at least 800, at least 900, at least 1000, at least 1100, or at least 1200 identical
contiguous amino acid residues as compared to any one of the amino acid sequences set forth

in SEQ ID NOs: 10-263.

[00177] In some embodiments, the Cas9 domain is a nuclease-inactive Cas9 domain
(dCas9). For example, the dCas9 domain may bind to a duplexed nucleic acid molecule (e.g.,
via a gRNA molecule) without cleaving either strand of the duplexed nucleic acid molecule.
In some embodiments, the nuclease-inactive dCas9 domain comprises a D10X mutation and
a H840X mutation of the amino acid sequence set forth in SEQ ID NO: 10, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-
260, wherein X is any amino acid change. In some embodiments, the nuclease-inactive
dCas9 domain comprises a D10A mutation and a H840A mutation of the amino acid
sequence set forth in SEQ ID NO: 10, or a corresponding mutation in any of the amino acid
sequences provided in SEQ ID NOs: 11-260. As one example, a nuclease-inactive Cas9
domain comprises the amino acid sequence set forth in SEQ ID NO: 263 (Cloning vector
pPlatTET-gRNA2, Accession No. BAV54124).
MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE
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KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
263; see, e.g., Qi et al., Repurposing CRISPR as an RNA-guided platform for sequence-
specific control of gene expression. Cell. 2013; 152(5):1173-83, the entire contents of which
are incorporated herein by reference).

[00178] Additional suitable nuclease-inactive dCas9 domains will be apparent to those of
skill in the art based on this disclosure and knowledge in the field, and are within the scope of
this disclosure. Such additional exemplary suitable nuclease-inactive Cas9 domains include,
but are not limited to, D10A/H840A, D10A/D839A/H840A, and
D10A/D839A/H840A/N863 A mutant domains (See, e.g., Prashant ef al., CAS9
transcriptional activators for target specificity screening and paired nickases for cooperative
genome engineering. Nature Biotechnology. 2013; 31(9): 833-838, the entire contents of
which are incorporated herein by reference). In some embodiments the dCas9 domain
comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or at least 99.5% identical to any one of the dCas9 domains provided
herein. In some embodiments, the Cas9 domain comprises an amino acid sequences that has

1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28,
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29,30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more or
more mutations compared to any one of the amino acid sequences set forth in SEQ ID NOs:
10-263. In some embodiments, the Cas9 domain comprises an amino acid sequence that has
at least 10, at least 15, at least 20, at least 30, at leat 40, at least 50, at least 60, at least 70, at
least 80, at least 90, at least 100, at least 150, at least 200, at least 250, at least 300, at least
350, at least 400, at least 500, at least 600, at least 700, at least 800, at least 900, at least
1000, at least 1100, or at least 1200 identical contiguous amino acid residues as compared to

any one of the amino acid sequences set forth in SEQ ID NOs: 10-263.

[00179] In some embodiments, the Cas9 domain is a Cas9 nickase. The Cas9 nickase may
be a Cas9 protein that is capable of cleaving only one strand of a duplexed nucleic acid
molecule (e.g., a duplexed DNA molecule). In some embodiments the Cas9 nickase cleaves
the target strand of a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves
the strand that is base paired to (complementary to) a gRNA (e.g., an sgRNA) that is bound to
the Cas9. In some embodiments, a Cas9 nickase comprises a D10A mutation and has a
histidine at position 840 of SEQ ID NO: 10, or a mutation in any of SEQ ID NOs: 11-260.
For example, a Cas9 nickase may comprise the amino acid sequence as set forth in SEQ ID
NO: 674. In some embodiments the Cas9 nickase cleaves the non-target, non-base-edited
strand of a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand
that is not base paired to a gRNA (e.g., an sgRNA) that is bound to the Cas9. In some
embodiments, a Cas9 nickase comprises an H840A mutation and has an aspartic acid residue
at position 10 of SEQ ID NO: 10, or a corresponding mutation in any of SEQ ID NOs: 11-
260. In some embodiments the Cas9 nickase comprises an amino acid sequence that is at
least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to
any one of the Cas9 nickases provided herein. Additional suitable Cas9 nickases will be
apparent to those of skill in the art based on this disclosure and knowledge in the field, and

are within the scope of this disclosure.

Cas9 Domains with Reduced PAM Exclusivity

[00180] Some aspects of the disclosure provide Cas9 domains that have different PAM
specificities. Typically, Cas9 proteins, such as Cas9 from S. pyogenes (spCas9), require a
canonical NGG PAM sequence to bind a particular nucleic acid region. This may limit the

ability to edit desired bases within a genome. In some embodiments, the base editing fusion
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proteins provided herein may need to be placed at a precise location, for example where a
target base is placed within a 4 base region (e.g., a “deamination window”), which is
approximately 15 bases upstream of the PAM. See Komor, A.C., ef al., “Programmable
editing of a target base in genomic DNA without double-stranded DNA cleavage” Nature
533, 420-424 (2016), the entire contents of which are hereby incorporated by reference.
Accordingly, in some embodiments, any of the fusion proteins provided herein may contain a
Cas9 domain that is capable of binding a nucleotide sequence that does not contain a
canonical (e.g., NGG) PAM sequence. Cas9 domains that bind to non-canonical PAM
sequences have been described in the art and would be apparent to the skilled artisan. For
example, Cas9 domains that bind non-canonical PAM sequences have been described in
Kleinstiver, B. P, ef al., “Engineered CRISPR-Cas9 nucleases with altered PAM
specificities” Nature 523, 481-485 (2015); and Kleinstiver, B. P., ef al., “Broadening the
targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition”
Nature Biotechnology 33, 1293-1298 (2015); the entire contents of each are hereby
incorporated by reference.

[00181] In some embodiments, the Cas9 domain is a Cas9 domain from Staphylococcus
aureus (SaCas9). In some embodiments, the SaCas9 domain is a nuclease active SaCas9, a
nuclease inactive SaCas9 (SaCas9d), or a SaCas9 nickase (SaCas9n). In some embodiments,
the SaCas9 comprises the amino acid sequence SEQ ID NO: 4273. In some embodiments,
the SaCas9 comprises a N579X mutation of SEQ ID NO: 4273, or a corresponding mutation
in any of the amino acid sequences provided in SEQ ID NOs: 11-260, wherein X is any
amino acid except for N. In some embodiments, the SaCas9 comprises a NS79A mutation of
SEQ ID NO: 4273, or a corresponding mutation in any of the amino acid sequences provided
in SEQ ID NOs: 11-260. In some embodiments, the SaCas9 domain, the SaCas9d domain, or
the SaCas9n domain can bind to a nucleic acid seuqnce having a non-canonical PAM. In
some embodiments, the SaCas9 domain, the SaCas9d domain, or the SaCas9n domain can
bind to a nucleic acid sequence having a NNGRRT PAM sequence. In some embodiments,
the SaCas9 domain comprises one or more of a E781X, a N967X, and a R1014X mutation of
SEQ ID NO: 4273, or a corresponding mutation in any of the amino acid sequences provided
in SEQ ID NOs: 11-260, wherein X is any amino acid. In some embodiments, the SaCas9
domain comprises one or more of a E781K, a N967K, and a R1014H mutation of SEQ ID
NO: 4273, or one or more corresponding mutation in any of the amino acid sequences

provided in SEQ ID NOs: 11-260. In some embodiments, the SaCas9 domain comprises a
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E781K, a N967K, or a R1014H mutation of SEQ ID NO: 4273, or corresponding mutations
in any of the amino acid sequences provided in SEQ ID NOs: 11-260.

[00182] In some embodiments, the Cas9 domain of any of the fusion proteins provided
herein comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at
least 98%, at least 99%, or at least 99.5% identical to any one of SEQ ID NOs: 4273-4275.

In some embodiments, the Cas9 domain of any of the fusion proteins provided herein
comprises the amino acid sequence of any one of SEQ ID NOs: 4273-4275. In some
embodiments, the Cas9 domain of any of the fusion proteins provided herein consists of the

amino acid sequence of any one of SEQ ID NOs: 4273-4275.

Exemplary SaCas9 sequence
KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRR
RRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRRG
VHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKTS
DYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKFQIIENV
FKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIENAE
LLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDEL
WHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKK
YGLPNDIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKL
HDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEENSKKG
NRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFIN
RNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGY
KHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFIT
PHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDKDN
DKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKYS
KKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKF
VTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYRVIG
VNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILGNLYEVK
SKKHPQIIKKG (SEQ ID NO: 4273)

Residue N579 of SEQ ID NO: 4273, which is underlined and in bold, may be mutated (e.g.,
to a A579) to yield a SaCas9 nickase.
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Exemplary SaCas9n sequence
KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRR
RRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRRG
VHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKTS
DYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKFQIIENV
FKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENAE
LLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDEL
WHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKK
YGLPNDIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKL
HDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEEASKKG
NRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFIN
RNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGY
KHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFIT
PHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDKDN
DKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKYS
KKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKF
VTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYRVIG
VNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILGNLYEVK
SKKHPQIIKKG (SEQ ID NO: 4274).

Residue A579 of SEQ ID NO: xx, which can be mutated from N579 of SEQ ID NO: 4274 to

yield a SaCas9 nickase, is underlined and in bold.

Exemplary SaKKH Cas9
KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRR
RRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRRG
VHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKTS
DYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKFQIIENV
FKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENAE
LLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDEL
WHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKK
YGLPNDIIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIKL
HDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEEASKKG
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NRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFIN
RNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGY
KHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFIT
PHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDKGNTLIVNNLNGLYDKD
NDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKY
SKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYK
FVTVKNLDVIKKENY YEVNSKCYEEAKKLKKISNQAEFIASFYKNDLIKINGELYRVI
GVNNDLLNRIEVNMIDITYREYLENMNDKRPPAHIIKTIASKTQSIKKYSTDILGNLYEV
KSKKHPQIIKKG (SEQ ID NO: 4275).

Residue A579 of SEQ ID NO: 4275, which can be mutated from N579 of SEQ ID NO: 4275
to yield a SaCas9 nickase, is underlined and in bold. Residues K781, K967, and H1014 of
SEQ ID NO: 4275, which can be mutated from E781, N967, and R1014 of SEQ ID NO: 4275
to yield a SaKKH Cas9 are underlined and in italics.

[00183] In some embodiments, the Cas9 domain is a Cas9 domain from Streptococcus
pyogenes (SpCas9). In some embodiments, the SpCas9 domain is a nuclease active SpCas9,
a nuclease inactive SpCas9 (SpCas9d), or a SpCas9 nickase (SpCas9n). In some
embodiments, the SpCas9 comprises the amino acid sequence SEQ ID NO: 4276. In some
embodiments, the SpCas9 comprises a D9X mutation of SEQ ID NO: 4276, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-
260, wherein X is any amino acid except for D. In some embodiments, the SpCas9
comprises a D9A mutation of SEQ ID NO: 4276, or a corresponding mutation in any of the
amino acid sequences provided in SEQ ID NOs: 11-260. In some embodiments, the SpCas9
domain, the SpCas9d domain, or the SpCas9n domain can bind to a nucleic acid seuqnce
having a non-canonical PAM. In some embodiments, the SpCas9 domain, the SpCas9d
domain, or the SpCas9n domain can bind to a nucleic acid sequence having a NGG, a NGA,
or a NGCG PAM sequence. In some embodiments, the SpCas9 domain comprises one or
more of a D1134X, a R1334X, and a T1336X mutation of SEQ ID NO: 4276, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-
260, wherein X is any amino acid. In some embodiments, the SpCas9 domain comprises one
or more of a D1134E, R1334Q, and T1336R mutation of SEQ ID NO: 4276, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-
260. In some embodiments, the SpCas9 domain comprises a D1134E, a R1334Q), and a
T1336R mutation of SEQ ID NO: 4276, or corresponding mutations in any of the amino acid
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sequences provided in SEQ ID NOs: 11-260. In some embodiments, the SpCas9 domain
comprises one or more of a D1134X, a R1334X, and a T1336X mutation of SEQ ID NO:
4276, or a corresponding mutation in any of the amino acid sequences provided in SEQ ID
NOs: 11-260, wherein X is any amino acid. In some embodiments, the SpCas9 domain
comprises one or more of a D1134V, a R1334Q), and a T1336R mutation of SEQ ID NO:
4276, or a corresponding mutation in any of the amino acid sequences provided in SEQ ID
NOs: 11-260. In some embodiments, the SpCas9 domain comprises a D1134V, a R1334Q),
and a T1336R mutation of SEQ ID NO: 4276, or corresponding mutations in any of the
amino acid sequences provided in SEQ ID NOs: 11-260. In some embodiments, the SpCas9
domain comprises one or more of a D1134X, a G1217X, aR1334X, and a T1336X mutation
of SEQ ID NO: 4276, or a corresponding mutation in any of the amino acid sequences
provided in SEQ ID NOs: 11-260, wherein X is any amino acid. In some embodiments, the
SpCas9 domain comprises one or more of a D1134V, a G1217R, a R1334Q, and a T1336R
mutation of SEQ ID NO: 4276, or a corresponding mutation in any of the amino acid
sequences provided in SEQ ID NOs: 11-260. In some embodiments, the SpCas9 domain
comprises a D1134V, a G1217R, a R1334Q), and a T1336R mutation of SEQ ID NO: 4276,
or corresponding mutations in any of the amino acid sequences provided in SEQ ID NOs: 11-
260.

[00184] In some embodiments, the Cas9 domain of any of the fusion proteins provided
herein comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at
least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at
least 98%, at least 99%, or at least 99.5% identical to any one of SEQ ID NOs: 4276-4280.
In some embodiments, the Cas9 domain of any of the fusion proteins provided herein
comprises the amino acid sequence of any one of SEQ ID NOs: 4276-4280. In some
embodiments, the Cas9 domain of any of the fusion proteins provided herein consists of the

amino acid sequence of any one of SEQ ID NOs: 4276-4280.

Exemplary SpCas9
DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
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KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTVY
NELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDK VMKQLKRRRYTGWGRLSRKLINGIRDK QSGK TILDFLK SDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDFQF YKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK SEQEIGK
ATAKYFFY SNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDK VLSA YNKHRDKPIREQAENITHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
4276)

Exemplary SpCas9n
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
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VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDFQF YKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK SEQEIGK
ATAKYFFY SNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDK VLSA YNKHRDKPIREQAENITHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
4277)

Exemplary SpEQR Cas9
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFESPTVAYSVLVV
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AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
4278)

Residues E1134, Q1334, and R1336 of SEQ ID NO: 4278, which can be mutated from
D1134, R1334, and T1336 of SEQ ID NO: 4278 to yield a SpEQR Cas9, are underlined and
in bold.

Exemplary SpVQR Cas9
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEINEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
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PAAFKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
4279)

Residues V1134, Q1334, and R1336 of SEQ ID NO: 4279, which can be mutated from
D1134, R1334, and T1336 of SEQ ID NO: 4279 to yield a SpVQR Cas9, are underlined and
in bold.

Exemplary SpYVRER Cas9
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASARELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEINEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:
4280)
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Residues V1134, R1217, Q1334, and R1336 of SEQ ID NO: 4280, which can be mutated
from D1134, G1217, R1334, and T1336 of SEQ ID NO: 4280 to yield a SpVRER Cas9, are
underlined and in bold.

[00185] The following are exemplary fusion proteins (e.g., base editing proteins) capable of

binding to a nucleic acid sequence having a non-canonical (e.g., a non-NGG) PAM sequence:

Exemplary SaBE3 (rAPOBEC1-XTEN-SaCas9n-UGI-NLS)
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCHLGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKSGSET
PGTSESATPESKRNYILGLDIGITSVGYGIDYETRDVIDAGVRLFKEANVENNEGRRS
KRGARRLKRRRRHRIQRVKKIILFDYNLLTDHSELSGINPYEARVKGLSQKILSEEEFS
AALLHLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDG
EVRGSINRFKTSDYVKEAKQLLKVOKAYHQLDOQSFIDTYIDLLETRRTYYEGPGEGSP
FGWKDIKEWYEMIMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKL
EYYEKFOIUENVFKOKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIK
DITARKEINENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHN
LSLKAINLILDELWHTNDNOIAIFNRLKLVPKKVDLSQOKEIPTTLVDDFILSPVVKRS
FIQOSIKVINAIIKKYGLPNDHIELAREKNSKDAQKMINEMOQKRNROQTNERIEETIRTTGK
ENAKYLIEKIKI HDMOEGKCLYSLEAIPLEDLLNNPFENYEVDHIIPRSVSFDNSFNNKV
LVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHIILNLAKGKGRISKTKKEYLLEERDI
NRFSVOKDFINRNLVDTRYATRGLMNLILRSYFRVNNLDVKVKSINGGFTSFIL RRKW
KFKKERNKGYKHHAEDALITANADFIFKEWKKILDKAKKVMENOMFEEKQAESMPEI
ETEQEYKEIFITPHOIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIV
NNLNGLYDKDNDKLKKIEINKSPEKLIMYHHDPOTYQKLKIIMEQYGDEKNPLYKY
YEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKI SLKPYRF
DVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKI KKISNQAEFIASFYNND
LIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTOSIKKY
STDILGNLYEVKSKKHPOQIIKKGSGGSTNLSDIIEKETGKQLVIQESILMLPEEVEEVIG
NKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSPKK
KRKYV (SEQ ID NO: 4281)

Exemplary SaKKH-BE3 (rAPOBEC1-XTEN-SaCas9n-UGI-NLS)
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCHLGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKSGSET
PGTSESATPESKRNYILGLDIGITSVGYGIDYETRDVIDAGVRLFKEANVENNEGRRS
KRGARRLKRRRRHRIQRVKKIILFDYNLLTDHSELSGINPYEARVKGLSQKILSEEEFS
AALLHLAKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDG
EVRGSINRFKTSDYVKEAKQLLKVOKAYHQLDOQSFIDTYIDLLETRRTYYEGPGEGSP
FGWKDIKEWYEMIMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKL
EYYEKFOIUENVFKOKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIK
DITARKEINENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHN
LSLKAINLILDELWHTNDNOIAIFNRLKLVPKKVDLSQOKEIPTTLVDDFILSPVVKRS
FIQOSIKVINAIIKKYGLPNDHIELAREKNSKDAQKMINEMOQKRNROQTNERIEETIRTTGK
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ENAKYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKV
LVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISK TKKEYLLEERDI
NRFSVQKDFINRNLVDTRYATRGLMNLLRSYFRVNNLDVK VK SINGGFTSFLRRKW
KFKKERNKGYKHHAEDALITANADFIFKEWKKLDKAKK VMENQMFEEKQAESMPEI
ETEQEYKEIFITPHQIKHIKDFKDYKYSHR VDKKPNRKLINDTLYSTRKDDKGNTLIV
NNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKY
YEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNK VVKLSLKPYRF
DVYLDNGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYAND
LIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPHIIK TIASK TQSIKKY
STDILGNLYEVK SKKHPQIIKKGSGGSTNLSDIIEKETGK QLVIQESILMLPEEVEEVIG
NKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSPKK
KRKYV (SEQ ID NO: 4282)

Exemplary EQR-BE3 (rAPOBEC1-XTEN-Cas9n-UGI-NLS)
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCHLGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKSGSET
PGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVIL.GNTDRHSIKKNILI
GALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRIL EESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKI VDSTDKADLRLIYLALAHMIK
FRGHFLIEGDLNPDNSDVDKLFIQOLVOQTYNQLFEENPINASGVDAKAILSARL SKSRR
LENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNL
LAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLK
ALVROQOLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLN
REDLILRKQRTFDNGSIPHQIHLGELHAILRROQEDFYPFLKDNREKIEKIL TFRIPYYVGP
LARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVIPK
HSLLYEYFTVYNELTKVKYVTEGMRKPAFILSGEQKKAIVDLLFKTNRKVTVKOQLKE
DYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLF
EDREMIEERLKTYAHLFDDKVMKOQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFL
KSDGFANRNFMOLIHDDSLTFKEDIQKAQVSGQGDSILHEHIANLAGSPAIKKGILQTV
KVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKE
HPVENTOLONEKLYLYYLONGRDMYVDOELDINRLSDYDVDHIVPOSFLKDDSIDN
KVLTRSDKNRGKSDNVPSEEVVKKMKNYWROLLNAKLITQRKFDNLTKAERGGLS
ELDKAGFIKRQLVETROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFR
KDFOQFYKVREINNYHHAHDAYILNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI
AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFA
TVRKVLSMPQVNIVKKTEVOTGGFSKESIL PKRNSDKILIARKKDWDPKKYGGFESPT
VAYSVLVVAKVEKGKSKKI KSVKELLGITIMERSSFEKNPIDFL EAKGYKEVKKDIIT
KILPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDN
EQKQLFVEQHKHYLDENEQISEFSKRVILADANLDKVILSAYNKHRDKPIREQAENIH
LFTLTNLGAPAAFKYFDTTIDRKQOYRSTKEVLDATLIHQSITGLYETRIDLSOLGGDSG
GSTNLSDIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLL
TSDAPEYKPWALVIQDSNGENKIKMLSGGSPKKKRKYV (SEQ ID NO: 4283)

VQR-BE3 (rAPOBEC1-XTEN-Cas9n-UGI-NLS)
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKSGSET
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PGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVILGNTDRHSIKKNLI
GALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKI VDSTDKADLRLIYLALAHMIK
FRGHFLIEGDLNPDNSDVDKLFIOLVOTYNOLFEENPINASGVDAKAILSARL SKSRR
LENLIAQLPGEKKNGLFGNLIALST GLTPNFKSNFDLAEDAKILQLSKDTYDDDLDNL
LAOQIGDOYADLFLAAKNILSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK
ALVROQOLPEKYKEIFFDOSKNGYAGYIDGGASQEEFYKFIKPIL EKMDGTEELL VKIN
REDLLRKOQRTFDNGSIPHOIHL GELHATI RROQEDFYPFLKDNREKIEKIL TFRIPYYVGP
LARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNI PNEKVIPK
HSLLYEYFTVYNEL TKVKYVTEGMRKPAFIL SGEQKKAIVDLLFKTNRKVTVKQLKE
DYFKKIECFDSVEISGVEDRFNASLGTYHDLILKIIKDKDFLDNEENEDILEDIVLTLTLF
EDREMIEERLKTYAHLFDDKVMKOQLKRRRYTGWGRLSRKIINGIRDKQSGKTILDFL
KSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGOQGDSLHEHIANLAGSPAIKKGILQTV
KVVDELVKVMGRHKPENIVIEMARENQTTOKGOKNSRERMKRIEEGIKELGSOQILKE
HPVENTOLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOSFLKDDSIDN
KVLTRSDKNRGKSDNVPSEEVVKKMKNYWROLLNAKILITORKFDNLTKAERGGLS
ELDKAGFIKROLVETROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKIL VSDFR
KDFQFYKVREINNYHHAHDAYILNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI
AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFA
TVRKVLSMPOVNIVKKTEVQTGGFSKESITL PKRNSDKLIARKKDWDPKKYGGFVSPT
VAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLII
KLPKYSLFELENGRKRMI ASAGELOKGNELAILPSKYVNFLYLASHYEKILKGSPEDN
EQKOQLFVEQHKHYILDEMEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LEFTLTNLGAPAAFKYFDTTIDRKOYRSTKEVLDATLIHQSITGLYETRIDLSOLGGDSG
GSTNLSDIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLL
TSDAPEYKPWALVIQDSNGENKIKMLSGGSPKKKRKYV (SEQ ID NO: 4284)

VRER-BE3 (rAPOBEC1-XTEN-Cas9n-UGI-NLS)
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKSGSET
PGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVILGNTDRHSIKKNLI
GALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHILRKKI VDSTDKADLRLIYLALAHMIK
FRGHFLIEGDLNPDNSDVDKLFIQOLVOQTYNQLFEENPINASGVDAKAILSARL SKSRR
LENLIAQLPGEKKNGLFGNLIALST GLTPNFKSNFDLAEDAKILQLSKDTYDDDLDNL
LAOQIGDOQYADLFLAAKNILSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK
ALVROQOLPEKYKEIFFDOSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELL VKIN
REDLLRKOQRTFDNGSIPHOIHL GELHATI RROQEDFYPFLKDNREKIEKILTFRIPYYVGP
LARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNI PNEKVIPK
HSLLYEYFTVYNEL TKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKOQLKE
DYFKKIECFDSVEISGVEDREFNASLGTYHDLILKIIKDKDFLDNEENEDILEDIVLTLTLF
EDREMIEERLKTYAHLFDDKVMKOQLKRRRYTGWGRLSRKIINGIRDKOQSGKTILDFL
KSDGFANRNFMOQLIHDDSLTFKEDIQKAQVSGOGDSLHEHIANLAGSPAIKKGILQTV
KVVDELVKVMGRHKPENIVIEMARENQTTOKGOKNSRERMKRIEEGIKELGSOQILKE
HPVENTOLONEKLYLYYLONGRDMYVDOQELDINRLSDYDVDHIVPOSFLKDDSIDN
KVLTRSDKNRGKSDNVPSEEVVKKMKNYWROLLNAKILITQRKFDNLTKAERGGLS
ELDKAGFIKROLVETROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKIL VSDFR
KDFQFYKVREINNYHHAHDAYILNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMI
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AKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFA
TVRKVLSMPOVNIVKKTEVQTGGFSKESITL PKRNSDKLIARKKDWDPKKYGGFVSPT

VAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLII

KLPKYSLFELENGRKRMI ASARELOKGNELAILPSKYVNFLYLASHYEKI KGSPEDNE
OQOKOLFVEQHKHYILDEITEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHL

FTLTNLGAPAAFKYFDTTIDRKAYRSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGG
STNLSDIIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTS
DAPEYKPWALVIQDSNGENKIKMLSGGSPKKKRKYV (SEQ ID NO: 4285)

High Fidelity Base Editors

[00186] Some aspects of the disclosure provide Cas9 fusion proteins (e.g., any of the fusion
proteins provided herein) comprising a Cas9 domain that has high fidelity. Additional
aspects of the disclosure provide Cas9 fusion proteins (e.g., any of the fusion proteins
provided herein) comprising a Cas9 domain with decreased electrostatic interactions
between the Cas9 domain and a sugar-phosphate backbone of a DNA, as compared to a wild-
type Cas9 domain. In some embodiments, a Cas9 domain (e.g., a wild type Cas9 domain)
comprises one or more mutations that decreases the association between the Cas9 domain and
a sugar-phosphate backbone of a DNA. In some embodiments, any of the Cas9 fusion
proteins provided herein comprise one or more of a N497X, a R661X, a Q695X and/or a
Q926X mutation of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260, wherein X is
any amino acid. In some embodiments, any of the Cas9 fusion proteins provided herein
comprise one or more of a N497A, a R661A, a Q695A, and/or a Q926 A mutation of the
amino acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of the
amino acid sequences provided in SEQ ID NOs: 11-260. In some embodiments, the Cas9
domain comprises a D10A mutation of the amino acid sequence provided in SEQ ID NO: 10,
or a corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs:
11-260. In some embodiments, the Cas9 domain (e.g., of any of the fusion proteins provided
herein) comprises the amino acid sequence as set forth in SEQ ID NO: 325. In some
embodiments, the fusion protein comprises the amino acid sequence as set forth in SEQ ID
NO: 285. Cas9 domains with high fidelity are known in the art and would be apparent to the
skilled artisan. For example, Cas9 domains with high fidelity have been described in
Kleinstiver, B.P., et al. “High-fidelity CRISPR-Cas9 nucleases with no detectable genome-
wide off-target effects.” Nature 529, 490-495 (2016); and Slaymaker, LM, ef al. “Rationally
engineered Cas9 nucleases with improved specificity.” Science 351, 84-88 (2015); the entire

contents of each are incorporated herein by reference.
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[00187] It should be appreciated that the base editors provided herein, for example base
editor 2 (BE2) or base editor 3 (BE3), may be converted into high fidelity base editors by
modifyint the Cas9 domain as described herein to generate high fidelity base editors, for
example high fidelity base editor 2 (HF-BE2) or high fidelity base editor 3 (HF-BE3). In
some embodiments, base editor 2 (BE2) comprises a deaminase domain, a dCas9, and a UGI
domain. In some embodiments, base editor 3 (BE3) comprises a deaminase domain an nCas9

domain and a UGI domain.

Cas9 domain where mutations relative to Cas9 of SEQ ID NO: 10 are shown in bold and

underlines
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARR
RYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRK
KLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAK
AILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLL
AQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYK
EIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGE
LHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASA
QSFIERMTAFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTN
RKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFE
DREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGALSRKLINGIRDKQSGKTILDFLKSDGFANRNFM
ALIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEM
ARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLY YLQNGRDMY VDQELDIN
RLSDYDVDHIVPQSFLKDDSIDNK VLTRSDKNRGKSDNVPSEEVVKKMKNY WRQLLNAKLITQRKFD
NLTKAERGGLSELDKAGFIKRQLVETRAITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFR
KDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATA
KYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRK VLSMPQVNIVKKTEVQTG
GFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERS
SFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASH
YEKLKGSPEDNEQKQLFVEQHKHYLDEINEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO: 325)

HF-BE3
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNTNKHVEVNFIEKF
TTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADPRNRQGLRDLISSGVTI
QIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLWVRLY VLELY CIILGLPPCLNILRRKQPQLTFFTIALQ
SCHYQRLPPHILWATGLKSGSETPGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLG
NTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL
VEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLN
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PDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALS
LGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITK
APLSASMIKRYDEHHQDLTLLK ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKM
DGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGP
LARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTAFDKNLPNEKVLPKHSLLYEYFTVYN
ELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASL
GTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDK VMKQLKRRRYTGWG
ALSRKLINGIRDKQSGKTILDFLK SDGFANRNFMALIHDDSLTFKEDIQK AQVSGQGDSLHEHIANLAGS
PAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEH
PVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDKNRGKS
DNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDK AGFIKRQLVETRAITKHVAQIL
DSRMNTKYDENDKLIREVK VITLKSKLVSDFRKDFQFYK VREINNYHHAHDAYLNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEIGK ATAK YFFY SNIMNFFK TEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRK VLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVA
YSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGR
KRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKR
VILADANLDKVLSAYNKHRDKPIREQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIH
QSITGLYETRIDLSQLGGD (SEQ ID NO: 285)

Cas9 fusion proteins

[00188] Any of the Cas9 domains (e.g., a nuclease active Cas9 protein, a nuclease-inactive
dCas9 protein, or a Cas9 nickase protein) disclosed herein may be fused to a second protein,
thus fusion proteins provided herein comprise a Cas9 domain as provided herein and a second
protein, or a “fusion partner”. In some embodiments, the second protein is fused to the N-
terminus of the Cas9 domain. However, in other embodiments, the second protein is fused to
the C-terminus of the Cas9 domain. In some embodiments, the second protein that is fused to
the Cas9 domain is a nucleic acid editing domain. In some embodiments, the Cas9 domain
and the nucleic acid editing domain are fused via a linker, while in other embodiments the
Cas9 domain and the nucleic acid editing domain are fused directly to one another. In some
embodiments, the linker comprises (GGGS), (SEQ ID NO: 265), (GGGGS), (SEQ ID NO:

5), (G, (EAAAK), (SEQ ID NO: 6), (GGS)n, (SGGS), (SEQ ID NO: 4288),
SGSETPGTSESATPES (SEQ ID NO: 7), or (XP), motif, or a combination of any of these,
wherein n is independently an integer between 1 and 30, and wherein X is any amino acid. In
some embodiments, the linker comprises a (GGS), motif, whereinnis 1, 3, or 7. In some
embodiments, the linker comprises a (GGS), motif, whereinnis 1,2,3,4,5,6,7,8,9, 10,

11, 12, 13, 14, or 15. In some embodiments, the linker comprises an amino acid sequence of
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SGSETPGTSESATPES (SEQ ID NO: 7),also referred to as the XTEN linker in the
Examples). The length of the linker can influence the base to be edited, as illustrated in the
Examples. For example, a linker of 3-amino-acid long (e.g., (GGS);) may give a 2-5, 2-4, 2-
3, 3-4 base editing window relative to the PAM sequence, while a 9-amino-acid linker (e.g.,
(GGS); (SEQ ID NO: 596)) may give a 2-6, 2-5, 2-4, 2-3, 3-6, 3-5, 3-4, 4-6, 4-5, 5-6 base
editing window relative to the PAM sequence. A 16-amino-acid linker (e.g., the XTEN
linker) may give a 2-7, 2-6, 2-5, 2-4, 2-3, 3-7, 3-6, 3-5, 3-4, 4-7, 4-6, 4-5, 5-7, 5-6, 6-7 base
window relative to the PAM sequence with exceptionally strong activity, and a 21-amino-
acid linker (e.g., (GGS); (SEQ ID NO: 597)) may give a 3-8, 3-7, 3-6, 3-5, 3-4, 4-8, 4-7, 4-6,
4-5, 5-8, 5-7, 5-6, 6-8, 6-7, 7-8 base editing window relative to the PAM sequence. The novel
finding that varying linker length may allow the dCas9 fusion proteins of the disclosure to
edit nucleobases different distances from the PAM sequence affords siginicant clinical
importance, since a PAM sequence may be of varying distance to the disease-causing
mutation to be corrected in a gene. It is to be understood that the linker lengths described as
examples here are not meant to be limiting.

[00189] In some embodiments, the second protein comprises an enzymatic domain. In
some embodiments, the enzymatic domain is a nucleic acid editing domain. Such a nucleic
acid editing domain may be, without limitation, a nuclease, a nickase, a recombinase, a
deaminase, a methyltransferase, a methylase, an acetylase, or an acetyltransferase. Non-
limiting exemplary binding domains that may be used in accordance with this disclosure

include transcriptional activator domains and transcriptional repressor domains.

Deaminase Domains

[00190] In some embodiments, second protein comprises a nucleic acid editing domain. In
some embodiments, the nucleic acid editing domain can catalyze a C to U base change. In
some embodiments, the nucleic acid editing domain is a deaminase domain. In some
embodiments, the deaminase is a cytidine deaminase or a cytidine deaminase. In some
embodiments, the deaminase is an apolipoprotein B mRNA-editing complex (APOBEC)
family deaminase. In some embodiments, the deaminase is an APOBEC1 deaminase. In some
embodiments, the deaminase is an APOBEC2 deaminase. In some embodiments, the
deaminase is an APOBEC3 deaminase. In some embodiments, the deaminase is an
APOBEC3A deaminase. In some embodiments, the deaminase is an APOBEC3B deaminase.
In some embodiments, the deaminase is an APOBEC3C deaminase. In some embodiments,

the deaminase is an APOBEC3D deaminase. In some embodiments, the deaminase is an
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APOBECS3E deaminase. In some embodiments, the deaminase is an APOBEC3F deaminase.
In some embodiments, the deaminase is an APOBEC3G deaminase. In some embodiments,
the deaminase is an APOBEC3H deaminase. In some embodiments, the deaminase is an
APOBEC4 deaminase. In some embodiments, the deaminase is an activation-induced
deaminase (AID). In some embodiments, the deaminase is a vertebrate deaminase. In some
embodiments, the deaminase is an invertebrate deaminase. In some embodiments, the
deaminase is a human, chimpanzee, gorilla, monkey, cow, dog, rat, or mouse deaminase. In
some embodiments, the deaminase is a human deaminase. In some embodiments, the
deaminase is a rat deaminase, e.g., TAPOBECI1. In some embodiments, the deaminase is a
Petromyzon marinus cytidine deaminase 1 (pmCDA1). In some embodiments, the deminase
is a human APOBEC3G (SEQ ID NO: 275). In some embodiments, the deaminase is a
fragment of the human APOBEC3G (SEQ ID NO: 5740). In some embodiments, the
deaminase is a human APOBEC3G variant comprising a D316R_D317R mutation (SEQ ID
NO: 5739). In some embodiments, the deaminase is a frantment of the human APOBEC3G
and comprising mutations corresponding to the D316R_D317R mutations in SEQ ID NO:
275 (SEQ ID NO: 5741).

[00191] In some embodiments, the nucleic acid editing domain is at least 80%, at least
85%, at least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99%, or at least 99.5% identical to the deaminase domain of any one of SEQ ID NOs: 266-
284, 607-610, 5724-5736, or 5738-5741. In some embodiments, the nucleic acid editing
domain comprises the amino acid sequence of any one of SEQ ID NOs: 266-284, 607-610,
5724-5736, or 5738-5741.

Deaminase Domains that Modulate the Editing Window of Base Editors

[00192] Some aspects of the disclosure are based on the recognition that modulating the
deaminase domain catalytic activity of any of the fusion proteins provided herein, for
example by making point mutations in the deaminase domain, affect the processivity of the
fusion proteins (e.g., base editors). For example, mutations that reduce, but do not eliminate,
the catalytic activity of a deaminase domain within a base editing fusion protein can make it
less likely that the deaminase domain will catalyze the deamination of a residue adjacent to a
target residue, thereby narrowing the deamination window. The ability to narrow the
deaminataion window may prevent unwanted deamination of residues adjacent of specific

target residues, which may decrease or prevent off-target effects.
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[00193] In some embodiments, any of the fusion proteins provided herein comprise a
deaminase domain (e.g., a cytidine deaminase domain) that has reduced catalytic deaminase
activity. In some embodiments, any of the fusion proteins provided herein comprise a
deaminase domain (e.g., a cytidine deaminase domain) that has a reduced catalytic deaminase
activity as compared to an appropriate control. For example, the appropriate control may be
the deaminase activity of the deaminase prior to introducing one or more mutations into the
deaminase. In other embodiments, the appropriate control may be a wild-type deaminase. In
some embodiments, the appropriate control is a wild-type apolipoprotein B mRNA-editing
complex (APOBEC) family deaminase. In some embodiments, the appropriate control is an
APOBEC1 deaminase, an APOBEC2 deaminase, an APOBEC3A deaminase, an
APOBEC3B deaminase, an APOBEC3C deaminase, an APOBEC3D deaminase, an
APOBEC3F deaminase, an APOBEC3G deaminase, or an APOBEC3H deaminase. In some
embodiments, the appropriate control is an activation induced deaminase (AID). In some
embodiments, the appropriate control is a cytidine deaminase 1 from Petromyzon marinus
(pmCDA1). In some embodiments, the deaminse domain may be a deaminase domain that
has at least 1%, at least 5%, at least 15%, at least 20%, at least 25%, at least 30%, at least
40%, at least 50%, at least 60%, at lest 70%, at least 80%, at least 90%, or at least 95% less
catalytic deaminase activity as compared to an appropriate control.

[00194] In some embodiments, any of the fusion proteins provided herein comprise an
APOBEC deaminase comprising one or more mutations selected from the group consisting of
HI21X, H122X, R126X, R126X, R118X, WO0X, W90X, and R132X of rAPOBEC1 (SEQ
ID NO: 284), or one or more corresponding mutations in another APOBEC deaminase,
wherin X is any amino acid. In some embodiments, any of the fusion proteins provided
herein comprise an APOBEC deaminase comprising one or more mutations selected from the
group consisting of H121R, H122R, R126A, R126E, R118A, W90A, W90Y, and R132E of
rAPOBECI1 (SEQ ID NO: 284), or one or more corresponding mutations in another
APOBEC deaminase.

[00195] In some embodiments, any of the fusion proteins provided herein comprise an
APOBEC deaminase comprising one or more mutations selected from the group consisting of
D316X, D317X, R320X, R320X, R313X, W285X, W285X, R326X of hAPOBEC3G (SEQ
ID NO: 275), or one or more corresponding mutations in another APOBEC deaminase,
wherin X is any amino acid. In some embodiments, any of the fusion proteins provided
herein comprise an APOBEC deaminase comprising one or more mutations selected from the

group consisting of D316R, D317R, R320A, R320E, R313A, W285A, W285Y, R326E of
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hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in another
APOBEC deaminase.

[00196] In some embodiments, any of the fusion proteins provided herein comprise an
APOBEC deaminase comprising a HI21R and a H122Rmutation of rAPOBECI1 (SEQ ID
NO: 284), or one or more corresponding mutations in another APOBEC deaminase. In some
embodiments, any of the fusion proteins provided herein comprise an APOBEC deaminase
comprising a R126A mutation of rAPOBEC1 (SEQ ID NO: 284), or one or more
corresponding mutations in another APOBEC deaminase. In some embodiments, any of the
fusion proteins provided herein comprise an APOBEC deaminase comprising a R126E
mutation of rAPOBECI (SEQ ID NO: 284), or one or more corresponding mutations in
another APOBEC deaminase. In some embodiments, any of the fusion proteins provided
herein comprise an APOBEC deaminase comprising a R118A mutation of rAPOBEC1 (SEQ
ID NO: 284), or one or more corresponding mutations in another APOBEC deaminase. In
some embodiments, any of the fusion proteins provided herein comprise an APOBEC
deaminase comprising a WO0A mutation of rAPOBEC1 (SEQ ID NO: 284), or one or more
corresponding mutations in another APOBEC deaminase. In some embodiments, any of the
fusion proteins provided herein comprise an APOBEC deaminase comprising a WO0Y
mutation of rAPOBECI (SEQ ID NO: 284), or one or more corresponding mutations in
another APOBEC deaminase. In some embodiments, any of the fusion proteins provided
herein comprise an APOBEC deaminase comprising a R132E mutation of rAPOBEC1 (SEQ
ID NO: 284), or one or more corresponding mutations in another APOBEC deaminase. In
some embodiments, any of the fusion proteins provided herein comprise an APOBEC
deaminase comprising a W90Y and a R126E mutation of rAPOBEC1 (SEQ ID NO: 284), or
one or more corresponding mutations in another APOBEC deaminase. In some
embodiments, any of the fusion proteins provided herein comprise an APOBEC deaminase
comprising a R126E and a R132E mutation of rAPOBEC1 (SEQ ID NO: 284), or one or
more corresponding mutations in another APOBEC deaminase. In some embodiments, any
of the fusion proteins provided herein comprise an APOBEC deaminase comprising a WO0Y
and a R132E mutation of rAPOBEC1 (SEQ ID NO: 284), or one or more corresponding
mutations in another APOBEC deaminase. In some embodiments, any of the fusion proteins
provided herein comprise an APOBEC deaminase comprising a WO0Y, R126E, and R132E
mutation of rAPOBECI (SEQ ID NO: 284), or one or more corresponding mutations in
another APOBEC deaminase.
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[00197] In some embodiments, any of the fusion proteins provided herein comprise an
APOBEC deaminase comprising a D316R and a D317R mutation of hRAPOBEC3G (SEQ ID
NO: 275), or one or more corresponding mutations in another APOBEC deaminase. In some
embodiments, any of the fusion proteins provided herein comprise an APOBEC deaminase
comprising a R320A mutation of hRAPOBEC3G (SEQ ID NO: 275), or one or more
corresponding mutations in another APOBEC deaminase. In some embodiments, any of the
fusion proteins provided herein comprise an APOBEC deaminase comprising a R320E
mutation of hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in
another APOBEC deaminase. In some embodiments, any of the fusion proteins provided
herein comprise an APOBEC deaminase comprising a R313 A mutation of hAPOBEC3G
(SEQ ID NO: 275), or one or more corresponding mutations in another APOBEC deaminase.
In some embodiments, any of the fusion proteins provided herein comprise an APOBEC
deaminase comprising a W285A mutation of hAPOBEC3G (SEQ ID NO: 275), or one or
more corresponding mutations in another APOBEC deaminase. In some embodiments, any
of the fusion proteins provided herein comprise an APOBEC deaminase comprising a
W285Y mutation of hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding
mutations in another APOBEC deaminase.In some embodiments, any of the fusion proteins
provided herein comprise an APOBEC deaminase comprising a R326E mutation of
hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in another
APOBEC deaminase. In some embodiments, any of the fusion proteins provided herein
comprise an APOBEC deaminase comprising a W285Y and a R320E mutation of
hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in another
APOBEC deaminase. In some embodiments, any of the fusion proteins provided herein
comprise an APOBEC deaminase comprising a R320E and a R326E mutation of
hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in another
APOBEC deaminase. In some embodiments, any of the fusion proteins provided herein
comprise an APOBEC deaminase comprising a W285Y and a R326E mutation of
hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in another
APOBEC deaminase. In some embodiments, any of the fusion proteins provided herein
comprise an APOBEC deaminase comprising a W285Y, R320E, and R326E mutation of
hAPOBEC3G (SEQ ID NO: 275), or one or more corresponding mutations in another
APOBEC deaminase.

[00198] Some aspects of this disclosure provide fusion proteins comprising (i) a nuclease-

inactive Cas9 domain; and (i1) a nucleic acid editing domain. In some embodiments, a
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nuclease-inactive Cas9 domain (dCas9), comprises an amino acid sequence that is at least
80%, at least 85%, at least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or at least 99.5% identical to the amino acid sequence of a Cas9 as
provided by any one of SEQ ID NOs: 10-263, and comprises mutations that inactivate the
nuclease activity of Cas9. Mutations that render the nuclease domains of Cas9 inactive are
well-known in the art. For example, the DNA cleavage domain of Cas9 is known to include
two subdomains, the HNH nuclease subdomain and the RuvC1 subdomain. The HNH
subdomain cleaves the strand complementary to the gRNA, whereas the RuvC1 subdomain
cleaves the non-complementary strand. Mutations within these subdomains can silence the
nuclease activity of Cas9. For example, the mutations D10A and H840A completely
inactivate the nuclease activity of S. pyogenes Cas9 (Jinek et al., Science. 337:816-
821(2012); Qi et al., Cell. 28;152(5):1173-83 (2013)). In some embodiments, the dCas9 of
this disclosure comprises a D10A mutation of the amino acid sequence provided in SEQ ID
NO: 10, or a corresponding mutation in any of the amino acid sequences provided in SEQ ID
NOs: 11-260. In some embodiments, the dCas9 of this disclosure comprises a H840A
mutation of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260. In some
embodiments, the dCas9 of this disclosure comprises both D10A and H840A mutations of the
amino acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of the
amino acid sequences provided in SEQ ID NOs: 11-260. In some embodiments, the Cas9
further comprises a histidine residue at position 840 of the amino acid sequence provided in
SEQ ID NO: 10, or a corresponding mutation in any of the amino acid sequences provided in
SEQ ID NOs: 11-260. The presence of the catalytic residue H840 restores the acvitity of the
Cas9 to cleave the non-edited strand containing a G opposite the targeted C. Restoration of
H840 does not result in the cleavage of the target strand containing the C. In some
embodiments, the dCas9 comprises an amino acid sequence of SEQ ID NO: 263. It is to be
understood that other mutations that inactivate the nuclease domains of Cas9 may also be
included in the dCas9 of this disclosure.

[00199] The Cas9 or dCas9 domains comprising the mutations disclosed herein, may be a
full-length Cas9, or a fragment thereof. In some embodiments, proteins comprising Cas9, or
fragments thereof, are referred to as “Cas9 variants.” A Cas9 variant shares homology to
Cas9, or a fragment thereof. For example a Cas9 variant is at least about 70% identical, at
least about 80% identical, at least about 90% identical, at least about 95% identical, at least

about 96% identical, at least about 97% identical, at least about 98% identical, at least about
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99% identical, at least about 99.5% identical, or at least about 99.9% to wild type Cas9. In
some embodiments, the Cas9 variant comprises a fragment of Cas9 (e.g., a gRNA binding
domain or a DNA-cleavage domain), such that the fragment is at least about 70% identical, at
least about 80% identical, at least about 90% identical, at least about 95% identical, at least
about 96% identical, at least about 97% identical, at least about 98% identical, at least about
99% identical, at least about 99.5% identical, or at least about 99.9% identical to the
corresponding fragment of wild type Cas9, e.g., a Cas9 comprising the amino acid sequence
of SEQ ID NO: 10.

[00200] Any of the Cas9 fusion proteins of this disclosure may further comprise a nucleic
acid editing domain (e.g., an enzyme that is capable of modifying nucleic acid, such as a
deaminase). In some embodiments, the nucleic acid editing domain is a DNA-editing domain.
In some embodiments, the nucleic acid editing domain has deaminase activity. In some
embodiments, the nucleic acid editing domain comprises or consists of a deaminase or
deaminase domain. In some embodiments, the deaminase is a cytidine deaminase. In some
embodiments, the deaminase is an apolipoprotein B mRNA-editing complex (APOBEC)
family deaminase. In some embodiments, the deaminase is an APOBECI family deaminase.
In some embodiments, the deaminase is an activation-induced cytidine deaminase (AID).
Some nucleic-acid editing domains as well as Cas9 fusion proteins including such domains
are described in detail herein. Additional suitable nucleic acid editing domains will be
apparent to the skilled artisan based on this disclosure and knowledge in the field.

[00201] Some aspects of the disclosure provide a fusion protein comprising a Cas9 domain
fused to a nucleic acid editing domain, wherein the nucleic acid editing domain is fused to
the N-terminus of the Cas9 domain. In some embodiments, the Cas9 domain and the nucleic
acid editing-editing domain are fused via a linker. In some embodiments, the linker
comprises a (GGGS), (SEQ ID NO: 265), a (GGGGS), (SEQ ID NO: 5), a (G),, an
(EAAAK), (SEQ ID NO: 6), a (GGS),, (SGGS), (SEQ ID NO: 4288), an
SGSETPGTSESATPES (SEQ ID NO: 7) motif (see, e.g., Guilinger JP, Thompson DB, Liu
DR. Fusion of catalytically inactive Cas9 to FokI nuclease improves the specificity of
genome modification. Nat. Biotechnol. 2014; 32(6): 577-82; the entire contents are
incorporated herein by reference), or an (XP), motif, or a combination of any of these,
wherein n is independently an integer between 1 and 30. In some embodiments, n is
independently 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, or 30, or, if more than one linker or more than one linker motif is present,

any combination thereof. In some embodiments, the linker comprises a (GGS), motif,
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whereinnis 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14 or 15. In some embodiments, the linker
comprises a (GGS), motif, whereinn is 1, 3, or 7. In some embodiments, the linker comprises
the amino acid sequence SGSETPGTSESATPES (SEQ ID NO: 7). Additional suitable
linker motifs and linker configurations will be apparent to those of skill in the art. In some
embodiments, suitable linker motifs and configurations include those described in Chen ef
al., Fusion protein linkers: property, design and functionality. Adv Drug Deliv Rev. 2013;
65(10):1357-69, the entire contents of which are incorporated herein by reference.
Additional suitable linker sequences will be apparent to those of skill in the art based on the
instant disclosure. In some embodiments, the general architecture of exemplary Cas9 fusion
proteins provided herein comprises the structure:
[NH;]-[nucleic acid editing domain]-[Cas9]-[COOH] or

[NH;]-[nucleic acid editing domain]-[linker]-[Cas9]-[COOH],
wherein NHj, is the N-terminus of the fusion protein, and COOH is the C-terminus of the
fusion protein.
[00202] The fusion proteins of the present disclosure may comprise one or more additional
features. For example, in some embodiments, the fusion protein comprises a nuclear
localization sequence (NLS). In some embodiments, the NLS of the fusion protein is
localized between the nucleic acid editing domain and the Cas9 domain. In some
embodiments, the NLS of the fusion protein is localized C-terminal to the Cas9 domain.
[00203] Other exemplary features that may be present are localization sequences, such as
cytoplasmic localization sequences, export sequences, such as nuclear export sequences, or
other localization sequences, as well as sequence tags that are useful for solubilization,
purification, or detection of the fusion proteins. Suitable protein tags provided herein
include, but are not limited to, biotin carboxylase carrier protein (BCCP) tags, myc-tags,
calmodulin-tags, FLAG-tags, hemagglutinin (HA)-tags, polyhistidine tags, also referred to as
histidine tags or His-tags, maltose binding protein (MBP)-tags, nus-tags, glutathione-S-
transferase (GST)-tags, green fluorescent protein (GFP)-tags, thioredoxin-tags, S-tags,
Softags (e.g., Softag 1, Softag 3), strep-tags , biotin ligase tags, FIAsH tags, V5 tags, and
SBP-tags. Additional suitable sequences will be apparent to those of skill in the art. In some
embodiments, the fusion protein comprises one or more His tags.
[00204] In some embodiments, the nucleic acid editing domain is a deaminase. For
example, in some embodiments, the general architecture of exemplary Cas9 fusion proteins
with a deaminase domain comprises the structure:

[NH;]-[NLS]-[deaminase]-[Cas9]-[COOH],
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[NH;]-[Cas9]-[deaminase]-[ COOH],
[NH;]-[deaminase]-[Cas9]-[COOH], or
[NH;]-[deaminase]-[Cas9]-[NLS]-[COOH]
wherein NLS is a nuclear localization sequence, NHj, is the N-terminus of the fusion protein,
and COOH is the C-terminus of the fusion protein. Nuclear localization sequences are
known in the art and would be apparent to the skilled artisan. For example, NLS sequences
are described in Plank ef al., PCT/EP2000/011690, the contents of which are incorporated
herein by reference for their disclosure of exemplary nuclear localization sequences. In some
embodiments, a NLS comprises the amino acid sequence PKKKRKYV (SEQ ID NO: 741) or
MDSLLMNRRKFLYQFKNVRWAKGRRETYLC (SEQ ID NO: 742). In some
embodiments, a linker is inserted between the Cas9 and the deaminase. In some
embodiments, the NLS is located C-terminal of the Cas9 domain. In some embodiments, the
NLS is located N-terminal of the Cas9 domain. In some embodiments, the NLS is located
between the deaminase and the Cas9 domain. In some embodiments, the NLS is located N-
terminal of the deaminase domain. In some embodiments, the NLS is located C-terminal of
the deaminase domain.
[00205] One exemplary suitable type of nucleic acid editing domain is a cytidine
deaminase, for example, of the APOBEC family. The apolipoprotein B mRNA-editing
complex (APOBEC) family of cytidine deaminase enzymes encompasses eleven proteins that
serve to initiate mutagenesis in a controlled and beneficial manner.”” One family member,
activation-induced cytidine deaminase (AID), is responsible for the maturation of antibodies
by converting cytosines in sSDNA to uracils in a transcription-dependent, strand-biased
fashion.” The apolipoprotein B editing complex 3 (APOBEC3) enzyme provides protection
to human cells against a certain HIV-1 strain via the deamination of cytosines in reverse-
transcribed viral ssDNA.*' These proteins all require a Zn>"-coordinating motif (His-X-Glu-
X2326-Pro-Cys-X;.4-Cys; SEQ ID NO: 598) and bound water molecule for catalytic activity.
The Glu residue acts to activate the water molecule to a zinc hydroxide for nucleophilic
attack in the deamination reaction. Each family member preferentially deaminates at its own
particular “hotspot”, ranging from WRC (W is A or T, R is A or G) for hAID, to TTC for
hAPOBEC3F.** A recent crystal structure of the catalytic domain of APOBEC3G revealed a
secondary structure comprised of a five-stranded B-sheet core flanked by six a-helices, which
is believed to be conserved across the entire family.”” The active center loops have been

shown to be responsible for both ssDNA binding and in determining “hotspot” identity.**
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Overexpression of these enzymes has been linked to genomic instability and cancer, thus
highlighting the importance of sequence-specific targeting.”

[00206] Some aspects of this disclosure relate to the recognition that the activity of cytidine
deaminase enzymes such as APOBEC enzymes can be directed to a specific site in genomic
DNA. Without wishing to be bound by any particular theory, advantages of using Cas9 as a
recognition agent include (1) the sequence specificity of Cas9 can be easily altered by simply
changing the sgRNA sequence; and (2) Cas9 binds to its target sequence by denaturing the
dsDNA, resulting in a stretch of DNA that is single-stranded and therefore a viable substrate
for the deaminase. It should be understood that other catalytic domains, or catalytic domains
from other deaminases, can also be used to generate fusion proteins with Cas9, and that the
disclosure is not limited in this regard.

[00207] Some aspects of this disclosure are based on the recognition that Cas9:deaminase
fusion proteins can efficiently deaminate nucleotides at positions 3-11 according to the
numbering scheme in Figure 3. In view of the results provided herein regarding the
nucleotides that can be targeted by Cas9:deaminase fusion proteins, a person of skill in the art
will be able to design suitable guide RNAs to target the fusion proteins to a target sequence
that comprises a nucleotide to be deaminated.

[00208] In some embodiments, the deaminase domain and the Cas9 domain are fused to
each other via a linker. Various linker lengths and flexibilities between the deaminase
domain (e.g., AID) and the Cas9 domain can be employed (e.g., ranging from very flexible
linkers of the form (GGGGS), (SEQ ID NO: 5), (GGS),, and (G), to more rigid linkers of the
form (EAAAK), (SEQ ID NO: 6), (SGGS), (SEQ ID NO: 4288), SGSETPGTSESATPES
(SEQ ID NO: 7) (see, e.g., Guilinger JP, Thompson DB, Liu DR. Fusion of catalytically
inactive Cas9 to FokI nuclease improves the specificity of genome modification. Nat.
Biotechnol. 2014; 32(6): 577-82; the entire contents are incorporated herein by reference) and
(XP),)*® in order to achieve the optimal length for deaminase activity for the specific
application. In some embodiments, the linker comprises a (GGS), motif, whereinnis 1, 3, or
7. In some embodiments, the linker comprises a (an SGSETPGTSESATPES (SEQ ID NO: 7)
motif.

[00209] Some exemplary suitable nucleic-acid editing domains, e.g., deaminases and
deaminase domains, that can be fused to Cas9 domains according to aspects of this disclosure
are provided below. It should be understood that, in some embodiments, the active domain of
the respective sequence can be used, e.g., the domain without a localizing signal (nuclear

localization sequence, without nuclear export signal, cytoplasmic localizing signal).

78



WO 2017/070632 PCT/US2016/058344

[00210] Human AID:
MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRNKNGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO: 266)

(underline: nuclear localization sequence; double underline: nuclear export signal)

[00211] Mouse AID:
MDSLLMKOQKKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVAEFLRWNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIGIMTFKDYFYCWNTFVENRERTFKAWEGLHEN
SVRLTRQLRRILLPLYEVDDILRDAFRMLGE (SEQ ID NO: 267)

(underline: nuclear localization sequence; double underline: nuclear export signal)

[00212] Dog AID:
MDSLIMKORKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGHLRNKSGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFAAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENREKTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO: 268)

(underline: nuclear localization sequence; double underline: nuclear export signal)

[00213] Bovine AID:
MDSLILKKOROFLYQFKNVRWAKGRHETYLCYVVKRRDSPTSFSLDFGHLRNKAGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFTAR
LYFCDKERKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHE
NSVRLSRQLRRILLPLYEVDDLRDAFRTLGI. (SEQ ID NO: 269)

(underline: nuclear localization sequence; double underline: nuclear export signal)

[00214] Rat AID
MAVGSKPKAALVGPHWERERIWCFLCSTGLGTQQTGQTSRWLRPAATQDPVSPPRS
LLMKQRKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGYLRNKSGCHVE
LLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTARLTG
WGALPAGLMSPARPSDYFYCWNTFVENHERTFKAWEGLHENSVRLSRRLRRILLPL
YEVDDLRDAFRTLGL (SEQ ID NO: 5725)

(underline: nuclear localization sequence; double underline: nuclear export signal)

[00215] Mouse APOBEC-3:
MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLGYAKGRKDTFLCYEVTRKDCDSPVS
LHHGVFKNKDNIHAEICFLYWFHDKVLKVLSPREEFKITWYMSWSPCFECAEQIVRFLA
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THHNLSLDIFSSRLYNVQDPETQQNLCRLVQEGAQVAAMDLYEFKKCWKKFVDNG
GRRFRPWKRLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETRFCVEGR
RMDPLSEEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNGQAPLKGCLLSEKGKQ
HAEILFLDKIRSMELSQVTITCYLTWSPCPNC AW QLAAFKRDRPDLILHIYTSRLYFHWK
RPFQKGLCSLWQSGILVDVMDLPQFTDCWTNFVNPKRPFWPWKGLEIISRRTQRRLR
RIKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO: 270)

(italic: nucleic acid editing domain)

[00216] Rat APOBEC-3:
MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLRYAIDRKDTFLCYEVTRKDCDSPVS
LHHGVFKNKDNIHAEICFLYWFHDKVLKVLSPREEFKITWYMSWSPCFECAEQVLRFLA
THHNLSLDIFSSRLYNIRDPENQQNLCRLVQEGAQVAAMDLYEFKKCWKKFVDNGG
RRFRPWKKLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETRFCVERRR
VHLLSEEEFYSQFYNQRVKHLCYYHGVKPYLCYQLEQFNGQAPLKGCLLSEKGKQH
AEILFLDKIRSMELSOQVIITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHWKR
PFQKGLCSLWQSGILVDVMDLPQFTDCWTNFVNPKRPFWPWKGLEIISRRTQRRLHR
IKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO: 271)

(italic: nucleic acid editing domain)

[00217] Rhesus macaque APOBEC-3G:
MVEPMDPRTFVSNEFNNRPILSGINTVWLCCEVKTKDPSGPPLDAKIFQGKVYSKAKY
HPEMRFLRWFHKWRQOLHHDQEYKVIWYVSWSPCTRCANSVATFLAKDPKVTLTIFVA
RLYYFWKPDYQQALRILCQKRGGPHATMKIMNYNEFQDCWNKFVDGRGKPFKPRN
NLPKHYTLLQATLGELLRHLMDPGTFTSNFNNKPWVSGQHETYLCYKVERLHNDT
WVPLNQHRGFLRNQAPNIHGFPKGRHAELCFLDLIPFWKLDGQQYRVTCFTSWSPCFS
CAQEMAKFISNNEHVSLCIFAARIYDDQGRYQEGLRALHRDGAKIAMMNYSEFEYC
WDTFVDRQGRPFQPWDGLDEHSQALSGRLRAI (SEQ ID NO: 272)

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

[00218] Chimpanzee APOBEC-3G:
MKPHFRNPVERMYQDTFSDNFYNRPILSHRNTVWLCYEVKTKGPSRPPLDAKIFRGQ
VYSKLKYHPEMRFFHWFSKWRKLHRDQEYEVIWYISWSPCTKCTRDVATFLAEDPKV
TLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKIMNYDEFQHCWSKFVYSQRE
LFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTSNFNNELW VRGRHETYLCYEVERL
HNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLHODYRVICFTS
WSPCFSCAQEMAKFISNNKHVSLCIFAARIYDDQGRCQEGLRTLAKAGAKISIMTYSE
FKHCWDTFVDHQGCPFQPWDGLEEHSQALSGRLRAILQNQGN (SEQ ID NO: 273)
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(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

[00219] Green monkey APOBEC-3G:
MNPOQIRNMVEOMEPDIFVYYFNNRPILSGRNTVWLCYEVKTKDPSGPPLDANIFQGK
LYPEAKDHPEMKFLHWFRKWRQOLHRDQOEYEVIWYVSWSPCTRCANSVATFLAEDPKYV
TLTIFVARLYYFWKPDYQQALRILCQERGGPHATMKIMNYNEFQHCWNEFVDGQG
KPFKPRKNLPKHYTLLHATLGELLRHVMDPGTFTSNFNNKPWVSGQRETYLCYKVE
RSHNDTWVLLNQHRGFLRNQAPDRHGFPKGRHAELCFLDLIPFWKLDDQOQYRVICFT
SWSPCFSCAQKMAKFISNNKHVSLCIFAARIYDDQGRCQEGLRTLHRDGAKIAVMNY
SEFEYCWDTFVDRQGRPFQPWDGLDEHSQALSGRLRAI (SEQ ID NO: 274)

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

[00220] Human APOBEC-3G:
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQ
VYSELKYHPEMRFFHWFSKWRKLHRDQEYEVIWYISWSPCTKCTRDMATFLAEDPKV
TLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKIMNYDEFQHCWSKFVYSQRE
LFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTFNFNNEPWVRGRHETYLCYEVERM
HNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLDODYRVICFTS
WSPCFSCAQEMAKFISKNKHVSLCIFTARIYDDQGRCQEGLRTLAEAGAKISIMTYSE
FKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRLRAILQNQEN (SEQ ID NO: 275)

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

[00221] Human APOBEC-3F:
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKIFRGQ
VYSQPEHHAEMCFLSWFCGNQOLPAYKCFQOITWFVSWTPCPDCVAKLAEFLAEHPNVTL
TISAARLYYYWERDYRRALCRLSQAGARVKIMDDEEFAYCWENFVYSEGQPFMPW
YKFDDNYAFLHRTLKEILRNPMEAMYPHIFYFHFKNLRKAYGRNESWLCFTMEVVK
HHSPVSWKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNTNYEVIWY TSWSPCPECA
GEVAEFLARHSNVNLTIFTARLYYFWDTDYQEGLRSLSQEGASVEIMGYKDFKYCW
ENFVYNDDEPFKPWKGLKYNFLFLDSKLQEILE (SEQ ID NO: 276)

(italic: nucleic acid editing domain)

[00222] Human APOBEC-3B:
MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFR
GQVYFKPQYHAEMCFLSWFCGNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLSEHPN
VTLTISAARLYYYWERDYRRALCRLSQAGARVTIMDYEEFAYCWENFVYNEGQQF
MPWYKFDENYAFLHRTLKEILRYLMDPDTFTFNFNNDPLVLRRRQTYLCYEVERLD
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NGTWVLMDQHMGFLCNEAKNLLCGFYGRHAELRFILDLVPSLOLDPAQIYRVIWFISWS
PCFSWGCAGEVRAFLQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTY
DEFEYCWDTFVYRQGCPFQPWDGLEEHSQALSGRLRAILQNQGN (SEQ ID NO: 277)
(italic: nucleic acid editing domain)

[00223] Rat APOBEC-3B:

MQPQGLGPNAGMGPVCLGCSHRRPY SPIRNPLKKLYQQTFYFHFKNVRYAWGRKN
NFLCYEVNGMDCALPVPLRQGVFRKQGHIHAELCFIYWFHDKVLRVLSPMEEFKVT
WYMSWSPCSKCAEQVARFLAAHRNLSLAIFSSRLYYYLRNPNYQQKLCRLIQEGVH
VAAMDLPEFKKCWNKFVDNDGQPFRPWMRLRINFSFYDCKLQEIFSRMNLLREDVF
YLQFNNSHRVKPVQNRYYRRKSYLCYQLERANGQEPLKGYLLYKKGEQHVEILFLE
KMRSMELSQVRITCYLTWSPCPNCARQLAAFKKDHPDLILRIYTSRLYFYWRKKFQK
GLCTLWRSGIHVDVMDLPQFADCWTNFVNPQRPFRPWNELEKNSWRIQRRLRRIKE
SWGL (SEQ ID NO: 5729)

[00224] Bovine APOBEC-3B:
DGWEVAFRSGTVLKAGVLGVSMTEGWAGSGHPGQGACVWTPGTRNTMNLLREVL
FKQQFGNQPRVPAPYYRRKTYLCYQLKQRNDLTLDRGCFRNKKQRHAEIRFIDKINS
LDLNPSQSYKIICYITWSPCPNCANELVNFITRNNHLKLEIFASRLYFHWIKSFKMGLQ
DLQNAGISVAVMTHTEFEDCWEQFVDNQSRPFQPWDKLEQYSASIRRRLQRILTAPI
(SEQ ID NO: 5730)

[00225] Chimpanzee APOBEC-3B:
MNPQIRNPMEWMYQRTFYYNFENEPILYGRSYTWLCYEVKIRRGHSNLLWDTGVFR
GOQMYSQPEHHAEMCFLSWFCGNQLSAYKCFQITWFVSWTPCPDCVAKLAKFLAEHP
NVTLTISAARLYYYWERDYRRALCRLSQAGARVKIMDDEEFAYCWENFVYNEGQPF
MPWYKFDDNYAFLHRTLKENIRHLMDPDTFTFNFNNDPLVLRRHQTYLCYEVERLD
NGTWVLMDQHMGFLCNEAKNLLCGFYGRHAELRFLDLVPSLQLDPAQIYRVTWFIS
WSPCFSWGCAGQVRAFLQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIM
TYDEFEYCWDTFVYRQGCPFQPWDGLEEHSQALSGRLRAILQVRASSLCMVPHRPPP
PPQSPGPCLPLCSEPPLGSLLPTGRPAPSLPFLLTASFSFPPPASLPPLPSLSLSPGHLPVP
SFHSLTSCSIQPPCSSRIRETEGWASVSKEGRDLG (SEQ ID NO: 5731)

[00226] Human APOBEC-3C:
MNPQIRNPMKAMYPGTFYFQFKNLWEANDRNETWLCFTVEGIKRRSVVSWKTGVF
RNQVDSETHCHAERCFLSWFCDDILSPNTKYQVIWYTSWSPCPDCAGEVAEFLARHSN
VNLTIFTARLYYFQYPCYQEGLRSLSQEGVAVEIMDYEDFKYCWENFVYNDNEPFKP
WKGLKTNFRLLKRRLRESLQ (SEQ ID NO: 278)
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(italic: nucleic acid editing domain)

[00227] Gorilla APOBEC3C
MNPQIRNPMKAMYPGTFYFQFKNLWEANDRNETWLCFTVEGIKRRSVVSWKTGVF
RNQVDSETHCHAERCFLSWFCDDILSPNTNYQVTWYTSWSPCPECAGEVAEFLARHSN
VNLTIFTARLYYFQDTDYQEGLRSLSQEGVAVKIMDYKDFKYCWENFVYNDDEPFK
PWKGLKYNFRFLKRRLQEILE (SEQ ID NO: 5726)

(italic: nucleic acid editing domain)

[00228] Human APOBEC-3A:
MEASPASGPRHLMDPHIFTSNFNNGIGRHKTYLCYEVERLDNGTSVKMDQHRGFLH
NQAKNLLCGFYGRHAELRFLDLYVPSLOLDPAQIYRVIWFISWSPCFSWGCAGEVRAFLQ
ENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTYDEFKHCWDTFVDHQGC
PFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO: 279)

(italic: nucleic acid editing domain)

[00229] Rhesus macaque APOBEC-3A:
MDGSPASRPRHLMDPNTFTFNFNNDLSVRGRHQTYLCYEVERLDNGTWVPMDERR
GFLCNKAKNVPCGDYGCHVELRFLCEVPSWQOLDPAQTYRVIWFISWSPCFRRGCAGQ
VRVFLQENKHVRLRIFAARIYDYDPLYQEALRTLRDAGAQVSIMTYEEFKHCWDTF
VDRQGRPFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO: 5727)

(italic: nucleic acid editing domain)

[00230] Bovine APOBEC-3A:
MDEYTFTENFNNQGWPSKTYLCYEMERLDGDATIPLDEYKGFVRNKGLDQPEKPCH
AELYFLGKIHSWNLDRNQOHYRLTCFISWSPCYDCAQKLTTFLKENHHISLHILASRIYTH
NRFGCHQSGLCELQAAGARITIMTFEDFKHCWETFVDHKGKPFQPWEGLNVKSQAL
CTELQAILKTQQN (SEQ ID NO: 5728)

(italic: nucleic acid editing domain)

[00231] Human APOBEC-3H:
MALLTAETFRLQFNNKRRLRRPYYPRKALLCYQLTPQNGSTPTRGYFENKKKCHAE!
CFINEIKSMGLDETQCYQVICYLTWSPCSSCAWELVDFIKAHDHLNLGIFASRLYYHWC
KPQQKGLRLLCGSQVPVEVMGFPKFADCWENFVDHEKPLSFNPYKMLEELDKNSRA
IKRRLERIKIPGVRAQGRYMDILCDAEV (SEQ ID NO: 280)

(italic: nucleic acid editing domain)

[00232] Rhesus macaque APOBEC-3H:
MALLTAKTFSLQFNNKRRVNKPYYPRKALLCYQLTPQNGSTPTRGHLKNKKKDHAE
IRFINKIKSMGLDETQCYQVTCYLTWSPCPSCAGELVDFIKAHRHLNLRIFASRLYYH
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WRPNYQEGLLLLCGSQVPVEVMGLPEFTDCWENFVDHKEPPSFNPSEKLEELDKNS
QAIKRRLERIKSRSVDVLENGLRSLQLGPVTPSSSIRNSR (SEQ ID NO: 5732)

[00233] Human APOBEC-3D:
MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFR
GPVLPKRQSNHRQEV YFRFENHAEMCFLSWFCGNRLPANRRFQITWFVSWNPCLPCVV
KVTKFLAEHPNVTLTISAARLYYYRDRDWRWVLLRLHKAGARVKIMDYEDFAYCW
ENFVCNEGQPFMPW YKFDDNY ASLHRTLKEILRNPMEAMYPHIFYFHFKNLLKACG
RNESWLCFTMEVTKHHSAVFRKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNINY
EVIWYTSWSPCPECAGEVAEFLARHSNVNLTIFTARLCYFWDTDY QEGLCSLSQEGAS
VKIMGYKDFVSCWKNFVYSDDEPFKPWKGLQTNFRLLKRRLREILQ (SEQ ID NO:
281)

(italic: nucleic acid editing domain)
[00234] Human APOBEC-1:

MTSEKGPSTGDPTLRRRIEPWEFDVFYDPRELRKEACLLYEIKWGMSRKIWRSSGKN
TTNHVEVNFIKKFTSERDFHPSMSCSITWFLSW SPCWECSQAIREFLSRHPGVTLVIYV
ARLFWHMDQQNRQGLRDLVNSGVTIQIMRASEY YHCWRNFVNYPPGDEAHWPQYP
PLWMMLYALELHCIILSLPPCLKISRRWQNHLTFFRLHLQNCHYQTIPPHILLATGLIH
PSVAWR (SEQ ID NO: 282)

[00235] Mouse APOBEC-1:
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSVWRHTSQN
TSNHVEVNFLEKFTTERYFRPNTRCSITWFLSW SPCGECSRAITEFLSRHPYVTLFIYIA
RLYHHTDQRNRQGLRDLISSGVTIQIMTEQEYCYCWRNFVNYPPSNEAYWPRYPHL
WVKLYVLELYCIILGLPPCLKILRRKQPQLTFFTITLQTCHYQRIPPHLLWATGLK
(SEQ ID NO: 283)

[00236] Rat APOBEC-1:
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTER YFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPR YPHLW
VRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLK (SEQ
ID NO: 284)

[00237] Human APOBEC-2:
MAQKEEAAVATEAASQNGEDLENLDDPEKLKELIELPPFEIVTGERLPANFFKFQFRN
VE
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YSSGRNKTFLCYVVEAQGKGGQVQASRGYLEDEHAAAHAEEAFFNTILPAFDPALR
YNVTWYVSSSPCAACADRIIKTLSKTKNLRLLILVGRLFMWEEPEIQAALKKLKEAG
CKLRIMKPQDFEYVWQNFVEQEEGESKAFQPWEDIQENFLYYEEKLADILK (SEQ ID
NO: 5733)

[00238] Mouse APOBEC-2:
MAQKEEAAEAAAPASQNGDDLENLEDPEKLKELIDLPPFEIVTGVRLPVNFFKFQFR
NVEYSSGRNKTFLCYVVEVQSKGGQAQATQGYLEDEHAGAHAEEAFFNTILPAFDP
ALKYNVTWYVSSSPCAACADRILKTLSKTKNLRLLILVSRLFMWEEPEVQAALKKLK
EAGCKLRIMKPQDFEYIWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK

(SEQ ID NO: 5734)

[00239] Rat APOBEC-2:
MAQKEEAAEAAAPASQNGDDLENLEDPEKLKELIDLPPFEIVTGVRLPVNFFKFQFR
NVEYSSGRNKTFLCYVVEAQSKGGQVQATQGYLEDEHAGAHAEEAFFNTILPAFDP
ALKYNVTWYVSSSPCAACADRILKTLSKTKNLRLLILVSRLFMWEEPEVQAALKKLK
EAGCKLRIMKPQDFEYLWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK
(SEQ ID NO: 5735)

[00240] Bovine APOBEC-2:
MAQKEEAAAAAEPASQNGEEVENLEDPEKLKELIELPPFEIVTGERLPAHYFKFQFRN
VE
YSSGRNKTFLCYVVEAQSKGGQVQASRGYLEDEHATNHAEEAFFNSIMPTFDPALR
YMVTWYVSSSPCAACADRIVKTLNKTKNLRLLILVGRLFMWEEPEIQAALRKLKEA
GCRLRIMKPQDFEYIWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK (SEQ
ID NO: 5736)

[00241] Petromyzon marinus CDA1 (pmCDA1)

MTDAEY VRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNK
PQSGTERGIHAEIFSIRKVEEYLRDNPGQFTINWYSSWSPCADCAEKILEWYNQELRG
NGHTLKIWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHYQCCRKIFIQSSHNQ
LNENRWLEKTLKRAEKRRSELSIMIQVKILHTTKSPAYV (SEQ ID NO: 5738)

[00242] Human APOBEC3G D316R D317R
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQ
VYSELKYHPEMRFFHWFSKWRKLHRDQEYEVTWYISWSPCTKCTRDMATFLAEDP
KVTLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKIMNYDEFQHCW SKFVYSQ
RELFEPWNNLPKY YILLHIMLGEILRHSMDPPTFTFNFNNEPW VRGRHETYLCYEVER
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MHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLDQDYRVTC
FTSWSPCFSCAQEMAKFISKNKHVSLCIFTARIYRRQGRCQEGLRTLAEAGAKISIMT
YSEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRLRAILQNQEN (SEQ ID NO:
5739)

[00243] Human APOBEC3G chain A
MDPPTFTFNFNNEPWVRGRHETYLCYEVERMHNDTW VLLNQRRGFLCNQAPHKHG
FLEGRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCI
FTARIYDDQGRCQEGLRTLAEAGAKISIMTY SEFKHCWDTFVDHQGCPFQPWDGLD
EHSQDLSGRLRAILQ (SEQ ID NO: 5740)

[00244] Human APOBEC3G chain A D120R_DI21R

MDPPTFTFNFNNEPW VRGRHETYLCYEVERMHNDTW VLLNQRRGFLCNQAPHKHG
FLEGRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCI
FTARIYRRQGRCQEGLRTLAEAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLDE
HSQDLSGRLRAILQ (SEQ ID NO: 5741)

[00245] In some embodiments, fusion proteins as provided herein comprise the full-length
amino acid of a nucleic acid editing enzyme, e.g., one of the sequences provided above. In
other embodiments, however, fusion proteins as provided herein do not comprise a full-length
sequence of a nucleic acid editing enzyme, but only a fragment thereof. For example, in
some embodiments, a fusion protein provided herein comprises a Cas9 domain and a
fragment of a nucleic acid editing enzyme, e.g., wherein the fragment comprises a nucleic
acid editing domain. Exemplary amino acid sequences of nucleic acid editing domains are
shown in the sequences above as italicized letters, and additional suitable sequences of such
domains will be apparent to those of skill in the art.

[00246] Additional suitable nucleic-acid editing enzyme sequences, e.g., deaminase
enzyme and domain sequences, that can be used according to aspects of this invention, e.g.,
that can be fused to a nuclease-inactive Cas9 domain, will be apparent to those of skill in the
art based on this disclosure. In some embodiments, such additional enzyme sequences
include deaminase enzyme or deaminase domain sequences that are at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least
98%, or at least 99% similar to the sequences provided herein. Additional suitable Cas9
domains, variants, and sequences will also be apparent to those of skill in the art. Examples

of such additional suitable Cas9 domains include, but are not limited to, D10A,
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D10A/D839A/H840A, and D10A/D839A/H840A/N863 A mutant domains (See, e.g.,
Prashant er al., CAS9 transcriptional activators for target specificity screening and paired
nickases for cooperative genome engineering. Nature Biotechnology. 2013; 31(9): 833-838
the entire contents of which are incorporated herein by reference). In some embodiments, the
Cas9 comprises a histidine residue at position 840 of the amino acid sequence provided in
SEQ ID NO: 10, or a corresponding mutation in any of the amino acid sequences provided in
SEQ ID NOs: 11-260. The presence of the catalytic residue H840 restores the acvitity of the
Cas9 to cleave the non-edited strand containing a G opposite the targeted C. Restoration of
H840 does not result in the cleavage of the target strand containing the C.

[00247] Additional suitable strategies for generating fusion proteins comprising a Cas9
domain and a deaminase domain will be apparent to those of skill in the art based on this
disclosure in combination with the general knowledge in the art. Suitable strategies for
generating fusion proteins according to aspects of this disclosure using linkers or without the
use of linkers will also be apparent to those of skill in the art in view of the instant disclosure
and the knowledge in the art. For example, Gilbert ef al., CRISPR-mediated modular RNA-
guided regulation of transcription in eukaryotes. Cell. 2013; 154(2):442-51, showed that C-
terminal fusions of Cas9 with VP64 using 2 NLS’s as a linker (SPKKKRKVEAS, SEQ ID
NO: 599), can be employed for transcriptional activation. Mali ef al., CAS9 transcriptional
activators for target specificity screening and paired nickases for cooperative genome
engineering. Nat Biotechnol. 2013; 31(9):833-8, reported that C-terminal fusions with VP64
without linker can be employed for transcriptional activation. And Maeder ez al., CRISPR
RNA-guided activation of endogenous human genes. Nat Methods. 2013; 10: 977-979,
reported that C-terminal fusions with VP64 using a GlysSer (SEQ ID NO: 5) linker can be
used as transcriptional activators. Recently, dCas9- FokI nuclease fusions have successfully
been generated and exhibit improved enzymatic specificity as compared to the parental Cas9
enzyme (In Guilinger JP, Thompson DB, Liu DR. Fusion of catalytically inactive Cas9 to
FokI nuclease improves the specificity of genome modification. Nat. Biotechnol. 2014; 32(6):
577-82, and in Tsai SQ, Wyvekens N, Khayter C, Foden JA, Thapar V, Reyon D, Goodwin
MJ, Aryee MJ, Joung JK. Dimeric CRISPR RNA-guided FokI nucleases for highly specific
genome editing. Nat Biotechnol. 2014; 32(6):569-76. PMID: 24770325 a
SGSETPGTSESATPES (SEQ ID NO: 7) or a GGGGS (SEQ ID NO: 5) linker was used in
FokI-dCas9 fusion proteins, respectively).

[00248] Some aspects of this disclosure provide fusion proteins comprising (i) a Cas9

enzyme or domain (e.g., a first protein); and (ii) a nucleic acid-editing enzyme or domain
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(e.g., a second protein). In some aspects, the fusion proteins provided herein further include
(1i1) a programmable DN A-binding protein, for example, a zinc-finger domain, a TALE, or a
second Cas9 protein (e.g., a third protein). Without wishing to be bound by any particular
theory, fusing a programmable DNA-binding protein (e.g., a second Cas9 protein) to a fusion
protein comprising (i) a Cas9 enzyme or domain (e.g., a first protein); and (ii) a nucleic acid-
editing enzyme or domain (e.g., a second protein) may be useful for improving specificity of
the fusion protein to a target nucleic acid sequence, or for improving specificity or binding
affinity of the fusion protein to bind target nucleic acid sequence that does not contain a
canonical PAM (NGG) sequence. In some embodiments, the third protein is a Cas9 protein
(e.g, a second Cas9 protein). In some embodiments, the third protein is any of the Cas9
proteins provided herein. In some embodiments, the third protein is fused to the fusion
protein N-terminal to the Cas9 protein (e.g., the first protein). In some embodiments, the third
protein is fused to the fusion protein C-terminal to the Cas9 protein (e.g., the first protein). In
some embodiments, the Cas9 domain (e.g., the first protein) and the third protein (e.g., a
second Cas9 protein) are fused via a linker (e.g., a second linker). In some embodiments, the
linker comprises a (GGGGS)n (SEQ ID NO: 5), a (G)n, an (EAAAK)n (SEQ ID NO: 6), a
(GGS)n, (SGGS), (SEQ ID NO: 4288), an SGSETPGTSESATPES (SEQ ID NO: 7), or an
(XP)n motif, or a combination of any of these, wherein n is independently an integer between
1 and 30. In some embodiments, the general architecture of exemplary Cas9 fusion proteins
provided herein comprises the structure:

[NH2]-[nucleic acid-editing enzyme or domain]-[Cas9]-[third protein]-[COOH];

[NH2]-[third protein]-[Cas9]-[nucleic acid-editing enzyme or domain]-[COOH];

[NH2]-[Cas9]-[nucleic acid-editing enzyme or domain]-[third protein]-[COOH];

[NH2]-[third protein]-[nucleic acid-editing enzyme or domain]-[Cas9]-[COOH];

[NH2]-[UGI]-[nucleic acid-editing enzyme or domain]-[Cas9]-[third protein]-

[COOH];

[NH2]-[UGI]-[third protein]-[Cas9]-[nucleic acid-editing enzyme or domain]-

[COOH];

[NH2]-[UGI]-[Cas9]-[nucleic acid-editing enzyme or domain]-[third protein]-

[COOH];

[NH2]-[UGI]-[third protein]-[nucleic acid-editing enzyme or domain]-[Cas9]-

[COOH];

[NH2]-[nucleic acid-editing enzyme or domain]-[Cas9]-[third protein]-[UGI]-

[COOH];
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[NH2]-[third protein]-[Cas9]-[nucleic acid-editing enzyme or domain]-[UGI]-
[COOH];
[NH2]-[Cas9]-[nucleic acid-editing enzyme or domain]-[third protein]-[UGI]-
[COOH]; or
[NH2]-[third protein]-[nucleic acid-editing enzyme or domain]-[Cas9]-[UGI]-
[COOH];
wherein NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the
fusion protein. In some embodiments, the “]-[* used in the general architecture above
indicates the presence of an optional linker sequence. In other examples, the general
architecture of exemplary Cas9 fusion proteins provided herein comprises the structure:
[NH2]-[nucleic acid-editing enzyme or domain]-[Cas9]-[second Cas9 protein]-
[COOH];
[NH2]-[second Cas9 protein]-[Cas9]-[nucleic acid-editing enzyme or domain]-
[COOH];
[NH2]-[Cas9]-[nucleic acid-editing enzyme or domain]-[second Cas9 protein]-
[COOH];
[NH2]-[second Cas9 protein]-[nucleic acid-editing enzyme or domain]-[Cas9]-
[COOH];
[NH2]-[UGI]-[nucleic acid-editing enzyme or domain]-[Cas9]-[second Cas9 protein]-
[COOH],
[NH2]-[UGI]-[second Cas9 protein]-[Cas9]-[nucleic acid-editing enzyme or domain]-
[COOH];
[NH2]-[UGI]-[Cas9]-[nucleic acid-editing enzyme or domain]-[second Cas9 protein]-
[COOH];
[NH2]-[UGI]-[second Cas9 protein]-[nucleic acid-editing enzyme or domain]-[Cas9]-
[COOH];
[NH2]-[nucleic acid-editing enzyme or domain]-[Cas9]-[second Cas9 protein]-[UGI]-
[COOH];
[NH2]-[second Cas9 protein]-[Cas9]-[nucleic acid-editing enzyme or domain]-[UGI]-
[COOH];
[NH2]-[Cas9]-[nucleic acid-editing enzyme or domain]-[second Cas9 protein]-[UGI]-
[COOH]; or
[NH2]-[second Cas9 protein]-[nucleic acid-editing enzyme or domain]-[Cas9]-[UGI]-
[COOH];
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wherein NHj, is the N-terminus of the fusion protein, and COOH is the C-terminus of the
fusion protein. In some embodiments, the “]-[* used in the general architecture above
indicates the presence of an optional linker sequence. In some embodiments, the second
Cas9 is a dCas9 protein. In some examples, the general architecture of exemplary Cas9
fusion proteins provided herein comprises a structure as shown in Figure 3. It should be
appreciated that any of the proteins provided in any of the general architectures of exemplary
Cas9 fusion proteins may be connected by one or more of the linkers provided herein. In
some embodiments, the linkers are the same. In some embodiments, the linkers are different.
In some embodiments, one or more of the proteins provided in any of the general
architectures of exemplary Cas9 fusion proteins are not fused via a linker. In some
embodiments, the fusion proteins further comprise a nuclear targeting sequence, for example
a nuclear localization sequence. In some embodiments, fusion proteins provided herein
further comprise a nuclear localization sequence (NLS). In some embodiments, the NLS is
fused to the N-terminus of the fusion protein. In some embodiments, the NLS is fused to the
C-terminus of the fusion protein. In some embodiments, the NLS is fused to the N-terminus
of the third protein. In some embodiments, the NLS is fused to the C-terminus of the third
protein. In some embodiments, the NLS is fused to the N-terminus of the Cas9 protein. In
some embodiments, the NLS is fused to the C-terminus of the Cas9 protein. In some
embodiments, the NLS is fused to the N-terminus of the nucleic acid-editing enzyme or
domain. In some embodiments, the NLS is fused to the C-terminus of the nucleic acid-
editing enzyme or domain. In some embodiments, the NLS is fused to the N-terminus of the
UGI protein. In some embodiments, the NLS is fused to the C-terminus of the UGI protein.
In some embodiments, the NLS is fused to the fusion protein via one or more linkers. In

some embodiments, the NLS is fused to the fusioin protein without a linker

Uracil glycosylase inhibitor fusion proteins

[00249] Some aspects of the disclosure relate to fusion proteins that comprise a uracil
glycosylase inhibitor (UGI) domain. In some embodiments, any of the fusion proteins
provided herein that comprise a Cas9 domain (e.g., a nuclease active Cas9 domain, a nuclease
inactive dCas9 domain, or a Cas9 nickase) may be further fused to a UGI domain either
directly or via a linker. Some aspects of this disclosure provide deaminase-dCas9 fusion
proteins, deaminase-nuclease active Cas9 fusion proteins and deaminase-Cas9 nickase fusion
proteins with increased nucleobase editing efficiency. Without wishing to be bound by any

particular theory, cellular DNA-repair response to the presence of U:G heteroduplex DNA
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may be responsible for the decrease in nucleobase editing efficiency in cells. For example,
uracil DNA glycosylase (UDG) catalyzes removal of U from DNA in cells, which may
initiate base excision repair, with reversion of the U:G pair to a C:G pair as the most common
outcome. As demonstrated in the Examples below, Uracil DNA Glycosylase Inhibitor (UGI)
may inhibit human UDG activity. Thus, this disclosure contemplates a fusion protein
comprising dCas9-nucleic acid editing domain futher fused to a UGI domain . This
disclosure also contemplates a fusion protein comprising a Cas9 nickase-nucleic acid editing
domain further fused to a UGI domain. It should be understood that the use of a UGI domain
may increase the editing efficiency of a nucleic acid editing domain that is capable of
catalyzing a C to U change. For example, fusion proteins comprising a UGI domain may be
more efficient in deaminating C residues. In some embodiments, the fusion protein comprises
the structure:
[deaminase]-[optional linker sequence]-[dCas9]-[optional linker sequence]-[UGI];
[deaminase]-[optional linker sequence]-[UGI]-[optional linker sequence]-[dCas9];
[UGI]-[optional linker sequence]-[deaminase]-[optional linker sequence]-[dCas9];
[UGI]-[optional linker sequence]-[dCas9]-[optional linker sequence]-[deaminase];
[dCas9]-[optional linker sequence]-[deaminase]-[optional linker sequence]-[UGI]; or

[dCas9]-[optional linker sequence]-[UGI]-[optional linker sequence]-[deaminase].

In other embodiments, the fusion protein comprises the structure:

[deaminase]-[optional linker sequence]-[Cas9 nickase]-[optional linker sequence]-
[UGI];

[deaminase]-[optional linker sequence]-[UGI]-[optional linker sequence]-[Cas9
nickase];

[UGI]-[optional linker sequence]-[deaminase]-[optional linker sequence]-[Cas9
nickase];

[UGI]-[optional linker sequence]-[Cas9 nickase]-[optional linker sequence]-
[deaminase];

[Cas9 nickase]-[optional linker sequence]-[deaminase]-[optional linker sequence]-
[UGI]; or

[Cas9 nickase]-[optional linker sequence]-[UGI]-[optional linker sequence]-
[deaminase].
[00250] In some embodiments, the fusion proteins provided herein do not comprise a linker

sequence. In some embodiments, one or both of the optional linker sequences are present.
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[00251] In some embodiments, the “-“ used in the general architecture above indicates the
presence of an optional linker sequence. In some embodiments, the fusion proteins
comprising a UGI further comprise a nuclear targeting sequence, for example a nuclear
localization sequence. In some embodiments, fusion proteins provided herein further
comprise a nuclear localization sequence (NLS). In some embodiments, the NLS is fused to
the N-terminus of the fusion protein. In some embodiments, the NLS is fused to the C-
terminus of the fusion protein. In some embodiments, the NLS is fused to the N-terminus of
the UGI protein. In some embodiments, the NLS is fused to the C-terminus of the UGI
protein. In some embodiments, the NLS is fused to the N-terminus of the Cas9 protein. In
some embodiments, the NLS is fused to the C-terminus of the Cas9 protein. In some
embodiments, the NLS is fused to the N-terminus of the deaminase. In some embodiments,
the NLS is fused to the C-terminus of the deaminase. In some embodiments, the NLS is
fused to the N-terminus of the second Cas9. In some embodiments, the NLS is fused to the
C-terminus of the second Cas9. In some embodiments, the NLS is fused to the fusion protein
via one or more linkers. In some embodiments, the NLS is fused to the fusioin protein
without a linker. In some embodiments, the NLS comprises an amino acid sequence of any
one of the NLS sequences provided or referenced herein. In some embodiments, the NLS
comprises an amino acid sequence as set forth in SEQ ID NO: 741or SEQ ID NO: 742.
[00252] In some embodiments, a UGI domain comprises a wild-type UGI or a UGI as set
forth in SEQ ID NO: 600. In some embodiments, the UGI proteins provided herein include
fragments of UGI and proteins homologous to a UGI or a UGI fragment. For example, in
some embodiments, a UGI domain comprises a fragment of the amino acid sequence set forth
in SEQ ID NO: 600. In some embodiments, a UGI fragment comprises an amino acid
sequence that comprises at least 60%, at least 65%, at least 70%, at least 75%, at least 80%,
at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%,
or at least 99.5% of the amino acid sequence as set forth in SEQ ID NO: 600. In some
embodiments, a UGI comprises an amino acid sequence homologous to the amino acid
sequence set forth in SEQ ID NO: 600 or an amino acid sequence homologous to a fragment
of the amino acid sequence set forth in SEQ ID NO: 600. In some embodiments, proteins
comprising UGI or fragments of UGI or homologs of UGI or UGI fragments are referred to
as “UGI variants.” A UGI variant shares homology to UGI, or a fragment thereof. For
example a UGI variant is at least 70% identical, at least 75% identical, at least 80% identical,
at least 85% identical, at least 90% identical, at least 95% identical, at least 96% identical, at
least 97% identical, at least 98% identical, at least 99% identical, at least 99.5% identical, or
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at least 99.9% identical to a wild type UGI or a UGI as set forth in SEQ ID NO: 600. In
some embodiments, the UGI variant comprises a fragment of UGI, such that the fragment is
at least 70% identical, at least 80% identical, at least 90% identical, at least 95% identical, at
least 96% identical, at least 97% identical, at least 98% identical, at least 99% identical, at
least 99.5% identical, or at least 99.9% to the corresponding fragment of wild-type UGI or a
UGI as set forth in SEQ ID NO: 600. In some embodiments, the UGI comprises the
following amino acid sequence:

>sp|P14739|UNGI_BPPB2 Uracil-DNA glycosylase inhibitor
MTNLSDIHEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLT
SDAPEYKPWALVIQDSNGENKIKML (SEQ ID NO: 600)

[00253] Suitable UGI protein and nucleotide sequences are provided herein and additional
suitable UGI sequences are known to those in the art, and include, for example, those
published in Wang et al., Uracil-DNA glycosylase inhibitor gene of bacteriophage PBS2
encodes a binding protein specific for uracil-DNA glycosylase. J. Biol. Chem. 264:1163-
1171(1989); Lundquist et al., Site-directed mutagenesis and characterization of uracil-DNA
glycosylase inhibitor protein. Role of specific carboxylic amino acids in complex formation
with Escherichia coli uracil-DNA glycosylase. J. Biol. Chem. 272:21408-21419(1997),
Ravishankar et al., X-ray analysis of a complex of Escherichia coli uracil DNA glycosylase
(EcUDG) with a proteinaceous inhibitor. The structure elucidation of a prokaryotic UDG.
Nucleic Acids Res. 26:4880-4887(1998); and Putnam et al., Protein mimicry of DNA from
crystal structures of the uracil-DNA glycosylase inhibitor protein and its complex with
Escherichia coli uracil-DNA glycosylase. J. Mol. Biol. 287:331-346(1999), the entire
contents of each are incorporated herein by reference.

[00254] It should be appreciated that additional proteins may be uracil glycosylase
inhibitors. For example, other proteins that are capable of inhibiting (e.g., sterically
blocking) a uracil-DNA glycosylase base-excision repair enzyme are within the scope of this
disclosure. Additionally, any proteins that block or inhibit base-excision repair as also within
the scope of this disclosure. In some embodiments, a protein that binds DNA isused. In
another embodiment, a substitute for UGI is used. In some embodiments, a uracil
glycosylase inhibitor is a protein that binds single-stranded DNA. For example, a uracil
glycosylase inhibitor may be a Erwinia tasmaniensis single-stranded binding protein. In
some embodiments, the single-stranded binding protein comprises the amino acid sequence

(SEQ ID NO: 322). In some embodiments, a uracil glycosylase inhibitor is a protein that
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binds uracil. In some embodiments, a uracil glycosylase inhibitor is a protein that binds
uracil in DNA. In some embodiments, a uracil glycosylase inhibitor is a catalytically inactive
uracil DNA-glycosylase protein. In some embodiments, a uracil glycosylase inhibitor is a
catalytically inactive uracil DNA-glycosylase protein that does not excise uracil from the
DNA. For example, a uracil glycosylase inhibitor is a UdgX. In some embodiments, the
UdgX comprises the amino acid sequence (SEQ ID NO: 323). As another example, a uracil
glycosylase inhibitor is a catalytically inactive UDG. In some embodiments, a catalytically
inactive UDG comprises the amino acid sequence (SEQ ID NO: 324). It should be
appreciated that other uracil glycosylase inhibitors would be apparent to the skilled artisan
and are within the scope of this disclosure. In some embodiments, a uracil glycosylase
inhibitor is a protein that is homologous to any one of SEQ ID NOs: 322-324.. In some
embodiments, a uracil glycosylase inhibitor is a protein that is at least 50% identical, at least
55% identical at least 60% identical, at least 65% identical, at least 70% identical, at least
75% identical, at least 80% identical at least 85% identical, at least 90% identical, at least
95% identical, at least 96% identical, at least 98% identical, at least 99% identical, or at least
99.5% identical to any one of SEQ ID NOs: 322-324.

Erwinia tasmaniensis SSB (themostable single-stranded DNA binding protein)
MASRGVNKVILVGNLGQDPEVRYMPNGGAVANITLATSESWRDKQTGETKEKTEW
HRVVLFGKLAEVAGEYLRKGSQVYIEGALQTRKWTDQAGVEKYTTEVVVNVGGT
MQMLGGRSQGGGASAGGQONGGSNNGWGQPQQPQGGNQFSGGAQQQARPQQQPQ
QNNAPANNEPPIDFDDDIP (SEQ ID NO: 322)

UdgX (binds to Uracil in DNA but does not excise)
MAGAQDFVPHTADLAELAAAAGECRGCGLYRDATQAVFGAGGRSARIMMIGEQPG
DKEDLAGLPFVGPAGRLLDRALEAADIDRDALYVTNAVKHFKFTRAAGGKRRIHKT
PSRTEVVACRPWLIAEMTSVEPDVVVLLGATAAKALLGNDFRVTQHRGEVLHVDDV
PGDPALVATVHPSSLLRGPKEERESAFAGLVDDLRVAADVRP (SEQ ID NO: 323)

UDG (catalytically inactive human UDG, binds to Uracil in DNA but does not excise)
MIGQKTLYSFFSPSPARKRHAPSPEPAVQGTGVAGVPEESGDAAAIPAKKAPAGQEEP
GTPPSSPLSAEQLDRIQRNKAAALLRLAARNVPVGFGESWKKHLSGEFGKPYFIKLM
GFVAEERKHYTVYPPPHQVFTWTQMCDIKDVKVVILGQEPYHGPNQAHGLCFSVQR
PVPPPPSLENIYKELSTDIEDFVHPGHGDLSGWAKQGVLLLNAVLTVRAHQANSHKE
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RGWEQFTDAVVSWLNQNSNGLVFLLWGSYAQKKGSAIDRKRHHVLQTAHPSPLSV
YRGFFGCRHFSKTNELLQKSGKKPIDWKEL (SEQ ID NO: 324)

[00255] In some embodiments, the nucleic acid editing domain is a deaminase domain. In
some embodiments, the deaminase is a cytosine deaminase or a cytidine deaminase. In some
embodiments, the deaminase is an apolipoprotein B mRNA-editing complex (APOBEC)
family deaminase. In some embodiments, the deaminase is an APOBEC1 deaminase. In some
embodiments, the deaminase is an APOBEC2 deaminase. In some embodiments, the
deaminase is an APOBEC3 deaminase. In some embodiments, the deaminase is an
APOBEC3A deaminase. In some embodiments, the deaminase is an APOBEC3B deaminase.
In some embodiments, the deaminase is an APOBEC3C deaminase. In some embodiments,
the deaminase is an APOBEC3D deaminase. In some embodiments, the deaminase is an
APOBECS3E deaminase. In some embodiments, the deaminase is an APOBEC3F deaminase.
In some embodiments, the deaminase is an APOBEC3G deaminase. In some embodiments,
the deaminase is an APOBEC3H deaminase. In some embodiments, the deaminase is an
APOBEC4 deaminase. In some embodiments, the deaminase is an activation-induced
deaminase (AID). In some embodiments, the demianse is a rat APOBEC1 (SEQ ID NO:
282). In some embodiments, the deminase is a human APOBEC1 (SEQ ID No: 284). In some
embodiments, the deaminase is a Pefromyzon marinus cytidine deaminase 1 (pmCDA1). In
some embodiments, the deminase is a human APOBEC3G (SEQ ID NO: 275). In some
embodiments, the deaminase is a fragment of the human APOBEC3G (SEQ ID NO: 5740).
In some embodiments, the deaminase is a human APOBEC3G variant comprising a
D316R_D317R mutation (SEQ ID NO: 5739). In some embodiments, the deaminase is a
frantment of the human APOBEC3G and comprising mutations corresponding to the
D316R_D317R mutations in SEQ ID NO: 275 (SEQ ID NO: 5741).

[00256] In some embodiments, the linker comprises a (GGGS), (SEQ ID NO: 265),
(GGGGS), (SEQ ID NO: 5), a (G), an (EAAAK), (SEQ ID NO: 6), a (GGS),, an
SGSETPGTSESATPES (SEQ ID NO: 7), or an (XP), motif, or a combination of any of
these, wherein n is independently an integer between 1 and 30.

[00257] Suitable UGI protein and nucleotide sequences are provided herein and additional
suitable UGI sequences are known to those in the art, and include, for example, those
published in Wang ef al., Uracil-DNA glycosylase inhibitor gene of bacteriophage PBS2
encodes a binding protein specific for uracil-DNA glycosylase. J. Biol. Chem. 264:1163-
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1171(1989); Lundquist et al., Site-directed mutagenesis and characterization of uracil-DNA
glycosylase inhibitor protein. Role of specific carboxylic amino acids in complex formation
with Escherichia coli uracil-DNA glycosylase. J. Biol. Chem. 272:21408-21419(1997);
Ravishankar et al., X-ray analysis of a complex of Escherichia coli uracil DNA glycosylase
(EcUDG) with a proteinaceous inhibitor. The structure elucidation of a prokaryotic UDG.
Nucleic Acids Res. 26:4880-4887(1998); and Putnam et al., Protein mimicry of DNA from
crystal structures of the uracil-DNA glycosylase inhibitor protein and its complex with
Escherichia coli uracil-DNA glycosylase. J. Mol. Biol. 287:331-346(1999), the entire
contents of which are incorporated herein by reference. In some embodiments, the optional
linker comprises a (GGS), motif, whereinnis 1,2,3,4,5,6,7,8,9,19, 11, 12, 13, 14, 15,
16, 17, 18, 19, or 20. In some embodiments, the optional linker comprises a (GGS)n motif,
whereinn is 1, 3, or 7. In some embodiments, the optional linker comprises the amino acid
sequence SGSETPGTSESATPES (SEQ ID NO: 7), which is also referred to as the XTEN
linker in the Examples.

[00258] In some embodiments, a Cas9 nickase may further facilitate the removal of a base
on the non-edited strand in an organism whose genome is edited iz vivo. The Cas9 nickase, as
described herein, may comprise a D10A mutation in SEQ ID NO: 10, or a corresponding
mutation in any of SEQ ID NOs: 11-260. In some embodiments, the Cas9 nickase of this
disclosure may comprise a histidine at mutation 840 of SEQ ID NO: 10, or a corresponding
residue in any of SEQ ID NOs: 11-260. Such fusion proteins comprising the Cas9 nickase,
can cleave a single strand of the target DNA sequence, e.g., the strand that is not being edited.
Without wishing to be bound by any particular theory, this cleavage may inhibit mis-match

repair mechanisms that reverse a C to U edit made by the deaminase.

Cas9 complexes with guide RNAs

[00259] Some aspects of this disclosure provide complexes comprising any of the fusion
proteins provided herein, and a guide RNA bound to a Cas9 domain (e.g., a dCas9, a nuclease
active Cas9, or a Cas9 nickase) of fusion protein.

[00260] In some embodiments, the guide RNA is from 15-100 nucleotides long and
comprises a sequence of at least 10 contiguous nucleotides that is complementary to a target
sequence. In some embodiments, the guide RNA is 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,
26,27, 28, 29,30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, or

50 nucleotides long. In some embodiments, the guide RNA comprises a sequence of 15, 16,
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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
contiguous nucleotides that is complementary to a target sequence. In some embodiments, the
target sequence is a DNA sequence. In some embodiments, the target sequence is a sequence
in the genome of a mammal. In some embodiments, the target sequence is a sequence in the
genome of a human. In some embodiments, the 3" end of the target sequence is immediately
adjacent to a canonical PAM sequence (NGG). In some embodiments, the guide RNA is
complementary to a sequence associated with a disease or disorder. In some embodiments,
the guide RNA is complementary to a sequence associated with a disease or disorder having a
mutation in a gene selected from the genes disclosed in any one of Tables 1-3. In some
embodiments, the guide RNA comprises a nucleotide sequence of any one of the guide
sequences provided in Table 2 or Table 3. Exemplary sequences in the human genome that

may be targeted by the complexes of this disclosure are provided herein in Tables 1-3.

Methods of using Cas9 fusion proteins

[00261] Some aspects of this disclosure provide methods of using the Cas9 proteins, fusion
proteins, or complexes provided herein. For example, some aspects of this disclosure provide
methods comprising contacting a DNA molecule (a) with any of the the Cas9 proteins or
fusion proteins provided herein, and with at least one guide RNA, wherein the guide RNA is
about 15-100 nucleotides long and comprises a sequence of at least 10 contiguous nucleotides
that is complementary to a target sequence; or (b) with a Cas9 protein, a Cas9 fusion protein,
or a Cas9 protein or fusion protein complex with at least one gRNA as provided herein. In
some embodiments, the 3” end of the target sequence is not immediately adjacent to a
canonical PAM sequence (NGG). In some embodiments, the 3’ end of the target sequence is
immediately adjacent to an AGC, GAG, TTT, GTG, or CAA sequence.

[00262] In some embodiments, the target DNA sequence comprises a sequence associated
with a disease or disorder. In some embodiments, the target DNA sequence comprises a point
mutation associated with a disease or disorder. In some embodiments, the activity of the Cas9
protein, the Cas9 fusion protein, or the complex results in a correction of the point mutation.
In some embodiments, the target DNA sequence comprises a T—C point mutation associated
with a disease or disorder, and wherein the deamination of the mutant C base results in a
sequence that is not associated with a disease or disorder. In some embodiments, the target
DNA sequence encodes a protein and wherein the point mutation is in a codon and results in
a change in the amino acid encoded by the mutant codon as compared to the wild-type codon.

In some embodiments, the deamination of the mutant C results in a change of the amino acid
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encoded by the mutant codon. In some embodiments, the deamination of the mutant C results
in the codon encoding the wild-type amino acid. In some embodiments, the contacting is in
vivo in a subject. In some embodiments, the subject has or has been diagnosed with a disease
or disorder. In some embodiments, the disease or disorder is cystic fibrosis, phenylketonuria,
epidermolytic hyperkeratosis (EHK), Charcot-Marie-Toot disease type 4J, neuroblastoma
(NB), von Willebrand disease (vWD), myotonia congenital, hereditary renal amyloidosis,
dilated cardiomyopathy (DCM), hereditary lymphedema, familial Alzheimer’s disease, HIV,
Prion disease, chronic infantile neurologic cutaneous articular syndrome (CINCA), desmin-
related myopathy (DRM), a neoplastic disease associated with a mutant PI3KCA protein, a
mutant CTNNBI1 protein, a mutant HRAS protein, or a mutant p53 protein.

[00263] Some embodiments provide methods for using the Cas9 DNA editing fusion
proteins provided herein. In some embodiments, the fusion protein is used to introduce a
point mutation into a nucleic acid by deaminating a target nucleobase, e.g., a C residue. In
some embodiments, the deamination of the target nucleobase results in the correction of a
genetic defect, e.g., in the correction of a point mutation that leads to a loss of function in a
gene product. In some embodiments, the genetic defect is associated with a disease or
disorder, e.g., a lysosomal storage disorder or a metabolic disease, such as, for example, type
I diabetes. In some embodiments, the methods provided herein are used to introduce a
deactivating point mutation into a gene or allele that encodes a gene product that is associated
with a disease or disorder. For example, in some embodiments, methods are provided herein
that employ a Cas9 DNA editing fusion protein to introduce a deactivating point mutation
into an oncogene (e.g., in the treatment of a proliferative disease). A deactivating mutation
may, in some embodiments, generate a premature stop codon in a coding sequence, which
results in the expression of a truncated gene product, e.g., a truncated protein lacking the
function of the full-length protein.

[00264] In some embodiments, the purpose of the methods provide herein is to restore the
function of a dysfunctional gene via genome editing. The Cas9 deaminase fusion proteins
provided herein can be validated for gene editing-based human therapeutics in vitro, e.g., by
correcting a disease-associated mutation in human cell culture. It will be understood by the
skilled artisan that the fusion proteins provided herein, e.g., the fusion proteins comprising a
Cas9 domain and a nucleic acid deaminase domain can be used to correct any single point

T -> C or A -> G mutation. In the first case, deamination of the mutant C back to U corrects
the mutation, and in the latter case, deamination of the C that is base-paired with the mutant

G, followed by a round of replication, corrects the mutation.
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[00265] An exemplary disease-relevant mutation that can be corrected by the provided
fusion proteins in vitro or in vivo is the H1047R (A3140G) polymorphism in the PI3KCA
protein. The phosphoinositide-3-kinase, catalytic alpha subunit (PI3KCA) protein acts to
phosphorylate the 3-OH group of the inositol ring of phosphatidylinositol. The PI3KCA gene
has been found to be mutated in many different carcinomas, and thus it is considered to be a
potent oncogene.’” In fact, the A3140G mutation is present in several NCI-60 cancer cell
lines, such as, for example, the HCT116, SKOV3, and T47D cell lines, which are readily
available from the American Type Culture Collection (ATCC).*®

[00266] In some embodiments, a cell carrying a mutation to be corrected, e.g., a cell
carrying a point mutation, e.g., an A3140G point mutation in exon 20 of the PI3KCA gene,
resulting in a H1047R substitution in the PI3KCA protein, is contacted with an expression
construct encoding a Cas9 deaminase fusion protein and an appropriately designed sgRNA
targeting the fusion protein to the respective mutation site in the encoding PI3KCA gene.
Control experiments can be performed where the sgRNAs are designed to target the fusion
enzymes to non-C residues that are within the PI3KCA gene. Genomic DNA of the treated
cells can be extracted, and the relevant sequence of the PI3KCA genes PCR amplified and
sequenced to assess the activities of the fusion proteins in human cell culture.

[00267] 1t will be understood that the example of correcting point mutations in PI3KCA 1is
provided for illustration purposes and is not meant to limit the instant disclosure. The skilled
artisan will understand that the instantly disclosed DNA-editing fusion proteins can be used
to correct other point mutations and mutations associated with other cancers and with
diseases other than cancer including other proliferative diseases.

[00268] The successful correction of point mutations in disease-associated genes and alleles
opens up new strategies for gene correction with applications in therapeutics and basic
research. Site-specific single-base modification systems like the disclosed fusions of Cas9
and deaminase enzymes or domains also have applications in “reverse” gene therapy, where
certain gene functions are purposely suppressed or abolished. In these cases, site-specifically
mutating Trp (TGG), Gln (CAA and CAG), or Arg (CGA) residues to premature stop codons
(TAA, TAG, TGA) can be used to abolish protein function in vifro, ex vivo, or in vivo.
[00269] The instant disclosure provides methods for the treatment of a subject diagnosed
with a disease associated with or caused by a point mutation that can be corrected by a Cas9
DNA editing fusion protein provided herein. For example, in some embodiments, a method
is provided that comprises administering to a subject having such a disease, e.g., a cancer

associated with a PI3KCA point mutation as described above, an effective amount of a Cas9
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deaminase fusion protein that corrects the point mutation or introduces a deactivating
mutation into the disease-associated gene. In some embodiments, the disease is a
proliferative disease. In some embodiments, the disease is a genetic disease. In some
embodiments, the disease is a neoplastic disease. In some embodiments, the disease is a
metabolic disease. In some embodiments, the disease is a lysosomal storage disease. Other
diseases that can be treated by correcting a point mutation or introducing a deactivating
mutation into a disease-associated gene will be known to those of skill in the art, and the
disclosure is not limited in this respect.

[00270] The instant disclosure provides methods for the treatment of additional diseases or
disorders, e.g., diseases or disorders that are associated or caused by a point mutation that can
be corrected by deaminase-mediated gene editing. Some such diseases are described herein,
and additional suitable diseases that can be treated with the strategies and fusion proteins
provided herein will be apparent to those of skill in the art based on the instant disclosure.
Exemplary suitable diseases and disorders are listed below. It will be understood that the
numbering of the specific positions or residues in the respective sequences depends on the
particular protein and numbering scheme used. Numbering might be different, e.g., in
precursors of a mature protein and the mature protein itself, and differences in sequences
from species to species may affect numbering. One of skill in the art will be able to identify
the respective residue in any homologous protein and in the respective encoding nucleic acid
by methods well known in the art, e.g., by sequence alignment and determination of
homologous residues. Exemplary suitable diseases and disorders include, without limitation,
cystic fibrosis (see, e.g., Schwank et al., Functional repair of CFTR by CRISPR/Cas9 in
intestinal stem cell organoids of cystic fibrosis patients. Cell stem cell. 2013; 13: 653-658;
and Wu et. al., Correction of a genetic disease in mouse via use of CRISPR-Cas9. Cell stem
cell. 2013; 13: 659-662, neither of which uses a deaminase fusion protein to correct the
genetic defect); phenylketonuria — e.g., phenylalanine to serine mutation at position 835
(mouse) or 240 (human) or a homologous residue in phenylalanine hydroxylase gene (T>C
mutation) — see, e.g., McDonald ef al., Genomics. 1997; 39:402-405; Bernard-Soulier
syndrome (BSS) — e.g., phenylalanine to serine mutation at position 55 or a homologous
residue, or cysteine to arginine at residue 24 or a homologous residue in the platelet
membrane glycoprotein IX (T>C mutation) — see, e.g., Noris ef al., British Journal of
Haematology. 1997; 97: 312-320, and Ali et al., Hematol. 2014; 93: 381-384; epidermolytic
hyperkeratosis (EHK) — e.g., leucine to proline mutation at position 160 or 161 (if counting

the initiator methionine) or a homologous residue in keratin 1 (T>C mutation) — see, e.g.,
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Chipev et al., Cell. 1992; 70: 821-828, see also accession number P04264 in the UNIPROT
database at www|[dot]uniprot[dot]org; chronic obstructive pulmonary disease (COPD) —e.g.,
leucine to proline mutation at position 54 or 55 (if counting the initiator methionine) or a
homologous residue in the processed form of a;-antitrypsin or residue 78 in the unprocessed
form or a homologous residue (T>C mutation) — see, e.g., Poller et al., Genomics. 1993; 17:
740-743, see also accession number PO1011 in the UNIPROT database; Charcot-Marie-Toot
disease type 4J —e.g., isoleucine to threonine mutation at position 41 or a homologous
residue in FIG4 (T>C mutation) — see, e.g., Lenk ef al., PLoS Genetics. 2011; 7: €1002104;
neuroblastoma (NB) — e.g., leucine to proline mutation at position 197 or a homologous
residue in Caspase-9 (T>C mutation) — see, e.g., Kundu et al., 3 Biotech. 2013, 3:225-234;
von Willebrand disease (VWD) — e.g., cysteine to arginine mutation at position 509 or a
homologous residue in the processed form of von Willebrand factor, or at position 1272 or a
homologous residue in the unprocessed form of von Willebrand factor (T>C mutation) — see,
e.g., Lavergne et al., Br. J. Haematol. 1992, see also accession number P04275 in the
UNIPROT database; 82: 66-72; myotonia congenital — e.g., cysteine to arginine mutation at
position 277 or a homologous residue in the muscle chloride channel gene CLCN1 (T>C
mutation) — see, e.g., Weinberger et al., The J. of Physiology. 2012; 590: 3449-3464;
hereditary renal amyloidosis — e.g., stop codon to arginine mutation at position 78 or a
homologous residue in the processed form of apolipoprotein All or at position 101 or a
homologous residue in the unprocessed form (T>C mutation) — see, e.g., Yazaki ef al.,
Kidney Int. 2003; 64: 11-16; dilated cardiomyopathy (DCM) — e.g., tryptophan to Arginine
mutation at position 148 or a homologous residue in the FOXD4 gene (T>C mutation), see,
e.g., Minoretti et. al., Int. J. of Mol. Med. 2007; 19: 369-372; hereditary lymphedema — e.g.,
histidine to arginine mutation at position 1035 or a homologous residue in VEGFR3 tyrosine
kinase (A>G mutation), see, e.g., Irrthum et al., Am. J. Hum. Genet. 2000; 67: 295-301;
familial Alzheimer’s disease — e.g., isoleucine to valine mutation at position 143 or a
homologous residue in presenilinl (A>G mutation), see, e.g., Gallo et. al., J. Alzheimer’s
disease. 20115 25: 425-431; Prion disease — e.g., methionine to valine mutation at position
129 or a homologous residue in prion protein (A>G mutation) — see, e.g., Lewis et. al., J. of
General Virology. 20065 87: 2443-2449; chronic infantile neurologic cutaneous articular
syndrome (CINCA) — e.g., Tyrosine to Cysteine mutation at position 570 or a homologous
residue in cryopyrin (A>G mutation) — see, e.g., Fujisawa et. al. Blood. 2007; 109: 2903-
2911, and desmin-related myopathy (DRM) — e.g., arginine to glycine mutation at position

120 or a homologous residue in af crystallin (A>G mutation) — see, e.g., Kumar ef al., J.
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Biol. Chem. 1999; 274: 24137-24141. The entire contents of all references and database
entries is incorporated herein by reference.

[00271] The instant disclosure provides lists of genes comprising pathogenic T>C or A>G
mutations. Provided herein, are the names of these genes, their respective SEQ ID NOs, their
gene IDs, and sequences flanking the mutation site. (Tables 2 and 3). In some instances, the
gRNA sequences that can be used to correct the mutations in these genes are disclosed
(Tables 2 and 3).

[00272] In some embodiments, a Cas9-deaminase fusion protein recognizes canonical
PAMs and therefore can correct the pathogenic T>C or A>G mutations with canonical
PAMs, e.g., NGG (listed in Tables 2 and 3, SEQ ID NOs: 2540-2702 and 5084-5260),
respectively, in the flanking sequences. For example, the Cas9 proteins that recognize
canonical PAMs comprise an amino acid sequence that is at least 90% identical to the amino
acid sequence of Streptococcus pyogenes Cas9 as provided by SEQ ID NO: 10, or to a
fragment thereof comprising the RuvC and HNH domains of SEQ ID NO: 10.

[00273] It will be apparent to those of skill in the art that in order to target a Cas9:nucleic
acid editing enzyme/domain fusion protein as disclosed herein to a target site, e.g., a site
comprising a point mutation to be edited, it is typically necessary to co-express the
Cas9:nucleic acid editing enzyme/domain fusion protein together with a guide RNA, e.g., an
sgRNA. As explained in more detail elsewhere herein, a guide RNA typically comprises a
tractrRNA framework allowing for Cas9 binding, and a guide sequence, which confers
sequence specificity to the Cas9:nucleic acid editing enzyme/domain fusion protein. In some
embodiments, the guide RNA comprises a structure 5’-[guide sequence]-
guuuuagagcuagaaauagcaaguuaaaauaaaggeuaguccguuaucaacuugaaaaaguggeaccgagucggugeuu
uuu-3° (SEQ ID NO: 601), wherein the guide sequence comprises a sequence that is
complementary to the target sequence. The guide sequence is typically 20 nucleotides long.
The sequences of suitable guide RNAs for targeting Cas9:nucleic acid editing
enzyme/domain fusion proteins to specific genomic target sites will be apparent to those of
skill in the art based on the instant disclosure. Such suitable guide RNA sequences typically
comprise guide sequences that are complementary to a nucleic sequence within 50
nucleotides upstream or downstream of the target nucleotide to be edited. Some exemplary
guide RNA sequences suitable for targeting Cas9:nucleic acid editing enzyme/domain fusion

proteins to specific target sequences are provided below.

Base Editor Efficiency
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[00274] Some aspects of the disclosure are based on the recognition that any of the base
editors provided herein are capable of modifying a specific nucleotide base without
generating a significant proportion of indels. An “indel”, as used herein, refers to the
insertion or deletion of a nucleotide base within a nucleic acid. Such insertions or deletions
can lead to frame shift mutations within a coding region of a gene. In some embodiments, it
is desirable to generate base editors that efficiently modify (e.g. mutate or deaminate) a
specific nucleotide within a nucleic acid, without generating a large number of insertions or
deletions (i.e., indels) in the nucleic acid. In certain embodiments, any of the base editors
provided herein are capable of generating a greater proportion of intended modifications
(e.g., point mutations or deaminations) versus indels. In some embodiments, the base editors
provided herein are capable of generating a ratio of intended point mutations to indels that is
greater than 1:1. In some embodiments, the base editors provided herein are capable of
generating a ratio of intended point mutations to indels that is at least 1.5:1, at least 2:1, at
least 2.5:1, at least 3:1, at least 3.5:1, at least 4:1, at least 4.5:1, at least 5:1, at least 5.5:1, at
least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at least 8:1, at least 10:1, at least 12:1, at
least 15:1, at least 20:1, at least 25:1, at least 30:1, at least 40:1, at least 50:1, atleast 100:1,
at least 200:1, at least 300:1, at least 400:1, at least 500:1, at least 600:1, at least 700:1, at
least 800:1, at least 900:1, or at least 1000:1, or more. The number of intended mutations and
indels may be determined using any suitable method, for example the methods used in the
below Examples.

[00275] In some embodiments, the base editors provided herein are capable of limiting
formation of indels in a region of a nucleic acid. In some embodiments, the region is at a
nucleotide targeted by a base editor or a region within 2, 3, 4, 5,6, 7, 8, 9, or 10 nucleotides
of a nucleotide targeted by a base editor. In some embodiments, any of the base editors
provided herein are capable of limiting the formation of indels at a region of a nucleic acid to
less than 1%, less than 1.5%, less than 2%, less than 2.5%, less than 3%, less than 3.5%, less
than 4%, less than 4.5%, less than 5%, less than 6%, less than 7%, less than 8%, less than
9%, less than 10%, less than 12%, less than 15%, or less than 20%. The number of indels
formed at a nucleic acid region may depend on the amount of time a nucleic acid (e.g., a
nucleic acid within the genome of a cell) is exposed to a base editor. In some embodiments,
an number or proportion of indels is determined after at least 1 hour, at least 2 hours, at least
6 hours, at least 12 hours, at least 24 hours, at least 36 hours, at least 48 hours, at least 3 days,
at least 4 days, at least 5 days, at least 7 days, at least 10 days, or at least 14 days of exposing

a nucleic acid (e.g., a nucleic acid within the genome of a cell) to a base editor.
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[00276] Some aspects of the disclosure are based on the recognition that any of the base
editors provided herein are capable of efficiently generating an intended mutation, such as a
point mutation, in a nucleic acid (e.g. a nucleic acid within a genome of a subject) without
generating a significant number of unintended mutations, such as unintended point mutations.
In some embodiments, a intended mutation is a mutation that is generated by a specific base
editor bound to a gRNA, specifically designed to generate the intended mutation. In some
embodiments, the intended mutation is a mutation associated with a disease or disorder. In
some embodiments, the intended mutation is a cytosine (C) to thymine (T) point mutation
associated with a disease or disorder. In some embodiments, the intended mutation is a
guanine (G) to adenine (A) point mutation associated with a disease or disorder. In some
embodiments, the intended mutation is a cytosine (C) to thymine (T) point mutation within
the coding region of a gene. In some embodiments, the intended mutation is a guanine (G) to
adenine (A) point mutation within the coding region of a gene. In some embodiments, the
intended mutation is a point mutation that generates a stop codon, for example, a premature
stop codon within the coding region of a gene. In some embodiments, the intended mutation
is a mutation that eliminates a stop codon. In some embodiments, the intended mutation is a
mutation that alters the splicing of a gene. In some embodiments, the intended mutation is a
mutation that alters the regulatory sequence of a gene (e.g., a gene promotor or gene
repressor). In some embodiments, any of the base editors provided herein are capable of
generating a ratio of intended mutations to unintended mutations (e.g., intended point
mutations:unintended point mutations) that is greater than 1:1. In some embodiments, any of
the base editors provided herein are capable of generating a ratio of intended mutations to
unintended mutations (e.g., intended point mutations:unintended point mutations) that is at
least 1.5:1, at least 2:1, at least 2.5:1, at least 3:1, at least 3.5:1, at least 4:1, at least 4.5:1, at
least 5:1, at least 5.5:1, at least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at least 8:1, at
least 10:1, at least 12:1, at least 15:1, at least 20:1, at least 25:1, at least 30:1, at least 40:1, at
least 50:1, at least 100:1, at least 150:1, at least 200:1, at least 250:1, at least 500:1, or at least
1000:1, or more. It should be appreciated that the characterstics of the base editors described
in the “Base Editor Efficiency” section, herein, may be applied to any of the fusion proteins,

or methods of using the fusion proteins provided herein.

Methods for Editing Nucleic Acids
[00277] Some aspects of the disclosure provide methods for editing a nucleic acid. In

some embodiments, the method is a method for editing a nucleobase of a nucleic acid (e.g., a
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base pair of a double-stranded DNA sequence). In some embodiments, the method comprises
the steps of: a) contacting a target region of a nucleic acid (e.g., a double-stranded DNA
sequence) with a complex comprising a base editor (e.g., a Cas9 domain fused to a cytidine
deaminase domain) and a guide nucleic acid (e.g., gRNA), wherein the target region
comprises a targeted nucleobase pair, b) inducing strand separation of said target region,
c)converting a first nucleobase of said target nucleobase pair in a single strand of the target
region to a second nucleobase, and d) cutting no more than one strand of said target region,
where a third nucleobase complementary to the first nucleobase base is replaced by a fourth
nucleobase complementary to the second nucleobase; and the method results in less than 20%
indel formation in the nucleic acid. It should be appreciated that in some embodiments, step
b is omitted. In some embodiments, the first nucleobase is a cytosine. In some
embodiments, the second nucleobase is a deaminated cytosine, or a uracil. In some
embodiments, the third nucleobase is a guanine. In some embodiments, the fourth
nucleobase is an adenine. In some embodiments, the first nucleobase is a cytosine, the
second nucleobase is a deaminated cytosine, or a uracil, the third nucleobase is a guanine, and
the fourth nucleobase is an adenine.In some embodiments, the method results in less than
19%, 18%, 16%, 14%, 12%, 10%, 8%, 6%, 4%, 2%, 1%, 0.5%, 0.2%, or less than 0.1% indel
formation. In some embodiments, the method further comprises replacing the second
nucleobase with a fifth nucleobase that is complementary to the fourth nucleobase, thereby
generating an intended edited base pair (e.g., C:G -> T:A). In some embodiments, the fifth
nucleobase is a thymine. In some embodiments, at least 5% of the intended basepaires are
edited. In some embodiments, at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or 50%
of the intended basepaires are edited.

[00278] In some embodiments, the ratio of intended products to unintended products in
the target nucleotide is at least 2:1, 5:1, 10:1, 20:1, 30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1,
100:1, or 200:1, or more. In some embodiments, the ratio of intended point mutation to indel
formation is greater than 1:1, 10:1, 50:1, 100:1, 500:1, or 1000:1, or more. In some
embodiments, the cut single strand (nicked strand) is hybridized to the guide nucleic acid. In
some embodiments, the cut single strand is opposite to the strand comprising the first
nucleobase. In some embodiments, the base editor comprises a Cas9 domain. In some
embodiments, the first base is cytosine, and the second baseisnota G, C, A, or T. In some
embodiments, the second base is uracil. In some embodiments, the first base is cytosine. In
some embodiments, the second baseisnota G, C, A, or T. In some embodiments, the second

base is uracil. In some embodiments, the base editor inhibits base escision repair of the
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edited strand. In some embodiments, the base editor protects or binds the non-edited strand.
In some embodiments, the base editor comprises UGI activity. In some embodiments, the
base editor comprises nickase activity. In some embodiments, the intended edited basepair is
upstream of a PAM site. In some embodiments, the intended edited base pairis 1, 2, 3, 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides upstream of the PAM site.
In some embodiments, the intended edited basepair is downstream of a PAM site. In some
embodiments, the intended edited base pairis 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, or 20 nucleotides downstream stream of the PAM site. In some embodiments,
the method does not require a canonical (e.g., NGG) PAM site. In some embodiments, the
nucleobase editor comprises a linker. In some embodiments, the linker is 1-25 amino acids in
length. In some embodiments, the linker is 5-20 amino acids in length. In some
embodiments, linker is 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 amino acids in length. In
some embodiments, the target region comprises a target window, wherein the target window
comprises the target nucleobase pair. In some embodiments, the target window comprises 1-
10 nucleotides. In some embodiments, the target window is 1-9, 1-8, 1-7, 1-6, 1-5, 1-4, 1-3,
1-2, or 1 nucleotides in length. In some embodiments, the target window is 1, 2, 3,4, 5,6, 7,
8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides in length. In some embodiments,
the intended edited base pair is within the target window. In some embodiments, the target
window comprises the intended edited base pair. In some embodiments, the method is
performed using any of the base editors provided herein. In some embodiments, a target
windo is a deamination window

[00279] In some embodiments, the disclosure provides methods for editing a
nucleotide. In some embodiments, the disclosure provides a method for editing a nucleobase
pair of a double-stranded DNA sequence. In some embodiments, the method comprises a)
contacting a target region of the double-stranded DNA sequence with a complex comprising
a base editor and a guide nucleic acid (e.g., gRNA), where the target region comprises a
target nucleobase pair, b) inducing strand separation of said target region, ¢) converting a first
nucleobase of said target nucleobase pair in a single strand of the target region to a second
nucleobase, d) cutting no more than one strand of said target region, wherein a third
nucleobase complementary to the first nucleobase base is replaced by a fourth nucleobase
complementary to the second nucleobase, and the second nucleobase is replaced with a fifth
nucleobase that is complementary to the fourth nucleobase, thereby generating an intended
edited basepair, wherein the efficiency of generating the intended edited basepair is at least

5%. It should be appreciated that in some embodiments, step b is omitted. In some
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embodiments, at least 5% of the intended basepaires are edited. In some embodiments, at
least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or 50% of the intended basepaires are
edited. In some embodiments, the method causes less than 19%, 18%, 16%, 14%, 12%, 10%,
8%, 6%, 4%, 2%, 1%, 0.5%, 0.2%, or less than 0.1% indel formation. In some embodiments,
the ratio of intended product to unintended products at the target nucleotide is at least 2:1,
5:1, 10:1, 20:1, 30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1, 100:1, or 200:1, or more. In some
embodiments, the ratio of intended point mutation to indel formation is greater than 1:1, 10:1,
50:1, 100:1, 500:1, or 1000:1, or more. In some embodiments, the cut single strand is
hybridized to the guide nucleic acid. In some embodiments, the cut single strand is opposite
to the strand comprising the first nucleobase. In some embodiments, the first base is
cytosine. In some embodiments, the second nucleobase is not G, C, A, or T. In some
embodiments, the second base is uracil. In some embodiments, the base editor inhibits base
escision repair of the edited strand. In some embodiments, the base editor protects or binds
the non-edited strand. In some embodiments, the nucleobase editor comprises UGI activity.
In some embodiments, the nucleobase edit comprises nickase activity. In some
embodiments, the intended edited basepair is upstream of a PAM site. In some embodiments,
the intended edited base pairis 1,2, 3, 4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or
20 nucleotides upstream of the PAM site. In some embodiments, the intended edited basepair
is downstream of a PAM site. In some embodiments, the intended edited base pairis 1, 2, 3,
4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides downstream stream of
the PAM site. In some embodiments, the method does not require a canonical (e.g., NGG)
PAM site. In some embodiments, the nucleobase editor comprises a linker. In some
embodiments, the linker is 1-25 amino acids in length. In some embodiments, the linker is 5-
20 amino acids in length. In some embodiments, the linker is 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, or 20 amino acids in length. In some embodiments, the target region comprises a
target window, wherein the target window comprises the target nucleobase pair. In some
embodiments, the target window comprises 1-10 nucleotides. In some embodiments, the
target window is 1-9, 1-8, 1-7, 1-6, 1-5, 1-4, 1-3, 1-2, or 1 nucleotides in length. In some
embodiments, the target windowis 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, or 20 nucleotides in length. In some embodiments, the intended edited base pair occurs
within the target window. In some embodiments, the target window comprises the intended
edited base pair. In some embodiments, the nucleobase editor is any one of the base editors
provided herein.

[00280]
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Kits, vectors, cells

[00281] Some aspects of this disclosure provide kits comprising a nucleic acid construct,
comprising (a) a nucleotide sequence encoding a Cas9 protein or a Cas9 fusion protein as
provided herein; and (b) a heterologous promoter that drives expression of the sequence of
(a). In some embodiments, the kit further comprises an expression construct encoding a
guide RNA backbone, wherein the construct comprises a cloning site positioned to allow the
cloning of a nucleic acid sequence identical or complementary to a target sequence into the
guide RNA backbone.

[00282] Some aspects of this disclosure provide polynucleotides encoding a Cas9 protein of
a fusion protein as provided herein. Some aspects of this disclosure provide vectors
comprising such polynucleotides. In some embodiments, the vector comprises a
heterologous promoter driving expression of polynucleotide.

[00283] Some aspects of this disclosure provide cells comprising a Cas9 protein, a fusion
protein, a nucleic acid molecule encoding the fusion protein, a complex comprise the Cas9
protein and the gRNA, and/or a vector as provided herein.

[00284] The description of exemplary embodiments of the reporter systems above is
provided for illustration purposes only and not meant to be limiting. Additional reporter
systems, e.g., variations of the exemplary systems described in detail above, are also

embraced by this disclosure.

EXAMPLES

EXAMPLE 1: Cas9 Deaminase Fusion Proteins
[00285] A number of Cas9:Deaminase fusion proteins were generated and deaminase

activity of the generated fusions was characterized. The following deaminases were tested:

Human AID (hAID):
MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRNKNGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPYLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGLLD (SEQ ID NO: 607)

Human AID-DC (hAID-DC, truncated version of hAID with 7-fold increased activity):

MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRNKNGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHEN
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SVRLSRQLRRILL (SEQ ID NO: 608)

Rat APOBEC1 (rAPOBEC1):
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCHLGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLK (SEQ
ID NO: 284)

Human APOBECI1 (hAPOBEC1)
MTSEKGPSTGDPTLRRRIEPWEFDVFYDPRELRKEACLLYEIKWGMSRKIWRSSGKN
TTNHVEVNFIKKFTSERDFHPSMSCSITWFLSWSPCWECSQAIREFLSRHPGVTLVIYV
ARLFWHMDQQNRQGLRDLVNSGVTIQIMRASEY YHCWRNFVNYPPGDEAHWPQYP
PLWMMLYALELHCIILSLPPCLKISRRWQNHLTFFRLHLQNCHYQTIPPHILLATGLIH
PSVAWR (SEQ ID NO: 5724)

Petromyzon marinus (Lamprey) CDA1 (pmCDA1):

MTDAEY VRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNK
PQSGTERGIHAEIFSIRKVEEYLRDNPGQFTINWYSSWSPCADCAEKILEWYNQELRG
NGHTLKIWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHYQCCRKIFIQSSHNQ
LNENRWLEKTLKRAEKRRSELSIMIQVKILHTTKSPAYV (SEQ ID NO: 609)

Human APOBEC3G (hAPOBEC3G):
MELKYHPEMRFFHWFSKWRKLHRDQEYEVTWYISWSPCTKCTRDMATFLAEDPKV
TLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKIMNYDEFQHCWSKFVYSQRE
LFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTFNFNNEPWVRGRHETYLCYEVERM
HNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLDQDYRVTCFT
SWSPCFSCAQEMAKFISKNKHVSLCIFTARIYDDQGRCQEGLRTLAEAGAKISIMTYS
EFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRLRAILQNQEN (SEQ ID NO: 610)
[00286] Deaminase Activity on ssDNA. A USER (Uracil-Specific Excision Reagent)
Enzyme-based assay for deamination was employed to test the activity of various deaminases
on single-stranded DNA (ssDNA) substrates. USER Enzyme was obtained from New
England Biolabs. An ssDNA substrate was provided with a target cytosine residue at
different positions. Deamination of the ssDNA cytosine target residue results in conversion
of the target cytosine to a uracil. The USER Enzyme excises the uracil base and cleaves the
ssDNA backbone at that position, cutting the ssDNA substrate into two shorter fragments of
DNA. In some assays, the ssDNA substrate is labeled on one end with a dye, e.g., with a 5’
Cy3 label (the * in the scheme below). Upon deamination, excision, and cleavage of the
strand, the substrate can be subjected to electrophoresis, and the substrate and any fragment
released from it can be visualized by detecting the label. Where CyS5 is images, only the
fragment with the label will be visible via imaging,

[00287] In one USER Enzyme assay, ssDNA substrates were used that matched the target

sequences of the various deaminases tested. Expression cassettes encoding the deaminases
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tested were inserted into a CMV backbone plasmid that has been used previously in the lab
(Addgene plasmid 52970). The deaminase proteins were expressed using a TNT Quick
Coupled Transcription/Translation System (Promega) according to the manufacturers
recommendations. After 90 min of incubation, 5 mL of lysate was incubated with 5° Cy3-
labeled ssDNA substrate and 1 unit of USER Enzyme (NEB) for 3 hours. The DNA was
resolved on a 10% TBE PAGE gel and the DNA was imaged using Cy-dye imaging. A
schematic reparesentation of the USER Enzyme assay is shown in Figure 41.

[00288] Figure 1 shows the deaminase activity of the tested deaminases on ssDNA
substrates, such as Doench 1, Doench 2, G7’ and VEGF Target 2. The rAPOBECI1 enzyme
exhibited a substantial amount of deamination on the single-stranded DNA substrate with a
canonical NGG PAM, but not with a negative control non-canonical NNN PAM.

Cas9 fusion proteins with APOBEC family deaminases were generated. The following fusion
architectures were constructed and tested on ssDNA:

rAPOBEC1-GGS-dCas9 primary sequence

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSTWRHTSONT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIOIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKIGGS|D
KKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVIL.GNTDRHSIKKNLIGALLFDSGETAE
ATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHP
IFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYILALAHMIKFRGHFLIEGDLN
PDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEK
KNGLFGNLIALSLGLTPNFKSNFDILAEDAKLQLSKDTYDDDLDNLILAQIGDQYADLF
LAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYK
EIFFDOSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL.TFRIPYYVGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVIL.PKHSLLYEYFT
VYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFL.DNEENEDILEDIVLTLTLFEDREMIEE
RLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR
NFEMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV
KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENT(Q)
LONEKLYLYYLONGRDMYVDQELDINRLSDYDVDAIVPQOQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLILNAKLITQRKFDNLTKAERGGLSELDKAGFIK
ROLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKILVSDFRKDFQFYKVR
EINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKAT
AKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMP
OQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAK
VEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKIL. PKYSLFELE
NGRKRMIASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHK
HYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENITHLFTLTNLGAPA
AFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO: 611)
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rAPOBECI1-(GGS);-dCas9 primary sequence

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSONT
NKHVEVNFIEKFTTER YFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPR YPHLW
VRLYVLELYCIHLGLPPCLNILRRKQPQLTFFTIALQSCHY QRLPPHILWATGLK|GGSG]
IGSGGSIMDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLF
DSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEED
KKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGH
FLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLI
AQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG
DQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQ
QLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLL
RKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLAR
GNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSL
LYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFK
KIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDR
EMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSD
GFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKY
VDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHP
VENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVL
TRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDK
AGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVKVITLKSKLVSDFRKDFQ
FYKVREINNYHHAHDAYLNAVVGTALIKK YPKLESEFVYGDYKVYDVRKMIAKSEQE
IGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKV
LSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVL
VVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSL
FELENGRKRMILASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFV
EQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE QAENITHLFTLTNL
GAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID

NO: 612)

dCas9{GGSFAPOBEC1

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVL.GNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRILIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDILAEDAKLQLSKDTYDDDILDNLILAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT
FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRF
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVI.PKHSLLYEYF
TVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECF
DSVEISGVEDRFNASLGTYHDLLKIIKDKDFL.DNEENEDILEDIVLTLTLFEDREMIE
ERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFAN
RNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDEL
VKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENT
QLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDAIVPQOQSFLKDDSIDNKVLTRSD
KNRGKSDNVPSEEVVKKMKNYWRQLILNAKLITQRKFDNLTKAERGGLSELDKAGFI
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KRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKA
TAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMP
OQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAK
VEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKIL. PKYSLFELE
NGRKRMIASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHK
HYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENITHLFTLTNLGAPA
AFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQL GGD-MJ SSETGPVA
VDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSONTNKHVEVNFI
EKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARL YHHADPR
NROGLRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLWVRLYVLEL
YCHLGLPPCINILRRKOPOLTFFTIALOSCHYOQRLPPHILWATGLK (SEQ ID NO: 613)

dCas9{GGS4-tAPOBECI

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT
FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRF
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYF
TVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECF
DSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIE
ERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFAN
RNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDEL
VKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENT
QLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSD
KNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFI
KRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKA
TAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMP
QVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAK
VEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELE
NGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHK
HYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPA
AFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGGSGGSGGSMSS
ETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSONTNKH
VEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYH
HADPRNRQGLRDLISSGVTIQIMTEQESGY CWRNFVNY SPSNEAHWPRYPHLW VRL
YVLEL YCIILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLK (SEQ ID
NO: 614)

rAPOBEC1-XTEN}-dCas9 primary sequence

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSITWRHTSONT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIOQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLW
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VRLYVLELYCIILGLPPCLNILRRKQPQL TFFTIALQSCHYQRLPPHILW ATGLK S|GSH
[TPGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLI
GALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESF
LVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIK
FRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRR
LENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNL
LAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK
ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLN
REDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYV
GPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVL
PKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK
EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLT
LFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILD
FLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGIL
QTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQOKNSRERMKRIEEGIKELGSQI
LKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSI
DNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITORKFDNLTKAERGGL
SELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF
RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIA
KSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFA
TVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPT
VAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIK
LPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQ
KQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLF
TLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ
ID NO: 615)

[00289] Figure 2 shows that the N-terminal deaminase fusions showed significant activity
on the single stranded DNA substrates. For this reason, only the N-terminal architecture was
chosen for further experiments.

[00290] Figure 3 illustrates double stranded DNA substrate binding by deaminase-
dCas9:sgRNA complexes. A number of double stranded deaminase substrate sequences were
generated. The sequences are provided below. The structures according to Figure 3 are
identified in these sequences (36bp: underlined, sgRNA target sequence: bold; PAM: boxed,
21bp: italicized). All substrates were labeled with a 5’-Cy3 label:

2:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGTCCCGCGGATTTATTTATTT
AATGGUTGACCTCTGGATCCATGGAC-3" (SEQ ID NO: 616)
3:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCTTCCGCGGATTTATTTATT
TATGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 617)
4:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTTCCGCGGATTTATTTAT
TATGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 618)
5:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTCCGCGGATTTATTTA
TTTGGATGACCTCTGGATCCATGGAC-3" (SEQ ID NO: 619)
6:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTATTCCGCGGATTTATTT
ATTGGATGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 620)
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7:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTTATTCCGCGGATTTATT
TATGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 621)
8:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTATTCCGCGGATTTAT
TTTGGUTGACCTCTGGATCCATGGAC-3 (SEQ ID NO: 622)
9:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTATTATTCCGCGGATTTA
TTTGGUTGACCTCTGGATCCATGGAC-3 (SEQ ID NO: 623)
10:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTATATTCCGCGGATTT
ATTGGUTGACCTCTGGATCCATGGAC-3* (SEQ ID NO: 624)
11:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTATTATATTCCGCGGATT
TATGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 625)
12:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTTATTATATTCCGCGGAT
TTTGGUTGACCTCTGGATCCATGGAC-3 (SEQ ID NO: 626)
13:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTATTATATTCCGCGGA
TTTGGUTGACCTCTGGATCCATGGAC-3 (SEQ ID NO: 627)
14:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCTATTATTATATTCCGCGG
ATTGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 628)
15:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTATTATTATTACCGCG
GA[TGGUTGACCTCTGGATCCATGGAC-3* (SEQ ID NO: 629)
18:GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTATTATTATTATTACC
GOTGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 630)
GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGTAATATTAATTTATTTATTTAA
TGGUTGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 631)
8U:GTAGGTAGTTAGGATGAATGGAAGGTTGGTGTAGATTATTATCUGCGGATTTA
TTGGATGACCTCTGGATCCATGGACAT-3" (SEQ ID NO: 632)

*In all substrates except for “8U”, the top strand in Figure 3 is the complement of the

sequence specified here. In the case of “8U”, there is a “G” opposite the U.

[00291] Figure 4 shows the results of a double stranded DNA Deamination Assay. The
fusions were expressed and purified with an N-terminal His6 tag via both Ni-NTA and
sepharose chromatography. In order to assess deamination on dsDNA substrates, the various
dsDNA substrates shown on the previous slide were incubated at a 1:8 dsDNA:fusion protein
ratio and incubated at 37 °C for 2 hours. Once the dCas9 portion of the fusion binds to the
DNA it blocks access of the USER enzyme to the DNA. Therefore, the fusion proteins were
denatured following the incubation and the dsDNA was purified on a spin column, followed
by incubation for 45 min with the USER Enzyme and resolution of the resulting DNA
substrate and substrate fragments on a 10% TBE-urea gel.

[00292] Figure S demonstrates that Cas9 fusions can target positions 3-11 of double-
stranded DNA target sequences (numbered according to the schematic in Figure 3). Upper
Gel: 1 uM rAPOBEC1-GGS-dCas9, 125 nM dsDNA, 1 eq sgRNA. Mid Gel: 1 uM
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rAPOBECl-(GGS)3-dCas9, 125 nM dsDNA, 1 eq sgRNA. Lower Gel: 1.85 uM rAPOBEC1-

XTEN-dCas9, 125 nM dsDNA, 1 eq sgRNA. Based on the data from these gels, positions 3-
11 (according to the numbering in Figure 3) are sufficiently exposed to the activity of the
deaminase to be targeted by the fusion proteins tested. Access of the deaminase to other
positions is most likely blocked by the dCas9 protein.

[00293] The data further indicates that a linker of only 3 amino acids (GGS) is not optimal
for allowing the deaminase to access the single stranded portion of the DNA. The 9 amino
acid linker [(GGS)3] (SEQ ID NO: 596) and the more structured 16 amino acid linker
(XTEN) allow for more efficient deamination.

[00294] Figure 6 demonstrates that the correct guide RNA, e.g., the correct sSgRNA, is
required for deaminase activity. The gel shows that fusing the deaminase to dCas9, the
deaminase enzyme becomes sequence specific (e.g., using the fusion with an eGFP sgRNA
results in no deamination), and also confers the capacity to the deaminase to deaminate
dsDNA. The native substrate of the deaminase enzyme is ssDNA, and no deamination
occurred when no sgRNA was added. This is consistent with reported knowledge that
APOBEC deaminase by itself does not deaminate dSDNA. The data indicates that Cas9
opens the double-stranded DNA helix within a short window, exposing single-stranded DNA
that 1s then accessible to the APOBEC deaminase for cytidine deamination. The sgRNA
sequences used are provided below. sequences (36bp: underlined, sgRNA target sequence:
bold; PAM: boxed; 21bp: italicized)

DNA sequence 8:

5’-Cy3-

GTAGGTAGTTAGGATGAATGGAAGGTTGGTATAGCCATTATTCCGCGGATTTATT
TTGQ{A TGACCTCTGGATCCATGGAC-3’ (SEQ ID NO: 633)

Correct sgRNA sequence (partial 3’ sequence):
5’-AUUAUUCCGCGGAUUUAUUUGUUUUAGAGCUAG. -3’ (SEQ ID NO: 634)

eGFP sgRNA sequence (partial 3’-sequence):
5’-CGUAGGCCAGGGUGGUCACGGUUUUAGAGCUAG..-3’ (SEQ ID NO: 635)

EXAMPLE 2: Deamination of DNA target sequence

[00295] Exemplary deamination targets. The dCas9:deaminase fusion proteins described
herein can be delivered to a cell in vitro or ex vivo or to a subject in vivo and can be used to
effect C to T or G to A transitions when the target nucleotide is in positions 3-11 with respect

to a PAM. Exemplary deamination targets include, without limitation, the following: CCRS
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truncations: any of the codons encoding Q93, Q102, Q186, R225, W86, or Q261 of CCRS
can be deaminated to generate a STOP codon, which results in a nonfunctional truncation of
CCRS with applications in HIV treatment. APOE4 mutations: mutant codons encoding C11R
and CS7R mutant APOE4 proteins can be deaminated to revert to the wild-type amino acid
with applications in Alzheimer’s treatment. eGFP truncations: any of the codons encoding
Q158, Q184, Q185 can be deaminated to generate a STOP codon, or the codon encoding M1
can be deaminated to encode I, all of which result in loss of eGFP fluorescence, with
applications in reporter systems. eGFP restoration: a mutant codon encoding T65A or Y66C
mutant GFP, which does not exhibit substantial fluorescence, can be deaminated to restore the
wild-type amino acid and confer fluorescence. PIK3CA mutation: a mutant codon encoding
K111E mutant PIK3CA can be deaminated to restore the wild-type amino acid residue with
applications in cancer. CTNNB1 mutation: a mutant codon encoding T41A mutant CTNNB1
can be deaminated to restore the wild-type amino acid residue with applications in cancer.
HRAS mutation: a mutant codon encoding Q61R mutant HRAS can be deaminated to restore
the wild-type amino acid residue with applications in cancer. P53 mutations: any of the
mutant codons encoding Y163C, Y236C, or N239D mutant p53 can be deaminated to encode
the wild type amino acid sequence with applications in cancer.

The feasibility of deaminating these target sequences in double-stranded DNA is
demonstrated in Figures 7 and 8. Figure 7 illustrates the mechanism of target DNA binding
of in vivo target sequences by deaminase-dCas9:sgRNA complexes.

[00296] Figure 8 shows successful deamination of exemplary disease-associated target
sequences. Upper Gel: CCRS Q93: coding strand target in pos. 10 (potential off-targets at
positions 2, 5, 6, 8, 9); CCRS Q102: coding strand target in pos. 9 (potential off-targets at
positions 1, 12, 14); CCRS Q186: coding strand target in pos. 9 (potential off-targets at
positions 1, 5, 15); CCRS R225: coding strand target in pos. 6 (no potential oft-targets), eGFP
Q158: coding strand target in pos. S (potential off-targets at positions 1, 13, 16); eGFP Q184
/185: coding strand target in pos. 4 and 7 (potential off-targets at positions 3, 12, 14, 15, 16,
17, 18); eGFP M1: template strand target in pos. 12 (potential off-targets at positions 2, 3, 7,
9, 11) (targets positions 7 and 9 to small degree); eGFP T65A: template strand target in pos. 7
(potential off-targets at positions 1, 8, 17); PIK3CA K111E: template strand target in pos. 2
(potential off-targets at positions §, 8, 10, 16, 17); PIK3CA K111E: template strand target in
pos. 13 (potential off-targets at positions 11, 16, 19) X. Lower Gel: CCRS W86: template
strand target in pos. 2 and 3 (potential off-targets at positions 1, 13) X; APOE4 C11R: coding
strand target in pos. 11 (potential off-targets at positions 7, 13, 16, 17); APOE4 C57R: coding
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strand target in pos. 5) (potential off-targets at positions 7, 8, 12); eGFP Y66C: template
strand target in pos. 11 (potential off-targets at positions 1, 4,6, 8, 9, 16); eGFP Y66C:
template strand target in pos. 3 (potential off-targets at positions 1, 8, 17); CCRS5 Q261:
coding strand target in pos. 10 (potential off-targets at positions 3, 5, 6, 9, 18); CTNNB1
T41A: template strand target in pos. 7 (potential off-targets at positions 1, 13, 15, 16) X;
HRAS Q61R: template strand target in pos. 6 (potential off-targets at positions 1, 2, 4, §, 9,
10, 13); pS3 Y163C: template strand target in pos. 6 (potential off-targets at positions 2, 13,
14); p53 Y236C: template strand target in pos. 8 (potential off-targets at positions 2, 4); pS3
N239D: template strand target in pos. 4 (potential off-targets at positions 6, 8). Exemplary
DNA sequences of disease targets are provided below (PAMs (5’-NGG-3’) and target
positions are boxed):

CCR5 Q93: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAACTATGCTGCCGCC
[CAGTGGGACTTTGGUAATACAATGTGTCAACTCTT-3’ (SEQ ID NO: 636)

CCR5 Q102: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAAAATACAATGTGT
[CAACTCTTGACAIGGGCTCTATTTTATAGGCTTCTTC-3’ (SEQ ID NO: 637)

CCR5 Q186: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTATTTTCCATACAGT
[JAGTATCAATTCTGGUAGAATTTCCAGACATTAAAG-3" (SEQ ID NO: 638)

CCR5 R225: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGCTTCGGTGTICIGA
AATGAGAAGAAGAGGICACAGGGCTGTGAGGCTTATC-3’ (SEQ ID NO: 639)
CCR5 W86: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGTGAGCICCAGAAGG
GGACAGTAAGAAGGUAAAACAGGTCAGAGATGGCC-3’ (SEQ ID NO: 640)
CCR5 Q261: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTATCCTGAACACCTT
CJOAGGAATTCTTIGGCCTGAATAATTGCAGTAGCTC-3’ (SEQ ID NO: 641)
APOE4 C11R: 5-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGACATGGAGGAC
GTGIAGCGGCCGCCATGGTGCAGTACCGCGGCGAGGTGC-3" (SEQ ID NO: 642)
APOE4 C57R: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTACTGCAGAAGIJGC
CTGGCAGTGTACCAGGICCGGGGCCCGCGAGGGCGCCG-3’ (SEQ ID NO: 643)
eGFP Q158: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGCCGACAAGICAGA
AGAACGGCATCAAGGTGAACTTCAAGATCCGCCACA-3’ (SEQ ID NO: 644)
eGFP Q184/185: 5’-Cy3-GTAGGTAGTTAGGATGAATGGAAGGTTGGTAACCACTACH
AGIJAGAACACCCCCATICGGCGACGGCCCCGTGCTGCTGCC-3 (SEQ ID NO: 645)
eGFP M1: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTACCTCGCCCTTGCTCA
(AATCTCGAGTICGGCCGCCAGTGTGATGGATATCT-3’ (SEQ ID NO: 646)
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eGFP T65A: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTACACGCGTAGGICCA
GGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGC-3’ (SEQ ID NO: 647)
eGFP Y66C: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAAAGCACTGCACTC
CGIJAGGTCAGGGIGGTCACGAGGGTTGGCCAGGGCA-3" (SEQ ID NO: 648)
eGFP Y66C: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTACACTCCGIOAGGTC
AGGGTGGTCACGAGGGTTGGCCAGGGCACGGGCAGG-3" (SEQ ID NO: 649)
PIK3CA K111E: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGGATCTIJTTC
TTCACGGTTGCCTACTGGTTCAATTACTTTTAAAAATGG-3’ (SEQ ID NO: 650)
PIK3CA K111E: 5’-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTATTCTCGATTG
AGGATCTIGTTCTTCACGGITGCCTACTGGTTCAATTACT-3" (SEQ ID NO: 651)
CTNNBI T41A: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAAGGAGCTGTGG
[JAGTGGCACCAGAATGGUTTCCAGAGTCCAGGTAAGAC-3" (SEQ ID NO: 652)
HRAS Q61R: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGTACTCCTCACIGG
CCGGCGGTATCCAGGUATGTCCAACAGGCACGTCTCC-3" (SEQ ID NO: 653)
p53 Y163C: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTATGACTGCTTGICAG
ATGGCCATGGCGICGGACGCGGGTGCCGGGCGGGGGT=3 (SEQ ID NO: 654)
p53 Y236C: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTACTGTTACACATGIC
AGTTGTAGTGGATGGTGGTACAGTCAGAGCCAACCT-3’ (SEQ ID NO: 655)
p53 N239D: 5°-Cy3-
GTAGGTAGTTAGGATGAATGGAAGGTTGGTAGGAACTGTIJACAC
ATGTAGTTGTAGTGGATGGTGGTACAGTCAGAGCCA-3’ (SEQ ID NO: 656)

EXAMPLE 3: Uracil Glycosylase Inhibitor Fusion Improves Deamination Lfficiency

[00297] Direct programmable nucleobase editing efficiencies in mammalian cells by
dCas9:deaminase fusion proteins can be improved significantly by fusing a uracil glycosylase
inhibitor (UGI) to the dCas9:deaminase fusion protein.

[00298] Figure 9 shows in vitro C—T editing efficiencies in human HEK293 cells using
rAPOBEC1-XTEN-dCas9:

rAPOBECI1 -XTEN--NLS primary sequence

MSSETGPVAVDPTLRRRIEPHEFEVFFDPREL RKETCLLYEINWGGRHSTWRHTSONT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFL SRYPHVTL FIYIAR
LYHHADPRNRQGILRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHIWV
RLYVLELYCIHLGLPPCINILRRKOQPOLTFFTIAL QSCHYOQRIPPHIL WATGLKSGSETP
GTSESATPESDKK Y SIGLAIGTNSVGWAVITDEYK VPSKKFK VLGNTDRHSIKKNLIG]
IALLFDSGETAEATRLKRTARRRY TRRKNRIC YLQEIFSNEMAK VDDSFFHRLEESFLYV]
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EEDKKHERHPIFGNIVDEVAYHEK YPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFR]
GHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLE]
NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA|
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALV]
RQQLPEK YKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNRED)
LLRKQRTFDNGSIPHQIHLGELHAILRRQEDF YPFLKDNREKIEKILTFRIPYYVGPLAR]
GNSRFAWMTRK SEETITPWNFEEVVDK GASAQSFIERMTNFDKNLPNEK VLPKHSLI]
YEYFTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFK]
KIECFDSVEISGVEDRFNASLGTYHDLLKIKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLKTYAHLFDDK VMKQLKRRRYTGW GRLSRKLINGIRDKQSGKTILDFLKSD
FANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVD
ELVK VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVE
NTQLQNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDAIVPQSFLKDDSIDNK VLT]
RSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK AERGGLSELDK]
AGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDFQ|
FYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQ
EIGKATAK YFFYSNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRK V]
LSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSV|
LVVAKVEK GK SKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKY]|
LFELENGRKRMLASAGELQKGNELALPSKY VNFLYLASHYEKLKGSPEDNEQKQLH
VEQHKHYLDEIEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENITHLFTLTNL]
GAPAAFK YFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD|SGGSPKKKR
KV (SEQ ID NO: 657)

Protospacer sequences were as follows:

EMX1: 5’- GAGTC_C GAGC,  AGAAGAAGAAGGG] -3’ (SEQ ID NO: 293)
FANCF: 5’- GGAATC C_C TTC, TGCAGCACCTGG -3’ (SEQ ID NO: 294)

HEK293 site 2: 5’- GAAC,AC AAAGC, ATAGACTGCIGGG -3’ (SEQ ID NO: 295)
HEK293 site 3: 5- GGC,C ,C AGAC, TGAGCACGTGATGG -3 (SEQ ID NO: 296)
HEK293 site 4: 5’- GGC AC_TGC,GGC, TGGAGGTGGIGGG -3 (SEQ ID NO: 297)
RNF2: 5’- GTC ATC TTAGTCATTACCTGAGG] -3’ (SEQ ID NO: 298)

*PAMs are boxed, C residues within target window (positions 3-11) are numbered and

bolded.

[00299] Figure 10 demonstrates that C—T editing efficiencies on the same protospacer
sequences in HEK293T cells are greatly enhanced when a UGI domain is fused to the
rAPOBEC1:dCas9 fusion protein.

rAPOBEC1-XTEN-dCas9-UGI-NLS primary sequence

MSSETGPVAVDPTLRRRIEPHEFEVFFDPREL RKETCLLYEINWGGRHSTWRHTSONT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFL SRYPHVTL FIYIAR
LYHHADPRNRQGILRDLISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHIWV
RLYVLELYCILGLPPCINILRRKOPOLTFFTIALQSCHYOQRLPPHIL WATGLKSGSETP
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GTSESATPE S[DKKYSIGLAIGTNSVGWAVITDEYKVP SKKFKVLGNTDRHSKKNLIQ
ALLFDSGETAEATRLKRTARRRY TRRKNRICYLQEIFSNEMAK VDDSFFHRLEESFLV|

EEDKKHERHPIFGNIVDEVAYHEK YPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFR|
GHFLIEGDLNPDNSDVDKLFIQLVOQTYNQLFEENPINASGVDAKAILSARLSK SRRLE|

NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA|

QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALV]
ROQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD GTEELLVKLNRED‘
LLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLAR|
GNSRFAWMTRKSEETITPWNFEEV VDK GASAQSFIERMTNFDKNLPNEK VLPKHSLI]
YEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFK]
KIECEDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSD

FANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVD
ELVK VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVE
NTQLQNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDAIVPQSFLKDDSIDNK VLT]

RSDKNRGKSDNVP SEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDK|
AGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDEQ)|
FYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQ
EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKYV]
LSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSV]
LVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNP IDFLEAKGYKEVKKDLIIKLPKYS|
LFELENGRKRMLASAGELQKGNELALP SKYVNFLYLASHYEKLKGSPEDNEQKQLF|

VEQHKHYLDEINEQISEF SKRVILADANLDK VLSAYNKHRDKPIREQAENIIHLFTLTNL)
GAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLS QLGGD|S GGSINLSD

HEKETGKOLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAP
EYKPWALVIOQODSNGENKIKMLSGGSPKKKRKV (SEQ ID NO: 658)

[00300] The percentages in Figures 9 and 10 are shown from sequencing both strands of the
target sequence. Because only one of the strands is a substrate for deamination, the
maximum possible deamination value in this assay is 50%. Accordingly, the deamination
efficiency is double the percentages shown in the tables. £.g., a value of 50% relates to
deamination of 100% of double-stranded target sequences.

When a uracil glycosylase inhibitor (UGI) was fused to the dCas9:deaminase fusion protein
(e.g., rAPOBECI1-XTEN-dCas9-[UGI]-NLS), a significant increase in editing efficiency in
cells was observed. This result indicates that in mammalian cells, the DNA repair machinery
that cuts out the uracil base in a U:G base pair is a rate-limiting process in DNA editing.
Tethering UGI to the dVas9:deaminase fusion proteins greatly increases editing yields.
[00301] Without UGI, typical editing efficiencies in human cells were in the ~2-14% yield
range (Figure 9 and Figure 10, “XTEN” entries). With UGI (Figure 10, “UGI” entries) the
editing was observed in the ~6-40% range. Using a UGI fusion is thus more efficient than

the current alternative method of correcting point mutations via HDR, which also creates an
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excess of indels in addition to correcting the point mutation. No indels resulting from

treatment with the cas9:deaminase:UGI fusions were observed.

EXAMPLE 4: Direct, programmable conversion of a target nucleotide in genomic DNA
without double-stranded DNA cleavage

[00302] Current genome-editing technologies introduce double-stranded DNA breaks at a
target locus of interest as the first step to gene correction.””** Although most genetic diseases
arise from mutation of a single nucleobase to a different nucleobase, current approaches to
revert such changes are very inefficient and typically induce an abundance of random
insertions and deletions (indels) at the target locus as a consequence of the cellular response
to double-stranded DNA breaks.””* Reported herein is the development of nucleobase
editing, a new strategy for genome editing that enables the direct conversion of one target
nucleobase into another in a programmable manner, without requiring double-stranded DNA
backbone cleavage. Fusions of CRISPR/Cas9 were engineered and the cytidine deaminase
enzyme APOBECI that retain the ability to be programmed with a guide RNA, do not induce
double-stranded DNA breaks, and mediate the direct conversion of cytidine to uracil, thereby
effecting a C—T (or G—A) substitution following DNA replication, DNA repair, or
transcription if the template strand is targeted. The resulting “nucleobase editors” convert
cytidines within a window of approximately five nucleotides, and can efficiently correct a
variety of point mutations relevant to human disease in vitro. In four transformed human and
murine cell lines, second- and third-generation nucleobase editors that fuse uracil glycosylase
inhibitor (UGI), and that use a Cas9 nickase targeting the non-edited strand, respectively, can
overcome the cellular DNA repair response to nucleobase editing, resulting in permanent
correction of up to 37% or (~15-75%) of total cellular DNA in human cells with minimal
(typically < 1%) indel formation. In contrast, canonical Cas9-mediated HDR on the same
targets yielded an average of 0.7% correction with 4% indel formation. Nucleobase editors
were used to revert two oncogenic p53 mutations into wild-type alleles in human breast
cancer and lymphoma cells, and to convert an Alzheimer’s Disease associated Arg codon in
ApoE+4 into a non-disease-associated Cys codon in mouse astrocytes. Base editing expands
the scope and efficiency of genome editing of point mutations.

[00303] The clustered regularly interspaced short palindromic repeat (CRISPR) system is a
prokaryotic adaptive immune system that has been adapted to mediate genome engineering in

a variety of organisms and cell lines.* CRISPR/Cas9 protein-RNA complexes localize to a
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target DNA sequence through base pairing with a guide RNA, and natively create a DNA
double-stranded break (DSB) at the locus specified by the guide RNA. In response to DSBs,
endogenous DNA repair processes mostly result in random insertions or deletions (indels) at
the site of DNA cleavage through non-homologous end joining (NHEJ). In the presence of a
homologous DNA template, the DNA surrounding the cleavage site can be replaced through
homology-directed repair (HDR). When simple disruption of a disease-associated gene is
sufficient (for example, to treat some gain-of-function diseases), targeted DNA cleavage
followed by indel formation can be effective. For most known genetic diseases, however,
correction of a point mutation in the target locus, rather than stochastic disruption of the gene,
is needed to address or study the underlying cause of the disease.®®

[00304] Motivated by this need, researchers have invested intense effort to increase the
efficiency of HDR and suppress NHEJ. For example, a small-molecule inhibitor of ligase IV,
an essential enzyme in the NHEJ pathway, has been shown to increase HDR efficiency. ***
However, this strategy is challenging in post-mitotic cells, which typically down-regulate
HDR, and its therapeutic relevance is limited by the potential risks of inhibiting ligase IV in
non-target cells. Enhanced HDR efficiency can also be achieved by the timed delivery of
Cas9-guide RNA complexes into chemically synchronized cells, as HDR efficiency is highly
cell-cycle dependent.** Such an approach, however, is limited to research applications in cell
culture since synchronizing cells is highly disruptive. Despite these developments, current
strategies to replace point mutations using HDR in most contexts are very inefficient
(typically ~0.1 to 5%),****34% 7 egpecially in unmodified, non-dividing cells. In addition,
HDR competes with NHEJ during the resolution of double-stranded breaks, and indels are
generally more abundant outcomes than gene replacement. These observations highlight the
need to develop alternative approaches to install specific modifications in genomic DNA that
do not rely on creating double-stranded DNA breaks. A small-molecule inhibitor of ligase IV,
an essential enzyme in the NHEJ pathway, has been shown to increase HDR efficiency. ***
However, this strategy is challenging in post-mitotic cells, which typically down-regulate
HDR, and its therapeutic relevance is limited by the potential risks of inhibiting ligase IV in
non-target cells. Enhanced HDR efficiency can also be achieved by the timed delivery of
Cas9-guide RNA complexes into chemically synchronized cells, as HDR efficiency is highly
cell-cycle dependent.** Such an approach, however, is limited to research applications in cell
culture since synchronizing cells is highly disruptive. In some cases, it is possible to design
HDR templates such that the product of successful HDR contains mutations in the PAM

sequence and therefore is no longer a substrate for subsequent Cas9 modification, increasing
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the overall yield of HDR products,” although such an approach imposes constraints on the
product sequences. Recently, this strategy has been coupled to the use of ssDNA donors that
are complementary to the non-target strand and high-efficiency ribonucleoprotein (RNP)
delivery to substantially increase the efficiency of HDR, but even in these cases the ratio of
HDR to NHEJ outcomes is relatively low (< 2).%

[00305] It was envisioned that direct catalysis of the conversion of one nucleobase to
another at a programmable target locus without requiring DNA backbone cleavage could
increase the efficiency of gene correction relative to HDR without introducing undesired
random indels at the locus of interest. Catalytically dead Cas9 (dCas9), which contains
Aspl0Ala and His840Ala mutations that inactivate its nuclease activity, retains its ability to
bind DNA in a guide RNA-programmed manner but does not cleave the DNA backbone.'®*’
In principle, conjugation of dCas9 with an enzymatic or chemical catalyst that mediates the
direct conversion of one nucleobase to another could enable RNA-programmed nucleobase
editing. The deamination of cytosine (C) is catalyzed by cytidine deaminases™ and results in
uracil (U), which has the base pairing properties of thymine (T). dCas9 was fused to cytidine
deaminase enzymes in order to test their ability to convert C to U at a guide RNA-specified
DNA locus. Most known cytidine deaminases operate on RNA, and the few examples that are
known to accept DNA require single-stranded DNA.** Recent studies on the dCas9-target
DNA complex reveal that at least nine nucleotides of the displaced DNA strand are unpaired
upon formation of the Cas9:guide RNA:DNA “R-loop” complex.'* Indeed, in the structure of
the Cas9 R- loop complex the first 11 nucleotides of the protospacer on the displaced DNA
strand are disordered, suggesting that their movement is not highly restricted.” It has also
been speculated that Cas9 nickase-induced mutations at cytosines in the non-template strand
might arise from their accessibility by cellular cytidine deaminase enzymes.”’ Recent studies
on the dCas9-target DNA complex have revealed that at least 26 bases on the non-template
strand are unpaired when Cas9 binds to its target DNA sequence.*’ It was reasoned that a
subset of this stretch of single-stranded DNA in the R-loop might serve as a substrate for a
dCas9-tethered cytidine deaminase to effect direct, programmable conversion of C to U in
DNA (Figure 11A).

[00306] Four different cytidine deaminase enzymes (hAID, hAPOBEC3G, rAPOBECI,
and pmCDA1) were expressed in a mammalian cell lysate-derived in vifro transcription-
translation system and evaluated for ssDNA deamination. Of the four enzymes, rAPOBECI
showed the highest deaminase activity under the tested conditions and was chosen for dCas9

fusion experiments (Figure 36A). Although appending rAPOBECI] to the C-terminus of
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dCas9 abolishes deaminase activity, fusion to the N-terminus of dCas9 preserves deaminase
activity on ssDNA at a level comparable to that of the unfused enzyme. Four rAPOBEC1-
dCas9 fusions were expressed and purified with linkers of different length and composition
(Figure 36B), and evaluated each fusion for single guide RNA (sgRNA)-programmed dsDNA
deamination in vitro (Figures 11A to 11C and Figures 15A to 15D).

Efficient, sequence-specific, sgRNA-dependent C to U conversion was observed in vitro
(Figures 11A to 11C). Conversion efficiency was greatest using rAPOBEC1-dCas9 linkers
over nine amino acids in length. The number of positions susceptible to deamination (the
deamination “activity window”) increases with linker length was extended from three to 21
amino acids (Figures 36C to 36F15A to 15D). The 16-residue XTEN linker’’ was found to
offer a promising balance between these two characteristics, with an efficient deamination
window of approximately five nucleotides, from positions 4 to 8 within the protospacer,
counting the end distal to the protospacer-adjacent motif (PAM) as position 1. The
rAPOBEC1-XTEN-dCas9 protein served as the first-generation nucleobase editor (NBE1).
[00307] Elected were seven mutations relevant to human disease that in theory could be
corrected by C to T nucleobase editing, synthesized double-stranded DNA 80-mers of the
corresponding sequences, and assessed the ability of NBE1 to correct these mutations in vitro
(Figures 16A to 16B). NBE1 yielded products consistent with efficient editing of the target C,
or of at least one C within the activity window when multiple Cs were present, in six of these
seven targets in vifro, with an average apparent editing efficiency of 44% (Figures 16A to
16B). In the three cases in which multiple Cs were present within the deamination window,
evidence of deamination of some or all of these cytosines was observed. In only one of the
seven cases tested were substantial yields of edited product observed (Figures 16A to 16B).
Although the preferred sequence context for APOBECI substrates is reported to be CC or
TC,” it was anticipated that the increased effective molarity of the deaminase and its single-
stranded DNA substrate mediated by dCas9 binding to the target locus may relax this
restriction. To illuminate the sequence context generality of NBE], its ability to edit a 60-mer
double-stranded DNA oligonucleotide containing a single fixed C at position 7 within the
protospacer was assayed, as well as all 36 singly mutated variants in which protospacer bases
1-6 and 8-13 were individually varied to each of the other three bases. Each of these 37
sequences were treated with 1.9 uM NBE]1, 1.9 uM of the corresponding sgRNA, and 125
nM DNA for 2 h, similar to standard conditions for in vitro Cas9 assays’>. High-throughput
DNA sequencing (HTS) revealed 50 to 80% C to U conversion of targeted strands (25 to 40%

of total sequence reads arising from both DNA strands, one of which is not a substrate for
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NBEL1) (Figure 12A). The nucleotides surrounding the target C had little effect on editing
efficiency was independent of sequence context unless the base immediately 5’ of the target
C is a G, in which case editing efficiency was substantially lower (Figures 12A to 12B).
NBEI1 activity in vitro was assessed on all four NC motifs at positions 1 through 8 within the
protospacer (Figures 12A to 12B). In general NBEI activity on substrates was observed to
follow the order TC > CC > AC >GC, with maximum editing efficiency achieved when the
target C is at or near position 7. In addition, it was observed that the nucleobase editor is
highly processive, and will efficiently convert most of all Cs to Us on the same DNA strand
within the 5-base activity window (Figure 17).

[00308] While BE1 efficiently processes substrates in a test tube, in cells a tree of possible
DNA repair outcomes determines the fate of the initial U:G product of base editing (Figure
29A). To test the effectiveness of nucleobase editing in human cells, NBE1 codon usage was
optimized for mammalian expression, appended a C-terminal nuclear localization sequence
(NLS),” and assayed its ability to convert C to T in human cells on 14Cs in six well-studied
target sites throughout the human genome (Figure 37A).>* The editable Cs were confirmed
within each protospacer in vitro by incubating NBE1 with synthetic 80-mers that correspond
to the six different genomic sites, followed by HTS (Figures 13A to 13C, Figure 29B and
Figure 25). Next, HEK293T cells were transfected with plasmids encoding NBE1 and one of
the six target sgRNAs, allowed three days for nucleobase editing to occur, extracted genomic
DNA from the cells, and analyzed the loci by HTS. Although C to T editing in cells at the
target locus was observed for all six cases, the efficiency of nucleobase editing was 1.1% to
6.3% or 0.8%-7.7% of total DNA sequences (corresponding to 2.2% to 12.6% of targeted
strands), a 6.3-fold to 37-fold or 5-fold to 36-fold decrease in efficiency compared to that of
in vitro nucleobase editing (Figures 13A to 13C, Figure 29B and Figure 25). It was observed
that some base editing outside of the typical window of positions 4 to 8 when the substrate C
is preceded by a T, which we attribute to the unusually high activity of APOBECI1 for TC
substrates. *®

[00309] It was asked whether the cellular DNA repair response to the presence of U:G
heteroduplex DNA was responsible for the large decrease in nucleobase editing efficiency in
cells (Figure 29A). Uracil DNA glycosylase (UDG) catalyzes removal of U from DNA in
cells and initiates base excision repair (BER), with reversion of the U:G pair to a C:G pair as
the most common outcome (Figure 29A).” Uracil DNA glycosylase inhibitor (UGI), an 83-
residue protein from B. subtilis bacteriophage PBS1, potently blocks human UDG activity
(ICso = 12 pM).”® UGI was fused to the C-terminus of NBEI to create the second-generation
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nucleobase editor NBE2 and repeated editing assays on all six genomic loci. Editing
efficiencies in human cells were on average 3-fold higher with NBE2 than with NBE1,
resulting in gene conversion efficiencies of up to 22.8% of total DNA sequenced (up to
45.6% of targeted strands) (Figures 13A to 13C and Figure 29B). To test base editing in
human cells, BE1 codon usage was optimized for mammalian expression and appended a C-
terminal nuclear localization sequence (NLS).”

[00310] Similar editing efficiencies were observed when a separate plasmid overexpressing
UGI was co-transfected with NBE1 (Figures 18A to 18H). However, while the direct fusion
of UGI to NBEI resulted in no significant increase in C to T mutations at monitored non-
targeted genomic locations, overexpression of unfused UGI detectably increased the
frequency of C to T mutations elsewhere in the genome (Figures 18A to 18H). The generality
of NBE2-mediated nucleobase editing was confirmed by assessing editing efficiencies on the
same six genomic targets in U20S cells, and observed similar results with those in HEK293T
cells (Figure 19). Importantly, NBE2 typically did not result in any detectable indels (Figure
13C and Figure 29C), consistent with the known mechanistic dependence of NHEJ on
double-stranded DNA breaks.”” ™ Together, these results indicate that conjugating UGI to
NBEI can greatly increase the efficiency of nucleobase editing in human cells.

[00311] The permanence of nucleobase editing in human cells was confirmed by
monitoring editing efficiencies over multiple cell divisions in HEK293T cells at two of the
tested genomic loci. Genomic DNA was harvested at two time points: three days after
transfection with plasmids expressing NBE2 and appropriate sgRNAs, and after passaging
the cells and growing them for four additional days (approximately five subsequent cell
divisions). No significant change in editing efficiency was observed between the non-
passaged cells (editing observed in 4.6% to 6.6% of targeted strands for three different target
Cs) and passaged cells (editing observed in 4.6% to 6.4% of targeted strands for the same
three target Cs), confirming that the nucleobase edits became permanent following cell
division (Figure 20). Indels will on rare occasion arise from the processing of U:G lesions by
cellular repair processes, which involve single-strand break intermediates that are known to
lead to indels.* Given that several hundred endogenous U:G lesions are generated every day
per human cell from spontaneous cytidine deaminase,® it was anticipate that the total indel
frequency from U:G lesion repair is unlikely to increase from BE1 or BE2 activity at a single
target locus.

[00312] To further increase the efficiency of nucleobase editing in cells, it was anticipated

that nicking the non-edited strand may result in a smaller fraction of edited Us being removed
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by the cell, since eukaryotic mismatch repair machinery uses strand discontinuity to direct

58,79, 80

DNA repair to any broken strand of a mismatched duplex (Figure 29A). The catalytic

His residue was restored at position 840 in the Cas9 HNH domain,*’’

resulting in the third-
generation nucleobase editor NBE3 that nicks the non-edited strand containing a G opposite
the targeted C, but does not cleave the target strand containing the C. Because NBE3 still
contains the Aspl0Ala mutation in Cas9, it does not induce double-stranded DNA cleavage.
This strategy of nicking the non-edited strand augmented nucleobase editing efficiency in
human cells by an additional 1.4- to 4.8-fold relative to NBE2, resulting in up to 36.3% of
total DNA sequences containing the targeted C to T conversion on the same six human
genomic targets in HEK293T cells (Figures 13A to 13C and Figure 29B). Importantly, only a
small frequency of indels, averaging 0.8% (ranging from 0.2% to 1.6% for the six different
loct), was observed from NBE3 treatment (Figure 13C, Figure 29C, and Figure 34). In
contrast, when cells were treated with wild-type Cas9, sgRNA, and a single-stranded DNA
donor template to mediate HDR at three of these loci C to T conversion efficiencies
averaging only 0.7% were observed, with much higher relative indel formation averaging
3.9% (Figures 13A to 13C and Figure 29C). The ratio of allele conversion to NHEJ outcomes
averaged >1,000 for BE2, 23 for BE3, and 0.17 for wild-type Cas9 (Fig. 3¢). We confirmed
the permanence of base editing in human cells by monitoring editing efficiencies over
multiple cell divisions in HEK293T cells at the HEK293 site 3 and 4 genomic loci (Figure
38). These results collectively establish that nucleobase editing can effect much more
efficient targeted single-base editing in human cells than Cas9-mediated HDR, and with
much less (NBE3) or no (NBE2) indel formation.

[00313] Next, the off-target activity of NBE1, NBE2, and NBE3 in human cells was
evaluated. The off-target activities of Cas9, dCas9, and Cas9 nickase have been extensively
studied (Figures 23 to 24 and 31 to 33).”*°%* Because the sequence preference of
rAPOBECI] has been shown to be independent of DNA bases more than one base from the
target C,* consistent with the sequence context independence observed in Figures 12A to
12B, it was assumed that potential off-target activity of nucleobase editors arises from off-
target Cas9 binding. Since only a fraction of Cas9 off-target sites will have a C within the
active window for nucleobase editing, off-target nucleobase editing sites should be a subset
of the off-target sites of canonical Cas9 variants. For each of the six sites studied, the top ten
known Cas9 oft-target loci in human cells that were previously determined using the GUIDE-

54,61

seq method were sequenced (Figures 23 to 27 and 31 to 33). Detectable off-target

nucleobase editing at only a subset (16/34, 47% for NBE1 and NBE2, and 17/34, 50% for
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NBES3) of known dCas9 off-target loci was observed. In all cases, the off-target base-editing
substrates contained a C within the five-base target window. In general, off-target Cto T
conversion paralleled off-target Cas9 nuclease-mediated genome modification frequencies
(Figures 23 to 27). Also monitored were C to T conversions at 2,500 distinct cytosines
surrounding the six on-target and 34 off-target loci tested, representing a total of 14,700,000
sequence reads derived from approximately 1.8x10° cells, and observed no detectable
increase in C to T conversions at any of these other sites upon NBE1, NBE2, or NBE3
treatment compared to that of untreated cells (Figure 28). Taken together, these findings
suggest that off-target substrates of nucleobase editors include a subset of Cas9 off-target
substrates, and that nucleobase editors in human cells do not induce untargeted C to T
conversion throughout the genome at levels that can be detected by the methods used here.
No substantial change was observed in editing efficiency between non-passaged HEK293T
cells (editing observed in 1.8% to 2.6% of sequenced strands for the three target Cs with
BE2, and 6.2% to 14.3% with BE3) and cells that had undergone approximately five cell
divisions after base editing (editing observed in 1.9% to 2.3% of sequenced strands for the
same target Cs with BE2, and 6.4% to 14.5% with BE3), confirming that base edits in these
cells are durable (Extended Data Fig. 6).

[00314] Finally, the potential of nucleobase editing to correct three disease-relevant
mutations in mammalian cells was tested. The apolipoprotein E gene variant APOFE4 encodes
two Arg residues at amino acid positions 112 and 158, and is the largest and most common
genetic risk factor for late-onset Alzheimer’s disease.®* ApoE variants with Cys residues in
positions 112 or 158, including APOE?2 (Cys112/Cys158), APOE3 (Cys112/Argl58), and
APOE3’ (Arg112/Cys158) have been shown® or are presumed®' to confer substantially lower
Alzheimer’s disease risk than APOFE4. Encouraged by the ability of NBE1 to convert APOF4
to APOE3’ in vitro (Figures 16A to 16B), this conversion was attempted in immortalized
mouse astrocytes in which the endogenous murine APOL gene has been replaced by human
APOFEA4 (Taconic). DNA encoding NBE3 and an appropriate sgRNA was delivered into these
astrocytes by nucleofection (nucleofection efficiency of 25%), extracted genomic DNA from
all treated cells two days later, and measured editing efficiency by HTS. Conversion of
Argl58 to Cys158 was observed in 58-75% of total DNA sequencing reads (44% of
nucleofected astrocytes) (Figures 14A to 14C and Figures 30A). Also observed was 36-50%
editing of total DNA at the third position of codon 158 and 38-55% editing of total DNA at
the first position of Leu159, as expected since all three of these Cs are within the active

nucleobase editing window. However, neither of the other two C—T conversions results in a
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change in the amino acid sequence of the ApoE3’ protein since both TGC and TGT encode
Cys, and both CTG and TTG encode Leu. From > 1,500,000 sequencing reads derived from
1x10° cells evidence of 1.7% indels at the targeted locus following NBE3 treatment was
observed (Figure 35). In contrast, identical treatment of astrocytes with wt Cas9 and donor
ssDNA resulted in 0.1-0.3% APOE4 correction and 26-40% indels at the targeted locus,
efficiencies consistent with previous reports of single-base correction using Cas9 and
HDR™” (Figure 30A and Figure 40A). Astrocytes treated identically but with an sgRNA
targeting the VEGFA locus displayed no evidence of APOE4 base editing (Figure 34 and
Figure 40A). These results demonstrate how nucleobase editors can effect precise, single-
amino acid changes in the coding sequence of a protein as the major product of editing, even
when their processivity results in more than one nucleotide change in genomic DNA. The
off-target activities of Cas9, dCas9, and Cas9 nickase have been extensively studied.* %" In
general, off-target C to T conversions by BE1, BE2, and BE3 paralleled off-target Cas9
nuclease-mediated genome modification frequencies.

[00315] The dominant-negative p53 mutations Tyr163Cys and Asn239Asp are strongly

6667 Both of these mutations can be corrected by a C

associated with several types of cancer.
to T conversion on the template strand (Figures 16A to 16B). A human breast cancer cell line
homozygous for the p53 Tyr163Cys mutation (HCC1954 cells) was nucleofected with DNA
encoding NBE3 and an sgRNA programmed to correct Tyr163Cys. Because the
nucleofection efficiency of HCC1954 cells was < 10%, a plasmid expressing IRFP was co-
nucleofected into these cells to enable isolation of nucleofected cells by fluorescence-
activated cell sorting two days after treatment. HTS of genomic DNA revealed correction of
the Tyr163Cys mutation in 7.6% of nucleofected HCC1954 cells (Figure 30B and Figure 40A
to 40B). Also nucleofected was a human lymphoma cell line that is heterozygous for p53
Asn239Asp (ST486 cells) with DNA encoding NBE2 and an sgRNA programmed to correct
Asn239Asp with 92% nucleofection efficiency). Correction of the Asn239Asp mutation was
observed in 11% of treated ST486 cells (12% of nucleofected ST486 cells). Consistent with
the findings in HEK cells, no indels were observed from the treatment of ST486 cells with
NBE2, and 0.6% indel formation from the treatment of HCC1954 cells with NBE3. No other
DNA changes within at least 50 base pairs of both sides of the protospacer were detected at
frequencies above that of untreated controls out of > 2,000,000 sequencing reads derived
from 2x10° cells (Figures 14A to 14C, Figure 30B and Table 1). These results collectively

represent the conversion of three disease-associated alleles in genomic DNA into their wild-
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type forms with an efficiency and lack of other genome modification events that is, to our
knowledge, not currently achievable using other methods.

[00316] To illuminate the potential relevance of nucleobase editors to address human
genetic diseases, the NCBI ClinVar database® was searched for known genetic diseases that
could in principle be corrected by this approach. ClinVar was filtered by first examining only
single nucleotide polymorphisms (SNPs), then removing any nonpathogenic variants. Out of
the 24,670 pathogenic SNPs, 3,956 are caused by either a T to C, or an A to G, substitution.
This list was further filtered to only include variants with a nearby NGG PAM that would
position the SNP within the deamination activity window, resulting in 1,089 clinically
relevant pathogenic gene variants that could in principle be corrected by the nucleobase
editors described here (Figure 21 and Table 1). To illuminate the potential relevance of base
editors to address human genetic diseases, the NCBI ClinVar database® was searched for
known genetic diseases that could in principle be corrected by this approach. ClinVar was
filtered by first examining only single nucleotide polymorphisms (SNPs), then removing any
non-pathogenic variants. Out of the 24,670 pathogenic SNPs, 3,956 are caused by either a T
to C, or an A to G, substitution. This list was further filtered to only include variants with a
nearby NGG PAM that would position the SNP within the deamination activity window,
resulting in 911 clinically relevant pathogenic gene variants that could in principle be
corrected by the base editors described here. Of these, 284 contain only one C within the base
editing activity window. A detailed list of these pathogenic mutations can be found in Table

1.

[00317] Table 1. List of 911 base-editable gene variants associated with human disease
with an NGG PAM (SEQ ID NOs: 747 to 1868 appear from top to bottom below,
respectively). The “Y” in the protospacer and PAM sequences indicates the base to be edited,
e.g., C. (SEQ ID NOs: 747 to 1868 appear from top to bottom below, respectively)

dbSNP # Genotype Protospacer and PAM sequence(s) Associated genetic disease

755445790 NM_000391.3(TPP1):c.887- TTTYTTTTTTTTTITTTTTTGAGG Ceroid lipofuscinosis, neuronal, 2

: 10A>G

113994167 NM_000018 3(ACADVL):c.848T>C ‘ TTTGYGGTGGAGAGGGGCTTCGG, ‘ Very long chain acyl-CoA

: (p.Val283Ala) TTGYGGTGGAGAGGGGCTTCGGG dehydrogenase
deficiency

119470018 NM_ 024996 5(GEM1):c.521A>G TTGYTAATAAAAGTTAGAAACGG = Combined oxidative phosphorylation

: deficiency 1

(p.Asnl74Ser) :

“565053 7 """""" NM 000426 3(LAMA2).c 8282T>C = TTGAYAGGGAGCAAGCAGTTCGG, Merosin deficient congenital

: (p.1le2761Thr) TGAYAGGGAGCAAGCAGTTCGGG muscular
dystrophy

587777752 NM_014946.3(SPAST):c.1688- TTCYGTAAAACATAAAAGTCAGG Spastic paraplegia 4, autosomal dominant
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794726821

NM_001165963.1(SCN1A):c.4055T>C
(p.Leul352Pro)

TTCYGGTTTGTCTTATATTCTGG

PCT/US2016/058344

Severe myoclonic epilepsy in infancy

NM_001130089. 1(KARS)c.517T>C
(p.Tyr173His)

CTTCYATGATCTTCGAGGAGAGQG,
TTCYATGATCTTCGAGGAGAGG

NM_001202.3(BMP4).c.362A>G
(p.His121Arg)

NM_001287223.1(SCN11A):c.1142T>C
(pI1e381Thr)

CTTCAYTGTGGTCATTTTCCTGQG,
TTCAYTGTGGTCATTTTCCTGG

387906735

199474663

m.608A>G

m.3260A>G

TTCAGYGTATTGCTTTGAGGAGG
TTAAGTTYTATGCGATTACCGGG

Cardiomyopathy with or without
skeletal myopathy

NM_003413.3(ZIC3):c. 1213A>G
(p.Lys405Glu)

TGTGTTYGCGCAGGGAGCTCGGQ,
ATGTGTTYGCGCAGGGAGCTCG

NM_ 021007 2(SCN2A)¢.1271T>C
(p.Vald24Ala)

NM_000129.3(F13A1):c.728T>C
(p-Met243Thr)

NM_003863.3(DPM2).c.68A>G
(. Ty123Cys)

Congenital disorder of glycosylation type
lu

104893973

121908466

NM_000416.2(IFNGR1);c.260T>C
(p.11e87Thr)

@.TyrSSCys)

NM_0011454(ANG).c.121A>G
(p.Lys41Glu)

TGTAATAYTTCTGATCATGTITGG

TGGYAGAGGCCCCTGGGGTCAGG

TGGTTYGGCATCATAGTGCTGGQG,
GTGGTTYGGCATCATAGTGCTG

Disseminated atypical mycobacterial
infection, Mycobacterium tuberculosis,
susceptibility to

Polymicrogyria, bilateral frontoparietal :

NM 000141.4(FGFR2):¢c.1018T>C
(p.Tyr340His)

TGGGGAAYATACGTGCTTGGCAAG,
GGGGAAYATACGTGCTTGGCGGG

GAGTYGCACCAAAATTTTTGGGG,
GGAGTYGCACCAAAATTTTTGGG,
TGGAGTYGCACCAAAATTTTTG

NM_000403.3(GALE).c.101A>G
(p.Asn34Ser)

NM_003764.3(STX11);c.173T>C
(p.Leu58Pro)

Hemophagocytic lymphohistiocytosis,
familial, 4

121917905

121918500

NM_000124.3(ERCC6):c.2960T>C
(p.Leu987Pro)

NM_000141.4(FGFR2):c.874A>G
(p.Lys292Glu)

TGCYAAAAGACCCAAAACAAAGG

TGCTYGATCCACTGGATGTGGGG,
GTGCTYGATCCACTGGATGTGGG,
CGTGCTYGATCCACTGGATGTG

Cerebro-oculo-facio-skeletalsyndrome

Crouzonsyndrome

60431989

78950939

NM_000053.3(ATP7B):c.3443T>C
(p.1le1148Thr)

NM_000250.1(MPO).c.518A>G
(p.Tyr173Cys)

TGCTGAYTGGAAACCGTGAGTGG

GTGCAGGYATTTGTCCTGCTCCGQ,
TGCGGYATTTGTCCTGCTCCGG

Wilson disease

Myeloperoxidase deficiency

115677373

5030804

NM_201631.3(TGMS5).c.763T>C
(p.Trp255Arg)

NM_000551.3(VHL).c.233A>G
(p.Asn78Ser)

TGCGGAGYGGACGGGCAGCGTGG

GCGAYTGCAGAAGATGACCTGGG,
TGCGAYTGCAGAAGATGACCTG

Peeling skin syndrome, acral type

Von Hippel-Lindau syndrome

397508328

NM_000492.3(CFTR).c.1A>G
(p.Metl Val)

GCAYGGTCTCTCGGGCGCTAGAA,
TGCAYGGTCTCTCGGGCGCTGGG

’CTGCAYGGTCTCTCGGGCGCTGG
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5 NM_000362.4(TIMP3).c.572A>G TGCAGYAGCCGCCCTTCTGCCGG Sorsby fundus dystrophy

137853299
i (. Tyr191Cys)

NM_000334.4(SCN4A):c.3478A>G

121908549 (p.Ile1160Val)
121909337 NM_001451.2(FOXF1):c.1138T>C TGATGYGAGGCTGCCGCCGCAGG Alveolar caplllary dy;plasm with
‘ (p-Ter380Arg) : misalignment of
: : pulmonary veins
281875320 NM_00533 ?psl(lilgg‘gﬁg)c IS00AZG 1 TGAGYATGCATAAGCGACGAAGG Myhre syndrome

: NM_170707.3(LMNA).c.710T>C
¢ (p.Phe2378er)

005
72556283 NM_000531.5(0TC).c.527A>G : TGAGGYAATCAGCCAGGATCTGG not provided
i (p.Tyr176Cys) : :
N DU © U TGAGAYGGCCCACCTGGGCTTGG, & o U
74315311 1 NM_020435.3(GJIC2).c.857T>C GAGAYGGCCCACCTGGGCTTGGG : Leukodystrophy, hypomyelinating, 2

¢ (p.Met286Thr)
TUNM 170707 3(LMNA) . 1139T>C
(p.Leu380Ser)

TCTYGGAGGGCGAGGAGGAGAGG Congenital muscular dystrophy, LMNA-related

TCTYGATGGCCACGTCGTACTGG

i NM_000061.2(BTK):c.1288A>G
¢ (p-Lys430Glu)
NM_004519.3(KCNQ3):c.1403A>G

TCTTTAYTGTTTAAGCCAACAGG ~ ¢ Denign familial “:p‘;‘:aig‘;;elzums 2, mot

118192252 (p-Asn468Ser)
121909142 | NM_001300.5(KLF6):c.190T>C : TCTGYGGACCAAAATCATTCTGG :
,,,,,,,,,,,,,,,,,,,,,,,,,, o D O g e e
104895503 | NM_O001127255. LINLRP7):c.2738A>G TCTGGYTGATACTCAAGTCCAGG Hydatidiform mole
: (p.Asn913Ser)
587783035 NM_000038.5(APC):c.1744- TCCYAGTAAGAAACAGAATATGG : Familial adenomatous polyposis 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ARG
72556289 | NM_000531.5(0TC):c.541- g TCCYAAAAGGCACGGGATGAAGG | not provided
, : 285G : :
""" éé;g%gl';""'§""NM;OOSSUE.@(AECAI)'EéﬂéédiASGW""""'TCCL&YTGTGGCCCKGGAL&GGAGG, : Taneier discase
(p.Asn9358er) | CGCTCCAYTGTGGCCCAGGAAGG : S
NM 601003811 1(TEX11):¢511A5G © 7 TCCAYGGTCAAGTCAGCCTCAGE, o o
143246552 (pMat171Val) | CCAYGGTCAAGTCAGCCTCAGGG 5 Spermatogenic failure, X-linked, 2
""""""""""""" T T CTCCAYGGAGTTCCCTGGCCTGG, Y g
SR7776451  NM_ 002049 3(GATAL)c2T>C . TCCAYGGAGTTCCCTGGCCTGGG, g GATA'l'reI;tifﬁ ;hfs‘;“‘li‘l’;gt‘glf:;a
{ (p.MetlThy) © CCAYGGAGTTCCCTGGCCTGGGG : yserytrop
121908403 NM_021102 3(SPINT2):c.488A>G TCCAY AGATGAAGTTATTGCAGG 5 Diarrhea 3, secretory sodu}m, congenital,
: (p.Tyr163Cys) : syndromic
, S TECAGY AAGTTATAAAATTTGE, . .
§ 281874738 1;13/17000495.4(COL4A5).c.438+2T : TCCAGYAAGTTAT TTTGG Alport syndrome, X-linked recessive
s U e LR e
: ] I TCCAGGYGCGGGCGTCATGCTGG, :
730880279 : 1;13/17030653.3(DDX11).C.2271+2T : CCAGGYGCGGGCGTCATGCTGGG : Warsaw breakage syndrome
7 NM_017890.4(VPS13B):c.8978A>G ¢ TCAYTGATAAGCAGGGCCCAGGG, o
28940272 (p.Asn29938er) " TTCAYTGATAAGCAGGGCCCAGG Cohensyndrome, not specified
137852375 NM_000132.3(F8):¢.5372T>C : TCAYGGTGAGTTAAGGACAGTGG Hereditary factor VIII deficiency disease
,,,,,,,,,,,,,,,,,,,, MO )
11567847 | NM_021961.5(TEAD1):c.1261T>C : TCATATTYACAGGCTTGTAAAGG :

(p.Tyr?His)

. : CATAGTYCTGCAGAGGAGAGGGG, Chondrodysplasia, megarbane-dagher-melki
786203989 Nl\i;%%?f;)g (PAM16).c.226A>G : TCATAGTYCTGCAGAGGAGAGGG : type

: 587776437 NC_012920.1:m.9478T>C  : TCAGAAGYTTTTTTCTTCGCAGG : Leigh disease

TCAAGTGYGTCCTTCCGGAGCGG,

121912474 NM_000424 3(KRTS);c.20T>C iﬁé%%%g %T"(ISS ggi‘gggggg Epidermolysis bullosa simplex, Koebner type
(p-Val7Al2) { AGTGYGTCCTTCCGGAGCGGGGG '
: TACYGTGGGCAGAGAAGGGGAGG, :
104886461 NM_020533.2(MCOLN1):¢c.406- AGGTACYGTGGGCAGAGAAGGGG, : Ganglioside sialidase deficiency
2A>G CAGGTACYGTGGGCAGAGAAGGG :
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104894275

NM_015599.2(PGM3):c.737A>G

NM_000317.2(PTS).c.155A>G
(p.Asn528er)

. Asn246Ser)

i NM_000027.3(AGA).c.916T>C
. (p-Cys306Arg)

TAAYTGTGCCCATGGCCATTTGG

TAAATGAYTGAGTTTGCCCTTGG

GTTATAYGTGCCAATGTGACTGG

PCT/US2016/058344

: 6-pyruvoy l-tetrahydropterin sy nthase deficiency

Immunodeficiency 23

Aspartylglycosaminuria

. NM_000356.3(TCOF1):c.149A>G
. (p.Tyrs0Cys)

m.12297T>C

NM_054027.4(ANKH):c.143T>C
(p-Met48Thr)

GTCGAGAYGCTGGCCAGCTACGQG,
TCGAGAYGCTGGCCAGCTACGGG

© NM_002427.3(MMP13):c.272T>C

NM_000422.2(KRT17).c.275A>G
(p.Asn928er)

(p.Met91Thr)

GTCAYTGAGGTTCTGCATGGTGQG,
GCGGTCAYTGAGGTTCTGCATGG

GTCAYGAAAAAGCCAAGATGCGG,
TCAYGAAAAAGCCAAGATGCGG

NM_000552.3(VWF).c.2384A>G

(p.Ty1795Cys)

387906889

118203907

NM_006796.2(AFG3L2):¢c.1847A>G
(p.Tyr616Cys)

NM_000130.4(F5).c.5189A>G
(p.Tyr1730Cys)

GTAYAGAGGTATTGTTCTTTTGG

GTAGYAGGCCCAAGCCCGACAGG

Spastic ataxia 5, autosomal recessive

Factor V deficiency

© NM_005633.3(SOS1):c.1294T>C
i (p.Trp432Arg)

267607080

137852953

137852952

41460449

80357281

118203949

NM_013319.2(UBIAD1):c.305A>G
(p.Asnl02Ser)

NM_012464.4(TLL1):c.1885A>G
(p.11e629Val)

NM_012464.4(TLL1):c.713T>C
(p.Val238Ala)

m.3394T>C

NM_007294.3(BRCAL):c.5291T>C
(p.Leul764Pro)

GGTYGGGAGGGAAAAGACATTGG

GGTTAYGGTGCCGTTAAGTTTGG

GGTGTTGYTGGAATGGAGAATGG

GGGATTGYTGTTCATGAATTGGG

GGCYATATACAACTACGCAAAGG

GGGCYAGAAATCTGTTGCTATGG,
GGCYAGAAATCTGTTGCTATGGG

Noonan syndrome 4, Rasopathy

Atrial septal defect 6

Schnyder crystalline corneal dystrophy

Atrial septal defect 6

Leber optic atrophy

Familial cancer of breast, Breast-ovarian
cancer, familial 1

5030764

72556282

NM_000174.4(GP9).c.182A>G
(p.Asn61Ser)

NM_000531.5(0TC).c.526T>C
(p.Tyr176His)

GGCTGYTGTTGGCCAGCAGAAGG

GGCTGATYACCTCACGCTCCAGQG,
GATYACCTCACGCTCCAGGTTGG

Bernard-Soulier syndrome type C

not provided

121913594

587777736

63750912

121918075

NM_000530.6(MPZ).c.242A>G
(p.His81Arg)
NM_017617.3(NOTCH1):c.1285T>C
(p.Cys429Arg)

NM_016835.4(MAPT).c.1839T>C
(p.Asn613=)

NM_000371.3(TTR).c.401A>G
(p.Tyr134Cys)

GGCATAGYGGAAGATCTATGAGG
GGCAAGYGCATCAACACGCTGGG,
GGGCAAGYGCATCAACACGCTGG

GGATAAYATCAAACACGTCCCGQ,
GATAAYATCAAACACGTCCCGG

G
GGAGYAGGGGCTCAGCAGGGCGQG,

ATAGGAGYAGGGGCTCAGCAGGG

397516156

118204430

200198778

754896795

148924904

NM_000257.3(MYH7):c.2546T>C
(p.Met849Thr)
NM_000035.3(ALDOB):c.442T>C
(p. Trpl48Arg)

NM_013382.5(POMT2):c.1997A>G
(p. Tyr666Cys)

NM_004006.2(DMD):c.6982A>T
¢ (p.Lys2328Ter)

NM_000546.5(TP53).c.488A>G
(p.Tyr163Cys)

GGAGAYGGCCTCCATGAAGGAGG

GGAAGYGGCGTGCTGTGCTGAGG

GGAAGYAGTGGTGGAAGTAGAGG

GCTTTTYTTCAAGCTGCCCAAGG

GCTTGYAGATGGCCATGGCGCGG

Charcot-Marie-Tooth disease type 1B

Adams-Oliver syndrome 1, Adams-
Oliver syndrome 5

Frontotemporal dementia

Amyloidogenic transthyretin amyloidosis

Microcephaly with or without
chorioretinopathy, lymphedema, or
mental retardation

Primary familial hypertrophic
cardiomyopathy,

Hereditary fructosuria

Congenital muscular dystrophy, Congenital
muscular dystrophy-dystroglycanopathy with
brain and eye anomalies, type A2, Muscular
dystrophy, Congenital muscular dystrophy-
dystroglycanopathy with mental retardation,

Duchenne muscular dystrophy, Becker

muscular dystrophy, Dilated cardiomyopathy 3B

Hereditary cancer-predisposing syndrome
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786204770 NM_016035.4(COQ4):c.155T>C GCTGTYGGCCGCCGGCTCCGCGG COENZYME Q10 DEFICIENCY, PRIMARY, 7
© (p.Leu528en) : :
"""""""""""""""""""""""""""""""""""""""""""""" ammaes 1 TCGGYTGGCCTTGGGATTGAGGGG, 1
121909520 NMfOOI100'2(?1?;21;)":'350A>G . GCGGYTGGCCTTGGGATTGAGGG, : Nemaline myopathy 3
e AT . CGCGGYTGGCCTTGGGATTGAGG  * . .
587776879 NM_004656.3(BAP1):c.438- GCCYGGGGAAAAACAGAGTCAGG Tumor predisposition syndrome
: 2A>G : :
727504434 NM_000501.3(ELN):c.890- GCCYGAAAACACAGCCACAGAGG Supravalvar aottic stenosis
: 2A>G : :
119455953 NM_000391.3(TPP1):c.1093T>C GCCGGGYGTTGGTCTGTCTCTGG Ceroid lipofuscinosis, neuronal, 2
(p.Cys365Arg)
121964983 NM_000481.3(AMT).c.125A>G GCCAGGYGGAAGTCATAGAGCGG Non-ketotic hyperglycinemia
i (p.His42A1g) :
NM_001005741.2(GBA):¢.751T>C : GCCAGAYACTTTGTGAAGTAAGQG, : :
,,,,, . IYRSWE | CCAGAYACTTTGIGAAGTAAGG . . Sweerdsssewpel = 0
786205083 NM_003494 3(DYSF):c.3443- GCCAGAGYGAGTGGCTGGAGTGG Limb-girdle muscular dystrophy, type 2B
BB G
: . GCCAAYGGTAACGGGCCTTTGGG, ‘ L .
121908133 5 NM_175073 2(APTX):c.602A>G AGCCAAYGGTAACGGGCCTTTOG 5 Adult onset ataxia with oculomotor apraxia
¢ (p.His201Arg) :
""" ss7777195 | NMO0S0I73(PCYTIAYCSTIT>C 1 ) o T T GOTCCAACACAGAGG | Spondylometaphyseal dysplasia withcone-rod

(p.Phe191Leu) : dystrophy
NM_014714 3(IFT140):¢c.4078T>C : CAAGCAGYGTGAGCTGCTCCTGG, Renal dysplasia, retinal pigmentary dystrophy,
(p.Cys1360Arg) GCAGYGTGAGCTGCTCCTGGAGG : cerebellar ataxia and skeletal dysplasia

431905520

121912889 GCAGTGGYAGGTGATGTTCTGGG

3

lethal skeletal dysplasia Torrance type

137854492 NM_001363.4(DKC1):c.1069A>G GCAGGYAGAGATGACCGCTGTGG Dyskeratosis congenita X-linked
¢ (p.Thr357Ala) : :

121434362 NM_152783.4(D2HGDH):c.1315A>G  : GCAGGTYACCATCTCCTGGAGGQ,

D-2-hydroxyglutaric aciduria 1

th 3
,,,,,, e BMRISTIY O e linked recessive typeS
] GATTAYATCTGTAGCCTTCGGGG, : - ) )
387906675 NM_000313.3(PROS1):c.701A>G AGATTAYATCTGTAGCCTTCGGG, : Thrombophilia due to protein S deficiency,
(p. Ty1234Cys) GAGATTAY ATCTGTAGCCTTCGG : autosomal recessive
: ) : GATGGYAGTTAATGAGCTCAGGG,
28935478 NM_000061.2(BTK):c.1082A>G TGATGGYAGTTAATGAGCTCAGG
(p.Tyr361Cys) : :

NM_005050.3(ABCD4):c.956 A>G : METHYLMALONIC ACIDURIA
el N GIyBloCys) o GATGACOYAGAIGCACAGAAMSS AND HOMOCYSTINURIA,cbUl
: : ) : GATAGGYACATATCAAACCAGGG, ¢ Carnitine palmitoyltransferase II

121918528 NM_000098 2(CPT2):c.339A>G © AGATAGGYACATATCAAACCAG : deficiency, infantile
(p.Tyr120Cys) : G :
267607014 NM—°°”%“$§E?§I’;°'2“4T>C GAGAYTGGAAATTTTGGCCGTGG Vesicoureteral reflux 2
"""""""""""""" T GATAVTCACAATTACAACTGGGG, T
281865192 NM_025114.3(CEP290):c.2991+1655 : AGATAYTCACAATTACAACTGGG, Leber congenital amaurosis 10
: A>G GAGATAYTCACAATTACAACTG :
386833492 NM_000112.3(SLC26A2):c.- GAGAGGYGAGAAGAGGGAAGCGG Diastrophic dysplasia
: 26+2T>C :
587779773 NM_001101.3(ACTB).c.356T>C GAGAAGAYGACCCAGGTGAGTGG Baraitser-Winter syndrome 1
© (p.Met119Thr) : :

GACTTYGAGTTCAGACATGAGGG,
GGACTTYGAGTTCAGACATGAGG

121913512 NM_000222.2(KIT).c.1924A>G
: L

28939072 NM_006329.3(FBLNS5).c.506T>C GACAYTGATGAATGTCGCTATGG Age-related macular degeneration
(pIle169Thr) :
. . GACAYGGTAGATGATCAGCGGGG, :
104894248 NM_000525 'f{(fzcsljﬂr“)'c'ﬂépc" TGACAYGGTAGATGATCAGCGGG, : Islet cell hyperplasia
: (p.His239Arg . ATGACAYGGTAGATGATCAGCGG
© NM_016464 4(TMEM138):c.287A>G : GACAYGAAGGGAGATGCTGAGGG, :
387907132 (p.His96Arg) . AGACAYGAAGGGAGATGCTGAGG Joubert syndrome 16
121918170 NM_000275.2(0CA2):c. 1465A>G : GACATYTGGAGGGTCCCCGATGG Tyrosinase-positive oculocutaneous albinism
: (p.Asn489Asp) : :
122467173 NM_014009.3(FOXP3):c.970T>C : GACAGAGYTCCTCCACAACATGG Insuhn—dependept diabetes mellitus secretory
(p.Phe324Leu) : : diarrhea syndrome
137852268 NM_000133.3(F9).c.1328T>C GAAYATATACCAAGGTATCCCGG Hereditary factor IX deficiency disease
,,,,,,,,,,,,,,,,,,,,,,,,,, O O
149054177 NM_001999.3(FBN2):c.3740T>C GAATGTAYGATAATGAACGGAGG : not specified, Macular degeneration, early-

(p-Met1247Thr) : onset
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137854488 NM_212482.1(FN1):c.2918A>G GAAGTAAYAGGTGACCCCAGGGG Glomerulopathy with fibronectin deposits 2
,,,,,,,,,,,,,,,,,,,,,,,,,, CRIVIOTCYS)
: : GAAGGYGTGGTAGGGAGGCACGQG, :
786204027 ¢ NM_005957 4MMTHFR):c.1530+2T: AAGGYGTGGTAGGGAGGCACGGG, :  Homocysteinemia due to MTHFR deficiency
,,,,,,,,,,,,,,,,,,,,,,,,,, e 2 U AGGYGTGGTAGGGAGGCACGGGG
: ) GAAATAYGATGGGGCGCTCAGGQG, . .
104894223 : NM_012193.3(FZD4).c.766 A>G AG TAYGATGGGGCGCTCAGG Retinopathy of prematurity
(p.11e256Val) :
NM_000138 4(FBN1):c.3793T>C :
SR S (Cysi205At) B Mansyndowe
587784418 NM_006306.3(SMC1A):c.3254A>G CTTAYAGATCTCATCAATGTTGG Congenital muscular hypertrophy-cerebral
O O (- 5 10O 1 O OOt SO syndrome
: : : Familial cancer of breast, Breast-ovarian
81002805 : NM_000059.3(BRCA2):c.316+2T>: CTTAGGYAAGTAATGCAATATGG : cancer, familial 2, Hereditary cancer-
,,,,,,,,,,,,,,,,,,,,,,,,,, e i ... & . prdsposingsyndrome
121909653 NM_182925 4(FLT4):c.3104A>G : CTGYGGATGCACTGGGGTGCGGG,
) : (p.His1035Arg) : TCTGYGGATGCACTGGGGTGCGG :
786205107 NM_03 1226.2(CYP19A1):C.743+2T% CTGTGYAAGTAATACAACTTTGG Aromatase deficiency
: >C : :
587777037 NM_001283009. 1(RTEL1):¢. 3730T>C CTGTGTGYGCCAGGGCTGTGGGG Dyskeratosis congenita, autosomal recessive, 5
(p.Cys1244Arg) : :
. CTGTGAGYGTGCCCAGGGGCGGQG, . .
794728380 1;12/17000238.3(KCNH2).C.1945+6T TGAGYGTGCCCAGGGGCGGGCGR Cardiac arrhythmia
: CTGGYAAAAAACCTGGTTTTTGG, . )
267607987 5 IéM,OOWS1-2(MSH2)~C-2005+2T>g TGGY AAAAAACCTGGTTTITGG 5 Hereditary Nonpolyposis Colorectal Neoplasms
,,,,,,,,,,,,,,,,,,,,,,,,,, S ¢ SRR
: . : TGATYTTCAGCCTCCTTTTGGGG, : Congenital muscular dystrophy-
397509397 NM700687Z;2£§§3G913£;)';'1168A>G : CTGATYTTCAGCCTCCTTTTGGG, : dystroglycanopathy with brain and eye
,,,,,,,,,,,,,,,,,,,,,,,,,, Lo w0 GCTGATYTTCAGCCTCCTTTTGG & awomaliestypeAls
: . : CTGAAGYTGGTCTGACCTCAGGG,
121918381 : NM_000040.1(APOC3).c.280A>G : GOTGAAGY TGGTCTGACCTCAGG
(p.Thr94 Ala)
104894919 NM*OOIOI(ZSZZQE(;)?GFI;;:C'769A>G CTCYTGATGTTGTTGTGAGCTGG Borjeson-Forssman-Lehmannsyndrome
"""""""""""""" S CTCYAGGGCCGCAGGTTGGAGGG, T
267606869 NM_005144.4(HR):c.-218A>G : GCTCYAGGGCCGCAGGTTGGAGQG, : Marie Unna hereditary hypotrichosis 1
,,,,,,,,,,,,,,,,,,,,,,,,,, e GGCGCTCYAGGGCCGCAGGTTGG i
139732572 NM_000146 3(FTL):c.1A>G CTCAYGGTTGGTTGGCAAGAAGG L-ferritin deficiency
: (p-MetlVal) : :
397515418 NM701848(6I;2I§Ii{S];§2)g:;:.1001A>G CTCAYGATCTGGGATCTCAGAGG Cornelia de Lange syndrome 5

NM_198056.2(SCN5A):c.1247A>G

CTCAYAGGCCATTGCGACCACGG not provided

104895304 NM_000431.3(MVK):c.803T>C

: CTCAAYAGATGCCATCTCCCTGG : fover. Mevalonic aciduri
(p 116268 Thr) : § ever, Mevalonic aciduria
587777188 NM_001165899.1(PDE4D):c.1850T>C CTATAYTGTTCATCCCCTCTGGG, Acrodysostosis 2, with or without hormone
,,,,,,,,,,,,,,,,,,,,,,,,,, o (pDe617Thn G ACTATAYTGTTCATCCCCTCTGG  : resistamce
198123026 NM_003867.3(FGF17):c.560A>G CGTGGYTGGGGAAGGGCAGCTGG Hypogonadotropl.c hypogonad}sm 20 with or
e DAL BT ST e e withoutanosmia .
: : CGTAATAYGGGAAAAAGGCGTGG, :
121964924 © NM_001385.2(DPYS):c.1078T>C AATAYGGGAAAAAGGCGTGGTGG, : Dihydropyrimidinase deficiency
* (p.Trp360Arg) : ATAYGGGAAAAAGGCGTGGTGGG :
: NM_199189.2(MATR3):¢c.1864A>G : : :
L (Ih62A) B S, o
: ACTGCGGYATGGGCGGGGCCAGQG, :
200238879 : NM_000527 4(LDLR):c.694+2T>C : CTGCGGYATGGGCGGGGCCAGGG, : Familial hypercholesterolemia
: : CGGYATGGGCGGGGCCAGGGTGG :

Arrhythmogenic right ventricular

] : cardiomyopathy, Familial
142951029 : E\U\;[:lg;g‘t’6.)4(CALR3),c.245A>G CGGTYTGAAGCGTGCAGAGATGG hypertrophic cardiomyopathy 19,
B : p-LyS £ : Hypertrophic cardiomyopathy
: COOYTTGAAAARAAAAGAAAGGG, o .

,,,,, TEO00953 L DNLOOOTSSIMALTDRIO0- L TCGOYTTGAAAAAAAAAGAAAG . Combiedimmunodeficiency
120074192 NM—Ooozl(i'égfﬁlgglly);c"‘18A>G | CGCYGAAGATGAGGCAGACCAGG — Atrial fibrillation, familial, 3, Atrial fibrillation
267606887 NM—°°595(173':(§§§1;§3°9”A>G CGCGGYTGAGGGTGTAGAAGTGG | Homocystinuria due to MTHFR deficiency
118192117 | NM_000540.2RYR1}:c.1205T>C {  CGCAYGATCCACAGCACCAATGG Congenital myopathy with fiber

: : type disproportion, Central core
¢ (p.Met402Thr) : : disease
TNM_198056 2(SCN5A):c 4978A>G ¢ CGAYGTTGAAGAGGGCAGGCAGG, .
e (llelosova) | AGCCCGAYGTTGAAGAGGGCAGG  +  Bmsdasydome
794726865 NM—°°°92(L~ ﬁﬂﬁfgﬁﬁ; 13334>G CGAGGYGGTGGTGGTCCAAGTGG Brachydactyly with hypertension

606231254 NM_005740.2(DNAL4) 6. 153+2T>C' CGAGGYATTGCCAGCAGTGCAGG : Mirror movements 3
786204826 NM7004771.3(MMP20)ZC.611A>G E G YGTGTATCTCCTCCCAGG Amelogenesis imperfecta, hypomaturation type,
(p.His204 Arg) : : A2
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: : CGAAATGYAAGTCTAGTTAGAGG, .
796053139 | NM_021007.2(SCN2A):c.4308+2T>C: GAAATGY AAGTCTAGTTAGAGG not provided
: : CCTGTGYGTCCCCCAGGGGCAGG,
137854494 NM_005502.3(ABCAL):c.4429T>C CTGTGYGTCCCCCAGGGGCAGGQG, Tangier disease
: (p.Cys1477Arg) : TGTGYGTCCCCCAGGGGCAGGGG,

GTGYGTCCCCCAGGGGCAGGGGG

CCTAAAAYGTTGGATGCTGAAGG Dilated cardiomyopathy 1AA

CCGGYGAGGCCCTGGGGCGAGGAG,
TCCGGYGAGGCCCTGGAGCGAAG,
ATCCGGYGAGGCCCTGGGGCGEG,

NM_001103 3(ACTN2):¢.683T>C
(p.Met228Thr)

| 786205144 |

NM_018965.3(TREM2):c.401A>G
(p.Aspl34Gly)

NM_032520.4(GNPTG):c.610-2A>G :

OV GGaTGOAGE T TG TGAGE | Deficiency of UDPglucose-hexose-1-phosphate

111033708 NM_000155.3(GALT).c.499T>C R
: uridylyltransferase

(p.Trpl67Arg) :
28933378 | NM_000174.4(GP9):c.70T>C : . Bernard Soulier Szc{‘rir;?e’ iegmd'souher
© (pCys24Arg) sy typ
: . : CCAYTGGTCTTGAGCCAAGTGGG, Gaucher disease, Subacute neuronopathic
364897 1 NM_000157.3(GBA):e.680A>G © TCCAYTGGTCTTGAGCCAAGTGG | Gaucher discase, Gaucher discase, type 1
: (p.Asn227Ser) : :
© NM_000833.4(GRIN2A):c.2449A>G : i
796052551 : (p.Met817Val) : CCAYGTTGTCAATGTCCAGCTGG not provided
63751006 NM_002087.3(GRN):c.2T>C CCAYGTGGACCCTGGTGAGCTGG Frontotemporal dementia, ubiquitin-positive
© (pMetlThr) z 3
TGTCCAYGATGGCGGCGCGGCGG, Diamond-Blackfan anemia with microtia and

786203997 NM_001031.4(RPS28).c.1A>G
: (p.MetlVal)

CCAYGATGGCAGGCGCGGCGGCGa cleft palate

121908595 NM700275(51;3T(§/IIA£3%2CI§3 ©.389A>G CCAYAGAAGCCCACGATGTACGG Cardiofaciocutaneous syndrome 3, Rasopathy
""""""""""" e vk 10300 | CCAGGYATCCCGGGGGTAGGTGG, | Porokeratosis, disseminated superficial actinic
398122910 NM_000431.3(MVK):c.1039+2T>C § CAGGYATCCCGGGGGTAGGTGGG : 1
119474039 NM_020365.4(EIF2B3):c.1037T>C : CCAGAYTGTCAGC CACCTGG Leukoencephalopathy with vanishing white
: (p.Ile346Thr) : : matter
: : CCAAGYGAGTACAGCGCACCTGG, :
587777866 NM7000076.2(CDKN1C):C.*5+2T>C§ CAAGYGAGTACAGCGCACCTGGG, : Beckwith-Wiedemannsyndrome
G AAGYGAGTACAGCGCACCTGGGG e
121918530 | NM_005587.2(MEF2A):c.788A>G : AGAYTACCACCACCTGGTGGAGG,
(p.Asn263Ser) CCAAGAYTACCACCACCTGGTGG :
483352818 NM_000211.4ITGB2):c.1877+2T>C CATGYGAGTGCAGGCGGAGCAGG Leukocyte adhesion deficiency type 1
460184 NM_000186.3(CFH).c.3590T>C CAGYTGAATTTGTGTGTAAACGG Atypical hemolytic-uremic syndrome 1
;. (p-Valll97Ala) : :
: ) CAGYGGTACAGGGTGACCACGGG,
121908423 § NMfOO4795.3(KL),c.578A>G CCAGYGGTACAGGGTGACCACGG
(p.-His193Arg)
VVVVVVVVVVVVVVVVVVVVVVV CAGYAGAGCTTGCGGCGCCGGGG’ \ Deafness with labyrinthine aplasia microtia and
281860300 :  NM_005247 2(FGF3):c.146A>G : GCAGYAGAGCTTGCGGCGCCGGG, : mizm dontia (E AMM)
: (p.Tyr49Cys) : CGCAGYAGAGCTTGCGGCGCCGG :
28935488 ©  NM_000169.2(GLA):c.806T>C CAGTTAGYGATTGGCAACTTTGG Fabry disease
i (p.Val269Ala) : :

104894117 NM_178138 4(LHX3).c.332A>G : CAGGTGGYACACGAAGTCCTGGG Pituitary hormone deficiency, combined 3
© (p.TyrlllCys) : :
34878913 NM_000184.2(HBG2):¢c.125T>C CAGAGGTYCTTTGACAGCTTTGG Cyanosis, transient neonatal
: (p.Phe42Ser) : :
V . AGCACYTGTGAGGAAGTTCCTGQG, Sphingomyelin/cholesterol lipidosis, Niemann-
120074124 NMﬁOOS“f%%?”'C'” 1=c GCACYTGTGAGGAAGTTCCTGGG, . Pickdisease, type A, Niemann-Pick disease,
: (p-Leu304Pro) CACYTGTGAGGAAGTTCCTGGGG : type B
: . g CACYGAGGGAAAGCACTGCAGGG, Hereditary diffuse leukoencephalopathy with
281860272 I;[l;/ié)05211.3(CSF1R).C.2320 GCACYGAGGG GCACTGCAGG § spheroids
NM_000033.3(ABCD1):c.443A>G CACTGYTGACGAAGGTAGCAGGG,
,,,,, . ®ASNSSen - GCACTGYTGACGAAGGTAGCAGG . . . hdrereleskodyswoply
398124257 NM_012463.3(ATP6VOA2):c.825+2 | CACTGYGAGTAAGCTGGAAGTGG Cutis laxa with osteodystrophy
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, D e
267606679 NM_004183.3(BEST1).c.704T>C : CACTGGYGTATACACAGGTGAGG Vitreoretinochoroidopathy dominant
e ARNAIB AL
397514518 NM_000344.3(SMN1).¢.388T>C CACTGGAYATGGAAATAGAGAGG Kugelberg-Welanderdisease
¢ (p.Tyrl30His) : :
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143946794 NM_001946 3(DUSP6):c.566 A>G CACTAYTGGGGTCTCGGTCAAGG Hypogonadotropi.c hypogonadjsm 19 with or
o fpAsnl89Sen  c T R withoutanosmia
: . : GCACGYGAGTGGCCATCCTCAGG, ¢ Familial hypertrophic cardiomyopathy 4, not
397516076 : I:Ir1§/17000256.3(MYBPC3).c.821+2TE CACGYGAGTGGCCATCCTCAGGG specified
149977726 NM 001257988.1(TYMP).c.665A>G CACGAGTYTCTTACTGAGAATGG, :
(p.Lys222Arg) : GAGTYTCTTACTGAGAATGGAGG

121917770 NM_003361.3(UMOD):c.383A>G CACAYTGACACATGTGGCCAGGQ,

(p-Asn128Ser) CCACAYTGACACATGTGGCCAGG Familial juvenile gout

121909008 NM_0004923(CFTR ). 2738A>G CACATAAYACGAACTGGTGCTGG Cystic fibrosis

(p.Ty1913Cys)
CACAGYGGGTCCCTGTCTCCTGQG,

137852819 NM_003688.3(CASK):c.2740T>C ACAGYGGGTCCCTGTCTCOTGOG
¢ (p.Trp914Arg)

74315320 NM_024009.2(GIB3).c.421A>G CAAYGATGAGCTTGAAGATGAGG Deafness, autosomal recessive
i (pIleld4lVal) : H
80356747 NM_001701.3(BAAT).c.967A>G CAAYGAAGAGGAATTGCCCCTGG Atypical hemolytic-uremic syndrome 1
i (p.lle323Val) : :
entran L NM_OI2203.L(GRHPR)C.934A>G | L\ | cpurerr A (e A A (A acves o . U
,,,,, O GAsmRAy) CAACTYOTIACCIOCCARCARSS . Trmwheemalmueeld
281860274 | NM 005211.3(CSFIR):c.2381T>C : ;  Hereditary diffuse leullf"f‘;;ephal"pathy with
¢ (p.Ile794Thr) spheroids
398122908 NM_005334.2(HCFCl):c.- CAAGAYGGCGGCTCCCAGGGAGG Mental retardation 3, X-linked
,,,,,,,,,,,,,,,,,,,,,,,,,, e 0T e e
548076633 NM_002693.4POLG):c.34704>G CAAGAGGYTGGTGATCTGCAAGG not provided
: (p.Asnl1578er) :
120074146 NM_000019.3(ACAT1):c.935T>C CAAGAAYAGTAGGTAAGGCCAGG Deficiency of acetyl-CoA acetyltransferase
,,,,,,,,,,,,,,,,,,,,,,,,,, LRSI e e
: . CAAGAAAYGTGCTGCTGATCTGG,
397514489 § NM_005340.6(HINT1):c.250T>C AAG YGTGCTGCTGATCTGGG Gamstorp-Wohlfart syndrome

s84A

587783539 NM_178151.2(DCX):c.2T>C
: (p.Met1Thr)

NM_005448.2(BMP15):c.704A>G
(p.Ty1235Cys)
NM_000132.3(F8):c.1892A>G
(p.Asn631Ser)

NM_000531.5(0TC).c.779T>C
(p.Leu260Ser)

ATGTATYAATTACAGACACTTGG : not provided

398123765 NM7003494.3(DYSF):C.1284+2T>§ ATGGYAAGGAGCAAGGGAGCAGG Limb-girdle muscular dystrophy, type 2B
: C N
387906924 NM_020191.2(MRPS22):c.644T>C ATCYTAGGGTAAGGTGACTTAGG : Combined oxidative phosphorylation deficiency
U (2 7 ) ) N S S
397518039 NM_206933.2(USH2A):c.8559-  : ATCYAAAGCAAAAGACAAGCAGG Retinitis pigmentosa, Usher syndrome, type 2A
: 2A>G : :
"""""""""""""" e eaamer ¢ ATCAYTGGGGTGGATCCCGAAGG, ¢ 'Homocystinumiadueto CBS
374205 Nl\ﬁ—ggg%'z(ws""“ 3>C TCAYTGGGGTGGATCCCGAAGGG . deficiency, Homocystinuria,
(p.1le 0 : nvridoxine-resnansive
NM_004333.4(BRAF):c.1403T>C ATCATYTGGAACAGTCTACAAGQG, . .
,,,,, N @PhedssSen  TCATYTGGAACAGICTACAAGG - Crdioficlocuancoussyndrome, Rasopacy
: : ATCATTGYGAGTGTATTATAAGG, :
786204056 NM_000264.3(PTCH1):c.3168+2T TCATTGYGAGTGTATTATAAGGG, : Gorlin syndrome
>C : CATTGYGAGTGTATTATAAGGG
72558484 NM_000531.5(0OTC):c.1005+2T> ATCATGGYAAGCAAGAAACAAGG not provided
: C . :
""""""""""""" g 0 as A acmis aa reeancs i ATAYAGITITCAGGGCCCGGAGG, | 7 o o
199473074 : NM_000335.4(SCN5A).c.688A>G CTGATAYAGTTTTCAGGGCCCGG Brugada syndrome
(pIle230Val)
L e NM 206933 2(USH2A)c 1606 T>C & e A e
st N LOwssicArg) e o, OB
72556290 i NM_000531.5(0TC):c.542A>G ATAGTGTYCCTAAAAGGCACGGG not provided
. (n.Glul81Gly) : :
NM_004612 3(TGFBR1):c.1199A>G : D
,,,,, T eAsoeGly) O A Do
104886288 NM_000495.4(COL4A3):c.4699T>C AGTAYGTGAAGCTCCAGCTGTGG Alport syndrome, X-linked recessive
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, O Oy O AT
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' L omimmei U CTTCAGGYGAGGGCTGGGGTGGG, 1
144637717 IEIM7016725.2(FOLR1).C.493+2T> AGGYGAGGGCTGGGGTGGGCAGG not provided
72558492 NM_000531.5(0TC).c.1034A>G AGGTGAGYAATCTGTCAGCAGGG not provided
© (p.Tyr345Cys) : :

NM_000121.3(EPOR):c.1460A>G :
(p.Asn487Ser) : : Familial erythrocytosis, 1

Acute myeloid leukemia, M6 type,

62638745 AGGGYTGGAGTAGGGGCCATCGG
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387907021 NM_031427 3(DNAL1):c.449A>G AGGGAYTGCCTAC CACCAGG Kartagener syndrome, Ciliary dyskinesia,
(p-Asnl50Ser) primary, 16

397514488 NM_001161581.1(POC1A):c.398T>C E AGCYGTGGGACAAGAGCAGCCGG : Short stature,.onychodysplas.la, faglal
: (p.Leul33Pro) : : dysmorphism, and hypotrichosis
154774633 NM_017882.2(CLN6):c.200T>C AGCYGGTATTCCCTCTCGAGTGG Adult neuronal ceroid lipofuscinosis
© (p.Leu67Pro) : :

Deficiency of UDPglucose-hexose-1-phosphate

AGCYGGGTGCCCAGTACCCTTGG ;
uridylyltransferase

111033700 NM_000155.3(GALT).c.482T>C
© (p.Leul61Pro)

128621198 NM_000061.2(BTK):¢c.1223T>C
i (p.Leud08Pro)

GAGCYGGGGACTGGACAATTTGQG,
AGCYGGGGACTGGACAATTTGGG

X-linked agammaglobulinemia

137852611 NM_000211.4(ITGB2);c.446T>C AGCYAGGTGGCGACCTGCTCCGG Leukocyte adhesion deficiency

Split-hand/foot malformation 4

397515869 NM_000169.2(GLA).c.1153A>G : AGCTGTGYGATGAAGCAGGCAGG not specified
© (p.Thr385Ala) : :
118204064 NM_000237.2(LPL).c.548A>G GCTGGAYCGAGGCCTTAAAAGGAG, Hyperlipoproteinemia, type [

AGCTGGAYCGAGGCCTTAAAAGG

: (p.Aspl83Gly) :
128620186 NM_000061.2(BTK):c.2T>C AGCTAYGGCCGCAGTGATTCTGG X-linked agammaglobulinemia
: (p-Met1 Thr) : :
NM_014946.3(SPAST):c.1165A>G ATTGYCTTCCCATTCCCAGGTGG, . : :
786204132 (p Thr389 Ala) AGCATTGYCTTCCCATTCCCAGS Spastic paraplegia 4, autosomal dominant

CAGCAAGBACGTGGGCCTCTGAAG,

199473661 | NM_000218 2(KCNQI):c. 550T>C . AGCAAGBACGTGGGCCTCTGGGG, : Congenital 1°“ga?£ystyh‘$jr§m°’ Cardiac
© (p.Tyrl84His) . GCAAGBACGTGGGCCTCTGGGGG :
387907129 NM_0243 9?1'351(11222?512)) ©T>C 1 AGAYTGTGGATCCGCTGGCCCGG Howel-Evans syndrome
187906702 NM_006306.3(SMC1A):c.2351T>C AGAYTGGTGTGCGCAACATCCGG Congenital muscular hypertrophy-cerebral
e R TBA T syndrome .
193929348 NM_000525.3(KCNJ11).c.544A>G AGAYGAGGGTCTCAGCCCTGCGG Permanent neonatal diabetes mellitus
© (pllel82Val) :
121908934 NM_004086.2(COCH):c. 1335T>C AGATAYGGCTTCTAAACCGAAGG Deafniess, autosomal dominant 9
e Mt 2Ty S
397514377 | NM_000060.3(BID):c.641A>G { AGAGGYTGIGTTTACGGTAGCGG Biotinidase deficiency
* (p.Asn214Ser) L e
725522905 | NM_000531.5(0TC)c.2T>C AGAAGAYGCTGTTTAATCTGAGG | not provided
(p-Met1Thr) :
201893545 NM_016247.3(IMPG2):c.370T>C ACTYTTTGGGATCGACTTCCTGG Macular dystrophy, vitelliform, 5
(p.Phel24Leu) :
121434469 m4290T>C ACTYTGATAGAGTAAATAATAGG

121918733 NM_006920.4(SCN1A).c.269T>C
¢ (p.Phe908Ser)

Hypertension, hypercholesterolemia, and
hypomagnesemia, mitochondrial
Sideroblastic ane mia with B-cell

NM_001302946.1(TRNT1):c.497T>C

606231289 Loul 668 ACTTYATTTGACTACTTTAATGG immunodeficiency, periodic fevers,
: {pLeu er) : : and developmental delay
: : CTTYATTCAAAGACCAGGAAGGG o .
B e ¥ M 2
63750067 5 IéM7000517.4(HBA2).c. 92A> : ACTTYATTC GACCAGGAAG Hemoglobin H disease, nondeletional
: (¢}
: ) ACTTTTAYAGTATTGAATAAAGG, . .
121918734 : NM_006920.4(SCN1A).c.272T>C CTTTTAYAGTATTGAATAAAGG Severe myoclonic epilepsy in infancy
i (plle91Thr) : G
137854557 © NM_000267.3(NF1):c.1466A>G ACTTAYAGCTTCTTGTCTCCAGG Neurofibromatosis, type 1
¢ (p.Tyr489Cys) : :
397514626 NM_018344 5(SLC29A3):¢.607T>C ACTGATAYCAGGTGAGAGCCAGG, Histiocytosis-ly mphadenopathy plus sy ndrome

(p.Ser203Pro) CTGATAYCAGGTGAGAGCCAGGG

NM 000512 4(GALNS) ¢, 1460A5G ACGYTGAGCTGGGGCTGOGCGGE, I
118204449 (p.Asn487Ser) {  CACGYTGAGCTGGGGCTGCGCGG Mucopolysaccharidosis, MPS-TV-A

587776843 NG_012088.1:g2209A>G ACCYTATGATCCGCCCGCCTTGG

"NM_ 001080463 1(DYNCZHI):¢ 46 10A>G

Short-rib thoracic dysplasia 3 with or

137853033 ACCYGTGAAGGGAACAGAGATGG

oo ARGIMSSTALG) e O without polydactyly
18933698 NM_000435.2(NOTCH3):c.1363T>C TTCACCYGTATCTGTATGGCAGG, Cerebral autosomal dominant arteriopathy with
(p.Cys455Arg) : ACCYGTATCTGTATGGCAGGTGG i subcortical infarcts and leukoencephalopathy
""""""""""""" S U ACCYGAGATGCAAAATAGGGAGG,
587776766 NM._000463.2(UGT1A1):c.1085- GTGACCYGAGATGCAAAATAGGG, : Crigler Najjar syndrome, type 1

2A>G : GGTGACCYGAGATGCAAAATAGG

587781628 NM_001128425. 1(MUTYH):c.1187 ACCYGAGAGGGAGGGCAGCCAGG
: 2A>G

: _ ACCTGYGGGTGCGTGGOTGCAGE,
61755817 ;i‘;%ggfgiﬁ;mpm’°'736T>C CCTGYGGGTGCGTGGCTGCAGGG

Hereditary cancer-predisposing syndrome,
Carcinoma of colon

Retinitis pigmentosa
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NM_001089.2(ABCA3):c.1702A>G

9184
12190 (. Asn568Asn)

ACCGTYGTGGCCCAGCAGGACGG Surfactant metabolism dy;function, pulmonary,

: : ACAYATTTCTTAGGTTTGAGGGG,
121434466 m.4269A>G : GACAYATTTCTTAGGTTTGAGGG,
: : AGACAYATTTCTTAGGTTTGAGG

i NM_001165963.1(SCN1A).c.1048A>G

794726768 (p.Met350Val) ACAYATATCCCTCTGGACATTGG Severe myoclonic epilepsy in infancy
T aniae L NM_0013823(DPAGTI):c.509A>G | ACAYAGTACAGGATTCCTGCGGG, T L B
,,,,,, e IVITOCYS) 1 GACAYAGTACAGGATTCCTGCGG  Consemldisorderofglycosylationtype I -
104894749 NM_000054.4(AVPR2):c.614A>G ACAYAGGTGCGACGGCCCCAGGG, : Nephrogenic diabetes insipidus, Nephrogenic
: (p.Ty1205Cys) : GACAYAGGTGCGACGGCCCCAGG diabetes insipidus, X-linked
128621205 NM_000061.2(BTK):c.1741T>C ACATTYGGGCTTTTGGTAAGTGG X-linked agammaglobulinemia

¢ (p.Trp581Arg)

: : ACATGYAGCAGGCGCAGTAGGGG, :
28940892  © NM_000529.2(MC2R).c.761A>G : GACATGYAGCAGGCGCAGTAGGQG, : ACTH resistance
i (p. Tyr254Cys) : AGACATGYAGCAGGCGCAGTAGG :

794726844 NMﬁO““?ﬁ%ﬁiSﬁ?&?y?; ©.1046A>G ACATAYATCCCTCTGGACATTGG Severe myoclonic epilepsy in infancy
587783083 NM_003159.2(CDKL5):c.449A>G ACAGTYTTAGGACATCATTGTGG not provided
e P LYSIS0ATS)
: i ACAGTITAYAGGTTCTGGTCCTGG, : o
397514651 NM_000108.4(DLD).c.140T>C GTTAYAGGTTCTGGTCCTGGAGG : Maple syrup urine disease, type 3
: (p.Ile47Thr) :
. ACAAGGYGAGCGTGGGCTGCTGG, Ullrich congenital muscular dystrophy, Bethlem
794727060 1;12/17001848.2(COL6A1).C.957+2T CAAGGYGAGCGTGGGCTGCTGGG myopathy
72554346 NM_000531.5(0TC).c.284T>C ACAAGATYGTCTACAGAAACAGG not provided

. RN C.
: (p.Phe281Lew) AATYTTGGAGGCAGAAGCTCTGG :
104894271 | NM_000315.2(PTH):c.52T>C AATTYGTTTTCTTACAAAATCGG Hypoparathyroidism familial isolated
: (p.Cysl8Arg)
267608260 | NM_015599.2(PGM3).c.248T>C AATGTYGGCACCATCCTGGGAGG Immunodeficiency 23
(p.Leu83Ser) : !

267606900 NM_018 109'3(MB) AP):c.1432A>G AATGGATYCTGAATGTACAGAGG

Ataxia, spastic, 4, autosomal recessive

796053169 AATAAAGYAGAATATCGTCAAGG not provided
: 2A>G : :

104894937 NM _000116.4(TAZ):c.352T>C : AAGYGTGTGCCTGTGTGCCGAGG 3-Methylglutaconic aciduria type 2
i (p.CysllBArg) :

NM_001018077.1(NR3C1):c.1712T>C : : Pseudohermaphroditism, female, with
104893911 (p.Val571Ala) AAGYGATTGCAGCAGTGAAATGG . hypokalemia, due to glucocorticoid resistance
: : AAGYAGATTTTCTGCCAGGTGGG,
397514472 NM _004813.2(PEX16):c.992A>G : GAAGYAGATTTTCTGCCAGGTGG, : Peroxisome biogenesis disorder 8B
: GTAGAAGYAGATTTTCTGCCAGG :

: (p.Tyr331Cys)

121918407 ¢ NM_001083112.2(GPD2):c.1904T>C
P

¢ NM_000251.2(MSH2).c.595T>C

¢ (p.Cysl99Arg)

AAGTYTGATGCAGACCAGAAAGG Diabetes mellitus type 2

;' Hereditary Nonpolyposis Colorectal Neoplasms

119450945 NM_000026.2(ADSL);c.674T>C AAGAYGGTGACAGAAAAGGCAGG Adenylosuccinate lyase deficiency
i (p-Met225Thr) :

113993988 NM_002863.4(PYGL):c.2461T>C AAGAAYATGCCCAAAACATCTGG Glycogen storage disease, type VI
¢ (p.Tyr821His) : :

: ) AAGAAAAYCTACGCCATGGGTGG, : .
119485091 5 NM_022041.3(GAN).c.1268T>C YCTACGCCATGGGTGGAGG 5 Giant axonal neuropathy
(p.11e423Thr) :
137852419 NM_000132.3(F8):c.1660A>G
¢ (p.Ser554Gly)

AACTYGGTCCTGCGGGATGGGGG,
GAACTYGGTCCTGCGGGATGGGQ,
GGAACTYGGTCCTGCGGGATGGQ,
AGGAACTYGGTCCTGCGGGATGG

AACAGAYAATGTCAGACAAGAGG Hereditary factor VIII deficiency disease

121964967 NM_000071.2(CBS);c.1150A>G
¢ (p.Lys384Glu)

Homocystinuria, pyridoxine-responsive

137852376 NM_000132.3(F8).c.1754T>C
: (p.11e585Thr)

NM_006920.4(SCN1A):c.3577T>C
(p.Trp1193 Arg)
28939717 NM_003907.2(EIF2B5).c.271A>G

i (p.Thr91Ala)

80357276 | NM_007294.3(BRCAl):c.122A>G Familial cancer of breast, Breast-ovarian
: p cancer, familial 1
i (p.His41Arg)

""""""""""""""""""""""""""""""""""""""""" Generalized epilepsy with febrile seizures plus,
type 1, Generalized epilepsy with febrile
.. Seizutes plus. type2

Leukoencephalopathy with vanishing white
matter
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397515897 NM. 000256, 3(MYBPC3):c.135142T.  AAAGGYGGGCCTGGGACCTGAGG ~— ¢ [amilial hypertrophic cardiomyopathy

>C : 4, Cardiomyopathy
""""""""""""" S AAAAYGTGTTGGTGCTTGAGGGG,
397514491 © NM 005340.6(HINT1).c.152A>G GAAAAYGTGTTGGTGCTTGAGGG, Gamstorp-Wohlfart syndrome
,,,,,,,,,,,,,,,,,,,,,,,,,, LHISIA) i AGAAAAYGTGTTGGTGCTTGAGG |
: . AAAATTYGCAAGTATGTCTTAGG, : it
387907164 | NM_020894.2(UVSSA):c.94T>C % TTYGCAAGTATGTCTTAGG 5 UV-sensitive syndrome 3
i (p.Cys32Arg) : G :
"""""""""""""" T GG TTCYAATGGATGTCTGETGG, T
118161496 : I;%;%ZSISZ.Z(NUBPL).C.SIS— § GGTTCY AATGGATGTCTGCTGGG Mitochondrial complex I deficiency
. TGGCTGYCAGGGACCCAGCAAGQG,
764313717 I‘:\IIM7005609.2(PYGM).c.4257528dg CTGYCAGGGACCCAGCAAGGAGG

28934568 | NMO03282.5(TGFBR2):c923T>C - & 4 iy GACGGCTGAGGAGCGG Loeys-Dietz syndrome 2
: (p.Leu308Pro) : :
"""""""""""""" T CCAGYACGGGGAGGTGTACGAGG, e
121913461 NM 007313 (ABLL) §14T>C AT ACGOOOAGOTOTACOAGGG
(p.Tyr272His) :
: , C AGGGCYGTCGGACCTTCGAGTGE, ;
377750405 | NMLITISS l'gffﬁff)'c'mmm © GGGCYGTCGGACCTTCGAGTGGG, : Nephronophthisis 16
,,,,,,,,,,,,,,,,,,,,,,,,,, A . GGCYGICGGACCTTCGAGIGGGG
é ) T ATTCCCY GATGAGGCAGATGCGG, 5 )
57639980 NM 001927 3(DES)e 1034T>C T A A T Myofibrillar myopathy 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o LewddPr0)
147391618 NM_020320.3(RARS2).c.35A>G ATACCYGGCAAGCAATAGCGCGG Pontocerebellar hypoplasia type 6
i (p.Glnl2Arg)
182650126 NM—°°297Z§3I(1§%\;%)1;°'2215A>G GTAAYTGCAAGATCTACAAAAGG Small fiber neuropathy
80358278 NM—OOM%‘;'Egizcgl\l]gjr)):c'g“zT>c ACATYGACAACCATCGGCTATGG DFNA 2 Nonsyndromic Hearing Loss
© 786204012 NM—OO”Z éya;gg}:l:g’;c'”gbc . GACCYGCTGCCGTCAGCGCCTGG © Homocysteinemia due to MTHFR deficiency
| 786204037 NM*OOSQS&%&&?X;& BB8T>C© TCCCACYGGACAACTGCCTCTGG — © Homocysteinemia due to MTHFR deficiency

NM_005183.3(CACNAILF):c.2267T>C

,,,,, e emerssThy A A GG
786204851 NM_007374.2(S1X6).¢.110T>C GTCGCYGCCCGTGGCCCCTGCGG Cataract, microphthalmia and nystagmus
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, U3 T P0)
794728167 NM_000138 4(FBN1):c.1468+2T> ATTGGYACGTGATCCATCCTAGG Thoracic a"m";‘f‘s‘;ig;‘]‘s’s and ortic
: C : :
[ 121964909 | NM_000027.3(AGA):0214T>C GACGGCYCTGTAGGCTITGGAGG Aspartylglycosaminuria
¢ (p.Ser72Pro) : :
: ) {7 CGGCCAYGCAGTCCTGTGCCAGG, ; o -
121964978 : NM_000170.2(GLDC):c.2T>C § GGCCAYGCAGTCCTGTGCCAGGG : Non-ketotic hyperglycinemia
© (pMetlThr) 3 :
121965008 NM—OOO”(% i(;‘ff;ig; CAHMET-C CTGCYGGTCTACCAGGGCAAAGG METHEMOGLOBINEMIA, TYPET
121965064 NM_000128.3(F11):¢.901T>C : TGATYTCTTGGGAGAAGAACTGG Hereditary factor XI deficiency disease
© (p.Phe301Leu) : :

15517398 NM_ 000548 3(TSC2):c.5150T>C GCCCYGCACGCAAATGTGAGTGG, Tuberous sclerosis syndrome
: : (p.Leul717Pro) . CCCYGCACGCAAATGTGAGTGGG : Y
786205857 | NM_015662.2(IFT172):c.770T>C { TTIGTGCYAGGAAGTTATGACAGG | RETINITIS PIGMENTOSA 71
¢ (p.Leu257Pro)
86205004 | NM 001135669, [(XPR1):c.653T>C GCGTITYACGTGTCCCCCCTTTGG, BASAL GANGLIA
R (pLew2i88ery  :  CGITYACGTGTCCCCCCTTTGGG S CALCIFICATION,
L0ago370n . NM_000388 3(CASR):c. 2641T>C ACGCTYTCAAGGTGGCTGCCCGE, Hyoercaloiuric hyoercalemia
(p.Phe881Leu) CGCTYTCAAGGTGGCTGCCCGGG P 7P

: _ ACTTYCCCTTATTCCATCCACGG, :
104893747 : NM_198159.2(MITF).c.1195T>C : CTTYCCCTTATTCCATCCACGGG § Waardenburg syndrome type 2A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T3P0 e
: . CATGYTTCTGCTGATCGTGCTGG, : NN
104893770 ijhf,ﬁﬂﬂgiﬁf(RHo"" 133T>C | ATGYTTCTGCTGATCGTGCTGGG Retinitis pigmentosa ¢

28937596 NM_003907.2(EIF2B5):c.1882T>C AGGCCYGGAGCCCTGTTTTTAGG ¢ Leukoencephalopathy with vanishing white

(p. TIp628 Arg) : matter

. : : Autosomal dominant progressive external
104893876 NM—°°1151'3(LSLS§IEA4’~C'293T>C © GCAGCYCTTCTTAGGGGGTGTGG ophthalmoplegia with mitochondrial
TR N st e DNA deletions2
104893883 | NML0060053(WFS1)e. 2486T>C ACCATCCYGGAGGGCCGCCTGGG WFS1-Related Disorders
e P Lew82OProy OO
104893962 NM_000165.4(GJAL).c.52T>C : CTACYCAACTGCTGGAGGGAAGG Oculodentodigitaldysplasia
(p.Serl8Pro} : :
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104893978 NM_000434.3(NEU1).c.718T>C
e A T1p240AYe)
i NM_002546.3(TNFRSF11B):c.349T>C
104894092 (p.Phel17Leu)
NM_000102.3(CYP17Al):c.316T>C
104894133 (p.Serl06Pro)

GCCTCCYGGCGCTACGGAAGTGG,
CCTCCYGGCGCTACGGAAGTGAG,
CTCCYGGCGCTACGGAAGTGGGG

CATCGCGYCCAACAACCGTAAGQG,

ATCGCGYCCAACAACCGTAAGGG

PCT/US2016/058344

Sialidosis, type II

TAGAGYTCTGCTTGAAACATAGG

Hyperphosphatasemia with bone disease

Complete combined 17-alpha-
hydroxylase/17,20-lyase

NM_000102.3(CYP17A1):¢c.1358T>C
,,,,, o GPheds3Sern
36015961 NM_000518.4(HBB).c.344T>C
(p.Leull5Pro}

AGCTCTYCCTCATCATGGCCTGG

Combined partial 17-alpha-hydroxylase/17,20-
lyase deficiency

| NM_152443.2(RDH12):¢.523T>C
¢ (p.Serl75Pro)

TCCYCGGTGGCTCACCACATTGG

Leber congenital amaurosis 13

NM_004870.3(MPDU1):¢c.356T>C

TTCCYGGTCATGCACTACAGAGG

AATAYGGCGGCCGAGGCGGACGG

Congenital disorder of glycosylation type 1F

Congenital disorder of glycosylation type 1F

GCCCTGCYQTACCCGCTGCCCAAG,
TGCYGTACCCGCTGCCCGGCTGG

ATGYCATCAGCGTGGTGTTCCGG

Dejerine-Sottas disease, X-linked hereditary
motor and sensory neuropathy

104894587 (p.Leul 19Pro)
104894588 NM_004870.3(MPDU1):c.2T>C
(n.Met1Thr)
104894626 NM_000304.3(PMP22):c.82T>C
(p.Trp28Arg)
104894631 NM_018129.3(PNPO):c.784T>C
(p.Ter262Gln)
""""""""""""""""" NM_032551.4(KISSIR):c305T>C
104894703 (p.Leul02Pro)
104894826 NM_000166.5(GJB1):c.407T>C
Lo \all 24 Ala)
NM_001122606. {LAMP2):c.961T>C
104894859 (p. Trp321 Arg)
NM_006517.4(SLC16A2):c.1313T>C
104894931 (p.Leud38Pro)

CAGCTACYGGGATGCCCCCCTAAG,
AGCTACYGGGATGCCCCCCTGGG

TGAGCYGGTGGGCCCAATGCAGG

Danon disease

Allan-Herndon-Dudley syndrome

104894935 NM_000330.3(RS1).¢.38T>C
(p.Leul3Pro)
NM_001065.3(TNFRSF1A):c.175T>C
104895217 -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (.CysS9Ar) ...
143889283 NM_003793.3(CTSF).c.692A>G
(p.Tyr231Cys)

001

GGGGYGCTTCAAGGCCATTGTGG

TNF receptor-associated periodic fever
syndrome (TRAPS)

childhood- onset

122459147 (0.Cys104A78)
NM_ 020184 3(CNNM4):¢.971T>C

74532543 (p.Leu324Pro)

199476117 m.10158T>C

AAGCTCCYGGACTTTTTTCTGGG

AAAYCCACCCCTTACGAGTGCGG

Cone-tod dystrophy amelogenesis imperfecta

Leigh disease, Leigh syndrome due to
mitochondrial complex I deficiency,
Mitochondrial complex I deficiency

NM_005022.3(PFN1):c.350A>G
(p.Glul17Gly)

m.15197T>C

: NM_000060.3(BTD).c.1214T>C
i (p.Leud05Pro)

Congenital myopathy with fiber type

disproportion, Eichsfeld type
congenital muscular dystrophy

CGGCYTCAACCCCACAGCAATGG,
GGCYTCAACCCCACAGCAATGGG

Porokeratosis, disseminated superficial actinic

GCCATCCYGGGTATGGGATGAGGG,
CCATCCYGGGTATGGGGTGGGGG,
CATCCYGGGTATGGGGTGGGGGG

Cardiac arthythmia

GGTCTYTGACGTCTTCCTGGTGG

Early infantile epileptic encephalopathy 16

CGCYGGCCACCAGCACTGCCAGG

GAGYGCCGCCTGGAGGTGCGAGG

Spondyloepimetaphyseal dysplasia with joint
laxity

Cardiomyopathy

397514516 NM_006177.3(NRL);c.287T>C
(0. Met96Thr)
72554312 NM_000531.5(0TC);c.134T>C
(p.Leu45Pro)
NM_178012 4(TUBB2B):c.350T>C
,,,,, e elellPo)
397514571 NM_000431.3(MVK}.c.122T>C
(p.Leu41Pro)
NM_000238 3(KCNH2):c.2396T>C
794728390 (p.Leu799Pro)
: NM_001199107. 1{TBC1D24):c.686T>C :
397314713 (p.Phe229Ser)
NM_080605.3(B3GALT6):c.193A>G
397514719 p.Ser65Gly)
NM_000256.3(MYBPC3):¢.3796T>C
730880608 (6.Cys1266A18)
NM_001382 3(DPAGT1):c.503T>C
397515329 (p.Leul 68Pro)

AATCCYGTACTATGTCTACATGQG,
ATCCYGTACTATGTCTACATGGQ,
TCCYGTACTATGTCTACATGGGG
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NM_018127.6(ELAC2):c.460T>C

397515465 ATAYTTTCTGGTCCATTG GG Combined oxidative phosphorylation deficiency
i PPRelSALewy R LA
397515557 NM_005211.3(CSF1R):c.2483T>C E CATCTYTGACTGTGTCTACACGG : Hereditary diffuse leukoeqcephalopatlly with
(p.Phe828Ser) : ‘ spheroids
NM_194248.2(0OTOF).c.3413T>C : AGGTGCYGTTCTGGGGCCTACGG, .
397513599 (p.Leul 138Pro) © GGTGCYGTTCTGGGGCCTACGGG Deafness, autosomal recessive 9
397515766 NM_000138 4(FBN1).c.2341T>C GGACAAYGTAGAAATACTCCTGG Marfan syndrome
(p.Cys781Arg) :

565779970 NM_00 14(%95;51139‘1‘?;)35 BTA CTTAYTACAGTTACCAGAACAGG Rubinstein-Taybi sy ndrome 2

' . AGCTTCAYGGCGCCCGCGCCAGG, Spondyloepimetaphyseal dysplasia with joint
780200938 I(\Ipl\l/\l/fiii({iﬂ)s HBIGALTS):c. 1A>G TCAYGGCGCCCGCGCCGGGCCGG : laxity

ATCTCTCYTGGGGCTCCCTGGGG,

TCTCYTGGGGCTCCCTGGGGTGG Norum disease

28942087 NM_000229.1(LCAT);c.698T>C
¢ (p.Leu233Pro)

128621203 | NM_000061.2(BTK):c.1625T>C TCGGCCYGTCCAGGTGAGTGTGG © Xlinked agammaglobulinemia with
 (p.Leu542Pro) : 5 growth hormone deficiency

397515412 NM_006383.3(CIB2):c.368T>C CTTCAYCTGCAAGGAGGACCTGG Deafness, autosomal recessive 48

(p.1le123Thr)
193929364 NM&OO3?§£‘§§E§S§J;C'4O4T>C AAGCYGCTAATTGGTAGGTGAGG Permanent neonatal diabetes mellitus
""""""""""""" e e U TCGAGAYCTTCGATGTGAGTTGG,
730880872 NM_000257 3(MYH7) e LUOOT>C g COA Ay CTTCOATGAGACITGRG Cardiomyopathy
] T AAGATCAYTGGTAACTCAGTAGG, :
80356474 NM—°°297(7153I(1§§§9T[;I’)~°'2543T>C AGATCAYTGGTAACTCAGTAGGG, Primary erythromelalgia
; - . GATCAYTGGTAACTCAGTAGGGG 3
80356489 NMfOO11642(;7%;%52:54)"35 2C 1 GGGCYGGCCCCCATGTGGGAAGG Glucose-6-phosphate transport defect
80356536 NM_152296.4(ATP1A3):0.2338T>C GCCCYTCCTGCTGTTCATCATGG Dystonia 12
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, L O S
80356596 NM_194248.20TOF):c.3032T>C - GATGCYGGTGTTCGACAACCTGG . Deafmess, autosomal recessive 9, Auditory
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (®LeulOlPro) ... veuopathy, autosomalrecessive,l
803566890 | NM_000083 2(CLCN1):c.857T>C AGGAGYGCTATTTAGCATCGAGG Myotonia congenita
¢ (p.Val286Ala) :
118203884 m.4409T>C AGGYCAGCTAAATAAGCTATCGG Mitochondrial myopathy
""""""""""""""""" NM 173596 2(SLC39AS) c.OLIT>C 1 o
587777625 (p.Met304Th) AGAACAYGCTGGGGCTTTTGCGG : Myopia 24, autosomal dominant
587783087 NM_003159.2(CDKL5):.602T>C ATTCYTGGGGAGCTTAGCGATGG not provided
(p.Leu201Pro) :
NM_013319.2(UBIAD1):¢.511T>C TCTGGCYCCTTTCTCTACACAGG, :
,,,,, O ®Serl7lPo) | GGCYCCTTTCICTACACAGGAGG - Schwderensallinecomealdysuophy
) TCGCATCYTCCGGATCTTTGAGE, : .
118204017 NM700001?;?5@];&L;.c.1372T>C CGCATCYTCCGGATCTTTGAGGG, : Very long chain azyei_;ccicéﬁcdehydrogenase
_ : v | GCATCYTCCGGATCTTTGAGGGG 1 Y
397518466 NM_000833.4(GRIN2A):c.2T>C CTAYGGGCAGAGTGGGCTATTGG © Focalepilepsy with speech disorder with or
: : : without mental retardation
i (p-MetlThr) : :
118204069 NM_000237.2(LPL):c.337T>C GGACYGGCTGTCACGGGCTCAGG Hyperlipoproteinemia, type [
i (p.Trpll3Arg) : :
118204080 NM_000237.2(LPL);c.755T>C GTGAYTGCAGAGAGAGGACTTGG Hyperlipoproteinemia, type [
(p.11e252Thr) :
118204111 | NM_000190.3(HMBS):c.739T>C | GCTTCGCYGCATCGCTGAAAGGG Acute intermittent porphyia

(p.Cys247Arg)

: : : Familial cancer of breast, Breast-ovarian
80357438 | NM_007294.3(BRCA1):c.65T>C : AAATCTYAGAGTGTCCCATCTGG cancer, familial 1, Hereditary cancer-
¢\ (pLeu22Ser) : : predisposing syndrome
Bog77a90  NMOOL0R04ILACOAIC2ISA>G © (CAYCTGGGGAGGTAGGTTCAGG
e RIS
: : GACCAYTGCGCTGCCCGCGCAGG, ¢ notprovided, Mental retardation, autosomal
793888527 © NM_005859.4(PURA):c.563T>C : ACCAYTGCGCTGCCCGCGCAGGG, : proviaed, dominant 31 1, au
© (p.lel88Thr) . CCAYTGCGCTGCCCGCGCAGGGG : ominant

561425038 NM_002878.3(RAD51D).c.1A>G

CGCCCAYGTTCCCCGCAGGCCGG Hereditary cancer-predisposing syndrome
(pMetlVal) T

121907934 NM_024105.3(ALG12).c.473T>C : TCCYGCTGGCCCTCGCGGCCTGG Congenital disorder of glycosylationtype 1G
i (p.Leul58Pro) : H

80358207 NM_153212.2(GJB4);c.409T>C CCTCATCYTCAAGGCCGCCGTGG Erythrokeratodermia variabilis
© (p.Phel37Leu} : :

80358228 NM—°°2353~2(TA1C8§TD2)¢°~557T>C TCGGCYGCACCCCAAGTTCGTGG : Lattice corneal dystrophy Type I1T

NMJ38691£Y(T;\£ISC[2:C)'IS43T>C : ACCTYGCTGGGAAACAATGGTGG, Deafness, autosomal recessive 7
®.Cys & i CCTYGCTGGGAAACAATGGTGGG :

121908076
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GGAGGCTYACGATGAGTGCCTGQG, Dyskeratosis congenita autosomal recessive 1,

0 415T>
121908089 : NM_017838 3(NHP2):¢.415T>C GGCTYACGATGAGTGCCTGGAGG : Dyskeratosis congenita, autosomal recessive 2

(p.Tyr139His)
121908154 | NM 001243133 1(NLRP3):c.926T>C GGTGCCTYTGACGAGCACATAGG 5 Familial cold urticaria, Chronic infantile
: (p.Phe309Ser) : : neurological, cutaneous and articular syndrome

121908158 NM_001033855.2(DCLRELC):c.2T>C GGCGCTAYGAGTTCTTTCGAGGQ, Histiocytic medullary reticulosis

R (MetlThy) i GCGCTAYGAGTTCTTTCGAGGGG = 7 o e s
: CCCCCAYGACGTGCTGGCTGCGAG, :
796052870 NM_018129.3(PNPO):c.2T>C CCCCAYGACGTGCTGGCTGCGGG, not provided
e Mt T GCCAYGACGTGCTGGCTGCGGGG e
121908318 NM_020427.2(SLURP1);c.43T>C GCAGCCYGGAGCATGGGCTGTGG Acroerythrokeratoderma
U (p.TrplSArg) :

NM_022124.5(CDH23):¢.5663T>C

121908352 CTCACCTYCAACATCACTGCGGG Deafness, autosomal recessive 12

Primary hyperoxaluria, type I

NM_000030.2(AGXT):c.613T>C

121908520 CCTGTACYCGGGCTCCCAGAAGG
i (p.Ser205Pro) :
121908618 NM_004273.4(CHST3):c.920T>C CGTGCYGGCCTCGCGCATGGTGG : Spondyloeplphy§e§1 dysplasu} with congenital
: (p.Leu307Pro) : : joint dislocations
11694 NM_006432.3(NP(C2).c.199T>C TATTCAGYCTAAAAGCAGCAAGG Niemann-Pick disease type C2
¢ (p.Ser67Pro) : e -
121908739 | NM_000022.2(ADA):c.320T>C CCTGCYGGCCAACTCCAAAGTGG — Severe combined immunodeficiency due to
: : ADA deficiency
(p.Leul07Pro)
20359022 : NM_000059.3(BRCA2):c.7958T>C § TGCYTCTTCAACT TACAGG § Familial cancer of breast{ Breast—ovarian
,,,,,,,,,,,,,,,,,,,,,,,,,,, e R LW2OS3PI0) e CANCET, familial 2
: : AAAATCYGTGCCAAGCAACCAGG,
121908902  © NM_003880 3(WISP3).c.232T>C : AAATCYGTGCCAAGCAACCAGGG, : Progressive pseudorheumatoid dysplasia
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (p.CysT8Arg) .G . AATCYGTGCCAAGCAACCAGGGG

CAAGTTCYCCGAGGTGAGTCCGQ,

121908947 NM_006892 3(DNMT3B):c.808T>C AAGTTCYCCGAGGTGAGTCCGGG. : Centromeric instability of chromosomes 1,9 and

(p.Ser270P10) AGTTCYCCGAGGTGAGTCCGGGG 16 and immunodeficiency
""""""""""""""""""" NM 000492 3(CF TRy, 3857T>C 1
,,,,, S ePhelseSen - AGCCIVICGAGIGMIACCACAGG  Osefbess
121909135 | NM_000085.4(CLCNKB):0.1294T>C © Gy ATGGTGAGTCTGGGG Bartter syndrome type 3
S S O TS )
121909143 NM_001300.5(KLF6):c.506T>C GGAGCYGCCCTCGCCAGGGAAGG
i (p.Leul69Pro) :

121909200 ;NM7000503.5(EYA1):0.1459T>C CACTCYCGCTCATTCACTCCCGG Melnick-Fraser syndrome
© (p.Ser487Pro) : :

NM_004970.2(IGFALS):c.1618T>C
Ar

NM_005570.3(LMAN1):c.2T>C

AGAYGGCGGGATCCAGGCAAAGG : VIIL 1

121909253
(p.Met1Thr)
121909385 NM—°°°339®2(L%1§2132§?):°'1868T>C | CAACCYGGCCCTCAGCTACTCGG . Familialhypokalemia-hypomagnesemia

121909497 | NM_ 002427 3(MMP13).c.224T>C 3 TTCTYCGGCTTAGAGGTGACTGG Sp"“dyl"ep‘metaphyset;‘;iysmam’M‘SS"“H

© (p-Phe758er)

" MYASTHENIC SYNDROME,
AACCYCATCTCCCTGGTGAGAGG 5 CONGINTIAL 35, FAST-

...CHANNEL........
Nemaline myopathy 3

121909508 NM_000751.2(CHRND}):c. 188T>C
: 0)

NM_001100.3(ACTA1):c.287T>C
(p.Leu96Pro)

121909572 | NM—OOO“SS(';(SSS;IES;):°'667T>C { TGGGTGYCCAATAAGACCGAAGG Antithrombin ITI deficiency
121909677 © NM_000821 6(GGCX):c.896T>C © TATGTYCTCCTACGTCATGCIGG Pseudoxanthoma elasticum-like disorder with
: : multiple coagulation factor deficiency
¢ (p.Phe299Ser)
121909727 NMﬁOlOngIZ'hle (71\;513‘5;)):&2209T>C CTATTGCYTCCAAACATTTTTGG Glucocorticoid resistance, generalized
UM 600492 3(CFIR) ¢ 1400TSC TTCACYTCTAATGGTGATTATGG, S
,,,,, B LlewstPo) © TCACYICTAATGGTGATTATGGG ~  Ostefbrosis
121912441 NM_000454.4(SOD1);c.341T>C CATCAYTGGCCGCACACTGGTGG Amyotrophic lateral sclerosis type 1

(p.Ile114Thr)

121912446 NM_000454.4(SOD1).c.434T>C
¢ (p.Leul45Ser)

NM_000213.3(ITGB4):c.1684T>C

CGTTYGGCTTGTGGTGTAATTGQG, . .
GTTYGGCTTGTGGTGTAATTGGG Amyotrophic lateral scletosis type 1

©121912463 (0.CysS62Are) : GGCCAGYGTGTGTGTGAGCCTGG Epidermolysis bullosa with pyloric atresia
T UM 602292 3L AMBY c 961 TG T T " "Nephrotic syndrome, type 5, withor
12 19124 9 2 ,,,,, R (p.Cys321Arg) CCTCAACYGCGAGCAGTGTCAGG ,,,,,,,,,, e Without ocular abnormalities

397516659 NM_001399.4(EDA):c.2T>C

GGCCAYGGGCTACCCGGAGGTGG Hypohidrotic X-linked ectodermal dysplasia
(p-Met1Thr) :

143



WO 2017/070632

GTTGCYGGCGCGCCTCGCAGTGG

PCT/US2016/058344

46,XY gonadal dysgenesis, complete, dhh-
related

ATGCYGGAGTTCAGTTTGTTTGG

GAGTTTCYCATCTACGAAAGAGG

Sucrase-isomaltase deficiency

Oculocutaneous albinism type 4

Deficiency of UDPglucose-hexose-1-phosphate
: uridylyltransferase

111033589 NM_021044.2(DHH):c.485T>C
(p.Leul62Pro)
111033622 NM_000206.2(IL2RG).c.343T>C
¢ (p.Cysll5Arg)
121912613 NM_001041.3(SI):c.1859T>C
(p.Leu620Pro)
NM_016180.4(SLC45A2):c.1082T>C
121912619 (p.Lew361Pro)
NM_000552.3(VWF):c.4837T>C
61750581 (p.Serl613Pro)
121912653 NM_000546.5(TP53).c.755T>C
(p.Leu252Pro)
111033683 NM_000155.3(GALT):c.386T>C

(p-Met129Thr)

111033752 NM_000155.3(GALT):c.677T>C

(p.Leu226Pro)
NM_000039.1(APOA1):c.593T>C
121912729 -
(p.Leul98Ser)
769452 NM_000041.3(APOE).c.137T>C

(p.Leu46Pro)

121912762 NM_016124.4(RHD);c.329T>C

(p.Leul10Pro)

GCGCTYGGCCGCGCGCCTTGAGG

AACYGGCACTGGGTCGCTTTTGG

ACACYGTTCAGGTATTGGGATGG

Familial visceral amyloidosis, Ostertag type

111033824 NM_000155.3(GALT).c.1138T>C
¢ (p.Ter380Arg)

111033832 NM_000155.3(GALT).c.980T>C
(p.Leu327Pro)

730881974 NM_000455.4(STK11);c.545T>C

: (p.Leul82Pro)

CGCCYGACCACGCCGACCACAQGG,
GCCYGACCACGCCGACCACAGGG

TCCYGCGCTCTGCCACTGTCCGG

GGGAACCYGCTGCTCACCACCAQG,
AACCYGCTGCTCACCACCGGTGG

i Deficiency of UDPglucose-hexose-1-phosphate

uridylyltransferase

Deficiency of UDPglucose-hexose-1-phosphate

uridylyltransferase

Hereditary cancer-predisposing syndrome

1064644 NM_000157.3(GBA).c.703T>C

GGGYCACTCAAGGGACAGCCCGG Gaucher disease
(p.Ser235Pro)
796052090 NM_138413.3(HOGAL):c.533T>C GGACCYGCCTGTGGATGCAGTGG Primary hyperoxaluria, type IIT
e LU TBPIO)
121913141 NM_000208.2(INSR});c.779T>C CTACCYGGACGGCAGGTGTGTGG Leprechaunismsyndrome
(p.Leu260Pro)
T Congenital lipomatous overgrowth, vascular
121913272 NM_006218.2(PIK3CA):¢c.1258T>C GGAACACYGTCCATTGGCATGGG, malformations, and epidermal nevi, Neoplasm
(p.Cys420Arg) GAACACYGTCCATTGGCATGGGG of ovary, PIK3CA Related Overgrowth
SR e e ettt S Spectrum
: : NM_000552.3(VWF):c.8317T>C : : . )
,,,,,, O OSDAm o CCTCCYeCTACTOTeCaAcAcaG  on Willsbnnddsease, wpe 2
312262799 NM—°2440?1'33C(1;$§EI2;;°'1438T>C TTCACAYGTCTGTGCATGCCAGG Alagille syndrome 2
121913570 NM_000426.3(LAMA2):c.7691T>C ATCATTCYTTTGGGAAGTGGAGG, : Merosin deficient congenital
o e (p.Lew2564Pro)  :  TCATTCYTTTGGGAAGTGGAGGG .. Musculardystrophy
: ¢ NM_000257.3(MYH7):c.1046T>C : : Familial hypertrophic cardiomyopathy
e (pMetd9Thy A A A T A A e I, Cantiomyopathy
121913642 NM_000257.3MYH7)c. 1594T>C CATCATGYCCATCCTGGAAGAGG Dilated cardiomyopathy 1S
(p.Ser532P1o0)
119463996 NM_001079802.1(FKTN):c.527T>C GTAGTCTYTCATGAGAGGAGTGG Limb-girdle muscular
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Phel76Sen) ... Sstophy-
587776456 NMﬁOZO“g%ﬁmﬁg'124°T>C GCTCAYGAGGGCACAGAGCATGG GATA-I-related thrombocytopenia

63750654 NM7000184.2(HBG2):C.—228T>C§

ATGCAAAYATCTGTCTGAAACGG

Fetal hemoglobin quantitative trait locus 1

587776519 NM_001999 3(FBN2):¢.3725-

15A>G

AGCAYTGCAACCACATTGTCAGG

Congenital contractural arachnodactyly

TGCCCYCCACCTGGGGTCACAGG

CTGGGGCYGGTATTCATGAAAGG

Anemia, nonspherocytic hemolytic, due to
G6PD deficiency

Hereditary Nonpolyposis Colorectal Neoplasms

GTAATCYGCAAAGGAGGAGAAGQG,
TAATCYGCAAAGGAGGAGAAGG

78365220 NM_000402.4(G6PD).c.473T>C
(p.Leul58Pro)
NM_000179.2(MSH6):c.1346T>C
63730741 (p.Leud49Pro)
587776914 NM_017565.3(FAM20A):c.590-
2A>G
5030809 NM_000551.3(VHL):c.292T>C
(p.Tyr98His)
199476132 m.5728T>C

CCCYACCCAACGCTGCCGCCTGG

CAATCYACTTCTCCCGCCGCCAQG,
AATCYACTTCTCCCGCCGCCGGG

Von Hippel-Lindau syndrome,
Hereditary cancer-predisposing
svndrame

Cytochrome-c oxidase deficiency, Mitochondrial

complex I deficiency
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AAACTGGYCCTTATACCTGTTGQ,
AACTGGYCCTTATACCTGTTGGG
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Leber congenital amaurosis 4

Bietti crystalline corneoretinal dystrophy

CCTYTAACCGCAGCATCCATCGG

Boucher Neuhauser syndrome

WO 2017/070632
62637012 NM_014336.4(AIPL1).c.715T>C
¢ (p.Cys239Arg)
NM_207352.3(CYP4V2):c.1021T>C
199476199 (p.Ser341Pro)
NM_006702 4(PNPLA6):c.3053T>C
87777183 (p.Phe1018Ser)
199476389 NM_000487.5(ARSA).c.899T>C
(p.Leu3008Ser)

GGTCTCTYGCGGTGTGGAAAGGG

Metachromatic leukodystrophy

TTAYCCCATCTCAGTAACCGTGG

TTGCYGAAGGAGCTGAGATGAGG

Familial hypertrophic cardiomyopathy 16

Marinesco-Sjixc3\xb6grensyndrome

GCTYTGCTTTGGATGGACAATGG

TCACTCAYGTTCATGCAATGGGG

Palmoplantar keratoderma, mutilating, with
periorificial keratotic plaques, X-linked

Myeloperoxidase deficiency

TATGGYCCAAGATCGAACGCAGG

GCCCGACYGCGGGATGCTGGTGG

AAGGCYACATGAACTAACCAAGG

CAGGCGYCCTCTTGCTCAGCCGG

CGGAGTCYGTTCTCCAGGGCAGG

CTGCYACCTAGAGTTGCGCTCGG

Mental retardation, autosomal dominant 27

Acth-independent macronodular adrenal
hyperplasia 2

Stargardt disease, Stargardt disease 1, Cone-
1od dystrophy 3

Charcot-Marie-Tooth disease, type 4B3

Severe congenital neutropenia X-linked

Hypohidrotic X-linked ectodermal dysplasia

ACGGCTCYCATCAACTCCACTGQG,
CGGCTCYCATCAACTCCACTGGQG,
GGCTCYCATCAACTCCACTGGGG

Benign scapuloperoneal muscular dystrophy
with cardiomyopathy

GGTGCYGCGGATCGGCCTAGCTAQ,
GTGCYGCGGATCGGCCTGCTGGG

GTGCYGCTGTTCTTAACCCACGG,
TGCYGCTGTTCTTAACCCACGGG

GCTCATCYCCTTCAGTGACAAGG

GGGGCYGTGACGACCAGCCCAGG

Primary hyperoxaluria, type I

Primary hyperoxaluria, type I

199476398 NM_016599.4(MY0Z2).c.142T>C
i (p.Serd8Pro)
NM_001037633.1(SIL1):¢.1370T>C
119436967 (p.Leud57Pro)
730882253 NM_006888.4(CALM1).c.268T>C
i (p.Phe90Leu)
gmmones ¢ NM_012338 3(TSPANI2):c413A>G
587777283 (0 Tyr38Cys)
NM_015884.3(MBTPS2):c.1391T>C
87777306 (p.Phe464Ser)
56378716 NM_000250.1(MPQ);c.752T>C
(p-Met251Thr)
C egon NM._005026.3(PIK3CD):c.1246T>C

587777390 ©.CysdL6ATE)

587777480 NM_003108.3(SOX11):c.178T>C

i (p-Ser60Pro) :
: NM_001288767.1(ARMCS5):c.1379T>C :
587777663 {p.Leud60Pr0) :
NM_000350.2(ABCA4):¢c.5819T>C
,,,,,, e lew%Pro)
NM_002972.3(SBF1):c.4768A>G
200488568 (p.Thr1590Ala)
132630274 NM_000377.2(WAS):c.809T>C
(p.Leu270Pro)

132630308 NM_001399.4(EDA).c.181T>C
(p.Ty161His)
NM_170707.3(LMNA):c.1589T>C

60934003 (p.LeuS30Pro)
NM_000030.2(AGXT):c.1076T>C

180177160 (p.Leu359Pr0)

180177222 NM_000030.2(AGXT);c.449T>C

(p.Leul50Pro)
180177254 NM_000030.2(AGXT).c.661T>C
(p.Ser221Pro)
180177264 NM_000030.2(AGXT);c.757T>C
i (p.Cys253Arg)
180177293 NM_000030.2(AGXT);c.893T>C
i (p-Leu298Pro)
376785840 NM_001282227.1(CECR1):c.1232A>G

411C

GTATCYGCATGGGCGCCTGCAGG

GAAATCAYAGGACAAGCCTTTGG

GAGCCYCCAGAGCTTGTTGAAGG

Primary hyperoxaluria, type I

Polyarteritis nodosa

Myopathy, distal, 1

ATTGTACYCAGAGCACTAGAAGG

AGGYAACCCTTAATACTACCTGG

GAACGGYGCGCGGACCCAGGCAQ,
AACGGYGCGCGGACCCGGGCGGG

Sialic acid storage disease, severe infantile

O ¢ S

Ehlers-Danlos syndrome, type 4

Neutral lipid storage disease with myopathy

ACTTCYGTGAGAACAAGCTCAGG

CAAGCTYTGATACCTTCAGTTGQG,
AAGCTYTGATACCTTCAGTTGGG

Immunoglobulin A deficiency 2,
Common variable

CCTCCAYGACTTTTTCAAAAAGG

Deafness, nonsyndromic sensorineural,
mitochondrial

CAGTCYGATCAAAGGCGCCAAAGQG,
GTCYGATCAAAGGCGCCAAAGGG
TACTACCYGGACCAGGTGGGTGG,
ACTACCYGGACCAGGTGGGTGGQ,
CTACCYGGACCAGGTGGGTGGGG

not provided

Central core disease

" 6357 SOMYH ).
(p.Leul646Pro)
NM_012434 4(SLC17A5):¢.500T>C
,,,,, T leulePro)
¥ 'NM._000090.3(COL3A1):0.233742T>C
587779513 (p.Gly762_Lys779del) :
777539013 NM_020376.3(PNPLA2).c.757+2T
: >C
NM_012452 2(TNFRSF13B):c.310T>C
,,,,,, L GOsl0dAg
NM_001165963.1(SCN1A):c.1094T>C
796052970 (p.Phe365Ser)
724159989 NC 012920.1:m.7505T>C
NM_014191.3(SCN8A):c.4889T>C
796053222 (p.Leul 630Pro)
NM_000540.2(RYR1):c.10817T>C
118192127 (p.Leu3606P1o)
NM_000540.2(RYR1):c.14693T>C
118192170 (p.[1e4898Thr)

AGGCAYTGGGGACGAGATCGAGG
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121917703

NM_005247.2(FGF3).c.466T>C
(p.Serl56Pro)

690016349 " (pLeus17Pro)
NM._005211.3(CSFIR):¢.2566 T>C

690016552 (0. Tyr856His)

Diotrss . NM_001098668 2(SFTPAZ)c 593T>C

690016559 (p.Cys653Arg)

690016560 NM_005211.3(CSF1R):c.2717T>C

¢ (p.T1e906Thr)

PCT/US2016/058344

GTACGTGYCTGTGAACGGCAAGQG,

¢ Deafness with labyrinthine aplasia microtia and
TACGTGYCTGTGAACGGCAAGGG :

microdontia (LAMM)

CCGCCYGCCTGTGAAGTGGATGG

spheroids
GAATCCCY ACCCTGGCATCCTGG Hereditary diffuse l:;llfgzigzphalopathy with

GGAGACTYCCGCTACTCAGATGG, Idiopathic fibrosing alveolitis, chronic form

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, spheroids ...
: Hereditary diffuse leukoencephalopathy with
spheroids

121917769 NM_003361.3(UMOD);c.376T>C

GGCCACAYGTGTCAATGTGATGQ,
GCCACAYGTGTCAATGTGGTGGG

121917773 © NM_003361.3(UMOD):.c.943T>C ATGGCACYGCCAGTGCAAACAGG X CE
: Cys315A with hyperuricemia and
(p.Cys 1g) isnsthenuria
121917818 NM—°°725§1'32£1:;‘2%‘21L)£7)):°'6”T>C TGCYCTCCAAGCAGCACTACCGG Ehlers-Danlos syndrome progeroid type
121917824 NM—°2mgféf;z’gfg;c'gnbc GGACCYGGCGCGGGAGCCGOTGG Macular corneal dystrophy Type I
121917848 NM_000452.2(SLC10A2):0.728T>C TTTCYTCTGGCTAGAATTGCTGG Bile acid malabsorption, primary
(p.Leu243Pro)
121918006 NM_000478.4(ALPL);c.1306 T>C TGGACY ATGGTGAGACCTCCAGG Infantile hypophosphatasia
(p.Tyr436His)
) CAAAGGCYTCTTCTTGCTGGTGG, ) .
121918010 NM_000478.4(ALPL);c.979T>C GGCYTCTTCTTGOTGGTGGAAGG Infantile hypophosphatasia
(p.Phe327Leu)
121918088 NM_000371.3(TTR):c.400T>C CCCCYACTCCTATTCCACCACGG
(p.Tyr134His)
121918110 NM_001042465.1(PSAP):c.1055T>C GAAGCYGCCGAAGTCCCTGTCGG Gaucher disease, atypica}l, due to saposin C
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (pLews2Pro) ... Geficency
NM_003730. 4(RNASET2):c.550T>C Leukoencephalopathy, cystic,
,,,,, 121918137(13@5184Arg>CCAGYGCCTTCCACCAAGCCAGGWlthoutmegalencephaly
121918191 NM_001 12(;612;11(91?::332)) ©.581T>C GGAGTYCATTTTGGTGGACAAGG Fructose-biphosphatase deficiency
] ACCAAGCYGCTGGATCCCGAAGG,
121918306 NM—°°6946%(SL11;§§1§2;~°'758T>C AAGCYGCTGGATCCCGAAGGTGG, Spinocercbellar ataxia 5
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, bLewsiPro) . AGCYGCTGGATCCCGAAGGTGGG &
121918505 NM_000141.4(FGFR2):c.799T>C AATGCCYCCACAGTGGTCGGAGG Pfeiffer syndrome, Neoplasm of stomach

* (p.Ser267Pro)

GTGGAGCYGGTAGCTAAAGAAGG,
TGGAGCYGGTAGCTAAAGAAGGG

121918643 NM_003126.2(SPTAl):c.620T>C
¢ (p.Leu207Pro)
NM_001024858.2(SPTB):c.604T>C
121918646 (p.Trp202Arg)
NM_001024858.2(SPTB):c.6055T>C
,,,,, S @Se0loPro)
NM_000543 4(SMPD1):c.475T>C
A T ®.CysisoArg
: NM_000434,3(NEU1):c.1088T>C
193922915 (p.Lew363Pro)
727504419

NM_000501 3(ELN):c.889-2T>

CTCCAGCYGGAAGGATGGCTTGG

ATGCCYCTGTGGCTGAGGCGTGG

TGAGGCCYGTGGCCTGCTCCTGQG, Niemann-Pick disease, type A, Niemann-Pick
GAGGCCYGTGGCCTGCTCCTGGG disease, type B

CAGCYATGGCCAGGCCCCAGTGG

CAGGYAACATCTGTCCCAGCAGG,
AGGYAACATCTGTCCCAGCAGGG

Sialidosis, type II

Supravalvar aottic stenosis

Primary familial hypertrophic
cardiomyopathy, Familial hypertrophic
cardiomyopathy 4, Cardiomyopathy

NM_000545.6(HNF1A):c.1720G>A

1169305 (p.Gly574Sen)

730880130 NM_000527.4(LDLR):c.1468T>C

¢ (p.Trp490Arg)

GATGCYGGCAGGGTCCTGGCTAAG,
ATGCYGGCAGGGTCCTGGCTGGA,
TGCYGGCAGGGTCCTGGCTGGGG

Maturity-onset diabetes of the young, type 3

CTACYGGACCGACTCTGTCCTGQG,

TACYGGACCGACTCTGTCCTGGG Familial hypercholesterolemia

S (pPhel6TSen

730880306 NM7145693.2(LPIN1):C.1441+2T>§
C :
74315452 NM_000454.4(SOD1):c.338T>C
(p.Ile113Thr)
730880455 NM_000169.2(GLA).c.41T>C
(p.LeuldPro)

267606656 NM7054027.4(A’;\’;19(H):C.1015T>C

NM_018713.2(SLC30A10):c.500T>C

Hypermanganesemia with dystonia,

GGCGCTTYCGGGGGGCCTCAGGG " ; .
polycythemia and cirrhosis

AAGGYACCGCGGGCCTCGCACAA,
AGGYACCGCGGGCCTCGCGCGGG

Myoglobinuria, acute recurrent, autosomal
recessive

CGCGCYTGCGCTTCGCTTCCTGG not provided

Craniometaphyseal dysplasia, autosomal
inant

AGCTCYGTTTCGTGATGTTTTGG

146
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NM_033409.3(SLC52A3):c.1238T>C

AGTTACGYCAAGGTGATGCTGGG
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Brown-Vialetto-Van laere syndrome

267606687 (p.Val413Ala)
267606721 NM_001928.2(CFD).c.640T>C
(p.Cys214Arg)

GGTGYGCAGGGGGCGTGCTCGAGG,
GTGYGCGGGGGCGTGCTCGAGGG

Complement factor d deficiency

NM_001849.3(COL6A2):c.2329T>C

CGCCYGCGACAAGCCACAGCAGG

Ullrich congenital muscular dystrophy

CTGCACCYCCACCAGAGCCATGG

AGAGAYCGCCAACATGTCACTGG

Infantile Parkinsonism-dystonia

Cone-1od dystrophy 6

GCTGCYCCAGATGCCCTCTGTGG

AACTCCTYCTACAGCAGCAAAGG

GCTGCCAYGCGTGGCCCGAGGAQG,
CTGCCGYGCGTGGCCCGAGGGGG

Focal segmental glomerulosclerosis 5

RRM2B-related mitochondrial disease

267606747 0.Cys777ArE)
NM_001044.4(SLC6A3):c.671T>C
431905515 (p.Leu224Pro)
NM_000180.3(GUCY2D):c.2846T>C
267606857 (p.11949Thr)
267606880 NM_022489.3(INF2).c.125T>C
(p.Leu42Pro)
NM_015713 4(RRM2B):c.581A>G
,,,,, e @GuMGy)
NM_004646.3(NPHS1):c.793T>C
267606917 (0.Cys265A12) 3
NM_001199107. 1{TBC1D24):c.751T>C :
267607104 (p.Phe251Leu) :
NM_144631.5(ZNF513):¢.1015T>C
,,,,, e bCys3Al)
267607211 NM_000229.1(LCAT);c.508T>C

Trpl70A

NM_016269.4(LEF1);c.181T>C
(0. Ser61Pro)

NM_178151.2(DCX):c.683T>C
(m Len228Prn}

CAAGTTCYTCCACAAGGTGAGGQG,

TTCYTCCACAAGGTGAGGGCCGG
TGGGCGCYGCATGCGAGGAGAGG,
CGCYGCATGCGAGGAGAGGCTGG

GAACGAGYCTGAAATCATCCCGG

AAAAAACYCTACACTCTGGATGG

Myoclonic epilepsy, familial infantile

Retinitis pigmentosa 58

Sebaceous tumors, somatic

Heterotopia

NM_004004.5(GJIB2);¢c.107T>C
(p.Leu36Pro)

GATCCYCGTTGTGGCTGCAAAGG

Hearing impairment

NM_005682.6(ADGRG1):c.1460T>C

CCCTGCYCACCTGCCTTTCCTGG

ATCACGGYAAGAATGGTACATGQG,
TCACGGY AAGAATGGTACATGGG

Polymicrogyria, bilateral frontoparietal

,,,,, e Glewso)
587783863 NM_000252.2(MTM1);c.958T>C
(p.Ser320Pro)
267607751 NM_000249.3(MLH1):c.453+2T>:
C M
119103227 NM_000411.6(HLCS).c.710T>C
(p.Leu237Pro)
119103237 NM_005787.5(ALG3).c.211T>C
: . Tm71Are}
398122806 NM_003172.3(SURF1);c.679T>C

¢ (p.Trp227Arg)

GATTGACYGGAAGGCCTACATGG

CCACYGGCATTATCGAGACCTGG

Congenital disorder of glycosylation type 1D

Congenital myasthenic syndrome,
acetazolamide-tesponsive

NM_004525.2(LRP2):c.7564T>C

GTACCTGYACTGGGCTGACTGGG
TTCCTYGTATCCCAATGCTAAGG

ACAAAACYTCAATGAAACGTGGG

Distal hereditary motor neuronopathy 2D

Hypobetalipoproteinemia, familial, 2

,,,,,, T eTyooul)
NM_001271723. {(FBX038):c.616T>C
398122838 (0.Cys206A%8)
NM_0144953(ANGPTL3):¢.883T>C
398122989 (p.Phe295Leu)
80338945 NM_004004.5(GJB2):c.269T>C
(p.Leu90Pro)

Deafness, autosomal recessive 1A, Hearing
impairment

NM_000334.4(SCN4A):c.2078T>C
(p.Ile693Thr)

AAGATCAYTGGCAATTCAGTGGG,
AGATCAYTGGCAATTCAGTGGGQ,
GATCAYTGGCAATTCAGTGGGGG

Hyperkalemic Periodic Paralysis Type 1,
Paramyotonia congenita of von Eulenburg

NM_004963.3(GUCY2C):c.2782T>C

TCCCYGTGCTGCTGGAGTTGTAG,
CCCYQTGCTGCTGGAGTTGTGGG

CCAACYTTTTACTATTCAGAAGG

Meconium ileus

Early infantile epileptic encephalopathy 2

CCGCCYGCGGGGATAAAGCCAGQG,
CGCCYGCGGGGATAAAGCCAGGG

Haemorrhagic telangiectasia 1

GAATCTYCACAGCCGCTCTCCGG

Brugada syndrome

GATGYCTGACGGGTAGCCTGTGG,
ATGYCTGACGGGTAGCCTGTGGG

GCTCCYGGGCTTCGTGGCCATGG

Epilepsy, X-linked, with variable learning

¢ disabilities and behavior disorders, not specified

Hypomagnesemia 5, renal, with ocular
involvement

587784573 (p.Cys928Arg)
NM_003159.2(CDKL5):c.659T>C
267608511 (p.Leu220Pro)
373842615 NM_000118.3(ENG):c.1273-
2A>G
NM_000335.4(SCN5A):c.376 A>G
185492581 —
(p.Lys126Gly)
200533370 NM_133499.2(SYN1):c.1699A>G
¢ (p.Thr567Ala)
NM_148960.2(CLDN19):¢.269T>C
118203981 (p.Leu90Pro0)
NM_0012353(SERPINH1):¢.233T>C
137853892 (p.Leu78Pro)
¢ 118204024 ¢ NM_000263 3(NAGLU)
e SN 005211 3(CSFIRY ¢ 174 TSE
NM_005211.3( «C.
690016563 (p.Leus82Pro)
NM_000526.4(KRT14):¢.1243T>C
38380626 (p.Tyr415His)

GTCGCYAGGGCTCGTGTCGCTGG,
TCGCYAGGGCTCGTGTCGCTGGG

GGCCGACYTCTCCGTGTCGGTGG

CAACCYGCAGTTTGGTGAGATGG

CGCCACCYACCGCCGCCTACTAQ,
CACCYACCGCCGCCTGCTGGAGQ,
ACCYACCGCCGCCTGCTGGAGGG

Osteogenesis imperfecta type 10

Mucopolysaccharidosis, MPS-III-B

Hereditary diffuse leukoencephalopathy with
spheroids

Epidermolysis bullosa herpetiformis,
Dowling- Meara
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© NM_207346.2(TSEN54):c.277T>C
(p.Ser93Pro)}

TTGAAGYCTCCCGCGGTGAGCGQG,
AAGYCTCCCGCAGGTGAGCGGCGG

PCT/US2016/058344

Pontocerebellar hypoplasia type 4

¢ 113994206 ¢ NM_004937.2(CTNS):c.473T>C : TGGTCYGAGCTTCGACTTCGTGG : Cystinosis
R L LEULI8PION O
62516109 NM_000277.1(PAH);c.638T>C CCACTTCYTGAAAAGTACTGTGG Phenylketonuria

(p.Leu213Pro}

NM_001302946.1(TRNT1):c.668T>C
(p.I1e223Thr)

Sideroblastic ane mia with B-cell
immunodeficiency, periodic fevers,

NM_000277. 1({PAH);c.293T>C
(p.Leu98Ser)

12021720

104886289

370471013

NM_001918.3(DBT).c.1150G>A
(p.Gly384Ser)

NM_000495.4(COL4AS):¢c.4756 T>C
(p.Cys1586Arg)
NC 012920.1:m.5559A>G

GACYCACAGAGCCCAATTTCTGG

TCCCCATYGTCCTCAGGGATGGG

CAACYTACTGAGGGCTTTGAAGG

Intermediate maple syrup urine disease type 2

Alport syndrome, X-linked recessive

Leigh disease

121434215

386134128

NM_000487.5(ARSA):c.410T>C
(p.Leul37Pro)

NM_000096.3(CP):c.1123T>C

(0. Tyr3d75His).....
M_001127328.2(
(.I1e379Thr)

GCCTTCCYGCCCCCCCATCAGGG

ACACTACYACATTGCCGCTGAGG

GTGCAGAYACTTGGAGGCAATGG

Metachromatic leukodystrophy, adult type

Deficiency of ferroxidase

A dehydrogenase deficiency

TTNM_001127328 2(ACADM):¢. 742 T>C
: (p.Cys248Arg)

NM_002225.3(IVD);c.134T>C
(p.Leud5Pro)

NM_005908.3(MANBA):c.1513T>C
(p.Ser505P10)

CAGCGAYGTTCAGATACTAGAGG

ATTACGYCCAGTCCTACAAATGG,
TTACGYCCAGTCCTACAAATGGQ,
TACGYCCAGTCCTACAAATGGGG

Medium-chain acyl-coenzyme
A dehydrogenase deficiency

NM_000159.3(GCDH):c.883T>C
(p.Tyr295His)

CGCCCAGYACGGCATCGCGTAAG,
GCCCGGYACGGCATCGCGTGGGG

121434409

121434434

NM_000424 3(KRT5):c.541T>C
(p-Serl81Pro)
NM_001003722.1(GLE1):c.2051T>C
(p.I1e684 Thr)
NM_001287.5(CLCN7):¢.2297T>C
(p.Leu766P10)

AAGGACAYTCCTGTCCCCAAGGG

GGGCCYGCGGCACCTGGTGGTGG

Epidermolysis bullosa herpetiformis,
Dowling- Meara

Lethal arthrogryposis with anterior horn cell
disease

Osteopetrosis autosomal recessive 4

199422317

104895221

¢ NM_000466.2(PEX1):c.1991T>C

. Leu664Pro)
NM_001099274.1(TINF2):c.862T>C
(p.Phe288Leu)
NM_001065.3(TNFRSF1A):c.349T>C

(p.Cysl17Arg)

GATGACCYTGACCTCATTGCTGG

CTGYTTCCCTTTAGGAATCTCGG

CTCTTCTYGCACAGTGGACCGGG

Aplastic anemia

TNF receptor-associated periodic fever
syndrome (TRAPS)

1048095

796065347

137852347

74315327

137852579

NM_ 000138 4(FBNT):c. 4987T>C
(p.Cys1663Arg)

NM_024027.4(COLEC11):c.505T>C
(p.Serl69P10)

NM_019074.3(DLL4).c.1168T>C
¢ (p.Cys390Arg)

¢ NM_000402.4(G6PD):c.1054T>C
¢ (p.Tyr352His)

NM_213653.3(HFE2):¢c.302T>C
(p.Leul01Pro)

NM_000044.3(AR):c.2033T>C
(p.Leu678Pro)

GGGACAYGTTACAACACCGTTGG

CAGCTGYCCTGCCAGGGCCGCGG,
AGCTGYCCTGCCAGGGCCGCGGG,
GCTGYCCTGCCAGGGCCGCGAAG,

GAAYGTCCCCCCAACTTCACCGG

AGGGYACCTGGACGACCCCACGG

GGACCYCGCCTTCCATTCGGCGG

GTCCYGGAAGCCATTGAGCCAGG

TGCYGTCCAAAGGCACCTACTGG

Marfan syndrome

Permanent neonatal diabetes mellitus

Adams-Oliver syndrome, ADAMS-
OLIVER SYNDROME 6

Anemia, nonspherocytic hemolytic, due to
G6PD deficiency

Hemochromatosis type 2A

137852636

¢ NM_001166107. 1(HMGCS2):¢.520T>C :

(p.Phel74Leu)

CCCTCYTCAATGCTGCCAACTGG

mitochondrial  3-hydroxy-3-methylglutaryl-
CoA synthase deficiency

137852661

121912967

NM_033163.3(FGF8).c.118T>C
(p.Phe40Leu)

NM_005215.3(DCC):c.503T>C
(p-Met168Thr)

TTCCCTGYTCCGGGCTGGCCGGG

AGCCCAYGCCAACAATCCACTGG

137852806

137852850

: NM_001039523.2(CHRNAL):¢.901T>C :

(p.Phe301Leu)

NM_182760.3(SUMF1):c.463T>C
(p.Serl55P10)

TGTGYTCCTTCTGGTCATCGTGG

GGCGACYCCTTTGTCTTTGAAGG

Myasthenic syndrome, congenital, fast-channel

Multiple sulfatase deficiency
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Glycogen storage disease, type IV,

137852886 NM_000158.3(GBE1);c.671T>C AATGTACYACCAAGAATCAAAGG GLYCOGEN STORAGE DISEASE
,,,,,,,,,,,,,,,,,,,,,,,,,, CARLeud2APro) b 1Y, NONPROGRESSIVEHEPATIC
137852911 NM—°°°4g'iggﬁflfgc'é“bc CTGGTGCYTGGGGCTCCTGGCGG Glanzmann thrombasthenia
137852948 NM_138694.3(PKHD1):c. 10658 T>C GAGCCCAYTGAAATACGCTCAGG | Polycystic kidney disease, infantile type
: (p.11e3553Thr) : :
137852964 | NM_024960.4(PANK2):c.178T>C ATTGACYCAGTCGGATTCAATGG
¢ (p.Ser60Pro) :

TGCGGCYGAGGTAGGTGATCTAG,
GCGGCYGAGGTAGGTGGTCTGGG

137853020 ;NM7006899.3(IDH3B):0.395T>C
: (p.Leul32Pro)

GACTTCTYGGCCCTGGATCTTGQ,

137853249 NM_033500.2(HK 1):c.1550T>C TTCTYGGCCCTGGATCTTGGAGG

¢ Hemolytic anemia due to hexokinase deficiency

NM_000444.5(PHEX):c.1664T>C

Familial X-linked hypophosphatemic vitamin

137853270 (p.Leus55Pro) AGCYCCAGAAGCCTTTCTTTTGG D refractory rickets
. : ¢ Hypohidrotic ectodermal dysplasia with immune
137853325 NM_003 63(3'2‘:(;5]??2) ;: A249T>C TGGAGYGCATTGAGTAGGGCCGG | deficiency, Hyper-IgM immunodeficiency, X-
. s __linked, with hypohidrotic ectodermal dysplasia
28932769 NM_002055 HGFAP)c. 1055T>C GGACCYGCTCAATGTCAAGCTGG | Alexander disease

: (p.Leu352Pro) :

397507439 NM_002769.4(PRSS1);c.116T>C TACCAGGYGTCCCTGAATTCTGG Hereditary pancreatitis
,,,,,,,,,,,,,,,,,,,,,,,,,, R A AL e

387906446 NM_000132.3(F8):¢c.1729T>C AAAGAAYCTGTAGATCAAAGAGG Hereditary factor VIII deficiency disease

i (p.Ser577Pro)
387906482 NM_000133.3(F9).c.1031T>C ACGAACAYCTTCCTCAAATTTGG Hereditary factor IX deficiency disease

: (p.Ile344Thr) : :
387906508 ©  NM_000131.4(F7):c.983T>C GACGTYCTCTGAGAGGACGCTGG Factor VII deficiency

i (p.Phe328Ser) : :
387906532 NMﬁOlO“Oéligu%;{:g i)) CIVIT>C GAAGCYGGAGGCGCAGGTGCAGG | Aortic aneurysm, familial thoracic 4
387906658 NM—°°2465'@3 (Tl\;r?zé)glls ; ©.2566T>C CAAACCYATATCCGCAGAGTTGG Distal arthrogryposis type 1B
387906701 NM_003491.3(NAA10).c.109T>C TGGCCTTYCCTGGCCCCAGGTGG, N-terminal acetyltransferase deficiency

r. Qa2 e GGCCTTYCCTGGCCCCAGGTGGG

: ) GACTTCAYTGAGGACCAGGGTGG,
706717 : I(\Ipl\;llg(z)ggﬁz.)Z(WAS),c_SSIT>C ACTTCAYTGAGGACCAGGGTGGG

: _ CTTCYGGGECGEGACCGTGATEE,
387906809 Zl\ﬁ;gggﬁzs(PEX“‘"16°1T>C TTCYGGGCCGGGACCGTGATGGG

Severe congenital neutropenia X-linked

Peroxisome biogenesis disorder 4B

387906965 NM_024513 3(FYCO1):c.4127T>C CAGCCYGATCCCCATCACTGTGG Cataract, autosomal recessive congenital 2
: (p.Leul376Pro) : :
387906967 NM_006147.3(IRF6):c.65T>C GCCYCTACCCTGGGCTCATCTGG Van der Woude syndrome, Popliteal pterygium
: : syndrome
(p.Leu22Pro) : :
387906982 © NM_025132.3(WDR19):c.20T>C TCTCACYGCTAGAAAAGACTTGG Asphyxiating thoracic dystrophy 5

(p.Leu7Pro)

Myopathy, areflexia, respiratory distress, and

GGGCAGYGTACTTGCCGCACTGG ;  dysphagia, early-onset, Myopathy, areflexia,
: respiratory distress, and dysphagia, early-

NM_032446.2(MEGF10):¢.2320T>C
(p.Cys774Arg)

GAGTYCTTTGCCCTTTTGAGAGG Familial hypoalphalipoproteinemia

NM_000196.3(HSD11B2):c.1012T>C CCGCCGCYATTACCCCGGCCAGQG,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (@Tys38His) - COCCGCYATTACCCCGGCCAGGG - 7
NM7004453.3(E1;1;I7)H):C.1130T>C cc CYCACCTTTCCTGGTGG

387907205 NM_033360.3(KRAS).c.211T>C CCAGYACATGAGGACTGGGGAGG, Cardiofaciocutaneous syndrome 2

(p.Tyr71His) | CAGYACATGAGGACTGGGGAGGG
387907240 NM_0241104(CARDI):c467T>C A GOAGCYGCAGGAGCACCTGGG Pityriasis rubra pilaris
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, D LU 0P T0) e
387907282 NMJ””%“S:EL?% )):°'243 IT>C TGCCATCYCACTGGCGTACGAGG Alternating hemiplegia of childhood 2
387907361 NM_005120.2(MED12):c.3493T>C AGGACYCTGAGCCAGGGGCCCGG Ohdo syndrome, X-linked
: (p.Ser1165Pro) : :
28933970 NM_006194.3(PAX9):c.62T>C GGCCGCYGCCCAACGCCATCCGG Toothagenesis, selective, 3
© (p.Leu21Pro) : :
137854472 NM_000138. 4FBN1):c.3128A>G TGCACYTGCCGTGGGTGCAGAGG
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, O LysI043Arg)
727504261 NM70002gé%%?gi;'mg”c' AGCGCYCCTCAGCATCTGCCAGG Cardiomyopathy, not specificd
""""""""""""" ;"'”"m'm'm"”"m'm'm"”"m'm'm"”"”"m;m"”'A'C'C”A”C”YGGGGGTAKAL&AKAGGGG;”'m'm'§”"m"F'éiiﬁ'liél"ééﬁééfdfbfééévtv,Eféééﬂd&éﬁéﬁmmm
81002853 NM_000059.3(BRCA2):c.476- : TACCACYGGGGGTAAAAAAAGGG : cancer, familial 2, Hereditary cancer-
: 2A>G : s : predisposing syndrome
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119473032 NM_021020.3(LZTS1).c.355A>G CCCTYCTCGGAGCCCTGTAGAGG
(p.Lys119Glu) :

NM_000340.2(RYR1):c. 7043 A>G TTCYCCTCCACGCTCTCGCCTGG not provided

,,,,, DOl T pGhassglyy o TTOYCCTCRAtoiCrceeere o wotproviced
36210419 NM_000218.2(KCNQ1)¢.652A>G GCCCCTYGGAGCCCACGCAGAGG —  Torsades de pointes, Cardiac arthythmia
: (p.Lys218GH) 5
121964989 NM_000108.4(DLD).c.1483A>G TTCTCYAAAAGCTTCTGATAAGG Maple syrup urine disease, type 3
: ¢ (p.Arg495Gly) : S
S U NM_ 000095 2(COMP) . 1418A>G 1
,,,,,, W66V easmwmay o ATTeYCgTcgIcarecrcGeace

GTACYGTAAGGAAGATTCTCGGG,
GGTACYGTAAGGAAGATTCTCGG

28936696 NM_018488.2(TBX4).c.1592A>G
© (p.GIn531Arg)

121965077 : NM_000137.2(FAH):c.1141A>G TCCYGGTCTGACCATTCCCCAGG Tyrosinemia type I
© (p.Arg381Gly) : :

794728203 NM_000138.4(FBN1):¢.3344A>G : ACTCAYCAATATCTGC TGG Thoracic aortic aneurysms and aortic
: (p.Aspl115Gly) : : dissections

786205436 NM_003002.3(SDHD).c.275A>G GAATAGYCCATCGCAGAGCAAGG Fatal infantile mitochondrial cardiomyopathy
i (p.Asp92Gly) : H

72551317 NMﬁOO”;fS;I;éxgl;:°'776A>G AGTCCACYTGGGGAGGAAGGTGG Cholestanol storage discase

786205687 NM_016218.2(POLK):c. 1385A>G ATTCACAYTCTTCAACTTAATGG Malignant tumor of prostate

794728280

dissections

NM_000335.4(SCN5A):c.3971A>G GCAYTGACCACCACCTCAAGTGG Long QT syndrome 3, Congenital long QT
(p.Asnl3248er) syndrome

NM7144499.2(G1\121;T1):c.386A>G CGGAGYCCTTCCACAGCCGCTGG NIGHT BLINDNESS,

28937317

786205854

NM_000539.3(RHO).c.533A>G
(p.Tyr178Cys)

104893776

GACAC TGCTGAGTACGGG,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, CGACACYGAGGTGCTGAGTACGG & .,

_ TGCCGYACCCGATCATACCTGGG,
104893866 2%;??23@35@1’1‘“-449A>G ATGCCGY ACCCGATCATACCTGG

GACAYACCCCTGGGTGGTGGAGG,

587776590 IéM7015629.3(PRPF3 Desataa>  GACAYACCCCTOGOTOATGaNTG Retinitis pigmentosa 11
104894015 | NM 000162 3(GCK):c.641A>G . GTAGYAGCAGGAGATCATCGTGG = Hyperinsulinemic hypoglycemia familial 3
i (p.Tyr214Cys) : :
202247823 NM_0005324(PCCB):c.1606A>G ATATYTGCATGTTTTCTCCAAGG Propionic acidemia
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, AN O ASD)
104894199 ©  NM_000073.2(CD3G):c.1A>G CCAYGTCAGTCTCTGTCCTCCGG Immunodeficiency 17
: (p.MetlVal) :

: : CTCCYGAGGGCTTAGGATTGGGG,
104894208 © NM_001814.4(CTSC).c.857A>G : CCTCCYGAGGGCTTAGGATTGGG,
: (p.GIn286Arg) : ACCTCCYGAGGGCTTAGGATTGG

Papillon-Lef\xc3\xa8vre syndrome, Haim-
Munk syndrome

NM_001814.4(CTSC):c.1040A>G Papillon-Lefixc3\xa8vre

(p.Ty1347Cys) TCCTACAYAGTGGTACTCAGAGG syndrome, Periodontitis,
104894290 NM—°°°4‘(‘§'%$9‘?2C1;§)'2735A>G . CTGYACTGGCAGAGGGATTCTGG Histiocytic medullary reticulosis
""""""""""""" S GCGY TTCCACGATGAAGAAGGGG, T
104894354 © NM 000217.2(KCNA1):c.676A>G : AGCGYTTCCACGATGAAGAAGGG, : Episodic ataxia type 1
(p.Thr226Ala) : CAGCGYTTCCACGATGAAGAAGG :
""""""""""""""""""""" NM_014239.3(EIF2B2)c.638A>G 4 oo p gy ieeas . Leukoencephalopathy with vanishing white
,,,,, N eGlenay) A A . matter,Ovarioleukodystrophy
: . ATAYCTCCAACCTCAAACTTGGG, . . .
104894450 : NM_000270.3(PNP).c.383A>G GATAYCTCCAACCTC CTTGG Purine-nucleoside phosphorylase deficiency
(p.Asp128Gly)
147394623 © NM_024887.3(DHDDS):c. 124A>G GGCACTYCTTGGCATAGCGACGG Retinitis pigmentosa 59

¢ (p.Lys42Glu)

60723330 NM_005557.3(KRT16):c.374A>G : GCGGTCAYTGAGGTTCTGCATGG 5 Pachyonychia congenita, type l,qumoplantar
(p.Asnl25Ser) : : keratoderma, nonepidermolytic, focal

104894634 NM_030663 3(RAI1):c.4685A>G CTGCTGCYGTCGTCGTCGCTTIGG Smith-Magenis syndrome

(p.GInl562Arg)
CCTYCTTCACCTGCTTGAGGTGG,

104894730 NM_000363.4(TNNI3).c.532A>G CCTCCTYCTTCACCTGCTTGAGG
(p.Lys178Glu)

Familial restrictive cardiomyopathy 1

NM_002049.3(GATAL):c.653A>G

: GATA-1-related thrombocytopenia
lweste (pAsp218Gly) OTCCTGYCCCTCCOCCATAGTEG e with dyserythropoiesis
794726773 NM_001165963.1(SCN1A):c.1662+3 GTGCCAYACCTGGTGTGGGGAGG Severe myoclonic epilepsy in infancy
: A>G : :
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104894861 NM_000202.6(IDS).c.404A>G AAAGACTYTTCCCACCGACATGG Mucopolysaccharidosis, MPS-IT
¢ (pLysl35Arg) : :
104894874 NM_000266.3(NDP).c.125A>G TGGYGCCTCATGCAGCGTCGAGG
i (p.His42Arg)
191205969 NM_002420.5(TRPM1):¢.296T>C AAGCYCTTAATATCTGTGCATGG Congenital stationary night blindness, type 1C
© (p.Leu99Pro) : :
794727073 12\1[1;1 é)l9109.4(ALG1) .1188- TG"}AAC chgfég:gﬁé‘:égi‘é‘éii% Congenital disorder of glycosylation type 1K
G :
281875236 NM_001004334.3(GPR 179):¢.659A>G CCCACAYATCCATCTGCCTGCGG Congenital stationary night blindness, type 1E
(p. Tyr220Cys) :
28939094 NM_015915.4(ATL1).c.1222A>G CACCCAYCTTCTTCACCCCTCGG Spastic paraplegia 3
(p-Met408Val) :
281875324 NM_005359.5(SMAD4):c.989A>G : ATCCATTYC GTAAGCAATGG : Juvenile polyposi§ synglrome, Hereditary
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ©GW330Glyy .1 cancerpredisposingsyndrome
77173848 NM_000037.3(ANK1):c.- GGGCCYGGCCCGCACGTCACAGG Spherocytosis, type 1, autosomal recessive
15018122 é """"" NM 061150772, [(CANTI)e.671T5¢ CGTCYGTACGTGGGCGGCCTGGG, Desbuumsndmme """""""""""
e pLeW2APRO) GCGTCYGTACGIGGGCGGCCIGG o o ]
: . ~ CGCCCYGCGGCCGAGAGGGCGAQG, - . L
397514253 : I;I[l:ié)OOOMS(APOE) €237 GOGCCCYGCGGCCGAGAGGGCGG Familial type 3 hyperlipoproteinemia
397514348 NM_000060.3(BTD).c.278A>G GTTCAYAGATGTCAAGGTTCTGG Biotinidase deficiency
i (p.Ty93Cys) : :
397514415 NM_000060.3(BTD):c.1313A>G GGCAYACAGCTCTTTGGATAAGG Biotinidase deficiency
 (p.Tyr438Cys) : :
397514501 NM_007171.3(POMT1):c.430A>G GAGCATYCTCTGTTTC GAGG Limb-girdle muscular
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, AsnlddAsp) T Mystophy-
370382601 :  NM_174917.4(ACSF3).c.1A>G GGCAGCAYTGCACTGACAGGCGG not provided
,,,,,,,,,,,,,,,,,,,,,,,,,, M ALY e
72554332 NM_000531.5(0TC).c.238A>G AAGGACTYCCCTTGCAATAAAGG Ornithine catbamoyltransferase deficiency
N L N
397514599 NM_033109.4(PNPT1):c.1424A> GACTYCAGATGTAACTCTTATGG
N G M
S Gl TsGlyy
397514650 NM_000108.4(DLD):c.1444A>G GACTCYAGCTATATCTTCACAGG Maple syrup urine disease, type 3
(p.Arg482Gly)
397514675 NM_003156.3(STIM1).c.251A>G TTCCACAYCCACATCACCATTGG Myopathy with tubular aggregates
i (p.Asp84Gly) :
NM_000238.3(KCNH2):c.1913A>G ATCYTCTCTGAGTTGGTGTTGGG, . .
794718378 (p.Lys638Are) © GATCYTCTCTGAGTTIGGTGTTGG 5 Cardiac arthythmia
397514711 NM 002163 2(IRF8):c.2384>G © AACCTCGYCTTCCAAGTGGCTGG : Autosomal dominant CD11C+/CD1C+ dendritic
: : : cell deficiency
i (p.Thr80Ala)
397514729 NM 000388.3(CASR):c85A>G { CCCCCTYCTTTTGGGCTCGCTGE Hypocalcemia, autosomal dominant 1, with
: : bartter syndrome
(p.Lys29Glu) : :
397514743 NM,02211‘&3§:§11;11\£ ;23;C'2447A>G GCCGCCGYTTTGGCTGGCACGGG Left ventricular noncompaction 8
197514757 NM_005689.2(ABCB6):c.508A>G TGGGCYGTTCCAAGACACCAGGQG, Dyschromatosis universalis hereditaria 3

28940313 CACTGCGYAGGTGGTGACCCCGG Leber congenital amaurosis 13

NM_000218.2(KCNQ1):c.1787A>G GTCTYCTACTCGGTTCAGGCGGG,

794718538 .Glu596Gly) TGTCTYCTACTCGGTTCAGGCGG Cardiac arthythmia
794728569 NM_0002 18'2(K2COI\1 QL)c.605A>G AGGYCTGTGGAGTGCAGGAGAGG Cardiac arrhythmia

794728573 GCCYGCAGTGGAGAGAGGAGAGG

NM_000218 2(KCNQ1):c.1515 Cardiac arrhythmia
2A>G
370874727 NM_003494.3(DYSF):c.3349- CCGCCCYGGAGACACGAAGCTGG Limb-girdle muscular dystrophy, type 2B
: 2A>G : :
794728859 NM_198056.2(SCN5A):c.2788- ACCYGTCGAGATAATGGGTCAGG not provided
: 2A>G :
"""""""""""""""""""" NM_ 198056 2(SCNSAY.C4462A>G 1 o L
794728887 : (p.Thr1488Ala) CCTCTGYCATGAAGATGTCCTGG - not provided
28940878 NM_000372.4(TYR).c.125A>G CTCCTGYCCCCGCTCCACGGTGG Tyrosinase-negative oculocutaneous albinism
P (p.Asp42Gly) : :
NM_172107.2(KCNQ2):¢c. 1636 A>G GCAYGACACTGCAGGGGAGTGAG,

CGCAYGACACTGCAGGGGGGTGG, Early infantile epileptic encephalopathy 7
AACCGCAYGACACTGCAGGGGGG :

397513420 (p.Met546Val)
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NM_001410.2(MEGF8):c.7099A>G :
,,,,, PRLRS L esmeiGy) o GACYCCCOTGAARTGATICCCEG o Cpemersndome2
143601447 NM_201631.3(TGMS5).¢c.122T>C : TCAACCYCACCCTGTACTTCAGG Peeling skin syndrome, acral type
¢ (p.Leu41Pro)
397515519 NM_000207.2(INS):c.*59A>G GGGCYTTATTCCATCTCTCTCGG Permanent neonatal diabetes mellitus

397515523 | NM_000370 3(TTPA)c 191A>G i CAGGYCCAGATCGAAATCCCGHG,
i (p.Asp64Gly) :

CCAGGYCCAGATCGAAATCCCGG

TACTTGCYGTAGAACAGAAGGGG Familial hypertrophic cardiomyopathy

397515891 NM_000256.3(MYBPC3):c.1224- 4, Cardiomyopathy

2A>G
397516082 NM._000256.3(MYBPC3):c.927- GTCCCYGTGTCCCGCAGTCTAGG Familial hypertrophic cardiomyopathy
: IASG : 4, Cardiomyopathy
""""""""""""" T NM 000797 AMYH e 1906 Ases . TATCAAYGAACTGTCCCTCAGGG, | Familial hypertrophic cardiomyopathy
397516138 1 NM_000257.3(MYH7):c.2206A>G © CTATCAAYGAACTGTCCCICAGG 1, Cardiomyopathy, not specified
(p.lle736Val) : :
. ATGACGYGGCCTGAATCACAGGG, 4-Alpha-hydroxyphenylpyruvate  hydroxylase
1134510 = NM_002150.2(HPD):¢.97G>A . AATGACGYGGCCTGAATCACAGG | deficiency
(p.Ala33Thr) :
"""""""""""""" U UATATCCYGGGGGAGCAGAAAGGG,
397516330 § I;[l;ié)OO260.3(MYO7A).c.6439— GATATCCYGGGGGAGCAG GG Usher syndrome, type 1
72556271 NM 000531 5(0TC):c.4824>G CAGCCCAY TGATAATTGGGATGG not provided
i (p.Asnl61Ser)
606231260 | NM_023073.3(C501f42):c.3290- ATCYATCAAATACAAAAATTTGG Orofaciodigital syndrome 6
: 2A>G
"""""""""""""" e oan : CAGCTCYGAGAAGAAACCACGGG, & o
587777521 : I;[l;/ié)04817.3(TJP2).c.1992— TCAGCTCYGAGAAG CCACGG Progressive familial intrahepatic cholestasis 4
730880846 | NM_000257.3(MYH7):c.617A>G CTTCYTGCTGCGGTCCCCAATGG Cardiomyopathy
: (p.Lys206Arg) :
397517978 NM_206933. 2(USH2A):¢ 12067- TTCCCYGTAAGAAAATTAACAGG ~—  Ushersyndrome, type 2A3’9Reﬁmﬁs pigmentosa
: 2A>G : ‘
""""""""""""" e T GCACCAYGGCTGCGGGTCGAGGG, e
606231409 . NM_000216.2(ANOS1)c.1A>G L tANCAY GGOTOCOGE et Kallmann syndrome 1
(p.Met1Val) :
80356546 | NM_003334.3(UBAl)c.1639A>G { TGGCYTGTCACCCGGATATGTGG ¢ Arthrogryposis multiplex congenita, distal,
| (p.SerS47Gly) : 5 X- linked

GACCYGCAGGCAGGAGAAGGGGQG,
TGACCYGCAGGCAGGAGAAGGGG,
CTGACCYGCAGGCAGGAGAAGGQG,
GCTGACCYGCAGGCAGGAGAAGG

80356584 NM_194248.2(0TOF):c.766-
: 2A>G

Deafness, autosomal recessive 9

NM_000257.3(MYH7):c.1615A>G

730880930

GGAACAYGCACTCCTCTTCCAGG Cardiomyopathy

7

60171927 NM_000526.4(KRT14):c.368A>G E GCGGTCAYTGAGGTTCTGCATGG Epidermolysis bullosa herpgtiformis,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ®Asnl238en) ... Dowling-Meara
199422248 : NM_001363.4(DKCl).c.941A>G AATCYTGGCCCCATAGCAGATGG Dyskeratosis congenita X-linked

(p.Lys314Arg)

: ) TCCACTYCTTCTGGCTTTCTGGG, .
72558467 : NM_000531.5(0TC):c.929A>G ATCCACTYCTTCTGGCTTTCTGG not provided
i (p.Glu310Gly)
: _ ACTTTCYGTTTTCTGCCTCTGGG, '
72558478 § NM_000531.5(0TC):c.988A>G CACTTTCYGTTTTCTGCCTCTGG not provided
(p.Arg330Gly)
118204455 NM_000505.3(F12):c.158A>G GGTGGYACTGGAAGGGGAAGTGG
i (p.Tyr53Cys) :
/0357477 NM_007294.3(BRCAL):c.5453A>G § TTGYCCTCTGTCCAGGCATCTGG : Familial cancer ofbreast,.].3reast—ovar1an
: (p.Aspl1818Gly) : : cancer, familial 1
121907908 NM_024426.4(WTl).c.1021A>G CGCYCTCGTACCCTGTGCTGTGG Mesothelioma
i (p.Ser341Gly) : :
121907926 : NM _000280.4(PAX6).c.1171A>G GTGGYGCCCGAGGTGCCCATTGG Optic nerve aplasia, bilateral
¢ (p.Thr391Ala) : :
121908023 NM_024740.2(ALG9).c.860A>G TTAYACAAAACAATGTTGAGTGG Congenital disorder of glycosylation type 1L
¢ (p-Tyr287Cys) :
121908148 | NM_001243133. LINLRP3):c. 1880A>G ACAATYCCAGCTGGCTGGGCTGG Familial cold urticaria
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, @GO2TGLY) | e
: : CGGYTCTGGAACCAGACCTGGGG, :
121908166 1 NM_006492.2(ALX3):c.608A>G : GCGGYTCTGGAACCAGACCTGGG, : Frontonasal dysplasia 1
¢ (p.Asn203Ser) : TGCGGYTCTGGAACCAGACCTGG :
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CCCAYGGCTGCGGCTGGCAGGCAG,

CGGCCCAYGGCTGOGGCTGGCGG Eichsfeld type congenital muscular dystrophy

121908184 NM_020451.2(SEPN1).c.1A>G
(p.MetlVal)

NM_130468.3(CHST14):c.878A>G

Ehlers-Danlos syndrome, musculocontractural

Witdeiatt B eomoicys) A WP
121908383 | NM_OOLI2B425 IMUTYH):e 1241A>G © 4 A 6oy GOTCTGAGGGCTCCCAGG Neoplasm of stomach
121908580 NM_004328.4(BCS1L):c.148A>G GTGYGATCATGTAATGGCGCCGG Mitochondrial complex ITI deficiency

(p.Thr50Ala)

121908584 | NM_016417.2(GLRXS):c.294A>G CCTGACCYTGTCGGAGCTCCGGG Anemis, sidetoblastic, pyridoxine teftactory,
¢ (p.Gln98=) autosomal recessive

121908635 NM_022817.2(PER2).c.1984A>G GCCACACYCTCTGCCTTGCCCGG Advanced sleep phase syndrome, familial
i (p.Ser662Gly) : :

NM_003839.3(TNFRSF11A):c.508A>G :
: (p.Argl70Gly) :

29001653 NM_000539.3(RHO):c.886A>G

121908655 GGGTCYGCATTTGTCCGTGGAGG Osteopetrosis autosomal recessive 7

CGCTCTYGGCAAAGAACGCTGAGG,

GCGCTCTY GGCAAAGAACGCTGG Retinitis pigmentosa ¢

56307355 NMﬁOOéS(();f;]S’gI;Ié)I;; 1603A>G AGACTTTYCTGCTTAAAGAAGGG Xeroderma pigmentosum, variant type

121908919 COTTTTCYTGTGTATTTGATTGG Generalized epilepsy w1t11 febrile seizures plus,

121908939 GACACGYCTGTGTAGTGCACAGG

‘ 16 and immunodeficiency
121909088 NM_001005360.2(DNM2):¢c.1684A>G ACTYCTTCTCTTTCTCCTGAGGG, Charcot-Marie-Tooth disease, dominant
o fplysse2Glwy ot TACTYCTTICTCTTTCTCCTGAGG . intermediate b, with neutropenia
120074112 NM_000483.4(APOC2).c.1A>G GCCCAYAGTGTCCAGAGACCTGG Apolipoprotein C2 deficiency
: (p.MetlVal) : :
121909239 NM_000314.6(PTEN).c.755A>G ATAYCACCACACACAGGTAACGG Macrocephaly/autismsyndrome
i (p.Asp252Gly) :

TGGYTGCACAGACAGTACGTGGQ,
CTGGYTGCACAGACAGTACGTGG

121909251 NM_198217.2(ING1).c.515A>G

i (p.Asnl728er) :
"NM_001174089.1(SLC4A11):c.2518A>G T GATCAYCTTCATGTAGGGCAGGG, & o e
121909396 (pMct840Val) : AGATCAYCTTCATGTAGGGCAGG ‘ Corneal dystrophy and perceptive deafness
12190033 Ny e CCAYCCAACCCTAAGAGAAGAGG | HNSHA dueto aldolase A deficiency
""""""""""""" e U TGACCGYGATCTGCAGAGAAGGG,
128627255 : NM_004006.2(DMD).c.835A>G CTGACCGYGATCTGCAGAGAAGG Dilated cardiomyopathy 3B
: (p.Thr279Ala) :
Leoposrs | NM_ 001085 4(SERPINA3)C.1240A>G ©  GCTCAYGAAGAAGATGTTCTGGG,
,,,,,,,,,,,,,,,,,,,,,,,,,, L (@Metdvay  ©  TGCTCAYGAAGAAGATGTTCTGG =
61748392 NM—°°499(§'(33(111\14£%%Y);°'41°A>G CAACYCCACTTTAGAGCGAAAGG Mental retardation, X-linked, syndromic 13
VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV NM 00100574 1 2(GB AY 66750 T
61748906 (p. Trp223 Arg) CCCACTYGGCTCAAGACCAATGG Gaucher disease, type 1
' CTGCYCTCCACGTCGECCCGGGG, :
199473024 NM—OOOB(% ggfﬁ}jgéfy‘f 1I8A>G CCTGCYCTCCACGTCGCCCCGGE, ; Sudden infant death syndrome

GCCTGCYCTCCACGTCGCCCCGG

NM_000238.3(KCNH2):c.1129- GGACCYGCACCCGGGGAAGGCGG

R RN .

Cardiac arthythmia

72556293 NM_000531.5(0TC).c.548A>G
(p.Tyr183Cys)
111033244 NM_000441.1(SLC26A4):c.1151A>G : TGAATYCCTAAGGAAGAGACTGG 5 Pendred syndrome, Enlarged vestibular
e JRGISBAGLY) S aqueductsyndrome
: . : AGCYGCAGGGGCACAGGGATGGG,
111033415 : NM_000260.3(MYO7A):c.1344- AAGCYGCAGGGGCACAGGGATGG Usher syndrome, type 1

2A>G

121912439 NM_000454.4(SOD1).c.302A>G AGAATCTYCAATAGACACATCGG Amyotrophic lateral sclerosis type 1

(p.Glulo1Gly)

ATCYTGTCATCATCATCAAAGGQG, Hereditary pancreatitis

111033567 : NM_002769.4(PRSS1).c.68A>G GATCYTGTCATCATCATC G
(p.Lys23Arg) P

NM_000901.4(NR3C2):c.2327A>G TCATCYGTTTGCCTGCTAAGCGG Pseudohypoaldosteroms.mtype 1 autosomal

121912565

Pseudohypoaldosteronism type 1 autosomal

NM_ 000901 4(NR3CD):c.2915A>G ;
121912574 5. OO0 | CCGACYCCACCTIGGGCAGCTGG 5 o o1
121912589 NM*OOMBA(fﬁe(EFf\}B?D) ©.28394>G ATTCAYATCTGCCTCCATGTTGG Fibrosis of extraocular muscles, congenital, 1
111033661 NM_ 000155, 3(GALT).253- ATTCACCYACCGACAAGGATAGG ~—  Deficiency of UDPglucose-hexose-1-phosphate
: 245G : uridylyltransferase
111033669 | NM_000155.3(GALT):c.290A>G © GAAGTCGYTGTICAAACAGGAAGG | Deficiency of UDPglucose-hexose-1-phosphate
" (pAsn97Ser) : : uridylyltransferase
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Deficiency of UDPglucose-hexose-1-phosphate

uridylyltransferase

i Deficiency of UDPglucose-hexose-1-phosphate

uridylyltransferase

Microphthalmia sy ndromic 6

CACCYTGGGGACACCAGAGTCGAQG,
TCACCYTGGGGACACCAGGTCGG

Epidermolysis bullosa dystrophica inversa,
autosomal recessive

111033682 NM_000155.3(GALT).c.379A>G
(p.Lys127Glu)

111033786 NM_000155.3(GALT).c.950A>G
(p.GIn317Arg)

121912765 NM_001202.3(BMP4).c.278A>G
(p.Glu93Gly)
NM_000094.3(COL7A1):.c.425A>G

121912856 (p.Lysl42Ars)

199474715 NM_152263.3(TPM3).c.505A>G

¢ (pLysl69Glw)

Congenital myopathy with fiber
type disproportion

ATCYCTCAGCAAACTCAGCACGG

Congenital myopathy with fiber
type disproportion

199474718 NM_152263.3(TPM3):c.733A>G
(p.Arg245Gly)
NM_001844.4(COL2A1):c.2974A>G

121912895 : (p.Arg992Gly)

121913074 NM_000129.3(F13A1):c.851A>G

Ty1284Cys)

CCTCYCTCACCACGTTGCCCAGG

ATAGGCAYAGATATTGTCCCAGG

Spondyloepimetaphyseal dysplasia Strudwick
type

Factor xiii, a subunit, deficiency of

: NM_000208.2(INSR):.c.707A>G
i (p.His236Arg)

GCTGYGGCAACAGAGGCCTTCGG

Leprechaunismsyndrome

| NM_025137.3(SPG11):c.2608A>G
¢ (pIle870Val)

312262745

121913682 NM_000222.2(KIT).c.2459A>G

(p.Asp820Gly)

ACTTAYCCTGGGGAGAAGGATGG

AGAAYCATTCTTGATGTCTCTGG

Spastic paraplegia 11, autosomal recessive

Mast cell disease, systemic

NM_000330.3(RS1):c.286T>C
(p.Trp96Arg)

NM_024549.5(TCTN1):c.221-
2A>G

NM_000894.2(LHB).c.221A>G

AGCAACYGCAGAAAAAAGAGGGQ,
CAGCAACYGCAGAAAAAAGAGG

CGTTACYGAAACTCCTGTGTAGG

CCACCYGAGGCAGGGGCGGCAGG

Isolated Iutropin deficiency

Gorlin syndrome, Holoprosencephaly 7, not
specified

5030773
(p.GIn74Arg)
NM_000264.3(PTCHI1):c.2479A>G
199476092 (p Ser827Gly)
398123158 NM_000117.2(EMD):c.450-

2A>G

199476103 RMRP:n.71A>G
5030856 NM_000277.1(PAH):c. 1169A>G
e (pG3OGLY)
5030860 NM_000277.1(PAH):c.1241A>G
(p.Tyr414Cys)
""""""""""""""""" NM_020988 2(GNAO1):c.521A>G
587777055 (0. Asp174G1y)

GGACTTYCCCCTAGGCGGAAAGG
CTCYCTGCCACGTAATACAGGGQG,
ACTCYCTGCCACGTAATACAGGQ,
AACTCYCTGCCACGTAATACAGG
GGGTCGYAGCGAACTGAGAAGGQG,
TGGGTCGYAGCGAACTGAGAAGG

i Metaphyseal chondrodysplasia, McKusick type,

not provided

Metaphyseal dysplasia without hypotrichosis

Phenylketonuria, Hyperphenylalaninemia, non-
pku

Phenylketonuria, Hyperphenylalaninemia, non-
pku

CCGCAYGGGGCCGAAGTCTGAGG,
GCCGCAYGGGGCCGAAGTCTAAGG,
AGCCGCAYGGGGCCGAAGTCTGG

Congenital muscular dystrophy-
dystroglycanopathy with brain and eye
anomalies type AS

GTACTTGYAGTCGGGGTAGTCGG

TTGYTCCCCCCTCGGCCTCAGGQ,
ATTGYTCCCCCCTCGGCCTCAGG

CTCCYGAGTGCTGAAGGACTTGGG,
GCTCCYGGTGCTGAAGGACTTGG

AATCAYGATGTACATCCTTCTGG

GATAYCGGTTTCATTAAGGTAGG

Mental retardation, autosomal dominant 27

Atrial fibrillation, familial, 16

Diamond-Blackfan anemia 13

ACTTCYCACCGGGTAGCTCCCGG

Combined oxidative phosphorylation deficiency
3

GCAYACTGGCGGATGGTCCAGGQG,
AGCAYACTGGCGGATGGTCCAGG

not provided

587777223 NM_024301.4(FKRP)«c.1A>G
(p-MetlVal)
NM_003108.3(SOX11):c.347A>G
,,,,, T BDIIGCS
587777496 NM_020435 3(GIC2):c.-170A>G!
N NM_ 022552 4DNMT3A):c.1943T>C
W (p.Leu648Pro)
: © NM_018400.3(SCN3B):c.482T>C
87777557 (p.Metl61Thr)
NM_001030001.2(RPS29):¢.149T>C
T (UeSOTh)
: 7 NM_153334.6(SCARF2):c.190T>C
587777657 (0.Cys64Are)
587777689 NM_005726.5(TSFM):c.57+4A> :
G :
796052005 NM_000255.3(MUT):c.329A>G
(p.Tyrl10Cys)
587777809 NM_144596.3(TTC8):c.115-
2A>G
587777878 NM_000166.5(GJB1):c.580A>G

(p-Met194Val)

GTTCCYGGAAAGCATTAAGAAGG

TAGCAYGAAGACGGTGAAGACGG

Retinitis pigmentosa 51

X-linked hereditary motor and sensory
neuropathy
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74315420 NM_001029871 3(RSPO4):c.194A>G CGTACYGGCGGATGCCTTCCCGG Anonychia
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, OGS ATg)
NM_000030.2(AGXT):c.424-2A>G : . .
i S (pGly_142GInlasdel) ACOCCOYGAGGAAGCAGGGACGG Primary bypetosaturia, e [ -
NM_002693.2(POLG):c.1808T>C .
rrrrr welooor M o Thy CTCAYGGCACTTACCTGGGATGG not provided
180177319 NM_012203.1(GRHPR):c.84-
: 285G

. GGTACCYGGAAGACACGAGGGGG, . .
796052068 I;[l;/ié)00030.2(AGXT).c.777— TGGTACCYGGAAGACACGAGGGG Primary hyperoxaluria, type I
61754010 NM_000552.3(VWF).c.1583A>G TGCCAYTGTAATTCCCACACAGG von Willebrand disease, type 2a

(p.Asn5288Ser)

587778866 NM_000321.2(RB1).c.1927A>G : ATTYCAATGGCTTCTGGGTCTGG Retinoblastoma
¢ (pLys643Glu) : :

74435397 NM_006331.7(EMGl):c.257A>G ATAYCTGGCCGCGCTTCCCCAGG Bowen-Conradisyndrome
i (p.Asp86Gly) : :

796052527 . NM_000156.5(GAMT):c.1A>G CGCTCAYGCTGCAGGCTGGACGG not provided
: (pMetlVal) : :

NM_172107.2(KCNQ2):c.848A>G

796052637 GTACYTGTCCCCGTAGCCAATGG not provided
o WLysa8Arg)
. GATAYCATACAGGAATGCTGGGG, :
724159963 NM*032228§S(F?6121G)1'C51094A>G AGATAYCATACAGGAATGCTGGG, : Peroxisomal fatty acyl-coa reductase 1 disorder
g (p-Asp363Gly TAGATAYCATACAGGAATGCTGG :
¢ NM_000090.3(COL3A1):c.1762-2A>G : -
587779722 § (p.Gly588_Gln605del) , CACCCYAAAGAAGAAGTGGTCGG § Ehlers-Danlos syndrome, type 4
118192102 m8296A>G © TTTACAGYGGGCTCTAGAGGGGG Diabetes-deafiess syndtome matermally
727502787  NML001077494 INFKB2):6.2594A>G | o1y OTTCCTTCACCTCTGOTGG { Commonvariable immunodeficiency 10
5 (p.Asp865Gly) : 5
727503036 NM_000117.2(EMD):c.266- AGCCYTGGGAAGGGGGGCAGCGG Emery-Dreifuss muscular dystrophy 1, X-linked
: 2A>G : :
690016544 NM_005861.3(STUB1).c.194A>G GGCCCGGYTGGTGTAATACACGG Spinocerebellar ataxia, autosomal recessive 16
i (p.Asn658er) : :

690016554 | NM_005211.3(CSFIR):c.2655- | GTATCYGGGAGATAGGACAGAGG Hereditary diffuse leukoencephalopathy with
: : spheroids
245G ~
118192185 NM_172107.2(KCNQ2).c.1A>G GCACCAYGGTGCCTGGCGGGAGG Benign familial neonatal seizures 1

(p-Met1Val)

121917869 | NM_012064.3(MIP):c.401A>G AGATCYCCACTGTGGTTGCCTGG Cataract 15, multiple types
¢ (p.Glul34Gly) : :

121918014 NM_000478.4(ALPL);c.1250A>G
¢ (p.Asn4178Ser)

121918036 NM_000174.4(GP9).c.110A>G GCAGYCCACCCACAGCCCCATGG Bernard-Soulier syndrome type C
i (p.Asp37Gly) : H
""""""""""""" T EGGEAAY GOTATAGEGGEGGGGE, T
121918089 : NM_000371.3(TTR).c.379A>G GCGGCAAYGGTGTAGCGGCGGAG Amyloidogenic transthyretin amyloidosis
© (pllel27Val)
121918121 NM*00082(;’ i(y(‘;'?glé}l?) CIBA>G CGACTYGGAGAGACGCCTGCAGG Isolated growth hormone deficiency type 1B
""""""""""""""""" NM_015335.4(MEDI3L):c6068A>G ©  ATATCAYCTAGAGGGAAGGGGGG, . . .
121918333 (p. Asp2023Gly) CATATCAYCTAGAGGGAAGGGGG Transposition of great arteries
NM_001035.2(RYR2):c.12602A>G : Catecholaminergic polymorphic
bt (Gn0lArg  COCCAGCYGCATITCAAAGAIGG e ventricular tachycardia
. : Charcot-Marie-Tooth disease, X-linked
587781262 NM—0027641&(1:EPS§})1'C'343A>G TAGCAYATTTGCAACAAGCTTGG | recessive, type 5, Deafness, high-frequency
(p-Me al) : sensorineural, X-linked
NM _001161766.1(AHCY)«¢.344A>G : Hypermethioninemia with s-
,,,,, RO emymsey - GCOCCYACTIGOTGTOGATGAGS | adenosylhomocysteine bydrlase deficiency
121918613 NM_000702 3(ATP1A2):¢. 1033A>G CTGYCAGGGTCAGGCACACCTGG Familial hemiplegic migraine type 2

(p.Thr345Ala)

587781339 NM_000535.5(PMS2):¢.904-
: 2A>G

121918691 NM_001128177.1(THRB):¢c.1324A>G CTTCAYGTGCAGGAAGCGGCTGE Thyroid hormone resistance, generalized,

GCAGACCYGCACAAAATACAAGG Hereditary cancer-predisposing syndrome

(p-Met442val) autosomal dominant
NM_001128177.1(THRB)«c.1327A>G :
(p.Lys443Glu)

Thyroid hormone resistance, generalized,

121918692 autosomal dominant

CCACCTYCATGTGCAGGAAGCGG

CCATTCYGTGGGTATAGAGTGGG,
GCCGTTCYGTGGGTATAGAGTGG

727504333 NM_000256.3(MYBPC3):c.2906-

NM_006204.3(PDE6C):c.1483-
2A>G

730880805 Achromatopsia 5

TCTTTCYGTTGAAATAAGGATGG
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281860296 ©  NM_000551.3(VHL):c.586A>T GGTCTTYCTGCACATITGGGTGG Von Hippel-Lindau syndrome
i (p.Lys196Ter) : :

NM_ 000169.2(GLA):c.370- GIGAACCYGAAATGAGAGGGAGG | not provided
285G :
. -~ GTACCYGGGTGGGGGCCGCAGGQG, Familial hypertrophic cardiomyopathy
NN 63(MYBPC3)c.1227 TGTACCYGGGTGGGGGCCGCAGG 4, Cardiomyopathy
267606643 | NM 013411 4(AK2):c.494A>G TCAYCTTTCATGGGCTCTTTTGG Reticulardysgenesis
© (p.Aspl65Gly) : :
267606705 | NM_005188.3(CBL):c.1144A>G TATTTY ACATAGTTGGAATGTGG Noonan syndrome-like disorder with or without
© (pLys382Gh) : juvenile myelomonocytic leukemia

: ) GGCCAAYTTCCTGTAATTGGGGG, : Phenylketonuria, Hyperphenylalaninemia, non-
62642934 NM_000277.1(PAH):c.916A>G AGGCCAAYTTCCTGTAATTGGGG pku
(p.Ile306Val) :
267606782 NM_000117.2(EMD):.c.1A>G TCCAYGGCGGGTGCGGGCTCAGG Emery-Dreifuss muscular dystrophy, X-linked
: (p.MetlVal) :

NM_014053.3(FLVCR1):c.361A>G AGGCGTYGACCAGCGAGTACAGG Posterior columl} gtgxlq with
(p.Asnl21Asp) : : retinitis pigmentosa

267606820
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[00318] In some embodiments, any of the base editors provided herein may be used to treat a
disease or disorder. For example, any base editors provided herein may be used to correct one or
more mutations associated with any of the diseases or disorders provided herein. Exemplary
diseases or disorders that may be treated include, without limitation, 3-Methylglutaconic aciduria
type 2, 46,XY gonadal dysgenesis, 4-Alpha-hydroxyphenylpyruvate hydroxylase deficiency, 6-
pyruvoyl-tetrahydropterin synthase deficiency, achromatopsia, Acid-labile subunit deficiency,
Acrodysostosis, acroerythrokeratoderma, ACTH resistance, ACTH-independent macronodular
adrenal hyperplasia, Activated PI3K-delta syndrome, Acute intermittent porphyria, Acute myeloid
leukemia, Adams-Oliver syndrome 1/5/6, Adenylosuccinate lyase deficiency,
Adrenoleukodystrophy, Adult neuronal ceroid lipofuscinosis, Adult onset ataxia with oculomotor
apraxia, Advanced sleep phase syndrome, Age-related macular degeneration, Alagille syndrome,
Alexander disease, Allan-Herndon-Dudley syndrome, Alport syndrome, X-linked recessive,
Alternating hemiplegia of childhood, Alveolar capillary dysplasia with misalignment of
pulmonary veins, Amelogenesis imperfecta, Amyloidogenic transthyretin amyloidosis,
Amyotrophic lateral sclerosis, Anemia (nonspherocytic hemolytic, due to G6PD deficiency),
Anemia (sideroblastic, pyridoxine-refractory, autosomal recessive), Anonychia, Antithrombin III
deficiency, Aortic aneurysm, Aplastic anemia, Apolipoprotein C2 deficiency, Apparent
mineralocorticoid excess, Aromatase deficiency, Arrhythmogenic right ventricular
cardiomyopathy, Familial hypertrophic cardiomyopathy, Hypertrophic cardiomyopathy,
Arthrogryposis multiplex congenital, Aspartylglycosaminuria, Asphyxiating thoracic dystrophy,
Ataxia with vitamin E deficiency, Ataxia (spastic), Atrial fibrillation, Atrial septal defect, atypical
hemolytic-uremic syndrome, autosomal dominant CD11C+/CD1C+ dendritic cell deficiency,
Autosomal dominant progressive external ophthalmoplegia with mitochondrial DNA deletions,
Baraitser-Winter syndrome, Bartter syndrome, Basa ganglia calcification, Beckwith-Wiedemann
syndrome, Benign familial neonatal seizures, Benign scapuloperoneal muscular dystrophy,
Bernard Soulier syndrome, Beta thalassemia intermedia, Beta-D-mannosidosis, Bietti crystalline
corneoretinal dystrophy, Bile acid malabsorption, Biotinidase deficiency, Borjeson-Forssman-
Lehmann syndrome, Boucher Neuhauser syndrome, Bowen-Conradi syndrome, Brachydactyly,
Brown-Vialetto-Van laere syndrome, Brugada syndrome, Cardiac arrhythmia,
Cardiofaciocutaneous syndrome, Cardiomyopathy, Carnevale syndrome, Carnitine

palmitoyltransferase II deficiency, Carpenter syndrome, Cataract, Catecholaminergic polymorphic
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ventricular tachycardia, Central core disease, Centromeric instability of chromosomes 1,9 and 16
and immunodeficiency, Cerebral autosomal dominant arteriopathy, Cerebro-oculo-facio-skeletal
syndrome, Ceroid lipofuscinosis, Charcot-Marie-Tooth disease, Cholestanol storage disease,
Chondrocalcinosis, Chondrodysplasia, Chronic progressive multiple sclerosis, Coenzyme Q10
deficiency, Cohen syndrome, Combined deficiency of factor V and factor VIII, Combined
immunodeficiency, Combined oxidative phosphorylation deficiency, Combined partial 17-alpha-
hydroxylase/17,20- lyase deficiency, Complement factor d deficiency, Complete combined 17-
alpha- hydroxylase/17,20-lyase deficiency, Cone-rod dystrophy, Congenital contractural
arachnodactyly, Congenital disorder of glycosylation, Congenital lipomatous overgrowth,
Neoplasm of ovary, PIK3CA Related Overgrowth Spectrum, Congenital long QT syndrome,
Congenital muscular dystrophy, Congenital muscular hypertrophy-cerebral syndrome, Congenital
myasthenic syndrome, Congenital myopathy with fiber type disproportion, Eichsfeld type
congenital muscular dystrophy, Congenital stationary night blindness, Corneal dystrophy,
Cornelia de Lange syndrome, Craniometaphyseal dysplasia, Crigler Najjar syndrome, Crouzon
syndrome, Cutis laxa with osteodystrophy, Cyanosis, Cystic fibrosis, Cystinosis, Cytochrome-c
oxidase deficiency, Mitochondrial complex I deficiency, D-2-hydroxyglutaric aciduria, Danon
disease, Deafness with labyrinthine aplasia microtia and microdontia (LAMM), Deatness,
Deficiency of acetyl-CoA acetyltransferase, Deficiency of ferroxidase, Deficiency of
UDPglucose-hexose-1-phosphate uridylyltransferase, Dejerine-Sottas disease, Desbuquois
syndrome, DFNA, Diabetes mellitus type 2, Diabetes-deafness syndrome, Diamond-Blackfan
anemia, Diastrophic dysplasia, Dihydropteridine reductase deficiency, Dihydropyrimidinase
deficiency, Dilated cardiomyopathy, Disseminated atypical mycobacterial infection, Distal
arthrogryposis, Distal hereditary motor neuronopathy, Donnai Barrow syndrome, Duchenne
muscular dystrophy, Becker muscular dystrophy, Dyschromatosis universalis hereditaria,
Dyskeratosis congenital, Dystonia, Early infantile epileptic encephalopathy, Ehlers-Danlos
syndrome, Eichsfeld type congenital muscular dystrophy, Emery-Dreifuss muscular dystrophy,
Enamel-renal syndrome, Epidermolysis bullosa dystrophica inversa, Epidermolysis bullosa
herpetiformis, Epilepsy, Episodic ataxia, Erythrokeratodermia variabilis, Erythropoietic
protoporphyria, Exercise intolerance, Exudative vitreoretinopathy, Fabry disease, Factor V
deficiency, Factor VII deficiency, Factor xiii deficiency, Familial adenomatous polyposis, breast
cancer, ovarian cancer, cold urticarial, chronic infantile neurological, cutaneous and articular

syndrome, hemiplegic migraine, hypercholesterolemia, hypertrophic cardiomyopathy,
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hypoalphalipoproteinemia, hypokalemia-hypomagnesemia, juvenile gout, hyperlipoproteinemia,
visceral amyloidosis, hypophosphatemic vitamin D refractory rickets, FG syndrome, Fibrosis of
extraocular muscles, Finnish congenital nephrotic syndrome, focal epilepsy, Focal segmental
glomerulosclerosis, Frontonasal dysplasia, Frontotemporal dementia, Fructose-biphosphatase
deficiency, Gamstorp-Wohlfart syndrome, Ganglioside sialidase deficiency, GATA-1-related
thrombocytopenia, Gaucher disease, Giant axonal neuropathy, Glanzmann thrombasthenia,
Glomerulocystic kidney disease, Glomerulopathy, Glucocorticoid resistance, Glucose-6-
phosphate transport defect, Glutaric aciduria, Glycogen storage disease, Gorlin syndrome,
Holoprosencephaly, GRACILE syndrome, Haemorrhagic telangiectasia, Hemochromatosis,
Hemoglobin H disease, Hemolytic anemia, Hemophagocytic lymphohistiocytosis, Carcinoma of
colon, Myhre syndrome, leukoencephalopathy, Hereditary factor IX deficiency disease,
Hereditary factor VIII deficiency disease, Hereditary factor XI deficiency disease, Hereditary
fructosuria, Hereditary Nonpolyposis Colorectal Neoplasm, Hereditary pancreatitis, Hereditary
pyropoikilocytosis, Elliptocytosis, Heterotaxy, Heterotopia, Histiocytic medullary reticulosis,
Histiocytosis-lymphadenopathy plus syndrome, HNSHA due to aldolase A deficiency,
Holocarboxylase synthetase deficiency, Homocysteinemia, Howel-Evans syndrome,
Hydatidiform mole, Hypercalciuric hypercalcemia, Hyperimmunoglobulin D, Mevalonic
aciduria, Hyperinsulinemic hypoglycemia, Hyperkalemic Periodic Paralysis, Paramyotonia
congenita of von Eulenburg, Hyperlipoproteinemia, Hypermanganesemia, Hypermethioninemia,
Hyperphosphatasemia, Hypertension, hypomagnesemia, Hypobetalipoproteinemia,
Hypocalcemia, Hypogonadotropic hypogonadism, Hypogonadotropic hypogonadism,
Hypohidrotic ectodermal dysplasia, Hyper-IgM immunodeficiency, Hypohidrotic X-linked
ectodermal dysplasia, Hypomagnesemia, Hypoparathyroidism, Idiopathic fibrosing alveolitis,
Immunodeficiency, Immunoglobulin A deficiency, Infantile hypophosphatasia, Infantile
Parkinsonism-dystonia, Insulin-dependent diabetes mellitus, Intermediate maple syrup urine
disease, Ischiopatellar dysplasia, Islet cell hyperplasia, Isolated growth hormone deficiency,
Isolated lutropin deficiency, Isovaleric acidemia, Joubert syndrome, Juvenile polyposis syndrome,
Juvenile retinoschisis, Kallmann syndrome, Kartagener syndrome, Kugelberg-Welander disease,
Lattice corneal dystrophy, Leber congenital amaurosis, Leber optic atrophy, Left ventricular
noncompaction, Leigh disease, Mitochondrial complex I deficiency, Leprechaunism syndrome,
Arthrogryposis, Anterior horn cell disease, Leukocyte adhesion deficiency, Leukodystrophy,

Leukoencephalopathy, Ovarioleukodystrophy, L-ferritin deficiency, Li-Fraumeni syndrome,
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Limb-girdle muscular dystrophy- dystroglycanopathy, Loeys-Dietz syndrome, Long QT
syndrome, Macrocephaly/autism syndrome, Macular corneal dystrophy, Macular dystrophy,
Malignant hyperthermia susceptibility, Malignant tumor of prostate, Maple syrup urine disease,
Marden Walker like syndrome, Marfan syndrome, Marie Unna hereditary hypotrichosis, Mast cell
disease, Meconium ileus, Medium-chain acyl-coenzyme A dehydrogenase deficiency, Melnick-
Fraser syndrome, Mental retardation, Merosin deficient congenital muscular dystrophy,
Mesothelioma, Metachromatic leukodystrophy, Metaphyseal chondrodysplasia,
Methemoglobinemia, methylmalonic aciduria, homocystinuria, Microcephaly, chorioretinopathy,
lymphedema, Microphthalmia, Mild non-PKU hyperphenylalanemia, Mitchell-Riley syndrome,
mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase deficiency, Mitochondrial complex 1
deficiency, Mitochondrial complex III deficiency, Mitochondrial myopathy, Mucolipidosis 111,
Mucopolysaccharidosis, Multiple sulfatase deficiency, Myasthenic syndrome, Mycobacterium
tuberculosis, Myeloperoxidase deficiency, Myhre syndrome, Myoclonic epilepsy, Myofibrillar
myopathy, Myoglobinuria, Myopathy, Myopia, Myotonia congenital, Navajo neurohepatopathy,
Nemaline myopathy, Neoplasm of stomach, Nephrogenic diabetes insipidus, Nephronophthisis,
Nephrotic syndrome, Neurofibromatosis, Neutral lipid storage disease, Niemann-Pick disease,
Non-ketotic hyperglycinemia, Noonan syndrome, Noonan syndrome-like disorder, Norum
disease, Macular degeneration, N-terminal acetyltransferase deficiency, Oculocutaneous albinism,
Oculodentodigital dysplasia, Ohdo syndrome, Optic nerve aplasia, Ornithine
carbamoyltransferase deficiency, Orofaciodigital syndrome, Osteogenesis imperfecta,
Osteopetrosis, Ovarian dysgenesis, Pachyonychia, Palmoplantar keratoderma, nonepidermolytic,
Papillon-Lef\xc3\xa8vre syndrome, Haim-Munk syndrome, Periodontitis, Peeling skin syndrome,
Pendred syndrome, Peroxisomal fatty acyl-coa reductase 1 disorder, Peroxisome biogenesis
disorder, Pfeiffer syndrome, Phenylketonuria, Phenylketonuria, Hyperphenylalaninemia, non-
PKU, Pituitary hormone deficiency, Pityriasis rubra pilaris, Polyarteritis nodosa, Polycystic
kidney disease, Polycystic lipomembranous osteodysplasia, Polymicrogyria, Pontocerebellar
hypoplasia, Porokeratosis, Posterior column ataxia, Primary erythromelalgia, hyperoxaluria,
Progressive familial intrahepatic cholestasis, Progressive pseudorheumatoid dysplasia, Propionic
acidemia, Pseudohermaphroditism, Pseudohypoaldosteronism, Pseudoxanthoma elasticum-like
disorder, Purine-nucleoside phosphorylase deficiency, Pyridoxal 5-phosphate-dependent epilepsy,
Renal dysplasia, retinal pigmentary dystrophy, cerebellar ataxia, skeletal dysplasia, Reticular

dysgenesis, Retinitis pigmentosa, Usher syndrome, Retinoblastoma, Retinopathy, RRM2B-related
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mitochondrial disease, Rubinstein-Taybi syndrome, Schnyder crystalline corneal dystrophy,
Sebaceous tumor, Severe congenital neutropenia, Severe myoclonic epilepsy in infancy, Severe
X-linked myotubular myopathy, onychodysplasia, facial dysmorphism, hypotrichosis, Short-rib
thoracic dysplasia, Sialic acid storage disease, Sialidosis, Sideroblastic anemia, Small fiber
neuropathy, Smith-Magenis syndrome, Sorsby fundus dystrophy, Spastic ataxia, Spastic
paraplegia, Spermatogenic failure, Spherocytosis, Sphingomyelin/cholesterol lipidosis,
Spinocerebellar ataxia, Split-hand/foot malformation, Spondyloepimetaphyseal dysplasia,
Platyspondylic lethal skeletal dysplasia, Squamous cell carcinoma of the head and neck, Stargardt
disease, Sucrase-isomaltase deficiency, Sudden infant death syndrome, Supravalvar aortic
stenosis, Surfactant metabolism dysfunction, Tangier disease, Tatton-Brown-rahman syndrome,
Thoracic aortic aneurysms and aortic dissections, Thrombophilia, Thyroid hormone resistance,
TNF receptor-associated periodic fever syndrome (TRAPS), Tooth agenesis, Torsades de pointes,
Transposition of great arteries, Treacher Collins syndrome, Tuberous sclerosis syndrome,
Tyrosinase-negative oculocutaneous albinism, Tyrosinase-positive oculocutaneous albinism,
Tyrosinemia, UDPglucose-4-epimerase deficiency, Ullrich congenital muscular dystrophy,
Bethlem myopathy Usher syndrome, UV-sensitive syndrome, Van der Woude syndrome,
popliteal pterygium syndrome, Very long chain acyl-CoA dehydrogenase deficiency,
Vesicoureteral reflux, Vitreoretinochoroidopathy, Von Hippel-Lindau syndrome, von Willebrand
disease, Waardenburg syndrome, Warsaw breakage syndrome, WFS1-Related Disorders, Wilson
disease, Xeroderma pigmentosum, X-linked agammaglobulinemia, X-linked hereditary motor and

sensory neuropathy, X-linked severe combined immunodeficiency, and Zellweger syndrome.

[00319] The development of nucleobase editing advances both the scope and effectiveness of
genome editing. The nucleobase editors described here offer researchers a choice of editing with
virtually no indel formation (NBE2), or more efficient editing with a low frequency (here,
typically < 1%) of indel formation (NBE3). That the product of base editing is, by definition, no
longer a substrate likely contributes to editing efficiency by preventing subsequent product
transformation, which can hamper traditional Cas9 applications. By removing the reliance on
double-stranded DNA cleavage and stochastic DNA repair processes that vary greatly by cell state
and cell type, nucleobase editing has the potential to expand the type of genome modifications
that can be cleanly installed, the efficiency of these modifications, and the type of cells that are

69,70, 82

amenable to editing. It is likely that recent engineered Cas9 variants or delivery methods’*
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with improved DNA specificity, as well as Cas9 variants with altered PAM specificities, ” can be
integrated into this strategy to provide additional nucleobase editors with improved DNA
specificity or that can target an even wider range of disease-associated mutations. These findings
also suggest that engineering additional fusions of dCas9 with enzymes that catalyze additional
nucleobase transformations will increase the fraction of the possible DNA base changes that can
be made through nucleobase editing. These results also suggest architectures for the fusion of
other DNA-modifying enzymes, including methylases and demathylases, that mau enable

additional types of programmable genome and epigenome base editing,

Materials and Methods

[00320] Cloning. DNA sequences of all constructs and primers used in this paper are listed in
the Supplementary Sequences. Plasmids containing genes encoding NBE1, NBE2, and NBE3 will
be available from Addgene. PCR was performed using VeraSeq ULtra DNA polymerase
(Enzymatics), or Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs). NBE
plasmids were constructed using USER cloning (New England Biolabs). Deaminase genes were
synthesized as gBlocks Gene Fragments (Integrated DNA Technologies), and Cas9 genes were
obtained from previously reported plasmids.'® Deaminase and fusion genes were cloned into
pCMYV (mammalian codon-optimized) or pET28b (£. coli codon-optimized) backbones. sgRNA
expression plasmids were constructed using site-directed mutagenesis. Briefly, the primers listed
in the Supplementary Sequences were 5’ phosphorylated using T4 Polynucleotide Kinase (New
England Biolabs) according to the manufacturer’s instructions. Next, PCR was performed using
Q5 Hot Start High-Fidelity Polymerase (New England Biolabs) with the phosphorylated primers
and the plasmid pFYF1320 (EGFP sgRNA expression plasmid) as a template according to the
manufacturer’s instructions. PCR products were incubated with Dpnl (20 U, New England
Biolabs) at 37 °C for 1 h, purified on a QIAprep spin column (Qiagen), and ligated using
QuickLigase (New England Biolabs) according to the manufacturer’s instructions. DNA vector
amplification was carried out using Mach1 competent cells (ThermoFisher Scientific).

[00321] [In vitro deaminase assay on sSDNA. Sequences of all ssDNA substrates are listed in
the Supplementary Sequences. All Cy3-labelled substrates were obtained from Integrated DNA
Technologies (IDT). Deaminases were expressed in vitro using the TNT T7 Quick Coupled
Transcription/Translation Kit (Promega) according to the manufacturer’s instructions using 1 ug

of plasmid. Following protein expression, 5 uL. of lysate was combined with 35 uL of ssDNA (1.8
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uM) and USER enzyme (1 unit) in CutSmart buffer (New England Biolabs) (50 mM potassium
acetate, 29 mM Trisacetate, 10 mM magnesium acetate, 100 ug/mL BSA, pH 7.9) and incubated
at 37 °C for 2 h. Cleaved U-containing substrates were resolved from full-length unmodified
substrates on a 10% TBE-urea gel (Bio-Rad).

[00322] Expression and purification of Hiss-rAPOBECI1-linker-dCas9 fusions. . Coli
BL21 STAR (DE3)-competent cells (ThermoFisher Scientific) were transformed with plasmids
encoding pET28b-Hiss-rAPOBEC-linker-dCas9 with GGS, (GGS)s, (SEQ ID NO: 596) XTEN, or
(GGS); (SEQ ID NO: 597) linkers. The resulting expression strains were grown overnight in
Luria-Bertani (LB) broth containing 100 ug/mL of kanamycin at 37 °C. The cells were diluted
1:100 into the same growth medium and grown at 37 °C to ODgpy = ~0.6. The culture was cooled
to 4 °C over a period of 2 h, and isopropyl -5-D3-1- thiogalactopyranoside (IPTG) was added at 0.5
mM to induce protein expression. After ~16 h, the cells were collected by centrifugation at 4,000
g and resuspended in tysis buffer (50 ;M tnisthydroxymethyl yaminomethane (Tris)}-HCL pH 7.0,
1M NaCl, 20% glycerol, 10 mM tris{2Z~carboxyethvlphosphine (TCEP, Scltec Ventures)). The
cells were lysed by sonication (20 s pulse-on, 20 s pulse-oft for 8 min total at 6 W output) and the
lysate supernatant was isolated following centrifugation at 25,000 g for 15 min. The lysate was
incubated with His-Pur nickel-nutriloacetic acid (nickel-NTA} resin {ThermoFisher Scientific) at 4
°C for 1 h to capture the His-tagged fusion protein. The resin was transferred to a column and
washed with 40 mL of lysis buffer. The His-tagged fusion protein was eluted in lysis buffer
supplemented with 285 mM imidazole, and concentrated by ultrafiltration (Amicon-Millipore,
100-kDa molecular weight cut-off) to 1 mL total volume. The protein was diluted to 20 mL in
low-salt purification buffer containing SO mM tris(hydroxymethylj-aminomethane (Tris)-HCH pH
7.0, 0.1 M NaCl, 20% glveerol, 10 mM TCEP and loaded onto SP Sepharose Fast Flow resin (GE
Lite Sciences). The resin was washed with 40 mL of this low-salt buffer, and the protein eluted
with S mL of activity buffer containing 50 mM uisthydroxymethyl aminomethane (Tris)-HCL,
pH 7.0, 0.5 M NaCl, 20% glycerol, 10 mM TCEP. The eluted proteins were quantitied on a
SDSPAGE gel.

[00323] = vifre transcription of sgRNAs, Linear DNA fragments containing the T7 promoter
followed by the 20-bp sgRNA target sequence were transcribed i vitro using the primers listed in
the Supplementary Sequences with the TranscriptAid T7 High Yield Transcription Kit

{ThermoFisher Scientific) according to the manufacturer’s instructions. sgRNA products were
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purified using the MEGAclear Kit {ThermoFisher Scientific) according to the manufacturer’s
imstructions and quantified by UV absorbance.

[00324] Preparation of Cy3-conjugated dsDNA substrates. Sequences of 80-nucleotide
unlabeled strands are listed in the Supplementary Sequences and were ordered as PAGE-purified
oligonucleotides from IDT. The 25-nt Cy3-labeled primer listed in the Supplementary Sequences
is complementary to the 3’ end of each 80-nt substrate. This primer was ordered as an HPLC-
purified oligonucleotide from IDT. To generate the Cy3-labeled dsDNA substrates, the 80-nt
strands (5 puL of a 100 uM solution) were combined with the Cy3-labeled primer (5 pL of a 100
uM solution) in NEBuffer 2 (38.25 puL of a S0 mM NaCl, 10 mMTris-HCI, 10 mM MgCl,, 1 mM
DTT, pH 7.9 solution, New England Biolabs) with dNTPs (0.75 pL of a 100 mM solution) and
heated to 95 °C for 5 min, followed by a gradual cooling to 45 °C at a rate of 0.1 °C/s. After this
annealing period, Klenow exo™ (5 U, New England Biolabs) was added and the reaction was
incubated at 37 °C for 1 h. The solution was diluted with Buffer PB (250 uL, Qiagen) and
isopropanol (50 puL) and purified on a QIAprep spin column (Qiagen), eluting with 50 pL of Tris
buffer.

[00325] Deaminase assay on dsDNA. The purified fusion protein (20 uL of 1.9 uM in activity
buffer) was combined with 1 equivalent of appropriate sgRNA and incubated at ambient
temperature for S min. The Cy3-labeled dsDNA substrate was added to final concentration of 125
nM and the resulting solution was incubated at 37 °C for 2 h. The dsDNA was separated from the
fusion by the addition of Buffer PB (100 uL, Qiagen) and isopropanol (25 uL) and purified on a
EconoSpin micro spin column (Epoch Life Science), eluting with 20 pL of CutSmart buffer (New
England Biolabs). USER enzyme (1 U, New England Biolabs) was added to the purified, edited
dsDNA and incubated at 37 °C for 1 h. The Cy3-labeled strand was fully denatured from its
complement by combining 5 uL of the reaction solution with 15 uL of a DMSO-based loading
buffer (5 mM Tris, 0.5 mM EDTA, 12.5% glycerol, 0.02% bromophenol blue, 0.02% xylene
cyan, 80% DMSO). The full-length C-containing substrate was separated from any cleaved, U-
containing edited substrates on a 10% TBE-urea gel (Bio-Rad) and imaged on a GE Amersham
Typhoon imager.

[00326] Preparation of in vitro-edited dsDNA for high-throughput sequencing (HTS). The
oligonucleotides listed in the Supplementary Sequences were obtained from IDT. Complementary
sequences were combined (5 uL of a 100 uM solution) in Tris buffer and annealed by heating to

95 °C for 5 min, followed by a gradual cooling to 45 °C at a rate of 0.1 °C/s to generate 60-bp
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dsDNA substrates. Purified fusion protein (20 uL. of 1.9 uM in activity buffer) was combined with
1 equivalent of appropriate sSgRNA and incubated at ambient temperature for 5 min. The 60-mer
dsDNA substrate was added to final concentration of 125 nM and the resulting solution was
incubated at 37 °C for 2 h. The dsDNA was separated from the fusion by the addition of Buffer
PB (100 pL, Qiagen) and isopropanol (25 uL) and purified on a EconoSpin micro spin column
(Epoch Life Science), eluting with 20 pL of Tris buffer. The resulting edited DNA (1 pL was used
as a template) was amplified by PCR using the HTS primer pairs specified in the Supplementary
Sequences and VeraSeq Ultra (Enzymatics) according to the manufacturer’s instructions with 13
cycles of amplification. PCR reaction products were purified using RapidTips (Diffinity
Genomics), and the purified DNA was amplified by PCR with primers containing sequencing
adapters, purified, and sequenced on a MiSeq high-throughput DNA sequencer (Illumina) as
previously described.”

[00327] Cell culture. HEK293T (ATCC CRL-3216), U20S (ATCC-HTB-96) and ST486 cells
(ATCC) were maintained in Dulbecco’s Modified Eagle’s Medium plus GlutaMax
(ThermoFisher) supplemented with 10% (v/v) fetal bovine serum (FBS) and
penicillin/streptomycin (1x, Amresco), at 37 °C with 5% CO,. HCC1954 cells (ATCC CRL-
2338) were maintained in RPMI-1640 medium (ThermoFisher Scientific) supplemented as
described above. Immortalized rat astrocytes containing the ApoE4 isoform of the APOF gene
(Taconic Biosciences) were cultured in Dulbecco’s Modified Eagle’s Medium plus GlutaMax
(ThermoFisher Scientific) supplemented with 10% (v/v) fetal bovine serum (FBS) and 200 pg/mL
Geneticin (ThermoFisher Scientific).

[00328] Transfections. HEK293T cells were seeded on 48-well collagen-coated BioCoat plates
(Corning) and transfected at approximately 85% confluency. Briefly, 750 ng of NBE and 250 ng
of sgRNA expression plasmids were transfected using 1.5 pl of Lipofectamine 2000
(ThermoFisher Scientific) per well according to the manufacturer’s protocol. Astrocytes, U20S,
HCC1954, HEK293T and ST486 cells were transfected using appropriate AMAXA
NUCLEOFECTOR ™ II programs according to manufacturer’s instructions. 40 ng of infrared
RFP (Addgene plasmid 45457)"* was added to the nucleofection solution to assess nucleofection
efficiencies in these cell lines. For astrocytes, U20S, and ST486 cells, nucleofection efficiencies
were 25%, 74%, and 92%, respectively. For HCC1954 cells, nucleofection efficiency was <10%.
Therefore, following trypsinization, the HCC1954 cells were filtered through a 40 micron strainer

(Fisher Scientific), and the nucleofected HCC1954 cells were collected on a Beckman Coulter
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MoFlo XDP Cell Sorter using the iRFP signal (abs 643 nm, em 670 nm). The other cells were
used without enrichment of nucleofected cells.

[00329] High-throughput DNA sequencing of genomic DNA samples. Transfected cells were
harvested after 3 d and the genomic DNA was isolated using the Agencourt DNAdvance Genomic
DNA Isolation Kit (Beckman Coulter) according to the manufacturer’s instructions. On-target and
off-target genomic regions of interest were amplified by PCR with flanking HTS primer pairs
listed in the Supplementary Sequences. PCR amplification was carried out with Phusion high-
fidelity DNA polymerase (ThermoFisher) according to the manufacturer’s instructions using 5 ng
of genomic DNA as a template. Cycle numbers were determined separately for each primer pair
as to ensure the reaction was stopped in the linear range of amplification (30, 28, 28, 28, 32, and
32 cycles for EMX1, FANCF, HEK293 site 2, HEK293 site 3, HEK293 site 4, and RNF2 primers,
respectively). PCR products were purified using RapidTips (Diffinity Genomics). Purified DNA
was amplified by PCR with primers containing sequencing adaptors. The products were gel-
purified and quantified using the QUANT-IT™ PicoGreen dsDNA Assay Kit (ThermoFisher) and
KAPA Library Quantification Kit-Illumina (KAPA Biosystems). Samples were sequenced on an
Tlumina MiSeq as previously described.”

[00330] Data analysis. Sequencing reads were automatically demultiplexed using MiSeq
Reporter (Illumina), and individual FASTQ files were analyzed with a custom Matlab script
provided in the Supplementary Notes. Each read was pairwise aligned to the appropriate reference
sequence using the Smith-Waterman algorithm. Base calls with a Q-score below 31 were replaced
with N’s and were thus excluded in calculating nucleotide frequencies. This treatment yields an
expected MiSeq base-calling error rate of approximately 1 in 1,000. Aligned sequences in which
the read and reference sequence contained no gaps were stored in an alignment table from which
base frequencies could be tabulated for each locus.

[00331] Indel frequencies were quantified with a custom Matlab script shown in the
Supplementary Notes using previously described criteria’’. Sequencing reads were scanned for
exact matches to two 10-bp sequences that flank both sides of a window in which indels might
occur. If no exact matches were located, the read was excluded from analysis. If the length of this
indel window exactly matched the reference sequence the read was classified as not containing an
indel. If the indel window was two or more bases longer or shorter than the reference sequence,

then the sequencing read was classified as an insertion or deletion, respectively.
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[00332] All publications, patents, patent applications, publication, and database entries (e.g.,
sequence database entries) mentioned herein, e.g., in the Background, Summary, Detailed
Description, Examples, and/or References sections, are hereby incorporated by reference in their
entirety as if each individual publication, patent, patent application, publication, and database
entry was specifically and individually incorporated herein by reference. In case of conflict, the

present application, including any definitions herein, will control.

Supplementary Sequences

[00333] Primers used for generating sgRNA transfection plasmids. rev_sgRNA plasmid
was used in all cases. The pFYF1320 plasmid was used as template as noted in Materials and
Methods section. SEQ ID NOs: 329-338 appear from top to bottom below, respectively.
rey_sgRNA_plasmid  GGTGTTTCGTCLOTTTOCACAAG

fwed _p&3 Y1830 GCTTGCAGATGGCCATGGCGOTTTTAGAGCTAGAAATAGCAAGTTAAARATAAGGC
fwd_ph3_NZ38D TOTCACACATGTAGTTGTAGGTTITAGAGCTAGAAATAGCAAGTTAAAATAAGGC

fwd APOE4 _C188R  CGAAGCGCCTGGCAGTGTACCGTTTTAGAGLCTAGAAATAGCAAGTTAAAATAAGGC

ferd_ENMX1 CAGTCCGAGCAGAAGAAGAAGT TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
fued_FANGF GGAATCLCTTCTGCAGCACCGTTTTAGAGUTAGAAATAGCAAGTTAAAATAAGGE
foed HEK283 2 GAACACAAAGCATAGACTGCGTTTTAGAGLTAGAAATAGCAAGTTAAAATAAGGC
fwd_HEK283_3 GGCCCAGACTGAGCACGTGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
fwd HEK263 4 CGCACTGCGGUTGCGAGGTCEGTT T TAGAGCTAGAAATAGCAAGTTAAAATAAGGC
fwd_RNFZ CTCATCTTAGTCATTACCTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC

[00334] Sequences of all ssDNA substrates used in in vitro deaminase assays. SEQ ID NOs:
339-341 appear from top to bottom below, respectively.

rAPOBECT substrate Cy3-ATTATTATTATICCGCRGATTTATTTATTTATTTATTIATET

hAIDIomIC DAY substrate Cy3-ATTATTATTATTAGCTATTTATITATTTATTTATITATTY

RAPQRECAG substrate . Cy3-ATTATTATTATTCCCGGATTTATITATITATTITATTITATIT

[00335] Primers used for generating PCR products to serve as substrates for T7

transcription of sgRNAs for gel-based deaminase assay. rev. gRNA T7 was used in all cases.
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The pFYF1320 plasmid was used as template as noted in Materials and Methods section. SEQ ID
NOs: 342-365 appear from top to bottom below, respectively.

rev_sgRNA_T7 AAAAAAAGCACCGACTCGGETSG

fardd_sgRNA_TT_dsDNA_Z TAATACGACTCACTATAGGCUCGCGGATTTATT TATTTAAGT T T TAGAGCUTAGAAATAGCA
foed_sgRNA_T7_dsDNA_3 TAATACGACTCACTATAGETCCGLGRATTTATTTATITAGTTTTAGAGUTAGAAATAGCA
fod_sgRMA_T7_dsbDNA_4 TAATACGACTCACTATAGGTICCGUGHBATITATTTATIAGT T TTAGAGCTAGAAATAGCA
ford_sgRNA_T7_dsDNA_S TAATACGACTCACTATAGGATTCCGUGGATTTATITATTGTTTTAGAGCTAGASATAGCA
fod_sgRMA_T7_dsDNA_S TAATACGACTCACTATAGGTATTCCOOUGEATTTATTTATGT I TTAGAGCTAGAAATAGCA
fwd_sgRNA_T7_dsDMA_7 TAATACGACTLACTATAGCTTATTCCOLBRBAT I TATTTAGT T TAGAGUTAGAAATAGCA
fod_sgRMA_T7_dsDNA_8 TAATACGACTCACTATAGGATTATTUCGUGGATTTATTIGT T TTAGAGCTAGARATAGCA
fwdd_sgRNA_TV_dsDMA_© TAATACGACTCACTATAGCTATTATTCOOBOGGATTIATIGT T TTAGAGCTAGAAATARCA
fod_sgRMNA_T7_dsDNA_10 TAATACGACTCACTATAGGATTATTATOOGUGGATTTATGTTT TAGAGCTAGAAATAGCA
fwd_sgRNA_TT_dsDMNA_H TAATACGACTOACTATAGCETATTATATTCOGCGCATTTAGTT T TAGAGCUTAGAAATAGCA
ford sgRNA T7 dsDNA 12 TAATACGACTCACTATAGGTTATTATATTCCGUGGATTITATTTTAGAGUTAGALATAGCA

fad_sgRNA_TT_dsDNA_13 TAATACGACTCACTATAGCATTATTATATTCUGCGRATTGTT T TAGAGUTAGARATAGCA

fod_sgRNA_T7_dsDNA_I4  TAATACGACTCACTATAGGTATTATTATATTCCGCGGATGTTTTAGAGCTAGAAATAGCA

fud_sgRMA_T7_dsDNA_tS  TAATACGACTCACTATAGGATTATTATTATTACCGCGGAGTTTTAGAGCTAGAAATAGCA

fwd _sgRNA_T7_dsDNA_ 18 TAATACGACTCACTATAGGATTATTATTATTATTACCGCBTTTTAGAGCTAGASATAGCA
CEACTC

c
ficd_sgRNA_T7_dsDMNA nol  TAATACGACTOACTATAGGATATTAATITATTTATTTAAGTTITAGAGCTAGAAATAGTA
forrh_saRNA_T7_dsDNA_

APOE4_C11oR TAATACGACTCACTATAGGGGAGEACGTOCOUGGECGCCGTTTTAGAGCTAGAAATAGCA
forci_sQRNA_T7_dsDNA_

APOE4_C158R TAATACGACTCACTATAGGGAABCBCCTGECAGTGTACCGTTTTAGAGCTAGAAATAGEA
fwd_SQRNA_T7_osONA_

CTANBt_TIIA TAATACGACTCACTATAGOCTETGGCAGTOGCARCAGAAGTTTTAGAGL TAGARATAGCA
fwd SQRNA_T7 dsDNA_

HRAS_QE1R TAATACGACTCACTATAGBCOTOCCGECCGEOABTATOCGTITTAGAGCTAGAAATAGRA
fwd sgRNA_T7_dsONA_

53 Y183C TAATACGACTCACTATAGGGACTTGCABATGGCCATGOCOATTTTABAGCTAGALATAGCA
fod_sgRMA_TT_dsTNA_

53 Y235C TAATACGACTCACTATAGGACACATGCAGTTGTAGTGGAGTTTTAGAGCTAGAAATAGCA
fud_sgRMNA_T7_dsDMA_

53_N238D TAATACGACTCACTATAGGTGTCACACATGTAGTTGTAGGTTTTAGABCTAGAAATAGEA

[00336] Sequences of 80-nucleotide unlabeled strands and Cy3-labeled universal primer
used in gel-based dsDNA deaminase assays. SEQ ID NOs: 366-390 appear from top to bottom

below, respectively.
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Cyi-primar Ce3-GTAGGTAST TAGGATGAATGHRAASSTIGETA
dsONA 2 GTCUATGEATCCAGAGGTCATCLATTAAATARATAAATCCRCGGROUTATACCAACETTO
dsDiAa_32 GUICATGGATOCAGA ATCCATAAATAARTAAATCCGUGGAAGTTATALCARCCTICCAT TUATICT AAUTALUCTAC

dsDMA_4 FTCCATGRATCUAGARG TCATCOATAATAAA TASATCUGUGOAAGGUTATACCARCC TTRCAT TCATCCTARITACCTAC

3CT,
dsling S GTCCATGGATCCAGAL CCARATAAATARATCOGUGCAATGGCTATACCAACCTTCCATTICATCOTAAUTACCTAC

dsOdiA_8 GTICCATGGATOUAGA CARTAAATAPATCOGLGCARTAGIELTATACUAACCTTCTATTCATCITAACTACITAL

SEAATAAGGUTATACCAACOTTCCATTCATCOTAACTACCTAL

TCCATAAATARATE

dsDMa_7 GTCCATGGATOCAGAGGT

TLCTARLTALCTAC

dsDnia_8 GTCTATGEATCOAGAGGTCATCUASAAT AAATCLCLGGAATAAT ZGCTATALCAACCTTIICATTC

CUTAARCTACITAL

dsONA_S GTLCATGGATLCAGAGIT TATICARATARATELL

dsDMA_1G CTCCATGRATOUAGAGG TCATCCAATARATCOEUGGATAATAATGGUTAT AL CAACCT TUCATTUATUCTAACTALCTAL
delina_1 FICCATGRATCUAGAGG TCATCOUATAAATCLGUGGAATATAATAGGUTATACCAACTT TUCATTCATUCT AALTACCTALD

asDNA_1Z GTCCATGEATCLACAGGTLATCCAARRTUOGCEGAATATAAT AAGGCTATACTAAL CTTLCATTCATICTAACTACITAC

asDiNA_13 GIOCATERATCCAGAGRG TEATOUAAATCUGUGGAATATAATAA TIGUTATACCAALCY TRCAT AT CTAACTACCTAC

GTCCATERATCCAGAGGTEATOUAATCOGUGEAATATAATAATASGCTATACCAADCTTOCATRIATCCTAACTACCTAC

o
@
0
=
Z

GIoCATREATCCAGAGGTUATCCATUCGUGETAATAATAATAMTGEUTATACCAACUT VOCATICATOCTAACTALCTAL

3
@
[
et
o

ashiNA_18 GTOCATERATCUAGAGE T ATOCAGCEGTAATAATAATAA T AATGRCTATALCSACCTTCOATTCATCUTASTTACUTAL
asDNA_noC GTOCATEOAT O AEARG TATOCATTAAR TAAA TAAR TTAATAT TACTATACCARCC T TOCATTCATOCTAACTACCTAC
asDiNA_BU V3G TAGETAG T TAGGATCAATGGAAGET TG TOGTAGS PTATT AT IUGDEGAT T VT T TGRATEACCYCTGURATDIATLOACAY
SeDNA_APOCE

18R AL TGO CGOGa TAC THOAC CAGEC GECCGUAU AL G TCOTROA TG T CTACCAACCTTOCATTOATCO TAACTACC TAD
asDNA_APOE

C'ISER_ - CEGUGRLCTLGUOHECCCCEEUUTOETACACTRUCAGEUGCT TCTSCAGTALCAACCT TCLAT I CATCUTAACTACOTAC
SsDRA_CTNNST_

T4A GIOTTACCTGGACTOTGI A TCCAT TCTIRETOLCACTOCCACAGDTCUT TACAANCT T CATTCATICTAACTACTTAL
qsDNA_HRAS

QER GEAGAGTGRCTIRTTGGACATRCTEEATADCEUOGLOUGIZGAGGAGTALTARCAACO T TCCATTCATOL TASLITAINITALL
QsDNA_p53_

Y¥1E3C AUCLCLHICCHECACCOGUGTOLGUGLCATHGCUATCTGUAAGCAGTUATACCAACCT TOCAT FCATCOTAATTALCTAL

Y2ISL AGGTTIGGUTCTGACTETACLACCATC AL TAL AT RCATG TG TAR LA TACLAMICT TOUATTCATCUTAAITACTDTAL
dsDNA_pB3_
M2330 TOGLTCTGACT O T AT ACCATC L AL TACAA D TACATGT O T GACDAGT T CTACC AACC T TCCAT TCATCLTAACTACTTAL

[00337] Primers used for generating PCR products to serve as substrates for T7
transcription of sgRNAs for high-throughput sequencing. rev. gRNA T7 (above) was used in
all cases. The pFYF1320 plasmid was used as template as noted in Materials and Methods
section. SEQ ID NOs: 391-442 appear from top to bottom below, respectively.
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fwd sgRNA T7 HTS 126 TAATACGACTCACTATAGGTTATTTCOTOGETITATITAGT T T TAGAGLCTAGAAATALGBCA
G

fed SGRMA_T7_HTS 134  TAATADGACTCACTATAGGTTATTTCGTGGAATTATTTAGTTTTAGAGCTABAAATAGCA
fud_SgRNA_TT_HTS_ 130 TAATACGACTCACTATAGGTTATTTLGTSGACTTATTTAGTTTTAGAGCTAGAAATAGOA
fwd_sgRNA_T7_HTS 13G  TAATACGACTCACTATAGSTTATTTCSTGGAGTTATTTAGTTTTAGAGCTAGAAATAGEA
fwd_sgRNA_T7_HTS_

PR TAATACGACTCACTATAGETTCOCCCOCCGATTTATTTAGTTTTAGAGCTAGAAATAGTA
fvd_SgRNA_T7_HTS_

TCECACCE odd TAATACGACTCACTATAGGCGRACCOATERATTTATTTASTTTTAGAGC TAGAAATAGCA
fvd_SQRNA_T7_HTS_

CCTCGCAL oad TAATACGACTCACTATAGGC TG ACGTGGATTTATTTAGTTTTAGAGO TAGAAATAGEA
fovd_SYRNA_T7_HTS_

ACTCTCGE _oad TAATACGACTCACTATAGGCCOTCGUGTGRATTTATTTAGTTTTAGAGC TAGAAATAGCA
fvd_SORNA_TT_HTS_

BCACCOTE_ohd TAATACGACTCACTATAGGCACCETOGTGOATTTATTTAGTTTTAGAGCTAGAAATAGCA
fvd_SQRNA_T7_HTS_

TCECACCE sven TAATACGACTCACTATAGGTCGCACCCGTGBATITATTAGTTTTAGAGCTAGAAATAGTA
fwd_SQRNA_T7_HTS_

COTCGCAT sven TAATACGACTCACTATAGGCLTCGUACGTEBATITATTAGTTTTAGAGUTAGAAATAGCA
fwd_sgRNA_T7_HTS_

ACCCTCGE sven TAATACGACTCACTATAGGACCCTCGUGTEBATITATTAGT TTTAGAGC TAGAAATAGCA
fvd_SQRNA_T7_HTS_

BCACCOTE even TAATACGACTCACTATAGGGCACCCTCOTGGATITATTAGTTTTAGAGC TAGAAATAGCA
fed_sqRNA_TT_HTS_

ERN 1 TAATACGACTCACTATAGGGAGTCCGAGCAGAABAAGAAGTTTTAGAGC TAGAAATARTA

fwd_sgRMA_T7_HTS_

FANCF TAATACCACTCALTATAGEBGAATCOOTTCTBCASCADCBTTTTABAGLTAGAAATAGCA

fyd_SgRNA_T7_HTS_
HEK2S3 site2 TAATACGACTCACTATAGGGAACACASABCATAGACTEOGTTITAGAGCTAGAAATAGCA

foed_SQRNA_T7_HTS_
HEW293_site3 TAATACBACTCACTATAGGOGCCCAGAC TRAGCACGTEGAGTTTTABAGCTABAAATAGSA

foed_SgRNA_T7_HTS_

HEXZ2H3 sited TAATACGACTCACTATAGGGCCACTGCGECTGRAGETEGRTTTTABRABCTAGAAATAGCA
fed_sgRNA_T7_HTES
BMFZ TAATACGACTOACTATAGGGTCATCTTAGTCATTACCTGET T TTAGAGLTAGAAATAGLA

[00338] Sequences of in vitro-edited dsDNA for high-throughput sequencing (HTS). Shown
are the sequences of edited strands. Reverse complements of all sequences shown were also
obtained. dSDNA substrates were obtained by annealing complementary strands as described in
Materials and Methods. Oligonucleotides representing the EMX1, FANCF, HEK293 site 2,
HEK?293 site 3, HEK293 site 4, and RNF2 loci were originally designed for use in the gel-based
deaminase assay and therefore have the same 25-nt sequence on their 5’- ends (matching that of

the Cy3-primer). SEQ ID NOs: 443-494 appear from top to bottom below, respectively.
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12T ACGTASAACE ACAAGTICTTATTTCGTIGCTITTAT T TATGIGCATCTTICTTICAAG i3
128 ACGTARACGGLCACAAGTICTTATTTCGTGGLTTTAT I TATERGLATCTTCTTCAAGGALG
12G ACGTAAALGECCAC TICTTATTICOTGGGTITATI TATGGCATCTICTTCAAGGALG
134 ACGTAAACBGLCACAABTILTIATTTCCTGCAATTATTTATGORATLTICTTCAAGRACS
13C ACGTAAACGGCCACAAGTICTTATITCGTGRACTTATI TATGGCATCTICTTCAABGALG
133 ALGTAAACEGUCACAAGTICTTATT TCOTGCAGTTATTTATGRCATCTTCTTCRAABGACG
e ACGTAAACGGCCACAACTICTTICCLCCCOCCCBATTTATTTATGGLATCTICTTLAAGRACG

TCGOACCC _odd ACGTAAACGECCACAAGTITLGLACCCGTELATTTATTTATGOCATCTTCTTCAAGBALG

< < ACGTGEATTTATTTATIGGLATCTTOTTOAAGSALG

GGCCACAAGCTTACCCTOGCGTEGATTTATTTATGIRCATCTTCTTCAAGGALSG

CCACAAGTTGCALCCTCGTERATTTATTTATGOCATCTTLTTCAAGBACG

TCGCATCS sven  ACOTAAACGHCCACAAGTATTCOLUACCUGTLEATT TATTATGGCATOTTLTICAAIGGALG
A

AGTATCCTCGCACGTEEATTTATTATGGCATOTTOTTCAAGRACE

ACCCTOGC sven  ACGTAAACGGCCACAAGTATACCOTOBCGTGRATTTATTATGGCATCTTCTTCAAGGALS
GCACCCTC sven  ACGTAAACGBCCACAAGTATGCACCCTCGTERATTTATTATGGCATCTTCTTCAAGGATG
EMXA_invitre OTAGGTAGTTAGGATRAAT GOAAGATTGGTAGRLC TOASTOLGARCAGAADAAGAABGGE TCCCATCACATCAACCGATS
ANCF_invitra GTAGATAGTTAGGATOAN TEGAAGG T TRGTACTCATARAATOCCT T TRCAGDACC TRGATORC TTTTCCBAGCTTOTAR
HEKZS3_sited_

invitre GTAGGTAGTTAGGATGARTBGAAGG T TRGTAAC TEGAACATAAAG L ATAGAC TACAGGECAGGLCAGTOTGAA TAGCTE
HE®293_sited_

invitre BTAGGTAGTTAGEAT R AATOGBAARGT TGGTACTTGGEACCCAGAC TEAGCACOTATABCAGAGGAAAGRSAGCOOTACT
HEK292_sited_

invitro GTABGTAGTIAGGATGAATGS GGCTOGAGGTERGGE TTARAGCEBAGACTCTRETES

BMFZ_invitro GYAGRTAGTTAGGATCAATGGAAGGTIGGTATRG

AGTCATETTAGTOATTACCTGAGGTOTICGT I GTAACTCATATAR

[00339] Primers for HTS of in vitro edited dsDNA. SEQ ID NOs: 495-503 appear from top to
bottom below, respectively.

fwd invifrg HTS ACACTOTTICOCTACACCACGCTLTTCOCATOTNNNNACGTAAACGGCCACAA

ey invitre HTS

-]

GEAGTTICABACGTGTGOTCTTCCGATCTCGTCOTIGAABAABATGE

ferd_invitro HEK targels ACACTCTTTCCUTACACGACGLTCTTCOGATCTHNNNNGTAGETAGTTAGGATGAATAGAS
rev_ EMK1_iwilire TERAGTTCAGACGIGTGUTCTICCGATUTCACCEGTIGATCGTGATGE
rev_FAMNCF invitro TEBAGTTCAGACGTETGOTCTICCGATOTCLAGAAGCTUGGARRAGT

AL
rev HEKRZZ sited invifre TEGAGTTCAGACGTGTECTOTTCCGATCTLAGCTATTICABGLTGEC
rey_HEKZE3_sited invire TOGAGTTCAGACGTGTGUTCTTCOCBATCTAGCAGRBGCTTCLTTTC
rey_HEKZ23 sited invitto  TOGAGTTCAGACGTGTGLTCTTCOCBATCTGLCALCAGAGTCTCCS

rev_RNMFZ_imits TERAGTTCAGACGTETOLTCTTICCGATCTTTATATGAGT TACAACGARCACT
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Primers for HTS of on-target and off-target sites from all mammalian cell culture

[00340]

ts. SEQ ID NOs: 504-579 and 1869-1900 appear from top to bottom below,
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fwd_HEK3_ChiP_offi_HTS
rev_HEK3_ChiPF_offt_ RIS
fwd_HEK3_ChiP_off2_HTS
rev_HEK3_ChiP_offi2_HTS

fwd_HEK3_ORIP_off3 HTS
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ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCGCACATCCOTTGTICTCTCT
TGGAGTTCAGACGTGTIGCTOTICLGATCTCTACTGGAGCACACCCCAAG
ACACTCTTTCCCTACACGACGCTCTTCOGATCTNNNNTGGETCACGTAGCTTTGGTIC
TGGAGTTCAGACGTIGTGCTCTICCGATCTTGGTGGCCATGTGLAACTAA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCTACTACGTGCCAGCTCAGE

rev_HEKS_ChiP_offi_HIS TGOAGTTCAGACGTGTGCTCTICCGATCTACCTCCCCTCCTCASTAATC
fd_HEK3_ChiP_offd_HTS ACACTCTTTCCUTACACGACGCTCTTCCGATCTNNNNGCCTCAGCTCCATYTCCTGT
rev_HEKS_ChiF_offd_HIC TGOAGTTCAGACGTOTGCTCTICCCGATCTAACCTTTATGGCACCAGGEG
fwd_HEK3_ChiP_offc_HTS ACACTCTTTCCCTACACGACGCTCTTCOGATCTNMNNNGAGCTCAGCATTAG

rev_HEK3 ChiP_offt HTS TGGAGTTCAGACGTGTGCTCTICCGATCTTITCCTGGLTTTCLGATTCLO
fvd_HEK4_ChiF_off1_HTS& ACACTCTTTCCCTACACGACICTCTTCCGATCTNMNNNGTGCAATTGGAGGAGGAGCT
rev_HEK4_ChIP_offt_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTCACCAGCTACAGGCAGAACA
fwd_HEK4_ChiP_off3_HTS ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCCTACCCLCCAACACAGATGEG
rev_HEK4_ChiP_off3_HTS TGGAGTTCAGACGTGTGCTCTTCCGATCTCCACACAACTCAGRTCCTCL

[00341] Sequences of single-stranded oligonucleotide donor templates (ssODNs) used in
HDR studies.

EMX1 sense (SEQ ID NO: 580)
TCATCTGTGCCCCTCLCTECCTGGUCCAGGTGAAGETGTGGTTCCAGAACCGGAGGACAAAGTACA
AACGGLAGAAGCTGGAGGAGGAAGGGCCTGAGTTTGAGCAGAAGAAGAAGGGCTCCCATCACATC
AACCGOTGHOGCATTGCCACGAAGLAGGCCAATGEGCAGGACATCGATGTCACCTCCAATGACTAG
GGT

EMX1 antisense (SEQ ID NO: 581)
ACCCTAGTCATTGLAGGTGACATCRATGTCOTCCCCATTGRCCTGLTTCGTGGCAATGLGCCACCG
GTTGATGTGATGGGAGCLCTTICTICTICTGCTCAARALTCAGGCOLTTCOTLCTCCAGTTICTGLLGT
TTGTACTTTGTOCTCCGEUTICTGGAACCACACCTTCARCTGGGLLAGLGRAGLGGAGGGGETACAGATG
A

HEK?293 site 3 sense (SEQ ID NO: 582)
CATGCAATTAGTCTATTICTOUTGCAAGTAAGCATGCATTTCTAGGCTTIGATGCTITIITICTIGLTTCT
CCAGCCCTGGCOTGOETCAATCCTTGEGRCTTAGACTGAGCACGTGATGGCAGAGGAAAGGAAGC
CCTGCTICCTCLAGAGGGLGTCGLAGGACAGLTTTTCCTAGACAGGGGECTACGTATGTGCAGCTLLT
HEK?293 site 3 antisense (SEQ ID NO: 583)
AGGAGCTIECACATACTAGCCCCTGTCTAGGAAAAGCTGTCCTGUGACGCCCTCTGGAGGAAGLAGS
GOTTCCTTICCTCTGLCATCACGTGUTCAGTCTAAGCOCCCAAGGATTGALCCAGGUCAGGGUTGGA
GAAGCAGAMAABMAAGCATCAAGOCTACAAATGCATCLTTACTTGCAGCAGAAATAGACTAATTGLATG

HEK site 4 sense (SEQ ID NO: 584)
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£ GTGGAAGGAAGGGAGGAAGGGLLAGGCAGAGGETCCAAAGTAG
GATGACAGGCAGGHGGLACCGUGEUGCLLCEGHETGRCATTGCEEUTGRAGHTGGGEETTAAAGTHG
AGACTCTGGTGCTGTGTGACTACAGTGGGEGCLCTGUCCTCTCTGAGCLCCOGCOTCCAGGLCTGY
GTGTGT
HEK site 4 antisense (SEQ ID NO: 585)
ACACACACAGGCLTGRAGGLGGGEELTCAGAGABGGCAGGGCLCCCACTGTAGTCACACAGCACT
AGAGTCTCCOOTTTAACCOLCCACCTCRAGCCGUAATGCCACCGGGGLGLCERGGTGCLOITELCT
STCATCCTGCTTTGGACCCTOTGCCTOGCOCCTTCOTCCOTTCCTTCCACCCAGCCOGGCCTTITGTCA
GCO
APOEA4 sense (SEQ ID NO: 743)

AGCACCGAGGAGCTGCGGGTGCGLCTCGCCTCCCACCTGLGCAAGCTGLCGTAAGCGGCTCLCTCCG
CGATGCCGATGACCTGCAGAAGTGCCTGGCAGTGTACCAGGLCCGGGGCCLGCGAGGGLGLLGAG

CGCGGCCTCAGCGUCATCCGCGAGCGCCTGGGGCLCCTGGTGGAACAGGGLCCGLGTGLGGGECLE
CCACTGT

APOEA4 antisense (SEQ ID NO: 744)

ACAGTGGCGGCCCGCACGCGGCCCTGTTCCACCAGGGGCLCCCAGGCGCTCGLGGATGGCGCTGA
GGCCECGCTCEGCGCCCTCGCGGGCCOCGGCCTEGTACACTGCCAGGCACTTCTGCAGGTCATCS
GCATCGCGGAGGAGCCGCTTACGCAGCTTGCGLAGGTGGGAGGCGAGGCGCACCCGLAGCTCCT
CGGTGCT

pS3 Y163C sense (SEQ ID NO: 745)

ACTCCOCTGCCCTCAACAAGATGTTTTGCCAACTGGCCAAGACCTGCCCTCTGCAGCTGTGGGETTGA
TTCCACACCCCCGCCCGGCACCCGUGTCOGCGCCATGGCCATCTACAAGCAGTCACAGCACATGAC
GGAGGTTGTGAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATGGTCGAGCAGCTGGGEGE

TG

p53 Y163C antisense (SEQ ID NO: 746)

CAGCCCCAGCTGCTCACCATCGCTATCTGAGCAGCGLICATGGTGGGGGCAGCGCCTCACAACCTC
CGTCATGTGCTGTGACTGCTTGTAGATGGCCATGGCGUGGACGLGGEGETGLCCGGGCEGGEGTGTGE
AATCAACCCACAGCTGCACAGGGCAGGTCTTGGCLAGTTGGCAAAACATCTTGTTGAGGGCAGGGEG
AGT

[00342] Deaminase gene gBlocks Gene Fragments

hAID (SEQ ID NO: 586)

CATCCTTGGTACLUGAGCTCOGATCCAGCCADCATGGATAGCCTCT TGATGAATAGACCCAAGTTCCT
GTATCAGTTTAAAAACGTCAGATOGGUAAAAGGCCCACGAGAGACATATCTGTGOTATRTCGTTAAG
CGCAGAGATTCAGCCACCAGTTTCTCTCTCGACTTCGGCTACCTGCGGAACAAGAATGGTTGLCATG
TTGAGCTCCTGTICCTGAGGTATATCAGCGACTGGCATTTGGACCCAGGGCEGTGCTATAGGGTGA
CATGGTTTACCTCCTGGTCACCTTGTTATGACTGCGCGLUGGCATGTTGUCGATT T TCTGAGAGGGAA
CCCTAARCCTGTICTCTGAGGATCTTCACCGCGLGACTGTACTTCTGTCAGRACTGGAAAGTLGAALC
CCAGGGACTEAGACGLUCTCCACAGAGCGGETCTGUAGATIGUCATAATGACCT I TAAGGACTACTT
CTACTGCTGGAACACCTTCGTCCAAAATCACGACCGGACTTTCAAGGCTTGGGAAGGATTGCATGAA
AACAGCGTCAGCGCTTTCCAGGLAGCTICGLCGCATICTTCTCLCGTTIGTACGAGGTTGATGACCTCA
GAGATGCCTTTAGAACACTOGGACTGTAGGCGGCCECTCRATTGGTTTGGTGTGGCTCTAA

rAPOBEC I (mammalian)(SEQ ID NO: 587)
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CATCCTTGGTACCGAGCTCGGATCCAGLCACCATGAGCTCAGAGACTGGCUCAGTGGCTGTGRACT
COACATTGAGACGGUGGATCGAGCOCCATCAGTITGAGGTATICTTCGATCOGAGABAGCTCCGCA
AGGAGACCTGCCTCCTTTACCAAATTAATTGREGEGEGGUCGECACTCCATTTGGUGACATACATCACA
GAACACTAACAAGCACGTCGAAGTCAACTTCATCGAGAAGTTCACGACAGAAAGATATTICTGICCG
AACACAAGGTGCAGCATTACCTGGTTTCTCAGCTGGAGCLCATGOGGUGAATGTAGTAGGGCCATC
ACTGAATTICCTGTCAAGGTATCCCCACGTCACTCTGTTTATT TACATCGCAAGGCTGTACCACCACGE
TCACCCCCGUAATCOACAAGGCCTGCGEGATTTCATCTOUTTCAGGTGTGACTATCCAAATTATGACT
GAGCAGGAGTCAGGATACTGCTGGAGAAACTTTGTGAATTATAGCCCGAGTAATGAABCCCACTGG
CCTAGCTATCCCCATCTGTGGGTACGACTGTACGTICTTGAACTGTACTGCATCATACTGGGCCTGC
CTICCTTGTCICAACATTICTGAGAAGGAAGCAGCCACAGCTGACATICTYTACCATCGCTICTICAGTCT
TETCATTACCAGCGACTGCCCCCACACATTCTCTGGGUCACCGGGTIGAAATGACCGGUCGITCGA
TIGETTIGGTGTGGCTCTAA

pmCDA 1 (SEQ ID NO: 588)

CATCCTTGUETACCGAGCTCEGATILCAGCLACCATGACAGACGCTGAATATGTTAGGATCCATGAAAA
ACTGGATATCTATACAT T TAAGAAGCAGT TCTTCAATAACAAAAAGTCAGTATCTCACAGATCTATGT
CCTGTICGAACTCAAGAGAAGAGGAGAAAGGCGEGCCTGTTTCTGGGEGTACGUGGTTAATAAALT
CCAGTCCGGGALCGAGAGGGGGATICACGLCGAGATUTTTTCAATTAGGAAGGTTGAAGAGTATCT
TOGCHEACAATCOCGGTCAGTICACAATTAACTGGTACAGCICCTGGAGCCOTTGCGCTGATTGEGECO
GAGAAAATACTCGAATGGTACAACCAGGAGTIGAGAGGUAATGGUCACACTCTCAAGATTTIGGGOTT
GUAAGCTTTACTACGAGAAGAACGLGAGAAATCAGATTGGCTTGTGGAACCTLAGGGALAACEGGEG
TCGEGTTGAATGTTATGGTGTCCGAACATTACCAGTOUTGTAGAAAGATCTTCATTCAGTCCAGTCAC
AATCAGCTEAACCGAGAACAGATGGCTGGAGAAAACACTGAAACGG GCAGAGAAAAGGCGCTCAGAG
CTOAGTATCATGATCCAGGTCAAAATCCTGCATACAACCAAAAGCCCGGCTGTATAAGCGGCLGCTL
GATIGGTTIGGTGTGLRUTCTAA

haPOBEC3G (SEQ ID NO: 589)

CATCCTTGGTACCGAGCTCOGATCCAGCCACCATGGAGCTGAAGTATCACCCTGAGATGCGGTTTIT
CCACTGGTTTAGTAAGTGOUGCAAACTTCATCGGGATCAGGAGTATGAAGTGACCTGGTATATCICT
TGCTCTCCCTGECACAAAATGTACACGCGACATGGCLCACATTTCTGGCCGAGGATCCAAAGGTGACE
CTCACAATCITIGTGGUCCGLCTOTATTATTITCTGGGACCCGOATTATCAGGAGGCALTTAGGTCAT
TGTGUCAAAAGCGCGACGGACCACGGGCGACTATGAAAATCATGAATTATGACGAATTICCAGCATTG
CTGEAGTAAGTT TGTGTACAGCCAGCGEGAGCTETTCCACGCOCTGGAACAATCTTCCCAAGTACTAC
ATACTGCTTCACATTATGTTGGGGGAGATCCTTICGGCACTCTATGGATCCTCCTACCTTTACGTT TAA
CTTTAATAATGAGCCTIGGGTTCGCGGEGLGCCATGAAACCTATTTICTCSCTACGAGGTCGAGLCGGATE
CATAATGATACGTGGGTCCTGCTGAATCACAGTAGGEEGTTTCTGTGTAACCAGGCTCCACATAMAL
ATGGATTTCTCGAGGRGECOGCACGCCCAACTCTGTTITCCTIGATGTGATACCTTTCTGGAAGCTCGA
CCTTGATCAAGATTACAGGGTGACGTGTITCACCTCCTGETCACCOTGCTTCAGTTGCGCCCAAGAG
ATGGCTARATTTATCAGTAAGAACAAGCATOTGTCCCTCTIGTATITITACAGCCAGAATTTATGATGAC
CAGGGCCGGETGCLAGCAGLEGCTCCEGACACTCOCTGAGGCGGGUGCGAAGATCAGCATAATGA
CATACTCCGAATTCAAACACTGTTGGGACACTT T TGTGHACCACCAGGGLTGCCCATTICAGCUGTG
GOATGGGCTCCGACGAACATAGTCAGGATCTCTCAGGCLRGCTGUGAGCCATATTGCAGAACCALGGA
CAATTAGGCGGECCGUTCOATTGGTTIGGTGTGGEITCTAA

rAPOBEC I (E. Coli) (SEQ ID NO: 590)

GGCLCGGGGATICTAGAAATAATTITGTTTAACTTTAAGAAGGAGATATACCATGRATGTCTICTGAAA
CCGOTCCGETTIGUGGTTGACCLCCGACCOTGCGTCGTCGTATUGAACCGUACGAATTCGAAGTITICT
TCGACCO GCGTGAACI’I'G COGTAAAGAAACCTGCCTGUTGTACGAAATCAACTGEGGETGGTCGTCALT
CTATCTCGOGTCACACCTCTCAGAACACCAACAAACACGTTGAAGTTAACTTCATLGAAARATTCACC
ACCGAACGTTACTTCTGUCOGAACACCCOTIGOTCTATCACCTRRTTOCTGTCTTIGRTCTCOGTGEE
GTGAATGCTCICGTGLGATCACCCAATTCCTGTITCGTTACCOGCACGTTACCCTGTTCATCTACATC
GCGCETCTGTACCACCACCCGGACCCCCETAACCGTCAGGGTCTGCGTGACCTGATCTCTTCTGGT
GTTACCATCCAGATCATGACCGAACAGGAATCTGGTTACTGUTGGCGTAACTICGTTAACTACTCTCO
GTCTAACGAAGCGCACTGGCCGUGTTACCCGCACCTGTGGETTICGTCTGTACGTICTGGAACTGTA
CTGCATCATCCTGGGTCTGLCGCOGTCCOTGAACATOOTGCETCGTAAACAGCOGCAGCTEACCTYY

CTTCACCATCGCGLTGCAGTCTTGCCACTACCAGLGTCTGCLGCCGCACATCCTGTLGGEGACLEEEG
TCTGARAGGTGOTAGTGRAGGCAGCGGLGGTICAATGGATAAGAAATAL
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[00343] Amino Acid Sequences of NBE1, NBE2, and NBE3.

NBEI for E. Coli expression (Hise-rAPOBEC1-XTEN-dCas9) (SEQ ID NO: 591)

MGSSHHHHHHMSSETGPYAVDPTLRRRIEPHEFEVFFDFRELRKETCLLYEINWGGRHEIWRHTSQNTN
KEVEVINFIEKFTTERYFOPNTRCSITWFLSWSPCGELCSRAITEFLSRYPHYTLFIYIARLYHHADPRNRGQGL
ROLISSGVTIQIMTERQESGYCWRNFVNYSPSNEAHWPRYPHLWVRLYVLELYCHLGE PPCLNILRRKQPQ
LTFFTIALGSCHY QRLPPHILWATGLKSGSETPGTSESATPESDKK Y SIGLAIGTNSVGWAVITBEYKYPEK
KFKVLGNTDRHSIKKNUGALLFDSGETAEATRLKRTARRRY TRRKNRICY LQEIFSNEMAKVDDSFFHRL
EESFL\;’EEDKKHERHPE FONIVDEVAYHEKYPTIYHLRKKLVDSTDRADLRUIVLALAHMIKFRGHFLIEGDL
MPONSDVOKLFIQLVOTYMOLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSL
GLTPNFKSNFDLAEDAKLCGL SKDTYDDDLDMLLAQIGDGYADLFLAAKNLS DAL LSDILRYNTEITKAPLSA
SMIKRYDEHHQDLTLLKALYROQLPEKYKEIFFDOSKNGYAGYIDGGASGEERYKFIKPILEKMEGTEELL
VELNREDLLRKORTFONGSIPHQIHLGELHAILRROQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRF
AWMTRKSEETITPWNFEEVVDKGASAGSHERMTNFDKNLPNERVEPKHSLLYEYFTVYNELTKVKYVTE
GMRKPAFLSGEQKKANDLLFKTRRKVTVKGLKEDY FRKIECFDSYEISGVEDRFNASLGTYHDLLKIKDK
DFLDNEENEDILEDIVETLTLFEDREMIEERLKTYAHLFDEKVYMKOLKRERY TGWORLERKLINGIRDKQS
CGRKTILDFLKSDGFANRNFMQUIBDDSLUTFRKEDIQKAQVSGQGDELHEHIANLAGSFAIKKGILOTVKVYDEL
YRVMGRHKPENIVIEMARENQTTOKGOKNSRERMKRIEEGIKELGSCGILKEHPYENTOQLONEKLYLYYLQ
MGRDOMYVDQELDINRLSDYDVDANPGSFLKDOSIDNKVLTRSDEKNRGKEDNVPSEEVVKKMKNYWRQOL
LNAKLITORKFDNLTKAERGGLSEL DRAGFIKRQLVETROITKHVAQILDSRMNTKY DENDKLIREVKVITLE
SKLVSDFRKDFQFYRKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDRYRVYDVRKMIAKSEQEIG
KATAKYFRYSHNIMNFFKTEITLANGEIRKRPLIETNGETGENVWDKGRDFATVRKVLEMPQVNIVKKTEVAT
GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY SYLVWARKVEKGKSKKLKSVKELLGITIMERSS
FEKNPIDFLEAKGYREVKKDLHKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKL
KGSPEDNEQKOLFVEQHKHYLDEHEQISEFSKRVILADANLDKVL SAYNKHROKPIREQAENHHLFTLTNL
GAPAAFKYFOTTIDRKRYTSTKEVLDATLIHGSITGLYETRIDL SCL CGOSEGEEPRKKRKY

NBEI for Mammalian expression (rAPOBEC1-XTEN-dCas9-NLS) (SEQ ID NO: 592)

MSSETGPVAVDPTLRERIEPHEFEVFFDPRELRKETULLYEINWWGGRHSIWRHTBONTNKEVEVYNFIEKF
TTERYFCPNTRCSITWRLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADPRNRQGLRDUIBSIGVTIC
IMTEQESGYCWRNFVNYSPSNEAHWPRYPHLWYRLYVLELYCHLGLPPCLNILRRKQPQLTFFTIALQSC
HYQRLPPHILWATGLKEGSETPGTSESATPESDKKYSIGLAIGTNSYGWAVITDEYKVPSKKFRVLGNTER
HSEKKNUGALLFDSGETAEAT}RLKRTARRRYTRRKNRiC“‘( LOEIFSNEMAKVODSFFHRLEESFLVEEDKK
HERHPIFGNIVDEVAYHERKYPTYHLREKKLYDSTDKADLRLIYLALAHMKFRGHFUIEGDLNPENSDVDKLF
GEVQTYNQLFEENPINASGVDAKAILSARLEKSRRLENLIAGELPGERKKNGLFGNEIALSLGLTPNFKENFDL
AEDAKL G SKOTYDDDLDNLLAGIGDOYADLFLAAKNLSDAILLSDILRYNTEITRAPLSASMIKRYDEHHQ
DLTLLKALVRQOLPERKYKEIFFDOSKNGYAGYIDGGASGEEFYKFIKPILEXMDGTEELLVKLNREDLLRKQ
RTFDNGSIPHQIHLGELHAILRRQEDFYPFLEDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITP
WNFEEVWWDKGASAQSFIERMTNFDRKNLPNEKVYLPKHSLLYEYFTVYNELTKVKYVTEGMREKPAFLSGEQ
K ANDLLFKTNRKVTVKOQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKEKDKDFLDNEENEDILE
DWLTLTLFEDREMIEERLKTYAHLFDDKVMROQLERRRYTGWOGRLERKLINGIRDROSGKTILDFLKSDGFA
NENFMQLIHDDSLTFKEDIQKAQVSGQGDELRERIANLAGSPAIKKGILOTVRKVVDELVEKVMGRHKPENIV]
EMARENQTTOQKGGKNSRERMKRIEEGIKELGSOILKEHPVENTOQLQONERLYLY YLONGRDWY VDCQELE
NRLSDYDVDANPOSFLKDDSIDNKVLTREDKNRGRSDNVPSEEVYKKMKNYWROQLLNAKLITGRKFDNL
THAERGGLSELDKACGFIKRQLVETRQITKHVYAQILDERMNTKYDENDKLIREVKVITLKSKLVEDFRKDFQF
YRKYRENNYHHARDAYLNAVVGTALIKKYPKLESEFVYGOYRKVYDVREKMIAKSEGEIGKATAKYFFY SN
NFFKTEITLANGEIRKRPLIETNGETGEIVWOKGRDFATYRRKVYLSMPOVRIVKKTEVQTGGFSKESILPKRN
SDKLIARKKDWDPKKY GGFDSPTVAY SVLVVAKVEKGKEKKLESVRELLGITIMERSSFEKNPIDFLEAKG
YREVKKDLHKLPRY SLFELENGREKRMLASAGELOKGNELAL PEKYVNFLYLASHYEKLKGSPEENEQKGL
FYEQHKHYLDEREQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENHHLFTLTNLGAPAAFKYFDTT!
DRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGEPKKKRKY
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Alternative NBE1 for Mammalian expression with human APOBEC1 (hAPOBEC1-XTEN-
dCas9-NLS) (SEQ ID NO: 5737)
MTSEKGPSTGDPTLRRRIEPWEFDVFYDPRELRKEACLLYEIKWGMSRKIWRSSGKNTTN
HVEVNFIKKFTSERDFHPSMSCSITWFLSWSPCWECSQAIREFLSRHPGVTLVIYVARLFW
HMDQQNRQGLRDLVNSGVTIQIMRASEYYHCWRNFVNYPPGDEAHWPQYPPLWMMLY
ALELHCIILSLPPCLKISRRWQNHLTFFRLHLQNCHYQTIPPHILLATGLIHPSVAWRGSETP
GTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALL
FDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKK
HERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGD
LNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAA
KNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQ
SKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIH
LGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW
NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMR
KPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYH
DLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY
TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQ
GDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQK
NSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSD
YDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQ
RKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVK
VITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVW
DKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGG
FDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKD
LIOKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNE
QKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTL
TNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGSPKKK
RKV
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NBE2 (rAPOBEC1-XTEN-dCas9-UGI-NLS) (SEQ ID NO: 593)

MESETGPYAVDPTLRRRIEPHEFEVEFDPRELRKETCLLYEINWGGRHEIWRHTSONTRKHVEVYNFIEKF
TTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADPRNRGQGLRDLISSGVTIG
BTEQESGY CWRNFVNY SPENEAHWPRYPHRLWYRLYVLELYCHLGLPPCLNILRRRKOPQLTFFTIALGSC
HYQRLPPHILWATGLKSGEETPGTSESATRESDKKYSIGLAIGTNSYGWAVITDEYKVPSKKFKVLGNTOR
HSIKKMLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKK
HERHPIFGNIVDEVAYHERYPTIVHLRKRKLYOSTORKADLREIVLALAHMIKFRGHFLIEGEOLNPDNSDVDKLF
KLVOTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFRKSNFDL
AEDAKLOQLSKDTYDDDLONLLAQIGDOYADLFLAAKNLSDAILLSDIL RVNTEITKAPLSASMIKRYDEHHQ
PETULKALVROGEPEKYKEIFFDQSKNGY AGYIDGGASGEEFYKFIKPILEKMOGTEELLVKLMNREDLLRKG
RTFDNGSIPHOIHLGELHAL RRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITP
WNFEEVVDKGASAQEFIERMTNFDKNLPNERKVLPKHSLLYEYFTVYNELTRVKYVTEGMRKPAFLESGEQ
KKANVDLLFKTNRRKYTVKQLKEDYFRKIECFDSVEISGYEDRFNASLGTYHDLLKHKDKDFLDNEEMEDILE
DWVLTLTLFEDREMIEERLKTYAHLFDORVMKOLKRRRYTGWCGRLSRKLINGIRDKQSGKTILDFLKSDGFA
KNRNFMQOLIHDDSLTFREDIGKALQVSGQGOSLHERIANLAGSPAIKKGILATVKVWEELVKVMGREKPENIV
EMARENQTTOKGQKNSRERMERIEEGIKELGEQILKEHPVENTOLONEKLYLYYLONGRDMYVDQELDY
MRLSDYDVDANPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWROLLNAKLITGRKFDML
TRAERGGLSELDKAGFIKRQLVETROITKHVAGIL DSRMMNTKY DENDKUREVEVITLKSKLVSDFRKDFOF
YRVREINNYHHAHDAYLNAVVGTALIKKY PRLESEFVY GEYKVYDVRKMAKSECEIGKATAKYFFYSNIM
NFFKTEITLANGEIRKRPLIETNGETGERWDKGRDFATVRKVLESMPOQVNIVKKTEVQTGGFSKESILPKRN
SDKLIARKKDWDPKKYGGFDSPTVAYSVLVWAKVEKGKSKKLESVKELLGITIMERSSFEKNPIDFLEAKSG
YKEVKKDLUKLFKYSLFELENGRKRMLASAGEL QKGNELALPSKYVNFLYLASHYEKL KGSPEDNEQKQL
FVEQRKRYLDEHEQISEFSKRVILADANLDRKVLBAYNKHRDKPIREQAENHHLFTLTNLGAPAAFKYFDTTE
DRERYTSTKEVLODATLIHGSITGLYETRIDLGOLGGDSGGSTNLSDHEKETGROLVIQESILMLPEEVEEVIG
NKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLEGGEPKKKRRY

NBE3 (rAPOBEC1-XTEN-Cas9n-UGI-NLS) (SEQ ID NO: 594)

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSONTNKHEVEVYNFIEKF
TTERYFCPNTROSITWFLEWSPCGECSRAITEFLERYPHVTLFIVIARLYHHADPRNRQGLRDLISSGVYTIQ
IMTEGESGYCWRNFVNYSPSMEAHWPRYPHLWVRLYVLELYCHLGLPPCLNILRRKQPQLTFFTIALGSC
HYQRLPPHILWATGLKSGSETRGTSESATPESDKKY SIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDER
HSIKKMLIGALLFDRGETAEATRLKRTARRRYTRRKNRICYLGEIFSNEMAKVDDSFFHRLEESFLVEEDKK
HERHPIFGNIVBEVAYHEKYPTIVHLRKKLVOSTORKADLRUIYLALARMIKFRGHFLIEGDLNPDNSDVDKLF
IQLVOTYNQLFEENPINASGVDAKAILSARL SKERRLENUIAGEL PGEKKNGLFGNUIALSLGLTPNFKENFBL
AEDAKLOLSKDTYDDOLDNLLAGIGEOY ADLFLAAKNLSDAILLSDHLRVNTEITKAPLSASMIKRYDEHRG
DLTLLKALVRQOLPEKYKEIFFRQSKNGYAGYIDGCASQEEFYKFIKPILEKMODGTEELLVKLNREDLLRKG
RTFDNGSIPHOIBLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVCPLARGNSRFAWMTRKSEETITP
WNFEEVVDKGASAQSFIERM TNFDRNLPNEKVLPKHSLLYEYFTVYNELTKVRYVTEGMRKPAFLSGEQ
KKANDLLFEKTNRRVTVKQLKEDYFKKIECFDSVEISGVEDRINASLGTYHDLLKHKDKDFLDNEENEDILE
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFA
NRMFMOLIHDDSLTFKEDIOKAQVSGQGDSLHERIANLAGSPAIKKGHILOTVKWVVDELVKVMGREKPERNIVY
EMARENQTTOKGQKNSRERMKRIEEGIKELGSQILKEHPVENTOLONEXLYLYYLONGREMYVYDGQELDY
NRLSDYDVDRIVPQSFLKDOSIDNKVLTRSDKNR GREDNVPSEEVVRKKMKNYWROLLNAKLITQRKFDNL
TRAERGGLSEL DKAGHKRGLVETRGITKHVAQILDSRMNTKY DENDKLIREVEVITLRKSKLVEDERKDFGE
FRVYREINNYHHARDAYLNAVVGTALIKKYPKLESEFVY GDYRVYDVRKMAKSEQEIGKATAKYFFYSNIM
MEFKTEITLANGEIRKRPLIETNGETGEIVWDKGRBFATVRKVLSMPQVRNIVKKTEVOTGGFSKESILPKRN
SBKLIARKKDWOPKKY GGFDSPTYAYSVLVWAKVEK GRSKKLKSVKELLGITIMERSSFEKNPIDFLEAKG
YREVKKDLHKLPRYSLFELENGRKRMLASAGELQRGNELAL PESKYVNFLYLASHYEKLKGEFPEDNEQKQL
FVEQHKHYLDEHEQISEFSKRVILADANLDKVLSAYNKHROKPIREQAENHHLF TL TMLGAPAAFKYFDTTH
DRKRYTSTREVLDATLIHOGITGLYETRIDLSQLGGDEGEETNLSDHEKETGKQLVIQESILMLPEEVEEVIG
NKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIGLDSNGENKIKMLEGGSPRKKKRKY

pmCDA1-XTEN-dCas9-UGI (bacteria) (SEQ ID NO: 5742)

MTDAEY VRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNKPQS
GTERGIHAEIFSIRKVEEYLRDNPGQFTINWYSSWSPCADCAEKILEWYNQELRGNGHTL
KIWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHYQCCRKIFIQSSHNQLNENRWL
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EKTLKRAEKRRSELSIMIQVKILHTTKSPAVSGSETPGTSESATPESDKKY SIGLAIGTNSV
GWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYH
LRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFE
ENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLA
EDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILE
KMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEK
ILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLP
NEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVK
QLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLT
LFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLK
SDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENT
QLONEKLYLYYLOQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKN
RGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQL
VETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNY
HHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYS
NIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQ
TGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSV
KELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQ
KGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVIL
ADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEV
LDATLIHQSITGLYETRIDLSQLGGDSGGSMTNLSDIIEKETGKQLVIQESILMLPEEVEEVI
GNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKML

pmCDA1-XTEN-nCas9-UGI-NLS (mammalian construct) (SEQ ID NO: 5743)

MTDAEY VRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNKPQS
GTERGIHAEIFSIRKVEEYLRDNPGQFTINWYSSWSPCADCAEKILEWYNQELRGNGHTL
KIWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHYQCCRKIFIQSSHNQLNENRWL
EKTLKRAEKRRSELSIMIQVKILHTTKSPAVSGSETPGTSESATPESDKKY SIGLAIGTNSV
GWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYH
LRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFE
ENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLA
EDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILE
KMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEK
ILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLP
NEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVK
QLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLT
LFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLK
SDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENT
QLONEKLYLYYLOQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKN
RGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQL

183



WO 2017/070632 PCT/US2016/058344

VETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNY
HHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYS
NIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQ
TGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSV
KELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQ
KGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVIL
ADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEV
LDATLIHQSITGLYETRIDLSQLGGDSGGSTNLSDIIEKETGKQLVIQESILMLPEEVEEVIG
NKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSPKKKR
KV

huAPOBEC3G-XTEN-dCas9-UGI (bacteria) (SEQ ID NO: 5744)
MDPPTFTFNFNNEPWVRGRHETYLCYEVERMHNDTW VLLNQRRGFLCNQAPHKHGFLE
GRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCIFTARIY
DDQGRCQEGLRTLAEAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGR
LRAILQSGSETPGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDR
HSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRL
EESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI
KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLE
NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG
DQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQL
PEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT
FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMT
RKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTK
VKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDR
FNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKV
MKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKED
IQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN
QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQ
ELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQ
LLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDE
NDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLE
SEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD
WDPKKYGGFDSPTVAYSVLVVAKVEKGK SKKLKSVKELLGITIMERSSFEKNPIDFLEAK
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKL
KGSPEDNEQKQLFVEQHKHYLDENEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQA
ENIHHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD
SGGSMTNLSDIIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLL
TSDAPEYKPWALVIQDSNGENKIKML

huAPOBEC3G-XTEN-nCas9-UGI-NLS (mammalian construct) (SEQ ID NO: 5745)

MDPPTFTFNFNNEPWVRGRHETYLCYEVERMHNDTW VLLNQRRGFLCNQAPHKHGFLE
GRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCIFTARIY
DDQGRCQEGLRTLAEAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGR
LRAILQSGSETPGTSESATPESDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDR
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HSIKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFFHRL
EESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI
KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLE
NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG
DQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKR YDEHHQDLTLLKALVRQQL
PEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT
FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMT
RKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTVYNELTK
VKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDR
FNASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKV
MKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKED
IQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK VMGRHKPENIVIEMAREN
QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQ
ELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMKNYWRQ
LLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDE
NDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLE
SEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD
WDPKKYGGFDSPTVAYSVLVVAKVEKGK SKKLKSVKELLGITIMERSSFEKNPIDFLEAK
GYKEVKKDLIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKL
KGSPEDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQA
ENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD
SGGSTNLSDIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLT
SDAPEYKPW ALVIQDSNGENKIKMLSGGSPKKKRKV

huAPOBEC3G (D316R_D317R)-XTEN-nCas9-UGI-NLS (mammalian construct) (SEQ ID NO:
5746)

MDPPTFTFNFNNEPWVRGRHETYLCYEVERMHNDTW VLLNQRRGFLCNQAPHKHGFLE
GRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCIFTARIY
RRQGRCQEGLRTLAEAGAKISIMTY SEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGR
LRAILQSGSETPGTSESATPESDKKYSIGLAIGTNSVGW AVITDEYKVPSKKFKVLGNTDR
HSIKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFFHRL
EESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI
KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLE
NLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG
DQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKR YDEHHQDLTLLKALVRQQL
PEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT
FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMT
RKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTVYNELTK
VKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDR
FNASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKV
MKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKED
IQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK VMGRHKPENIVIEMAREN
QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQ
ELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMKNYWRQ
LLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDE
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NDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLE
SEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD
WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKL
KGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQA
ENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD
SGGSTNLSDIIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLT
SDAPEYKPWALVIQDSNGENKIKMLSGGSPKKKRKV

[00344] Base Calling Matlab Script
WTnuc="GCGGACATGGAGGACGTGCGCGGCCGCCTGGTGCAGTACCGCGGCGAGGTGCAGGCCATGCTCGGC
CAGA
GCACCGAGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAGCTGCGTAAGCGGCTCCTCCGCGATGCCG
ATGAC
CTGCAGAAGCGCCTGGCAGTGTACCAGGCCGGGGCCCGCGAGGGCGCCGAGCGCGGCCTCAGCGCCATCCGC
GAGCG CCTGGGGCCCCTGGTGGAACAG'(SEQ ID NO: 595);

%cycle through fastq files for different samples files=dir("* fastq";
ford=1:20
filename=files(d).name;
%read fastq file
[header,seqs,qscore|=fastqread(filename);
seqsLength=length(seqs); % number of sequences seqsFile=
strrep(filename,' fastq',"); % trims off .fastq
%create a directory with the same name as fastq file ifexist(seqsFile,'dir");
error('Directory already exists. Please rename or move it before movingon.";

end
mkdir(seqsFile); % make directory
wtLength =length(WTnuc); % length of wildtype sequence

%% aligning back to the wildtype nucleotide sequence

%

% AIN is a matrix of the nucleotide alignment window=1:wtLength;

sBLength =length(seqs); % number of sequences
% counts number of skips nSkips = 0;

ALN=repmat(",[sBLengthwtLength]);

% iterate through each sequencing read fori=1:sBLength

%If you only have forward read fastq files leave as is

%]If you have R1 foward and R2 is reverse fastq files uncomment the

%next four lines of code and the subsequent end statement

% ifmod(d,2)==0;

% reverse =seqrcomplement(seqs{i});
% [score,alignment,start]=
swalign(reverse, WTnuc,'Alphabet’, NT");

% else

[score,alignment,start|=swalign(seqs{i}, W Tnuc,'Alphabet', NT";
% end

% length of the sequencing read len=
length(alignment(3,:));
% if there is a gap in the alignment , skip = 1 and we will
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% throw away the entire read skip = 0;

forj=1:len
if (alignment(3,j) =="-'|| alignment(1,j) =="-") skip=1;
break;
end

%in addition if the gscore for any given base in the read is
%below 31 the nucleotide is turned into an N (fastq qscores that are not letters)

ifisletter(gscore{i}(start(1)+j-1)) else
alignment(1,j) ="N";
end

end

if skip == 0 && len>10

ALNQ, start(2):(start(2)+length(alignment)-1))=alignment(1,:);
end

end
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% with the alignment matrices we can simply tally up the occurrences of
% each nucleotide at each column in the alignment these

% tallies ignore bases annotated as N

% due to low gscores

TallyNTD=zeros(5,wtLength); fori=1:wtLength

TallyNTD(:,))=[sum(ALN(:,i)=="A"),sum(ALN(;,1))=="C"),sum(ALN(;,1)=='G"),sum(A
LN(C,1)=="T"),sum(ALN(:,)=="N"];

end

% we then save these tally matrices in the respective folder for

% further processing

save(strcat(seqsFile,/TallyNTD"),'TallyNTD"; dlmwrite(strcat(seqsFile,"/TallyNTD.txt"), TallyNTD,'precision’,
'%.3f, 'newline', 'pc"); end

[00345] INDEL Detection Matlab Script
WTnuc="GCGGACATGGAGGACGTGCGCGGCCGCCTGGTGCAGTACCGCGGCGAGGTGCAGGCCATGCTCGGC
CAGA
GCACCGAGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAGCTGCGTAAGCGGCTCCTCCGCGATGCCG
ATGAC
CTGCAGAAGCGCCTGGCAGTGTACCAGGCCGGGGCCCGCGAGGGCGCCGAGCGCGGCCTCAGCGCCATCCGC
GAGCG CCTGGGGCCCCTGGTGGAACAG'(SEQ ID NO: 595);

%cycle through fastq files for different samples files=dir("* fastq";
%specify start and width of indel window as well as length of each flank indelstart=154;
width=30; flank=10;

ford=1:3

filename=files(d).name;

%read fastq file

[header,seqs,qscore|=fastqread(filename);

seqsLength=length(seqs); % number of sequences seqsFile

=strcat(strrep(filename,'.fastq',"),' INDELS");

%create a directory with the same name as fastq file+ INDELS ifexist(seqsFile,'dir");
error('Directory already exists. Please rename or move it before movingon.";

end

mkdir(seqsFile); % make directory

wtLength =length(WTnuc); % length of wildtype sequence sBLength=
length(seqs); % number of sequences

% initialize counters and cell arrays
nSkips = 0; notINDEL=0;
ins={},
dels={}; NumIns=0;
NumDels=0;
% iterate through each sequencing read fori=1:sBLength
%search for 10BP sequences that should flank both sides of the "INDEL WINDOW"
windowstart=strfind(seqs{i}, WTnuc(indelstart-flank:indelstart));

windowend=strfind(seqs{i}, WTnuc(indelstart+width:indelstart-+width+flank
)i
%if the flanks are found proceed
iflength(windowstart)==1 & & length(windowend)==1
%if the sequence length matches the INDEL window length save as
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%not INDEL

if windowend-windowstart==width+flank notINDEL=notINDEL+1;
%if the sequence is two or more bases longer than the INDEL
%window length save as an Insertion

elseif windowend-windowstart>=width+flank+2 NumIns=NumIns+1;
ins{NumlIns}=seqs{i};
%if the sequence is two or more bases shorter than the INDEL
%window length save as a Deletion

elseif windowend-windowstart<=width+flank-2 NumDels=NumDels+1;
dels{NumDels}=seqs{i};
%keep track of skipped sequences that are either one base
%shorter or longer than the INDEL window width else
nSkips=nSkips+1;
end
%keep track of skipped sequences that do not possess matching flank

Yesequences else
nSkips=nSkips+1;

end
end
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fid=fopen(strcat(seqsFile,/summary .txt"),'wt");
fprintf(fid, 'Skipped reads %i\n not INDEL %i\n Insertions %i\n Deletions

%i\n', [nSkips, notINDEL, NumlIns, NumDels]); fclose(fid);
save(strcat(seqsFile,'/nSkips"),'nSkips"); save(strcat(seqsFile,/notINDEL"),'notINDEL");
save(strcat(seqsFile,/NumlIns'), Numlns'); save(strcat(seqsFile,/NumDels"),' NumDels");
save(strcat(seqsFile,'/dels"), 'dels";
C=dels;
fid =fopen(strcat(seqsFile, /dels.txt"), 'wt"); fprintf(fid,"%s"\n',C{:});
fclose(fid);
save(strcat(seqsFile,"/ins"),'ins"); C =1ins;

fid =fopen(strcat(seqsFile, /ins.txt"), 'wt"; fprintf(fid,"%s"\n',C{:});
fclose(fid);

end

EXAMPLE 5: Cas9 variant sequences

[00346] The disclosure provides Cas9 variants, for example Cas9 proteins from one or more
organisms, which may comprise one or more mutations (e.g., to generate dCas9 or Cas9
nickase). In some embodiments, one or more of the amino acid residues, identified below by an
asterek, of a Cas9 protein may be mutated. In some embodiments, the D10 and/or H840 residues
of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of
the amino acid sequences provided in SEQ ID NOs: 11-260, are mutated. In some embodiments,
the D10 residue of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260, is mutated to any
amino acid residue, except for D. In some embodiments, the D10 residue of the amino acid
sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of the amino acid
sequences provided in SEQ ID NOs: 11-260, is mutated to an A. In some embodiments, the
H840 residue of the amino acid sequence provided in SEQ ID NO: 10, or a corresponding
residue in any of the amino acid sequences provided in SEQ ID NOs: 11-260, is an H. In some
embodiments, the H840 residue of the amino acid sequence provided in SEQ ID NO: 10, or a
corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 11-260, is
mutated to any amino acid residue, except for H. In some embodiments, the H840 residue of the
amino acid sequence provided in SEQ ID NO: 10, or a corresponding mutation in any of the
amino acid sequences provided in SEQ ID NOs: 11-260, is mutated to an A. In some

embodiments, the D10 residue of the amino acid sequence provided in SEQ ID NO: 10, or a
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corresponding residue in any of the amino acid sequences provided in SEQ ID NOs: 11-260, is a
D.

[00347] A number of Cas9 sequences from various species were aligned to determine whether
corresponding homologous amino acid residues of D10 and H840 of SEQ ID NO: 10 or SEQ ID
NO: 11 can be identified in other Cas9 proteins, allowing the generation of Cas9 variants with
corresponding mutations of the homologous amino acid residues. The alignment was carried out
using the NCBI Constraint-based Multiple Alignment Tool (COBALT(accessible at st-
va.ncbi.nlm.nih.gov/tools/cobalt), with the following parameters. Alignment parameters: Gap
penalties -11,-1; End-Gap penalties -5,-1. CDD Parameters: Use RPS BLAST on; Blast E-value
0.003; Find Conserved columns and Recompute on. Query Clustering Parameters: Use query
clusters on; Word Size 4; Max cluster distance 0.8; Alphabet Regular.

[00348] An exemplary alignment of four Cas9 sequences is provided below. The Cas9
sequences in the alignment are: Sequence 1 (S1): SEQ ID NO: 11 | WP_010922251| gi
499224711 | type I CRISPR RNA-guided endonuclease Cas9 [Streptococcus pyogenes];
Sequence 2 (S2): SEQ ID NO: 12 | WP 039695303 | gi 746743737 | type I CRISPR RNA-
guided endonuclease Cas9 [Streptococcus gallolyticus]; Sequence 3 (S3): SEQ ID NO: 13 |

WP 045635197 | gi 782887988 | type II CRISPR RNA-guided endonuclease Cas9
[Streptococcus mitis]; Sequence 4 (S4): SEQ ID NO: 14 | SAXW_A | gi 924443546 |
Staphylococcus aureus Cas9. The HNH domain (bold and underlined) and the RuvC domain
(boxed) are identified for each of the four sequences. Amino acid residues 10 and 840 in S1 and
the homologous amino acids in the aligned sequences are identified with an asterisk following

the respective amino acid residue.

511 —-MDKK-YSIGLD*IGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLI —--GALLFDSG-—-ETAEATRLKRTARRRYT 73
52 1 ——MTKKNYSIGLD*IGTNSVGWAVITDDYKVPAKKMKVLGNTDKKY IKKNLL--GALLFDSG-—ETAEATRLKRTARRRYT 74
53 1 —-M-KKGYSIGLD*IGTNSVGFAVITDDYKVPSKKMKVLGNTDKRFIKKNLI --GALLFDEG-—-TTAEARRLKRTARRRYT 73
54 1 GSHMKRNYILGLD*IGITSVGYGII--DYET————————————————— RDVIDAGVRLFKEANVENNEGRRSKRGARRLKR 61

51 74 RRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL 153
52 75 RRKNRLRYLQEIFANEIAKVDESFFQRLDESFLTDDDKTEDSHPIFGNKAEEDAYHQKFPTIYHLRKHLADSSEKADLRL 154
53 74 RRKNRLRYLQEIFSEEMSKVDSSFFHRLDDSEFLIPEDKRESKYPIFATLTEEKEYHKQFPTIYHLRKQLADSKEKTDLRL 153
54 62 RRRHRIQRVKKLL-————————————— FDYNLLTD-———-—""———————— HSELSGINPYEARVKGLSQKLSEEE 107

51 154 IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEK 233
52 155 VYLALAHMIKFRGHFLIEGELNAENTDVQKIFADEVGVYNRTEDDSHLSEITVDVASILTEKISKSRRLENLIKYYPTEK 234

191



53
54

51
52
53
54

51
52
53
54

51
52
53
54

51
52
53
54

51
52
53
54

51
52
53
54

51
52
53

54

51
52
53
54

51
52
53

54

WO 2017/070632 PCT/US2016/05

154
108

234
235
234
132

314
315
314
145

392
395
392
166

472
475
472
228

552
554
552
290

629
633
628
364

712
707
429

782
785
780
506

851
861
853
571

IYLALAHMIKYRGHFLYEEAFDIKNNDIQKIFNEFISIYDNTFEGSSLSGONAQVEAI FTDKISKSAKRERVLKLFPDEK
FSAALLHLAKRRG-————————————————————— VHNVNEVEEDT———————————— === ——

KNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEIT
KNTLFGNLIALALGLOPNFKTNFKLSEDAKLQEFSKDTYEEDLEELLGKIGDDYADLFTSAKNLYDAILLSGILTVDDNST
STGLESEFLKLIVGNQADFKKHEDLEDKAPLOFSKDTYDEDLENLLGQIGDDFTDLEVSAKKLYDAILLSGILTVIDPST

KAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEI FFDQSKNGYAGYIDGGASQEEFYKFIKPILEKM-~DGTEELLV
KAPLSASMIKRYVEHHEDLEKLKEFIKANKSELYHDI FKDKNKNGYAGYIENGVKQDEFYKYLKNILSKIKIDGSDYFLD
KAPLSASMIERYENHONDLAALKQFIKNNLPEKYDEVFSDQSKDGYAGYIDGKTTQETFYKYIKNLLSKF——EGTDYFLD
=== SKALEEKYVAELQ—————————————— oo LERLKKDG-—————

KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGN3SRFAWMTRKSEE
KIEREDFLRKQRTEFDNGSIPHQIHLOQEMHAILRRQGDYYPFLKEKQDRIEKILTFRIPYYVGPLVRKD3SRFAWAEYRSDE
KIEREDFLRKQRTEFDNGSIPHQIHLOQEMNAILRRQGEYYPFLKDNKEKIEKILTFRIPYYVGPLARGNRDFAWLTRNSDE
——EVRGSINRFKTSD-———————— YVKEAKQLLKVOQKAYHQLDQSFIDTYIDLLETRRTYYEGP--GEGSPFGW—————— K

TITPWNEFEEVVDKGASAQSFIERMTNEDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDL
KITPWNEDKVIDKEKSAEKFITRMTLNDLYLPEEKVLPKHSHVYETYAVYNELTKIKYVNEQGKE-SFFDSNMKQEIFDH
ATIRPWNFEEIVDKASSAEDFINKMINYDLYLPEEKVLPKHSLLYETFAVYNELTKVKEIAEGLRDYQFLDSGQKKQIVNQ
DIKEW-——————"——————— YEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEK---LEYYEKFQIIEN

LEKTNRKVTVKQLKEDYFKKIECEFDSVEISGVEDR-——FNASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLEFED
VEKENRKVTKEKLLNYLNKEFPEYRIKDLIGLDKENKSFNASLGTYHDLKKIL-DKAFLDDKVNEEVIEDIIKTLTLFED
LFKENRKVTEKDIIHYLHN-VDGYDGIELKGIEKQ-——FNASLSTYHDLLKITKDKEFMDDAKNEAILENIVHTLTIFED
VEKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEF-—-TNLKVYHDIKDITARKEITI-——ENAELLDQIAKILTIYQS

REMIEERLKTYAHLFDDKVMKQLKR-RRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGEANRNFMQLIHDDSLTEKED
KDMIHERLQKYSDIFTANQLKKLER-RHYTGWGRLSYKLINGIRNKENNKTILDYLIDDGSANRNFMQLINDDTLPEFKQI
REMIKQRLAQYDSLFDEKVIKALTR-RHYTGWGKLSAKLINGICDKQTGNTILDYLIDDGKINRNFMQLINDDGLSEFKETL
SEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDE-————— LWHTNDNQIAIFNRLKLVP—————————

IQKAQVSGQQDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMNRENQTT ****** QKGQKNSRERM

IQKSQVVGDWDDIEAVVHDLPGSPAIKKGILQSVKIVDELVKVMG*GNPDNIVIEMNRENQTT ****** NRGRSQSQQRL

IQKAQVIGKﬂDDVKQVVQELSGSPAIKKGILQSIKIVDELVKVMG*HAPESIVIEMNRENQTT ****** ARGKKNSQORY

*KKVDLSQQHEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYG**LPNDIIIELNREKNSKDAQKMINEMQKRNRQTN

KRIEEGIKELGSQIL——————-— KEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSD—-—-YDVDH*IVPQSFLKDD

KKLONSLKELGSNI LNEEKPSYIEDKVENSHLONDQLFLYYTIQNGKDMY TGDELDIDHLSD-——-YDIDH*IIPQAFIKDD

KRIEDSLKILASGL——-DSNILKENPTDNNQLONDRLFLYYLONGKDMY TGEALDINQLSS-——-YDIDH*IIPQAFIKDD

ERIEEITRTTGK-——————————————— ENAKYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDH*IIPRSVSFDN

SIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN—LTKAERQGL*SELD ****** KAGFIKRQLﬂ

SIDNRVLTSSAKNRGKSDDVPSLDIVRARKAEWVRLYKSGLISKRKFDN—LTKAERGFL*TEAD ****** KAGFIKRQLﬂ

SLDNRVLTSSKDNRGKSDNVPSIEVVQKRKAFWQQLLDSKLISERKFNN—LTKAERQGL*DERD ****** KVGFIKRQLﬂ

SFNNKVLVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKHYLLEERDINRFSVQKDFINRNLW
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51 923 |ETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYP|1002

52 933 ETRQITKHVAQILDARFNTEHDENDKVIRDVKVITLKSNLVSQFRKDFEFYKVREINDYHHAHDAYLNAVVGTALLKKYP|1012

53 925 |ETRQITKHVAQILDARYNTEVNEKDKKNRTVKIITLKSNLVSNFRKEFRLYKVREINDYHHAHDAYLNAVVAKAILKKYP|1004

54 651 |DTRYATRGLMNLLRSYFRVN 7777777 NLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAEDALITA-—————————— | 712

51 1003|KLESEFVYGDYKVYDVRKMIAKSEQ**EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKG**7|1077

52 1013 WLASEFVYGEYKKYDIRKFITNSSD 77777 KATAKYFFYSNLMNFFKTKVKYADGTVFERPIIETNAD*GEIAWNKQ**7|1083

53 1005|KLEPEFVYGEYQKYDLKRYISRSKDPKEVEKATEKYFFYSNLLNFFKEEVHYADGTIVKRENIEYSKDTGEIAWNKE**7|1081

54 713 |77NADFIFKEWKKLDKAKKVMENQM 77777777777777777777777777 FEEKQAESMPEIETEQEYKEIFITPHQIK| 764

51 1078| 77777 RDFATVRKVLSMPQVNIVKKTEVQﬂGGFSKESILPKRNSDKLIARKKD***WDPKKYGGFDSPTVAYSVLVVAKV 1149

52 1084 | 77777 IDFEKVRKVLSYPQVNIVKKVETQﬂGGFSKESILPKGDSDKLIPRKTKKVYWDTKKYGGFDSPTVAYSVFVVADV 1158

53 1082 | 77777 KDFAIIKKVLSLPQVNIVKKREVQﬂGGFSKESILPKGNSDKLIPRKTKDILLDTTKYGGFDSPVIAYSILLIADI 1156

54 765 |HIKDFKDYKYSHRVDKKPNRELINDTLYSﬂRKDDKGNTLIVNNLNGLYDKDNDKL****KKLIN*KSP****EKLLMYHH 835

51 1150 EKGKSKKLKSVKELLGITIMERSSFEKNPI-DFLEAKG————- YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKG 1223
52 1159 EKGKAKKLKIVKELVGISIMERSFFEENPV-EFLENKG————-— YHNIREDKLIKLPKYSLFEFEGGRRRLLASASELQKG 1232
53 1157 EKGKAKKLKITVKTLVGITIMEKAAFEENPI-TFLENKG————-— YHNVRKENILCLPKYSLFELENGRRRLLASAKELQKG 1230
54 836 DPQTYQKLK-———————— LIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKYV 907

51 1224 NELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLEVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH-————— 1297
52 1233 NEMVLPGYLVELLYHAHRADNE-———— NSTEYLNYVSEHKKEFEKVLSCVEDFANLYVDVEKNLSKIRAVADSM—————— 1301
53 1231 NEIVLPVYLTTLLYHSKNVHKL-———— DEPGHLEYIQKHRNEFKDLLNLVSEFSQKYVLADANLEKIKSLYADN-————— 1299
54 908 VKLSLKPYRED-VYLDNGVYKEV————-— TVKNLDVIK--KENYYEVNSKAYEEAKKLKKISNQAEFIASFYNNDLIKING 979

51 1298 RDKPIREQAENIIHLETLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSIT-——————- GLYETRI-——-DLSQL 1365
52 1302 DNFSIEEISNSFINLLTLTALGAPADFNFLGEKIPRKRYTSTKECLNATLIHQSIT-——————- GLYETRI-——-DLSKL 1369
53 1300 EQADIEILANSFINLLTFTALGAPAAFKFFGKDIDRKRYTTVSEILNATLIHQSIT-——————- GLYETWI-——-DLSKL 1367
54 980 ELYRVIGVNNDLLNRIEVNMIDITYR-EYLENMNDKRPPRIIKTIASKT-——-QSIKKYSTDILGNLYEVKSKKHPQIIKK 1055

51 1366 GGD 1368
52 1370 GEE 1372
53 1368 GED 1370
54 1056 G—— 1056

[00349] The alignment demonstrates that amino acid sequences and amino acid residues that
are homologous to a reference Cas9 amino acid sequence or amino acid residue can be identified
across Cas9 sequence variants, including, but not limited to Cas9 sequences from different
species, by identifying the amino acid sequence or residue that aligns with the reference
sequence or the reference residue using alignment programs and algorithms known in the art.
This disclosure provides Cas9 variants in which one or more of the amino acid residues

identified by an asterisk in SEQ ID NOs: 11-14 (e.g,, S1, S2, S3, and S4, respectively) are
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mutated as described herein. The residues D10 and H840 in Cas9 of SEQ ID NO: 10 that
correspond to the residues identified in SEQ ID NOs: 11-14 by an asterisk are referred to herein
as “homologous” or “corresponding” residues. Such homologous residues can be identified by
sequence alignment, e.g., as described above, and by identifying the sequence or residue that
aligns with the reference sequence or residue. Similarly, mutations in Cas9 sequences that
correspond to mutations identified in SEQ ID NO: 10 herein, e.g., mutations of residues 10, and
840 in SEQ ID NO: 10, are referred to herein as “homologous” or “corresponding” mutations.
For example, the mutations corresponding to the D10A mutation in SEQ ID NO: 10 or S1 (SEQ
ID NO: 11) for the four aligned sequences above are D11A for S2, D10A for S3, and D13A for
S4; the corresponding mutations for H840A in SEQ ID NO: 10 or S1 (SEQ ID NO: 11) are
H850A for S2, H842A for S3, and H560A for S4.

[00350] A total of 250 Cas9 sequences (SEQ ID NOs: 11-260) from different species were
aligned using the same algorithm and alignment parameters outlined above. Amino acid residues
homologous to residues 10, and 840 of SEQ ID NO: 10 were identified in the same manner as
outlined above. The alignments are provided below. The HNH domain (bold and underlined)
and the RuvC domain (boxed) are identified for each of the four sequences. Single residues
corresponding to amino acid residues 10, and 840 in SEQ ID NO: 10 are boxed in SEQ ID NO:
11 in the alignments, allowing for the identification of the corresponding amino acid residues in

the aligned sequences.
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