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FUSION PROTEINS FOR BASE EDITING

The present invention claims the priority of the PCT/CN2018/076991 filed on February 23",
2018, and the PCT/CN2018/100411 filed on August 14" 2018, the contents of which are

incorporated herein by its entirety.

BACKGROUND

Genome editing is a type of genetic engineering in which DNA is inserted, deleted or replaced
in the genome of a living organism using engineered nucleases (molecular scissors). Utilizing
genome editing tools to genetically manipulate the genome of cells and living organism has
broad application interest in life sciences research, biotechnology/agricultural technology
development and most importantly pharmaceutical/clinical innovation. For example, genome
editing can be used to correct driver mutations underlying genetic diseases and thereby resulting
in complete cure of these diseases in a living organism; genome editing can also be applied to
engineer the genome of crops, thus increasing the yield of crops and conferring crops resistance
to environmental contamination or pathogen infection; likewise, microbial genome
transformation through accurate genome editing is of great significance in the development of

renewable bio-energy.

CRISPR/Cas (Clustered regularly interspaced short palindromic repeats/CRISPR-associated
protein) system has been the most powerful genomic editing tool since its conception for its
unparalleled editing efficiency, convenience and the potential applications in living organism.
Directed by guide RNA (gRNA), a Cas nuclease can generate DNA double strand breaks (DSBs)
at the targeted genomic sites in various cells (both cell lines and cells from living organisms).
These DSBs are then repaired by the endogenous DNA repair system, which could be utilized to

perform desired genome editing.

In general, two major DNA repair pathways could be activated by DSBs, non-homologous end
joining (NHEJ) and homology-directed repair (HDR). NHEJ can introduce random
insertions/deletions (indels) in the genomic DNA region around the DSBs, thereby leading to
open reading frame (ORF) shift and ultimately gene inactivation. In contrast, when HDR is

triggered, the genomic DNA sequence at target site could be replaced by the sequence of the
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exogenous donor DNA template through a homologous recombination mechanism, which can

result in the correction of genetic mutation.

However, the practical efficiency of HDR-mediated gene correction is low (normally < 5%)
because the occurrence of homologous recombination is both cell type-specific and cell cycle-
dependent and NHE] is triggered more frequently than HDR is. The relatively low efficiency of
HDR therefore limited the translation of CRISPR/Cas genome editing tools in the field of

precision gene therapy (diseases-driven gene correction).

Base editors (BE), which integrate the CRISPR/Cas system with the APOBEC (apolipoprotein
B mRNA editing enzyme, catalytic polypeptide-like) cytosine deaminase family, were recently
invented that greatly enhanced the efficiency of CRISPR/Cas9-meditated gene correction.
Through fusion with Cas9 nickase (nCas9), the cytosine (C) deamination activity of rat
APOBECI (rAl) can be purposely directed to the target bases in genome and to catalyze C to

Thymine (T) substitutions at these bases.

However, current rAl-based BEs cannot efficiently edit C that follows a G (i.e., C of GpC),
thereby limiting the genome targeting breadth. Therefore, creating new BEs that can efficiently
edit C of GpC is highly desirable. Such new BEs will enable us to perform efficient base editing
in a broader genomic space of various living organisms. Importantly, the high efficiency of such
BEs on C of GpC will promote clinical translation, particularly in gene therapies that involve

restoring disease-related GpT-to-GpC mutations.

SUMMARY

The present disclosure demonstrates that when an apolipoprotein B mRNA editing enzyme
catalytic subunit 3A (APOBEC3A or A3A) is fused to a clustered regularly interspaced short
palindromic repeats (CRISPR)-associated (Cas) protein, optionally further with uracil
glycosylase inhibitor (UGI), the resulting fusion protein is able to efficiently deaminate
cytosine’s to uracil’s resulting in C to T substitution. Such base editing, surprisingly and
unexpectedly, was effective even when the C follows a G (i.e., in a GpC dinucleotide context)
or when the C is methylated. The editing efficiency can be further increased when the A3A
includes a few tested mutations. This has significant clinical significance as cytosine methylation

is common in living cells.
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In conventional base editors, Cas9 is the commonly used DNA endonuclease. The Cas12a (Cpf1)
has the advantage of recognizing A/T rich sequence when used together with APOBECI in base
editors. In another surprising discovery, when APOBEC1 was replaced with A3A, the editing
efficiency was greatly increased. Yet, the editing efficiency of such a Cas12a-A3A can be further

increased when the A3A includes a few tested mutations.

Accordingly, in one embodiment, the present disclosure provides a fusion protein comprising a
first fragment comprising an apolipoprotein B mRNA editing enzyme catalytic subunit 3A
(APOBEC3A) and a second fragment comprising a clustered regularly interspaced short
palindromic repeats (CRISPR)-associated (Cas) protein. In some embodiments, the fusion

protein further comprises a uracil glycosylase inhibitor (UGI).

Preferably, the fusion protein has fewer than 3000, 2500, 2200, 2100, 2000, 1900, 1800, 1700,

1600, or 1500 amino acid residues in total.

In some embodiments, the APOBEC3A is a wildtype human APOBEC3A or a mutant of human
APOBEC3A having a mutation selected from the group consisting of Y130F, D131Y, D131E,
Y132D, W104A, W98Y, P134Y and combinations thereof, according to residue numbering in

SEQ ID NO:1, wherein the mutant retains cytidine deaminase activity.

In some embodiments, the APOBEC3A is a mutant human APOBEC3A having mutations
selected from the group consisting of Y130F+DI131E+Y132D, Y130F+D131Y+Y132D,
WOSY+W104A, WOI8Y+P134Y, WI104A+P134Y, WI104A+YI130F, WI104A+Y132D,
WI8Y+W104A+Y130F, WI8Y+W104A+Y132D, W104A+Y130F+P134Y, and
W104A+Y132D+P134Y, according to residue numbering in SEQ ID NO:1.

In some embodiments, the APOBEC3A comprises the amino acid sequence of SEQ ID NO:1 or
has at least 90% sequence identity to amino acid residues 29-199 of SEQ ID NO:1 and retains
cytidine deaminase activity. In some embodiments, the APOBEC3A comprises an amino acid

sequence selected from the group consisting of SEQ ID NO:1-10 and 22-36.

In some embodiments, the Cas protein is selected from the group consisting of SpCas9, FnCas9,
St1Cas9, St3Cas9, NmCas9, SaCas9, AsCpfl, LbCpfl, FnCpfl, VQR SpCas9, EQR SpCas9,
VRER SpCas9, RHA FnCas9, KKH SaCas9, NmeCas9, StCas9, CjCas9, AsCpfl, FnCpfl,
SsCpfl, PcCpfl, BpCpfl, CmtCpfl, LiCpfl, PmCpfl, Pb3310Cpfl, Pb4417Cpfl, BsCpfl,
EeCpfl, BhCas12b, AkCasl12b, EbCas12b, LsCas12b, RfCas13d, LwaCasl3a, PspCasl3b,
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PguCas13b, RanCas13b, CasX, and CasY. In some embodiments, the Cas protein is a mutant
of protein selected from the group consisting of SpCas9, FnCas9, St1Cas9, St3Cas9, NmCas9,
SaCas9, AsCpfl, LbCpfl, FnCpfl, VQR SpCas9, EQR SpCas9, VRER SpCas9, RHA FnCas9,
KKH SaCas9, NmeCas9, StCas9, CjCas9, AsCpfl, FnCpf1, SsCpfl, PcCpfl, BpCpfl, CmtCpfl,
LiCpfl, PmCpfl, Pb3310Cpfl, Pb4417Cpfl, BsCpfl, EeCpfl, BhCasl2b, AkCas12b,
EbCas12b, LsCas12b, RfCas13d, LwaCas13a, PspCas13b, PguCas13b, RanCas13b, CasX, and
CasY, wherein the mutant retains the DNA-binding capability but does not introduce double
strand DNA breaks. In some embodiments, the mutant is capable of introducing a nick to one of
the strands of a double stranded DNA bound by the mutant. In some embodiments, the Cas

protein comprises the amino acid sequence of any one of SEQ ID NO:11 and 37-39.

In some embodiments, the UGI comprises the amino acid sequence of SEQ ID NO:12 or has at
least at least 90% sequence identity to SEQ ID NO:12 and retains the uracil glycosylase

inhibition activity.

In some embodiments, the first fragment is at the N-terminal side of the second fragment. In
some embodiments, the first fragment is at the N-terminal side of the second fragment which is

at the N-terminal side of the UGI.

In some embodiments, the fusion protein further comprises a peptide linker between the first
fragment and the second fragment. In some embodiments, the peptide linker has from 1 to 100
amino acid residues. In some embodiments, at least 10%, 20%, 30%, 40%., 50%, 60%, 70%, 80%
or 90% of the amino acid residues of peptide linker are amino acid residues selected from the
group consisting of alanine, glycine, cysteine, and serine. In some embodiments, the peptide
linker has an amino acid sequence of SEQ ID NO:13 or 14. In some embodiments, the fusion

protein further comprises a nuclear localization sequence.

Non-limiting examples of fusion proteins include those having an amino acid sequence selected

from the group consisting of SEQ ID NO:16-20 and 40-50.

In another embodiment, a fusion protein is provided that comprises a first fragment comprising
an apolipoprotein B mRNA editing enzyme catalytic subunit 3A (APOBEC3A) and a second
fragment comprising a CRISPR-associated endonuclease in Prevotella and Francisella 1 (Cpfl).

In some embodiments, the Cpf1 is catalytically inactive.
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The Cpfl (Casl2a) can be selected from the group consisting of AsCpf1, LbCpf1, and FnCpf1,
in some embodiments. In a specific embodiment, the Cpfl is a catalytically inactive

Lachnospiraceae bacterium Cpfl (dLbCpf1).

In some embodiments, the APOBEC3A is a wildtype human APOBEC3A or a mutant of human
APOBEC3A having a mutation selected from the group consisting of Y130F, D131Y, D131E,
Y132D, W104A, W98Y, P134Y and combinations thereof, according to residue numbering in

SEQ ID NO:1, wherein the mutant retains cytidine deaminase activity.

Also provided is a polynucleotide that encodes a fusion protein of the present disclosure. Still,
in another embodiment, provided is a composition comprising a fusion protein of the present
disclosure and a pharmaceutically acceptable carrier. In some embodiments, the composition

further comprises a guide RNA.

Methods of using the fusion proteins and compositions are also provided. In one embodiment, a
method for editing a target polynucleotide is provided, comprising contacting to the target
polynucleotide a fusion protein of the present disclosure and a guide RNA having at least partial
sequence complementarity to the target polynucleotide, wherein the editing comprises
deamination of a cytosine (C) in the target polynucleotide. In some embodiments, the C is in a
GpC context. In some embodiments, the C is methylated. In some embodiments, the contacting
is in vitro, ex vivo, or in vivo. In some embodiments, the method further comprises contacting to

the target polynucleotide with a uracil glycosylase inhibitor (UGI) not fused to a Cas protein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A-B. Construction and performance of hA3A-BE. Panel A: Schematic diagram
illustrating the co-expression of BE3/sgRNA or hA3A-BE/sgRNA. Panel B: Comparing to the
co-expression of BE3/sgRNA, the co-expression of hA3A-BE/sgRNA achieved more efficient
base editing on the C of GpC in the sgRNA targeted genomic regions (sgFANCF-M-L6 and
sgSITE4). Dashed boxes represent the cytosine’s locating in the context of GpC.

FIG. 2A-B. Construction and performance of hA3A-BE-Y130F and hA3A-BE-Y132D. Panel
A: Schematic diagram illustrating the co-expression of hA3A-BE/sgRNA, hA3A-BE-
Y130F/sgRNA or hA3A-BE-Y132D/sgRNA. Panel B: Comparing to the co-expression of
hA3A-BE/sgRNA, the co-expression of hA3A-BE-Y 130F/sgRNA or hA3A-BE-Y132D/sgRNA
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induced base editing in more narrowed windows in the sgRNA targeted genomic regions

(sgSITE3 and sgEMX1). Dashed boxes represent the base editing windows.

FIG. 3A-B. Construction and performance of hA3A-BE-W104A and hA3A-BE-D131Y. Panel
A: Schematic diagram illustrating the co-expression of hA3A-BE/sgRNA, hA3A-BE-
W104A/sgRNA or hA3A-BE-D131Y/sgRNA. Panel B: Comparing to the co-expression of
hA3A-BE/sgRNA, the co-expression of hA3A-BE-W104A/sgRNA or hA3A-BE-
D131Y/sgRNA induced more efficient base editing in the sgRNA targeted genomic regions
(sgFANCEF and sgSITE2). Dashed boxes represent the edited cytosine’s.

FIG. 4A-B. Construction and performance of hA3A-BE-Y130F-D131E-Y 132D and hA3A-BE-
Y130F-D131Y-Y132D. Panel A: Schematic diagram illustrating the co-expression of hA3A-
BE/sgRNA, hA3A-BE-Y130F-DI31E-Y132D/sgRNA  or  hA3A-BE-Y130F-D131Y-
Y132D/sgRNA. Panel B: Comparing to the co-expression of hA3A-BE/sgRNA, the co-
expression of hA3A-BE-Y130F-D131E-Y132D/sgRNA or hA3A-BE-Y130F-D131Y-
Y 132D/sgRNA induced base editing in more narrowed windows in the sgRNA targeted genomic
regions (sgFANCF and sgSITE3). Dashed boxes represent the edited cytosine’s.

FIG. 5a-h. hA3A-BE3 induces efficient base editing in methylated region and in GpC
context. (a) Distribution of BE-editable T-to-C (or A-to-G) variants. Potentially editable
cytosines (underlined) are sub-classified according to their 3’ adjacent bases. (b) Screening of
BEs for efficient base editing in a high-methylation background. A series of new BEs were
constructed by fusing different APOBEC/AID deaminases with Cas9 nickase (nCas9) and uracil
DNA glycosylase inhibitor (UGI). (¢) Cumulative base editing frequencies induced by different
BEs in unmethylated and methylated vectors. A commonly used rAl-based BE3 was chosen for
comparison. Means + s.d. were from three (six for hA3A-BE3) independent experiments. (d)
Immunoblots of BE3 and hA3A-BE3 co-transfected with unmethylated or methylated vectors.
Tubulin was used as a loading control and immunoblot images are representative of three
independent experiments. () Comparison of base editing efficiencies induced by BE3 and
hA3A-BE3 in genomic regions with natively high levels of DNA methylation. C-to-T editing
frequencies of indicated cytosines were determined individually. Target site sequences are
shown with the BE3 editing window (position 4-8, setting the base distal to the PAM as position
1) in pink, PAM in cyan and CpG site in capital. Shaded gray, guanines at 5° end of editable
cytosines. NT, native HEK293T cells with no treatment. (f) Statistical analysis of normalized C-

to-T editing frequencies in regions with natively high levels of DNA methylation shown in (e),

6
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setting the ones induced by BE3 as 100%. n = 48 samples from three independent experiments.
(g) Comparison of base editing efficiencies induced by BE3 and hA3A-BE3 at C of GpC in
genomic regions with natively low levels of DNA methylation. (h) Statistical analysis of
normalized C-to-T editing frequencies at GpC sites in regions with natively low levels of DNA
methylation shown in (g), setting the ones induced by BE3 as 100%. n = 24 samples from three
independent experiments. (e,g) Means + s.d. were from three independent experiments. (f,h) P

value, one-tailed Student’s ¢ test. The median and interquartile range (IQR) are shown.

FIG. 6a-i. Improvements in hA3A-BE3. (a) Comparison of base editing efficiencies induced
by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D in genomic regions with
natively high levels of DNA methylation. Target site sequences are shown with the overlapped
editing window (position 4-7) in pink, PAM in cyan and CpG site in capital. NT, native
HEK?293T cells with no treatment. (b) Statistical analysis of normalized C-to-T editing
frequencies in the overlapped editing window shown in (a), setting the ones induced by BE3 as
100%. n = 12 samples from three independent experiments. (c) Comparison of base editing
efficiencies induced by BE3, hA3A-BE3, hA3A-BE3-Y130F and hA3A-BE3-Y132D at C of
GpC in the overlapped editing window in genomic regions with natively low levels of DNA
methylation. (d) Statistical analysis of normalized C-to-T editing frequencies shown in (c),
setting the ones induced by BE3 as 100%. n = 9 samples from three independent experiments.
(e) Immunoblots of BEs transfected into HEK293T cells. Tubulin was used as a loading control
and immunoblot images are representative of three independent experiments. (f) Comparison of
base editing efficiencies induced by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-Y132D
and hA3A-eBE-Y 132D at C of GpC in the overlapped editing window in genomic regions with
natively low levels of DNA methylation. (g) Statistical analysis of normalized C-to-T editing
frequencies shown in (f), setting the ones induced by hA3A-BE3-Y130F (left) or hA3A-BE3-
Y 132D (right) as 100%. n = 9 samples from three independent experiments. (h,i) Comparison of
product purity (h) and indels (i) yielded by hA3A-BE3-Y130F, hA3A-eBE-Y130F, hA3A-BE3-
Y 132D and hA3A-eBE-Y132D in genomic DNA regions with natively low levels of DNA
methylation. Asterisk denotes an unusually high basal indel frequency (or amplification,
sequencing or alignment artifact) at the examined VEGFA-M-c site in NT. (a,c,f,i) Means * s.d.
were from three independent experiments. (b,d,g) P value, one-tailed Student’s ¢ test. The median

and IQR are shown.
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FIG. 7A-B and 8A-B show the vector structures of each of the tested base editors and charting

showing their editing efficiencies on the target DYRKI1A gene.

FIG. 9A-B and 10A-B show the vector structures of each of the tested base editors and charting

showing their editing efficiencies on the target SITE6 gene.

FIG. 11A-B and 12A-B show the vector structures of each of the tested base editors and charting

showing their editing efficiencies on the target RUNX1 gene.

FIG. 13-18 show the sequencing results for Examples 3-5.

DETAILED DESCRIPTION

Definitions

It is to be noted that the term “a” or “an” entity refers to one or more of that entity; for example,
“an antibody,” is understood to represent one or more antibodies. As such, the terms “a” (or

“an”), “one or more,” and “at least one” can be used interchangeably herein.

As used herein, the term “polypeptide” is intended to encompass a singular “polypeptide” as
well as plural “polypeptides,” and refers to a molecule composed of monomers (amino acids)
linearly linked by amide bonds (also known as peptide bonds). The term “polypeptide” refers to
any chain or chains of two or more amino acids, and does not refer to a specific length of the

29 CC

product. Thus, peptides, dipeptides, tripeptides, oligopeptides, “protein,” “amino acid chain,” or
any other term used to refer to a chain or chains of two or more amino acids, are included within
the definition of “polypeptide,” and the term “polypeptide” may be used instead of, or
interchangeably with any of these terms. The term “polypeptide” is also intended to refer to the
products of post-expression modifications of the polypeptide, including without limitation
glycosylation, acetylation, phosphorylation, amidation, derivatization by known
protecting/blocking groups, proteolytic cleavage, or modification by non- naturally occurring
amino acids. A polypeptide may be derived from a natural biological source or produced by

recombinant technology, but is not necessarily translated from a designated nucleic acid

sequence. It may be generated in any manner, including by chemical synthesis.

The term “isolated” as used herein with respect to cells, nucleic acids, such as DNA or RNA,

refers to molecules separated from other DNAs or RNAs, respectively, that are present in the
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natural source of the macromolecule. The term “isolated” as used herein also refers to a nucleic
acid or peptide that is substantially free of cellular material, viral material, or culture medium
when produced by recombinant DNA techniques, or chemical precursors or other chemicals
when chemically synthesized. Moreover, an “isolated nucleic acid” is meant to include nucleic
acid fragments which are not naturally occurring as fragments and would not be found in the
natural state. The term “isolated” is also used herein to refer to cells or polypeptides which are
isolated from other cellular proteins or tissues. Isolated polypeptides is meant to encompass

both purified and recombinant polypeptides.

As used herein, the term “recombinant” as it pertains to polypeptides or polynucleotides intends
a form of the polypeptide or polynucleotide that does not exist naturally, a non-limiting example
of which can be created by combining polynucleotides or polypeptides that would not normally

occur together.

“Homology” or “identity” or “similarity” refers to sequence similarity between two peptides or
between two nucleic acid molecules. Homology can be determined by comparing a position in
each sequence which may be aligned for purposes of comparison. When a position in the
compared sequence is occupied by the same base or amino acid, then the molecules are
homologous at that position. A degree of homology between sequences is a function of the
number of matching or homologous positions shared by the sequences. An “unrelated” or
“non-homologous” sequence shares less than 40% identity, though preferably less than 25%

identity, with one of the sequences of the present disclosure.

A polynucleotide or polynucleotide region (or a polypeptide or polypeptide region) has a certain
percentage (for example, 60 %, 65 %, 70 %, 75 %, 80 %, 85 %, 90 %, 95 %, 98 % or 99 %) of
“sequence identity” to another sequence means that, when aligned, that percentage of bases (or
amino acids) are the same in comparing the two sequences. This alignment and the percent
homology or sequence identity can be determined using software programs known in the art, for
example those described in Ausubel ef al. eds. (2007) Current Protocols in Molecular Biology.
Preferably, default parameters are used for alignment. One alignment program is BLAST,
using default parameters. In particular, programs are BLASTN and BLASTP, using the
following default parameters: Genetic code = standard; filter = none; strand = both; cutoff = 60;
expect = 10; Matrix = BLOSUMS62; Descriptions = 50 sequences; sort by = HIGH SCORE;
Databases = non-redundant, GenBank + EMBL + DDBJ + PDB + GenBank CDS translations +

SwissProtein + SPupdate + PIR.  Biologically equivalent polynucleotides are those having the
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above-noted specified percent homology and encoding a polypeptide having the same or similar

biological activity.

The term “an equivalent nucleic acid or polynucleotide” refers to a nucleic acid having a
nucleotide sequence having a certain degree of homology, or sequence identity, with the
nucleotide sequence of the nucleic acid or complement thereof. A homolog of a double
stranded nucleic acid is intended to include nucleic acids having a nucleotide sequence which
has a certain degree of homology with or with the complement thereof. In one aspect,
homologs of nucleic acids are capable of hybridizing to the nucleic acid or complement thereof.
Likewise, “an equivalent polypeptide” refers to a polypeptide having a certain degree of
homology, or sequence identity, with the amino acid sequence of a reference polypeptide. In
some aspects, the sequence identity is at least about 70%, 75%, 80%, 85%, 90%, 95%, 98%, or
99%. In some aspects, the equivalent polypeptide or polynucleotide has one, two, three, four or
five addition, deletion, substitution and their combinations thereof as compared to the reference
polypeptide or polynucleotide. In some aspects, the equivalent sequence retains the activity (e.g.,

epitope-binding) or structure (e.g., salt-bridge) of the reference sequence.

Hybridization reactions can be performed under conditions of different “stringency”. In
general, a low stringency hybridization reaction is carried out at about 40°C in about 10 x SSC
or a solution of equivalent ionic strength/temperature. = A moderate stringency hybridization is
typically performed at about 50°C in about 6 x SSC, and a high stringency hybridization reaction
is generally performed at about 60°C in about 1 x SSC. Hybridization reactions can also be
performed under “physiological conditions” which is well known to one of skill in the art. A
non-limiting example of a physiological condition is the temperature, ionic strength, pH and

concentration of Mg?* normally found in a cell.

A polynucleotide is composed of a specific sequence of four nucleotide bases: adenine (A);
cytosine (C); guanine (G); thymine (T); and uracil (U) for thymine when the polynucleotide is
RNA. Thus, the term “polynucleotide sequence” is the alphabetical representation of a
polynucleotide molecule. This alphabetical representation can be input into databases in a
computer having a central processing unit and used for bioinformatics applications such as
functional genomics and homology searching. The term “polymorphism” refers to the
coexistence of more than one form of a gene or portion thereof. A portion of a gene of which

there are at least two different forms, i.e., two different nucleotide sequences, is referred to as a
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“polymorphic region of a gene”. A polymorphic region can be a single nucleotide, the identity

of which differs in different alleles.

The terms “polynucleotide” and “oligonucleotide” are used interchangeably and refer to a
polymeric form of nucleotides of any length, either deoxyribonucleotides or ribonucleotides or
analogs thereof. Polynucleotides can have any three-dimensional structure and may perform
any function, known or unknown. The following are non-limiting examples of polynucleotides:
a gene or gene fragment (for example, a probe, primer, EST or SAGE tag), exons, introns,
messenger RNA (mRNA), transfer RNA, ribosomal RNA, ribozymes, cDNA, dsRNA, siRNA,
miRNA, recombinant polynucleotides, branched polynucleotides, plasmids, vectors, isolated
DNA of any sequence, isolated RNA of any sequence, nucleic acid probes and primers. A
polynucleotide can comprise modified nucleotides, such as methylated nucleotides and
nucleotide analogs. If present, modifications to the nucleotide structure can be imparted before
or after assembly of the polynucleotide. The sequence of nucleotides can be interrupted by
non-nucleotide components. A polynucleotide can be further modified after polymerization,
such as by conjugation with a labeling component. The term also refers to both double- and
single-stranded molecules. Unless otherwise specified or required, any embodiment of this
disclosure that is a polynucleotide encompasses both the double-stranded form and each of two

complementary single-stranded forms known or predicted to make up the double-stranded form.

The term “encode” as it is applied to polynucleotides refers to a polynucleotide which is said to
“encode” a polypeptide if, in its native state or when manipulated by methods well known to
those skilled in the art, it can be transcribed and/or translated to produce the mRNA for the
polypeptide and/or a fragment thereof. The antisense strand is the complement of such a

nucleic acid, and the encoding sequence can be deduced therefrom.

Fusion Proteins

The current rAl-based BEs (base editors) cannot efficiently edit C in methylated regions or in
the context of GpC, which limits the use of base editing. The present disclosure provides fusion
molecules that combine an apolipoprotein B mRNA editing enzyme catalytic subunit 3A
(APOBEC3A or A3A) and a clustered regularly interspaced short palindromic repeats
(CRISPR)-associated (Cas) protein, optionally further with uracil glycosylase inhibitor (UGI).

11
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The resulting fusion protein is able to efficiently deaminate cytosine’s to uracil’s resulting in C
to T substitution. Such base editing, surprisingly and unexpectedly, was effective even when the
C follows a G (i.e., in a GpC dinucleotide context) and/or even when it is in a methylated region.

This has significant clinical significance as cytosine methylation is common in living cells.

In accordance with one embodiment of the present disclosure, provided is a fusion protein
comprising a first fragment comprising an apolipoprotein B mRNA editing enzyme catalytic
subunit 3A (APOBEC3A) and a second fragment comprising a clustered regularly interspaced
short palindromic repeats (CRISPR)-associated (Cas) protein.

APOBEC3A, also referred to as apolipoprotein B mRNA editing enzyme catalytic subunit 3A
or A3A, is a protein of the APOBEC3 family found in humans, non-human primates, and some
other mammals. The APOBEC3A protein lacks the zinc binding activity of other family
members. In human, isoform a (NP_663745.1; SEQ ID NO:1) and isoform b (NP_001257335.1;
SEQ ID NO:6) both are active, while isoform a includes a few more residues close to the N-
terminus. The term “APOBEC3A” also encompasses variants and mutants that have certain level
(e.g., 70%, T75%, 80%, 85%, 0%, 95%, 98%, 99%) of sequence identity to a wildtype

mammalian APOBEC3A and retains its cytidine deaminating activity.

As demonstrated in the experimental examples, certain mutants (e.g., Y130F (SEQ ID NO:2),
Y132D (SEQ ID NO:3), W104A (SEQ ID NO:4), D131Y (SEQ ID NO:5), D131E (SEQ ID
NO:22), WI8Y (SEQ ID NO:24), W104A (SEQ ID NO:25), and P134Y (SEQ ID NO:26)) even
outperformed the wildtype human APOBEC3A. Furthermore, a number of tested combinations
of these mutations also exhibited great performances. Moreover, although not specifically tested,
the same mutations are believed to also work in the isoform b of A3A. Examples of such variants

and mutants are provided in Table 1 below.

Table 1. Examples of APOBEC3A Sequences

Name Sequence SEQ ID
NO:

Human 1 MEASPASGPR HLMDPHIFTS NFNNGIGRHK TYLCYEVERL DNGTSVEMDQ 1

APOBEC3A

isoform a 51 HRGFLHNGAK NLLCGFYGRH AELRFLDLYE SLOLDPAQTY RVTWFISWSP

wildtype

101 CHSWGECAGEV RAFLOENTHV RLRIFAARIY DYDPLYKREAL OMLRDAGAQV

151 SIMTYDEFKH CWDTEVDHOG CPFOPWDGLD EHSQALSGRL RAILONQGN
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Human
APOBEC3A
isoform a Y130F

-

&
"

—
(@]
it

=
(&

HRGEFLHNGAK

SWECAGEY

SIMTYDERKH

HLMDPHIFTS

NLLCGEYGRH

RAFLOENTHV

CWDTEVDHQG

NENNGIGRHK

TYLCYEVERL

SLQLDPAQITY

DYDPLYKEEAL

DNGTSVEMDG
RVITWFISWSP

AT TTNT O BT
OMLRDAGAQV

RATLONQGN

Human
APOBEC3A
isoform a Y132D

HRC

HLMDPHIFTS

SFLHNQAK NI

1 CWDTEVDHQG

RLRIEFAA

RITY

TYLCYEVERL
SLOLDPAQIY
DDDPLYKEAL

EHS3QALSGRL

DNGTSVKMDO

RVTWFTSWHSP

OMLRDAG

Human
APOBEC3A
isoform a
WI104A

b

—
[

FRH CWDTE

HLMDPHIETS NED

RA

VDHOG

RLRIFAARIY

CPFQPWDGLD

. DNGT

'SVEMDQ

Human
APOBEC3A
isoform a D131Y

a—

HRGFLHANQAK

CESWGECAGEV

SIMTYLDEFKH

IDPHIETS

NLLCGFYGRE

RAFLOENTHV

CWDTEVDHOG

NTTNIN T e DT T
NENNGIGRHK
FLRFLDLYD

AR LD L

RLRIFAARIY

TYLCYEVY
SLOLLPAQTY

YYDPLYEEAL

RVTWETSWS

OMLRDAGAQV

RATLONQGN

Human
APOBEC3A
isoform b
wildtype

10:

.

151

QGCPEFQPWDG

5 AL

OMLRDAGA

RLRAILONQG

SPECESWGECAG

Q\/( “\/"‘{L;ﬂ

R

KNLLCGFEY!

0l

2

EVRAFLOENT

KHCWDTEVDH

Human
APOBEC3A
isoform b Y112F

MEASPA
REHAELRFLLL
HVRLEY

RIFAAR

QGCEPFOPWRG

P AT AT D
VPSLOLDPAD

IFDYDPLYKE

RLDNGT?

LTYRVIWEISW

ALOMLRDAGA

RLRAILONQG

HNGQ AKNLLCGEYG

EVRAFLOENT

KHCWDTEVDA

Human
APOBEC3A
isoform b Y114D

10

b

15

=

RHAELREFLDL

HVRLRIFAAR

QGCPFOPWDG

VA

PEy—
HEKTYLCYREVE

VESLOLDPA

IYDBDPLYKE

.
LDEHSOALSE

RLENGTSVEM DOHE

IYRVTWEISW

ALOMLRDAGA QV

RLRATILONQG

ARNLLCGEYG

EVRAFLOENT

KHCWDTEVDH

Human
APOBEC3A
isoform b W86A

-

o
Y

QGC

PEQEPWDG

RLDNGTS

SVEKM

NG AKNLLCGEY!

IYRVIWFISW SECFES

{E ALOMLRDAGA

RLRAILONQG

OVESIMTYDER

¥

G

EVRAFLOENT

HACWDTEFVDH

Human
APOBEC3A
isoform b D113Y

J

RLDNGT3VEM DOHE

IYRVIWEISW SPC

CGEYG

EVRAFLOENT

10
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HYRLRIFAAR

QGCPEFQEFWDG

IYE¥YDPLYKE

LDEHSQALSG

ALOMLRD,

RLRAILONQG

KHCWDTEVDH

Human
APOBEC3A
isoform

Y130F-D131E-

Y132D

a

HLMDPHIFTS

K NLLCGFYGRE

RAPLOENTHV

CWDRTEVDHQG

RLRIFAARIE

CPEFQPWDSGLD

L QVSIMTYDER
N
PV ILOYEVERL

SLOLDPAQTIY

EDDPLYKERL

DNGTSVEMDO

RVTWEFISWS

OMLRDAGADV

RATLONQGN

22

Human
APOBEC3A
isoform

Y130F-D131Y-

Y132D

a

=

HRGFLHNQAK

CESWGCAGEY

SIMTYDEFKH

HIMDPHIFTS
S Y GRE

NLLCG

RAFL

QENTHY

CWDRTEVDHQG (

SLOLDPAQIY

YPDPLYKEAL

DNGTSVKMDO
RVTWETL

e
SWSP

2DAGAQY

CMLR

. RATLONQGN

23

Human
APOBEC3A

isoform a WI98Y

i

101

15

0

TP ———
MEASPASGPR

HRGFLHANQAK

CESWGCAGEY

SIMTYDRDEYKH

HIMDPHIETS
NLLCGFYGRE
RAFLOEN

CWDTEVDHQG

NENNGTGRHK

LRFLDLYVE

ARLRFLDL

SLOLLPAQTY

EHSCALSGRL

DNGTSVEMDQ

RVIWFISYSE

¥ DYDPLYKEAL ©M

ATTONQGN

24

Human
APOBEC3A

isoform a P134Y

10

151

-

HLMDPHIFTS

NLLCGEYGRH

RAFLOENTHY

H CWDTEVDHQG

RLRIFAARIY

3

CEPEQPWDGLD

TYLCYEVERL

SLOQLDPAQIY RVTY

OMLRDAGADY

RATLONQGN

25

Human
APOBEC3A
isoform

WOSY+W104A

a

iy

=

HRGFLHNQ
CEBAGCAGEY

SIMTYDEFKH

HLMDPHIFTS
NLLCGFYGRH

RAFLOENTH

CWDTEVDHQG

NENNGIGRHE

o
TLDLVE

TVT T T
TYLCYEVERL

SLOLDPAQIY

DYDPLY

(KEAL

EHS3QALSGRL

DNGTSVKMDO
RVTWEISYSP

OMLRDAG?

oy
(Y

26

Human 1 MEASPASGPR HLMDPHIEFTS NENNGIGRHK TYLCYEVERL DNGTSVRMDC 27
APOBEC3A )
isoform a 51 HRGFLHNQAK NLLCGFYGRH AELRFLDIVE SLOLDFPAQIY RVIWFISYSPE
WO8Y+P134Y 103 CFSWGCAGEY RAFLQENTHY RLRIFAARIY DYDYLYKEAL COMLRDAGAQYV

151 SIMTYDEFRKH CWDTEVDHOG CPFOPWDGLD EHSQALSGRL RATLONDGN
Human 1 MEASPABSGPR IDPHIETS NENNGILGRHK 28
APOBEC3A i
isoform a 51 HRGFLANQAK NLLCGEFYGRH ARLRFLDLVP SLOLDPAQILY RVIWFISWS

W104A+P134Y

CESAGCAG

SIMTYDERKH

7 RLRIFAARIY

DYDYLYHEA

OMLRDAGAQV

Human
APOBEC3A
isoform

a

WOSY+W104A+

Y130F

10

MEASPASGP

pry)

HRGFL

NOAK NI

AT DET VAT
L ARLREPLDLVY

RLRIFAARIE

TYLCYEVERL

SLOLDPAQIY

DYDPLYKEAL

DNGTSVEMDO

RVIWFIBYSP

MLRDAGAQV

29
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151

SIMTYLDEFKH

CWDTEVDHOG C

RATLONQOGN

Y132D

WOSY+W104A+

—
{n
-

CESAGCAGEV

SIMTYDEFKH

RAFLOENTHY

CWDRTEVDHQG

CPEFQPWDSGLD

DDDPLYKEAL

EH3QALSGRL:

OMLRDAGADY

RATLONQGN

Human 1 MEASPASGPR HLMDPHIFTS NENNGIGRHK TYLCYEVERL DNGTSVEMDC 30
APOBEC3A i
isoform a 51 HRGFLHNQAK NLLCOGPYGRH AELRPLDLVP SLOLDPAQIY RVTWEISYS

+P134Y

W104A+Y130F

CESAGCAGEY

SIMTYDEFKH

RAFLQENTHY

CWhk

FVDHOG (¢

RLRIFAARTE

DYDYLYKEAL

CMLRDAGAQV

. RATLONQGN

Human 1 MEASPASGPR HIMDPHIFTS NFNNGIGRHK TYLCYEVERL DNGTSVKMDO 31
APOBEC3A )
isoform a 51 HRGFLHUNQAK NLLCGFYGRH ARLRFLDIVE SLOLDPAQIY RVTWEISWSE

+P134Y

W104A+Y132D

101

151

CESAGCAGEV

SIMTYDRDEYKH

RAFLOENTHV

CWDTEVDHQG

DRDYLYREAL

EHSCALSGRL

OMLRDAGAQV

ATTONQGN

Human 1 MEASPASGPR HLMDPHIFETS NENNGIGRHK TYLCYEVERL DNGTSVEMDO 32
APOBEC3A )
isoform a 51 HRGFLHNQAK NLLCGFYGRH AELRFLDIVP 3LOLDPAQIY RVIWFISWSE

W104A+Y130F

CEBSAGCAGEY

RAFLOE

DYDPLYKEEAL

AMT T 17
OMLRDAGAQV

Human I MEASPASGPR HIMDPHIFTS NENNGIGRHK TYLCYEVERL 33
APOBEC3A
isoform a 51 HRGFLANQAK NLLCGEYGRH AELRFLDLVE SLOLDPAQILY RV

W104A+Y132D

RAPLOENTHV

FKH CWDTEVDHQG

RLRIFAARITY

CPEFQPWDSGLD

DDDPLYKEAL

EH3QALSGRL:

OMLRDAGADV

RATLONQGN

151 SIMTYDEFKH CWDTEVDHOG CPFOPWDGLD EHSQALSGRL RAILONQGN
Human 1 MEASPASGPR HLMDPHIFTS NENNGIGRHEK TYLCYEVERL DNGTSVKMDO 34
APOBEC3A ]
isoform a 51 HRGFLHNQAK NLLCGFYGRH ABELRFLDLVP SLOLDPAQIY RVTWEISWS

Human
APOBEC3A

isoform b W80Y

iy

RHA

HVRLRIFAAR

WELRELDL 3

HKXKTYLCYEVE

IYDYDPLYKE

RLDNGTSVEM DOE

IYRVIWEISY &

ATOMLRDAGA

ARKNLLCGEYG

s EVRAFLCENT

KHCWDTEVDH

35

isoform b P116Y

HVRLRIFAAR

QGCPEQOFPWDG

IYDYDYLYRKE

LDEHSQALSG

ALOMLRDAGA

RLRAILONOQG

OVSIMIYLE

=
<5

HACWDTEFVDH

151 QGCPFROPWDG LDEHSCALSG RLRAILONQG N
Human 1 MEASPASGPR HETYLCYEVE RLDNGTSVKM DOHRGFLHNG AKNLLCGFYS 36
APOBEC3A N _ , o
51 RHAELRFLDL VESLOLDPAQ IYRVTWEISW SPCFSWGCAG EVRAFLOENT

In some embodiments, the APOBEC3A in the fusion protein of the present disclosure is human
isoform a or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99% of sequence
identity to isoform a. In some embodiments, the APOBEC3A in the fusion protein of the present

disclosure is human isoform b or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%,
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98%, 99% of sequence identity to isoform b. In some embodiments, the APOBEC3A in the
fusion protein of the present disclosure is rat APOBEC3 or a sequence having at least 70%, 75%,
80%, 85%, 90%, 95%, 98%, 99% of sequence identity to the rat APOBEC3. In some
embodiments, the APOBEC3A in the fusion protein of the present disclosure is mouse
APOBEC3 or a sequence having at least 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99% of
sequence identity to the mouse APOBEC3. In some embodiments, the sequence retains the

cytidine deaminase activity.

In some embodiments, the APOBEC3A includes a Y130F mutation, according to residue
numbering in SEQ ID NO:1 (the numbering would be different in human isoform b and rat and
mouse sequences, but can readily converted). In some embodiments, the APOBEC3A includes
a Y 132D mutation, according to residue numbering in SEQ ID NO:1. In some embodiments, the
APOBEC3A includes a W104A mutation, according to residue numbering in SEQ ID NO:1. In
some embodiments, the APOBEC3A includes a D131Y mutation, according to residue
numbering in SEQ ID NO:1. In some embodiments, the APOBEC3A includes a D131E mutation,
according to residue numbering in SEQ ID NO:1. In some embodiments, the APOBEC3A
includes a W98Y mutation, according to residue numbering in SEQ ID NO:1. In some
embodiments, the APOBEC3A includes a P134Y mutation, according to residue numbering in

SEQ ID NO:1.

In some embodiments, the APOBEC3A includes mutations Y130F, D131E, and Y132D,
according to residue numbering in SEQ ID NO:1 (the numbering would be different in human
isoform b and rat and mouse sequences, but can readily converted). In some embodiments, the
APOBEC3A includes mutations Y130F, D131Y, and Y132D, according to residue numbering
in SEQ ID NO:1. In some embodiments, the APOBEC3A includes mutations W98Y and W104A,
according to residue numbering in SEQ ID NO:1. In some embodiments, the APOBEC3A
includes mutations W98Y and P134Y, according to residue numbering in SEQ ID NO:1. In some
embodiments, the APOBEC3A includes mutations W104A and P134Y, according to residue
numbering in SEQ ID NO:1. In some embodiments, the APOBEC3A includes mutations W98Y,
WI104A, and Y130F, according to residue numbering in SEQ ID NO:1. In some embodiments,
the APOBEC3A includes mutations W98Y, W104A, and Y132D, according to residue
numbering in SEQ ID NO:1. In some embodiments, the APOBEC3A includes mutations W104A,
Y 130F, and P134Y, according to residue numbering in SEQ ID NO:1. In some embodiments,
the APOBEC3A includes mutations WI104A, Y132D, and P134Y, according to residue
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numbering in SEQ ID NO:1. In some embodiments, the APOBEC3A includes mutations W104A
and Y130F, according to residue numbering in SEQ ID NO:1. In some embodiments, the
APOBEC3A includes mutations W104A and Y132D, according to residue numbering in SEQ
ID NO:1.

Example APOBEC3A sequences are shown in SEQ ID NO:1-10 and 22-36.

The APOBEC3A protein can allow further modifications, such as addition, deletion and/or
substitutions, at other amino acid locations as well. Such modifications can be substitution at
one, two or three or more positions. In one embodiment, the modification is substitution at one
of the positions. Such substitutions, in some embodiments, are conservative substitutions. In
some embodiments, the modified APOBEC3A protein still retains the cytidine deaminase
activity. In some embodiments, the modified APOBEC3A protein retains the mutations tested in

the experimental examples.

In various embodiments, the APOBEC3A can be substituted with another deaminase such as
A3B (APOBEC3B), A3C (APOBEC3C), A3D (APOBEC3D), A3F (APOBEC3F), A3G
(APOBEC3G), A3H (APOBEC3H), A3 (APOBEC3), and AID (AICDA).

In some embodiments, provided is a fusion protein comprising a first fragment comprising an
apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B) and a second
fragment comprising a clustered regularly interspaced short palindromic repeats (CRISPR)-
associated (Cas) protein. In some embodiments, provided is a fusion protein comprising a first
fragment comprising an apolipoprotein B mRNA editing enzyme catalytic subunit 3C
(APOBEC3C) and a second fragment comprising a clustered regularly interspaced short
palindromic repeats (CRISPR)-associated (Cas) protein. In some embodiments, provided is a
fusion protein comprising a first fragment comprising an apolipoprotein B mRNA editing
enzyme catalytic subunit 3D (APOBEC3D) and a second fragment comprising a clustered
regularly interspaced short palindromic repeats (CRISPR)-associated (Cas) protein. In some
embodiments, provided is a fusion protein comprising a first fragment comprising an
apolipoprotein B mRNA editing enzyme catalytic subunit 3F (APOBEC3F) and a second
fragment comprising a clustered regularly interspaced short palindromic repeats (CRISPR)-
associated (Cas) protein. In some embodiments, provided is a fusion protein comprising a first
fragment comprising an apolipoprotein B mRNA editing enzyme catalytic subunit 3G

(APOBEC3G) and a second fragment comprising a clustered regularly interspaced short
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palindromic repeats (CRISPR)-associated (Cas) protein. In some embodiments, provided is a
fusion protein comprising a first fragment comprising an apolipoprotein B mRNA editing
enzyme catalytic subunit 3H (APOBEC3H) and a second fragment comprising a clustered
regularly interspaced short palindromic repeats (CRISPR)-associated (Cas) protein. In some
embodiments, provided is a fusion protein comprising a first fragment comprising an
apolipoprotein B mRNA editing enzyme catalytic subunit 3 (APOBEC3) and a second fragment
comprising a clustered regularly interspaced short palindromic repeats (CRISPR)-associated
(Cas) protein. In some embodiments, provided is a fusion protein comprising a first fragment
comprising an apolipoprotein B mRNA editing enzyme catalytic subunit AID (AICDA) and a
second fragment comprising a clustered regularly interspaced short palindromic repeats

(CRISPR)-associated (Cas) protein.

In some embodiments, the APOBEC protein is a human protein. In some embodiments, the

APOBEC protein is a mouse or rat protein. Some example APOBEC proteins are listed in the

table below.
Deaminase Example version NCBI Accession Nos.
A3B (APOBEC3B) | hA3B (human) NP_001257340, NP_004891
A3C (APOBEC3C) | hA3C (human) NP_055323
A3D (APOBEC3D) [ hA3D (human) NP_689639, NP_001350710
A3F (APOBEC3F) | hA3F (human) NP_660341, NP_001006667
A3G (APOBEC3G) | hA3G (human) NP_068594, NP_001336365, NP_001336366,
NP_001336367
A3H (APOBEC3H) [ hA3H (human) NP_001159474, NP_001159475, NP_001159476, and
NP_861438
Al (APOBECI) hA1 (human) NP_001291495, NP_001635, NP_005880
mA1 (mouse) NP_001127863, NP_112436
A3 (APOBEC3) mA3 (mouse) NP_001153887, NP_001333970, NP_084531
AID (AICDA) hAID (human) NP_001317272, NP_065712
mAID (mouse) NP_033775
cAICDA (channel catfish) | NP_001187114

A “conservative amino acid substitution” is one in which the amino acid residue is replaced with
an amino acid residue having a similar side chain. Families of amino acid residues having
similar side chains have been defined in the art, including basic side chains (e.g., lysine, arginine,
histidine), acidic side chains (e.g., aspartic acid, glutamic acid), uncharged polar side chains (e.g.,
glycine, asparagine, glutamine, serine, threonine, tyrosine, cysteine), nonpolar side chains (e.g.,
alanine, valine, leucine, isoleucine, proline, phenylalanine, methionine, tryptophan), beta-

branched side chains (e.g., threonine, valine, isoleucine) and aromatic side chains (e.g., tyrosine,
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Thus, a nonessential amino acid residue in an

immunoglobulin polypeptide is preferably replaced with another amino acid residue from the

same side chain family.

a structurally similar string that differs in order and/or composition of side chain family members.

In another embodiment, a string of amino acids can be replaced with

Non-limiting examples of conservative amino acid substitutions are provided in the table below,

where a similarity score of O or higher indicates conservative substitution between the two amino

acids.

Table A. Amino Acid Similarity Matrix

cC|G|P S |A|T |D|E N|Q|H |K R |V M]|I L [F |Y w
w|8|-7|6|-2|6|5|-7|-7|4|5[|3|-3]|]2 |6|-4|5|-2|0|0 17
y|o |5|5|3|3|3|4|4|-2|4|0|4]|-5|-2(|-2]-1]-1]|7 |10
F|4|5|5|3|[4]|]3|6|5[4|5]|-2|-5|-4[-1]0 1 12 |9
L (6|43 |3|2]|-2|4|3[3]|-2]|-2]|-3|-3[2 |4 2 |6
[ 2 |(3(-2(|-1|-1|0 |-2]|-2|-2|-2|-2|-2]-2]|4 |2 5
M(5|3|-2|-2|-1]|-1]|3|-2[0 |-1]|]-2]|]0 |0 [2 |6
vi]|-2|-1|-1]-1]|]0 (0 |-2]|-2|-2|-2|-2]|-2]-2]4
R|4]-3|]0 |0 |[-2]-1]-1|-1f0 |1 |2 |3 |6
K|{5|-2]-1|0 [(-1]0 |0 [0 |1 |1 |O |5
H|-3]|-2|]0 |-1|-1]-1]1 |1 {2 |3 |6
Q|5|-1(0 (-1]0 |12 |2 |1 |4
N|[-4]0 |-1|1 [0 |JO |2 |1 |2
E|[-5]0 |-1|0 [0 |O |3 |4
D|(-5]1 |-1({0 [0 |O (4
T|[-2]0 |0 |1 (1 |3
Al|-2 (1 |1 |1 ]2
S |0 |1 |1 |1
P 6
G
c

Table B. Conservative Amino Acid Substitutions

For Amino Acid Substitution With

Alanine D-Ala, Gly, Aib, B-Ala, L-Cys, D-Cys

Arginine D-Arg, Lys, D-Lys, Orn D-Orn

Asparagine D-Asn, Asp, D-Asp, Glu, D-Glu GlIn, D-GIn

Aspartic Acid D-Asp, D-Asn, Asn, Glu, D-Glu, Gln, D-GIn

Cysteine D-Cys, S-Me-Cys, Met, D-Met, Thr, D-Thr, L-Ser, D-Ser
Glutamine D-GlIn, Asn, D-Asn, Glu, D-Glu, Asp, D-Asp

Glutamic Acid D-Glu, D-Asp, Asp, Asn, D-Asn, Gln, D-GIn
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Glycine Ala, D-Ala, Pro, D-Pro, Aib, B-Ala

Isoleucine D-lle, Val, D-Val, Leu, D-Leu, Met, D-Met

Leucine Val, D-Val, Met, D-Met, D-lle, D-Leu, lle

Lysine D-Lys, Arg, D-Arg, Orn, D-Orn

Methionine D-Met, S-Me-Cys, lle, D-lle, Leu, D-Leu, Val, D-Val
Phenylalanine D-Phe, Tyr, D-Tyr, His, D-His, Trp, D-Trp

Proline D-Pro

Serine D-Ser, Thr, D-Thr, allo-Thr, L-Cys, D-Cys
Threonine D-Thr, Ser, D-Ser, allo-Thr, Met, D-Met, Val, D-Val
Tyrosine D-Tyr, Phe, D-Phe, His, D-His, Trp, D-Trp

Valine D-Val, Leu, D-Leu, lle, D-lle, Met, D-Met

The term “clustered regularly interspaced short palindromic repeats (CRISPR)-associated (Cas)
protein” or simply “Cas protein” refers to RNA-guided DNA endonuclease enzymes associated
with the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) adaptive
immunity system in Streptococcus pyogenes, as well as other bacteria. Non-limiting examples
of Cas proteins include Streptococcus pyogenes Cas9 (SpCas9), Staphylococcus aureus Cas9
(SaCas9), Acidaminococcus sp. Casl2a (Cpfl), Lachnospiraceae bacterium Casl2a (Cpfl),
Francisella novicida Casl2a (Cpfl). Additional examples are provided in Komor er al.,
“CRISPR-Based Technologies for the Manipulation of Eukaryotic Genomes,” Cell. 2017 Jan
12;168(1-2):20-36.

Example Cas proteins include SpCas9, FnCas9, St1Cas9, St3Cas9, NmCas9, SaCas9, AsCpfl,
LbCpf1, FnCpfl, VQR SpCas9, EQR SpCas9, VRER SpCas9, RHA FnCas9, KKH SaCas9,
NmeCas9, StCas9, CjCas9, AsCpfl, FnCpfl, SsCpfl, PcCpfl, BpCpfl, CmtCpfl, LiCpfl,
PmCpfl, Pb3310Cpfl, Pb4417Cpfl, BsCpfl, EeCpfl, BhCasl2b, AkCasl12b, EbCasl2b,
LsCas12b, RfCas13d, LwaCas13a, PspCas13b, PguCas13b, RanCas13b, CasX, CasY and those
provided in Table C below.

Table C. Example Cas Proteins

Cas protein types Cas proteins

Cas9 proteins Cas 9 from Streptococcus pyogenes (SpCas9)
Cas9 from Staphylococcus aureus (SaCas9)
Cas9 from Neisseria meningitidis (NmeCas9)
Cas9 from Streptococcus thermophilus (StCas9)
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Cas9 from Campylobacter jejuni (CjCas9)

Cas12a (Cpfl) proteins Casl2a (Cpfl) from Lachnospiraceae bacterium Casl2a (LbCpfl)
Casl2a (Cpfl) from Acidaminococcus sp BV3L6 (AsCpfl)

Casl2a (Cpfl) from Francisella novicida sp BV3L6 (FnCpf1)
Casl2a (Cpfl) from Smithella sp SC KO8D17 (SsCpfl)

Casl2a (Cpfl) from Porphyromonas crevioricanis (PcCpf1)

Casl2a (Cpfl) from Butyrivibrio proteoclasticus (BpCpfl)

Casl2a (Cpfl) from Candidatus Methanoplasma termitum (CmtCpfl)
Casl2a (Cpfl) from Leptospira inadai (LiCpf1)

Casl2a (Cpfl) from Porphyromonas macacae (PmCpf1)

Casl2a (Cpfl) from Peregrinibacteria bacterium GW2011 WA2 33 10
(Pb3310Cpf1)

Casl2a (Cpfl) from Parcubacteria bacterium GW2011 GWC2 44 17
(Pb4417Cpf1)

Casl2a (Cpfl) from Butyrivibrio sp. NC3005 (BsCpf1)

Casl2a (Cpfl) from Eubacterium eligens (EeCpfl)

Cas12b (C2c1) proteins Cas12b (C2c1) Bacillus hisashii (BhCas12b)

Cas12b (C2c¢1) Bacillus hisashii with a gain-of-function mutation (see,
e.g., Strecker et al., Nature Communications 10 (article 212) (2019)
Cas12b (C2cl) Alicyclobacillus kakegawensis (AkCas12b)

Cas12b (C2cl) Elusimicrobia bacterium (EbCas12b)

Cas12b (C2cl) Laceyella sediminis (Ls) (LsCas12b)

Cas13 proteins Cas13d from Ruminococcus flavefaciens XPD3002 (RfCas13d)
Casl13a from Leptotrichia wadei (LwaCas13a)

Cas13b from Prevotella sp. P5-125 (PspCas13b)

Cas13b from Porphyromonas gulae (PguCas13b)

Cas13b from Riemerella anatipestifer (RanCas13b)

Engineered Cas proteins Nickases (mutation in one nuclease domain)

Catalytically inactive mutant (dCas; mutations in both of the nuclease
domains)

Enhanced variants with improved specificity (see, e.g., Chen et al.,
Nature, 550, 407-410 (2017)

In some embodiments, the Cas protein is a mutant of protein selected from the above, wherein

the mutant retains the DNA-binding capability but does not introduce double strand DNA breaks.

For example, it is known that in SpCas9, residues Asp10 and His840 are important for Cas9’s
catalytic (nuclease) activity. When both residues are mutated to Ala, the mutant loses the
nuclease activity. In another embodiment, only the Aspl0OAla mutation is made, and such a
mutant protein cannot generate a double strand break; rather, a nick is generated on one of the
strands. Such a mutant is also referred to as a Cas9 nickase. A non-limiting example of a Cas9
nickase is provided is SEQ ID NO: 11. Non-limiting example of a Cas12a nickase are provided

is SEQ ID NO:37-39. Cas proteins also encompass mutants of known Cas proteins that have
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certain sequence identity (e.g., 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99% or more). In some

embodiments, the Cas protein retains the catalytic (nuclease) activity.

In some embodiments, the Cas protein in a fusion protein of the present disclosure is a Cas12a
(Cpfl, CRISPR-associated endonuclease in Prevotella and Francisella 1) protein. In
conventional base editors, Cas9 is the commonly used DNA endonuclease. The Cas12a (Cpf1)
has the advantage of recognizing A/T rich sequence when used together with APOBECI in base
editors. In another surprising discovery of the present disclosure, when APOBEC1 was replaced
with A3A, the editing efficiency was greatly increased (see, €.g., Examples 3-5 and FIG. 7B,
9B and 11B). Yet, the editing efficiency of such a Cas12a-A3A can be further increased when
the A3A includes a few tested mutations (Examples 3-5 and FIG. 7B, 9B and 11B) and the
editing window such a Cas12a-A3A can be narrowed to achieve more precise editing when even

more tested mutations are included in A3A (Examples 3-5 and FIG. 8B, 10B and 12B).

In some embodiments, therefore, provided is a fusion protein comprising a first fragment
comprising an apolipoprotein B mRNA editing enzyme catalytic subunit 3A (APOBEC3A) and
a second fragment comprising a CRISPR-associated endonuclease in Prevotella and Francisella
1 (Cpfl). Examples of APOBEC3A, as well as its alternatives (e.g., A3B (APOBEC3B), A3C
(APOBEC3C), A3D (APOBEC3D), A3F (APOBEC3F), A3G (APOBEC3G), A3H
(APOBEC3H), A3 (APOBEC3), or AID (AICDA)) and biological equivalents (homologues)
have been disclosed above. Non-limiting example fusion sequences are provided in SEQ ID

NO:40-50.

In some embodiments, the fusion protein further comprises a uracil glycosylase inhibitor (UGI).
A non-limiting example of UGI is found in Bacillus phage AR9 (YP_009283008.1). In some
embodiments, the UGI comprises the amino acid sequence of SEQ ID NO:12 or has at least at
least 90% sequence identity to SEQ ID NO:12 and retains the uracil glycosylase inhibition

activity.

In some embodiments, the UGI is not fused to the fusion protein, but rather is provided separately
(free UGI, not fused to a Cas protein or a cytosine deaminase) when the fusion protein is used
for genomic editing. In some embodiments, the free UGI is provided with the fusion protein

which also includes a UGI portion.

Preferably, a peptide linker is provided between each of the fragments in the fusion protein. In

some embodiments, the peptide linker has from 1 to 100 amino acid residues (or 3-20, 4-15,
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without limitation). In some embodiments, at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%

or 90% of the amino acid residues of peptide linker are amino acid residues selected from the

group consisting of alanine, glycine, cysteine, and serine. In some embodiments, the peptide

linker has an amino acid sequence of SEQ ID NO:13 or 14.

The APOBEC3A, Cas protein, and UGI can be arranged in any manner. However, in a preferred

embodiment, APOBEC3A is placed at the N-terminal side of the Cas protein. In one embodiment,

the Cas protein is placed at the N-terminal side of the UGI.

In some embodiments, the fusion protein further comprises a nuclear localization sequence such

as SEQ ID NO:15.

Non-limiting examples of fusion proteins include those having an amino acid sequence selected

from the group consisting of SEQ ID NO:16-20.

Table 2. Additional Sequences

Name

SEQID
NO:

Cas9-Nickase

Sequence
v \ PVL\V )\Lf\i
51 KFKVLGNTDR
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9
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1151 YGGFDSPTVA YSVILVVAKVE KGKSKKLESY KELLGITIME RSSFEKNPID
1201 FLEAKGYKEV KKDLIIKLPK YSLFELENGR KRMLASAGEL QKGNELALPS
YVNFLYLAS HYEKLKGSPE DNEQKOLEVE QHKHYLDEII EQISEFSKRV
1301 ILADANLDKY LSAYNKHRDK PIREQAENII HLFTLTNLGA PAAFKYEFDTT
13251 IDRERYTSTK EVLDATLIHQ SITGLYETRI DLSQLGGDSP KKKRKVEAS
Uracil-DNA- . I e 1t . 12
I TNLBDIIEKE TGKQLVIQES IIMLPEEVEE VIGNKPE3DI

glycosylase
inhibitor (UGI)

DENVMLLTSD

APE

SR DIIAT 1

SDSNGENKT

2T

jol YRPWALY Ml
Linker 1 . o 13
1 SGSETPGTSE SATPRES
Linker 2 5 e 14
1 38GGS
Nuclear 15
localization 1 PKKKRKV
sequence
Fusion protein 1 . N - ot rm . 16
1 MEASPASGPR HIMDPHIFTS NFNNGIGRHEK TYLCYEVERL DNGTSVKMDQ
51 HRGFLHNQAK NLLCGFYGRH AFRLRFLDLVE SLOLDPAQITY RVITWEISWSIPE
101 CFSWGECAGEY RAFLQY RLRIFAARLY DYDPLYKEAL OMLRDAGAQV
151 SIMTYDEFKH CWDTEVDHQG CPFOPWDGLD EHSQALSGRIL RATLONCGNS
201 GSETPGTESES ATPESDKKYS IGLAIGTNSY GWAVITDEYE VESKKFRVLG

901

1401
1451
1501

1551
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QLVOTYNQLE
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GL3ELDKAGE
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LVICES

L

KEWALVIQDS

KPESDILVHT

GGSPKKERKY

MLLTSDAPEY

Fusion protein 2
(Y130F)

MEASPASGPER
51 HRGELHNQAK
CEF3
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201 GSETPGTSES
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401 CLVQ
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951 ILQTVKVVDE
GIKELGSQIL
DVDHIVPQSE

1101 LNAKLITORK

1151 SRMNTKYDEN
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1251 FEYSNIMNEF
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L nE 1 DITUA -~
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VEKQVYQKFE
TONGFIFYIP
PEEDLFEFAL
EVCLTSAYKE
RNSITGRTDV
ARKVLWAIGQ
SGGSTNLSDI

MDPHIFTSNFE
LCGFYGRHAE
FLOENTHVRL
DTEFVDHQGCP
PESMSKLEKF
KGVKKLLDRY
EINLRKEIAK
TTAFTGFEDN
DKHEVQEIKE
SGEKIKGLNE
EEVLEVEFRNT
SKDIFGEWNVYV
EQLOEYADAD
KNDAVVAIMK
LKVDHIYDAI
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IPIAINKCPK
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KMLIDKLNYM
AWLTSKIDPS
DYKNEFSRTDA
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IEKETGKQLV
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LRFLDLVPSL
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FOPWDGLDEH
TNCYSLSKTL
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TGEFVNLLKTK
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DGIFYDSRNY
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DPLYKEALQOM
SOALSGRLRA
RFKAIPVGKT
SIKLKNLNNY
LFKKDIIETI
STSIAFRCIN
DFFEGEFENF
QKLPKFKPLY
IKKLEKLFKN
DIHLKKKAVV
IIQKVDEIYK
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KIDKDDVNGN
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EAQENAILPK
WLEYAQTSVK
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SEFYGEGYTSD
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SFKKIGSFSL
ADFVLEKSLK
GDFVLAYDIL
KETDYRATIL
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FFKDSISRYP
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FDENNHGQIR
TLSYDVYKDK
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ISSFDRIMYV
PKKNNVEFDWE
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ENKIKMLSGG

The present disclosure also provides isolated polynucleotides or nucleic acid molecules (e.g.,
SEQ ID NO:21) encoding the fusion proteins, variants or derivatives thereof of the disclosure.

Methods of making fusion proteins are well known in the art and described herein.

Compositions and Methods

The present disclosure also provides compositions and methods. Such compositions comprise

an effective amount of a fusion protein, and an acceptable carrier. In some embodiments, the
composition further includes a guide RNA that has a desired complementarity to a target DNA.

Such a composition can be used for base editing in a sample.

The fusion proteins and the compositions can be used for base editing. In one embodiment, a
method for editing a target polynucleotide is provided, comprising contacting to the target
polynucleotide a fusion protein of the present disclosure and a guide RNA having at least partial
sequence complementarity to the target polynucleotide, wherein the editing comprises

deamination of a cytosine (C) in the target polynucleotide.
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It is shown that the presently disclosed fusion proteins can edit cytosine at any location and in
any context, such as in CpC, ApC, GpC, TpC, CpA, CpG, CpC, CpT. It is surprising and
unexpected, however, that these fusion proteins can edit C in a GpC dinucleotide context, and

even when the C is methylated.

The contacting between the fusion protein (and the guide RNA) and the target polynucleotide
can be in vitro, in particular in a cell culture. When the contacting is ex vivo, or in vivo, the fusion

proteins can exhibit clinical/therapeutic significance.

EXAMPLES

Example 1: Base Editors

Human apolipoprotein B mRNA editing enzyme catalytic subunit 3A (APOBEC3A, hA3A; SEQ
ID NO:1) was included in an expression vector that further included a Cas9 nickase (SEQ ID
NO:11) and a uracil-DNA-glycosylase inhibitor [Bacillus phage AR9] (SEQ ID NO:12). The
Cas9 nickase contained a Asp10Ala mutation that inactivated its double strand nuclease activity,

while allowing it to introduce a nick on one of the strands.

The fusion vector, hA3A-nCas9-UGI (hA3A-BE, SEQ ID NO:21), and a sgRNA expression
vector were co-transfected into eukaryotic cells (FIG. 1A) to perform C-to-T base editing at
sgRNA target site in the genome. After PCR amplification of the target genomic DNA, the C-
to-T base editing efficiency at targeted site in genome were determined through Sanger DNA
sequencing. As illustrated in two sgRNA target sites (sgFANCF-M-L6 and sgSITE4), efficient
C-to-T base editing was executed on C of GpC through co-expressing hA3A-BE and sgRNA, as
compared to co-expressing BE3 (APOBEC1-nCas9-UGI) and sgRNA (FIG 1B, dashed box).

Next, mutations Y130F (SEQ ID NO:2) and Y132D (SEQ ID NO:3) were individually
introduced into the hA3A gene in the construct, thereby generating the base editor hA3A-BE-
Y130F or hA3A-BE-Y132D (FIG. 2A). The Y130F and Y132D mutations in hA3A-BE
narrowed the window of base editing, and further improved the editing precision of hA3A-BE

(FIG. 2B).

Furthermore, the mutations W104A (SEQ ID NO:4) and D131Y (SEQ ID NO:5) were
individually introduced into the hA3A gene of hA3A-BE, thereby generating the base editor
hA3A-BE-W104A or hA3A-BE-D131Y (FIG. 3A). Both hA3A-BE-W104A and hA3A-BE-
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D131Y increased the efficiency of desired C to T base substitutions (FIG. 3B), achieving even
higher efficiency of base editing as compared to hA3A-BE.

In a further experiment, three amino acid changes (Y 130F-D131E-Y 132D, SEQ ID NO:22 or
Y130F-D131Y-Y 132D, SEQ ID NO:23) of human APOBEC3A (hA3A) in hA3A-BE3 (FIG.
4A) were tested and it was found that these two base editors (hA3A-BE-Y 130F-D131E-Y 132D
and hA3A-BE-Y130F-D131Y-Y132D) have more narrowed editing windows (position 4-6 in
target region) and therefore higher editing precision (FIG. 4B).

Example 2: Efficient base editing in methylated regions with a human APOBEC3A-Cas9

fusion

Base editors (BEs) enable the generation of targeted single-nucleotide mutations, but currently
used rat APOBEC1-based BEs are relatively inefficient in editing cytosines in highly-methylated
regions or in GpC contexts. By screening a variety of APOBEC/AID deaminases, this example
shows that human APOBEC3A-conjugated BEs and versions engineered to have narrower
editing windows can mediate efficient C-to-T base editing in regions with high methylation

levels and GpC dinucleotide content.

Base editors (BEs), which combine a cytidine deaminase with Cas9 or Cpfl, have been
successfully applied to perform targeted base editing, including C-to-T. Numerous human
diseases have been reported to be driven by point mutations in genomic DNAs. With recently
developed BEs, these disease-related point mutations can be potentially corrected, providing new
therapeutic options. By analyzing disease-related T-to-C mutations that can be theoretically
reverted to thymines by BEs, the example found that ~ 43% of them are on cytosines in the
context of CpG dinucleotides (FIG. 5a). It is well known that C of CpG is usually methylated in
mammalian cells, and methylation of C strongly suppresses cytidine deamination catalyzed by
some APOBEC/AID deaminases. This example shows that CpG dinucleotide methylation
hinders the C-to-T base editing by current BEs and has successfully developed BEs for efficient
C-to-T base editing in highly methylated regions.

Methods and Materials

Plasmid construction
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Primer sets (hA3A_PCR_F/hA3A_PCR_R) were used to amplify the fragment
Human_APOBEC3A with template pUCS57-Human_APOBEC3A (synthesized by Genscript).
Then the fragment Human_APOBEC3A was cloned into the Sacl and Smal linearized pCMV-
BE3 (addgene, 73021) with plasmid recombination kit Clone Express® (Vazyme, C112-02) to
generate the hA3A-BE3 expression vector pCMV-hAPOBEC3A-XTEN-D10A-SGGS-UGI-
SGGS-NLS. hA3B-BE3, hA3C-BE3, hA3D-BE3, hA3F-BE3, hA3G-BE3, hA3H-BE3, hAID-
BE3, hA1-BE3, mA3-BE3, mAID-BE3, mA1-BE3, cAICDA-BE3, expression vectors were
constructed with the same strategy. The pmCDA1 expression vector pcDNA3.1_pCMV-nCas-
PmCDAI1-ugi pH1-gRNA(HPRT) was purchased from Addgene (79620).

Primer sets (SupF_PCR_F/SupF_PCR_R) were used to amplify the fragment SupF with
template shuttle vector pSP189. Then the fragment SupF was cloned into pEASY-ZERO-
BLUNT (TransGen Biotech, CB501) to generate the vector pEASY-SupF-ZERO-BLUNT.

Oligonucleotides SupF_sgl_FOR/SupF_sgl_REV and SupF_sg2 FOR/SupF_sg2_REV were
annealed and ligated into Bsal linearized pGL3-U6-sgRNA-PGK-puromycin (addgene, 51133)
to generate the sgRNA expression vectors psgSupF-1 and psgSupF-2 that target the SupF gene
in pEASY-SupF-ZERO-BLUNT.

Two primer sets (hA3A_PCR_F/hA3A_Y130F_PCR_R)
(hA3A_Y130F_PCR_F/hA3A_PCR_R) were used to amplify the Y130F-containing fragment
hA3A-Y130F. Then the fragment was cloned into the Apal and Smal linearized hA3A-BE3
expression vector to generate the hA3A-BE3-Y130F expression vector pCMV-
hAPOBEC3A_Y130F-XTEN-D10A-SGGS-UGI-SGGS-NLS. hA3A-BE3-D131Y, hA3A-
BE3-Y132D, hA3A-BE3-C101S and hA3A-BE3-C106S expression vectors were constructed

with the same strategy.

Primer sets (hA3A_PCR_F/hA3A_PCR_R) were used to amplify the fragment
Human_APOBEC3A_Y130F with template hA3A-BE3-Y130F. Then the fragment
Human_APOBEC3A_Y130F was cloned into the Sacl and Smal linearized pCMV-eBE-S3' to
generate the hA3A-eBE-Y130F expression vector pCMV-hAPOBEC3A_Y130F -XTEN-
D10A-SGGS-UGI-SGGS-NLS-T2A-UGI-NLS-P2A-UGI-NLS-T2A-UGI-NLS. hA3A-eBE-

Y 132D expression vector was constructed by the similar way.
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Oligonucleotides hEMX1_FOR/hEMX1_REV were annealed and ligated into Bsal linearized
pGL3-U6-sgRNA-PGK-puromycin to generate sgEMX1 expression vector psgEMXI1. Other

sgRNA expression vectors were constructed with the same strategy.
Antibodies

Antibodies were purchased from the following sources: against alpha-tubulin (T6199) - Sigma;

against Cas9 (ab204448) - Abcam.
Immunoblotting analysis

Protein samples were incubated at 95 °C for 20 min, separated by SDS—PAGE in sample loading
buffer and proteins were transferred to nitrocellulose membranes (Thermo Fisher Scientific).
After blocking with TBST (25 mM Tris pH 8.0, 150 mM NacCl, and 0.1% Tween 20) containing
5% (w/v) nonfat dry milk for 2h, the membrane was reacted overnight with indicated primary
antibody. After extensive washing, the membranes were reacted with HRP-conjugated secondary
antibodies for 1h. Reactive bands were developed in ECL (Thermo Fisher Scientific) and

detected with Amersham Imager 600.
Cell culture and transfection

HEK?293T cells from ATCC were maintained in DMEM (10566, Gibco/Thermo Fisher Scientific)
+ 10% FBS (16000-044, Gibco/Thermo Fisher Scientific) and regularly tested to exclude

mycoplasma contamination.

The dCas9-Suntag-TetCD system was used to induce targeted demethylation of the genomic
regions with natively high levels of methylation, e.g., FANCF, MAGEA1 and MSSK1 regions.
The dCas9-DNMT3a-DNMT?31 system was used to induce targeted methylation of the genomic
regions with natively low levels of methylation, e.g., VEGFA and PDLI regions. HEK293T
cells were transfected by using LIPOFECTAMINE 2000 (Life, Invitrogen) with 3 pg pCAG-
scFvGCN4sfGFPTET1CD (synthesized by Genscript) and 1 pg sgRNA expression vector or
with 3pg dCas9-DNMT3a-DNMT?3I (synthesized by Genscript) and 1 ug sgRNA expression
vector. Blasticidin (10 pg/ml, Sigma, 15205) and puromycin (1 pg/ml, Merck, 540411) were
added 24 h after transfection. One week later, a portion of cells were collected to determine DNA
methylation level and others were stored in liquid nitrogen for base editing. The sgRNAs used

to induce genomic DNA methylation/demethylation are the ones used to induce base editing.
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For base editing in genomic DNA, HEK293T cells were seeded in a 24-well plate at a density of
1.6 x 10° per well and transfected with 200 pl serum-free Opti-MEM that contained 5.04 ul
LIPOFECTAMINE LTX (Life, Invitrogen), 1.68 ul LIPOFECTAMINE plus (Life, Invitrogen),
1 ug BE3 expression vector (or hA3A-BE3, hA3A-BE3-Y130F, hA3A-BE3-D131Y, hA3A-
BE3-Y132D, hA3A-BE3-C101S, hA3A-BE3-C106S, hA3A-eBE-Y130F, hA3A-eBE-Y132D
expression vector) and 0.68 pug sgRNA expression vector. After 72 hr, the genomic DNA was
extracted from the cells with QuickExtract™ DNA Extraction Solution (QE09050, Epicentre)

or the cells were lysed in 2x SDS loading buffer for western blot.

For base editing in plasmid vector, 293T cells were seeded in a 6-well plate at a density of 3 x
10° per well and transfected with 500 pl serum-free Opti-MEM that contained 4
ul LIPOFECTAMINE LTX (Life, Invitrogen), 2 ul LIPOFECTAMINE plus (Life, Invitrogen),
1 ug BE3 expression vector (or hA3A-BE3, hA3B-BE3, hA3C-BE3, hA3D-BE3, hA3F-BE3,
hA3G-BE3, hA3H-BE3, hAID-BE3, hA1-BE3, mA3-BE3, mAID-BE3, mA1-BE3, cAICDA-
BE3 or pmCDA1 expression vector) and 0.5 pg sgRNA expression vector. After 24 hr, these
cells were transfected with 500 ul serum-free Opti-MEM that contained 4 ul LIPOFECTAMINE
LTX, 2 pl LIPOFECTAMINE plus and 1.5 ug un-methylated (or methylated) pEASY-SupF-
ZERO-BLUNT. After 48 hr, the plasmids were extracted from the cells with TIANprep Mini
Plasmid Kit (DP103-A, TIANGEN) or the cells were lysed in 2x SDS loading buffer for western
blot.

Bisulfite sequencing analysis

Genomic DNA was isolated and treated with bisulfite according to the instruction of EZ DNA
methylation-direct Kit (Zymo Research, D5021). The bisulfite-treated DNA was PCR-amplified
with Taq™ Hot Start Version (Takara, ROO7B). The PCR products were ligated into T-Vector
pMDTMI19 (Takara, 3271). Eight clones were picked out and sequenced by Sanger sequencing

(Genewiz). The primers used for bisulfite PCR were listed in Supplementary Table 2.
Plasmid DNA methylation

For in vitro methylation, 1 pul CpG methyltransferase (M.Sssl, Life, EM0821) was used to
methylate 2 pl plasmid DNA in a 20-pl reaction. After in vitro methylation, pPEASY-SupF-
ZERO-BLUNT was restricted with BstUI (NEB, R0O518S) to determine the methylation level.

Blue/white colony screening
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The plasmids extracted from transfected cells were transformed into E. coli strain MBM7070
(lacZ"*&-*m>¢ry which were grown on LB plates containing 50 ug/ml kanamycin, 1 mM IPTG and
0.03% Bluo-gal (Life, Invitrogen) at 37°C overnight and then at room temperature for another
day (for maximal color development). The cumulative base editing frequency is calculated by

dividing the number of white colonies with the number of total colonies.
DNA library preparation and sequencing

Target genomic sites were PCR amplified by high-fidelity DNA polymerase PrimeSTAR HS
(Clonetech) with primers flanking each examined sgRNA target site. The PCR primers used to
amplify target genomic sequences were listed in Supplementary Table 2. Indexed DNA libraries
were prepared by using the TruSeq ChIP Sample Preparation Kit (Illumina) with some minor
modifications. Briefly, the PCR products were fragmented by Covaris S220 and then amplified
by using the TruSeq ChIP Sample Preparation Kit (Illumina). After being quantitated with Qubit
High-Sensitivity DNA kit (Life, Invitrogen), PCR products with different tags were pooled
together for deep sequencing by using the Illumina NextSeq 500 (2x150) or Hiseq X Ten (2x150)
at CAS-MPG Partner Institute for Computational Biology Omics Core, Shanghai, China. Raw
read qualities were evaluated by FastQC (available at
www.bioinformatics.babraham.ac.uk/projects/fastqc/). For paired-end sequencing, only R1
reads were used. Adaptor sequences and read sequences on both ends with Phred quality score
lower than 28 were trimmed. Trimmed reads were then mapped with the BWA-MEM algorithm
(BWA v0.7.9a) to target sequences. After being piled up with samtools (v0.1.18), indels and

base substitutions were further calculated.
Indel frequency calculation

Indels were estimated in the aligned regions spanning from upstream eight nucleotides of the
target site to downstream 19 nucleotides of PAM sites (50 bp). Indel frequencies were
subsequently calculated by dividing reads containing at least one inserted and/or deleted

nucleotide by all the mapped reads at the same region.
Base substitution calculation

Base substitutions were selected at each position of the examined sgRNA target sites that mapped

with at least 1,000 independent reads, and obvious base substitutions were only observed at the
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targeted base editing sites. Base substitution frequencies were calculated by dividing base

substitution reads by total reads.
Calculation of BE-targetable genetic variants

The single nucleotide variants (SN'Vs) from NCBI ClinVar database were overlapped with the
pathogenic human allele sequence from NCBI dbSNP database to calculate the pathogenic T-to-
C and A-to-G mutations. In 3,089 pathogenic T-to-C or A-to-G mutations, 2,499 are potentially
editable by SpCas9-BE3, SaCas9-BE3, dLbCpf1-BE or xCas9-BE3 with nearby PAM sequences.
These 2,499 BE-targetable SN'Vs are further sub-classified according to their 3' adjacent base
preferences, i.e., CpA, CpC, CpG and CpT (FIG. Sa).

Statistical analysis
P values were calculated from one-tailed Student’s ¢ test in this study.
Data Availability

The deep-sequencing data from this study are deposited in the NCBI Gene Expression Omnibus
(accession no. GSE114999) and the National Omics Data Encyclopedia (accession no.

OEP000030).
Results

This example first examined the base editing efficiency of a commonly used BE, the rat
APOBECI1 (rAl)-based BE3, in human cells having either increased or decreased levels of
methylation. When DNA methylation was promoted by DNMT3 in regions with native low
methylation levels, editing frequencies by BE3 decreased. In addition, when DNA methylation
was reduced by TETI in regions with native high methylation levels, BE3-induced editing
frequencies increased accordingly. These results suggest that the canonical rAl-based BE3 is
less efficient in editing cytosines embedded in highly methylated genomic regions. Notably, C-
to-T editing was suppressed by DNA methylation at both CpG and flanking non-CpG sites
(median decrement ~28%, P = 2 x 107 for CpG sites and ~51%, P = 7 x 107'°for flanking non-
CpG sites). APOBECs deaminate cytidines on single-stranded DNA in a processive manner.
CpG methylation may affect the sliding of APOBEC and therefore impairs its binding on the

flanking non-CpG sites for deamination.
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To screen for efficient base editing in high-methylation background, a series of BEs was obtained
by fusing Cas9 nickase with fifteen different APOBEC/AID deaminases (FIG. 5b). This
example tested these BEs then in an E. coli-derived vector system (FIG. 5b), which has been
previously used to probe mutations. In unmethylated vectors, these BEs showed varied levels of
base editing. The BEs containing human APOBEC3A (hA3A-BE3, mean editing frequency
~39%), human APOBEC3B (hA3B-BE3, mean editing frequency ~33%) or human AID (hAID-
BE3, mean editing frequency ~28%) mediated base editing at levels that are comparable to BE3
(mean editing frequency ~31%) (FIG. 5¢). Whereas in methylated vectors, only hA3A-BE3
induced efficient base editing (mean editing frequency ~35%), compared to relatively low
editing efficiencies induced by BE3 (mean editing frequency ~12%) or other examined BEs
(mean editing frequencies ~1% - 20%) (FIG. 5¢). Of note, protein products of hA3A-BE3, BE3
and other examined BEs are comparable (FIG. 5d).

Similar to the observation in E. coli-derived vectors, hA3A-BE3 exhibited significantly higher
base editing frequencies than rAl-based BE3 in all tested genomic regions, either those with a
native high-methylation background (median ~1.7-fold, P = 2 x 10''°, FIG. 5e,f) or those with
an induced high-methylation condition (median ~1.8-fold, P = 5 x 10™). Thus, using hA3A as
the deaminase module in BE could generally achieve high base editing efficiency in genomic

regions with high methylation levels.

The base editing on cytosines in a GpC context was observed to be generally inefficient by rA1-
based BEs. While, this example found that hA3A-BE3 could induce efficient base editing on
most of cytosines at GpC sites in both endogenously and induced high-methylation backgrounds
(FIG. 5e). This example further compared their editing efficiencies under both endogenously
and induced low-methylation backgrounds and observed a similar superiority of hA3A-BE3 over
BE3 on editing cytosines in the GpC context (FIG. 5g,h). Statistical analysis confirmed that the
base editing efficiency induced by hA3A-BE3 was significantly higher than that induced by BE3
on cytosines in the GpC context in either high- (median ~2.3-fold, P = 1 x 107) or low- (median
~1.8-fold, P = 6 x 10°) methylation conditions. Notably, hA3A-BE3-mediated base editing was
as efficient as BE3 at cytosines in non-GpC contexts in all tested low-methylation regions
(median ~1.1-fold, P = 0.045). This example also found that hA3A-BE3 yielded less non-C-to-
T conversion than BE3 in both high- (median ~97% by hA3A-BE3 comparing to ~94% by BE3,
P =3 x 10*) and low-methylation regions (median ~92% by hA3A-BE3 comparing to ~90% by
BE3, P =4 x 10°%). Both BE3 and hA3A-BE3 induced less non-C-to-T conversion at CpG sites
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with high methylation status than at CpG sites with low methylation status (median ~95% vs
~90%, P = 3 x 107 for BE3 and median ~95% vs ~92%, P = 5 x 10™* for hA3A-BE3). This
example also found that hA3A-BE3 induced higher indel frequencies than BE3 (median ~2 in
both high- and low- methylation regions). Such an increase may be caused by the high
deaminase activity of hA3A, which can trigger downstream DNA repair pathways to generate

DNA double strand breaks.

The results suggest that hA3A-BE3 can efficiently induce base editing in a broader scope (FIG.
5). However, the editing window of hA3A-BE3 is wider (~12 nt, position 2-13 in the sgRNA
target site) than that of BE3 (~5 nt, position 4-8). As the wide editing window of hA3A-BE3
may result from the high deaminase activity of hA3A, mutations in hA3A that can reduce
deaminase activity might correspondingly narrow the editing window of hA3A-BE3. Designated
mutations (Y130F, D131Y or Y132D) successfully narrowed the editing window with little
effect on the base editing efficiency, whereas mutations in the zinc-coordination motif almost

completely eliminated the deaminase activity (C101S and C106S).

This example then focused on two engineered hA3A-BE3s (hA3A-BE3-Y130F and hA3A-BE3-
Y 132D), which have similar editing windows (position 3-8 for hA3A-BE3-Y130F and position
3-7 for hA3A-BE3-Y132D) as BE3 (position 4-8). In highly-methylated regions, hA3A-BE3-
Y 130F and hA3A-BE3-Y 132D induced higher editing efficiencies than BE3 at all editable sites
in overlapping editing windows (position 4-7) (FIG. 6a, cytosines in pink and FIG. 6b, median
~2.3 fold, P = 0.002 for hA3A-BE3-Y130F and median ~1.2 fold, P = 0.03 for hA3A-BE3-
Y 132D). For cytosines outside of overlapping editing windows, hA3A-BE3-Y 132D induced C-
to-T editing frequencies similar to BE3 while hA3A-BE3-Y130F induced higher editing
frequencies (FIG. 6a, cytosines in black). Similar to the original hA3A-BE3, both engineered
hA3A-BE3-Y130F and hA3A-BE3-Y 132D edited cytosines in GpC contexts more efficiently
than BE3 in overlapping editing windows (FIG. 6¢,d, median ~2.3 fold, P = 3 x 107 for hA3A-
BE3-Y130F and median ~1.9 fold, P = 0.002 for hA3A-BE3-Y132D). Protein expression levels
of hA3A-BE3-Y130F and hA3A-BE3-Y 132D were very similar to that of BE3 (FIG. 6e), though
the two engineered hA3A-BEs induced higher C-to-T editing efficiencies (FIG. 6b,d). In terms
of product purity, we found that hA3A-BE3-Y 130F yielded less non-C-to-T conversion (median
~96.3% by hA3A-BE3-Y130F comparing to ~95.6% by BE3, P = 0.03 in high-methylation
regions, median ~92% by hA3A-BE3-Y130F comparing to ~90% by BE3, P = 0.002 in low-
methylation regions) but more indels (median ~2.1 fold, P = 0.0002 in high-methylation regions,
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median ~1.3 fold in low-methylation regions, P = 0.12) than BE3. The product purity induced
by hA3A-BE3-Y 132D was higher than BE3 in native low-methylation regions (median ~93%
by hA3A-BE3-Y132D comparing to ~90% by BE3, P = 0.001), but lower in native high-
methylation regions (median ~94.9% by hA3A-BE3-Y 132D comparing to ~95.6% by BE3, P =
0.03). Nevertheless, indel frequencies induced by hA3A-BE3-Y 132D were comparable to those
induced by BE3 at all tested sites (median ~1.2 fold in both high- and low- methylation regions).

To further enhance C-to-T base editing system, three copies of the 2A- uracil DNA glycosylase
inhibitor (UGI) sequence were fused to the C-terminus of hA3A-BE3-Y130F and hA3A-BE3-
Y 132D to develop hA3A-eBE-Y130F and hA3A-eBE-Y132D. In low-methylation regions,
hA3A-eBE-Y130F and hA3A-eBE-Y132D induced significantly higher editing efficiencies
(FIG. 6f,g, median ~1.2 fold, P = 0.0004 for hA3A-eBE-Y 130F and median ~1.2 fold, P =0.004
for hA3A-eBE-Y132D), higher product purity (FIG. 6h, median ~96% by hA3A-eBE-Y 130F
comparing to ~94% by hA3A-BE3-Y130F, P = 0.006 and median ~96% by hA3A-eBE-Y 132D
comparing to ~92% by hA3A-BE3-Y132D, P = 0.004) and lower indel frequencies (FIG. 6i,
median decrement ~21%, P = 4 x 107 for hA3A-eBE-Y 130F and median decrement ~9%, P =
0.03 for hA3A-eBE-Y132D) than hA3A-BE3-Y130F and hA3A-BE3-Y 132D, respectively. In
high-methylation regions, hA3A-eBE-Y130F and hA3A-eBE-Y132D induced significantly
higher product purity (median ~97% by hA3A-eBE-Y 130F comparing to ~95% by hA3A-BE3-
Y 130F, P = 0.003 and median ~97% by hA3A-eBE-Y 132D comparing to ~95% by hA3A-BE3-
Y 132D, P = 0.003) and lower indel frequencies (median decrement ~23%, P = 2 x 10”7 for
hA3A-eBE-Y130F and median decrement ~21%, P = 4 x 107 for hA3A-eBE-Y132D) than
hA3A-BE3-Y130F and hA3A-BE3-Y 132D, respectively, though editing efficiencies remained
the same (median ~1 fold for hA3A-eBE-Y130F and hA3A-eBE-Y132D). Together, these
results indicated that hA3A-BE3-Y130F, hA3A-BE3-Y 132D, hA3A-eBE-Y130F and hA3A-
eBE-Y132D can mediate highly efficient base editing in narrowed editing windows compared

to the original hA3A-BE3 in all examined contexts.

Here, this example demonstrates that hA3A-BE3 and its engineered forms, can comprehensively
induce efficient base editing in all examined contexts, including both methylated DNA regions
and GpC dinucleotides. It is contemplated that hA3A can also be conjugated with other Cas

proteins to further expand the scope of base editing.
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Example 3. Gene Editing of Human DYRKI1A with dCas12a-hA3A Base Editors

This example tested base editors that combined a Cas12a (Cpf1) and various mutant human A3A

proteins.

Methods

Construction of dCasl2a-hA3A-BE expression vector

pUCS57-hA3A (synthesized by Genscript Biotechnology Co., Ltd.) was used as a template, using
suitable primers. PCR was carried out to obtain the coding sequence of hA3A, and a fragment
homologous to the linearized vector at both ends was subjected to gel electrophoresis purification.
After purification by gel electrophoresis, the fragment was recombined into the linearized
dCas12a-BE vector produced by Sacl and Smal by plasmid recombinant kit Clone Express® to
obtain expression vector dCas12a-hA3A-BE.

Construction of dCasl2a-hA3A-BE-W98Y expression vector

Using dCas12a-hA3A-BE as a template, two PCR products with a W98Y mutation and a
homology arm, and a homologous segment with a linearized vector. After purification by gel
electrophoresis, the two fragments were simultaneously recombined into the linearized dCas12a-
hA3A-BE vector generated by Apal and Smal using plasmid recombinant kit Clone Express®
to obtain expression vector dCas12a-hA3A-BE-W98Y.

Likewise, expression vectors dCasl2a-hA3A-BE-WI104A, dCasl2a-hA3A-BE-P134Y,
dCas12a-hA3A-BE-W98Y-W104A, dCasl2a-hA3A-BE-W98Y-P134Y, dCasl2a-hA3A-BE-
W104A-P134Y, dCasl2a-hA3A-BE-W98Y-W104A-Y130F, dCasl2a-hA3A-BE-W98Y-
W104A-Y132D, dCas12a-hA3A-BE-W104A-Y 130F-P134Y, and dCas12a-hA3A-BE-W104A-
Y132D-P134Y. Relevant sequences are shown in Tables 1 and 2.

Construction of gRNA expression plasmid

The nucleotide sequence was annealed to primers and the annealed product was ligated into the
gRNA expression vector pLb-Cas12a-pGL3-U6-sgRNAdigested with restriction endonuclease
Bsal using T4 DNA ligase. gRNA expression plasmid sgDYRKIA targeting human DYRKIA

site was obtained.
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Eukaryotic cell transfection

The sgDYRK1A and each of dCas12a-hA3A-BE, dCas12a- hA3A-BE-W98Y, dCas12a-hA3A-
BE-W104A, dCas12a-hA3A-BE-P134Y, dCas12a-hA3A-BE-W98Y-W104A, dCas12a- hA3A-
BE-WO98Y-P134Y, dCasl2a-hA3A-BE-W104A-P134Y, dCasl2a-hA3A-BE-W98Y-W104A-
Y130F, dCasl2a-hA3A-BE-W98Y-W104A-Y132D, dCasl2a-hA3A-BE-W104A- Y130F-
P134Y, dCas12a-hA3A-BE-W104A-Y132D-P134Y were mixed into 200 pl Opti-MEM at a
ratio of 0.68 ug : 1 pg , added with 1.68 pl of LIPOFECTAMINE plus, and 5.04 pl of
LIPOFECTAMINE LTX was added , and allowed to stand at room temperature for 5 minutes.
500ul DMEM (+ 10% FBS) medium was add for 24-well plates and transfected HEK293T cells
160,000. After 12 h, replaced with fresh medium containing 1% double antibody (cyanin). The

cells were harvested after 60 hours of incubation.
EditR analysis of sanger sequencing results

DNA  sanger sequencing results were analyzed using EditR  software
( moriaritylab.shinyapps.io/editr_v10/ ). EditR is a web version of the sanger sequencing result
analysis software developed in 2018 ( Kluesner MG, Nedveck DA, Lahr WS, et al. EditR : A
Method to Quantify Base Editing from Sanger Sequencing [J]. The CRISPR Journal, 2018, 1 (3):
239-250. ). EditR is a simple, accurate and efficient analytical tool for processing the sequencing
results of DNA samples based on the sgRNA sequence by using the sanger sequencing signal,

and finally outputting the base editing efficiency at the sgRNA target site.

The sequencing results are shown FIG. 11 and 12. The EditR analysis results are presented in
FIG. 7 and 8. When fused to the conventional cytosine deaminase, A1 (APOBEC1), Casl2a
(cpfl) exhibited poor efficiency (see, e.g., FIG. 7B, the first column in each group). The
combination with the hA3A wild-type protein greatly increased the editing efficiency (see, €.g.,
the second column). Interestingly, the A3A mutation WI8Y, W104A, P134Y or the combination
of each two further increased the editing efficiency (FIG. 7). Also, the editing window such a
Cas12a-A3A can be narrowed to achieve more precise editing when the mutation Y 130F or

Y 132D is further included in A3A (FIG. 8).

Example 4. Gene Editing of Human SITE6 with dCas12a-hA3A Base Editors

This example tested various indicated base editors with the human gene SITE6.
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The experimental procedure is similar to Example 3. The sequencing results are shown in detail
in FIG. 15 and 16 (two replicates of experimental data). The EditR analysis results are shown
in FIG. 9 and 10. Like in Example 3, the Cas12a-A3A editor had greater editing efficiency than
the Cas12a-A1 and the A3A mutation WI98Y, W104A, P134Y or the combination of each two
further increased the editing efficiency (FIG. 9). Also, the editing window such a Cas12a-A3A
can be narrowed to achieve more precise editing when the mutation Y130F or Y132D is further

included in A3A (FIG. 10).

Example 5. Gene Editing of Human RUNX1 with dCas12a-hA3A Base Editors
This example tested various indicated base editors with the human gene RUNXI1.

The experimental procedure is similar to Example 3. The sequencing results are shown in detail
in FIG. 17 and 18 (two replicates of experimental data). The EditR analysis results are shown
in FIG. 11 and 12. Like in Example 3, the Cas12a-A3A editor had greater editing efficiency
than the Cas12a-rAl, and the A3A mutation WI98Y, W104A, P134Y or the combination of each
two further increased the editing efficiency (FIG. 11). Also, the editing window such a Cas12a-
A3A can be narrowed to achieve more precise editing when the mutation Y 130F or Y132D is

further included in A3A (FIG. 12).

%k %k %k

The present disclosure is not to be limited in scope by the specific embodiments described which
are intended as single illustrations of individual aspects of the disclosure, and any compositions
or methods which are functionally equivalent are within the scope of this disclosure. It will be
apparent to those skilled in the art that various modifications and variations can be made in the
methods and compositions of the present disclosure without departing from the spirit or scope
of the disclosure. Thus, it is intended that the present disclosure cover the modifications and
variations of this disclosure provided they come within the scope of the appended claims and

their equivalents.

All publications and patent applications mentioned in this specification are herein incorporated
by reference to the same extent as if each individual publication or patent application was

specifically and individually indicated to be incorporated by reference
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CLAIMS

What is claimed is:

1. A fusion protein comprising a first fragment comprising an apolipoprotein B mRNA editing
enzyme catalytic subunit 3A (APOBEC3A) and a second fragment comprising a clustered
regularly interspaced short palindromic repeats (CRISPR)-associated (Cas) protein.

2. The fusion protein of claim 1, further comprising a uracil glycosylase inhibitor (UGI).

3. The fusion protein of claim 1, which includes fewer than 2500 amino acid residues in total.

4. The fusion protein of claim 1, wherein the APOBEC3A is a wildtype human APOBEC3A
or a mutant of human APOBEC3A having a mutation selected from the group consisting of
Y130F, D131Y, D131E, Y132D, W104A, W98Y, P134Y and combinations thereof, according

to residue numbering in SEQ ID NO:1, wherein the mutant retains cytidine deaminase activity.

5. The fusion protein of claim 4, wherein the APOBEC3A is mutant human APOBEC3A
having mutations selected from the group consisting of YI130F+D131E+Y132D,
Y130F+D131Y+Y 132D, WO8Y+W104A, W98Y+P134Y, W104A+P134Y, W104A+Y130F,
W104A+Y132D, WI8Y+W104A+Y 130F, W98Y+W104A+Y 132D, W104A+Y 130F+P134Y,
and W104A+Y132D+P134Y, according to residue numbering in SEQ ID NO:1.

6. The fusion protein of claim 4, wherein the human APOBEC3A is human APOBEC3A

isoform a or isoform b.

7. The fusion protein of claim 4, wherein the APOBEC3A comprises the amino acid sequence
of SEQ ID NO:1 or 6, or has at least 90% sequence identity to amino acid residues 29-199 of
SEQ ID NO:1 and retains cytidine deaminase activity.

8. The fusion protein of claim 7, wherein the APOBEC3A comprises an amino acid sequence

selected from the group consisting of SEQ ID NO:1-10 and 22-36.

9. The fusion protein of claim 1, wherein the Cas protein is selected from the group consisting
of SpCas9, FnCas9, St1Cas9, St3Cas9, NmCas9, SaCas9, AsCpfl, LbCpfl, FnCpfl, VQR
SpCas9, EQR SpCas9, VRER SpCas9, RHA FnCas9, KKH SaCas9, NmeCas9, StCas9, CjCas9,
AsCpfl, FnCpfl, SsCpfl, PcCpfl, BpCpfl, CmtCpfl, LiCpfl, PmCpfl, Pb3310Cpfl,
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Pb4417Cpfl, BsCpfl, EeCpfl, BhCasl12b, AkCas12b, EbCasl2b, LsCasl12b, RfCasl3d,
LwaCas13a, PspCas13b, PguCas13b, RanCas13b, CasX, and CasY.

10. The fusion protein of claim 1, wherein the Cas protein is a mutant of protein selected from
the group consisting of SpCas9, FnCas9, St1Cas9, St3Cas9, NmCas9, SaCas9, AsCpf1, LbCpf1,
FnCpf1, VQR SpCas9, EQR SpCas9, VRER SpCas9, RHA FnCas9, KKH SaCas9, NmeCas9,
StCas9, CjCas9, AsCpfl, FnCpfl, SsCpfl, PcCpfl, BpCpfl, CmtCpfl, LiCpfl, PmCpfl,
Pb3310Cpf1, Pb4417Cpf1, BsCpfl, EeCpfl, BhCasl2b, AkCasl12b, EbCas12b, LsCas12b,
RfCas13d, LwaCasl13a, PspCas13b, PguCas13b, RanCas13b, CasX, and CasY, wherein the
mutant retains the DNA-binding capability but does not introduce double strand DNA breaks.

11. The fusion protein of claim 10, wherein the mutant is capable of introducing a nick to one

of the strands of a double stranded DNA bound by the mutant.

12. The fusion protein of claim 10, wherein the Cas protein comprises an amino acid sequence

selected from the group consisting of SEQ ID NO:11, and 37-39.

13. The fusion protein of claim 1, wherein the first fragment is at the N-terminal side of the

second fragment.

14. The fusion protein of claim 2, wherein the UGI comprises the amino acid sequence of SEQ
ID NO:12 or has at least at least 90% sequence identity to SEQ ID NO:12 and retains the uracil

glycosylase inhibition activity.

15. The fusion protein of claim 14, wherein the first fragment is at the N-terminal side of the

second fragment which is at the N-terminal side of the UGI.

16. The fusion protein of claim 1, further comprising a peptide linker between the first fragment

and the second fragment.

17. The fusion protein of claim 16, wherein the peptide linker has from 1 to 100 amino acid

residues.

18. The fusion protein of claim 17, wherein at least 40% of the amino acid residues of
peptide linker are amino acid residues selected from the group consisting of alanine, glycine,

cysteine, and serine.
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19. The fusion protein of claim 17, wherein the peptide linker has an amino acid sequence of

SEQ ID NO:13 or 14.

20. The fusion protein of claim 1, further comprising a nuclear localization sequence.

21. The fusion protein of claim 1, comprising an amino acid sequence selected from the group

consisting of SEQ ID NO:16-20 and 40-50.

22. A fusion protein comprising a first fragment comprising an apolipoprotein B mRNA editing
enzyme catalytic subunit 3A (APOBEC3A) and a second fragment comprising a CRISPR-

associated endonuclease in Prevotella and Francisella 1 (Cpfl).

23. The fusion protein of claim 22, wherein the Cpf1 is catalytically inactive.

24. The fusion protein of claim 22 or 21, wherein the Cpf1 is selected from the group consisting

of AsCpfl, LbCpfl, and FnCpf1.

25. The fusion protein of claim 22, wherein the Cpf1 is a catalytically inactive Lachnospiraceae

bacterium Cpf1 (dLbCpf1).

26. The fusion protein of claim 22, wherein the APOBEC3A is a wildtype human APOBEC3A
or a mutant of human APOBEC3A having a mutation selected from the group consisting of
Y130F, D131Y, D131E, Y132D, W98Y, W104A, P134Y and combinations thereof, according

to residue numbering in SEQ ID NO:1, wherein the mutant retains cytidine deaminase activity.

27. A polynucleotide that encodes the fusion protein of any one of claims 1-26.

28. A composition comprising the fusion protein of any one of claims 1-26 and a

pharmaceutically acceptable carrier.

29. The composition of claim 28, further comprising a guide RNA.

30. A method of editing a target polynucleotide, comprising contacting to the target
polynucleotide a fusion protein of any one of claims 1-26 and a guide RNA having at least partial
sequence complementarity to the target polynucleotide, wherein the editing comprises

deamination of a cytosine (C) in the target polynucleotide.

31. The method of claim 30, wherein the C is in a GpC context.
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32. The method of claim 30, wherein the C is methylated.

33. The method of any one of claims 30-32, wherein the contacting is in vivo.

34. The method of any one of claims 30-32, further comprising contacting to the target

polynucleotide with a uracil glycosylase inhibitor (UGI) not fused to a Cas protein.
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