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GENOME EDITING SYSTEMS COMPRISING REPAIR-MODULATING ENZYME
MOLECULES AND METHODS OF THEIR USE

RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application No. 62/313,247, filed
on March 25, 2016, the entire contents of which are expressly incorporated herein by

reference.

BACKGROUND

CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats) evolved in
bacteria and archaea as an adaptive immune system to defend against viral attack. Upon
exposure to a virus, short segments of viral DNA are integrated into the CRISPR locus. RNA
is transcribed from a portion of the CRISPR locus that includes the viral sequence. That
RNA, which contains sequence complimentary to the viral genome, mediates targeting of a
Cas9 protein to the sequence in the viral genome. The Cas9 protein cleaves and thereby
silences the viral target.

Recently, the CRISPR/Cas system has been adapted for genome editing in eukaryotic
cells. The introduction of site-specific double strand breaks (DSBs) enables target nucleic
acid alteration through endogenous DNA repair mechanisms, such as non-homologous end-
joining (NHEJ) or homology-directed repair (HDR). Despite widespread adoption for
research use, there remains a need to improve the efficiency of CRISPR/Cas-mediated

genome modification to enable its broader application.

SUMMARY

Disclosed herein are components, systems and methods for editing a genome, e.g., by
correcting a mutation or disrupting a gene. To edit a genome, an RN A-guided nuclease
molecule (e.g., a Cas9 molecule) may be used to mediate a break near a position that one
desires to edit. The cell then repairs the break through one of several DNA repair pathways,
such as NHEJ or HDR. Provided herein is a genome editing system comprising a RNA-
guided nuclease (e.g., a Cas9 molecule), at least one gRNA molecule, and a repair-
modulating enzyme molecule (RMEM). It is believed that by contacting a cell, or a
population of cells, with a RMEM, the ability of certain cellular DNA repair pathways to

resolve or repair a RNA-guided nuclease-mediated cleavage event can be modulated.



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

Accordingly, in one aspect, the present disclosure provides a method of altering a
nucleic acid at a target position in a cell, or a population of cells, the method comprising
contacting the cell, or the population of cells, with (a) a gRNA molecule; (b) a RNA-guided
nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM);
wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the nucleic
acid, resulting in a cleavage event, and wherein the cleavage event is repaired by at least one
DNA repair pathway that is modulated by the RMEM, thereby altering the nucleic acid at the
target position in the cell, or in the population of cells.

In one aspect, the present disclosure provides a method of suppressing the formation
of a deletion in a nucleic acid at a target position in a cell, or a population of cells, the method
comprising contacting the cell, or the population of cells, with (a) a gRNA molecule; (b) a
RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme
Molecule (RMEM), wherein the RMEM is Rad52 or TdT; wherein the gRNA molecule and
the RNA-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage
event, wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the RMEM suppresses the formation of a deletion in
the nucleic acid at the target position, thereby suppressing the formation of a deletion in the
nucleic acid at the target position in the cell, or in the population of cells.

In another aspect, the present disclosure provides a method of enhancing the
formation of a deletion in a nucleic acid at a target position in a cell, or a population of cells,
the method comprising contacting the cell, or the population of cells, with (a) a gRNA
molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating
Enzyme Molecule (RMEM), wherein the RMEM is Artemis; wherein the gRNA molecule
and the RN'A-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage
event, wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the RMEM enhances the formation of a deletion in
the nucleic acid at the target position, thereby enhancing the formation of a deletion in the
nucleic acid at the target position in the cell, or in the population of cells.

In yet another aspect, the present disclosure provides a method of suppressing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, the method
comprising contacting the cell, or the population of cells, with (a) a gRNA molecule; (b) a
RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme

Molecule (RMEM), wherein the RMEM is Rad52, TdT, Rad51, RPA, or ERCC1; wherein
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the gRNA molecule and the RNA-guided nuclease molecule interact with the nucleic acid,
resulting in a cleavage event, wherein the cleavage event is repaired by at least one DNA
repair pathway that is modulated by the RMEM, and wherein the RMEM suppresses gene
conversion, thereby suppressing gene conversion of the nucleic acid at the target position in
the cell, or in the population of cells.

In a further aspect, the present disclosure provides a method of enhancing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, the method
comprising contacting the cell, or the population of cells, with (a) a gRNA molecule; (b) a
RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme
Molecule (RMEM); wherein the gRNA molecule and the RNA-guided nuclease molecule
interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage event is
repaired by at least one DNA repair pathway that is modulated by the RMEM, and wherein
the RMEM enhances gene conversion, thereby enhancing gene conversion of the nucleic acid
at the target position in the cell, or in the population of cells.

In another aspect, the present disclosure provides a method of suppressing gene
correction of a nucleic acid at a target position in a cell, or a population of cells, the method
comprising contacting the cell, or the population of cells, with (a) a gRNA molecule; (b) a
RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme
Molecule (RMEM), wherein the RMEM is TdT, Rad51, or T5 exonuclease; wherein the
gRNA molecule and the RNA-guided nuclease molecule interact with the nucleic acid,
resulting in a cleavage event, wherein the cleavage event is repaired by at least one DNA
repair pathway that is modulated by the RMEM, and wherein the RMEM suppresses gene
correction, thereby suppressing gene correction of the nucleic acid at the target position in the
cell, or in the population of cells.

In another aspect, the present disclosure provides a method of enhancing gene
correction of a nucleic acid at a target position in a cell, or a population of cells, the method
comprising contacting the cell, or the population of cells, with (a) a gRNA molecule; (b) a
RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme
Molecule (RMEM), wherein the RMEM is Rad52 or 53BP1 dominant negative; wherein the
gRNA molecule and the RNA-guided nuclease molecule interact with the nucleic acid,
resulting in a cleavage event, wherein the cleavage event is repaired by at least one DNA

repair pathway that is modulated by the RMEM, and wherein the RMEM enhances gene
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correction, thereby enhancing gene correction of the nucleic acid at the target position in the
cell, or in the population of cells.

In yet another aspect, the present disclosure provides a method of suppressing the
formation of an insertion in a nucleic acid at a target position in a cell, or a population of
cells, the method comprising contacting the cell, or the population of cells, with (a) a gRNA
molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating
Enzyme Molecule (RMEM), wherein the RMEM is 53BP1 dominant negative or TS
exonuclease; wherein the gRNA molecule and the RN A-guided nuclease molecule interact
with the nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by
at least one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM
suppresses the formation of an insertion, thereby suppressing formation of an insertion in the
nucleic acid at the target position in the cell, or in the population of cells.

In a further aspect, the present disclosure provides a method of enhancing the
formation of an insertion in a nucleic acid at a target position in a cell, or a population of
cells, the method comprising contacting the cell, or the population of cells, with (a) a gRNA
molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-Modulating
Enzyme Molecule (RMEM), wherein the RMEM is TdT; wherein the gRNA molecule and
the RNA-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage
event, wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the RMEM enhances the formation of an insertion,
thereby enhancing formation of an insertion in the nucleic acid at the target position in the
cell, or in the population of cells.

In some embodiments, the method further comprises contacting the cell, or the
population of cells, with (d) a second gRNA molecule, wherein the second gRNA molecule
and the RN'A-guided nuclease molecule interact with the nucleic acid, resulting in a second
cleavage event, and wherein the second cleavage event is repaired by the at least one DNA
repair pathway that is modulated by the RMEM. In other embodiments, the RMEM is
selected from the group consisting of Rad52, 53BP1 dominant negative, TdT, Rad51, RPA,
Artemis, TS5 Exonuclease, and ERCC1.

In some embodiments, a frequency of the DNA repair pathway repairing the nucleic
acid to comprise a deletion is decreased in the population of cells comprising, exposed to, or
contacted with the RMEM, as compared to a frequency of the DNA repair pathway repairing

the nucleic acid to comprise a deletion in a population of cells that does not comprise, has not
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been exposed to, or has not been contacted with the RMEM. In other embodiments, the
RMEM is Rad52 or TdT.

In some embodiments, a frequency of the DNA repair pathway repairing the nucleic
acid to comprise a deletion is increased in the population of cells comprising, exposed to, or
contacted with to the RMEM, as compared to a frequency of the DNA repair pathway
repairing the nucleic acid to comprise a deletion in a population of cells that does not
comprise, has not been exposed to, or has not been contacted with the RMEM. In other
embodiments, the RMEM is Artemis.

In some embodiments, the nucleic acid comprises a deletion after the cleavage event
is repaired as compared to the nucleic acid prior to the cleavage event.

In some embodiments, the cleavage event is repaired by gene conversion.

In some embodiments, a frequency of gene conversion is decreased in the population
of cells comprising, exposed to, or contacted with the RMEM, as compared to a frequency of
gene conversion in a population of cells that does not comprise, has not been exposed to, or
has not been contacted with the RMEM. In other embodiments, the RMEM is Rad52, TdT,
Rad51, RPA, or ERCCI1.

In some embodiments, the cleavage event is repaired by gene correction.

In some embodiments, a frequency of gene correction is decreased in the population
of cells comprising, exposed to, or contacted with the RMEM, as compared to a frequency of
gene conversion in a population of cells that does not comprise, has not been exposed to, or
has not been contacted with the RMEM. In other embodiments, the RMEM is TdT, Rad51, or
TS5 exonuclease.

In some embodiments, a frequency of gene correction is increased in the population of
cells comprising, exposed to, or contacted with the RMEM, as compared to a frequency of
gene conversion in a population of cells that does not comprise, has not been exposed to, or
has not been contacted with the RMEM. In other embodiments, the RMEM is Rad52 or
53BP1 dominant negative.

In some embodiments, the nucleic acid comprises an insertion after the cleavage event is
repaired, as compared to the nucleic acid prior to the cleavage event.

In some embodiments, a frequency of the DNA repair pathway repairing the nucleic
acid to comprise an insertion is decreased in the population of cells comprising, exposed to,
or contacted with the RMEM, as compared to a frequency of the DNA repair pathway

repairing the nucleic acid to comprise an insertion in a population of cells that does not
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comprise, has not been exposed to, or has not been contacted with the RMEM. In other
embodiments, the RMEM is 53BP1 dominant negative or TS5 exonuclease.

In some embodiments, a frequency of the DNA repair pathway repairing the nucleic
acid to comprise an insertion is increased in the population of cells comprising, exposed to, or
contacted with the RMEM, as compared to a frequency of the DNA repair pathway repairing
the nucleic acid to comprise an insertion in a population of cells that does not comprise, has
not been exposed to, or has not been contacted with the RMEM. In other embodiments, the
RMEM is TdT.

In some embodiments, the RMEM is a recombinant protein.

In some embodiments, the gRNA molecule is a gRNA nucleic acid, wherein the
RNA-guided nuclease molecule is a RNA-guided nuclease nucleic acid, and wherein the
RMEM is a RMEM nucleic acid.

In some embodiments, the gRNA molecule is a gRNA nucleic acid, wherein the
RNA-guided nuclease molecule is a RNA-guided nuclease protein, and wherein the RMEM
is a RMEM nucleic acid.

In some embodiments, the gRNA molecule is a gRNA nucleic acid, wherein the
RNA-guided nuclease molecule is a RNA-guided nuclease nucleic acid, and wherein the
RMEM is a RMEM protein.

In some embodiments, the gRNA molecule is a gRNA nucleic acid, wherein the
RNA-guided nuclease molecule is a RNA-guided nuclease protein, and wherein the RMEM
is a RMEM protein.

In some embodiments, the gRNA is a gRNA nucleic acid, wherein the RNA-guided
nuclease molecule is a RNA-guided nuclease protein, and wherein the RMEM is a RMEM
protein.

In some embodiments, the cell, or the population of cells, is contacted with the gRNA
molecule and the RNA-guided nuclease molecule as a pre-formed complex.

In some embodiments, the RNA-guided nuclease molecule is a Cas9 molecule. In
other embodiments, the RNA-guided nuclease molecule comprises at least 80% identity to an
S. aureus Cas9 sequence or an S. pyogenes Cas9 sequence. In another embodiment, the RNA-
guided nuclease molecule is an eaCas9 molecule or an eiCas9 molecule. In yet other
embodiments, the eaCas9 molecule comprises a nickase molecule. In another embodiment,
the Cas9 molecule comprises a mutation at an amino acid position corresponding to amino

acid position D10 of Streptococcus pyogenes Cas9. In other embodiments, the Cas9
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molecule comprises an amino acid mutation at an amino acid position corresponding to
amino acid position H840 or N863 of S. pyogenes Cas9.

In some embodiments, the gRNA is specific for an HBB gene.

In some embodiments, the method further comprises (e) a third gRNA molecule,
wherein the third gRNA molecule and the RNA-guided nuclease molecule interact at the
nucleic acid, resulting in a third cleavage event. In other embodiments, the method further
comprises (f) a fourth gRNA molecule, wherein the fourth gRNA molecule and the RNA-
guided nuclease molecule interact at the nucleic acid, resulting in a fourth cleavage event.

In some embodiments, the cleavage event comprises one or more single strand breaks,
one or more double strand breaks, or a combination of single strand breaks and double strand
breaks. In other embodiments, the cleavage event comprises any one of the following one
single strand break; two single strand breaks; three single strand breaks; four single strand
breaks; one double strand break; two double strand breaks; one single strand break and one
double strand break; two single strand breaks and one double strand break; or any
combination thereof.

In some embodiments, the target position is a control region, a coding region, a non-
coding region, an intron, or an exon of a gene.

In some embodiments, the cell, or the population of cells, is a eukaryotic cell, or a
population of eukaryotic cells. In other embodiments, the cell, or the population of cells, is a
human cell, or a population of human cells.

In some embodiments, the cell, or population of cells, is from a subject suffering from
a disease or disorder. In other embodiments, the disease or disorder is a blood disease, an
immune disease, a neurological disease, a cancer, an infectious disease, a genetic disease, a
disorder caused by aberrant mtDNA, a metabolic disease, a disorder caused by aberrant cell
cycle, a disorder caused by aberrant angiogenesis, a disorder cause by aberrant DNA damage
repair, or a pain disorder.

In some embodiments, the cell, or population of cells, is from a subject having at least
one mutation at the target position.

In some embodiments, the method further comprises isolating the cell, or population
of cells, from the subject prior to contacting the cell, or population of cells, with the gRNA
molecule, the RNA-guided nuclease molecule, and the RMEM.
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In some embodiments, the method further comprises introducing the cell, or the
population of cells, into a subject after contacting the cell, or the population of cells, with the
gRNA molecule, the RNA-guided nuclease molecule, and the RMEM.

In some embodiments, the contacting the cell, or the population of cells, with the
gRNA molecule, the RNA-guided nuclease molecule, and the RMEM is performed ex vivo.

In some embodiments, the contacting the cell, or the population of cells, with the
gRNA molecule, the RNA-guided nuclease molecule, and the RMEM is performed in vivo.

In some embodiments, the contacting the cell, or the population of cells, with the
gRNA molecule, the RNA-guided nuclease molecule, and the RMEM is performed in vitro.

In some embodiments, the method further comprises sequencing the nucleic acid, or a
portion of the nucleic acid, prior to contacting the cell, or the population of cells, with the
gRNA molecule, the RNA-guided nuclease molecule, and the RMEM. In other embodiments,
the method further comprises sequencing the nucleic acid, or a portion of the nucleic acid,
after the cleavage event.

In some embodiments, the sequence of the nucleic acid, after the cleavage event is
repaired, is different than the sequence of the nucleic acid prior to the cleavage event.

In one aspect, the present disclosure provides a cell, or a population of cells, altered
by the method as described herein.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is Rad52, wherein the gRNA
molecule and the RNA-guided nuclease molecule are configured to associate with a target
nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of the
DNA repair pathway repairing the target nucleic acid: i) to comprise a deletion is decreased;
11) using gene conversion is decreased; and/or ii1) using gene correction is increased in the
presence of the RMEM, as compared to a frequency of the DNA repair pathway repairing
the target nucleic acid i) to comprise a deletion, ii) using gene conversion, and/or iii) using
gene correction in the absence of the RMEM. In one embodiment, the frequency of the DNA
repair pathway repairing the target nucleic acid is compared to a frequency of the DNA repair
pathway repairing the target nucleic acid in the presence of the gRNA molecule and the

RNA-guided nuclease molecule, but in the absence of the RMEM.
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In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is 53BP1 dominant negative,
wherein the gRNA molecule and the RNA-guided nuclease molecule are configured to
associate with a target nucleic acid, resulting in a cleavage event; wherein the cleavage event
is repaired by at least one DNA repair pathway that is modulated by the RMEM; and wherein
a frequency of the DNA repair pathway repairing the target nucleic acid: 1) using gene
conversion is increased; ii) using gene correction is increased; and/or iii) to comprise an
insertion is decreased in the presence of the RMEM, as compared to a frequency of the DNA
repair pathway repairing the target nucleic acid 1) using gene conversion, ii) using gene
correction, and/or iii) to comprise an insertion in the absence of the RMEM. In one
embodiment, the frequency of the DNA repair pathway repairing the target nucleic acid is
compared to a frequency of the DNA repair pathway repairing the target nucleic acid in the
presence of the gRNA molecule and the RNA-guided nuclease molecule, but in the absence
of the RMEM.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is TdT, wherein the gRNA
molecule and the RNA-guided nuclease molecule are configured to associate with a target
nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of the
DNA repair pathway repairing the target nucleic acid: i) using gene conversion is decreased;
i1) using gene correction is decreased; ii1) to comprise an insertion is increased; and/or iv) to
comprise a deletion is decreased; in the presence of the RMEM, as compared to a frequency
of the DNA repair pathway repairing the target nucleic acid i) using gene conversion, ii)
using gene correction, iii) to comprise an insertion, and/or iv) to comprise a deletion in the
absence of the RMEM. In one embodiment, the frequency of the DNA repair pathway
repairing the target nucleic acid is compared to a frequency of the DNA repair pathway
repairing the target nucleic acid in the presence of the gRNA molecule and the RNA-guided
nuclease molecule, but in the absence of the RMEM.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is Rad51, wherein the gRNA
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molecule and the RNA-guided nuclease molecule are configured to associate with a target
nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of the
DNA repair pathway repairing the target nucleic acid: i) using gene conversion is decreased;
and/or ii) using gene correction is decreased; in the presence of the RMEM, as compared to a
frequency of the DNA repair pathway repairing the target nucleic acid 1) using gene
conversion and/or ii) using gene correction in the absence of the RMEM. In one
embodiment, the frequency of the DNA repair pathway repairing the target nucleic acid is
compared to a frequency of the DNA repair pathway repairing the target nucleic acid in the
presence of the gRNA molecule and the RNA-guided nuclease molecule, but in the absence
of the RMEM.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is RPA, wherein the gRNA
molecule and the RNA-guided nuclease molecule are configured to associate with a target
nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of the
DNA repair pathway repairing the target nucleic acid using gene conversion is decreased in
the presence of the RMEM, as compared to a frequency of the DNA repair pathway
repairing the target nucleic acid using gene conversion in the absence of the RMEM. In one
embodiment, the frequency of the DNA repair pathway repairing the target nucleic acid is
compared to a frequency of the DNA repair pathway repairing the target nucleic acid in the
presence of the gRNA molecule and the RNA-guided nuclease molecule, but in the absence
of the RMEM.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is Artemis, wherein the gRNA
molecule and the RNA-guided nuclease molecule are configured to associate with a target
nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of the
DNA repair pathway repairing the target nucleic acid to comprise a deletion is increased in
the presence of the RMEM, as compared to a frequency of the DNA repair pathway

repairing the target nucleic acid to comprise a deletion in the absence of the RMEM. In one
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embodiment, the frequency of the DNA repair pathway repairing the target nucleic acid is
compared to a frequency of the DNA repair pathway repairing the target nucleic acid in the
presence of the gRNA molecule and the RNA-guided nuclease molecule, but in the absence
of the RMEM.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is TS5 exonuclease, wherein the
gRNA molecule and the RNA-guided nuclease molecule are configured to associate with a
target nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at
least one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of
the DNA repair pathway repairing the target nucleic acid: i) using gene correction is
decreased; and/or ii) to comprise an insertion is decreased; in the presence of the RMEM, as
compared to a frequency of the DNA repair pathway repairing the target nucleic acid 1) using
gene correction and/or ii) to comprise an insertion in the absence of the RMEM. In one
embodiment, the frequency of the DNA repair pathway repairing the target nucleic acid is
compared to a frequency of the DNA repair pathway repairing the target nucleic acid in the
presence of the gRNA molecule and the RNA-guided nuclease molecule, but in the absence
of the RMEM.

In one aspect, the present disclosure provides a genome editing system comprising:
(a) a gRNA molecule; (b) a RNA-guided nuclease molecule; and (c) a heterologous Repair-
Modulating Enzyme Molecule (RMEM), wherein the RMEM is ERCC1, wherein the gRNA
molecule and the RNA-guided nuclease molecule are configured to associate with a target
nucleic acid, resulting in a cleavage event; wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM; and wherein a frequency of the
DNA repair pathway repairing the target nucleic acid using gene conversion is decreased in
the presence of the RMEM, as compared to a frequency of the DNA repair pathway
repairing the target nucleic acid using gene conversion in the absence of the RMEM. In one
embodiment, the frequency of the DNA repair pathway repairing the target nucleic acid is
compared to a frequency of the DNA repair pathway repairing the target nucleic acid in the
presence of the gRNA molecule and the RNA-guided nuclease molecule, but in the absence
of the RMEM.

In some embodiments, the genome editing system further comprises (d) a second

gRNA molecule.
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In some embodiments, the RMEM is a protein. In other embodiments, the RMEM is a
recombinant protein.

In some embodiments, the RMEM is a nucleic acid molecule encoding a RMEM
protein. In other embodiments, the nucleic acid molecule is a DNA molecule. In another
embodiment, the DNA molecule is a cDNA molecule, a DNA molecule comprising introns,
or a codon-optimized DNA. In yet another embodiment, the DNA molecule is located on a
plasmid. In other embodiments, the nucleic acid molecule is an RNA molecule. In further
embodiments, the RNA molecule is a mRNA molecule.

In some embodiments, the RNA-guided nuclease molecule is a Cas9 molecule. In
other embodiments, the Cas9 molecule comprises at least 80% identity to an S. aureus Cas9
sequence or an S. pyogenes Cas9 sequence. In another embodiment, the Cas9 molecule is an
eaCas9 molecule or an eiCas9 molecule. In yet another embodiment, the eaCas9 molecule
comprises a nickase molecule. In further embodiments, the Cas9 molecule comprises a
mutation at an amino acid position corresponding to amino acid position D10 of
Streptococcus pyogenes Cas9. In yet another embodiment, the Cas9 molecule comprises an
amino acid mutation at an amino acid position corresponding to amino acid position H840 or
N863 of S. pyogenes Cas9.

In some embodiments, the gRNA is specific for an HBB gene.

In some embodiments, the genome editing system further comprises (e) a third gRNA
molecule. In another embodiment, the genome editing system further comprises (f) a fourth
gRNA molecule.

In some embodiments, the RNA-guided nuclease molecule is a protein.

In some embodiments, the RNA-guided nuclease molecule is a nucleic acid molecule
encoding a RNA-guided nuclease protein. In another embodiment, the nucleic acid molecule
is a DNA molecule or an RNA molecule. In yet another embodiment, the DNA molecule is
located on a plasmid.

In some embodiments, the gRNA molecule is a gRNA nucleic acid.

In another aspect, the present disclosure provides a cell comprising the genome
editing system as described herein.

In another aspect, the present disclosure provides a population of cells, wherein each
cell comprises the genome editing system as described herein.

In another aspect, the present disclosure provides a pharmaceutical composition

comprising the cell, or the population of cells, as described herein.
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In another aspect, the present disclosure provides a method of treating a subject
comprising administering to the subject the cell, or the population of cells, as described
herein, or the pharmaceutical composition as described herein.

In another aspect, the present disclosure provides a polynucleotide encoding the
genome editing system as described herein.

In another aspect, the present disclosure provides a vector encoding the genome
editing system as described herein.

In another aspect, the present disclosure provides a genome editing vector system
comprising one or more nucleic acids encoding the genome editing system as described
herein.

In another aspect, the present disclosure provides a lipid particle comprising the
genome editing system as described herein.

In one aspect, the present disclosure provides a method of altering a cell, comprising
the steps of: forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or
double-strand break, thereby exposing at least one single-stranded DNA segment proximate
to the single- or double-strand break; and annealing an exogenous single-stranded
oligonucleotide donor template to the at least one single-stranded DNA segment, wherein (a)
the annealing of the exogenous single-stranded oligonucleotide donor template is facilitated
by an exogenous Rad52 protein, and (b) the single- or double-stranded break is repaired in a
manner that incorporates at least a portion of a sequence of the exogenous single-stranded
oligonucleotide donor template or a reverse complement thereof. In some embodiments, the
single- or double-stranded break is repaired in a manner that inhibits incorporation of at least
a portion of a sequence of an endogenous donor template or a reverse complement thereof,
and/or (d) the single- or double-strand break is repaired in a manner that inhibits deletion of
a nucleotide in the DNA.

In one aspect, the present disclosure provides a method of altering a cell, comprising
the steps of: forming, in a deoxyribonucleic acid (DNA) of a cell, at least one double-strand
break, thereby exposing at least one single-stranded DNA segment proximate to the double-
strand break; and annealing an exogenous single-stranded oligonucleotide donor template to
the at least one single-stranded DNA segment, wherein (a) the one or more free DNA ends
exposed by the double-strand break is facilitated by an exogenous 53BP1 dominant negative
protein, and (b) the single- or double-stranded break is repaired in a manner that incorporates

at least a portion of a sequence of the exogenous single-stranded oligonucleotide donor
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template or a reverse complement thereof. In some embodiments, the method further
comprises (c) the double-strand break is repaired in a manner that inhibits incorporation of
an insertion of at least one nucleotide in the DNA.

In one aspect, the present disclosure provides a method of altering a cell, comprising
the steps of: forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or
double-strand break, thereby generating at least one free 3° end of the DNA; and adding at
least one nucleotide to the free 3’ end of the DNA at the at least one single- or double-strand
break, wherein (a) the single- or double-strand break is repaired in a manner that incorporates
the at least one nucleotide added to the 3° end of the DNA strand, and (b) wherein the at least
one nucleotide is added by an exogenous terminal deoxynucleotidyl transferase (TdT)
protein. In some embodiments, the method further comprises (c) the single- or double-strand
break is repaired in a manner that inhibits incorporation of a deletion of at least one
nucleotide in the DNA, (d) the single- or double-stranded break is repaired in a manner that
inhibits incorporation of at least a portion of a sequence of an endogenous donor template or
a reverse complement thereof, and (¢) the single- or double-stranded break is repaired in a
manner that inhibits incorporation of at least a portion of a sequence of an exogenous single-
stranded oligonucleotide donor template or a reverse complement thereof.

In one aspect, the present disclosure provides a method of altering a cell, comprising
the steps of: forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or
double-strand break, thereby generating at least one free 5’ end of the DNA; and removing at
least one nucleotide from the free 5 end of the DNA at the at least one single- or double-
strand break, wherein (a) the single- or double-strand break is repaired in a manner that
deletes the at least one nucleotide from the 5° end of the DNA strand, and (b) wherein the at
least one nucleotide is deleted by an exogenous Artemis protein.

In one aspect, the present disclosure provides a method of altering a cell, comprising
the steps of: forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or
double-strand break, thereby generating a 3° single-stranded overhang and/or a 5° single-
stranded overhang in the DNA; and cleaving a phosphodiester backbone of the DNA to
remove at least a portion of the 3’ single-stranded overhang and/or the 5’ single-stranded
overhang, wherein (a) the phosphodiester backbone of the DNA is cleaved by an exogenous
ERCCI protein, and (b) wherein the single- or double-stranded break is repaired in a manner
that inhibits incorporation of at least a portion of a sequence of an exogenous single-stranded

oligonucleotide donor template, or reverse complement thereof.
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In some embodiments, the method further comprises the step of forming the at least
one single- and/or double-strand break comprises administering to the cell an RNA-guided
nuclease, optionally a Class 2 Clustered Regularly Interspersed Repeat (CRISPR)-associated
nuclease. In other embodiments, the RNA-guided nuclease is selected from the group
consisting of a wild-type Cas9, a Cas9 nickase, a wild-type Cpfl, and a Cpf1 nickase. In
another embodiment, administering the RNA-guided nuclease to the cell comprises
introducing into the cell a ribonucleoprotein (RNP) complex comprising an RNA-guided
nuclease and a guide RNA. In yet another embodiment, the step of forming the at least one
single- and/or double-strand break further comprises introducing a single-stranded
oligonucleotide donor template into the cell, with the RNP complex, and the protein. In yet
further embodiments, the step of administering the RNA-guided nuclease to the cell
comprises electroporation of the cell in the presence of the RNP complex, thereby
introducing the RNP complex into the cell.

Where applicable or not specifically disclaimed, any one of the embodiments
described herein are contemplated to be able to combine with any other one or more
embodiments, even though the embodiments are described under different aspects of the
disclosure.

These and other embodiments are disclosed or are obvious from and encompassed by,

the following Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are intended to provide illustrative, and schematic rather
than comprehensive, examples of certain aspects and embodiments of the present disclosure.
The drawings are not intended to be limiting or binding to any particular theory or model, and
are not necessarily to scale. Without limiting the foregoing, nucleic acids and polypeptides
may be depicted as linear sequences, or as schematic two- or three-dimensional structures;
these depictions are intended to be illustrative rather than limiting or binding to any particular
model or theory regarding their structure.

Fig. 1A shows schematics of the RMEM cDNA expression construct used for
viability and expression optimization experiments. The RMEM is fused to a nuclear
localization signal at the N-terminus and contains a C-terminal 3XFLAG tag.

Fig. 1B shows a schematic of the experimental set-up for expression/viability
analysis: U20S cells were nucleofected with Cas9/gRNA and the RMEM cDNA construct.

On day 3, cells were collected for viability analysis and protein expression analysis.
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Fig. 1C shows (in the upper panel) a viability analysis for the RMEM Trex2 at the
indicated concentrations. The lower panel shows a Western Blot using FLAG to assess
expression of the RMEM Trex2 at the indicated concentrations.

Fig. 2A shows schematics of the RMEM cDNA expression used for experiments to
determine effect of RMEM on repair pathway choice/outcome. The RMEM is fused to a
nuclear localization signal at the N-terminus.

Fig.2B shows a schematic of the experimental set-up for RMEM screen: U20S cells
were nucleofected on day 0 with a Cas9/gRNA variant, the RMEM cDNA construct and a
ssODN. On day 5, cells were collected, lysed, and gDNA was extracted. A locus PCR for the
HBB locus performed and PCR products were subjected to high throughput sequencing using
an Illumina MiSeq sequencer and computationally analysed for the occurrence of repair
events. The RMEM can be delivered as DNA (e.g., cDNA, DNA containing introns, or codon
optimized DNA), protein and/or mRNA.

Fig. 3A shows the cDNA expression of Rad52 represses the formation of deletions in
the context of a WT Cas9-induced DSB and D10A-induced dual nick lesions using gRNAs
HBBS and HBB 15.

Fig. 3B demonstrates the cDNA expression of Rad52 represses gene conversion in the
context of a WT Cas9-induced DSB, D10A-induced dual nick lesions and N863 A-induced
dual nick lesions with gRNAs HBB8 and HBB 15.

Fig. 4A shows the cDNA expression of Rad52 enhances gene correction in the
context of a D10A dual nick lesion induced by D10A Cas9 with gRNAs HBB8 and HBB 15
(dual nick — 5° overhang).

Fig. 4B shows the cDNA expression of Rad52 enhances gene correction in the
context of a D10A single nick lesion induced by D10A Cas9 with gRNA HBBS.

Fig. SA shows the addition of Rad52 protein enhances gene correction in the context
of a WT DSB induced by WT Cas9 with gRNAs HBBS.

Fig. 5B shows the addition of Rad52 protein represses the formation of deletions in
the context of a WT DSB induced by WT Cas9 with gRNAs HBBS.

Fig. 5C shows the addition of Rad52 protein represses gene conversion in the context
of a WT DSB induced by WT Cas9 with gRNAs HBBS.

Fig. 6A shows the cDNA expression of 53BP1 Dominant Negative (DN) - long
enhances gene correction in the context of a WT Cas9-induced DSB, D10A-induced dual

nick lesions and N863 A-induced dual nick lesions with gRNAs HBB8 and HBB15.
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Fig 6B shows the cDNA expression of 53BP1 Dominant Negative (DN) - short
enhances gene correction in the context of a WT Cas9-induced DSB and N863 A-induced
dual nick lesions with gRNAs HBB8 and HBB15.

Fig. 7 shows the cDNA expression of 53BP1 Dominant Negative (DN) - short
represses the formation of insertions in the context of a WT Cas9-induced DSB with gRNA
Hbb8 and N863A-induced dual nick lesions with gRNAs HBB8 and HBB15.

Fig. 8A shows the cDNA expression of TdT enhances the formation of insertions in
the context of a WT Cas9-induced DSB with gRNA HBBS.

Fig. 8B shows the cDNA expression of TdT represses the formation of deletions in
the context of a WT Cas9-induced DSB with gRNA HBBS.

Fig. 8C shows the cDNA expression of TdT represses gene conversion in the context
of a WT Cas9-induced DSB with gRNA HBBS.

Fig. 8D shows the cDNA expression of TdT represses gene correction in the context
of a WT Cas9-induced DSB with gRNA HBBS.

Fig. 9A shows the cDNA expression of Rad51 represses gene conversion in the
context of a WT Cas9-induced DSB, D10A-induced dual nick lesions and N863 A-induced
dual nick lesions with gRNAs HBB8 and HBB15.

Fig. 9B shows the cDNA expression of Rad51 represses gene correction in the
context of a WT Cas9-induced DSB, D10A-induced dual nick lesions and N863 A-induced
dual nick lesions with gRNAs HBB8 and HBB15.

Fig. 10 shows the cDNA expression of RPA represses the formation of insertions in
the context of a WT Cas9-induced DSB and D10A-induced dual nick lesions with gRNAs
HBBS8 and HBB15.

Fig. 11 shows the cDNA expression of Artemis enhances the formation of deletions in
the context of D10A-induced dual nick lesions with gRNAs HBB8 and HBB15.

Fig. 12A shows the cDNA expression of TS Exonuclease (T5 Exo) represses the
formation of insertions in the context of N863 A-induced dual nick lesions with gRNAs
HBBS8 and HBB15.

Fig. 12B shows the cDNA expression of TS Exonuclease (TS5 Exo) represses gene
correction in the context of N863A-induced dual nick lesions with gRNAs HBBS§ and
HBB15.

Fig. 13 shows the cDNA expression of ERCC1 represses gene conversion in the

context of WT Cas9-induced DSB using gRNA HBBS.
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DETAILED DESCRIPTION
Definitions

Unless otherwise specified, each of the following terms has the meaning associated
with it in this section.

The indefinite articles “a’” and “an” refer to at least one of the associated noun, and
are used interchangeably with the terms “at least one” and “one or more.” For example, “a
module” means at least one module, or one or more modules.

The conjunctions “or” and “and/or” are used interchangeably as non-exclusive
disjunctions.

“Alter”, “altered”, or “altering”, as the term is used herein, in reference to amino acid
or nucleotide sequences, refers to a change in a sequence, e.g., a deletion of one or more
amino acid residues or nucleotides, a mutation of one or more amino acid residues or
nucleotides, or an insertion of one or more amino acid residues or nucleotides.

“Amino acids” as used herein encompasses the canonical amino acids as well as
analogs thereof.

“Amino acid residues that flank a deletion”, as that phrase is used herein, refers to the
amino acid residue that immediately precedes the deletion and the amino acid residue that
immediately follows the deletion. By way of example, in a sequence crl-cr2-cr3-cr7-c18-
cr9, wherein ct4-cr5-c16 is deleted, the amino acid residues that flank the deletion are, 13
and cr7.

An “indel” is an insertion and/or deletion in a nucleic acid sequence. An indel may be
the product of the repair of a DNA double strand break, such as a double strand break formed
by a genome editing system of the present disclosure. An indel is most commonly formed
when a break is repaired by an “error prone” repair pathway such as the NHEJ pathway
described below. “Gene conversion” refers to the alteration of a DNA sequence by
incorporation of an endogenous homologous sequence (e.g., a homologous sequence within a
gene array). “Gene correction” refers to the alteration of a DNA sequence by incorporation of
an exogenous homologous sequence, such as an exogenous single-or double stranded donor
template DNA. Gene conversion and gene correction are products of the repair of DNA
double-strand breaks by HDR pathways such as those described below.

Indels, gene conversion, gene correction, and other genome editing outcomes are
typically assessed by sequencing (most commonly by “next-gen” or “sequencing-by-

synthesis” methods, though Sanger sequencing may still be used) and are quantified by the
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relative frequency of numerical changes (e.g., 1, £2 or more bases) at a site of interest
among all sequencing reads. DNA samples for sequencing may be prepared by a variety of
methods known in the art, and may involve the amplification of sites of interest by
polymerase chain reaction (PCR), the capture of DNA ends generated by double strand
breaks, as in the GUIDEseq process described in Tsai et al. (Nat. Biotechnol. 34(5): 483
(2016), incorporated by reference herein) or by other means well known in the art. Genome
editing outcomes may also be assessed by in sifu hybridization methods such as the
FiberComb™ system commercialized by Genomic Vision (Bagneux, France), and by any
other suitable methods known in the art.

“RNA-guided nucleases” according to the present disclosure include, but are not
limited to, naturally-occurring Class 2 CRISPR nucleases such as Cas9, and Cpf1, as well as
other nucleases derived or obtained therefrom. In functional terms, RNA-guided nucleases
are defined as those nucleases that: (a) interact with (e.g., complex with) a gRNA; and (b)
together with the gRNA, associate with, and optionally cleave or modify, a target region of a
DNA that includes (1) a sequence complementary to the targeting domain of the gRNA and,
optionally, (ii) an additional sequence referred to as a “protospacer adjacent motif,” or
“PAM,” which is described in greater detail below. As the following examples will illustrate,
RNA-guided nucleases can be defined, in broad terms, by their PAM specificity and cleavage
activity, even though variations may exist between individual RN A-guided nucleases that
share the same PAM specificity or cleavage activity. Skilled artisans will appreciate that
some aspects of the present disclosure relate to systems, methods and compositions that can
be implemented using any suitable RNA-guided nuclease having a certain PAM specificity
and/or cleavage activity. For this reason, unless otherwise specified, the term RNA-guided
nuclease should be understood as a generic term, and not limited to any particular type (e.g.
Cas9 vs. Cpfl), species (e.g. S. pyogenes vs. S. aureus) or variation (e.g., full-length vs.
truncated or split; naturally-occurring PAM specificity vs. engineered PAM specificity, etc.)
of RNA-guided nuclease.

“Cas9 molecule,” as that term is used herein, refers to a “Cas9 polypeptide” or a
nucleic acid encoding a Cas9 polypeptide. A “Cas9 polypeptide” is a polypeptide that can
bind (1) a PAM (a protospacer adjacent motif) in a nucleic acid and (2) a guide RNA (gRNA)
molecule. In one embodiment, in concert with the gRNA molecule, a Cas9 polypeptide can

localize to a site which comprises a target domain.
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A Cas9 molecule may be a nuclease (an enzyme that cleaves both strands of a double-
stranded nucleic acid), a nickase (an enzyme that cleaves one strand of a double-stranded
nucleic acid), or an enzymatically inactive (or dead) Cas9 molecule. A Cas9 molecule having
nuclease or nickase activity is referred to as an enzymatically active Cas9 molecule (an
eaCas9 molecule). A Cas9 molecule lacking the ability to cleave target nucleic acid is
referred to as an “enzymatically inactive Cas9 molecule” (an “eiCas9 molecule”). A Cas9
molecule can have the amino acid sequence of a naturally occurring Cas9 molecule or can be
an altered, engineered or modified Cas9 molecule, which differs by at least one amino acid
residue, from a reference sequence, e.g., the most similar naturally occurring Cas9 molecule.
(The terms altered, engineered or modified, as used in this context, refers merely to a
difference from a reference or naturally occurring sequence, and impose no specific process
or origin limitations). A Cas9 molecule may be a Cas9 polypeptide or a nucleic acid
encoding a Cas9 polypeptide.

In one embodiment, a Cas9 molecule meets one or both of the following criteria:

it has at least 20, 30, 40, 50, 55, 60, 65, 70, 75, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% homology with, or

it differs by no more than 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 25, 30, 35, 40, 35, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 150, 200, 250, 300, 350 or
400, amino acid residues from, the amino acid sequence of a reference sequences, e.g.,
naturally occurring Cas9 molecule.

In one embodiment, the Cas9 molecule may be a Cas9 deletion, e.g., the Cas9 may
comprise a deletion in one or more of the following domains: a REC2 REClc¢r, or REClgup
domain, and optionally, a linker disposed between the amino acids flanking the deletion.
Except for any REC deletion and associated linker, a Cas9 molecule meets one or both of the
following criteria:

it has at least 20, 30, 40, 50, 55, 60, 65, 70, 75, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% homology with, or

it differs by no more than 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 25, 30, 35, 40, 35, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 150, 200, 250, 300, 350 or
400, amino acid residues from, the amino acid sequence of a reference sequences, e.g.,
naturally occurring Cas 9 molecule. Homology except for any REC deletion is determined as

follows: a sequence having a deletion is altered by replacing the deleted sequence with the
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corresponding sequence from the reference sequence, and the altered sequence is compared
with the reference sequence.

In another embodiment, the Cas9 molecule may be a Cas9 variant, e.g., the Cas9 may
comprise an altered PI domain, or other modified amino acid sequence, or the Cas9 may
comprise a linker. In an alternate embodiment, except for an altered PI domain or other
modified amino acid sequence, a Cas9 molecule meets one or both of the following criteria:

it has at least 20, 30, 40, 50, 55, 60, 65, 70, 75, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% homology with, or

it differs by no more than 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 25, 30, 35, 40, 35, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 150, 200, 250, 300, 350 or
400, amino acid residues from, the amino acid sequence of a reference sequences, e.g.,
naturally occurring Cas 9 molecule. Homology except for an altered PI domain, or other
modified amino acid sequence is determined as follows: a sequence having an altered PI
domain (or other modified amino acid sequence) is altered by restoring the altered P domain
(or other modified amino acid sequence) to the naturally occurring PI domain (or other
naturally occurring sequence) from the reference sequence, and the thus altered sequence is
compared with the reference sequence.

In an alternate embodiment, except for a linker, a Cas9 molecule meets one or both of
the following criteria:

it has at least 20, 30, 40, 50, 55, 60, 65, 70, 75, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% homology with, or

it differs by no more than 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 25, 30, 35, 40, 35, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 150, 200, 250, 300, 350 or
400, amino acid residues from, the amino acid sequence of a reference sequences, e.g.,
naturally occurring Cas 9 molecule. Homology except for a linker is determined as follows:
a sequence having a linker is altered by omitting the linker sequence, and the thus altered
sequence is compared with the reference sequence.

In another embodiment, each domain of the Cas9 molecule, including any remaining
portion of a REC2, RECl¢r, or REClsyp domain having a deletion or an unaltered portion of
a PI domain, will, independently have: at least 20, 30, 40, 50, 55, 60, 65, 70, 75, 80, 81, 82,
83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% homology with such
a domain described herein. In one embodiment at least 1, 2, 3, 4, 5, of 6 domains will have,

independently, at least 50, 60, 70, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95,
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96, 97, 98, 99, or 100% homology with a corresponding domain, while any remaining
domains will be absent, or have less homology to their corresponding naturally occurring
domains.

In one embodiment, the Cas9 molecule is a S. pyogenes Cas9 variant. In certain
embodiments, the Cas9 variant is the EQR variant. In certain embodiments, the Cas9 variant
is the VRER variant. In certain embodiments, the eiCas9 molecule is a S. pyogenes Cas9
variant. In certain embodiments, the Cas9 variant is the EQR variant. In certain
embodiments, the Cas9 variant is the VRER variant. In some embodiments the S. pyogenes
Cas9 variant comprises an alanine substitution at a positively charged residue (see Slaymaker
et al. (2015) “Rationally engineered Cas9 nucleases with improved specificity,” SCIENCE
(Published online December 1, 2015) [DOI:10.1126/science.aad5227]). In some
embodiments the S. pyogenes Cas9 variant comprises one or more of the following
mutations: R780A, K810A, K848A, K855A, HI982A, R976A, R1003A, and R1060A (see
Slaymaker et al.). In some embodiments the S. pyogenes Cas9 variant comprises one or more
mutations in the following amino acid residues: R780, K810, K848, K855, H982, R976,
R1003, and R1060. In some embodiments, the S. pyogenes Cas9 variant is the K§55A
variant (see Slaymaker et al.). In some embodiments, the S. pyogenes Cas9 variant is the
K810A/K1003A/R1060A variant (also known as “eSpCas9(1.0)”) (see Slaymaker ef al.). In
some embodiments, the S. pyogenes Cas9 variant is the K848 A/K1003A/R1060A variant
(also known as “eSpCas9(1.1)”) (see Slaymaker et al.).

In some embodiments, the Cas9 molecule is a S. aureus Cas9 variant. In certain
embodiments, the Cas9 variant is the KKH (E782K/N968K/R1015H) variant (see Kleinstiver
et al. (2015) NAT. BIOTECHNOL. doi: 10.1038/nbt.3404, the entire contents of which are
expressly incorporated herein by reference). In some embodiments, the Cas9 variant is the
E782K/K929R/R1015H variant (see Kleinstiver et al. (2015)). In some embodiments, the
Cas9 variant is the E782K/K929R/N968K/R1015H variant (see Kleinstiver et al. (2015). In
some embodiments the Cas9 variant comprises one or more mutations in one of the following
amino acid residues: E782, K929, N968, R1015. In some embodiments the Cas9 variant
comprises one or more of the following mutations: E782K, K929R, N968K, R1015H and
R1015Q (see Kleinstiver ef al. (2015)).

“Cas9 polypeptide”, as that term is used herein, also refers to a Cas9 molecule having
at least 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100 %

homology with a reference Cas9 molecule. A Cas9 polypeptide can be enzymatically active
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(an eaCas9 polypeptide), or can lack the ability to cleave a target nucleic acid (an eiCas9
polypeptide).

“Cas9 core domain”, as that term is used herein, refers to a polypeptide that does not
include a functional PI domain, e.g., a polypeptide not having an endogenous PI domain, e.g.,
wherein the endogenous PI domain is deleted (deleted, as used in this context, refers merely
to a sequence difference or the absence of amino acid residues and implies no process or
origin limitation), or generally, a Cas9 molecule lacking a PI domain. In one embodiment, a
Cas9 core domain comprises a REC1 domain, a REC2 domain, a BH domain, a RuvC
domain, and an HNH domain. A Cas9 core domain, together with an altered PI domain,
comprises a functional Cas9 molecule.

In one embodiment, a species X Cas9 core domain has at least 20, 30, 40, 50, 60, 70,
80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100%
homology with the corresponding sequence of a reference sequence, e.g., a naturally
occurring species X Cas9 core domain. In one embodiment, each of a REC1 domain, a
REC2 domain, a BH domain, a RuvC domain, and/or an HNH domain of a species X Cas9
core domain has, independently, at least 20, 30, 40, 50, 60, 70, 80, 81, 82, 83, 84, 85, 86, 87,
88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100% homology with the corresponding
sequence of a reference sequence, e.g., a naturally occurring species X Cas9 core domain.

“Cleavage event”, as used herein, is intended to include Cas9-mediated single-
stranded and double-stranded DNA breaks. In one embodiment, the term “cleavage event”
refers to one or more Cas9-mediated single-stranded DNA breaks. In one embodiment, the
term “cleavage event” refers to one or more Cas9-mediated double-stranded DNA breaks. In
one embodiment, the term “cleavage event” refers to a combination of one or more Cas9-
mediated single-stranded DNA breaks, and one or more Cas9-mediated double-stranded
DNA breaks.

“Contacting”, as used herein in reference to a cell or a population of cells, is intended
to include indirect or direct bringing together of a compound, e.g., a polypeptide or a nucleic
acid, and a cell, or a population of cells. The term “contacting”, as used herein, does not
imply or require that the compound enter and/or traverse a membrane and/or cell wall of a
cell, or a population of cells. However, in some embodiments, a compound may enter and/or
traverse a membrane and/or cell wall of a cell, or a population of cells, after it is “contacted”
with the compound. In some embodiments, the term “contacting” is intended to include in

vitro exposure of a cell, or a population of cells, to a compound. In some embodiments, the
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term “contacting” is intended to include in vivo exposure of a cell, or a population of cells, to
a compound. In some embodiments, the term “contacting” is intended to include ex vivo
exposure of a cell, or a population of cells, to a compound. In some embodiments, the term
“contacting” is intended to include exposure of a compound to a cell, or a population of cells
via a carrier, e.g., a liposome or a viral particle. In some embodiments, the term “contacting”
is intended to include exposure of a cell, or a population of cells, to a nucleic acid molecule,
e.g., a DNA molecule, or a RNA molecule (e.g., a miRNA molecule or a gRNA molecule).

In some embodiments, the term “contacting” is intended to include exposure of a cell, or a
population of cells, to a polypeptide.

“Derived from”, as used herein, refers to the source or origin of a molecular entity,
e.g., anucleic acid or protein. The source of a molecular entity may be naturally-occurring,
recombinant, unpurified, or a purified molecular entity. For example, a polypeptide that is
derived from a second polypeptide comprises an amino acid sequence that is identical or
substantially similar, e.g., is more than 50% homologous to, the amino acid sequence of the
second protein. The derived molecular entity, e.g., a nucleic acid or protein, can comprise
one or more modifications, e.g., one or more amino acid or nucleotide changes.

“Frequency”, as that term is used herein, refers to the rate at which a certain event
occurs, or is likely to occur, in a population, e.g., a population of cells. For example, as used
herein, an increase (i.e., enhancement) or decrease (i.e., suppression) in a {frequency may refer
to an increase, or decrease, respectively, of a particular event occurring in a given sample,
relative to an untreated, control sample (e.g., an untreated control cell or control population of
cells). As used herein, the term “frequency of DNA repair” in a sample refers to the
frequency with which DNA is repaired in a sample, e.g., the frequency with which DNA is
repaired in a sample as compared to a control sample. As an example, a frequency of DNA
repair may be increased or decreased in a population of cells exposed to an RMEM and a
genome editing system, e.g., comprising a RNA-guided nuclease and a gRNA, as compared
to a frequency of DNA repair in a population of cells that has been exposed to the genome
editing system but not the RMEM. In some embodiments, the control can be a sample which
has been exposed to a genome editing system but not an RMEM. In another embodiments,
the control can be a sample which has not been exposed to an RMEM.

In some embodiments, the frequency with which DNA is repaired in a sample, e.g.,
population of cells, is increased, e.g., increased by about 5%, 10%, 15%, 20%, 25%, 30%,
35%, 40%., 45%, 50%, 55%, 60%, 65%, T10%, 15%. 80%, 85%, 90%, 95%, 1-fold, 1.5-fold,
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2-fold,2.5-fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold,7-fold, 7.5-
fold, 8-fold, 8.5-fold, 9-fold, 9.5-fold, 10-fold, 10.5-fold, 11-fold, 11.5-fold, 12-fold, 12.5-
fold, 13-fold, 13.5-fold, 14-fold, 14.5-fold, 15-fold, 16-fold, 17-fold, 18-fold, 19-fold, or by
about 20-fold, as compared to a control sample, e.g., a control population of cells. In another
embodiment, the frequency with which DNA is repaired in a sample, e.g., population of cells,
is decreased, e.g., dcreased by about 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,
55%, 60%, 65%, 710%, 75%, 80%, 85%, 90%, 95%, 1-fold, 1.5-fold, 2-fold,2.5-fold, 3-fold,
3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold,7-fold, 7.5-fold, 8-fold, 8.5-fold, 9-
fold, 9.5-fold, 10-fold, 10.5-fold, 11-fold, 11.5-fold, 12-fold, 12.5-fold, 13-fold, 13.5-fold,
14-fold, 14.5-fold, 15-fold, 16-fold, 17-fold, 18-fold, 19-fold, or by about 20-fold, as
compared to a control sample, e.g., a control population of cells.

“PI domain”, as that term is used herein, refers to the region of a Cas9 molecule that
interacts with the PAM sequence of a target nucleic acid.

“Altered PI domain”, as that term is used herein, refers to a PI domain other than the
native or endogenous PI domain associated with the naturally occurring Cas9 molecule. For
example, a Cas9 molecule comprises an altered PI domain if its PI domain is other than the PI
domain naturally associated with the Cas9 core domain of the Cas9 molecule, or if its PI
domain is not a naturally occurring PI domain associated with any Cas9 molecule. (Derived,
as used in this sense, is not limited to physical derivation or even derivation from a specific
source, and does not require a process limitation, but In one embodiment, includes mere
structural similarity). An altered PI domain may have less than 99, 98, 97, 96, 95, 94, 93, 92,
91, 90, 89, 88, 87, 86, 85, 84, 83, 82, 81, 80, 70, 60, 50, 30, 40, 30, 20, or 10% homology
with the native or endogenous PI domain of a subject naturally occurring Cas9 molecule from
which the Cas9 core domain is derived. An altered PI domain may have a different PAM
recognition sequence, also referred to as the RKR motif, than that of the native or
endogenous PI domain of the Cas9 species that supplies the Cas9 core domain. The RKR
motif of an altered PI domain may differ from the RKR motif of the native or endogenous PI
domain of the Cas9 core domain by 1, 2, or 3 residues. The RKR motif of the altered PI
differs at the first position, the second position, the third position, the first and second
positions, the first and third positions, the second and third positions, or all three positions,
from the RKR motif of the PI endogenous to or naturally associated with the Cas9 core

domain. In one embodiment, an altered PI domain is one having greater homology with the
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PI domain of a reference or donor naturally occurring Cas9 molecule (a heterologous Cas9)
that with the native PI domain of a subject Cas9.

The terms “homology” or “identity,” as used interchangeably herein, refer to
sequence identity between two amino acid sequences or two nucleic acid sequences, with
identity being a more strict comparison. The phrases "percent identity or homology" and "%
identity or homology" refer to the percentage of sequence identity found in a comparison of
two or more amino acid sequences or nucleic acid sequences. Two or more sequences can be
anywhere from 0-100% identical, or any value there between. Identity can be determined by
comparing a position in each sequence that can be aligned for purposes of comparison to a
reference sequence. When a position in the compared sequence is occupied by the same
nucleotide base or amino acid, then the molecules are identical at that position. A degree of
identity of amino acid sequences is a function of the number of identical amino acids at
positions shared by the amino acid sequences. A degree of identity between nucleic acid
sequences is a function of the number of identical or matching nucleotides at positions shared
by the nucleic acid sequences. A degree of homology of amino acid sequences is a function
of the number of amino acids at positions shared by the polypeptide sequences.

Calculations of homology or sequence identity between two sequences (the terms are
used interchangeably herein) are performed as follows. The sequences are aligned for
optimal comparison purposes (e.g., gaps can be introduced in one or both of a first and a
second amino acid or nucleic acid sequence for optimal alignment and non-homologous
sequences can be disregarded for comparison purposes). The optimal alignment is
determined as the best score using the GAP program in the GCG software package with a
Blossum 62 scoring matrix with a gap penalty of 12, a gap extend penalty of 4, and a frame
shift gap penalty of 5. The amino acid residues or nucleotides at corresponding amino acid
positions or nucleotide positions are then compared. When a position in the first sequence is
occupied by the same amino acid residue or nucleotide as the corresponding position in the
second sequence, then the molecules are identical at that position. The percent identity
between the two sequences is a function of the number of identical positions shared by the
sequences.

As used herein, the terms “heterologous”, “heterologous protein”, or “heterologous
polypeptide” as used to refer to a protein, a polypeptide, or a fragment or domain of a
polypeptide, refers to a protein, a polypeptide, or a fragment or domain of a polypeptide that

is not normally found in a given cell in nature. As used herein, a “heterologous sequence” or
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a “heterologous nucleic acid” refers to a nucleic acid that is not normally found in a given
cell in nature. In some embodiments, the heterologous protein or heterologous nucleic acid is
exogenously introduced into a given cell. A “heterologous nucleic acid” includes a native
gene, or fragment thereof, that has been introduced into the host cell in a form that is different
from the corresponding native gene. For example, a heterologous nucleic acid may include a
native gene coding sequence that is engineered as a chimeric gene to include a native coding
sequence and non-native regulatory regions, which may then be introduced into a host cell.

A heterologous gene may also include a native gene, or fragment thereof, introduced into a
non-native host cell. Thus, a heterologous gene may be foreign or native to the recipient cell;
a nucleic acid sequence that is naturally found in a given cell but expresses an unnatural
amount of the nucleic acid and/or the polypeptide which it encodes; and/or two or more
nucleic acid sequences that are not found in the same relationship to each other in nature, e.g.,
a native nucleic acid sequence operably-linked to a non-native regulatory nucleic acid
sequence.

As used herein, the term “gRNA molecule” or “gRNA” refers to a guide RNA which
is capable of targeting a Cas9 molecule to a target nucleic acid. In one embodiment, the term
“gRNA molecule” refers to a gRNA. In another embodiment, the term “gRNA molecule”
refers to a nucleic acid encoding a gRNA.

“Linker”, as that term is used herein, refers to a sequence comprising at least one
amino acid. Typically it is disposed between sequences or domains of a Cas9 molecule. In
one embodiment, the linker is disposed between the amino acid residues that flank a deletion.
In one embodiment, the linker is disposed between the amino acid residues of a Cas9 core
domain and an altered PI domain. By way of example, in a sequence crl-cr2-cr3-cr7-cr8-
c19, wherein cr4-cr5-crb is deleted, the linker is located immediately C-terminal to the amino
acid residue ¢13 and immediately N-terminal to the amino acid residue ¢r7. Preferably, the
linker is selected such that the Cas9 molecule exhibits a tertiary structure or folded
conformation similar to that of the corresponding naturally occurring Cas9 molecule, such
that some Cas9 activity is retained. Suitable linkers are described herein. In one
embodiment, the linker comprises a combination of Gly and Ser residues, e.g., (GS)y or
(GGS)y, where xis 1, 2, 3,4,5,6,7, 8,9 or 10 (SEQ ID NO: 1 and SEQ ID NO: 2,
respectively). In one embodiment, the linker comprises a linker comprising the amino acid
sequence SGSETPGTSESATPES (SEQ ID NO: 3), referred to herein as “XTEN linker” or
“XTEN”. Alternative linkers include (GSAGSAAGSGEF), wherein xis 1, 2, 3 or 4 (SEQ
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ID NO: 4) and (SIVAQLSRPDPA),, wherein x is 1, 2, 3 or 4 (SEQ ID NO: 5). Linkers also
include a combination of linkers described herein or known in the art.

“REC deletion™, as that term is used herein, refers to a REC2 deletion, a REClcr
deletion, or a REC1gyp deletion.

“REC2 deletion”, as that term is used herein, refers to a deletion of at least 10% of the
amino acid residues of the REC2 domain.

“REC2 domain”, as that term is used herein, refers to a region, in the N terminal half
of a naturally occurring Cas9 molecule that is not needed for cleavage or gRNA-mediated
targeting. Its length and boundaries differ between Cas 9 molecules from various species. In
the case of S. aureus, the REC2 domain is about 41 amino acid residues in length and
corresponds, approximately, to residues 126 to 166, of S. aureus Cas9. In the case of S.
pyogenes, the REC2 domain is about 139 amino acid residues in length and corresponds,
approximately, to residues 176 to 314 of S. pyogenes Cas9. In the case of C. jejuni, the
REC2 domain is about 45 amino acid residues in length and corresponds, approximately, to
residues 137 to 181 of C. jejuni Cas9. These, and the approximate sizes and boundaries of
REC2 domains from the Cas9 of other species are known in the art.

“RECI1¢rdeletion”, as that term is used herein, refers to a deletion of at least 10% of
the amino acid residues of the REClct domain.

“RECI1cr domain”, as that term is used herein, refers to a region, C terminal of the
REC1 domain, of a naturally occurring Cas9 polypeptide that is not needed for cleavage or
gRNA-mediated targeting. Its length and boundaries differ between Cas 9 proteins from
various species. In the case of S. aureus, the REClcr domain is about 146 amino acid
residues in length and corresponds, approximately, to residues 288 to 166, of S. aureus Cas9.
In the case of S. pyogenes, the REClcr domain is about 219 amino acid residues in length
and corresponds, approximately, to residues 500 to 718 of S. pyogenes Cas9. In the case of
C. jejuni, the REClcr domain is about 134 amino acid residues in length and corresponds,
approximately, to residues 305 to 438 of C. jejuni Cas9. These, and the approximate sizes
and boundaries of REC1¢r domains from other species are known in the art.

“REC1syg deletion”, as that term is used herein, refers to a deletion of at least 10% of
the amino acid residues of the REClgyg domain.

“REC1syp domain”, as that term is used herein, refers to a region, located within the
REC1¢r domain, of a naturally occurring Cas9 polypeptide that is not needed for cleavage or

gRNA-mediated targeting. Its length and boundaries differ between Cas 9 proteins from
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various species. In the case of S. aureus, the REClsyp domain is about 57 amino acid
residues in length and corresponds, approximately, to residues 296 to 352, of S. aureus Cas9.
In the case of S. pyogenes, the REClsyg domain is about 82 amino acid residues in length and
corresponds, approximately, to residues 511 to 592 of S. pyogenes Cas9. In the case of C.
Jjejuni, the REClgyp domain is about 45 amino acid residues in length and corresponds,
approximately, to residues 316 to 360 of C. jejuni Cas9. These, and the approximate sizes
and boundaries of REC1syg domains from other species are known in the art.

“n” as used herein in the context of proteins or Cas9 molecules described herein,
refers to the number of amino acid residues that are deleted in a REC2, REClcr, or REClgup
deletion, unless otherwise specified.

“X” as used herein in the context of an amino acid sequence of a linker sequence,
refers to any number of repeating units unless otherwise specified.

“X” as used herein in the context of a Cas9 molecule or core domain, e.g., “species X
Cas9” designates the species from which the Cas9 molecule or core domain is derived from.

A disorder “caused by” a mutation, as used herein, refers to a disorder that is made
more likely or severe by the presence of the mutation, compared to a subject that does not
have the mutation. The mutation need not be the only cause of a disorder, i.e., the disorder
can still be caused by the mutation even if other causes, such as environmental factors or
lifestyle factors, contribute causally to the disorder. In one embodiment, the disorder is
caused by the mutation if the mutation is a medically recognized risk factor for developing
the disorder, and/or if a study has found that the mutation correlates with development of the
disorder.

“Domain”, as used herein, is used to describe segments of a protein or nucleic acid.
Unless otherwise indicated, a domain is not required to have any specific functional property.

“HDR”, or homology-directed repair, as used herein, refers to the process of repairing
DNA damage using a homologous nucleic acid (e.g., a sister chromatid or an exogenous
nucleic acid, e.g., a template nucleic acid). HDR typically occurs when there has been
significant resection at a double strand break, forming at least one single stranded portion of
DNA. HDR is a category that includes, for example, single-strand annealing (SSA),
homologous recombination (HR), and a third, not yet fully characterized alternative
homologous recombination (alt-HR) DNA repair pathway. In some embodiments, the term
HDR does not encompass canonical NHEJ (C-NHEJ). In some embodiments, the term HDR

does not encompass alternative non-homologous end joining (Alt-NHEJ) (e.g., blunt end-
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joining (blunt EJ), (micro homology mediated end joining (MMEJ), and synthesis dependent
microhomology-mediated end joining (SD-MMEJ)).

“Canonical NHEJ”, or canonical non-homologous end joining, as used herein, refers
to the process of repairing double strand breaks in which the break ends are directly ligated.
This process does not require a homologous nucleic acid to guide the repair, and can result in
the deletion or insertion of one or more nucleotides. This process requires the Ku
heterodimer (Ku70/Ku80), the catalytic subunit of DNA-PK (DN-PKcs), and DNA ligase
XRCC4/LIG4.

“ALT-NHEJ” or “alternative NHEJ”, or alternative non-homologous end joining, as
used herein, is a type of alternative end joining repair process, and utilizes a different
pathway than that of canonical NHEJ. In alternative NHEJ, a small degree of resection
occurs at the break ends on both sides of the break to reveal single-stranded overhangs.
Ligation or annealing of the overhangs results in the deletion of sequence. ALT-NHEJ is a
category that includes microhomology-mediated end joining (MMEYJ), blunt end joining (EJ),
and synthesis dependent microhomology-mediated end joining (SD-MMEJ). In MME]J, a
limited amount of resection occurs and there is microhomology at the break site (typically 5-
25 bp); MME]J is one of the most abundant and characterized types of alt-NHEJ. In SD-
MME], there is de novo synthesis by an accurate non-processive DNA polymerase that
creates microhomology.

The term, “HR” refers to a type of HDR DNA-repair which typically acts occurs
when there has been significant resection at the double strand break, forming at least one
single stranded portion of DNA. In a normal cell, HR” or “Homologous recombination”
typically involves a series of steps such as recognition of the break, stabilization of the break,
resection, stabilization of single stranded DNA, formation of a DNA crossover intermediate,
resolution of the crossover intermediate, and ligation. The process requires RADS51 and
BRCA2, and the homologous nucleic acid is typically double-stranded.

“ALT-HR” or “alternative HR”, or alternative homology repair pathway, as used
herein, refers to the process of repairing DNA damage using a homologous nucleic acid (e.g.,
a sister chromatid or an exogenous nucleic acid, e.g., a template nucleic acid). ALT-HR is
distinct from HR in that the process utilizes different pathways from canonical HR, and can
be inhibited by the HR mediators, RADS51 and BRCA2. Also, ALT-HR uses a single-

stranded or nicked homologous nucleic acid for repair of the break.
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“SSA” or “Single Strand Annealing”, as used herein, refers to the process where
RADS52 as opposed to RADS1 in the HR pathways, binds to the single stranded portion of
DNA and promotes annealing of the two single stranded DNA segments at repetitive regions.
Once RADS2 binds XFP/ERCC1 removes DNA flaps to make the DNA more suitable for
ligation.

“Landmark” or “landmark position”, as used herein, refers to a nucleotide in a target
nucleic acid.

“Large molecule”, as used herein, refers to a molecule having a molecular weight of
at least 2, 3, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 kDa. Large molecules include
proteins, polypeptides, nucleic acids, biologics, and carbohydrates.

“Polypeptide”, as used herein, refers to a polymer of amino acids.

A “reference molecule”, e.g., a reference Cas9 molecule or reference gRNA, as used
herein, refers to a molecule to which a subject molecule, e.g., a subject Cas9 molecule of
subject gRNA molecule, e.g., a modified or candidate Cas9 molecule, is compared. For
example, a Cas9 molecule can be characterized as having no more than 10% of the nuclease
activity of a reference Cas9 molecule. Examples of reference Cas9 molecules include
naturally occurring unmodified Cas9 molecules, e.g., a naturally occurring Cas9 molecule
such as a Cas9 molecule of S. pyogenes, or S. thermophilus. In one embodiment, the
reference Cas9 molecule is the naturally occurring Cas9 molecule having the closest
sequence identity or homology with the Cas9 molecule to which it is being compared. In one
embodiment, the reference Cas9 molecule is a sequence, e.g., a naturally occurring or known
sequence, which is the parental form on which a change, e.g., a mutation has been made.

“Replacement”, or “replaced”, as used herein with reference to a modification of a
molecule does not require a process limitation but merely indicates that the replacement
entity is present.

“Resection”, as used herein, refers to exonuclease-mediated digestion of one strand of
a double-stranded DNA molecule, which results in a single-stranded overhang. Resection
may occur, e.g., on one or both sides of a double-stranded break. Resection, can be measured
by, for instance, extracting genomic DNA, digesting it with an enzyme that selectively
degrades dsDNA, and performing quantitative PCR using primers spanning the DSB site,
e.g., as described herein.

An “RMEM?”, or “Repair-Modulating Enzyme Molecule”, as that terms are used

herein, refer to a molecule which when co-expressed with a Cas9 molecule, or provided in
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combination with a Cas9 molecule, mediates repair of a Cas9 molecule-induced cleavage
event, e.g., a single or double stranded break, in a target DNA. In one embodiment, the
RMEM mediates or modulates the repair pathway used by a cell to repair a Cas9 molecule
induced cleavage event, e.g., the probability of a first pathway being used to repair the
cleavage event is altered, e.g, increased or decreased, e.g., as compared to what would be
seen in a similar system but with a Cas9 molecule as opposed to a Cas9 molecule expressed
with or provided in combination with an RMEM.

In one embodiment, the RMEM is an endonuclease, exonuclease, DNA helicase,
terminal deoxynucleotidy transferase, a DNA repair protein, a telomeric protein, a
transcription activator, a recombinant protein, a histone acetylase, a histone deacetylase, a
histone methylation protein, a chromatin remodeling protein, or a histone chaperone. In one
embodiment, a RMEM interacts with, e.g., makes or breaks a covalent bond, or alters the
secondary, or tertiary structure of a DNA. Examples include a RMEM having endonuclease,
exonuclease, or helicase activity. In one embodiment, a RMEM interacts with, e.g., makes
or breaks a covalent bond, or alters the secondary, tertiary or quaternary structure of a
chromatin protein, e.g., a histone. In one embodiment, a RMEM comprises histone
acetyltransferase activity, histone deacetylase activity, or histone methyltransferase activity.
In one embodiment, a RMEM modifies chromatin structure, e.g., relaxes chromatin or
promotes chromatin assembly or chromatin remodeling. In one embodiment the RMEM, in
nature, mediates repair of DNA. In one embodiment the RMEM, in nature, does not mediate
repair of DNA. In one embodiment the RMEM, in nature, modifies a chromatin related
protein, e.g., a histone. In one embodiment the RMEM, in nature, does not modifies a
chromatin related protein, e.g., a histone.

In one embodiment, an RMEM, as the term is used herein, does not include CtIP and
Mutans, Mrell, Dna2, Fenl, Trex2, Exol, XPG, XPF, APE-1, APLF, APTX, Artemis, Mus
81, ERCC1, WRN, BLM, RECQLA4, RECQL1, XPB, XPD, FancJ/Bachl, RTEL, 53Bpl
dominant negative, VP64, Rad52, Rad51, Rad51B, Rad51C, XRCC3, Tip60/KATS, SETD?2,
or INO8O complex. In one embodiment, an RMEM does not include Rad52. In one
embodiment, an RMEM does not include 53BP1. In one embodiment, an RMEM does not
include Rad51. In one embodiment, an RMEM does not include RPA. In one embodiment,
an RMEM does not include Artemis. In one embodiment, an RMEM does not include
ERCC1. In one embodiment, an RMEM does not include Rad52, 53BP1, Rad51, RPA,
Artemis or ERCCI.
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An “RMEM molecule,” as used herein, refers to a, “RMEM polypeptide” or a nucleic
acid encoding an RMEM polypeptide. An “RMEM polypeptide” refers to a polypeptide
having at least 80% identity to a RMEM polypeptide disclosed herein, or a fragment thereof
which retains the activity of the wild-type RMEM polypeptide. In one embodiment, an
“RMEM polypeptide” refers to a fragment or domain of a full-length RMEM molecule, but
which retains the activity of the wild-type RMEM polypeptide. In some embodiments, the
nucleic acid encoding an RMEM refers to a DNA molecule or a RNA molecule (e.g., a
mRNA molecule) encoding a RMEM polypeptide. In one embodiment, the nucleic acid
encoding an RMEM has at least 80% identity to a nucleic acid encoding an RMEM disclosed
herein. In some embodiments, the RMEM is a eukaryotic homolog or ortholog of a RMEM
molecule disclosed herein. In some embodiments, the RMEM is a mammalian homolog or
ortholog of a RMEM disclosed herein. In some embodiments, the RMEM is a non-human
homolog or ortholog of a RMEM disclosed herein. In some embodiments, the RMEM is
derived from a bacteria, a yeast, a plant, an insect, a mammal, a rodent, a non-human primate,
or a human.

In one embodiment, the RMEM comprises at least 60, 70, 80, 90, 95, 98, 99 or 100%
homology with, or differs by no more than 50, 40, 30, 20, 15, 10, 5, 4, 3, 2, or 1, amino acid
residues from, a naturally occurring enzyme, e.g., an enzyme disclosed herein. In another
embodiment, the RMEM comprises a functional fragment of a naturally occurring enzyme,
e.g., an enzyme disclosed herein. In one embodiment, the functional fragment comprises at
least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, or 95% amino acid
residues of the naturally occurring enzyme, e.g., an enzyme disclosed herein.

“Small molecule”, as used herein, refers to a compound having a molecular weight
less than about 2 kDa, e.g., less than about 2 kDa, less than about 1.5 kDa, less than about 1
kDa, or less than about 0.75 kDa.

“Subject”, as used herein, may mean either a human or non-human animal. The term
includes, but is not limited to, mammals (e.g., humans, other primates, pigs, rodents (e.g.,
mice and rats or hamsters), rabbits, guinea pigs, cows, horses, cats, dogs, sheep, and goats).
In one embodiment, the subject is a human. In another embodiment, the subject is poultry.
In another embodiment, the subject is a fish.

A “synthetic Cas9 molecule”, or “Syn-Cas9 molecule”, as that term is used herein,
refers to a Cas9 molecule that comprises a Cas9 core domain from one bacterial species and a

functional altered PI domain, i.e., a PI domain other than that naturally associated with the
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Cas9 core domain, e.g., from a different bacterial species. Syn-Cas9 polypeptides are also
provided.

“Treat”, “treating”, and “treatment”, as used herein, mean the treatment of a disease in
a mammal, e.g., in a human, including (a) inhibiting the disease, i.e., arresting or preventing
its development; (b) relieving the disease, i.e., causing regression of the disease state; and (c)
curing the disease.

EEINT3

“Prevent,” “preventing” and “prevention,” as used herein, means the prevention of a
disease in a subject, e.g., a mammal, e.g., in a human, including (a) avoiding or precluding
the disease; (2) affecting the predisposition toward the disease, e.g., preventing at least one
symptom of the disease or to delay onset of at least one symptom of the disease.

“Target position” as used herein, refers to a site on a target nucleic acid (e.g., the
chromosome) that is modified by a Cas9 molecule-dependent process. For example, the
target position can be modified by a Cas9 molecule-mediated cleavage of the target nucleic
acid and template nucleic acid directed modification, e.g., correction, of the target position.
In another embodiment, a template nucleic acid is not used. In one embodiment, a target
position can be a site between two nucleotides, e.g., adjacent nucleotides, on the template
nucleic acid into which one or more nucleotides is added. The target position may comprise
one or more nucleotides that are altered, e.g., corrected, by a template nucleic acid. In one
embodiment, the target position is within a “target sequence” (e.g., the sequence to which the
gRNA binds). In one embodiment, a target position is upstream or downstream of a target
sequence (e.g., the sequence to which the gRNA binds).

The “targeting domain” of the gRNA is complementary to the “target domain” on the
target nucleic acid.

A “target sequence” is the sequence of a target domain.

As used herein, the term “target nucleic acid” refers to a nucleic acid which is being
targeted for alteration by a Cas9 system described herein. In one embodiment, a target
nucleic acid comprise one gene. In another embodiment, a target nucleic acid may comprise
one or more genes, e.g., two genes, three genes, four genes, or five genes.

A “template nucleic acid,” as that term is used herein, refers to a nucleic acid
sequence which can be used in conjunction with a Cas9 molecule and a gRNA molecule to
alter the structure of a target position. “Template nucleic acid” is used interchangeably with
“donor template” herein. In one embodiment, the target nucleic acid is modified to have the

some or all of the sequence of the template nucleic acid, typically at or near cleavage site(s).
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In one embodiment, the template nucleic acid is single stranded. In another embodiment, the
single-stranded template nucleic acid (e.g., a single stranded oligonucleotide) includes at least
a portion of a transgene. In an alternate embodiment, the template nucleic acid is double
stranded. In one embodiment, the template nucleic acid is DNA, e.g., double stranded DNA.
In an alternate embodiment, the template nucleic acid is single stranded DNA. In one
embodiment, the template nucleic acid is RNA, e.g., double stranded RNA or single stranded
RNA. Inone embodiment, the template nucleic acid is encoded on the same vector
backbone, e.g. AAV genome, plasmid DNA, as the Cas9 and gRNA. In one embodiment, the
template nucleic acid is excised from a vector backbone in vivo, e.g., it is flanked by gRNA
recognition sequences. In another embodiment, the template nucleic acid is an endogenous
nucleic acid sequence. In one embodiment, the template nucleic acid is a single stranded
oligonucleotide corresponding to a plus strand of a nucleic acid sequence. In another
embodiment, the template nucleic acid is a single stranded oligonucleotide corresponding to a

minus strand of a nucleic acid sequence.

I. GENOME EDITING SYSTEMS

The term “genome editing system” refers to any system having RNA-guided DNA
editing activity. Genome editing systems of the present disclosure include at least two
components adapted from naturally occurring CRISPR systems: a guide RNA (gRNA) and an
RNA-guided nuclease. These two components form a complex that is capable of associating
with a specific nucleic acid sequence and editing the DNA in or around that nucleic acid
sequence, for instance by making one or more of a single-strand break (an SSB or nick), a
double-strand break (a DSB) and/or a point mutation. Genome editing systems are discussed
in more detail, herein.

Naturally occurring CRISPR systems are organized evolutionarily into two classes
and five types (Makarova et al. Nat Rev Microbiol. 2011 Jun; 9(6): 467-477 (Makarova),
incorporated by reference herein), and while genome editing systems of the present
disclosure may adapt components of any type or class of naturally occurring CRISPR system,
the embodiments presented herein are generally adapted from Class 2, and type Il or V
CRISPR systems. Class 2 systems, which encompass types II and V, are characterized by
relatively large, multidomain RNA-guided nuclease proteins (e.g., Cas9 or Cpfl) and one or
more guide RNAs (e.g., a crRNA and, optionally, a tracrRNA) that form ribonucleoprotein

(RNP) complexes that associate with (i.e. target) and cleave specific loci complementary to a
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targeting (or spacer) sequence of the crRNA. Genome editing systems according to the
present disclosure similarly target and edit cellular DNA sequences, but differ significantly
from CRISPR systems occurring in nature. For example, the unimolecular guide RNAs
described herein do not occur in nature, and both guide RNAs and RN A-guided nucleases
according to this disclosure may incorporate any number of non-naturally occurring
modifications.

Genome editing systems can be implemented (e.g., administered or delivered to a cell
or a subject) in a variety of ways, and different implementations may be suitable for distinct
applications. For instance, a genome editing system is implemented, in certain embodiments,
as a protein/RNA complex (a ribonucleoprotein, or RNP), which can be included in a
pharmaceutical composition that optionally includes a pharmaceutically acceptable carrier
and/or an encapsulating agent, such as a lipid or polymer micro- or nano-particle, micelle,
liposome, etc. In certain embodiments, a genome editing system is implemented as one or
more nucleic acids encoding the RNA-guided nuclease and guide RNA components
described above (optionally with one or more additional components); in certain
embodiments, the genome editing system is implemented as one or more vectors comprising
such nucleic acids, for instance a viral vector such as an adeno-associated virus; and in
certain embodiments, the genome editing system is implemented as a combination of any of
the foregoing. Additional or modified implementations that operate according to the
principles set forth herein will be apparent to the skilled artisan and are within the scope of
this disclosure.

It should be noted that the genome editing systems of the present disclosure can be
targeted to a single specific nucleotide sequence, or may be targeted to — and capable of
editing in parallel — two or more specific nucleotide sequences through the use of two or
more guide RNAs. The use of multiple gRNAs is referred to as “multiplexing” throughout
this disclosure, and can be employed to target multiple, unrelated target sequences of interest,
or to form multiple SSBs or DSBs within a single target domain and, in some cases, to
generate specific edits within such target domain. For example, International Patent
Publication No. WO 2015/138510 by Maeder et al. (Maeder), which is incorporated by
reference herein, describes a genome editing system for correcting a point mutation
(C.2991+1655A to G) in the human CEP290 gene that results in the creation of a cryptic
splice site, which in turn reduces or eliminates the function of the gene. The genome editing

system of Maeder utilizes two guide RNAs targeted to sequences on either side of (i.e.
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flanking) the point mutation, and forms DSBs that flank the mutation. This, in turn, promotes
deletion of the intervening sequence, including the mutation, thereby eliminating the cryptic
splice site and restoring normal gene function.

As another example, WO 2016/073990 by Cotta-Ramusino, et al. (“Cotta-
Ramusino”), incorporated by reference herein, describes a genome editing system that
utilizes two gRNAs in combination with a Cas9 nickase (a Cas9 that makes a single strand
nick such as S. pyogenes D10A), an arrangement termed a “dual-nickase system.” The dual-
nickase system of Cotta-Ramusino is configured to make two nicks on opposite strands of a
sequence of interest that are offset by one or more nucleotides, which nicks combine to create
a double strand break having an overhang (5’ in the case of Cotta-Ramusino, though 3’
overhangs are also posssible). The overhang, in turn, can facilitate homology directed repair
events in some circumstances. And, as another example, WO 2015/070083 by Palestrant et
al. (“Palestrant”, incorporated by reference herein) describes a gRNA targeted to a nucleotide
sequence encoding Cas9 (referred to as a “governing RNA”), which can be included in a
genome editing system comprising one or more additional gRNAs to permit transient
expression of a Cas9 that might otherwise be constitutively expressed, for example in some
virally transduced cells. These multiplexing applications are intended to be exemplary, rather
than limiting, and the skilled artisan will appreciate that other applications of multiplexing are
generally compatible with the genome editing systems described here.

Genome editing systems can, in some instances, form double strand breaks that are
repaired by cellular DNA double-strand break mechanisms such as NHEJ or HDR. These
mechanisms are described thoughout the literature, for example by Davis & Maizels, PNAS,
111(10):E924-932, March 11, 2014 (Davis) (describing Alt-HDR); Frit et al. DNA Repair
17(2014) 81-97 (Frit) (describing Alt-NHEJ); and Iyama and Wilson III, DNA Repair
(Amst.) 2013-Aug; 12(8): 620-636 (Iyama) (describing canonical HDR and NHEJ pathways
generally).

Where genome editing systems operate by forming DSBs, such systems optionally
include one or more components that promote or facilitate a particular mode of double-strand
break repair or a particular repair outcome. For instance, Cotta-Ramusino also describes
genome editing systems in which a single stranded oligonucleotide “donor template” is
added; the donor template is incorporated into a target region of cellular DNA that is cleaved

by the genome editing system, and can result in a change in the target sequence.
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In certain embodiments, genome editing systems modify a target sequence, or modify
expression of a gene in or near the target sequence, without causing single- or double-strand
breaks. For example, a genome editing system may include an RNA-guided nuclease fused
to a functional domain that acts on DNA, thereby modifying the target sequence or its
expression. As one example, an RNA-guided nuclease can be connected to (e.g., fused to) a
cytidine deaminase functional domain, and may operate by generating targeted C-to-A
substitutions. Exemplary nuclease/deaminase fusions are described in Komor et al. Nature
533, 420-424 (19 May 2016) (“Komor”), which is incorporated by reference. Alternatively,
a genome editing system may utilize a cleavage-inactivated (i.e., a “dead”) nuclease, such as
a dead Cas9 (dCas9), and may operate by forming stable complexes on one or more targeted
regions of cellular DNA, thereby interfering with functions involving the targeted region(s)
including, without limitation, mRNA transcription, chromatin remodeling, etc.

The present disclosure provides a genome editing system comprising (a) a gRNA
molecule, (b) a RNA-guided nuclease molecule, and (c) a heterologous Repair-Modulating
Enzyme Molecule (RMEM), wherein the RMEM is Rad52, wherein the gRNA molecule and
the RNA-guided nuclease molecule are configured to associate with a target nucleic acid,
resulting in a cleavage event, wherein the cleavage event is repaired by at least one DNA
repair pathway that is modulated by the RMEM, and wherein the frequency of the DNA
repair pathway repairing the target nucleic acid 1) to comprise a deletion is decreased, ii)
using gene conversion is decreased; and/or iii) using gene correction is increased in the
presence of the RMEM, as compared to a frequency of the DNA repair pathway repairing
the target nucleic acid i) to comprise a deletion, ii) using gene conversion, and/or iii) using
gene correction in the absence of the RMEM. In certain embodiments, the frequency of a
deletion is decreased by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold,
by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by
about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by
about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about
10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by
about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by
about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold. In
other embodiments, the frequency of gene conversion is decreased by about 1-fold, by about
1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-
fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold,

38



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by
about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by
about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by
about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by
about 19-fold or by about 20-fold. In yet other embodiments, the frequency of gene
correction is increased by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold,
by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by
about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by
about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about
10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by
about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by
about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a genome editing system
comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is 53BP1
dominant negative, wherein the gRNA molecule and the RNA-guided nuclease molecule are
configured to associate with a target nucleic acid, resulting in a cleavage event, wherein the
cleavage event is repaired by at least one DNA repair pathway that is modulated by the
RMEM, and wherein the frequency of the DNA repair pathway repairing the target nucleic
acid, 1) using gene conversion is increased, ii) using gene correction is increased; and/or iii)
to comprise an insertion is decreased in the presence of the RMEM, as compared to a
frequency of the DNA repair pathway repairing the target nucleic acid 1) using gene
conversion, ii) using gene correction, and/or iii) to comprise an insertion in the absence of the
RMEM. In certain embodiments, the frequency of gene conversion is increased by about 1-
fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold,
by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by
about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by
about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold. In yet other embodiments, the frequency
of gene correction is increased by about 1-fold, by about 1.5-fold, by about 2-fold, by about
2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-
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fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold,
by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by
about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold,
by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold,
by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.
In yet other embodiments, the frequency of an insertion is decreased by about 1-fold, by
about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by
about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about
6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-
fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-
fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-
fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-
fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a genome editing system
comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is TdT,
wherein the gRNA molecule and the RNA-guided nuclease molecule are configured to
associate with a target nucleic acid, resulting in a cleavage event, wherein the cleavage event
is repaired by at least one DNA repair pathway that is modulated by the RMEM; and wherein
the frequency of the DNA repair pathway repairing the target nucleic acid: 1) using gene
conversion is decreased; ii) using gene correction is decreased; iii) to comprise an insertion is
increased; and/or iv) to comprise a deletion is decreased; in the presence of the RMEM, as
compared to a frequency of the DNA repair pathway repairing the target nucleic acid 1) using
gene conversion, ii) using gene correction, iii) to comprise an insertion, and/or iv) to
comprise a deletion in the absence of the RMEM. In certain embodiments, the frequency of
gene conversion is decreased by about 1-fold, by about 1.5-fold, by about 2-fold, by about
2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-
fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold,
by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by
about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold,
by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold,
by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold. In

yet other embodiments, the frequency of gene correction is decreased by about 1-fold, by
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about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by
about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about
6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-
fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-
fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-
fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-
fold, by about 19-fold or by about 20-fold. In other embodiments, the frequency of an
insertion is increased by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold,
by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by
about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by
about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about
10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by
about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by
about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold. In
yet another embodiment, the frequency of a deletion is decreased by about 1-fold, by about
1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-
fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold,
by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by
about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by
about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by
about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by
about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a genome editing system
comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is Rad51,
wherein the gRNA molecule and the RNA-guided nuclease molecule are configured to
associate with a target nucleic acid, resulting in a cleavage event, wherein the cleavage event
is repaired by at least one DNA repair pathway that is modulated by the RMEM, and wherein
the frequency of the DNA repair pathway repairing the target nucleic acid: 1) using gene
conversion is decreased; and/or ii) using gene correction is decreased, in the presence of the
RMEM, as compared to a frequency of the DNA repair pathway repairing the target nucleic
acid 1) using gene conversion and/or ii) using gene correction in the absence of the RMEM.

In certain embodiments, the frequency of gene conversion is decreased by about 1-fold, by
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about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by
about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about
6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-
fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-
fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-
fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-
fold, by about 19-fold or by about 20-fold. In other embodiments, the frequency of gene
correction is decreased by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold,
by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by
about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by
about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about
10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by
about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by
about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a genome editing system
comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is RPA,
wherein the gRNA molecule and the RNA-guided nuclease molecule are configured to
associate with a target nucleic acid, resulting in a cleavage event, wherein the cleavage event
is repaired by at least one DNA repair pathway that is modulated by the RMEM; and wherein
the frequency of the DNA repair pathway repairing the target nucleic acid using gene
conversion is decreased in the presence of the RMEM, as compared to a frequency of the
DNA repair pathway repairing the target nucleic acid using gene conversion in the absence of
the RMEM. In certain embodiments, the frequency of gene conversion is decreased by about
1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-
fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold,
by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by
about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a genome editing system

comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
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heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is
Artemis, wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway that is modulated by the RMEM, and
wherein the frequency of the DNA repair pathway repairing the target nucleic acid to
comprise a deletion is increased in the presence of the RMEM, as compared to a frequency of
the DNA repair pathway repairing the target nucleic acid to comprise a deletion in the
absence of the RMEM. In certain embodiments, the frequency of a deletion is increased by
about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about
3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-
fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold,
by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a genome editing system
comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is T5
exonuclease, wherein the gRNA molecule and the RNA-guided nuclease molecule are
configured to associate with a target nucleic acid, resulting in a cleavage event, wherein the
cleavage event is repaired by at least one DNA repair pathway that is modulated by the
RMEM, and wherein the frequency of the DNA repair pathway repairing the target nucleic
acid: 1) using gene correction is decreased; and/or ii) to comprise an insertion is decreased; in
the presence of the RMEM, as compared to a frequency of the DNA repair pathway
repairing the target nucleic acid i) using gene correction and/or ii) to comprise an insertion in
the absence of the RMEM. In certain embodiments, the frequency of gene correction is
decreased by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-
fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold,
by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by
about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by
about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by
about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by
about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold. In other embodiments,
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the frequency of an insertion is decreased by about 1-fold, by about 1.5-fold, by about 2-fold,
by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by
about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about
7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-
fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about
12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by
about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by
about 20-fold.

In another embodiment, the present disclosure provides a genome editing system
comprising (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the RMEM is
ERCCI1, wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway that is modulated by the RMEM, and
wherein the frequency of the DNA repair pathway repairing the target nucleic acid using gene
conversion is decreased in the presence of the RMEM, as compared to a frequency of the
DNA repair pathway repairing the target nucleic acid using gene conversion in the absence of
the RMEM. In certain embodiments, the frequency of gene conversion is decreased by about
1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-
fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold,
by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by
about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

II. GRNA MOLECULES

A gRNA molecule, as that term is used herein, refers to a nucleic acid that promotes
the specific targeting or homing of a gRNA molecule/RNA-guided nuclease molecule
complex to a target nucleic acid. Typically, the nucleic acid will incorporate the functions or
structure of both crRNA and tractrRNA, e.g., the functions of processed or mature crRNA and
of processed or mature tractrRNA. gRNA molecules can be unimolecular (having a single

nucleic acid molecule, e.g., which incorporates both crRNA function or structure and the
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tractrRNA function or structure), sometimes referred to herein as “chimeric” gRNAs, or
modular (comprising more than one, and typically two, separate nucleic acid molecules, e.g.,
where one incorporates the crRNA function or structure and the other incorporates the
tractrRNA function or structure). A gRNA molecule comprises a number of domains. The
gRNA molecule domains are described in more detail below. Additional details on gRNAs
are provided in PCT Application WO 2015/048577, the entire contents of which are
expressly incorporated herein by reference.

In one embodiment, a unimolecular, or chimeric, gRNA comprises, preferably from
5’ to 3’: atargeting domain (which is complementary to a target nucleic acid, and which is
sometimes referred to as a spacer); a first complementarity domain; a linking domain; a
second complementarity domain (which is complementary to the first complementarity
domain); a proximal domain; and optionally, a tail domain. In one embodiment, the targeting
domain, and first complementarity domain correspond functionally or structurally to elements
of a crRNA, e.g., a mature or processed crRNA. In one embodiment, the second
complementarity domain, proximal domain, and tail domain correspond functionally or
structurally to elements of a tracrRNA, e.g., a processed or mature tracrRNA.

In one embodiment, a modular gRNA comprises: a first strand (which corresponds to
a crRNA) comprising, preferably from 5’ to 3’; a targeting domain (which is complementary
to a target nucleic acid); and a first complementarity domain; and a second strand (which
corresponds to a tracrRNA), comprising, preferably from 5’ to 3’: optionally, a 5° extension
domain; a second complementarity domain; a proximal domain; and optionally, a tail domain.

The domains are discussed briefly below.

Targeting Domain

The targeting domain (which can also be referred to as a “spacer’) comprises a
nucleotide sequence that is complementary, e.g., at least 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90, 91, 92, 93, 94, 95, 96, 97, 98, or 99% complementary, e.g., fully complementary, to the
target sequence on the target nucleic acid. The targeting domain is part of an RNA molecule
and will therefore comprise the base uracil (U), while any DNA encoding the gRNA
molecule will comprise the base thymine (T). It is believed that the complementarity of the
targeting domain with the target sequence contributes to specificity of the interaction of the
gRNA molecule/RNA-guided nuclease molecule complex with a target nucleic acid. It is
understood that in a targeting domain and target sequence pair, the uracil bases in the

targeting domain will pair with the adenine bases in the target sequence. In one embodiment,
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the targeting domain itself comprises in the 5’ to 3’ direction, an optional secondary domain,
and a core domain. In one embodiment, the core domain is fully complementary with the
target sequence. In one embodiment, the targeting domain is 5 to 50 nucleotides in length,
e.g., 10to 30, e.g., 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 or 26, nucleotides in length. The
strand of the target nucleic acid with which the targeting domain is complementary is referred
to herein as the complementary strand. Guidance on the selection of targeting domains can
be found, e.g., in Fu Y er al. (2014) NAT. BIOTECHNOL. 32: 279-84 (doi: 10.1038/nbt.2808)
and Sternberg SH et al. (2014) NATURE 507: 62-7 (doi: 10.1038/nature13011). Some or all
of the nucleotides of the targeting domain can have a modification, e.g., a modification found
in Section XII herein.

First Complementarity Domain

The first complementarity domain is complementary with the second
complementarity domain, and In one embodiment, has sufficient complementarity to the
second complementarity domain to form a duplexed region under at least some physiological
conditions. In one embodiment, the first complementary domain is 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 nucleotides in length.

In one embodiment, the first complementarity domain comprises 3 subdomains,
which, in the 5’ to 3 direction are: a 5’ subdomain, a central subdomain, and a 3’ subdomain.
In one embodiment, the 5’ subdomain is 4 to 9, e.g., 4, 5, 6, 7, 8 or 9 nucleotides in length. In
one embodiment, the central subdomain is 1, 2, or 3, e.g., 1, nucleotide in length. In one
embodiment, the 3’ subdomain is 3 to 25, e.g., 4 to 22,4 to 18, or4 to 10,0r 3,4, 5,6,7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 nucleotides in length.

The first complementarity domain can share homology with, or be derived from, a
naturally occurring first complementarity domain. In one embodiment, it has at least 50%
homology with a first complementarity domain disclosed herein, e.g., an S. pyogenes, S.
aureus or S. thermophilus, first complementarity domain.

Some or all of the nucleotides of the domain can have a modification, e.g., a
modification found in Section XII herein.

Linking Domain

A linking domain serves to link the first complementarity domain with the second
complementarity domain of a unimolecular gRNA. The linking domain can link the first and
second complementarity domains covalently or non-covalently. In one embodiment, the

linkage is covalent. In one embodiment, the linking domain covalently couples the first and
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second complementarity domains. In one embodiment, the linking domain is, or comprises, a
covalent bond interposed between the first complementarity domain and the second
complementarity domain. Typically the linking domain comprises one or more, e.g., 2, 3, 4,
5,6,7, 8,9, or 10 nucleotides.

In modular gRNA molecules the two molecules are associated by virtue of the
hybridization of the complementarity domains.

A wide variety of linking domains are suitable for use in unimolecular gRNA
molecules. Linking domains can consist of a covalent bond, or be as short as one or a few
nucleotides, e.g., 1, 2, 3, 4, or 5 nucleotides in length. In one embodiment, a linking domain
1s2,3,4,5,6,7,8,9, 10, 15, 20, or 25 or more nucleotides in length. In one embodiment, a
linking domain is 2 to 50, 2 to 40, 2 to 30, 2 to 20, 2 to 10, or 2 to 5 nucleotides in length. In
one embodiment, a linking domain shares homology with, or is derived from, a naturally
occurring sequence, e.g., the sequence of a tracrRNA that is 5° to the second complementarity
domain. In one embodiment, the linking domain has at least 50% homology with a linking
domain disclosed herein.

Some or all of the nucleotides of the domain can have a modification, e.g., a
modification found in Section XII herein.

5’ Extension Domain

In one embodiment, a modular gRNA can comprise additional sequence, 5’ to the
second complementarity domain, referred to herein as the 5° extension domain. In one
embodiment, the 5° extension domain is, 2 to 10,2t09,2t0 8,2t0o 7,2to 6,2to 5,0or2to 4,
nucleotides in length. In one embodiment, the 5° extension domain is 2, 3,4, 5,6, 7, 8,9, or
10 or more nucleotides in length.

Second Complementarity Domain

The second complementarity domain is complementary with the first
complementarity domain, and In one embodiment, has sufficient complementarity to the
second complementarity domain to form a duplexed region under at least some physiological
conditions. In one embodiment, the second complementarity domain can include sequence
that lacks complementarity with the first complementarity domain, e.g., sequence that loops
out from the duplexed region.

In one embodiment, the second complementarity domain is 5 to 27 nucleotides in
length. In one embodiment, it is longer than the first complementarity region. In one

embodiment the second complementary domain is 7 to 27 nucleotides in length. In one
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embodiment, the complementary domain is 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25 or 26 nucleotides in length.

In one embodiment, the second complementarity domain comprises 3 subdomains,
which, in the 5’ to 3 direction are: a 5’ subdomain, a central subdomain, and a 3’ subdomain.
In one embodiment, the 5° subdomain is 3 to 25, e.g., 4 to 22,4 to 18,0or4 to 10, 0or 3,4, 5, 6,
7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 nucleotides in length.
In one embodiment, the central subdomain is 1, 2, 3, 4 or 5, e.g., 3, nucleotides in length. In
one embodiment, the 3” subdomainis 4 to 9, e.g., 4, 5, 6, 7, 8 or 9 nucleotides in length.

In one embodiment, the 5’ subdomain and the 3° subdomain of the first
complementarity domain, are respectively, complementary, e.g., fully complementary, with
the 3’ subdomain and the 5’ subdomain of the second complementarity domain.

The second complementarity domain can share homology with or be derived from a
naturally occurring second complementarity domain. In one embodiment, it has at least 50%
homology with a second complementarity domain disclosed herein, e.g., an S. pyogenes, S.
aureus or S. thermophilus, first complementarity domain.

Some or all of the nucleotides of the domain can have a modification, e.g., a
modification found in Section XII herein.

Proximal domain

In one embodiment, the proximal domain is 5 to 20 nucleotides in length. In one
embodiment, the proximal domain can share homology with or be derived from a naturally
occurring proximal domain. In one embodiment, it has at least 50% homology with a
proximal domain disclosed herein, e.g., an S. pyogenes, S. aureus or S. thermophilus,
proximal domain.

Some or all of the nucleotides of the domain can have a modification, e.g., a
modification found in Section XII herein.

Tail Domain

A broad spectrum of tail domains are suitable for use in gRNA molecules. In one
embodiment, the tail domain is 0 (absent), 1, 2, 3,4, 5, 6, 7, 8, 9, or 10 nucleotides in length.
In embodiment, the tail domain nucleotides are from or share homology with sequence from
the 5’ end of a naturally occurring tail domain. In one embodiment, the tail domain includes
sequences that are complementary to each other and which, under at least some physiological

conditions, form a duplexed region.
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In one embodiment, the tail domain is absent or is 1 to 50 nucleotides in length. In
one embodiment, the tail domain can share homology with or be derived from a naturally
occurring proximal tail domain. In one embodiment, it has at least 50% homology with a tail
domain disclosed herein, e.g., an S. pyogenes, S. aureus or S. thermophilus, tail domain.

In one embodiment, the tail domain includes nucleotides at the 3’ end that are related
to the method of in vitro or in vivo transcription. When a T7 promoter is used for in vitro
transcription of the gRNA, these nucleotides may be any nucleotides present before the 3’
end of the DNA template. When a U6 promoter is used for in vivo transcription, these
nucleotides may be the sequence UUUUUU. When alternate pol-III promoters are used,
these nucleotides may be various numbers or uracil bases or may include alternate bases.

In one embodiment the 3’ end of the tail domain is modified to render the gRNA non-
toxic to cells or whole organisms e.g., humans.

In embodiments, one or more of the gRNA domains (e.g., the targeting domain, first
complementarity domain, linking domain, second complementarity domain, proximal
domain, or tail domain) has at least 50, 60, 70, 80, 85, 90, or 95% homology with, or differs
by no more than 1, 2, 3, 4, 5, or 6 nucleotides from, a corresponding reference domain, e.g., a
naturally occurring domain of a bacterial strain disclosed herein.

In one embodiment, one or more of the gRNA domains (e.g., the targeting domain,
first complementarity domain, linking domain, second complementarity domain, proximal
domain, or tail domain), independently, do not comprise modifications. In one embodiment,
one or more of the gRNA domains (e.g., the targeting domain, first complementarity domain,
linking domain, second complementarity domain, proximal domain, or tail domain),
independently, comprise one or more modifications, e.g., modifications that the render the
domain less susceptible to degradation or more bio-compatible, e.g., less immunogenic. By
way of example, the backbone of the domain can be modified with a phosphorothioate. In
one embodiment a nucleotide of the domain can comprise a 2’ modification, e.g., a 2-
acetylation or a 2" methylation.

In one embodiment, a method herein involves a second gRNA which is a modular
gRNA, e.g., wherein one or more nucleic acid molecules encode a modular gRNA. In other
embodiments, the method involves a second gRNA which is a chimeric gRNA. In other
embodiments, when the method involves a third or fourth gRNA, the third and fourth gRNA
may be a modular gRNA or a chimeric gRNA. When multiple gRNAs are used, any

combination of modular or chimeric gRNAs may be used.
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Landmarks

Another characteristic of a gRNA molecule is its ability to position a Cas9-mediated
cleavage event or break at a desired, e.g., preselected, position on the target nucleic acid. The
Cas9-cleavage event can also be characterized as occurring relative to, e.g., within a
predefined distance, from a landmark. In one embodiment, one can configure a gRNA such
that the gRNA positions a Cas9 molecule so that the Cas9 molecule mediates cleavage, e.g., a
double strand or a single strand break, at a preselected position relative to a landmark on a
target nucleic acid. In one embodiment, the landmark is the target position, e.g., the
nucleotide or one of the nucleotides to be corrected or altered. In one embodiment, the
landmark is a position that corresponds to a position in the template nucleic acid, e.g., the 5’
or 3’ end of the replacement sequence, within the replacement sequence, the replacement
position where the replacement position is a single nucleotide, the 5’ or 3° of the template
nucleic acid, or the 5” or 3° homology arm. In one embodiment, the landmark is an
intron/exon boundary, the 5’ or 3” end or within a coding region, the 5’ or 3’ end or within a
transcribed region, or the 5° or 3’ end or within a repeated element. In one embodiment, the
preselected position is at the landmark. In one embodiment, the preselected position is away
from the landmark, e.g., within 1, 5, 10, 50, 100, 200, 300, 400, or 500 nucleotides of the
landmark, or at least 1, 5, 10, 25, 50 or 100 nucleotides away from the landmark, or 1 to 500,
1 to 400, 1 to 300, 1 to 200, 1 to 100, 10 to 500, 10 to 400, 10 to 300, 10 to 200 or 10 to 100

nucleotides away from the landmark.

III. METHODS FOR DESIGNING GRNAS

Methods for designing gRNAs are described herein, including methods for selecting,
designing and validating target domains. Exemplary targeting domains are also provided
herein. Targeting Domains discussed herein can be incorporated into the gRNAs described
herein.

Methods for selection and validation of target sequences as well as off-target analyses
are described, e.g., in Mali ef al. (2013) SCIENCE 339(6121): 823-826; Hsu ef al. (2013) NAT.
BIOTECHNOL. 31(9): 827-32; Fu et al. (2014) NAT. BIOTECHNOL 32(3): 279-84; Heigwer et
al., 2014 NAT. METHODS 11(2): 122-3; Bae et al. (2014) BIOINFORMATICS 30(10): 1473-5;
Xiao et al. (2014) BIOINFORMATICS 30 (8): 1180-1182. Additional considerations for

designing gRNAs are discussed in the section entitled “gRNA Design” in PCT Application
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WO 2015/048577, the entire contents of which are expressly incorporated herein by
reference.

For example, a software tool can be used to optimize the choice of gRNA within a
user’s target sequence, e.g., to minimize total off-target activity across the genome. Off
target activity may be other than cleavage. For each possible gRNA choice using S. pyogenes
Cas9, the tool can identify all off-target sequences (preceding either NAG or NGG PAMs)
across the genome that contain up to certain number (e.g., 1,2,3,4,5,6,7, 8,9, or 10) of
mismatched base-pairs. The cleavage efficiency at each off-target sequence can be predicted,
e.g., using an experimentally-derived weighting scheme. Each possible gRNA is then ranked
according to its total predicted off-target cleavage; the top-ranked gRNAs represent those that
are likely to have the greatest on-target and the least off-target cleavage. Other functions,
e.g., automated reagent design for CRISPR construction, primer design for the on-target
Surveyor assay, and primer design for high-throughput detection and quantification of off-
target cleavage via next-gen sequencing, can also be included in the tool. Candidate gRNA
molecules can be evaluated by art-known methods or as described in Section VIII herein.

The targeting domains discussed herein can be incorporated into the gRNAs described
herein.

Guide RNAs (gRNAs) for use with S. pyogenes, S. aureus and N. meningitidis Cas9
molecules are identified using a DNA sequence searching algorithm. Guide RNA design is
carried out using a custom guide RNA design software based on the public tool cas-offinder
(Bae et al. (2014) BIOINFORMATICS 30(10): 1473-5). Said custom guide RNA design
software scores guides after calculating their genome-wide off-target propensity. Typically
matches ranging from perfect matches to 7 mismatches are considered for guides ranging in
length from 17 to 24. Once the off-target sites are computationally determined, an aggregate
score is calculated for each guide and summarized in a tabular output using a web-interface.
In addition to identifying potential gRNA sites adjacent to PAM sequences, the software also
identifies all PAM adjacent sequences that differ by 1, 2, 3 or more nucleotides from the
selected gRNA sites. Genomic DNA sequence for each gene was obtained from the UCSC
Genome browser and sequences were screened for repeat elements using the publically
available RepeatMasker program. RepeatMasker searches input DNA sequences for repeated
elements and regions of low complexity. The output is a detailed annotation of the repeats

present in a given query sequence.

51



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

Following identification, gRNAs are ranked into tiers based on their distance to the
target site, their orthogonality and presence of a 5° G (based on identification of close
matches in the human genome containing a relevant PAM (e.g., in the case of S. pyogenes, a
NGG PAM, in the case of S. aureus, a NNGRRT or NNGRRV PAM, and in the case of V.
meningitidis, a NNNNGATT or NNNNGCTT PAM). Orthogonality refers to the number of
sequences in the human genome that contain a minimum number of mismatches to the target
sequence. A “high level of orthogonality” or “good orthogonality” may, for example, refer to
20-mer gRNAs that have no identical sequences in the human genome besides the intended
target, nor any sequences that contain one or two mismatches in the target sequence.
Targeting domains with good orthogonality are selected to minimize off-target DNA
cleavage.

gRNAs are identified for both single-gRNA nuclease cleavage and for a dual-gRNA
paired “nickase” strategy. Criteria for selecting gRNAs and the determination for which
gRNAs can be used for the dual-gRNA paired “nickase” strategy is based on two
considerations: gRNA pairs should be oriented on the DNA such that PAMs are facing out
and cutting with the D10A Cas9 nickase will result in 5* overhangs.

An assumption that cleaving with dual nickase pairs will result in deletion of the
entire intervening sequence at a reasonable frequency. However, cleaving with dual nickase
pairs can also result in indel mutations at the site of only one of the gRNAs. Candidate pair
members can be tested for how efficiently they remove the entire sequence versus causing
indel mutations at the site of one gRNA.

The targeting domains discussed herein can be incorporated into the gRNAs described
herein.

In one embodiment, two or more (e.g., three or four) gRNA molecules are used with
one RNA-guided nuclease, e.g., Cas9 molecule. In another embodiment, when two or more
(e.g., three or four) gRNAs are used with two or more RNA-guided nuclease, e.g., Cas9
molecules, at least one Cas9 molecule is from a different species than the other Cas9
molecule(s). For example, when two gRNA molecules are used with two RNA-guided
nuclease molecules, one RNA-guided nuclease molecule can be from one species and the
other Cas9 molecule can be from a different species. Both RNA-guided nuclease species are
used to generate a single or double-strand break, as desired.

In some embodiments, the targeting domains described herein are used with a RNA-

guided nuclease, e.g., Cas9, nickase molecule to generate a single strand break.
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In some embodiments, the targeting domains described herein are used with a RNA-
guided nuclease, e.g., Cas9, nuclease molecule to generate a double strand break.

When two gRNAs designed for use to target two RNA-guided nuclease, e.g., Cas9,
molecules, one RNA-guided nuclease, e.g., Cas9, can be one species, the second RNA-
guided nuclease, e.g., Cas9, can be from a different species. Both RNA-guided nuclease,
e.g., Cas9, species are used to generate a single or double-strand break, as desired.

It is contemplated herein that any upstream gRNA described herein may be paired
with any downstream gRNA described herein. When an upstream gRNA designed for use
with one species of RNA-guided nuclease, e.g., Cas9, is paired with a downstream gRNA
designed for use from a different species of RNA-guided nuclease, e.g., Cas9, both RNA-
guided nuclease, e.g., Cas9, species are used to generate a single or double-strand break, as
desired.

In one embodiment, the targeting domain of a gRNA molecule is configured to avoid
unwanted target chromosome elements, such as repeat elements, e.g., Alu elements, in the
target domain. The gRNA molecule may be a first, second, third and/or fourth gRNA

molecule.

IV. RNA-GUIDED NUCLEASE MOLECULES

RNA-guided nucleases according to the present disclosure include, but are not limited
to, naturally-occurring Class 2 CRISPR nucleases such as Cas9, and Cpfl, as well as other
nucleases derived or obtained therefrom. In functional terms, RNA-guided nuclases are
defined as those nucleases that: (a) interact with (e.g., complex with) a gRNA; and (b)
together with the gRNA, associate with, and optionally cleave or modify, a target region of a
DNA that includes (1) a sequence complementary to the targeting domain of the gRNA and,
optionally, (ii) an additional sequence referred to as a “protospacer adjacent motif,” or
“PAM,” which is described in greater detail below. As the following examples will illustrate,
RNA-guided nucleases can be defined, in broad terms, by their PAM specificity and cleavage
activity, even though variations may exist between individual RNA-guided nucleases that
share the same PAM specificity or cleavage activity. Skilled artisans will appreciate that
some aspects of the present disclosure relate to systems, methods and compositions that can
be implemented using any suitable RNA-guided nuclease having a certain PAM specificity
and/or cleavage activity. For this reason, unless otherwise specified, the the term RNA-

guided nuclease should be understood as a generic term, and not limited to any particular type
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(e.g., Cas9 vs. Cpfl), species (e.g., S. pyogenes vs. S. aureus) or variation (e.g., full-length vs.
truncated or split; naturally-occurring PAM specificity vs. engineered PAM specificity, etc.)
of RNA-guided nuclease.

The PAM sequence takes its name from its sequential relationship to the
“protospacer” sequence that is complementary to gRNA targeting domains (or “spacers”).
Together with protospacer sequences, PAM sequences define target regions or sequences for
specific RNA-guided nuclease / gRNA combinations.

Various RNA-guided nucleases may require different sequential relationships
between PAMs and protospacers. In general, Cas9s recognize PAM sequences that are 3° of

the protospacer as visualized relative to the top or complementary strand:

5 e [protospacer]--------------------com-o—- 3
B [PAM]---------mm e 5
Cpf1, on the other hand, generally recognizes PAM sequences that are 5° of the protospacer:
S e [protospacer] ------------------ 3
3 - [PAM]----mmm oo 5

In addition to recognizing specific sequential orientations of PAMs and protospacers,
RNA-guided nucleases can also recognize specific PAM sequences. S. aureus Cas9, for
instance, recognizes a PAM sequence of NNGRRT or NNGRRYV, wherein the N residues are
immediately 3’ of the region recognized by the gRNA targeting domain. S. pyogenes Cas9
recognizes NGG PAM sequences. And F. novicida Cpfl recognizes a TTN PAM sequence.
PAM sequences have been identified for a variety of RNA-guided nucleases, and a strategy
for identifying novel PAM sequences has been described by Shmakov er al., 2015, Molecular
Cell 60, 385-397, November 5, 2015. It should also be noted that engineered RNA-guided
nucleases can have PAM specificities that differ from the PAM specificities of reference
molecules (for instance, in the case of an engineered RNA-guided nuclease, the reference
molecule may be the naturally occurring variant from which the RNA-guided nuclease is
derived, or the naturally occurring variant having the greatest amino acid sequence homology
to the engineered RNA-guided nuclease).

In addition to their PAM specificity, RN A-guided nucleases can be characterized by
their DNA cleavage activity: naturally-occurring RNA-guided nucleases typically form DSBs
in target nucleic acids, but engineered variants have been produced that generate only SSBs
(discussed above) Ran & Hsu, et al., Cell 154(6), 1380-1389, September 12, 2013 (Ran),

incorporated by reference herein), or that that do not cut at all.
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Cas9 Molecules

Cas9 molecules of a variety of species can be used in the methods and compositions
described herein. While the S. pyogenes, S. aureus, and S. thermophilus Cas9 molecules are
the subject of much of the disclosure herein, Cas9 molecules, derived from, or based on the
Cas9 proteins of other species listed herein can be used as well. In other words, while the
much of the description herein uses S. pyogenes and S. thermophilus Cas9 molecules, Cas9
molecules from the other species can replace them, e.g., Staphylococcus aureus and Neisseria
meningitidis Cas9 molecules. Additional Cas9 species include: Acidovorax avenae,
Actinobacillus pleuropneumoniae, Actinobacillus succinogenes, Actinobacillus suis,
Actinomyces sp., cycliphilus denitrificans, Aminomonas paucivorans, Bacillus cereus,
Bacillus smithii, Bacillus thuringiensis, Bacteroides sp., Blastopirellula marina,
Bradyrhizobium sp., Brevibacillus laterosporus, Campylobacter coli, Campylobacter jejuni,
Campylobacter lari, Candidatus Puniceispirillum, Clostridium cellulolyticum, Clostridium
perfringens, Corynebacterium accolens, Corynebacterium diphtheria, Corynebacterium
matruchotii, Dinoroseobacter shibae, Eubacterium dolichum, gamma proteobacterium,
Gluconacetobacter diazotrophicus, Haemophilus parainfluenzae, Haemophilus sputorum,
Helicobacter canadensis, Helicobacter cinaedi, Helicobacter mustelae, Ilyobacter
polytropus, Kingella kingae, Lactobacillus crispatus, Listeria ivanovii, Listeria
monocytogenes, Listeriaceae bacterium, Methylocystis sp., Methylosinus trichosporium,
Mobiluncus mulieris, Neisseria bacilliformis, Neisseria cinerea, Neisseria flavescens,
Neisseria lactamica, Neisseria sp., Neisseria wadsworthii, Nitrosomonas sp., Parvibaculum
lavamentivorans, Pasteurella multocida, Phascolarctobacterium succinatutens, Ralstonia
syzygii, Rhodopseudomonas palustris, Rhodovulum sp., Simonsiella muelleri, Sphingomonas
sp., Sporolactobacillus vineae, Staphylococcus lugdunensis, Streptococcus sp.,
Subdoligranulum sp., Tistrella mobilis, Treponema sp., or Verminephrobacter eiseniae.

A Cas9 molecule, or Cas9 polypeptide, as the term is used herein, refers to a molecule
or a polypeptide that can interact with a guide RNA (gRNA) molecule and, in concert with
the gRNA molecule, localizes to a site which comprises a target domain, and in some
embodiments, a PAM sequence. Cas9 molecule and Cas9 polypeptide, as those terms are
used herein, refer to naturally occurring Cas9 molecules and to engineered, altered, or
modified Cas9 molecules or Cas9 polypeptides that differ, e.g., by at least one amino acid

residue, from a reference sequence, e.g., the most similar naturally occurring Cas9 molecule.
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Cas9 Domains

Crystal structures have been determined for two different naturally occurring bacterial
Cas9 molecules (Jinek et al., SCIENCE, 343(6176): 1247997, 2014) and for S. pyogenes Cas9
with a guide RNA (e.g., a synthetic fusion of crRNA and tracrRNA) (Nishimasu et al., CELL,
156:935-949, 2014; and Anders et al., NATURE, 2014, doi: 10.1038/nature13579).

A naturally occurring Cas9 molecule comprises two lobes: a recognition (REC) lobe
and a nuclease (NUC) lobe; each of which further comprise domains described herein. The
REC lobe comprises the arginine-rich bridge helix (BH), the REC1 domain, and the REC2
domain. The REC lobe does not share structural similarity with other known proteins,
indicating that it is a Cas9-specific functional domain. The BH domain is a long o helix and
arginine rich region and comprises amino acids 60-93 of the sequence of S. pyogenes Cas9.
The REC1 domain is important for recognition of the repeat:anti-repeat duplex, e.g., of a
gRNA or a tracrRNA, and is therefore critical for Cas9 activity by recognizing the target
sequence. The REC1 domain comprises two REC1 motifs at amino acids 94 to 179 and 308
to 717 of the sequence of S. pyogenes Cas9. These two REC1 domains, though separated by
the REC2 domain in the linear primary structure, assemble in the tertiary structure to form the
REC1 domain. The REC2 domain, or parts thereof, may also play a role in the recognition of
the repeat:anti-repeat duplex. The REC2 domain comprises amino acids 180-307 of the
sequence of S. pyogenes Cas9.

The NUC lobe comprises the RuvC domain, the HNH domain, and the PAM-
interacting (PI) domain. The RuvC domain shares structural similarity to retroviral integrase
superfamily members and cleaves a single strand, e.g., the non-complementary strand of the
target nucleic acid molecule. The RuvC domain is assembled from the three split RuvC
motifs (RuvC I, RuvCll, and RuvClIII, which are often commonly referred to in the art as
RuvCI domain, or N-terminal RuvC domain, RuvCII domain, and RuvCIII domain) at amino
acids 1-59, 718-769, and 909-1098, respectively, of the sequence of S. pyogenes Cas9.
Similar to the REC1 domain, the three RuvC motifs are linearly separated by other domains
in the primary structure, however in the tertiary structure, the three RuvC motifs assemble
and form the RuvC domain. The HNH domain shares structural similarity with HNH
endonucleases, and cleaves a single strand, e.g., the complementary strand of the target
nucleic acid molecule. The HNH domain lies between the RuvC II-III motifs and comprises

amino acids 775-908 of the sequence of S. pyogenes Cas9. The PI domain interacts with the
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PAM of the target nucleic acid molecule, and comprises amino acids 1099-1368 of the
sequence of S. pyogenes Cas9.

RuvC-like domain and HNH-like domain

In one embodiment, a Cas9 molecule or Cas9 polypeptide comprises an HNH-like
domain and a RuvC-like domain. In one embodiment, cleavage activity is dependent on a
RuvC-like domain and an HNH-like domain. A Cas9 molecule or Cas9 polypeptide, e.g., an
eaCas9 molecule or eaCas9 polypeptide, can comprise one or more of the following domains:
a RuvC-like domain and an HNH-like domain. In one embodiment, a Cas9 molecule or Cas9
polypeptide is an eaCas9 molecule or eaCas9 polypeptide and the eaCas9 molecule or eaCas9
polypeptide comprises a RuvC-like domain, e.g., a RuvC-like domain described below,
and/or an HNH-like domain, e.g., an HNH-like domain described below.

RuvC-like domains

In one embodiment, a RuvC-like domain cleaves, a single strand, e.g., the non-
complementary strand of the target nucleic acid molecule. The Cas9 molecule or Cas9
polypeptide can include more than one RuvC-like domain (e.g., one, two, three or more
RuvC-like domains). In one embodiment, a RuvC-like domain is at least 5, 6, 7, 8 amino
acids in length but not more than 20, 19, 18, 17, 16 or 15 amino acids in length. In one
embodiment, the Cas9 molecule or Cas9 polypeptide comprises an N-terminal RuvC-like
domain of about 10 to 20 amino acids, e.g., about 15 amino acids in length.

N-terminal RuvC-like domains

Some naturally occurring Cas9 molecules comprise more than one RuvC-like domain
with cleavage being dependent on the N-terminal RuvC-like domain. Accordingly, Cas9
molecules or Cas9 polypeptide can comprise an N-terminal RuvC-like domain.

Additional RuvC-like domains

In addition to the N-terminal RuvC-like domain, the Cas9 molecule or Cas9
polypeptide, e.g., an eaCas9 molecule or eaCas9 polypeptide, can comprise one or more
additional RuvC-like domains. In one embodiment, the Cas9 molecule or Cas9 polypeptide
can comprise two additional RuvC-like domains. Preferably, the additional RuvC-like
domain is at least 5 amino acids in length and, e.g., less than 15 amino acids in length, e.g., 5
to 10 amino acids in length, e.g., 8 amino acids in length.

HNH-like domains

In one embodiment, an HNH-like domain cleaves a single stranded complementary

domain, e.g., a complementary strand of a double stranded nucleic acid molecule. In one
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embodiment, an HNH-like domain is at least 15, 20, 25 amino acids in length but not more
than 40, 35 or 30 amino acids in length, e.g., 20 to 35 amino acids in length, e.g., 25 to 30
amino acids in length. Exemplary HNH-like domains are described below.

Cas9 Activities Nuclease and Helicase Activities

In one embodiment, the Cas9 molecule or Cas9 polypeptide is capable of cleaving a
target nucleic acid molecule. Typically wild type Cas9 molecules cleave both strands of a
target nucleic acid molecule. Cas9 molecules and Cas9 polypeptides can be engineered to
alter nuclease cleavage (or other properties), e.g., to provide a Cas9 molecule or Cas9
polypeptide which is a nickase, or which lacks the ability to cleave target nucleic acid. A
Cas9 molecule or Cas9 polypeptide that is capable of cleaving a target nucleic acid molecule
is referred to herein as an eaCas9 (an enzymatically active Cas9) molecule or eaCas9
polypeptide.

In one embodiment, an eaCas9 molecule or eaCas9 polypeptide comprises one or
more of the following enzymatic activities:

a nickase activity, i.e., the ability to cleave a single strand, e.g., the non-
complementary strand or the complementary strand, of a nucleic acid molecule;

a double stranded nuclease activity, i.e., the ability to cleave both strands of a double
stranded nucleic acid and create a double strand break, which In one embodiment is the
presence of two nickase activities;

an endonuclease activity;

an exonuclease activity; and

a helicase activity, i.e., the ability to unwind the helical structure of a double stranded
nucleic acid.

In one embodiment, an enzymatically active or an eaCas9 molecule or eaCas9
polypeptide cleaves both DNA strands and results in a double strand break. In one
embodiment, an eaCas9 molecule or eaCas9 polypeptide cleaves only one strand, e.g., the
strand to which the gRNA hybridizes to, or the strand complementary to the strand the gRNA
hybridizes with. In one embodiment, an eaCas9 molecule or eaCas9 polypeptide comprises
cleavage activity associated with an HNH domain. In one embodiment, an eaCas9 molecule
or eaCas9 polypeptide comprises cleavage activity associated with a RuvC domain. In one
embodiment, an eaCas9 molecule or eaCas9 polypeptide comprises cleavage activity
associated with an HNH domain and cleavage activity associated with a RuvC domain. In

one embodiment, an eaCas9 molecule or eaCas9 polypeptide comprises an active, or cleavage
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competent, HNH domain and an inactive, or cleavage incompetent, RuvC domain. In one
embodiment, an eaCas9 molecule or eaCas9 polypeptide comprises an inactive, or cleavage
incompetent, HNH domain and an active, or cleavage competent, RuvC domain.

Some Cas9 molecules or Cas9 polypeptides have the ability to interact with a gRNA
molecule, and in conjunction with the gRNA molecule, localize to a target sequence on a
target nucleic acid (the target domain), but are incapable of cleaving the target nucleic acid,
or incapable of cleaving at efficient rates. Cas9 molecules having no, or no substantial,
cleavage activity are referred to herein as an eiCas9 molecule or eiCas9 polypeptide. For
example, an eiCas9 molecule or eiCas9 polypeptide can lack cleavage activity or have
substantially less, e.g., less than 20, 10, 5, 1 or 0.1 % of the cleavage activity of a reference
Cas9 molecule or eiCas9 polypeptide, as measured by an assay described herein.

Targeting and PAMs

A Cas9 molecule or Cas9 polypeptide, is a polypeptide that can interact with a guide
RNA (gRNA) molecule and, in concert with the gRNA molecule, localizes to a site which
comprises a target domain, and In one embodiment, a PAM sequence.

In one embodiment, the ability of an eaCas9 molecule or eaCas9 polypeptide to
interact with and cleave a target nucleic acid is PAM sequence dependent. A PAM sequence
is a sequence in the target nucleic acid. In one embodiment, cleavage of the target nucleic
acid occurs upstream from the PAM sequence. EaCas9 molecules from different bacterial
species can recognize different sequence motifs (e.g., PAM sequences). In one embodiment,
an eaCas9 molecule of S. pyogenes recognizes the sequence motif NGG and directs cleavage
of a target nucleic acid sequence 1 to 10, e.g., 3 to 5, base pairs upstream from that sequence.
See, e.g., Mali et al., SCIENCE (2013) 339(6121): 823-826. In one embodiment, an eaCas9
molecule of S. thermophilus recognizes the sequence motif NGGNG (SEQ ID NO.: 6) and/or
NNAGAAW (W =A or T) (SEQ ID NO.: 7) and directs cleavage of a target nucleic acid
sequence 1 to 10, e.g., 3 to 5, base pairs upstream from these sequences. See, e.g., Horvath er
al., SCIENCE (2010); 327(5962):167-170, and Deveau et al., J. BACTERIOL. 2008; 190(4):
1390-1400. In one embodiment, an eaCas9 molecule of S. mutans recognizes the sequence
motif NGG and/or NAAR (R = A or G) (SEQ ID NO.: 8) and directs cleavage of a target
nucleic acid sequence 1 to 10, e.g., 3 to 5 base pairs, upstream from this sequence. See, e.g.,
Deveau et al., ] BACTERIOL 2008; 190(4): 1390-1400. In one embodiment, an eaCas9
molecule of S. aureus recognizes the sequence motif NNGRR (R = A or G) (SEQ ID NO.: 9)

and directs cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to 5, base pairs upstream
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from that sequence. In one embodiment, an eaCas9 molecule of S. aureus recognizes the
sequence motif NNGRRN (R = A or G) and directs cleavage of a target nucleic acid sequence
1to 10, e.g., 3 to 5, base pairs upstream from that sequence. In one embodiment, an eaCas9
molecule of S. aureus recognizes the sequence motif NNGRRT (R = A or G) and directs
cleavage of a target nucleic acid sequence 1 to 10, e.g., 3 to 5, base pairs upstream from that
sequence. In one embodiment, an eaCas9 molecule of S. aureus recognizes the sequence
motif NNGRRV (R = A or G) (SEQ ID NO.: 10) and directs cleavage of a target nucleic acid
sequence 1 to 10, e.g., 3 to 5, base pairs upstream from that sequence. In one embodiment, an
eaCas9 molecule of N. meningitidis recognizes the sequence motif NNNNGATT (SEQ ID
NO.: 11) or NNNGCTT (R = A or G) (SEQ ID NO: 12) and directs cleavage of a target
nucleic acid sequence 1 to 10, e.g., 3 to 5, base pairs upstream from that sequence. See, e.g.,
Hou et al. (2013) PROC. NAT’L. ACAD. SCI. USA 110(39):15644-15649. The ability of a Cas9
molecule to recognize a PAM sequence can be determined, e.g., using a transformation assay
described in Jinek et al. (2012) SCIENCE 337:816. In the aforementioned embodiments, N
can be any nucleotide residue, e.g., any of A, G, Cor T. In one embodiment, the PAM
sequence 1s facing outward.

As is discussed herein, Cas9 molecules can be engineered to alter the PAM specificity
of the Cas9 molecule.

Exemplary naturally occurring Cas9 molecules are described in Chylinski ez al.
(2013) RNA BIOLOGY 10:5, 727-737. Examples include a Cas9 molecule of: S. pyogenes
(e.g., strain SF370, MGAS 10270, MGAS10750, MGAS2096, MGAS315, MGASS5005,
MGAS6180, MGAS9429, NZ131 and SSI-1), S. thermophilus (e.g., strain LMD-9), S.
pseudoporcinus (e.g., strain SPIN 20026), S. mutans (e.g., strain UA159, NN2025), S.
macacae (e.g., strain NCTC11558), S. gallolyticus (e.g., strain UCN34, ATCC BAA-2069),
S. equines (e.g., strain ATCC 9812, MGCS 124), S. dysdalactiae (e.g., strain GGS 124), S.
bovis (e.g., strain ATCC 700338), S. anginosus (e.g., strain F0211), S. agalactiae (e.g., strain
NEM316, A909), Listeria monocytogenes (e.g., strain F6854), Listeria innocua (L. innocua,
e.g., strain Clip11262), Enterococcus italicus (e.g., strain DSM 15952), or Enterococcus
faecium (e.g., strain 1,231,408). Additional exemplary Cas9 molecules are a Cas9 molecule
of Neisseria meningitidis (Hou et al., PNAS Early Edition 2013, 1-6) and a S. aureus Cas9
molecule.

In one embodiment, a Cas9 molecule or Cas9 polypeptide, e.g., an eaCas9 molecule

or eaCas9 polypeptide, comprises an amino acid sequence:
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having 60%., 65%, 70%, 75%, 80%. 81%, 82%. 83%, 84%. 85%, 86%, 81%, 88%,
89%., 90%, 91%., 92%, 93%., 94%, 95%, 96%, 9T1%, 98% or 99% homology with;

differs at no more than, 2, 5, 10, 15, 20, 30, or 40% of the amino acid residues when
compared with;

differs by at least 1, 2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20
amino acids, but by no more than 100, 80, 70, 60, 50, 40 or 30 amino acids from; or

is identical to any Cas9 molecule sequence described herein, or a naturally occurring
Cas9 molecule sequence, e.g., a Cas9 molecule from a species listed herein or described in
Chylinski ef al. (2013) RNA BIOLOGY 10:5, 727-737; Hou et al., PNAS Early Edition 2013,
1-6. In one embodiment, the Cas9 molecule or Cas9 polypeptide comprises one or more of
the following activities: a nickase activity; a double stranded cleavage activity (e.g., an
endonuclease and/or exonuclease activity); a helicase activity; or the ability, together with a
gRNA molecule, to localize to a target nucleic acid.

Engineered or Altered Cas9 Molecules and Cas9 Polypeptides

Cas9 molecules and Cas9 polypeptides described herein, e.g., naturally occurring
Cas9 molecules, can possess any of a number of properties, including: nuclease activity (e.g.,
endonuclease and/or exonuclease activity); helicase activity; the ability to associate
functionally with a gRNA molecule; and the ability to target (or localize to) a site on a
nucleic acid (e.g., PAM recognition and specificity). In one embodiment, a Cas9 molecule or
Cas9 polypeptide can include all or a subset of these properties. In a typical embodiment, a
Cas9 molecule or Cas9 polypeptide has the ability to interact with a gRNA molecule and, in
concert with the gRNA molecule, localize to a site in a nucleic acid. Other activities, e.g.,
PAM specificity, cleavage activity, or helicase activity can vary more widely in Cas9
molecules and Cas9 polypeptides.

Cas9 molecules include engineered Cas9 molecules and engineered Cas9
polypeptides (engineered, as used in this context, means merely that the Cas9 molecule or
Cas9 polypeptide differs from a reference sequences, and implies no process or origin
limitation). An engineered Cas9 molecule or Cas9 polypeptide can comprise altered
enzymatic properties, e.g., altered nuclease activity (as compared with a naturally occurring
or other reference Cas9 molecule) or altered helicase activity. As discussed herein, an
engineered Cas9 molecule or Cas9 polypeptide can have nickase activity (as opposed to
double strand nuclease activity). In one embodiment an engineered Cas9 molecule or Cas9

polypeptide can have an alteration that alters its size, e.g., a deletion of amino acid sequence
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that reduces its size, e.g., without significant effect on one or more, or any Cas9 activity. In
one embodiment, an engineered Cas9 molecule or Cas9 polypeptide can comprise an
alteration that affects PAM recognition. For example, an engineered Cas9 molecule can be
altered to recognize a PAM sequence other than that recognized by the endogenous wild-type
PI domain. In one embodiment a Cas9 molecule or Cas9 polypeptide can differ in sequence
from a naturally occurring Cas9 molecule but not have significant alteration in one or more
Cas9 activities.

Cas9 molecules or Cas9 polypeptides with desired properties can be made in a
number of ways, e.g., by alteration of a parental, e.g., naturally occurring Cas9 molecule or
Cas9 polypeptide, to provide an altered Cas9 molecule or Cas9 polypeptide having a desired
property. For example, one or more mutations or differences relative to a parental Cas9
molecule, e.g., a naturally occurring or engineered Cas9 molecule, can be introduced. Such
mutations and differences comprise: substitutions (e.g., conservative substitutions or
substitutions of non-essential amino acids), insertions, or deletions. In one embodiment, a
Cas9 molecule or Cas9 polypeptide can comprises one or more mutations or differences, e.g.,
at least 1, 2, 3, 4, 5, 10, 15, 20, 30, 40 or 50 mutations but less than 200, 100, or 80 mutations
relative to a reference, e.g., a parental Cas9 molecule.

In one embodiment, a mutation or mutations do not have a substantial effect on a
Cas9 activity, e.g. a Cas9 activity described herein. In one embodiment, a mutation or
mutations have a substantial effect on a Cas9 activity, e.g. a Cas9 activity described herein.

Non-Cleaving and Modified-Cleavage Cas9 Molecules and Cas9 Polypeptides

In one embodiment, a Cas9 molecule or Cas9 polypeptide comprises a cleavage
property that differs from naturally occurring Cas9 molecules, e.g., that differs from the
naturally occurring Cas9 molecule having the closest homology. For example, a Cas9
molecule or Cas9 polypeptide can differ from a naturally occurring Cas9 molecule, e.g., a
Cas9 molecule of S. pyogenes, as follows: its ability to modulate, e.g., decreased or increased,
cleavage of a double stranded nucleic acid (endonuclease and/or exonuclease activity), e.g.,
as compared to a naturally occurring Cas9 molecule (e.g., a Cas9 molecule of S. pyogenes);
its ability to modulate, e.g., decreased or increased, cleavage of a single strand of a nucleic
acid, e.g., a non-complementary strand of a nucleic acid molecule or a complementary strand
of a nucleic acid molecule (nickase activity), e.g., as compared to a naturally occurring Cas9
molecule (e.g., a Cas9 molecule of S. pyogenes); or the ability to cleave a nucleic acid

molecule, e.g., a double stranded or single stranded nucleic acid molecule, can be eliminated.
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Alterations In The Ability To Cleave One Or Both Strands Of A Target Nucleic Acid

In one embodiment, exemplary Cas9 activities comprise one or more of PAM
specificity, cleavage activity, and helicase activity. A mutation(s) can be present, e.g., in: one
or more RuvC domains, e.g., an N-terminal RuvC domain; an HNH domain; a region outside
the RuvC domains and the HNH domain. In one embodiment, a mutation(s) is present in a
RuvC domain. In one embodiment, a mutation(s) is present in an HNH domain. In one
embodiment, mutations are present in both a RuvC domain and an HNH domain.

Exemplary mutations that may be made in the RuvC domain or HNH domain with
reference to the S. pyogenes Cas9 sequence include: DI10A, E762A, H840A, N854A, N863A
and/or D986A. Exemplary mutations that may be made in the RuvC domain with reference
to the S. aureus Cas9 sequence include: NS80A. In one embodiment, one gRNA molecule is
used. In another embodiment, two gRNA molecules are used.

In one embodiment, a Cas9 molecule is an eiCas9 molecule comprising one or more
differences in a RuvC domain and/or in an HNH domain as compared to a reference Cas9
molecule, and the eiCas9 molecule does not cleave a nucleic acid, or cleaves with
significantly less efficiency than does wild type, e.g., when compared with wild type in a
cleavage assay, e.g., as described herein, cuts with less than 50, 25, 10, or 1% of a reference
Cas9 molecule, as measured by an assay described herein.

Whether or not a particular sequence, e.g., a substitution, may affect one or more
activity, such as targeting activity, cleavage activity, etc., can be evaluated or predicted, e.g.,
by evaluating whether the mutation is conservative. In one embodiment, a “non-essential”
amino acid residue, as used in the context of a Cas9 molecule, is a residue that can be altered
from the wild-type sequence of a Cas9 molecule, e.g., a naturally occurring Cas9 molecule,
e.g., an eaCas9 molecule, without abolishing or more preferably, without substantially
altering a Cas9 activity (e.g., cleavage activity), whereas changing an “essential” amino acid
residue results in a substantial loss of activity (e.g., cleavage activity).

In one embodiment, a Cas9 molecule comprises a cleavage property that differs from
naturally occurring Cas9 molecules, e.g., that differs from the naturally occurring Cas9
molecule having the closest homology. For example, a Cas9 molecule can differ from
naturally occurring Cas9 molecules, e.g., a Cas9 molecule of S. aureus, S. pyogenes, or C.
Jejuni as follows: its ability to modulate, e.g., decreased or increased, cleavage of a double
strand break (endonuclease and/or exonuclease activity), e.g., as compared to a naturally

occurring Cas9 molecule (e.g., a Cas9 molecule of S. aureus, S. pyogenes, or C. jejuni); its
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ability to modulate, e.g., decreased or increased, cleavage of a single strand of a nucleic acid,
e.g., a non-complimentary strand of a nucleic acid molecule or a complementary strand of a
nucleic acid molecule (nickase activity), e.g., as compared to a naturally occurring Cas9
molecule (e.g., a Cas9 molecule of S. aureus, S. pyogenes, or C. jejuni); or the ability to
cleave a nucleic acid molecule, e.g., a double stranded or single stranded nucleic acid
molecule, can be eliminated.

In one embodiment, the altered Cas9 molecule is an eaCas9 molecule comprising one
or more of the following activities: cleavage activity associated with a RuvC domain;
cleavage activity associated with an HNH domain; cleavage activity associated with an HNH
domain and cleavage activity associated with a RuvC domain.

In one embodiment, the altered Cas9 molecule is an eiCas9 molecule which does not
cleave a nucleic acid molecule (either double stranded or single stranded nucleic acid
molecules) or cleaves a nucleic acid molecule with significantly less efficiency, e.g., less than
20, 10, 5, 1 or 0.1% of the cleavage activity of a reference Cas9 molecule, e.g., as measured
by an assay described herein. The reference Cas9 molecule can be a naturally occurring
unmodified Cas9 molecule, e.g., a naturally occurring Cas9 molecule such as a Cas9
molecule of S. pyogenes, S. thermophilus, S. aureus, C. jejuni or N. meningitidis. In one
embodiment, the reference Cas9 molecule is the naturally occurring Cas9 molecule having
the closest sequence identity or homology. In one embodiment, the eiCas9 molecule lacks
substantial cleavage activity associated with a RuvC domain and cleavage activity associated
with an HNH domain.

In one embodiment, the altered Cas9 molecule or Cas9 polypeptide, e.g., an eaCas9
molecule or eaCas9 polypeptide, can be a fusion, e.g., of two of more different Cas9
molecules, e.g., of two or more naturally occurring Cas9 molecules of different species. For
example, a fragment of a naturally occurring Cas9 molecule of one species can be fused to a
fragment of a Cas9 molecule of a second species. As an example, a fragment of a Cas9
molecule of S. pyogenes comprising an N-terminal RuvC-like domain can be fused to a
fragment of Cas9 molecule of a species other than S. pyogenes (e.g., S. thermophilus)
comprising an HNH-like domain.

Cas9 Molecules With Altered PAM Recognition Or No PAM Recognition

Naturally occurring Cas9 molecules can recognize specific PAM sequences, for
example the PAM recognition sequences described above for, e.g., S. pyogenes, S.

thermophilus, S. mutans, S. aureus and N. meningitidis.
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In one embodiment, a Cas9 molecule or Cas9 polypeptide has the same PAM
specificities as a naturally occurring Cas9 molecule. In one embodiment, a Cas9 molecule or
Cas9 polypeptide has a PAM specificity not associated with a naturally occurring Cas9
molecule, or a PAM specificity not associated with the naturally occurring Cas9 molecule to
which it has the closest sequence homology. For example, a naturally occurring Cas9
molecule can be altered, e.g., to alter PAM recognition, e.g., to alter the PAM sequence that
the Cas9 molecule or Cas9 polypeptide recognizes to decrease off target sites and/or improve
specificity; or eliminate a PAM recognition requirement. In one embodiment, a Cas9
molecule or Cas9 polypeptide can be altered, e.g., to increase length of PAM recognition
sequence and/or improve Cas9 specificity to a high level of identity (e.g., 98%, 99% or 100%
match between gRNA and a PAM sequence), e.g., to decrease off target sites and increase
specificity. In one embodiment, the length of the PAM recognition sequence is at least 4, 5,
6,7, 8,9, 10 or 15 amino acids in length. Cas9 molecules or Cas9 polypeptides that
recognize different PAM sequences and/or have reduced off-target activity can be generated
using directed evolution. Exemplary methods and systems that can be used for directed
evolution of Cas9 molecules are described, e.g., in Esvelt er al. (2011) NATURE 472(7344):
499-503. Candidate Cas9 molecules can be evaluated, e.g., by methods described in Section
VIII.

In one embodiment, the Cas9 molecule is a S. pyogenes Cas9 variant. In certain
embodiments, the Cas9 variant is the EQR variant. In certain embodiments, the Cas9 variant
is the VRER variant. In certain embodiments, the eiCas9 molecule is a S. pyogenes Cas9
variant. In certain embodiments, the Cas9 variant is the EQR variant. In certain
embodiments, the Cas9 variant is the VRER variant. Cas9 variants are described, for
example, in Kleinstiver ef al., NATURE, 523:481-485, 2015. In some embodiments the S.
pyogenes Cas9 variant comprises an alanine substitution at a positively charged residue (see
Slaymaker et al. (2015) “Rationally engineered Cas9 nucleases with improved specificity,”
SCIENCE (Published online December 1, 2015) [DOI:10.1126/science.aad5227]). In some
embodiments the S. pyogenes Cas9 variant comprises one or more of the following
mutations: R780A, K810A, K848A, K855A, HI982A, R976A, R1003A, and R1060A (see
Slaymaker et al.). In some embodiments the S. pyogenes Cas9 variant comprises one or more
mutations in the following amino acid residues: R780, K810, K848, K855, H982, R976,
R1003, and R1060. In some embodiments, the S. pyogenes Cas9 variant is the K§55A

variant (see Slaymaker et al.). In some embodiments, the S. pyogenes Cas9 variant is the
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K810A/K1003A/R1060A variant (also known as “eSpCas9(1.0)”) (see Slaymaker ef al.). In
some embodiments, the S. pyogenes Cas9 variant is the K848 A/K1003A/R1060A variant
(also known as “eSpCas9(1.1)”) (see Slaymaker et al.).

Following identification, gRNAs can be ranked into tiers based on their distance to
the target site, their orthogonality and presence of a 5° G (based on identification of close
matches in the human genome containing a relevant PAM (e.g., for a S. pyogenes Cas9 EQR
variant, the PAM may be a NGAG PAM, A NGCG PAM, a NGGG PAM, a NGTG PAM, a
NGAA PAM, a NGAT PAM or a NGAC PAM).

Following identification, gRNAs can be ranked into tiers based on their distance to
the target site, their orthogonality and presence of a 5° G (based on identification of close
matches in the human genome containing a relevant PAM (e.g., for a S. pyogenes Cas9
VRER variant, the PAM may be a NGCG PAM, A NGCA PAM, a NGCT PAM, or a NGCC
PAM).

In some embodiments, the Cas9 molecule is a S. aureus Cas9 variant. In certain
embodiments, the Cas9 variant is the KKH (E782K/N968K/R1015H) variant (see Kleinstiver
et al. (2015) NAT. BIOTECHNOL. doi: 10.1038/nbt.3404, the entire contents of which are
expressly incorporated herein by reference). In some embodiments, the Cas9 variant is the
E782K/K929R/R1015H variant (see Kleinstiver et al. (2015)). In some embodiments, the
Cas9 variant is the E782K/K929R/N968K/R1015H variant (see Kleinstiver et al. (2015). In
some embodiments the Cas9 variant comprises one or more mutations in one of the following
residues: E782, K929, N968, R1015. In some embodiments the Cas9 variant comprises one
or more of the following mutations: E782K, K929R, N968K, R1015H and R1015Q (see
Kleinstiver et al. (2015)).

Following identification, gRNAs can be ranked into tiers based on their distance to
the target site, their orthogonality and presence of a 5° G (based on identification of close
matches in the human genome containing a relevant PAM (e.g., for a S. aureus Cas9 KKH
variant, the PAM may be a NNNRRT PAM (e.g., a NNNAGT PAM, a NNNGGT PAM, a
NNNGAT PAM, or a NNNAAT PAM).

Alterations of the PI domain, which mediates PAM recognition are discussed below.

Synthetic Cas9 Molecules And Cas9 Polypeptides With Altered PI Domains

Current genome-editing methods are limited in the diversity of target sequences that
can be targeted by the PAM sequence that is recognized by the Cas9 molecule utilized. A
synthetic Cas9 molecule (or Syn-Cas9 molecule), or synthetic Cas9 polypeptide (or syn-Cas9
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polypeptide), as that term is used herein, refers to a Cas9 molecule or Cas9 polypeptide that
comprises a Cas9 core domain from one bacterial species and a functional altered PI domain,
i.e., a Pl domain other than that naturally associated with the Cas9 core domain, e.g., from a
different bacterial species.

In one embodiment, the altered P1 domain recognizes a PAM sequence that is
different from the PAM sequence recognized by the naturally-occurring Cas9 from which the
Cas9 core domain is derived. In one embodiment, the altered PI domain recognizes the same
PAM sequence recognized by the naturally-occurring Cas9 from which the Cas9 core domain
is derived, but with different affinity or specificity. A Syn-Cas9 molecule or Syn-Cas9
polypeptide can be, respectively, a Syn-eaCas9 molecule or Syn-eaCas9 polypeptide or a
Syn-eiCas9 molecule Syn-eiCas9 polypeptide.

In one embodiment, the RKR motif (the PAM binding motif) of said altered PI
domain comprises: differences at 1, 2, or 3 amino acid residues; a difference in amino acid
sequence at the first, second, or third position; differences in amino acid sequence at the first
and second positions, the first and third positions, or the second and third positions; as
compared with the sequence of the RKR motif of the native or endogenous PI domain
associated with the Cas9 core domain.

In one embodiment, the RKR motif of the species X Cas9 is other than the RKR motif
of the species Y Cas9.

In one embodiment, the RKR motif of the altered PI domain is selected from XXY,
XNG, and XNQ.

In one embodiment, the Cas9 molecule further comprises a linker disposed between
said Cas9 core domain and said altered PI domain.

In one embodiment, the linker comprises: a linker described elsewhere herein
disposed between the Cas9 core domain and the heterologous PI domain.

In one embodiment, a Syn-Cas9 molecule may also be size-optimized, e.g., the Syn-
Cas9 molecule comprises one or more deletions, and optionally one or more linkers disposed
between the amino acid residues flanking the deletions. In one embodiment, a Syn-Cas9
molecule comprises a REC deletion.

Size-Optimized Cas9 Molecules

Engineered Cas9 molecules and engineered Cas9 polypeptides, as described herein,
include a Cas9 molecule or Cas9 polypeptide comprising a deletion that reduces the size of

the molecule while still retaining desired Cas9 properties, e.g., essentially native
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conformation, Cas9 nuclease activity, and/or target nucleic acid molecule recognition.
Provided herein are Cas9 molecules or Cas9 polypeptides comprising one or more deletions,
and optionally one or more linkers, wherein a linker is disposed between the amino acid
residues that flank the deletion. Methods for identifying suitable deletions in a reference
Cas9 molecule, methods for generating Cas9 molecules with a deletion and a linker, and
methods for using such Cas9 molecules will be apparent to one of ordinary skill in the art
upon review of this document.

A Cas9 molecule, e.g., a S. aureus, S. pyogenes, or C. jejuni, Cas9 molecule, having a
deletion is smaller, e.g., has reduced number of amino acids, than the corresponding
naturally-occurring Cas9 molecule. The smaller size of the Cas9 molecules allows increased
flexibility for delivery methods, and thereby increases utility for genome-editing. A Cas9
molecule can comprise one or more deletions that do not substantially affect or decrease the
activity of the resultant Cas9 molecules described herein. Activities that are retained in the
Cas9 molecules comprising a deletion as described herein include one or more of the
following:

a nickase activity, i.e., the ability to cleave a single strand, e.g., the non-
complementary strand or the complementary strand, of a nucleic acid molecule; a double
stranded nuclease activity, i.e., the ability to cleave both strands of a double stranded nucleic
acid and create a double strand break, which in an embodiment is the presence of two nickase
activities;

an endonuclease activity;

an exonuclease activity;

a helicase activity, i.e., the ability to unwind the helical structure of a double stranded
nucleic acid;

and recognition activity of a nucleic acid molecule, e.g., a target nucleic acid or a
gRNA.

Activity of the Cas9 molecules described herein can be assessed using the activity
assays described herein or in the art.

Identifying Regions Suitable For Deletion

Suitable regions of Cas9 molecules for deletion can be identified by a variety of
methods. Naturally-occurring orthologous Cas9 molecules from various bacterial species,
e.g., any one of those listed herein, can be modeled onto the crystal structure of S. pyogenes

Cas9 (Nishimasu et al. (2014) CELL, 156: 935-949) to examine the level of conservation

68



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

across the selected Cas9 orthologs with respect to the three-dimensional conformation of the
protein. Less conserved or unconserved regions that are located spatially distant from regions
involved in Cas9 activity, e.g., the interface with a target nucleic acid molecule and/or gRNA,
represent regions or domains that are candidates for deletion without substantially affecting
or decreasing Cas9 activity.

REC-Optimized Cas9 molecules

A REC-optimized Cas9 molecule, as that term is used herein, refers to a Cas9
molecule that comprises a deletion in one or both of the REC2 domain and the RE1¢r domain
(collectively a REC deletion), wherein the deletion comprises at least 10% of the amino acid
residues in the cognate domain. A REC-optimized Cas9 molecule can be an eaCas9
molecule or an eiCas9 molecule. An exemplary REC-optimized Cas9 molecule comprises:

a) a deletion selected from:

1) a REC2 deletion;
11) a REClcr deletion; or
1i1) a REClsyg deletion.

Optionally, a linker is disposed between the amino acid residues that flank the
deletion. In one embodiment a Cas9 molecule includes only one deletion, or only two
deletions. A Cas9 molecule can comprise a REC2 deletion and a REClcr deletion. A Cas9
molecule can comprise a REC2 deletion and a REClgyp deletion.

Generally, the deletion will contain at least 10% of the amino acids in the cognate
domain, e.g., a REC2 deletion will include at least 10% of the amino acids in the REC2
domain.

A deletion can comprise: at least 10, 20, 30, 40, 50, 60, 70, 80, or 90% of the amino
acid residues of its cognate domain; all of the amino acid residues of its cognate domain; an
amino acid residue outside its cognate domain; a plurality of amino acid residues outside its
cognate domain; the amino acid residue immediately N terminal to its cognate domain; the
amino acid residue immediately C terminal to its cognate domain; the amino acid residue
immediately N terminal to its cognate and the amino acid residue immediately C terminal to
its cognate domain; a plurality of, e.g., up to 5, 10, 15, or 20, amino acid residues N terminal
to its cognate domain; a plurality of, e.g., up to 5, 10, 15, or 20, amino acid residues C
terminal to its cognate domain; a plurality of, e.g., up to 5, 10, 15, or 20, amino acid residues
N terminal to its cognate domain and a plurality of e.g., up to 5, 10, 15, or 20, amino acid

residues C terminal to its cognate domain.
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In one embodiment, a deletion does not extend beyond: its cognate domain; the N
terminal amino acid residue of its cognate domain; the C terminal amino acid residue of its
cognate domain.

A REC-optimized Cas9 molecule can include a linker disposed between the amino
acid residues that flank the deletion. Linkers for use in generating recombinant proteins, e.g.,
multi-domain proteins, are known in the art (Chen et al. (2013) ADv. DRUG DELIVERY REV.
65:1357-69). Any linkers known in the art that maintain the conformation or native fold of
the Cas9 molecule (thereby retaining Cas9 activity) can be used. Several properties of
linkers, such as length, hydrophobicity, intrinsic properties of the amino acids residues
themselves, and secondary structure should be considered in the context of the goal to
maintain native conformation and functional activity of Cas9. Any linkers known in the art
that maintain the conformation or native fold of the Cas9 molecule (thereby retaining Cas9
activity) can be used. Several properties of linkers, such as length, hydrophobicity, intrinsic
properties of the amino acids residues themselves, and secondary structure should be
considered in the context of the goal to maintain native conformation and functional activity
of Cas9.

A flexible linker can be utilized in the Cas9 molecules described herein. Flexible
linkers allow a certain degree of movement and/or interaction within and between the joined
domains or regions of the protein. Generally, flexible linkers are composed of small, non-
polar (e.g., Gly) or polar (e.g., Ser or Thr) amino acids. The small size of these amino acids
provides flexibility and allows mobility of the connected domains or regions. Furthermore,
the incorporation of Ser or Thr can help maintain the stability of the linker in aqueous
solutions by hydrogen bonding with the water molecules, thereby reducing unfavorable
interactions between the linker and the other protein moieties. Commonly used flexible
linkers are comprised of sequences that primarily consist of Gly and Ser residues. Often,
these flexible linkers consist of repeating units of a combination of Gly and Ser residues, e.g.,
(GGS)x, where the number of repeating units, e.g., X, can be optimized to achieve the
appropriate separation of other domains or regions of the protein.

In some cases, a rigid linker may be preferred if there is significant distance between
the joined domains or regions, or to maintain a fixed distance between the joined domains or
regions of a protein and independent functions of the domains/regions. Rigid linkers often
have defined secondary structure, e.g., alpha helix, or other stabilizing interactions, e.g., salt

bridges and disulfide bonds. Rigid linkers commonly contain multiple Pro residues, or
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repeating combinations of Glu-Pro or Lys-Pro because Pro imposes a strong conformation
constraint due to its structure.

The linker can comprise an amino acid residue, e.g., 1,2, 3,4,5,6,7, 8,9, or 10
amino acid residues. Typically, the linker will comprises less than 10, 20 or 30 amino acid
residues. Typically, the linker is less than 50, 40, 30, 20, 10, or 5 % of the length of the
deleted sequence. Suitable linkers include: [Gly-Ser]y, wherein x is 1, 2, 3,4, 5,6, 7, 8,9, or
10; [Gly-Gly-Ser]x, wherein x is 1, 2,3, 4,5, 6,7, 8, 9, or 10; [Gly-Gly-Ser]; [Gly-Ser-Gly-
Ser]y, wherein x is 1, 2, 3, 4, or 5; [Gly-Ser-Gly-Ser]; (GSAGSAAGSGEF) «, wherein x is 1,
2,3 or 4 ; (SIVAQLSRPDPA) , wherein x is 1, 2, 3 or 4; or an XTEN sequence, e.g., the
XTEN sequence of SEQ ID NO: 13, or a sequence that differs therefrom by no more than 1,
2,3,4,5,6,7, 8,9 or 10 amino acid residues. In one embodiment linker comprises an amino
acid sequence other than a sequence within REC2.

If any of the above Cas9 sequences are fused with a peptide or polypeptide at the C-
terminus, it is understood that the stop codon will be removed.

Additional Cas9 molecules are discussed in the section entitled “II. Cas9 Molecules™
in International Application WO2015/048577.

Nucleic Acids Encoding Cas9 Molecules

Nucleic acids encoding the Cas9 molecules or Cas9 polypeptides, e.g., an eaCas9
molecule or eaCas9 polypeptides, are provided herein.

Exemplary nucleic acids encoding Cas9 molecules are described in Cong et al.,
SCIENCE 2013, 399(6121): 819-823; Wang et al., CELL 2013, 153(4): 910-918; Mali et al.,
SCIENCE 2013, 399(6121): 823-826; Jinek et al., SCIENCE 2012, 337(6096): 816-821.

In one embodiment, a nucleic acid encoding a Cas9 molecule, or Cas9 polypeptide,
can be a synthetic nucleic acid sequence. For example, the synthetic nucleic acid molecule
can be chemically modified, e.g., as described in Section XII. In one embodiment, the
mRNA, e.g., coding for a Cas9 molecule, or Cas9 polypeptide, disclosed herein, has one or
more, e.g., all, of the following properties: it is capped, polyadenylated, substituted with 5-
methylcytidine and/or pseudouridine.

In addition, or alternatively, the synthetic nucleic acid sequence can be codon
optimized, e.g., at least one non-common codon or less-common codon has been replaced by
a codon that is common in the host cell. For example, the synthetic nucleic acid can direct
the synthesis of an optimized messenger mRNA, e.g., optimized for expression in a

mammalian expression system, e.g., described herein.
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In addition, or alternatively, a nucleic acid encoding a Cas9 molecule, or a Cas9
polypeptide, may comprise a nuclear localization sequence (NLS). Nuclear localization
sequences are known in the art.

Provided below is an exemplary codon optimized nucleic acid sequence encoding a
Cas9 molecule of S. pyogenes.

ATGGATAAAAAGTACAGCATCGGGCTGGACATCGGTACAAACTCAGTGGGGTGG
GCCGTGATTACGGACGAGTACAAGGTACCCTCCAAAAAATTTAAAGTGCTGGGT
AACACGGACAGACACTCTATAAAGAAAAATCTTATTGGAGCCTTGCTGTTCGACT
CAGGCGAGACAGCCGAAGCCACAAGGTTGAAGCGGACCGCCAGGAGGCGGTAT
ACCAGGAGAAAGAACCGCATATGCTACCTGCAAGAAATCTTCAGTAACGAGATG
GCAAAGGTTGACGATAGCTTTTTCCATCGCCTGGAAGAATCCTTTCTTGTTGAGG
AAGACAAGAAGCACGAACGGCACCCCATCTTTGGCAATATTGTCGACGAAGTGG
CATATCACGAAAAGTACCCGACTATCTACCACCTCAGGAAGAAGCTGGTGGACT
CTACCGATAAGGCGGACCTCAGACTTATTTATTTGGCACTCGCCCACATGATTAA
ATTTAGAGGACATTTCTTGATCGAGGGCGACCTGAACCCGGACAACAGTGACGT
CGATAAGCTGTTCATCCAACTTGTGCAGACCTACAATCAACTGTTCGAAGAAAAC
CCTATAAATGCTTCAGGAGTCGACGCTAAAGCAATCCTGTCCGCGCGCCTCTCAA
AATCTAGAAGACTTGAGAATCTGATTGCTCAGTTGCCCGGGGAAAAGAAAAATG
GATTGTTTGGCAACCTGATCGCCCTCAGTCTCGGACTGACCCCAAATTTCAAAAG
TAACTTCGACCTGGCCGAAGACGCTAAGCTCCAGCTGTCCAAGGACACATACGA
TGACGACCTCGACAATCTGCTGGCCCAGATTGGGGATCAGTACGCCGATCTCTTT
TTGGCAGCAAAGAACCTGTCCGACGCCATCCTGTTGAGCGATATCTTGAGAGTGA
ACACCGAAATTACTAAAGCACCCCTTAGCGCATCTATGATCAAGCGGTACGACG
AGCATCATCAGGATCTGACCCTGCTGAAGGCTCTTGTGAGGCAACAGCTCCCCGA
AAAATACAAGGAAATCTTCTTTGACCAGAGCAAAAACGGCTACGCTGGCTATAT
AGATGGTGGGGCCAGTCAGGAGGAATTCTATAAATTCATCAAGCCCATTCTCGA
GAAAATGGACGGCACAGAGGAGTTGCTGGTCAAACTTAACAGGGAGGACCTGCT
GCGGAAGCAGCGGACCTTTGACAACGGGTCTATCCCCCACCAGATTCATCTGGGC
GAACTGCACGCAATCCTGAGGAGGCAGGAGGATTTTTATCCTTTTCTTAAAGATA
ACCGCGAGAAAATAGAAAAGATTCTTACATTCAGGATCCCGTACTACGTGGGAC
CTCTCGCCCGGGGCAATTCACGGTTTGCCTGGATGACAAGGAAGTCAGAGGAGA
CTATTACACCTTGGAACTTCGAAGAAGTGGTGGACAAGGGTGCATCTGCCCAGTC
TTTCATCGAGCGGATGACAAATTTTGACAAGAACCTCCCTAATGAGAAGGTGCTG
CCCAAACATTCTCTGCTCTACGAGTACTTTACCGTCTACAATGAACTGACTAAAG
TCAAGTACGTCACCGAGGGAATGAGGAAGCCGGCATTCCTTAGTGGAGAACAGA
AGAAGGCGATTGTAGACCTGTTGTTCAAGACCAACAGGAAGGTGACTGTGAAGC
AACTTAAAGAAGACTACTTTAAGAAGATCGAATGTTTTGACAGTGTGGAAATTTC
AGGGGTTGAAGACCGCTTCAATGCGTCATTGGGGACTTACCATGATCTTCTCAAG
ATCATAAAGGACAAAGACTTCCTGGACAACGAAGAAAATGAGGATATTCTCGAA
GACATCGTCCTCACCCTGACCCTGTTCGAAGACAGGGAAATGATAGAAGAGCGC
TTGAAAACCTATGCCCACCTCTTCGACGATAAAGTTATGAAGCAGCTGAAGCGCA
GGAGATACACAGGATGGGGAAGATTGTCAAGGAAGCTGATCAATGGAATTAGGG
ATAAACAGAGTGGCAAGACCATACTGGATTTCCTCAAATCTGATGGCTTCGCCAA
TAGGAACTTCATGCAACTGATTCACGATGACTCTCTTACCTTCAAGGAGGACATT
CAAAAGGCTCAGGTGAGCGGGCAGGGAGACTCCCTTCATGAACACATCGCGAAT
TTGGCAGGTTCCCCCGCTATTAAAAAGGGCATCCTTCAAACTGTCAAGGTGGTGG
ATGAATTGGTCAAGGTAATGGGCAGACATAAGCCAGAAAATATTGTGATCGAGA
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TGGCCCGCGAAAACCAGACCACACAGAAGGGCCAGAAAAATAGTAGAGAGCGG
ATGAAGAGGATCGAGGAGGGCATCAAAGAGCTGGGATCTCAGATTCTCAAAGAA
CACCCCGTAGAAAACACACAGCTGCAGAACGAAAAATTGTACTTGTACTATCTG
CAGAACGGCAGAGACATGTACGTCGACCAAGAACTTGATATTAATAGACTGTCC
GACTATGACGTAGACCATATCGTGCCCCAGTCCTTCCTGAAGGACGACTCCATTG
ATAACAAAGTCTTGACAAGAAGCGACAAGAACAGGGGTAAAAGTGATAATGTGC
CTAGCGAGGAGGTGGTGAAAAAAATGAAGAACTACTGGCGACAGCTGCTTAATG
CAAAGCTCATTACACAACGGAAGTTCGATAATCTGACGAAAGCAGAGAGAGGTG
GCTTGTCTGAGTTGGACAAGGCAGGGTTTATTAAGCGGCAGCTGGTGGAAACTA
GGCAGATCACAAAGCACGTGGCGCAGATTTTGGACAGCCGGATGAACACAAAAT
ACGACGAAAATGATAAACTGATACGAGAGGTCAAAGTTATCACGCTGAAAAGCA
AGCTGGTGTCCGATTTTCGGAAAGACTTCCAGTTCTACAAAGTTCGCGAGATTAA
TAACTACCATCATGCTCACGATGCGTACCTGAACGCTGTTGTCGGGACCGCCTTG
ATAAAGAAGTACCCAAAGCTGGAATCCGAGTTCGTATACGGGGATTACAAAGTG
TACGATGTGAGGAAAATGATAGCCAAGTCCGAGCAGGAGATTGGAAAGGCCACA
GCTAAGTACTTCTTTTATTCTAACATCATGAATTTTTTTAAGACGGAAATTACCCT
GGCCAACGGAGAGATCAGAAAGCGGCCCCTTATAGAGACAAATGGTGAAACAG
GTGAAATCGTCTGGGATAAGGGCAGGGATTTCGCTACTGTGAGGAAGGTGCTGA
GTATGCCACAGGTAAATATCGTGAAAAAAACCGAAGTACAGACCGGAGGATTTT
CCAAGGAAAGCATTTTGCCTAAAAGAAACTCAGACAAGCTCATCGCCCGCAAGA
AAGATTGGGACCCTAAGAAATACGGGGGATTTGACTCACCCACCGTAGCCTATTC
TGTGCTGGTGGTAGCTAAGGTGGAAAAAGGAAAGTCTAAGAAGCTGAAGTCCGT
GAAGGAACTCTTGGGAATCACTATCATGGAAAGATCATCCTTTGAAAAGAACCC
TATCGATTTCCTGGAGGCTAAGGGTTACAAGGAGGTCAAGAAAGACCTCATCATT
AAACTGCCAAAATACTCTCTCTTCGAGCTGGAAAATGGCAGGAAGAGAATGTTG
GCCAGCGCCGGAGAGCTGCAAAAGGGAAACGAGCTTGCTCTGCCCTCCAAATAT
GTTAATTTTCTCTATCTCGCTTCCCACTATGAAAAGCTGAAAGGGTCTCCCGAAG
ATAACGAGCAGAAGCAGCTGTTCGTCGAACAGCACAAGCACTATCTGGATGAAA
TAATCGAACAAATAAGCGAGTTCAGCAAAAGGGTTATCCTGGCGGATGCTAATT
TGGACAAAGTACTGTCTGCTTATAACAAGCACCGGGATAAGCCTATTAGGGAAC
AAGCCGAGAATATAATTCACCTCTTTACACTCACGAATCTCGGAGCCCCCGCCGC
CTTCAAATACTTTGATACGACTATCGACCGGAAACGGTATACCAGTACCAAAGA
GGTCCTCGATGCCACCCTCATCCACCAGTCAATTACTGGCCTGTACGAAACACGG
ATCGACCTCTCTCAACTGGGCGGCGACTAG

(SEQ ID NO: 14)

Provided below is the corresponding amino acid sequence of a S. pyogenes Cas9
molecule.

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR
TEDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRFA
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD
SVEISGVEDRENASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
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KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEHNEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD*

(SEQ ID NO: 15)

Provided below is an exemplary codon optimized nucleic acid sequence encoding a

Cas9 molecule of N. meningitidis.
ATGGCCGCCTTCAAGCCCAACCCCATCAACTACATCCTGGGCCTGGACATCGGCA
TCGCCAGCGTGGGCTGGGCCATGGTGGAGATCGACGAGGACGAGAACCCCATCT
GCCTGATCGACCTGGGTGTGCGCGTGTTCGAGCGCGCTGAGGTGCCCAAGACTG
GTGACAGTCTGGCTATGGCTCGCCGGCTTGCTCGCTCTGTTCGGCGCCTTACTCGC
CGGCGCGCTCACCGCCTTCTGCGCGCTCGCCGCCTGCTGAAGCGCGAGGGTGTGC
TGCAGGCTGCCGACTTCGACGAGAACGGCCTGATCAAGAGCCTGCCCAACACTC
CTTGGCAGCTGCGCGCTGCCGCTCTGGACCGCAAGCTGACTCCTCTGGAGTGGAG
CGCCGTGCTGCTGCACCTGATCAAGCACCGCGGCTACCTGAGCCAGCGCAAGAA
CGAGGGCGAGACCGCCGACAAGGAGCTGGGTGCTCTGCTGAAGGGCGTGGCCGA
CAACGCCCACGCCCTGCAGACTGGTGACTTCCGCACTCCTGCTGAGCTGGCCCTG
AACAAGTTCGAGAAGGAGAGCGGCCACATCCGCAACCAGCGCGGCGACTACAGC
CACACCTTCAGCCGCAAGGACCTGCAGGCCGAGCTGATCCTGCTGTTCGAGAAG
CAGAAGGAGTTCGGCAACCCCCACGTGAGCGGCGGCCTGAAGGAGGGCATCGAG
ACCCTGCTGATGACCCAGCGCCCCGCCCTGAGCGGCGACGCCGTGCAGAAGATG
CTGGGCCACTGCACCTTCGAGCCAGCCGAGCCCAAGGCCGCCAAGAACACCTAC
ACCGCCGAGCGCTTCATCTGGCTGACCAAGCTGAACAACCTGCGCATCCTGGAGC
AGGGCAGCGAGCGCCCCCTGACCGACACCGAGCGCGCCACCCTGATGGACGAGC
CCTACCGCAAGAGCAAGCTGACCTACGCCCAGGCCCGCAAGCTGCTGGGTCTGG
AGGACACCGCCTTCTTCAAGGGCCTGCGCTACGGCAAGGACAACGCCGAGGCCA
GCACCCTGATGGAGATGAAGGCCTACCACGCCATCAGCCGCGCCCTGGAGAAGG
AGGGCCTGAAGGACAAGAAGAGTCCTCTGAACCTGAGCCCCGAGCTGCAGGACG
AGATCGGCACCGCCTTCAGCCTGTTCAAGACCGACGAGGACATCACCGGCCGCC
TGAAGGACCGCATCCAGCCCGAGATCCTGGAGGCCCTGCTGAAGCACATCAGCT
TCGACAAGTTCGTGCAGATCAGCCTGAAGGCCCTGCGCCGCATCGTGCCCCTGAT
GGAGCAGGGCAAGCGCTACGACGAGGCCTGCGCCGAGATCTACGGCGACCACTA
CGGCAAGAAGAACACCGAGGAGAAGATCTACCTGCCTCCTATCCCCGCCGACGA
GATCCGCAACCCCGTGGTGCTGCGCGCCCTGAGCCAGGCCCGCAAGGTGATCAA
CGGCGTGGTGCGCCGCTACGGCAGCCCCGCCCGCATCCACATCGAGACCGCCCG
CGAGGTGGGCAAGAGCTTCAAGGACCGCAAGGAGATCGAGAAGCGCCAGGAGG
AGAACCGCAAGGACCGCGAGAAGGCCGCCGCCAAGTTCCGCGAGTACTTCCCCA
ACTTCGTGGGCGAGCCCAAGAGCAAGGACATCCTGAAGCTGCGCCTGTACGAGC
AGCAGCACGGCAAGTGCCTGTACAGCGGCAAGGAGATCAACCTGGGCCGCCTGA
ACGAGAAGGGCTACGTGGAGATCGACCACGCCCTGCCCTTCAGCCGCACCTGGG
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ACGACAGCTTCAACAACAAGGTGCTGGTGCTGGGCAGCGAGAACCAGAACAAGG
GCAACCAGACCCCCTACGAGTACTTCAACGGCAAGGACAACAGCCGCGAGTGGC
AGGAGTTCAAGGCCCGCGTGGAGACCAGCCGCTTCCCCCGCAGCAAGAAGCAGC
GCATCCTGCTGCAGAAGTTCGACGAGGACGGCTTCAAGGAGCGCAACCTGAACG
ACACCCGCTACGTGAACCGCTTCCTGTGCCAGTTCGTGGCCGACCGCATGCGCCT
GACCGGCAAGGGCAAGAAGCGCGTGTTCGCCAGCAACGGCCAGATCACCAACCT
GCTGCGCGGCTTCTGGGGCCTGCGCAAGGTGCGCGCCGAGAACGACCGCCACCA
CGCCCTGGACGCCGTGGTGGTGGCCTGCAGCACCGTGGCCATGCAGCAGAAGAT
CACCCGCTTCGTGCGCTACAAGGAGATGAACGCCTTCGACGGTAAAACCATCGA
CAAGGAGACCGGCGAGGTGCTGCACCAGAAGACCCACTTCCCCCAGCCCTGGGA
GTTCTTCGCCCAGGAGGTGATGATCCGCGTGTTCGGCAAGCCCGACGGCAAGCCC
GAGTTCGAGGAGGCCGACACCCCCGAGAAGCTGCGCACCCTGCTGGCCGAGAAG
CTGAGCAGCCGCCCTGAGGCCGTGCACGAGTACGTGACTCCTCTGTTCGTGAGCC
GCGCCCCCAACCGCAAGATGAGCGGTCAGGGTCACATGGAGACCGTGAAGAGCG
CCAAGCGCCTGGACGAGGGCGTGAGCGTGCTGCGCGTGCCCCTGACCCAGCTGA
AGCTGAAGGACCTGGAGAAGATGGTGAACCGCGAGCGCGAGCCCAAGCTGTACG
AGGCCCTGAAGGCCCGCCTGGAGGCCCACAAGGACGACCCCGCCAAGGCCTTCG
CCGAGCCCTTCTACAAGTACGACAAGGCCGGCAACCGCACCCAGCAGGTGAAGG
CCGTGCGCGTGGAGCAGGTGCAGAAGACCGGCGTGTGGGTGCGCAACCACAACG
GCATCGCCGACAACGCCACCATGGTGCGCGTGGACGTGTTCGAGAAGGGCGACA
AGTACTACCTGGTGCCCATCTACAGCTGGCAGGTGGCCAAGGGCATCCTGCCCGA
CCGCGCCGTGGTGCAGGGCAAGGACGAGGAGGACTGGCAGCTGATCGACGACA
GCTTCAACTTCAAGTTCAGCCTGCACCCCAACGACCTGGTGGAGGTGATCACCAA
GAAGGCCCGCATGTTCGGCTACTTCGCCAGCTGCCACCGCGGCACCGGCAACATC
AACATCCGCATCCACGACCTGGACCACAAGATCGGCAAGAACGGCATCCTGGAG
GGCATCGGCGTGAAGACCGCCCTGAGCTTCCAGAAGTACCAGATCGACGAGCTG
GGCAAGGAGATCCGCCCCTGCCGCCTGAAGAAGCGCCCTCCTGTGCGCTAA
(SEQ ID NO: 16)

Provided below is the corresponding amino acid sequence of a N. meningitidis Cas9
molecule.

MAAFKPNPINYILGLDIGIASVGWAMVEIDEDENPICLIDLGVRVFERAEVPKTGDSL
AMARRLARSVRRLTRRRAHRLLRARRLLKREGVLQAADFDENGLIKSLPNTPWQLR
AAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLKGVADNAHAL
QTGDFRTPAELALNKFEKESGHIRNQRGDYSHTFSRKDLQAELILLFEKQKEFGNPHV
SGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNTYTAERFIWLTKLN
NLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLEDTAFFKGLRYGKDN
AEASTLMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEIGTAFSLFKTDEDITGRL
KDRIQPEILEALLKHISFDKFVQISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKN
TEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDR
KEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEI
NLGRLNEKGY VEIDHALPFSRTWDDSFNNKVLVLGSENQNKGNQTPYEYFNGKDNS
REWQEFKARVETSRFPRSKKQRILLQKFDEDGFKERNLNDTRY VNRFLCQFVADRM
RLTGKGKKRVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVACSTVAMQQ
KITRFVRYKEMNAFDGKTIDKETGEVLHQKTHFPQPWEFFAQEVMIRVFGKPDGKPE
FEEADTPEKLRTLLAEKLSSRPEAVHEY VTPLFVSRAPNRKMSGQGHMETVKSAKRL
DEGVSVLRVPLTQLKLKDLEKMVNREREPKLYEALKARLEAHKDDPAKAFAEPFYK
YDKAGNRTQQVKAVRVEQVQKTGVWVRNHNGIADNATMVRVDVFEKGDKYYLV
PIYSWQVAKGILPDRAVVQGKDEEDWQLIDDSFENFKFSLHPNDLVEVITKKARMFEGY
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FASCHRGTGNINIRIHDLDHKIGKNGILEGIGVKTALSFQKYQIDELGKEIRPCRLKKR
PPVR*
(SEQ ID NO: 17)

Provided below is an amino acid sequence of a S. aureus Cas9 molecule.

MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKR
RRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRR
GVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKT
SDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTY YEGPGEGSPFGWKDIKEW
YEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKFQIIEN
VFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENA
ELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDE
LWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIK
KYGLPNDHIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIK
LHDMQEGKCLYSLEAIPLEDLLNNPENYEVDHIIPRSVSFDNSFNNKVLVKQEENSKK
GNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRESVQKDFI
NRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIF
ITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDK
DNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTK
YSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVY
KFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYRV
IGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILGNLYE
VKSKKHPQIIKKG*

(SEQ ID NO: 18)

Provided below is an exemplary codon optimized nucleic acid sequence encoding a S.
aureus Cas9 molecule .

ATGAAAAGGAACTACATTCTGGGGCTGGACATCGGGATTACAAGCGTGGGGTAT
GGGATTATTGACTATGAAACAAGGGACGTGATCGACGCAGGCGTCAGACTGTTC
AAGGAGGCCAACGTGGAAAACAATGAGGGACGGAGAAGCAAGAGGGGAGCCAG
GCGCCTGAAACGACGGAGAAGGCACAGAATCCAGAGGGTGAAGAAACTGCTGTT
CGATTACAACCTGCTGACCGACCATTCTGAGCTGAGTGGAATTAATCCTTATGAA
GCCAGGGTGAAAGGCCTGAGTCAGAAGCTGTCAGAGGAAGAGTTTTCCGCAGCT
CTGCTGCACCTGGCTAAGCGCCGAGGAGTGCATAACGTCAATGAGGTGGAAGAG
GACACCGGCAACGAGCTGTCTACAAAGGAACAGATCTCACGCAATAGCAAAGCT
CTGGAAGAGAAGTATGTCGCAGAGCTGCAGCTGGAACGGCTGAAGAAAGATGGC
GAGGTGAGAGGGTCAATTAATAGGTTCAAGACAAGCGACTACGTCAAAGAAGCC
AAGCAGCTGCTGAAAGTGCAGAAGGCTTACCACCAGCTGGATCAGAGCTTCATC
GATACTTATATCGACCTGCTGGAGACTCGGAGAACCTACTATGAGGGACCAGGA
GAAGGGAGCCCCTTCGGATGGAAAGACATCAAGGAATGGTACGAGATGCTGATG
GGACATTGCACCTATTTTCCAGAAGAGCTGAGAAGCGTCAAGTACGCTTATAACG
CAGATCTGTACAACGCCCTGAATGACCTGAACAACCTGGTCATCACCAGGGATG
AAAACGAGAAACTGGAATACTATGAGAAGTTCCAGATCATCGAAAACGTGTTTA
AGCAGAAGAAAAAGCCTACACTGAAACAGATTGCTAAGGAGATCCTGGTCAACG
AAGAGGACATCAAGGGCTACCGGGTGACAAGCACTGGAAAACCAGAGTTCACCA
ATCTGAAAGTGTATCACGATATTAAGGACATCACAGCACGGAAAGAAATCATTG
AGAACGCCGAACTGCTGGATCAGATTGCTAAGATCCTGACTATCTACCAGAGCTC
CGAGGACATCCAGGAAGAGCTGACTAACCTGAACAGCGAGCTGACCCAGGAAG
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AGATCGAACAGATTAGTAATCTGAAGGGGTACACCGGAACACACAACCTGTCCC
TGAAAGCTATCAATCTGATTCTGGATGAGCTGTGGCATACAAACGACAATCAGAT
TGCAATCTTTAACCGGCTGAAGCTGGTCCCAAAAAAGGTGGACCTGAGTCAGCA
GAAAGAGATCCCAACCACACTGGTGGACGATTTCATTCTGTCACCCGTGGTCAAG
CGGAGCTTCATCCAGAGCATCAAAGTGATCAACGCCATCATCAAGAAGTACGGC
CTGCCCAATGATATCATTATCGAGCTGGCTAGGGAGAAGAACAGCAAGGACGCA
CAGAAGATGATCAATGAGATGCAGAAACGAAACCGGCAGACCAATGAACGCATT
GAAGAGATTATCCGAACTACCGGGAAAGAGAACGCAAAGTACCTGATTGAAAAA
ATCAAGCTGCACGATATGCAGGAGGGAAAGTGTCTGTATTCTCTGGAGGCCATCC
CCCTGGAGGACCTGCTGAACAATCCATTCAACTACGAGGTCGATCATATTATCCC
CAGAAGCGTGTCCTTCGACAATTCCTTTAACAACAAGGTGCTGGTCAAGCAGGA
AGAGAACTCTAAAAAGGGCAATAGGACTCCTTTCCAGTACCTGTCTAGTTCAGAT
TCCAAGATCTCTTACGAAACCTTTAAAAAGCACATTCTGAATCTGGCCAAAGGAA
AGGGCCGCATCAGCAAGACCAAAAAGGAGTACCTGCTGGAAGAGCGGGACATC
AACAGATTCTCCGTCCAGAAGGATTTTATTAACCGGAATCTGGTGGACACAAGAT
ACGCTACTCGCGGCCTGATGAATCTGCTGCGATCCTATTTCCGGGTGAACAATCT
GGATGTGAAAGTCAAGTCCATCAACGGCGGGTTCACATCTTTTCTGAGGCGCAAA
TGGAAGTTTAAAAAGGAGCGCAACAAAGGGTACAAGCACCATGCCGAAGATGCT
CTGATTATCGCAAATGCCGACTTCATCTTTAAGGAGTGGAAAAAGCTGGACAAA
GCCAAGAAAGTGATGGAGAACCAGATGTTCGAAGAGAAGCAGGCCGAATCTATG
CCCGAAATCGAGACAGAACAGGAGTACAAGGAGATTTTCATCACTCCTCACCAG
ATCAAGCATATCAAGGATTTCAAGGACTACAAGTACTCTCACCGGGTGGATAAA
AAGCCCAACAGAGAGCTGATCAATGACACCCTGTATAGTACAAGAAAAGACGAT
AAGGGGAATACCCTGATTGTGAACAATCTGAACGGACTGTACGACAAAGATAAT
GACAAGCTGAAAAAGCTGATCAACAAAAGTCCCGAGAAGCTGCTGATGTACCAC
CATGATCCTCAGACATATCAGAAACTGAAGCTGATTATGGAGCAGTACGGCGAC
GAGAAGAACCCACTGTATAAGTACTATGAAGAGACTGGGAACTACCTGACCAAG
TATAGCAAAAAGGATAATGGCCCCGTGATCAAGAAGATCAAGTACTATGGGAAC
AAGCTGAATGCCCATCTGGACATCACAGACGATTACCCTAACAGTCGCAACAAG
GTGGTCAAGCTGTCACTGAAGCCATACAGATTCGATGTCTATCTGGACAACGGCG
TGTATAAATTTGTGACTGTCAAGAATCTGGATGTCATCAAAAAGGAGAACTACTA
TGAAGTGAATAGCAAGTGCTACGAAGAGGCTAAAAAGCTGAAAAAGATTAGCA
ACCAGGCAGAGTTCATCGCCTCCTTTTACAACAACGACCTGATTAAGATCAATGG
CGAACTGTATAGGGTCATCGGGGTGAACAATGATCTGCTGAACCGCATTGAAGT
GAATATGATTGACATCACTTACCGAGAGTATCTGGAAAACATGAATGATAAGCG
CCCCCCTCGAATTATCAAAACAATTGCCTCTAAGACTCAGAGTATCAAAAAGTAC
TCAACCGACATTCTGGGAAACCTGTATGAGGTGAAGAGCAAAAAGCACCCTCAG
ATTATCAAAAAGGGC

(SEQ ID NO: 19)

If any of the above Cas9 sequences are fused with a peptide or polypeptide at the C-

terminus, it is understood that the stop codon will be removed.

Other Cas Molecules and Cas Polypeptides

Various types of Cas molecules or Cas polypeptides can be used to practice the
methods disclosed herein. In some embodiments, Cas molecules of Type II Cas systems are

used. In other embodiments, Cas molecules of other Cas systems are used. For example,
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Type I or Type III Cas molecules may be used. Exemplary Cas molecules (and Cas systems)
are described, e.g., in Haft er al. (2005) PLOS COMPUTATIONAL BIOLOGY 1(6): €60, and in
Makarova et al. (2011) NATURE REVIEW MICROBIOLOGY 9: 467-477, the contents of which

are incorporated herein by reference in their entirety.

Cpfl

The crystal structure of Acidaminococcus sp. Cpfl in complex with crRNA and a
double-stranded (ds) DNA target including a TTTN PAM sequence has been solved by
Yamano et al. (Cell. 2016 May 5; 165(4): 949-962 (Yamano), incorporated by reference
herein). Cpfl, like Cas9, has two lobes: a REC (recognition) lobe, and a NUC (nuclease)
lobe. The REC lobe includes REC1 and REC2 domains, which lack similarity to any known
protein structures. The NUC lobe, meanwhile, includes three RuvC domains (RuvC-I, -1I and
-IIT) and a BH domain. However, in contrast to Cas9, the Cpfl REC lobe lacks an HNH
domain, and includes other domains that also lack similarity to known protein structures: a
structurally unique PI domain, three Wedge (WED) domains (WED-I, -II and -III), and a
nuclease (Nuc) domain.

While Cas9 and Cpfl share similarities in structure and function, it should be
appreciated that certain Cpfl activities are mediated by structural domains that are not
analogous to any Cas9 domains. For instance, cleavage of the complementary strand of the
target DNA appears to be mediated by the Nuc domain, which differs sequentially and
spatially from the HNH domain of Cas9. Additionally, the non-targeting portion of Cpfl
gRNA (the handle) adopts a psuedonot structure, rather than a stem loop structure formed by
the repeat:antirepeat duplex in Cas9 gRNAs.

Modifications of RNA-guided nucleases

The RNA-guided nucleases described above have activities and properties that can be
useful in a variety of applications, but the skilled artisan will appreciate that RNA-guided
nucleases can also be modified in certain instances, to alter cleavage activity, PAM
specificity, or other structural or functional features.

Turning first to modifications that alter cleavage activity, mutations that reduce or
eliminate the activity of domains within the NUC lobe have been described above.
Exemplary mutations that may be made in the RuvC domains, in the Cas9 HNH domain, or

in the Cpfl Nuc domain are described in Ran and Yamano, as well as in Cotta-Ramusino. In
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general, mutations that reduce or eliminate activity in one of the two nuclease domains result
in RNA-guided nucleases with nickase activity, but it should be noted that the type of nickase
activity varies depending on which domain is inactivated. As one example, inactivation of a
RuvC domain of a Cas9 will result in a nickase that cleaves the complementary or top strand

as shown below (where C denotes the site of cleavage):

On the other hand, inactivation of a Cas9 HNH domain results in a nickase that

cleaves the bottom or non-complementary strand:

Modifications of PAM specificity relative to naturally occurring Cas9 reference
molecules has been described by Kleinstiver et al. for both S. pyogenes (Kleinstiver et al.,
Nature. 2015 Jul 23;523(7561):481-5 (Kleinstiver 1) and S. aureus (Kleinstiver et al., Nat
Biotechnol. 2015 Dec; 33(12): 1293-1298 (Klienstiver 1I)). Kleinstiver et al. have also
described modifications that improve the targeting fidelity of Cas9 (Nature, 2016 January 28;
529, 490-495 (Kleinstiver III)). Each of these references is incorporated by reference herein.

RNA-guided nucleases have been split into two or more parts, as described by
Zetsche et al. (Nat Biotechnol. 2015 Feb;33(2):139-42 (Zetsche II), incorporated by
reference), and by Fine et al. (Sci Rep. 2015 Jul 1;5:10777 (Fine), incorporated by reference).

RNA-guided nucleases can be, in certain embodiments, size-optimized or truncated,
for instance via one or more deletions that reduce the size of the nuclease while still retaining
gRNA association, target and PAM recognition, and cleavage activities. In certain
embodiments, RNA guided nucleases are bound, covalently or non-covalently, to another
polypeptide, nucleotide, or other structure, optionally by means of a linker. Exemplary
bound nucleases and linkers are described by Guilinger et al., Nature Biotechnology 32, 577-
582 (2014), which is incorporated by reference for all purposes herein.

RNA-guided nucleases also optionally include a tag, such as, but not limited to, a
nuclear localization signal to facilitate movement of RNA-guided nuclease protein into the
nucleus. In certain embodiments, the RNA-guided nuclease can incorporate C- and/or N-
terminal nuclear localization signals. Nuclear localization sequences are known in the art and

are described in Maeder and elsewhere.
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The foregoing list of modifications is intended to be exemplary in nature, and the
skilled artisan will appreciate, in view of the instant disclosure, that other modifications may
be possible or desirable in certain applications. For brevity, therefore, exemplary systems,
methods and compositions of the present disclosure are presented with reference to particular
RNA-guided nucleases, but it should be understood that the RNA-guided nucleases used may
be modified in ways that do not alter their operating principles. Such modifications are

within the scope of the present disclosure.

V. REPAIR-MODULATING ENZYME MOLECULES

The methods described herein are directed to the use of a Repair-Modulating Enzyme
Molecule (RMEM), e.g., an endogenous or a heterologous RMEM, in combination with a
RNA-guided nuclease, e.g., Cas9, molecule. In some embodiments, a RMEM molecule
refers to naturally occurring RMEM polypeptides and nucleic acids encoding a naturally
occurring RMEM, and to engineered, altered, or modified RMEM polypeptides or nucleic
acids encoding a RMEM that differ, e.g., by at least one amino acid residue, from a reference
sequence.

It is believed that the use of a RMEM in combination with a RNA-guided nuclease,
e.g., Cas9, molecule and a gRNA molecule can modulate the DNA repair pathways that a cell
utilizes to resolve or repair a Cas9-mediated cleavage event. Thus, a RNA-guided nuclease,
e.g., Cas9, molecule and at least one gRNA molecule, in combination with a RMEM, can be
used in the methods described herein to modulate the frequency by which a cell or a
population of cells resolves or repairs a RNA-guided nuclease-mediated cleavage event using
one or more of the following DNA repair pathways: resection, mismatch repair (MMR),
nucleotide excision repair (NER), base excision repair (BER), canonical non-homologous end
joining (canonical NHEJ), alternative non-homologous end joining (ALT-NHEJ), blunt end
joining (blunt EJ), homology directed-repair (HDR), microhomology-mediated end joining
(MME)), synthesis-dependent microhomology-mediated end joining (SD-MME]J), single
strand annealing (SSA),homologous recombination (HR), alternative homologous
recombination (alt-HR), Holliday junction model or double strand break repair (DSBR),
synthesis-dependent strand annealing (SDSA), single strand break repair (SSBR), translesion
synthesis repair (TLS), and interstrand crosslink repair (ICL).

The RMEM and RN A-guided nuclease molecule can be selected such that a particular

desired repair process, e.g., canonical NHEJ, alternative-NHEJ, or HDR, is preferentially
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promoted over another repair process. In one embodiment, the RMEM, when used in
combination with a gRNA molecule and a RNA-guided nuclease molecule, increases one or
more (e.g., 2, 3, 4, or all) of canonical NHEJ, alternative-NHEJ, or HDR as compared to the
level of repair seen when a RN A-guided nuclease molecule is used in the absence of
increased expression of an RMEM and/or overexpression of a heterologous RMEM. Levels
of repair may be measured using methods known to one of ordinary skill in the art, for
example, by sequenceing of the locus. The RMEMs described herein therefore allow for
increased efficiency and increased control in directing gene targeting and editing over
standard gRNA and RNA-guided nuclease molecules currently used in genome editing
systems.

In one embodiment, the RMEM comprises at least 60, 70, 80, 81, 82, 83, 84, 85, 86,
87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100% homology with, or differs by no
more than 50, 40, 30, 20, 19, 18, 17, 16, 15, 14, 13, 12, 11, 10,9, 8,7, 6,5, 4, 3,2, or 1,
amino acid residues from, a naturally occurring RMEM, e.g., as disclosed herein. Also
encompassed herein are the various isoforms, transcription and splice variants of the naturally
occurring RMEMs.

In one embodiment, the RMEM comprises a functional fragment of a naturally
occurring RMEM disclosed herein. In one embodiment, the functional fragment comprises at
least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 81, 82, 83, 84, 85, 86, 87, 88,
89, 90, 91, 92, 93, 94, 95, 96, 97, 98, or 99% of the amino acid residues of a naturally
occurring RMEM. For example, the RMEM can be a domain or a functional fragment of a
domain of a naturally occurring RMEM. Functional activity of a domain or fragment of the
naturally occurring enzyme described herein can be tested using functional assays for
nuclease activity, helicase activity, and chromatin modifying activity known in the art.

In one embodiment, the methods of the present disclosure comprise increasing the
protein level of a RMEM in a cell, as compared to the level of expression of the endogenous
RMEM protein in a cell, by at least 1-fold, e.g., 1-fold, 2-fold, 3-fold, 4-fold, 5-fold, 6-fold,
7-fold, 8-fold, 9-fold, 10-fold, 11-fold, 12-fold, 13-fold, 14-fold, 15-fold, 16-fold, 17-fold,
18-fold, 19-fold, 20-fold, 25-fold, 30-fold, 40-fold, 50-fold, or more. In one embodiment, the
methods of the present disclosure comprise increasing the protein level of a RMEM in a cell,
as compared to the endogenous RMEM protein level in a cell, by at least 10%, e.g., 10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1000, 1100,
1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000, 2500, 3000, 4000, 5000% or more.
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In one embodiment, the protein levels of endogenous RMEM in a cell are increased
by methods known in the art. For example, a cell can be modified and/or treated to: (a)
increase the transcription of a gene encoding endogenous RMEM; (b) increase the translation
and/or processing and/or stability of endogenous RMEM mRNA; (¢) increase the stability of
endogenous RMEM protein; (d) increase the expression of, or activate, transcriptional
activators of a gene encoding endogenous RMEM; (e) to decrease the expression, or activity,
of a transcriptional repressors of a gene encoding endogenous RMEM or (f) to decrease the
expression, or activity, of a post—translational repressor of the RMEM protein.

In other embodiments, a heterologous RMEM molecule is overexpressed in a cell.

RMEMs suitable for used in the present disclosure are further described herein. In
one embodiment, the RMEM, in nature, or when used as described herein, mediates repair of
DNA, either by directly participating in the pathways involved in DNA repair or by
facilitating DNA repair. For example, the RMEM participates in any of the following DNA
repair pathways: c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR
(including alt-HR, HR, and SSA). RMEMs that facilitate DNA repair can, in nature or when
used as described herein, alter chromatin or DNA structure to allow increased accessibility of
the DNA for DNA repair machinery or recruitment of the DNA repair machinery, e.g., by
increasing chromatin relaxation, promoting chromatin-related complex assembly, or
modifying chromatin-associated proteins. Alternatively or in addition, the RMEMs can
suppress a particular DNA repair process, thereby promoting a different DNA repair process.
By way of example, an RMEM can promote ALT-NHEJ by suppressing canonical NHEJ.

In one embodiment, the RMEM interacts with DNA, e.g., it makes or breaks a
covalent bond, e.g., cleaves a phosphodiester bond, or alters the secondary or tertiary
structure of DNA, e.g., unwinds or promotes annealing of DNA. In another embodiment, the
RMEM modifies a chromatin related protein, e.g., by making or breaking a covalent bond
associated with the chromatin related protein, or alters the secondary, tertiary, or quaternary
structure of a chromatin related protein or complex.

For example, an RMEM described herein can comprise one or more of the following
activities: exonuclease activity, endonuclease activity, helicase activity, histone acetylase
activity, histone deacetylase activity, histone methyltransferase activity, chromatin
remodeling activity, or histone chaperone activity. In one embodiment, the RMEM plays a
role in promoting any of the following activities: exonuclease activity, endonuclease activity,

helicase activity, histone acetylase activity, histone deacetylase activity, histone
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methyltransferase activity, chromatin remodeling activity, or histone chaperone activity.
Exemplary RMEMs that can be used as described herein are further described below.

In one embodiment, an RMEM, as the term is used herein, does not include CtIP and
Mutans, Mrell, Dna2, Fenl, Trex2, Exol, XPG, XPF, APE-1, APLF, APTX, Artemis, Mus
81, ERCC1, WRN, BLM, RECQLA4, RECQL1, XPB, XPD, FancJ/Bachl, RTEL, 53Bpl
dominant negative, VP64, Rad52, Rad51, Rad51B, Rad51C, XRCC3, Tip60/KATS, SETD?2,
or INO8O complex. In one embodiment, an RMEM does not include Rad52. In one
embodiment, an RMEM does not include 53BP1. In one embodiment, an RMEM does not
include Rad51. In one embodiment, an RMEM does not include RPA. In one embodiment,
an RMEM does not include Artemis. In one embodiment, an RMEM does not include
ERCC1. In one embodiment, an RMEM does not include Rad52, 53BP1, Rad51, RPA,
Artemis or ERCC1.

In another embodiment, the present disclosure provides a method of altering a nucleic
acid at a target position in a cell, or a population of cells, by contacting the cell, or the
population of cells, with (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c)
a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the gRNA molecule
and the RN'A-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage
event, wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the sequence of the nucleic acid after the cleavage
event is repaired is different than the sequence of the nucleic acid prior to the cleavage event,
thereby altering the nucleic acid at the target position in the cell, or in the population of cells.

In a further embodiment, the at least one DNA repair pathway is selected from the
group consisting of: canonical NHEJ, alternative NHEJ (alt-NHEJ), and HDR. In another
embodiment, the at least one DNA repair pathway is canonical NHEJ. In yet another
embodiment, the at least one DNA repair pathway is Alt-NHEJ. In another embodiment, the
Alt-NHEJ pathway is blunt EJ, MMEJ, or SD-MMEJ. In other embodiments, the at least one
DNA repair pathway is HDR. In another embodiment, the HDR repair pathway is SSA, alt-
HR, or HR. In another embodiment, the frequency of ALT-NHEJ-mediated repair of the
cleavage event is increased in the population of cells comprising the RMEM, as compared to
the frequency of ALT-NHEJ-mediated repair of the cleavage event in a population of cells
that does not comprise the RMEM. In further embodiments, the frequency of NHEJ-mediated
repair of the cleavage event is increased in the population of cells comprising the RMEM, as

compared to the frequency of NHEJ-mediated repair of the cleavage event in a population of
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cells that does not comprise the RMEM. In another embodiment, the frequency of HDR-
mediated repair of the cleavage event is increased in the population of cells comprising the
RMEM, as compared to the frequency of HDR-mediated repair of the cleavage event in a
population of cells that does not comprise the RMEM. In yet another embodiment, the
frequency of SSA-mediated repair of the cleavage event is increased in the population of cells
comprising the RMEM, as compared to the frequency of SSA-mediated repair of the cleavage
event in a population of cells that does not comprise the RMEM. In another embodiment, the
frequency of repair is increased by about 1-fold, by about 1.5-fold, by about 2-fold, by about
2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-
fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold,
by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by
about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold,
by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold,
by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of altering a nucleic
acid at a target position in a cell, or a population of cells, by contacting the cell, or the
population of cells, with (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c)
a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the gRNA molecule
and the RN'A-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage
event, wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the sequence of the nucleic acid after the cleavage
event is repaired is different than the sequence of the nucleic acid prior to the cleavage event,
thereby altering the nucleic acid at the target position in the cell, or in the population of cells.

In another embodiment, the cleavage event is repaired gene conversion. In certain
embodiments, the frequency of gene conversion is decreased in the population of cells
comprising the RMEM, as compared to the frequency of gene conversion in a population of
cells that does not comprise the RMEM. In other embodiments, the frequency of gene
conversion is increased in the population of cells comprising the RMEM, as compared to the
frequency of gene conversion in a population of cells that does not comprise the RMEM. In
related embodiments, the frequency of gene conversion is increased by about 1-fold, by about
1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-
fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold,
by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by
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about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by
about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by
about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by
about 19-fold or by about 20-fold.

In another embodiment, the cleavage event is repaired gene correction. In certain
embodiments, the frequency of gene correctionis decreased in the population of cells
comprising the RMEM, as compared to the frequency of gene correction in a population of
cells that does not comprise the RMEM. In other embodiments, the frequency of gene
correctionis increased in the population of cells comprising the RMEM, as compared to the
frequency of gene correction in a population of cells that does not comprise the RMEM. In
related embodiments, the frequency of gene correctionis increased by about 1-fold, by about
1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-
fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold,
by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by
about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by
about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by
about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by
about 19-fold or by about 20-fold.

In another embodiment, the cleavage event is repaired by a DNA repair pathway that
is modulated by a RMEM to comprise a deletion. In certain embodiments, the frequency of a
deletion is decreased in the population of cells comprising the RMEM, as compared to the
frequency of a deletion in a population of cells that does not comprise the RMEM. In other
embodiments, the frequency of a deletion is increased in the population of cells comprising
the RMEM, as compared to the frequency of a deletion in a population of cells that does not
comprise the RMEM. In related embodiments, the frequency of a deletion is increased by
about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about
3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-
fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold,
by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.
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In another embodiment, the cleavage event is repaired by a DNA repair pathway that
is modulated by a RMEM to comprise an insertion. In certain embodiments, the frequency of
an insertion is decreased in the population of cells comprising the RMEM, as compared to the
frequency of an insertion in a population of cells that does not comprise the RMEM. In other
embodiments, the frequency of an insertion is increased in the population of cells comprising
the RMEM, as compared to the frequency of an insertion in a population of cells that does not
comprise the RMEM. In related embodiments, the frequency of an insertion is increased by
about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about
3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-
fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold,
by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

Endonucleases/exonucleases

In one embodiment, a RMEM comprises nuclease activity, e.g., cleaves the
phosphodiester bond between nucleotides in a nucleic acid, e.g., DNA. The RMEM may be
selected based upon its nuclease activity, e.g., cleaves at the end or in the middle of a
nucleotide sequence, or its direction of activity, depending on the desired repair process, e.g.,
resection, ALT-NHEJ, HDR, or SSA, required to effect the genome editing event. In one
embodiment, the RMEM comprises endonuclease activity, e.g., is an endonuclease. In one
embodiment, the RMEM comprises exonuclease activity, e.g., is an exonuclease. In one
embodiment, the RMEM comprises endonuclease and exonuclease activity, e.g., depending
on the context of the microenvironment, e.g., whether a DNA strand break or overhangs are
already present. Endonuclease and exonuclease activity occurs in a 5’ to 3’ direction, or in a
3’ to 5’ direction. Some endonucleases or exonucleases comprise activity in both directions.
In one embodiment, the RMEM comprises an endonuclease and/or exonuclease activity, and
may also comprise helicase activity.

Exemplary endonucleases and exonucleases are provided in Table 1 and are further

described below.
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Name

Sequence

SEQ
1D
NO:

Fanl

MMSEGKPPDKKRPRRSLSTISKNKKKASNSIISCFNNAPPAKLACPVCSKMVPRYDLNRHLDEMCANNDEV
QVDPGQVGLINSNVSMVDLTSVTLEDVTPKKSPPPKTNLTPGQSDSAKREVKQKISPYFKSNDVVCKNQD
ELRNRSVKVICLGSLASKLSRKYVKAKKSIDKDEEFAGSSPQSSKSTVVKSLIDNSSEIEDEDQILENSS
QKENVFKCDSLKEECIPEHMVRGSKIMEAESQKATRECEKSALTPGF SDNATMLE SPDFTLRNTLKSTSE
DSLVKQECIKEVVEKREACHCEEVKMTVASEAKIQLSDSEAKSHSSADDASAWSNIQEAPLODDSCLNND
IPHSIPLEQGSSCNGPGOTTGHPYYLRSFLVVLKTVLENEDDMLLEDEQERKGIVTKFYQLSATGOKLYVR
LEQRKLSWIKMTKLEYEETALDLTPVIEELTNAGFLOTESELQELSEVLELLSAPELKSLAKTFHLVNPN
GOKQQOLVDAFLKLAKQRSVCTWGKNKPGIGAVILKRFCWLLLQ

20

Apollo

MNGVLIPHTPIAVDFWSLRRAGTARLFFLSHMHSDHTVGLSSTWARPLYCSPITAHLLHRHLOVSKQWIQ
ALEVGESHVLPLDEIGQETMTVTLLDANHCPGSVMFLFEGYFGTILYTGDFRYTPSMLKEPALTLGKQIH
TLYLDNTNCNPALVLPSRQEAAHQIVQLIRKHPQHNIKIGLY SLGKESLLEQLALEFQTWVVLSPRRLEL
VQLLGLADVFTVEEKAGRIHAVDHMEICHSNMLRWNQTHPTIATILPTSRKIHSSHPDIHVIPYSDHSSYS
ELRAFVAALKPCQVVPIVSRRPCGGFQDSLSPRISVPLIPDSVQQYMSSSSRKPSLLWLLERRLKRPRTQ
GVVFESPEESADQSQADRDSKKAKKEKLSPWPADLEKQP SHHPLRIKKQLEPDLY SKEWNKAVPFCESQK
RVTMLTAPLGFSVHLRSTDEEFISQKTREEIGLGSPLVPMGDDDGGPEATGNQSAWMGHGSPLSHSSKGT
PLLATEFRGLALKYLLTPVNFFQAGYSSRRFDOQOQVEKYHKPC

21

Klenox
fragment of
Polymerase

MVQIPONPLILVDGSSYLYRAYHAFPPLTNSAGEPTGAMYGVLNMLRSLIMQYKPTHAAVVFDAKGKTFR
DELFEHYKSHRPPMPDDLRAQIEPLHAMVKAMGLPLLAVSGVEADDVIGTLAREAEKAGRPVLISTGDKD
MAQLVTPNITLINTMTNTILGPEEVVNKYGVPPELIIDFLALMGDSSDNIPGVPGVGEKTAQALLQGLGG
LDTLYAEPEKTIAGLSFRGAKTMAAKLEQNKEVAYLSYQLATIKTDVELELTCEQLEVQQPAAEELLGLEK
KYEFKRWTADVEAGKWLOQAKGAKPAAKPQETSVADEAPEVTATVISYDNYVTILDEETLKAWIAKLEKAP
VFAFDTETDSLDNISANLVGLSFAIEPGVAAYIPVAHDYLDAPDQISRERALELLKPLLEDEKALKVGQON
LKYDRGILANYGIELRGIAFDTMLESYILNSVAGRHDMDSTLAERWLKHKTITFEETIAGKGKNQLTFNQTIA
LEEAGRYAAEDADVTLOQLHLKMWPDLOKHKGPLNVFENIEMPLVPVLSRIERNGVKIDPKVLHNHSEELT
LRLAELEKKAHETAGEEFNLSSTRKQLOTILFEKQGIKPLKKTPGGAPSTSEEVLEELALDYPLPKVILEY
RGLAKLKSTYTDKLPLMINPKTGRVHTSYHQAVTATGRLSSTDPNLONIPVRNEEGRRIRQAFIAPEDYV
IVSADYSQIELRIMAHLSRDKGLLTAFAEGKDIHRATAAEVFGLPLETVTSEQRRSAKAINFGLIYGMSA
FGLARQLNIPRKEAQKYMDLYFERYPGVLEYMERTRAQAKEQGYVETLDGRRLYLPDIKSSNGARRAAAFE
RAATNAPMQGTAADIIKRAMIAVDAWLQAEQPRVRMIMOVHDELVFEVHKDDVDAVAKQTHQLMENCTRL
DVPLLVEVGSGENWDQAH

22

T5
exonuclease

MSKSWGKFIEEEEAEMASRRNLMIVDGTNLGFRFKHNNSKKPFASSYVSTIQSLAKSYSARTTIVLGDKG
KSVFRLEHLPEYKGNRDEKYAQRTEEEKALDEQFFEYLKDAFELCKTTFPTFTIRGVEADDMAAY IVKLT
GHLYDHVWLISTDGDWDTLLTDKVSRFSFTTRREYHLRDMYEHHNVDDVEQF ISLKAIMGDLGDNIRGVE
GIGAKRGYNITIREFGNVLDIIDQLPLPGKQKYIQNLNASEELLFRNLILVDLPTYCVDATAAVGQDVLDK
FTKDILETAEQ

23

Genl

MGVNDLWQILEPVKQHIPLRNLGGKTIAVDLSLWVCEAQTVKKMMGSVMKPHLRNLEFRISYLTOMDVKL
VEVMEGEPPKLKADVISKRNQSRYGSSGKSWSQKTGRSHFKSVLRECLHMLECLGIPWVQAAGEAEAMCA
YLNAGGHVDGCLTNDGDTFLYGAQTVYRNFTMNTKDPHVDCYTMSSIKSKLGLDRDALVGLAILLGCDYL
PRGVPGVGKEQALKLIQILKGOSLLOREFNRWNETSCNSSPQLLVTKKLAHCSVCSHPGSPKDHERNGCRL
CKSDKYCEPHDYEYCCPCEWHRTEHDRQLSEVENNIKKKACCCEGFPFHEVIQEFLLNKDKLVKVIRYQR
PDLLLFQRFTLEKMEWPNHYACEKLLVLLTHYDMIERKLGSRNSNQLOQPIRIVKTRIRNGVHCFEIEWEK
PEHYAMEDKQHGEFALLTIEEESLFEAAYPEIVAVYQKQKLEIKGKKQKRIKPKENNLPEPDEVMSEFQSH
MTLKPTCEIFHKONSKLNSGISPDPTLPQESISASLNSLLLPKNTPCLNAQEQFMSSLRPLATIQQIKAVS
KSLISESSQPNTSSHNISVIADLHLSTIDWEGTSEFSNSPATIQRNTEFSHDLKSEVESELSATIPDGFENIPE
QLSCESERYTANIKKVLDEDSDGISPEEHLLSGITDLCLODLPLKERIFTKLSYPQODNLOPDVNLKTLST
LSVKESCIANSGSDCTSHLSKDLPGIPLONESRDSKILKGDQLLOEDYKVNTSVPYSVSNTVVKTCNVRP
PNTALDHSRKVDMQOTTRKILMKKSVCLDRHSSDEQSAPVFGKAKYTTQRMKHS SQKHNSSHEKE SGHNKL
SSPKIHIKETEQCVRSYETAENEESCEFPDSTKSSLSSLQCHKKENNSGTCLDSPLPLROQRLKLRFQST

24

CtIP

MNISGSSCGSPNSADTSSDFKDLWTKLKECHDREVQGLOVKVTKLKQERILDAQRLEEFFTKNQQLREQQOKVL
HETIKVLEDRLRAGLCDRCAVTEEHMRKKQQEFENTIRQONLKLITELMNERNTLOQEENKKLSEQLQQKIENDQ
QHOAAETLECEEDVIPDSPITAFSFSGVNRLRRKENPHVRYIEQTHTKLEHSVCANEMRKVSKSSTHPQHNPNE
NEILVADTYDQSQSPMAKAHGTSSYTPDKSSENLATVVAETLGLGVQEESETQGPMSPLGDELYHCLEGNHKK
QPFEESTRNTEDSLRFSDSTSKTPPQEELPTRVSSPVEFGATSSIKSGLDLNTSLSPSLLOPGKKKHLKTLPES
NTCISRLEKTRSKSEDSALFTHHSLGSEVNKIIIQSSNKQILINKNISESLGEQNRTEYGKDSNTDKHLEPLK
SLGGRTSKRKKTEEESEHEVSCPQASFDKENAFPFPMDNQF SMNGDCVMDKPLDLSDRESATIQROEKSQGSET
SKNKFROQVTLYEALKTIPKGFSSSRKASDGNCTLPKDSPGEPCSQECIILOPLNKCSPDNKP SLOIKEENAVE
KIPLRPRESLETENVL
DDIKSAGSHEPIKIQTRSDHGGCELASVLOLNPCRTGKIKSLONNQDVSFENIQWSIDPGADLSQYKMDVTVI
DTKDGSQSKLGGETVDMDCTLVSETVLLKMKKQEQKGEKSSNEERKMND SLEDMFDRTTHEEYESCLADSE SQ
AADEEEELSTATKKLHTHGDKQDKVKOKAFVEPYFKGDERETSLONFPHIEVVRKKEERRKLLGHTCKECETY
YADMPAEEREKKLASCSRHRFRYIPPNTPENFWEVGEFPSTQTCMERGYIKEDLDPCPRPKRRQPYNATF SPKG
KEQKT (CtIP- isoform 1 CCDS 11875.1)

MNISGSSCGSPNSADTSSDFKDLWTKLKECHDREVQGLOVKVTKLKQERILDAQRLEEFFTKNQQLREQQOKVL
HETIKVLEDRLRAGLCDRCAVTEEHMRKKQQEFENTIRQONLKLITELMNERNTLOQEENKKLSEQLQQKIENDQ
QHOAAETLECEEDVIPDSPITAFSFSGVNRLRRKENPHVRYIEQTHTKLEHSVCANEMRKVSKSSTHPQHNPNE
NEILVADTYDQSQSPMAKAHGTSSYTPDKSSENLATVVAETLGLGVQEESETQGPMSPLGDELYHCLEGNHKK
QPFEESTRNTEDSLRFSDSTSKTPPQEELPTRVSSPVEFGATSSIKSGLDLNTSLSPSLLOPGKKKHLKTLPES
NTCISRLEKTRSKSEDSALFTHHSLGSEVNKITIIQSSNKQILINKNISESLGEQNRTEYGKDSNTDKHLEPLK

25
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SLGGRTSKRKKTEEESEHEVSCPQASFDKENAFPFPMDNQF SMNGDCVMDKPLDLSDRFEFSATQROQEKSQGSET
SKNKFROQVTLYEALKTIPKGFSSSRKASDGNCTLPKDSPGEPCSQECITILQPLNKCSPDNKPSLQIKEENAVE
KIPLRPRESLETENVLDDIKSAGSHEPIKIQTRSDHGGCELASVLQLNPCRTGKIKSLONNQDVSFENTIQWST
DPGADLSQYKMDVTVIDTKDGSQSKLGGETVDMDCTLVSETVLLKMKKOEQKGEKSSNEERKMNDSTLEDMFDR
TTHEEYESCLADSFSQAADEEEELSTATKKLHTHGDKQODKVKQKAFVEPYFKGDESIMQICQQKKEKRNWLPA
QDTDSATFHPTHQRIFGKLVFLPLRLVWKEVILRKILILVLVQKDVSLTTQYFLOKARSRRHRR (CtIP-—
isoform 2 CCDS 11874.1)

Dominant 327, 847 26
MNILGSSCGSPNSADTSSDFKDLWTKLKECHDREVQGLOVKVTKLKQERI LDAQRLEEFF TKNQQLREQQKVL

PJegaUve HETIKVLEDRLRAGLCDRCAVTEEHMRKKQQEFENTIRQONLKLITELMNERNTLOQEENKKLSEQLQQKIENDQ
Cp QHOAAETLECEEDVIPDSPITAFSFSGVNRLRRKENPHVRYIEQTHTKLEHSVCANEMRKVSKSSTHPQHNPNE

NEILVADTYDQSQSPMAKAHGTSSYTPDKSSENLATVVAETLGLGVQEESETQGPMSPLGDELYHCLEGNHKK
(S327E’ QPFEESTRNTEDSLRFSDSTSKTPPQEELPTRVSSPVEFGATSSIKSGLDLNTSLSPSLLOPGKKKHLKTLPES
T847E,0f NTCISRLEKTRSKSEDSALFTHHSLGSEVNKIIIQSSNKQILINKNISESLGEQNRTEYGKDSNTDKHLEPLK

STGCRTSKRKKTEEESEHEVSCPOASFDKENAFPFPMDNOF SMNGDCVMDKPTDTSDRF SATQOROEKSQGSET
S327E+T84 | sKNKFRQVTLYEALKTIPKGFSSSRKASDGNCTTPKDSPGEPCSQECT TTLOPTNKCSPDNKPSTQTKEENAVE
7E) KTPTLRPRESTETENVLDDTKSAGSHEP TKTQTRSDHGGCETASVL.QLNPCRTGKTKST.ONNQDVSFENTQWS T
DPGADTSQYKMDVTVIDTKDGSQSKLGGETVDMDCTLVSETVLLKMKKQEQKGEK S SNEERKMND SLEDMFDR
TTHEEYESCLADSFSQAADEREELSTATKKLHTHGDKQDKVKQKAFVEDYFKGDERETSLONF PHT EVVRKKE
ERRKLLGHTCKECETYYADMPAEEREKKT.ASCSRHRFRY TPPNTPENFWEVGEP STQTCMERGY TKEDT.DPCP
RPKRRQPYNATFSPKGKEQKTDYKDHDGDYKDHD T * *

MNILGSSCGSPNSADTSSDFKDLWTKLKECHDREVQGLOVKVTKLKQERILDAQRLEEFFTKNQOQLREQQOKVL
HETIKVLEDRLRAGLCDRCAVTEEHMRKKQQEFENTIRQONLKLITELMNERNTLOQEENKKLSEQLQQKIENDQ
QHOAAETLECEEDVIPDSPITAFSFSGVNRLRRKENPHVRYIEQTHTKLEHSVCANEMRKVSKSSTHPQHNPNE
NEILVADTYDQSQSPMAKAHGTSSYTPDKSSENLATVVAETLGLGVQEESETQGPMSPLGDELYHCLEGNHKK
QPFEESTRNTEDSLRFSDSTSKTPPQEELPTRVSSPVEFGATSSIKSGLDLNTSLSPSLLOPGKKKHLKTLPES
NTCISRLEKTRSKSEDSALFTHHSLGSEVNKIIIQSSNKQILINKNISESLGEQNRTEYGKDSNTDKHLEPLK
SLGGRTSKRKKTEEESEHEVSCPQASFDKENAFPFPMDNQF SMNGDCVMDKPLDLSDRESATIQROEKSQGSET
SKNKFROQVTLYEALKTIPKGFSSSRKASDGNCTLPKDSPGEPCSQECITILOPLNKCSPDNKP SLOIKEENAVE

MRE11 MSTADALDDENTFKILVATDIHLGFMEKDAVRGNDTFVTLDEILRLAQENEVDF ILLGGDLEFHENKP SRKTLH 27
TCLELLRKYCMGDRPVQFEILSDQSVNFGFSKFPWVNYQDGNLNISIPVFSTHGNHDDPTGADALCALDILSC
AGFVNHFGRSMSVEKIDISPVLLOKGSTKIALYGLGSIPDERLYRMFVNKKVTMLRPKEDENSWENLEVIHQON
RSKHGSTNFIPEQFLDDFIDLVIWGHEHECKIAPTKNEQQLFYISQPGSSVVTSLSPGEAVKKHVGLLRIKGR
KMNMHKIPLHTVRQFFMEDIVLANHPDIFNPDNPRKVTQATIQSFCLEKIEEMLENAERERLGNSHQPEKPLVRL
RVDYSGGFEPFSVLRESQKFVDRVANPKDI THEFRHREQKEKTGEEINFGKLITKPSEGTTLRVEDLVKQYFQ
TAEKNVOLSLLTERGMGEAVQEFVDKEEKDATEELVKYQLEKTQRFLKERHIDALEDKIDEEVRRFRETRQKN
TNEEDDEVREAMTRARALRSQSEESASAFSADDLMSIDLAEQMANDSDDSTSAATNKGRGRGRGRRGGRGONS
ASRGGSQRGRAFKSTRQQOPSRNVTTKNYSEVIEVDESDVEEDIFPTTSKTDQRWSSTSSSKIMSQSQVSKGVD
FESSEDDDDDPFMNTSSLRRNRR (Mrell- isoform 2 CCDS 8298.1)

MSTADALDDENTFKILVATDIHLGFMEKDAVRGNDTFVTLDEILRLAQENEVDF ILLGGDLEFHENKP SRKTLH
TCLELLRKYCMGDRPVQFEILSDQSVNFGFSKFPWVNYQDGNLNISIPVFSTHGNHDDPTGADALCALDILSC
AGFVNHFGRSMSVEKIDISPVLLOKGSTKIALYGLGSIPDERLYRMFVNKKVTMLRPKEDENSWENLEVIHQON
RSKHGSTNFIPEQFLDDFIDLVIWGHEHECKIAPTKNEQQLFYISQPGSSVVTSLSPGEAVKKHVGLLRIKGR
KMNMHKIPLHTVRQFFMEDIVLANHPDIFNPDNPRKVTQATIQSFCLEKIEEMLENAERERLGNSHQPEKPLVRL
RVDYSGGFEPFSVLRESQKFVDRVANPKDI THEFRHREQKEKTGEEINFGKLITKPSEGTTLRVEDLVKQYFQ
TAEKNVOLSLLTERGMGEAVQEFVDKEEKDATEELVKYQLEKTQRFLKERHIDALEDKIDEEVRRFRETRQKN
TNEEDDEVREAMTRARALRSQSEESASAFSADDLMSIDLAEQMANDSDDSTSAATNKGRGRGRGRRGGRGONS
ASRGGSQRGRADTGLETSTRSRNSKTAVSASRNMSTIIDAFKSTRQOP SRNVTTKNYSEVIEVDESDVEEDIFP
TTSKTDORWSSTSSSKIMSQSQVSKGVDFESSEDDDDDPFMNTSSLRRNRR  (Mrell- isoform 1
CCDS8299.1)

DNA2 MEQLNELELLMEKSFWEEAELPAELFQKKVVASFPRTVLSTGMDNRYLVLAVNTVONKEGNCERKRLVITASQS 28
LENKELCILRNDWCSVPVEPGDITHLEGDCTSDTWIIDKDFGYLILYPDMLISGTSIASSIRCMRRAVLSETE
RSSDPATROMLIGTVLHEVFQKAINNSFAPEKLOELAFQTIQEIRHLKEMYRLNLSQDETIKQEVEDYLPSFCK
WAGDFMHKNTSTDEFPOMOLSLP SDNSKDNSTCNIEVVKPMDIEESIWSPREFGLKGKIDVTVGVKIHRGYKTKY
KIMPLELKTGKESNSIEHRSQVVLYTLLSQERRADPEAGLLLYLKTGOMYPVPANHLDKRELLKLRNOMAF ST,
FHRISKSATRQKTQLASLPQITEEEKTCKYCSQIGNCALYSRAVEQOMDCSSVPIVMLPKIEEETQHLKQTHL
EYFSLWCLMLTLESQSKDNKKNHONIWLMPASEMEKSGSCIGNLIRMEHVKIVCDGQYLHNFQCKHGATIPVTN
LMAGDRVIVSGEERSLFALSRGYVKEINMTTVTCLLDRNLSVLPESTLFRLDQEEKNCDIDTPLGNLSKLMEN
TEVSKKLRDLIIDFREPQFISYLSSVLPHDAKDTVACILKGLNKPQRQAMKKVLLSKDYTLIVGMPGTGKTTT
ICTLVRILYACGFSVLLTSYTHSAVDNILLKLAKFKIGFLRLGQIQKVHPATIQQFTEQEICRSKSIKSLALLE
ELYNSQLIVATTCMGINHPIFSRKIFDFCIVDEASQISQPICLGPLEFFSRREFVLVGDHQQLPPLVLNREARAL
GMSESLFKRLEQNKSAVVQLTVQYRMNSKIMSLSNKLTYEGKLECGSDKVANAVINLRHFKDVKLELEFYADY
SDNPWLMGVFEPNNPVCFLNTDKVPAPEQVEKGGVSNVTEAKLIVFLTSIFVKAGCSPSDIGITIAPYRQQLKT
INDLLARSIGMVEVNTVDKYQGRDKSIVLVSEFVRSNKDGTVGELLKDWRRLNVAITRAKHKLILLGCVPSLNC
YPPLEKLLNHLNSEKLIIDLPSREHESLCHILGDFQRE DNAZ endonuclease (CCDS 44415.2)

FEN1 MGIQGLAKLIADVAPSATRENDIKSYFGRKVAIDASMSIYQFLIAVRQGGDVLONEEGET 29
TSHLMGMFYRTIRMMENGIKPVYVFDGKPPQLKSGELAKRSERRAEAEKQLOQAQAAGAE
QEVEKFTKRLVKVTKQHNDECKHLLSILMGIPYLDAPSEAEASCAATLVKAGKVYAAATEDM
DCLTFGSPVLMRHLTASEAKKLPIQEFHLSRILOELGLNQEQFVDLCILLGSDYCESIRG
IGPKRAVDLIQKHKSIEEIVRRLDPNKYPVPENWLHKEAHQLFLEPEVLDPESVELKWSE
PNEEELIKFMCGEKQF SEERIRSGVKRLSKSRQOGSTQGRLDDFFKVTGSLSSAKRKEPEP
KGSTKKKAKTGAAGKFKRGK (Fenl CCDS 8010.1)

Mus81 MAAPVRLGRKRPLPACPNPLFVRWLTEWRDEATRSRRRTREVEFQKALRSLRRYPLPLRSGKEAKILQHFG 30
DGLCRMLDERLQRHRTSGGDHAPDSPSGENSPAPQGRLAEVQDSSMPVPAQPKAGGSGSYWPARHSGARYV
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ILLVLYREHLNPNGHHF LTKEELLQRCAQKSPRVAPGSARPWPALRSLLHRNLVLRTHQPARYSLTPEGL
ELAQKLAESEGLSLLNVGIGPKEPPGEETAVPGAASAELASEAGVQQQOPLELRPGEYRVLLCVDIGETRG
GGHRPELLRELQRLHVTHTVRKLHVGDEVWVAQETNPRDPANPGELVLDHIVERKRLDDLCSSIIDGRER
EQKFRLKRCGLERRVYLVEEHGSVHNLSLPESTLLOQAVTNTQVIDGFFVKRTADIKESAAYLALLTRGLQ
RLYQGHTLRSRPWGTPGNPESGAMTSPNPLCSLLTE SDFNAGAIKNKAQSVREVFARQLMQVRGVSGEKA
AALVDRYSTPASLLAAYDACATPKEQETLLSTIKCGRLORNLGPALSRTLSQLYCSYGPLT (MUS81
endonuclease homolog (yeast), isoform CRA_b [Homo sapiens], CCDS 8115.1)

TREX2 MSEAPRAETFVFLDLEATGLPSVEPETIAELSLFAVHRSSLENPEHDESGALVLPRVLDKLTLCMCPERPF 31
TAKASEITGLSSEGLARCRKAGFDGAVVRTLQAFLSRQAGPICLVAHNGFDYDFPLLCAELRRLGARLPR
DTVCLDTLPALRGLDRAHSHGTRARGRQGYSLGSLFHRYFRAEPSAAHSAEGDVHTLLLIFLHRAAELLA
WADEQARGWAHIEPMYLPPDDPSLEA |NP_542432.2| three prime repair exonuclease 2
[Homo sapiens]

EXO1 MGIQGLLQFIKEASEPTHVRKYKGQVVAVDTYCWLHKGATACAEKLAKGEPTDRYVGECM 32
KEFVNMLLSHGIKPILVFDGCTLP SKKEVERSRRERRQANLLKGKQLLREGKVSEARECFT
RSINITHAMAHKVIKAARSQGVDCLVAPYEADAQLAYILNKAGIVQATIITEDSDLLAFGCK
KVILKMDQFGNGLEIDQARLGMCRQLGDVEFTEEKFRYMCILSGCDYLSSLRGIGLAKACK
VLRLANNPDIVKVIKKIGHYLKMNITVPEDYINGFIRANNTFLYQLVFDPIKRKLIPLNA
YEDDVDPETLSYAGQYVDDSIALQIALGNKDINTFEQIDDYNPDTAMPAHSRSHSWDDKT
COKSANVSSIWHRNYSPRPESGTVSDAPQLKENPSTVGVERVISTKGLNLPRKSSIVKRP
RSAELSEDDLLSQYSLSFTKKTKKNSSEGNKSLSFSEVEFVPDLVNGPTNKKSVSTPPRTR
NKFATFLORKNEESGAVVVPGTRSRFFCSSDSTDCVSNKVSIQPLDETAVTDKENNLHES
EYGDQEGKRLVDTDVARNSSDDIPNNHIPGDHIPDKATVETDEESYSFESSKFTRTISPP
TLGTLRSCFSWSGGLGDESRTPSPSPSTALQQFRRKSDSPTSLPENNMSDVSQLKSEESS
DDESHPLREEACSSQSQESGEFSLOSSNASKLSQCSSKDSDSEESDCNIKLLDSQSDQTS
KILRLSHFSKKDTPLRNKVPGLYKSSSADSLSTTKIKPLGPARASGLSKKPASTQKRKHHN
AENKPGLQIKLNELWKNEGFKKEF (Exol Isoform 1 CCDS 44336.1)

MGIQGLLQFIKEASEPTHVRKYKGQVVAVDTYCWLHKGATACAEKLAKGEPTDRYVGECM
KFVNMLLSHGIKPILVFDGCTLPSKKEVERSRRERRQANLLKGKQLLREGKVSEARECFT
RSINITHAMAHKVIKAARSQGVDCLVAPYEADAQLAYINKAGIVQATIITEDSDLLAFGCK
KVILKMDQFGNGLEIDQARLGMCRQLGDVEFTEEKFRYMCILSGCDYLSSLRGIGLAKACK
VLRLANNPDIVKVIKKIGHYLKMNITVPEDYINGFIRANNTFLYQLVFDPIKRKLIPLNA
YEDDVDPETLSYAGQYVDDSTALQIALGNKDINTFEQIDDYNPDTAMPAHSRSHSWDDKT
CQOKSANVSSIWHRNYSPRPESGTVSDAPQLKENPSTVGVERVISTKGLNLPRKSSIVKRP
RSAELSEDDLLSQYSLSFTKKTKKNSSEGNKSLSFSEVFVPDLVNGPTNKKSVSTPPRTR
NKFATFLQRKNEESGAVVVPGTRSRFFCSSDSTDCVSNKVSIQPLDETAVTDKENNLHES
EYGDQEGKRLVDTDVARNSSDDIPNNHIPGDHIPDKATVFTDEESYSFESSKFTRTISPP
TLGTLRSCFSWSGGLGDFSRTPSPSPSTALQQFRRKSDSPTSLPENNMSDVSQLKSEESS
DDESHPLREEACSSQSQESGEFSLQSSNASKLSQCSSKDSDSEESDCNIKLLDSQSDQTS
KLRLSHFSKKDTPLRNKVPGLYKSSSADSLSTTKIKPLGPARASGLSKKPASTQKRKHHN
AENKPGLQIKLNELWKNFGFKKDSEKLPPCKKPLSPVRDNIQLTPEAEEDIFNKPECGRV
QRATFQ (Exol Isoform 2 CCDS 1620.1)

XPG MGVQGLWKLLECSGRQVSPEALEGKILAVDISIWLNQALKGVRDRHGNSTIENPHLLTLEH 33
RLCKLLFFRIRPIFVEFDGDAPLLKKQTLVKRRORKDLASSDSRKTTEKLLKTFLKRQATK
TAFRSKRDEALPSLTQVRRENDLYVLPPLOEEEKHSSEEEDEKEWQERMNQKQALQEEFF
HNPQAIDIESEDFSSLPPEVKHEILTDMKEF TKRRRTLFEAMPEESDDF SQYQLKGLLKK
NYLNQHTEHVQKEMNQOHSGHIRRQYEDEGGEFLKEVESRRVVSEDTSHYILIKGIQAKTV
AEVDSESLPSSSKMHGMSFDVKSSPCEKLKTEKEPDATPPSPRTLLAMQAALLGSSSEEE
LESENRRQARGRNAPAAVDEGSISPRTLSATIKRALDDDEDVKVCAGDDVQTGGPGAEEMR
INSSTENSDEGLKVRDGKGIPFTATLASSSVNSAEEHVASTNEGREPTDSVPKEQMSLVH
VGTEAFPISDESMIKDRKDRLPLESAVVRHSDAPGLPNGRELTPASPTCTNSVSKNETHA
EVLEQONELCPYESKFDSSLLSSDDETKCKPNSASEVIGPVSLQETSSIVSVPSEAVDNV
ENVVSFNAKEHENFLETIQEQQTTESAGODLISIPKAVEPMEIDSEESESDGSFIEVQSV
ISDEELQAEFPETSKPPSEQGEEELVGTREGEAPAESESLLRDNSERDDVDGEPQEAEKD
AEDSLHEWQDINLEELETLESNLLAQONSLKAQKQQQERIAATVTGOMFLESQELLRLEG
IPYIQAPMEAEAQCAILDLTDQTSGTITDDSDIWLFGARHVYRNEFENKNKEFVEYYQYVDF
HNQLGLDRNKLINLAYLLGSDYTEGIPTVGCVTAMEILNEFPGHGLEPLLKE SEWWHEAQ
KNPKIRPNPHDTKVKKKLRTLQLTPGFPNPAVAEAYLKPVVDDSKGSFLWGKPDLDKIRE
FCORYFGWNRTKTDESLFPVLKQLDAQQTQLRIDSFFRLAQQEKEDAKRIKSQRLNRAVT
CMLRKEKEAAASETEAVSVAMERKEFELLDKAKGKTQKRGITNTLEESSSLKRKRLSDSKG
KNTCGGFLGETCLSESSDGSSSEDAESSSLMNVORRTAAKEPKTSASDSQONSVKEAPVKN
GGATTSSSSDSDDDGGKEKMVLVTARSVFGKKRRKLRRARGRKRKT (XPG CCDS 32004.1)

XPF MESGQPARRIAMAPLLEYERQLVLELLDTDGLVVCARGLGADRLLYHFLQLHCHPACLVL 34
VLNTQPAEEEYFINQLKIEGVEHLPRRVTNEITSNSRYEVYTQGGVIFATSRILVVDELT
DRIPSDLITGILVYRAHRIIESCQEAFILRLFROKNKRGFIKAFTDNAVAFDTGFCHVER
VMRNLEVRKLYLWPRFHVAVNSFLEQHKPEVVETIHVSMTPTMLAIQTAILDILNACLKEL
KCHNPSLEVEDLSLENATIGKPFDKTIRHYLDPLWHQLGAKTKSLVODLKILRTLLOYLSQ
YDCVTFLNLLESLRATEKAFGONSGWLFLDSSTSME INARARVYHLPDAKMSKKEKISEK
MEIKEGEETKKELVLESNPKWEALTEVLKEIEAENKESEALGGPGQVLICASDDRTCSQL
RDYITLGAEAFLLRLYRKTFEKDSKAEEVWMKFRKEDSSKRIRKSHKRPKDPONKERAST
KERTLKKKKRKLTLTOMVGKPEELEEEGDVEEGYRREISSSPESCPEEIKHEEFDVNLSS
DAAFGILKEPLTITHPLLGCSDPYALTRVLHEVEPRYVVLYDAELTEVRQLEIYRASRPG
KPLRVYFLIYGGSTEEQRYLTALRKEKEAFEKLIREKASMVVPEEREGRDETNLDLVRGT
ASADVSTDTRKAGGQEQNGTQQOSIVVDMREFRSELPSLIHRRGIDIEPVTLEVGDYILTP
EMCVERKSISDLIGSLNNGRLYSQCISMSRYYKRPVLLIEFDPSKPEFSLTSRGALFQEIS
SNDISSKLTLLTLHFPRLRILWCPSPHATAELFEELKQSKPQPDAATALAITADSETLPE
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SEKYNPGPQDFLLKMPGVNAKNCRSLMHHVKNIAELAALSQDELTSILGNAANAKQLYDF
THTSFAEVVSKGKGKK (XPF CCDS 32390.1)

APE1

MPKRGKKGAVAEDGDELRTEPEAKKSKTAAKKNDKEAAGEGPALYEDPPDQKTSPSGKPA
TLKICSWNVDGLRAWIKKKGLDWVKEEAPDILCLOQETKCSENKLPAELQELPGLSHQYWS
APSDKEGYSGVGLLSRQCPLKVSYGIGDEEHDQEGRVIVAEFDSFVLVTAYVPNAGRGLV
RLEYRQRWDEAFRKFLKGLASRKPLVLCGDLNVAHEEIDLRNPKGNKKNAGE TPQERQGF
GELLOQAVPLADSFRHLYPNTPYAYTFWTYMMNARSKNVGWRLDYFLLSHSLLPALCDSKI
RSKALGSDHCPITLYLAL (APE-1 CCDS 9550.1)

35

APTX

MMRVCWLVRODSRHQRIRLPHLEAVVIGRGPETKITDKKCSROQVOLKAECNKGYVKVKQ
VGVNPTSIDSVVIGKDQEVKLOPGOQVLHMVNELYPYIVEFEEEAKNPGLETHRKRKRSGN
SDSIERDAAQEAEAGTGLEPGSNSGQCSVPLKKGKDAPTIKKESLGHWSQGLKI SMODPKM
QVYKDEQVVVIKDKYPKARYHWLVLPWTSISSLKAVAREHLELLKHMHTVGEKVIVDFAG
SSKLRFRLGYHATPSMSHVHLHVISQDFDSPCLKNKKHWNSENTEYFLESQAVIEMVQEA
GRVTVRDGMPELLKLPLRCHECQQLLPSIPQLKEHLRKHWTQ (APTX Isoform 1
CCDS 47956.1)

MSNVNLSVSDFWRVMMRVCWLVRODSRHORIRLPHLEAVVIGRGPETKITDKKCSRQQEF
EEEAKNPGLETHRKRKRSGNSDSIERDAAQEAEAGTGLEPGSNSGQCSVPLKKGKDAPTK
KESLGHWSQGLKISMQDPKMQVYKDEQVVVIKDKYPKARYHWLVLPWTSISSLKAVAREH
LELLKHMHTVGEKVIVDFAGSSKLRFRLGYHATPSMSHVHLHVISQDFDSPCLKNKKHWN
SENTEYFLESQAVIEMVQEAGRVTVRDGMPELLKLPLRCHECQQLLPSIPQLKEHLRKHW
TQ (APTX Isoform 2 CCDS 56568.1)

MMRVCWLVRQODSRHQRIRLPHLEAVVIGRGPETKITDKKCSRQQEFEEEAKNPGLETHRK
RKRSGNSDSIERDAAQEAEAGTGLEPGSNSGQCSVPLKKGKDAPTKKESLGHWSQGLKIS
MQODPKMQVYKDEQVVVIKDKYPKARYHWLVLPWTSISSLKAVAREHLELLKHMHTVGEKV
IVDFAGSSKLRFRLGYHATPSMSHVHLHVISQDFDSPCLKNKKHWNSENTEYFLESQAVT
EMVQEAGRVTVRDGMPELLKLPLRCHECQQLLPSIPQLKEHLRKHWTQ (APTX
Isoform 3 CCDS 75827.1)

36

APLF

MSGGFELQPRDGGPRVALAPGETVIGRGPLLGITDKRVSRRHAILEVAGGQLRIKPTIHTN
PCFYQSSEKSQLLPLKPNLWCYLNPGDSEFSLLVDKYIFRILSIPSEVEMOQCTLRNSQVLD
EDNILNETPKSPVINLPHETTGASQLEGSTEIAKTOMTPTNSVSFLGENRDCNKQQOPILA
ERKRILPTWMLAEHLSDONLSVPATISGGNVIQGSGKEEICKDKSQLNTTQOGRRQLISSG
SSENTSAEQDTGEECKNTDQEESTISSKEMPQSFSAITLSNTEMNNIKTNAQRNKLPIEE
LGKVSKHKIATKRTPHKEDEAMSCSENCSSAQGDSLODESQGSHSESSSNPSNPETLHAK
ATDSVLQGSEGNKVKRTSCMYGANCYRKNPVHFQHF SHPGDSDYGGVQIVGODETDDRPE
CPYGPSCYRKNPQHKIEYRHNTLPVRNVLDEDNDNVGQOPNEYDLNDSFLDDEEEDYEPTD
EDSDWEPGKEDEEKEDVEELLKEAKRFMKRK (APLF CCDS 1888.1)

37

ARTEMIS

MSSFEGOMAEYPTISIDRFDRENLRARAYFLSHCHKDHMKGLRAPTLKRRLECSLKVYLY
CSPVTKELLLTSPKYRFWKKRIISIEIETPTQISLVDEASGERKEEIVVTLLPAGHCPGSV
MFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPRFYQIPSRE
ECLSGVLELVRSWITRSPYHVVWLNCKAAYGYEYLFTNLSEELGVQVHVNKLDMFRNMPE
ILHHLTTDRNTQIHACRHPKAEEYFQWSKLPCGITSRNRIPLHITISIKP STMWFGERSRK
TNVIVRTGESSYRACFSFHSSYSEIKDFLSYLCPVNAYPNVIPVGTTMDKVVEILKPLCR
SSQSTEPKYKPLGKLKRARTVHRDSEEEDDYLFDDPLPIPLRHKVPYPETFHPEVF SMTA
VSEKQPEKLROQTPGCCRAECMQSSRETNFVDCEESNSESEEEVGIPASLOGDLGSVLHLY
KADGDVPQWEVFFKRNDEITDESLENFPSSTVAGGSQSPKLFSDSDGESTHISSQONSSQS
THITEQGSQGWDSQSDTVLLSSQERNSGDITSLDKADYRPTIKENIPASLMEQNVICPKD
TYSDLKSRDKDVTIVPSTGEPTTLSSETHIPEEKSLLNLSTNADSQSSSDFEVPSTPEAE

IPKREHLOQYLYEKLATGESIAVKKRKCSLLDT (Artemis Isoform 1 CCDS 31149.1)

MKHQERFLEFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPREYQ
IPSREECLSGVLELVRSWITRSPYHVVWLNCKAAYGYEYLFTNLSEELGVQVHVNKLDMF
RNMPEILHHLTTDRNTQIHACRHPKAEEYFQWSKLPCGITSRNRIPLHIISIKPSTMWEG
ERSRKTNVIVRTGESSYRACFSFHSSYSEIKDFLSYLCPVNAYPNVIPVGTTMDKVVEIL
KPLCRSSQSTEPKYKPLGKLKRARTVHRDSEEEDDYLFDDPLPIPLRHKVPYPETFHPEV
FSMTAVSEKQPEKLRQTPGCCRAECMQSSRETNFVDCEESNSESEEEVGIPASLQOGDLGS
VLHLQKADGDVPOQWEVFFKRNDEITDESLENFPSSTVAGGSQSPKRKLESDSDGESTHISSQ
NSSQSTHITEQGSQGWDSQSDTVLLSSQERNSGDITSLDKADYRPTIKENIPASTMEQNV
ICPRKDTYSDLKSRDKDVTIVPSTGEPTTLSSETHIPEEKSLLNLSTNADSQSSSDFEVPS

TPEAELPKREHLQYLYEKLATGESTIAVKKRKCSLLDT (Artemis Isoform 2 CCDS 7105.1)

MFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPRFYQIPSRE
ECLSGVLELVRSWITRSPYHVVWLNCKAAYGYEYLFTNLSEELGVQVHVNKLDMFRNMPE
ILHHLTTDRNTQIHACRHPKAEEYFQWSKLPCGITSRNRIPLHITISIKP STMWFGERSRK
TNVIVRTGESSYRACFSFHSSYSEIKDFLSYLCPVNAYPNVIPVGTTMDKVVEILKPLCR
SSQSTEPKYKPLGKLKRARTVHRDSEEEDDYLFDDPLPIPLRHKVPYPETFHPEVF SMTA
VSEKQPEKLROQTPGCCRAECMQSSRETNFVDCEESNSESEEEVGIPASLOGDLGSVLHLY
KADGDVPQWEVFFKRNDEITDESLENFPSSTVAGGSQSPKLFSDSDGESTHISSQONSSQS
THITEQGSQGWDSQSDTVLLSSQERNSGDITSLDKADYRPTIKENIPASLMEQNVICPKD
TYSDLKSRDKDVTIVPSTGEPTTLSSETHIPEEKSLLNLSTNADSQSSSDFEVPSTPEAE

IPKREHLOQYLYEKLATGESTIAVKKRKCSLLDT (Artemis Isoform 3 CCDS 31150.1)

38

ERCC1

>sp|P07992 |ERCC1_HUMAN DNA excision repair protein ERCC-1 OS=Homo sapiens

GN=ERCC1 PE=1 SV=1
MDPGKDKEGVPQPSGPPARKKFVIPLDEDEVPPGVAKPLFRSTQSLPTVDTSAQAAPQTY
AEYATISQPLEGAGATCPTGSEPLAGETPNQALKPGAKSNSIIVSPROQRGNPVLKFVRNVP
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WEFGDVIPDYVLGQSTCALFLSLRYHNLHPDYTHGRLOSLGKNFALRVLLVQVDVKDPQQ
ALKELAKMCILADCTLILAWSPEEAGRYLETYKAYEQKPADLLMEKLEQDFVSRVTECLT
TVKSVNKTDSQTLLTTFGSLEQLIAASREDLALCPGLGPQKARRLFDVLHEPFLKVP

>sp|P07992-2|ERCC1_HUMAN Isoform 2 of DNA excision repair protein ERCC-1
0OS=Homo sapiens GN=ERCC1
MDPGKDKEGVPQPSGPPARKKFVIPLDEDEVPPGVAKPLFRSTOQSLPTVDTSAQAAPQTY
AEYATISQPLEGAGATCPTGSEPLAGETPNQATLKPGAKSNSIIVSPRQRGNPVLKEVRNVP
WEFGDVIPDYVLGQSTCALFLSLRYHNLHPDYTHGRLQSLGKNFALRVLLVQVDVKDPQQ
ATLKELAKMCILADCTLILAWSPEEAGRYLETYKAYEQKPADLLMEKLEQDFVSRSLEQLT
AASREDLALCPGLGPQKARRLFDVLHEPFLKVP

>sp|P07992-3|ERCC1_HUMAN Isoform 3 of DNA excision repair protein ERCC-1
0OS=Homo sapiens GN=ERCC1
MDPGKDKEGVPQPSGPPARKKFVIPLDEDEVPPGVAKPLFRSTOQSLPTVDTSAQAAPQTY
AEYATISQPLEGAGATCPTGSEPLAGETPNQATLKPGAKSNSIIVSPRQRGNPVLKEVRNVP
WEFGDVIPDYVLGQSTCALFLSLRYHNLHPDYTHGRLQSLGKNFALRVLLVQVDVKDPQQ
ATLKELAKMCILADCTLILAWSPEEAGRYLETYKAYEQKRKPADLLMEKLEQDFVSRVTECLT
TVKSVNKTDSQTLLTTFGSLEQLTAASREDLALCPGLGPQRVRALGKNPRSWGKERAPNK
HNLRPQSFKVKKEPKTRHSGFRL

>sp|P07992-4 |ERCC1_HUMAN Isoform 4 of DNA excision repair protein ERCC-1
0OS=Homo sapiens GN=ERCC1
MDPGKDKEGVPQPSGPPARKKFVIPLDEDEVPPGVRGNPVLKFVRNVPWEFGDVIPDYVL
GOSTCALFLSLRYHNLHPDYTHGRLOSLGKNFALRVLLVQVDVKDPQOQATKELAKMCILA
DCTLILAWSPEEAGRYLETYKAYEQKPADLIMEKLEQDFVSRVTECLTTVKSVNKTDSQT
LLTTFGSLEQLTAASREDLALCPGLGPQKARRLFDVLHEPFLKVP

In one embodiment, the RMEM is Fan 1, Apollo, Klenox fragment of polymerase, T5
exonuclease, or Genl. In one embodiment, the RMEM is not CtIP and mutans, Mrel1, Dna2,
Fenl, Trex2, Exol, XPG, XPF, APE-1, APLF, APTX, Artemis, ERCC1 or Mus81. In
another embodiment, the RMEM is not an exonuclease. In another embodiment, the RMEM
is not an endonuclease. In one embodiment, the RMEM is not Artemis.

In another embodiment, the present disclosure provides a method of enhancing the
formation of a deletion in a nucleic acid at a target position in a cell, or a population of cells,
by contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-
guided nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule
(RMEM), wherein the RMEM is Artemis, wherein the gRNA molecule and the RNA-guided
nuclease molecule interact with the nucleic acid, resulting in a cleavage event, wherein the
cleavage event is repaired by at least one DNA repair pathway that is modulated by the
RMEM, and wherein the sequence of the nucleic acid after the cleavage event is repaired is
different than the sequence of the nucleic acid prior to the cleavage event, thereby enhancing
the formation of a deletion in the nucleic acid at the target position in the cell, or in the
population of cells. In one embodiment, the formation of a deletion in a nucleic acid at a
target position in a cell, or a population of cells is enhanced or increased by about 1-fold, by
about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by
about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about
6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-

fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-
91




10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-
fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-
fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
correction of a nucleic acid at a target position in a cell, or a population of cells, by contacting
the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided nuclease
molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein
the RMEM is TS5 exonuclease, wherein the gRNA molecule and the RNA-guided nuclease
molecule interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway that is modulated by the RMEM, and
wherein the sequence of the nucleic acid after the cleavage event is repaired is different than
the sequence of the nucleic acid prior to the cleavage event, thereby suppressing gene
correction of the nucleic acid at the target position in the cell, or in the population of cells. In
one embodiment, gene correction is suppressed by about 1-fold, by about 1.5-fold, by about
2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-
fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold,
by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by
about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by
about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold,
by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or
by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing the
formation of an insertion in a nucleic acid at a target position in a cell, or a population of
cells, by contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-
guided nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule
(RMEM), wherein the RMEM is TS5 exonuclease, wherein the gRNA molecule and the RNA-
guided nuclease molecule interact with the nucleic acid, resulting in a cleavage event,
wherein the cleavage event is repaired by at least one DNA repair pathway that is modulated
by the RMEM, and wherein the sequence of the nucleic acid after the cleavage event is
repaired is different than the sequence of the nucleic acid prior to the cleavage event, thereby
suppressing formation of an insertion in the nucleic acid at the target position in the cell, or in
the population of cells. In one embodiment, the formation of an insertion in a nucleic acid at

a target position in a cell, or a population of cells is enhanced or increased by about 1-fold, by
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about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by
about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about
6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-
fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-
fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-
fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-
fold, by about 19-fold or by about 20-fold.

Helicases

In one embodiment, a RMEM comprises helicase activity, e.g., is a helicase. The
RMEM may be selected based upon its activity, e.g., unwinding or annealing of DNA, or its
direction of activity, e.g., 5’ to 3’ or 3’ to 5’, depending on the desired repair process, e.g., c-
NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MME]J), and/or HDR (including alt-
HR, HR, and SSA), required to effect the genome editing event. Helicases are motor proteins
that move along the backbone of the DNA and alter the structure of DNA by unwinding DNA
or promoting the annealing of single strands. Unwinding of the DNA occurs through an
ATP-dependent process that breaks the hydrogen bonds between the nucleotides of annealed
strands, e.g., through ATP hydrolysis. Unwinding activity can occur in the 5’ to 3’ direction
or in the 3’ to 5° direction. Helicase activity also includes promoting ATP-independent or
ATP-dependent annealing of two single strands with significant or sufficient
complementarity. Helicases are classified into 6 groups based on motifs and consensus
sequences shared by the molecules. The two largest families are Superfamily 1 (SF1) and
Superfamily 2 (SF2), in which the members of both families form a ring structure. SF1 is
further subdivided into SF1A and SF1B helicases, and can have 5’ to 3’ or 3’ to 5’
directionality. SF2 is the largest group and is characterized by the presence of conserved
motifs: Q, I, Ia, Ib, I, III and IV. This group includes the RecQ family and Snf2-like
enzymes. The 4 other families are Superfamily 3 (SF3; encoded mainly by small DNA
viruses); Superfamily 4 (SF4; characterized by 5’ to 3’ directionality); Superfamily 5 (SF5;
Rho proteins); and Superfamily 6 (SF6; contain core AAA+ domains).
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Exemplary helicases are provided in Table 2 below and are further described below.

Table 2. Helicases

Lo SEQ
Name Directional Sequence ID

activity NO:

Pif1 promotes strand | MLSCIEAAACEYEDSELRCRVAVEELSPCGQPRRRQALRTAELSLCRNERRELMLRLQAP 40

GPAGRPRCFPLRAARLFTRFAEAGRSTLRLPAHDTPGAGAVQLLLSDCPPDRLRRFLRTL
RLKLAAAPGPGPASARAQLLGPRPRDFVTISPVQPEERRLRAATRVPDTTLVKRPVEP QA
GAEPSTEAPRWPLPVKRLSLPSTKPQLSEEQAAVIRAVLKGOS TFFTGSAGTGKSYLLKR
CCDS TLGSLPPTGTVATASTGVAACHTGGTTLHAFAGTGSGQAPLAQCVAT AQRPGVROGWLNC
10195.2 QRLVIDEISMVEADLFDKLEAVARAVROONKPFGGIQLTTCGDFLOLPPVTKGSQPPRFC
FOSKSWKRCVPVTLELTKVWRQADQTF T STLLOAVRLGRCSDEVTRQLOATASHKVGRDGT
VATRLCTHODDVALTNERRLOELPGKVHRFEAMD SNPELASTLDAQCPVSQLLOLKLGAQ
VMLVKNLSVSRGLVNGARGVVVGFEAEGRGLPQVRFLCGVTEVTHADRWTVQATGGQLLS
ROQILPLOLAWAMS THKSQGMTLDCVETSLGRVFASGQAYVALSRARSTQGLRVL.DFDPMA
VRCDPRVLHFYATLRRGRSLSLESPDDDEAASDQENMDP T,

Isoform 1 | annealing

Pif1 MLSGIEAAAGEYEDSELRCRVAVEELSPGGQPRRROQALRTAELSLGRNERRELMLRLOAP 41
GPAGRPRCFPLRAARLFTRFAEAGRSTLRLPAHDTPGAGAVQLLLSDCPPDRLRRFLRTL
RLKLAAAPGPGPASARAQLLGPRPRDFVTISPVQPEERRLRAATRVPDTTLVKRPVEPQA
GAEPSTEAPRWPLPVKRLSLPSTKPQLSEEQAAVLRAVLKGQOSIFFTGSAGTGKSYLLKR
CCDS ILGSLPPTGTVATASTGVAACHIGGTTLHAFAGIGSGQAPLAQCVALAQRPGVRQGWLNC
667971 QRLVIDEISMVEADLFDKLEAVARAVROQONKPFGGIQLIICGDFLQLPPVTKGSQPPREC
FOSKSWKRCVPVTLELTKVWRQADQTFISLLOAVRLGRCSDEVTRQLOATASHKVGRDGT
VATRLCTHQDDVALTNERRLQELPGKVHRFEAMDSNPELASTLDAQCPVSQLLOLKLGAQ
VMLVKNLSVSRGLVNGARGVVVGFEAEGRGLPQVRFLCGVTEVIHADRWTVQATGGQLLS
ROQLPLOLAWAMSTHKSQGMTLDCVEISLGRVFASGQAYVALSRARSLOQGLRVLDFDPMA
VRCDPRVLHFYATLRRGRSLSLAAEGRGNEDRCSGSSTRALGGDWWGLRLGAASKQRTEL
RCVSTARPSLAQPRTNTLOSLTKEHKLONVHPYFKLLEFQGINSVWGH

Isoform 2

HARP/ promotes strand | MSLPLTEEZORKKIEENRQKALARRATKLLAROHORTSSGTSTAGNPFQAKQGP SONFPRE 42
. SCKPVSHGVIFKQONLSSSSNADQRPHDSHSFQAKGIWKKPEEMPTACPGHSPRSQMALT

SMARCA | annealing GISPPLAQSPPEVPKQQLLSYELGQGHAQASPEIRFTPFANPTHKPLAKPKSSQETPAHS
L1 SGOPPRDAKLEAKTAKASPSGONISYTIHSSSESVTPRTEGRLOQKSGSSVOKGVNSQKGK
CVRNGDRFQVLIGYNAELIAVFKTLP SKNYDPDTKTWNE SMNDY SALMKAAQSLPTVNLQ
PLEWAYGSSESPSTSSEGQAGLPSAPSLSFVKGRCMLISRAYFEADISYSQDLIALFKQM
DSRRYDVKTRKWSFLLEEHSKLIAKVRCLPQVQLDPLPTTLTLAFASQLKKTSLSLTPDV
CCDS PEADLSEVDPKLVSNLMPFQRAGVNFATAKGGRLLLADDMGLGKTIQAICIAAFYRKEWP
2403.1 LLVVVPSSVRFTWEQAFLRWLPSLSPDCINVVVTCKDRLTAGLINIVSFDLLSKLEKQLK
TPFKVVIIDESHFLKNSRTARCRAAMPVLKVAKRVILLSGTPAMSRPAELYTQITAVKPT
FFPQFHAFGLRYCDAKRMPWGWDYSGSSNLGELKLLLEEAVMLRRLKSDVLSQLPAKQRK
IVVIAPGRINARTRAALDAAAKEMTTKDKTKQQQKDALILFFNRTAEAKIPSVIEYILDL
LESGREKFLVFAHHKVVLDAITQELERKHVQHIRIDGSTSSAEREDLCQQOFQLSERHAVA
VLSITAANMGLTFSSADLVVFAELFWNPGVLIQAEDRVHRIGQOTSSVGIHYLVAKGTADD
YLWPLIQEKIKVLAEAGLSETNFSEMTESTDYLYKDPKQQKIYDLFQKSFEKEGSDMELL
EAAESFDPGSASGTSGSSSQNMGDTLDESSLTASPQKKRRFEFFDNWDSFTSPL

ZRANB3 | promotes strand | MPRVHNIKKSLTPHISCVTNESDNLLDFLPDRLRAKLLPFOKDGTIFALKRNGRCMVADE 43
MGLGKTIQATGITYFYKEEWPLLIVVPSSLRYPWTEETEKWIPELSPEE INVTQNKTDVR

RMSTSKVTVLGYGLLTADAKTLIDALNNONFKVVIVDESHYMKSRNATRSRILLP TVOKA
RRATLLTGTPALGRPEELFMOTEALFPQOKFGRWTDYAKRYCNAHTRYF GKRPOWDCRGAS
CCDS NLNELHQLLSDIMIRRLKTEVLTQLPPKVRQRIPFDLP SAAAKELNTSFEEWEK TMRTPN
46419.1 SGAMETVMGLITRMFKQTATAKAGAVKDY TKMMLONDSLKF LVFAHHL SMLOACTEAVIE
NKTRYTRIDGSVSSSERTHLVNQFQKDPDTRVATLSTQAAGQGLTFTAASHVVFAEL YWD
PGHTKQAEDRAHRIGQCSSVNTHYLTANGTLDTLMWGMLNRKAQVTGS TLNGRKEK T QAF,
EGDKEKWDF LOFAEAWTPNDSSEELRKEALF THFEXKEKQHD TRSFFVPQPKKRQLMTSCD
ESKRFREENTVVSSDPTKTAARDI IDYESDVEPETKRLKLAASEDHCSPSEETP SQSKQT
RTPLVESVQEAKAQLTTPAFPVEGWQCSLCTY INNSELP YCEMCETPQGSAVMQTDSTNH
TODKNEKDDSQKDTSKKVQT T SDCEKQATAQSEPGQLADSKEETPK IEKEDGL TSQPGNE
QWKSSDTLPVYDTLMFCASRNTDRTHIYTKDGKQMSCNF TPLDTKLDLWEDTLPASFQLKQ
YRSLILRFVREWSSTLTAMKQRT TRKSGQLFCSPTLALEETTKQOTKQNCTKRY I TKEDVA
VASMDKVENVGGHVRLTTKESRPRDPFTKKLLEDGACVPFLNPYTVQADLTVKP STSKGY
LOAVDNEGNPTL.CLRCQOPTCQTKQACKANSWDSRFCSLKCQEEFWIRSNNSYLRAKVFET
EHGVCQLCNVNAQELFLRLRDAPKSQRKNLLYATWT SKLPLEQLNEMTRNPGEGHFWQVD
HIKPVYGGGGQCSTLDNLOTLCTVCHKERTARQAKERSQVRROSTASKHGSD T TRFLVKK

Isoform 1 | annealing

ZRANB3 MPRVHNIKKSLTPHISCVTNESDNLLDFLPDRLRAKLLPFQKDGIIFALKRNGRCMVADE 44
MGLGKTIQAIGITYFYKEEWPLLIVVPSSILRYPWTEEIEKWIPELSPEEINVIQNKTDVR

Isoform 2
RMSTSKVIVLGYGLLTADAKTLIDALNNONFKVVIVDESHYMKSRNATRSRILLP IVOKA
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RRATILLTGTPALGRPEELFMQIEALFPOKFGRWTIDYAKRYCNAHIRYFGKRPQWDCRGAS
NLNELHQLLSDIMIRRLKTEVLTQLPPKVRQRIPFDLPSAAAKELNTSFEEWEKIMRTPN
SGAMETVMGLITRMFKQTATAKAGAVKDY IKMMLOND SLKFLVFAHHLSMLQACTEAVIE
NKTRYIRIDGSVSSSERIHLVNQFQKDPDTRVAILSIQAAGQGLTFTAASHVVFAELYWD
PGHIKQAEDRAHRIGQCSSVNIHYLIANGTLDTLMWGMLNRKAQVTGSTLNGRKEKIQAE
EGDKEKWDFLOFAEAWTPNDSSEELRKEALFTHFEKEKQHDIRSFEVPQPKKRQILMTSCD
ESKRFREENTVVSSDPTKTAARDIIDYESDVEPETKRLKLAASEDHCSPSEETPSQSKQT
RTPLVESVQEAKAQLTTPAFPVEGWQCSLCTYINNSELPYCEMCETPQGSAVMQIDSLNH
IQDKNEKDDSQKDTSKKVQTISDCEKQALAQSEPGQLADSKEETPKIEKEDGLTSQPEQW
KSSDTLPVYDTLMEFCASRNTDRIHIYTKDGKOMSCNFIPLDIKLDLWEDLPASFQLKQYR
SLILRFVREWSSLTAMKQRITRKSGQLFCSPILALEEITKQQOTKONCTKRYITKEDVAVA
SMDKVKNVGGHVRLITKESRPRDPFTKKLLEDGACVPFLNPYTVQADLTVKPSTSKGYLQ
AVDNEGNPLCLRCQQOPTCQTKQACKANSWDSRFCSLKCQEEFWIRSNNSYLRAKVFETEH
GVCQLCNVNAQELFLRLRDAPKSQRKNLLYATWTSKLPLEQLNEMIRNPGEGHEFWQVDHT
KPVYGGGGQCSLDNLOQTLCTVCHKERTARQAKERSQVRROSTLASKHGSDITRFLVKK

ZRANB3
Isoform 3

CCDS
74580.1

MWGMLNRKAQVTGSTLNGRKEKIQAEEGDKEKWDFLOQFAEAWTPNDSSEELRKEALE THE
ERKEKQHDIRSFEVPQPKRKKRQLMTSCDESKRFREENTVVSSDPTKTAARDIIDYESDVEPE
TKRLKLAASEDHCSPSEETPSQSKQIRTPLVESVQEAKAQLTTPAFPVEGWQCSLCTYIN
NSELPYCEMCETPQGSAVMQIDSLNHIQDKNEKDDSQKDTSKKVQTISDCERKQALAQSEP
GQLADSKEETPKIEKEDGLTSQPGNEQWKSSDTLPVYDTLMFCASRNTDRIHIYTKDGKQ
MSCNFIPLDIKLDLWEDLPASFQLKQYRSLILRFVREWSSLTAMKOQRITRKSGQLFCSPI
LALEEITKQQTKONCTKRYITKEDVAVASMDKVKNVGGHVRLITKESRPRDPFTKKLLED
GACVPFLNPYTVQADLTVKPSTSKGYLQAVDNEGNPLCLRCQQOPTCQTKQACKANSWDSR
FCSLKCQEEFWIRSNNSYLRAKVFETEHGVCQLCNVNAQELFLRLRDAPKSQRKNLLYAT
WITSKLPLEQLNEMIRNPGEGHFWQVDHIKPVYGGGGQCSILDNLOTLCTVCHKERTARQAK
ERSQVRRQSLASKHGSDITRFLVKK

45

WRN

MSEKKLETTAQORKCPEWMNVONKRCAVEERKACVRKSVFEDDLPFLEFTGSIVYSYDAS
DCSFLSEDISMSLSDGDVVGFDMEWPPLYNRGKLGKVALIQLCVSESKCYLFHVSSMSVE
POGLKMLLENKAVKKAGVGIEGDQWKLLRDEDIKLKNFVELTDVANKKLKCTETWSLNSL
VKHLLGKQLLKDKSIRCSNWSKFPLTEDQKLYAATDAYAGFIIYRNLEILDDTVQRFATIN
KEEEILLSDMNKQLTSISEEVMDLAKHLPHAF SKLENPRRVSILLKDISENLYSLRRMIT
GSTNIETELRPSNNLNLLSFEDSTTGGVQOKQIREHEVLIHVEDETWDPTLDHLAKHDGE
DVLGNKVERKEDGFEDGVEDNKLKENMERACLMSLDITEHELQILEQQSQEEYLSDIAYK
STEHLSPNDNENDTSYVIESDEDLEMEMLKHLSPNDNENDTSYVIESDEDLEMEMLKSLE
NLNSGTVEPTHSKCLKMERNLGLPTKEEEEDDENEANEGEEDDDKDE LWPAPNEEQVTCL
KMYFGHSSFKPVOWKVIHSVLEERRDNVAVMATGYGKSLCFQYPPVYVCGKIGLVISPLIS
LMEDQVLQLKMSNIPACFLGSAQSENVLTDIKLGKYRIVYVTPEYCSGNMGLLOQLEADT
GITLIAVDEAHCISEWGHDFRDSFRKLGSLKTALPMVPIVALTATASSSIREDIVRCLNL
RNPQITCTGFDRPNLYLEVRRKTGNILODLOPFLVKTSSHWEFEGPTIIYCPSRKMTQQV
TGELRKLNLSCGTYHAGMSEFSTRKDIHHRFVRDEIQCVIATIAFGMGINKADIRQVIHYG
APKDMESYYQEIGRAGRDGLOSSCHVLWAPADINLNRHLLTE IRNEKFRLYKLKMMAKME
KYLHSSRCRRQITLSHFEDKQVQKASLGIMGTERKCCDNCRSRLDHCYSMDDSEDTSWDEG
POAFKLLSAVDILGEKFGIGLPILFLRGSNSQRLADQYRRHSLFGTGKDQTESWWKAF SR
QLITEGFLVEVSRYNKFMKICALTKKGRNWLHKANTESQSLILOQANEELCPKKLLLPSSK
TVSSGTKEHCYNQVPVELSTEKKSNLEKLYSYKPCDKISSGSNISKKSIMVQSPEKAYSS
SQPVISAQEQETQIVLYGKLVEARQKHANKMDVPPATILATNKILVDMAKMRPTTVENVKR
IDGVSEGKAAMLAPLLEVIKHFCQTNSVQTDLESSTKPQEEQKTSLVAKNKICTLSQSMA
ITYSLFQEKKMPLKSIAESRILPIMTIGMHLSQAVKAGCPLDLERAGLTPEVQKITADVI
RNPPVNSDMSKISLIRMLVPENIDTYLIHMAIEILKHGPDSGLQPSCDVNKRRCFPGSEE
ICSSSKRSKEEVGINTETSSAERKRRLPVWFAKGSDTSKKLMDKTKRGGLES (WRN
CCDS 6082.1)

46

BLM

MAAVPONNLQEQLERHSARTLNNKLSLSKPKFSGFTFKKKTSSDNNVSVTNVSVAKTPVL
RNKDVNVTEDF SESEPLPNTTNQQRVKDEFEFKNAPAGQETQRGGSKSLLPDFLOQTPKEVVC
TTONTPTVKKSRDTALKKLEFSSSPDSLSTINDWDDMDDEDTSETSKSFVTPPQSHEVRV
STAQKSKKGKRNFFKAQLYTTNTVKTDLPPPSSESEQIDLTEEQKDDSEWLSSDVICIDD
GPIAEVHINEDAQESDSLKTHLEDERDNSEKKKNLEEAELHSTEKVPCIEFDDDDYDTDF
VPPSPEEIISASSSSSKCLSTLKDLDTSDRKEDVLSTSKDLLSKPEKMSMQELNPETSTD
CDARQISLOQQOLIHVMEHICKLIDTIPDDKLKLLDCGNELLOQRNIRRKLLTEVDENKSD
ASLLGSLWRYRPDSLDGPMEGDSCPTGNSMKELNFSHLPSNSVSPGDCLLTTTLGKTGE S
ATRKNLFERPLEFNTHLOQKSFVSSNWAETPRLGKKNESSYFPGNVLTSTAVKDONKHTAST
NDLERETQPSYDIDNFDIDDFDDDDDWEDIMHNLAASKSSTAAYQPIKEGRPIKSVSERL
SSAKTDCLPVSSTAQNINFSESIQNYTDKSAQNLASRNLKHERFQSLSFPHTKEMMKIFEH
KKFGLHNFRTNQLEAINAALLGEDCFILMPTGGGKSLCYQLPACVSPGVTVVISPLRSLT
VDQVQOKLTSLDIPATYLTGDKTDSEATNIYLOQLSKKDPIIKLLYVTPEKICASNRLISTL
ENLYERKLLARFVIDEAHCVSQWGHDFRODYKRMNMLRQKFP SVPVMALTATANPRVQKD
ILTQLKILRPQVESMSEFNRHNLKYYVLPKKPKKVAFDCLEWIRKHHPYDSGITIYCLSRRE
CDTMADTLORDGLAALAYHAGLSDSARDEVQOKWINQDGCQVICATIAFGMGIDKPDVRE
VIHASLPKSVEGYYQESGRAGRDGEISHCLLFYTYHDVTRLKRLIMMEKDGNHHTRETHE
NNLYSMVHYCENITECRRIQLLAYFGENGENPDFCKKHPDVSCDNCCKTKDYKTRDVTDD
VKSIVREVQEHSSSQGMRNIKHVGP SGRETMNMLVDIFLGSKSAKIQSGIFGKGSAYSRH
NAERLFKKLILDKILDEDLYINANDQATAYVMLGNKAQTVLNGNLKVDEFMETENSSSVKK
QKALVARVSQREEMVKKCLGELTEVCKSLGKVFGVHYFNIFNTVTLKKLAESLSSDPEVL
LOIDGVTEDKLEKYGAEVISVLOKYSEWTSPAEDSSPGISLSSSRGPGRSAAEELDEETP
VSSHYFASKTRNERKRKKMPASQRSKRRKTASSGSKAKGGSATCRKISSKTKSSSIIGSS
SASHTSQATSGANSKLGIMAPPKPINRPFLKPSYAFS (BLM Isoform 1 CCDS

47
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10363.1)

MAAVPONNLQEQLERHSARTLNNKLSLSKPKFSGFTFKKKTSSDNNVSVTNVSVAKTPVL
RNKDVNVTEDF SESEPLPNTTNQQRVKDEFEFKNAPAGQETQRGGSKSLLPDFLOQTPKEVVC
TTONTPTVKKSRDTALKKLEFSSSPDSLSTINDWDDMDDEDTSETSKSFVTPPQSHEVRV
STAQKSKKGKRNFFKAQLYTTNTVKTDLPPPSSESEQIDLTEEQKDDSEWLSSDVICIDD
GPIAEVHINEDAQESDSLKTHLEDERDNSEKKKNLEEAELHSTEKVPCIEFDDDDYDTDF
VPPSPEEIISASSSSSKCLSTLKDLDTSDRKEDVLSTSKDLLSKPEKMSMQELNPETSTD
CDARQISLOQQOLIHVMEHICKLIDTIPDDKLKLLDCGNELLOQRNIRRKLLTEVDENKSD
ASLLGSLWRYRPDSLDGPMEGDSCPTGNSMKELNFSHLPSNSVSPGDCLLTTTLGKTGE S
ATRKNLFERPLEFNTHLOQKSFVSSNWAETPRLGKKNESSYFPGNVLTSTAVKDONKHTAST
NDLERETQPSYDIDNFDIDDFDDDDDWEDIMHNLAASKSSTAAYQPIKEGRPIKSVSERL
SSAKTDCLPVSSTAQNINFSESIQNYTDKSAQNLASRNLKHERFQSLSFPHTKEMMKIFEH
KKFGLHNFRTNQLEAINAALLGEDCFILMPTGGGKSLCYQLPACVSPGVTVVISPLRSLT
VDQVQOKLTSLDIPATYLTGDKTDSEATNIYLOQLSKKDPIIKLLYVTPEKICASNRLISTL
ENLYERKLLARFVIDEAHCVSQWGHDFRODYKRMNMLRQKFP SVPVMALTATANPRVQKD
ILTQLKILRPQVESMSEFNRHNLKYYVLPKKPKKVAFDCLEWIRKHHPYDSGITIYCLSRRE
CDTMADTLORDGLAALAYHAGLSDSARDEVQOKWINQDGCQVICATIAFGMGIDKPDVRE
VIHASLPKSVEGYYQESGRAGRDGEISHCLLFYTYHDVTRLKRLIMMEKDGNHHTRETHE
NNLYSMVHYCENITECRRIQLLAYFGENGENPDFCKKHPDVSCDNCCKTKDYKTRDVTDD
VKSIVREVQEHSSSQGMRNIKHVGP SGREFTMNMLVDIFLESLSSDPEVLLQIDGVTEDKL
ERKYGAEVISVLOKYSEWTSPAEDSSPGISLSSSRGPGRSAAEELDEEIPVSSHYFASKTR
NERKRKKMPASQRSKRRKTASSGSKAKGGSATCRKISSKTKSSSIIGSSSASHTSQATSG
ANSKLGIMAPPKPINRPFLKPSYAFS (BLM Isoform 2 CCDS 73782.1)

RECQL4

MERLRDVRERLOAWERAFRROQRGRRPSQDDVEAAPEETRALYREYRTLKRTTGQAGGGLRSSE
SLPAAAFEEAPEPRCWGPHLNRAATKSPQSTPGRSRQGSVPDYGQRLKANLKGTLQAGPALGRR
PWPLGRASSKASTPKPPGTGPVPSFAEKVSDEPPQLPEPQPRPGRLOHLOASLSQRLGSLDPG
WLORCHSEVPDFLGAPKACRPDLGSEESQLLIPGESAVLGPGAGSQGPEASAFQEVSIRVGSP
QPSSSGGEKRRWNEEPWESPAQVQOOESSQAGPPSEGAGAVAVEEDPPGEPVQAQPPQPCSSPS
NPRYHGLSPSSQARAGKAEGTAPLHIFPRLARHDRGNYVRLNMKQKHYVRGRALRSRLLRKQA
WKOQKWRKKGECFGGGGATVTTKESCFLNEQFDHWAAQCPRPASEEDTDAVGPEPLVP SPQPVP
EVPSLDPTVLPLYSLGPSGQLAETPAEVFQALEQLGHQAFRPGQERAVMRILSGISTLLVLPT
GAGKSLCYQLPALLYSRRSPCLTLVVSPLLSLMDDQVSGLPPCLKAACTHSGMTRKQRESVLO
KIRAAQVHVIMLTPEALVGAGGLPPAAQLPPVAFACIDEAHCLSQWSHNFRPCYLRVCKVLRE
RMGVHCFLGLTATATRRTASDVAQHLAVAEEPDLHGPAPVPTNLHLSVSMDRDTDQALLTLLQ
GKREFONLDSIIIYCNRREDTERIAALLRTCLHAAWVPGSGGRAPKTTAEAYHAGMCSRERRRYV
QRAFMOGOLRVVVATVAFGMGLDRPDVRAVLHLGLPPSFESYVQAVGRAGRDGQPAHCHLELQ
POGEDLRELRRHVHADSTDFLAVKRLVQRVFPACTCTCTRPPSEQEGAVGGERPVPKYPPQEA
EQLSHQAAPGPRRVCMGHERALPIQLTVQALDMPEEATETLLCYLELHPHHWLELLATTYTHC
RLNCPGGPAQLQALAHRCPPLAVCLAQQLPEDPGQGSSSVEFDMVKLVD SMGWELASVRRALC
QLOWDHEPRTGVRRGTGVLVEFSELAFHLRSPGDLTAEEKDQICDFLYGRVQARERQALARLR
RTFQAFHSVAFPSCGPCLEQODEERSTRLKDLLGRYFEEEEGQEPGGMEDAQGPEPGQARLQOD
WEDQVRCDIRQFLSLRPEEKFSSRAVARIFHGIGSPCYPAQVYGODRREWRKYLHLSFHALVG
LATEELLQVAR (RECQ4, CCDS 75804.1)

48

RECQL1

MASVSALTEELDSITSELHAVEIQIQELTERQQELIQKKKVLTKKIKQCLEDSDAGASNE
YDSSPAAWNKEDFPWSGKVKDILONVFKLEKFRPLOLETINVTMAGKEVFLVMPTGGGKS
LCYQLPALCSDGFTLVICPLISLMEDQIMVLKQLGISATMLNASSSKEHVKWVHAEMYVNK
NSELKLIYVTPEKIAKSKMFMSRLEKAYEARRFTRIAVDEVHCCSQWGHDFRPDYKALGT
LKROFPNASLIGLTATATNHVLTDAQKILCIEKCFTFTASFNRPNLYYEVRQKPSNTEDF
IEDIVKLINGRYKGQSGIIYCFSQKDSEQVTVSLONLGTIHAGAYHANLEPEDKTTVHRKW
SANEIQVVVATVAFGMGIDKPDVREVIHHSMSKSMENYYQESGRAGRDDMKADCILYYGE
GDIFRISSMVVMENVGQOKLYEMVSYCONISKCRRVLMAQHFDEVWNSEACNKMCDNCCK
DSAFERKNITEYCRDLIKILKQAEELNEKLTPLKLIDSWMGKGAAKLRVAGVVAPTLPRE
DLEKITAHFLIQQYLKEDYSFTAYATISYLKIGPKANLLNNEAHATTMOQVTKSTONSFRA
ESSQTCHSEQGDKKMEEKNSGNEFQKKAANMLOQSGSKNTGAKKRKIDDA (RECQL1
CCDS 31756.1)

49

XPB

MGKRDRADRDKKKSRKRHYEDEEDDEEDAPGNDPQEAVP SAAGCKQVDESGTKVDEYGAKD
YRLOMPLKDDHTSRPLWVAPDGHIFLEAFSPVYKYAQDFLVATAEPVCRPTHVHEYKLTA
YSLYAAVSVGLOTSDITEYLRKLSKTGVPDGIMQF IKLCTVSYGKVKLVLKHNRYFVESC
HPDVIQHLLODPVIRECRLRNSEGEATELITETFTSKSAISKTAESSGGPSTSRVTIDPQG
KSDIPMDLFDEFYEQMDKDEEEEEETQTVSFEVKQEMIEELQKRCIHLEYPLLAEYDFRND
SVNPDINIDLKPTAVLRPYQEKSLRKMFGNGRARSGVIVLPCGAGKSLVGVTAACTVRKR
CLVLGNSAVSVEQWKAQFKMWSTIDDSQICRFTSDAKDKPIGCSVAISTYSMLGHTTKRS
WEAERVMEWLKTQEWGLMILDEVHTIPAKMFRRVLTIVQAHCKLGLTATLVREDDKIVDL
NFLIGPKLYEANWMELONNGYIAKVQCAEVWCPMSPEFYREYVATIKTKKRILLY TMNPNK
FRACQFLIKFHERRNDKIIVFADNVFALKEYATIRLNKPYIYGPTSQGERMOILONFKHNP
KINTIFISKVGDTSFDLPEANVLIQISSHGGSRROQEAQRLGRVLRAKKGMVAEEYNAFFY
SLVSQDTQEMAYSTKROQRFLVDQGY SFRKVITKLAGMEEEDLAF STRKEEQQQOLLOKVLAAT
DLDAEEEVVAGEFGSRSSQASRRFGTMSSMSGADDTVYMEYHSSRSKAP SKHVHPLFKRF
RK (XPB CCDS 2144.1)

50

XPD

MKLNVDGLLVYFPYDYIYPEQFSYMRELKRTLDAKGHGVLEMP SGTGKTVSLLALIMAYQ
RAYPLEVTKLIYCSRTVPEIEKVIEELRKLLNFYEKQEGEKLPFLGLALSSRKNLCIHPE
VTPLRFGKDVDGKCHSLTASYVRAQYQHDTSLPHCRFYEEFDAHGREVPLPAGIYNLDDL
KALGRRQGWCPYFLARYSTILHANVVVYSYHYLLDPKIADLVSKELARKAVVVFDEAHNID
NVCIDSMSVNLTRRTLDRCQGNLETLOKTVLRIKETDEQRLRDEYRRLVEGLREASAARE
TDAHLANPVLPDEVLQEAVPGSIRTAEHFLGFLRRLLEYVKWRLRVQHVVQESPPAFLSG
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LAQRVCIQRKPLRFCAERLRSLLHTLEITDLADFSPLTLLANFATLVSTYAKGFTIIIEP
FDDRTPTIANPILHFSCMDASLATIKPVFERFQSVIITSGTLSPLDIYPKILDFHPVTMAT
FTMTLARVCLCPMIIGRGNDQVAISSKFETREDIAVIRNYGNLLLEMSAVVPDGIVAFFT
SYQYMESTVASWYEQGILENIQRNKLLF IETQDGAETSVALEKYQEACENGRGATILLSVA
RGKVSEGIDFVHHYGRAVIMFGVPYVYTQSRILKARLEYLRDQFQIRENDFLTFDAMRHA
AQCVGRATIRGKTDYGLMVFADKRFARGDKRGKLPRWIQEHLTDANLNLTVDEGVQVAKYF
LROMAQPFHREDQLGLSLLSLEQLESEETLKRIEQIAQQL (XPD Isoform 1

CCDS 33049.1)

MRELKRTLDAKGHGVLEMPSGTGKTVSLLALIMAYQRAYPLEVTKLIYCSRTVPEIEKVI
EELRKLLNFYEKQEGEKLPFLGLALSSRKNLCIHPEVTPLRFGKDVDGKCHSLTASYVRA
QYQHDTSLPHCRFYEEFDAHGREVPLPAGIYNLDDLKALGRRQGWCPYFLARYSILHANV
VVYSYHYLLDPKIADLVSKELARKAVVVFDEAHNIDNVCIDSMSVNLTRRTLDRCQGNLE
TLQKTVLRIKETDEQRLRDEYRRLVEGLREASAARETDAHLANPVLPDEVLQEAVPGSIR
TAEHFLGFLRRLLEYVKWRLRVQHVVQESPPAFLSGLAQRVCIQRKPLRFCAERLRSLLH
TLEITDLADFSPLTLLANFATLVSTYAKGQAQHCGSSRNQKRSHP (XPD

Isoform 2 CCDS 46112.1)

FANCJ
/BACHI1

MSLSENSVFAYESSVHSTNVLLSLNDQRKKDVLCDVTIFVEGQRFRAHRSVLAACSSYFHSRI
VGQADGELNITLPEEVTVKGFEPLIQFAYTAKLILSKENVDEVCKCVEFLSVHNIEESCFQFL
KFKFLDSTADQQECPRKKCEFSSHCOKTDLKLSLLDQRDLETDEVEEFLENKNVQTPQCKLRRY
QGNAKASPPLODSASQTYESMCLEKDAALALPSLCPKYRKFQKAFGTDRVRTGESSVKDIHAS
VOPNERSENECLGGVPECRDLOVMLKCDESKLAMEPEETKKDPASQCPTEKSEVTPFPHNSST
DPHGLYSLSLLHTYDQYGDLNFAGMONTTVLTEKPLSGTDVQEKTFGESQDLPLKSDLGTRED
SSVASSDRSSVEREVAEHLAKGFWSDICSTDTPCOMQLSPAVAKDGSEQISQKRSECPWLGIR
ISESPEPGQRTFTTLSSVNCPFISTLSTEGCSSNLEIGNDDYVSEPQQEPCPYACVISLGDDS
ETDTEGDSESCSAREQECEVKLPFNAQRITISLSRNDFQSLLKMHKLTPEQLDCTIHDIRRRSKN
RIAAQRCRKRKLDCIQNLESEIEKLQSERKESLLKERDHILSTLGETKQNLTGLCQKVCKEAAT
SQEQIQILAKYSAADCPLSFLISEKDKSTPDGELALPSIFSLSDRPPAVLPPCARGNSEPGYA
RGQESQOMSTATSEQAGPAEQCRQSGGISDFCQOMTDKCTTDE (transcription
regulator protein BACH1 [Homo sapiens] CCDS 13585.1)

52

RTEL

MPKIVLNGVTVDFPFQPYKCQQOEYMTKVLECLQOKVNGILESPTGTGKTLCLLCTTLAWR
EHLRDGISARKIAERAQGELFPDRALSSWGNAAAAAGDPTACYTDIPKIIYASRTHSQLT
QVINELRNTSYRPKVCVLGSREQLCIHPEVKKQESNHLOTHLCRKKVASRSCHEYNNVEE
KSLEQELASPILDIEDLVKSGSKHRVCPYYLSRNLKQOADITFMPYNYLLDAKSRRAHNT
DLKGTVVIFDEAHNVERKMCEESASFDLTPHDLASGLDVIDQVLEEQTKAAQQGEPHPEFS
ADSPSPGLNMELEDIAKLKMILLRLEGAIDAVELPGDDSGVTKPGSYIFELFAEAQITEQ
TKGCILDSLDQITQHLAGRAGVEFTNTAGLOKLADIIQIVEFSVDPSEGSPGSPAGLGALQS
YKVHIHPDAGHRRTAQRSDAWSTTAARKRGKVLSYWCEFSPGHSMHELVRQGVRSLILTSG
TLAPVSSFALEMQIPFPVCLENPHIIDKHQIWVGVVPRGPDGAQLSSAFDRRESEECLSS
LGKALGNIARVVPYGLLIFFPSYPVMEKSLEFWRARDLARKMEALKPLFVEPRSKGSESE
TISAYYARVAAPGSTGATFLAVCRGKASEGLDFSDTNGRGVIVTGLPYPPRMDPRVVLEKM
QFLDEMKGQGGAGGQFLSGOEWYRQQASRAVNQATGRVIRHRODYGAVFLCDHRFAFADA
RAQLPSWVRPHVRVYDNFGHVIRDVAQFFRVAERTMPAPAPRATAP SVRGEDAVSEAKSP
GPFFSTRKAKSLDLHVPSLKQRSSGSPAAGDPESSLCVEYEQEPVPARQRPRGLLAALEH
SEQRAGSPGEEQAHSCSTLSLLSEKRPAEEPRGGRKKIRLVSHPEEPVAGAQTDRAKLEM
VAVKQELSQANFATFTQALQODYKGSDDFAATLAACLGPLFAEDPKKHNLLOGFYQFVRPHH
KOQFEEVCIQLTGRGCGYRPEHSTIPRROQRAQPVLDPTGRTAPDPKLTVSTAAAQQLDPQE
HLNQGRPHLSPRPPPTGDPGSQPOQWGSGVPRAGKQGQHAVSAYLADARRALGSAGCSQLL
AALTAYKQDDDLDKVILAVLAALTTAKPEDFPLLHRF SMEVRPHHKORFSQTCTDLTGRPY
PGMEPPGPQEERLAVPPVLTHRAPQPGPSRSEKTGKTQSKISSFLROQRPAGTVGAGGEDA
GPSQSSGPPHGPAASEWGL (RTEL Isoform 1 CCDS 13531.1)

MPKIVLNGVTVDFPFQPYKCQQOEYMTKVLECLQOKVNGILESPTGTGKTLCLLCTTLAWR
EHLRDGISARKIAERAQGELFPDRALSSWGNAAAAAGDPTACYTDIPKIIYASRTHSQLT
QVINELRNTSYRSRCRATLWVLETAPPRPTVLSPTRPKVCVLGSREQLCTIHPEVKKQESN
HLOIHLCRKKVASRSCHEYNNVEEKSLEQELASPILDIEDLVKSGSKHRVCPYYLSRNLK
QOADITFMPYNYLLDAKSRRAHNIDLKGTVVIFDEAHNVEKMCEESASFDLTPHDLASGL
DVIDQVLEEQTKAAQQGEPHPEFSADSPSPGLNMELEDIAKLKMILLRLEGAIDAVELPG
DDSGVTKPGSYIFELFAEAQITFQTKGCILDSLDQITIQHLAGRAGVETNTAGLOKLADIT
QIVEFSVDPSEGSPGSPAGLGALQSYKVHIHPDAGHRRTAQRSDAWSTTAARKRGKVLSYW
CEFSPGHSMHELVRQGVRSLILTSGTLAPVSSFALEMQIPFPVCLENPHIIDKHQIWVGVY
PRGPDGAQLSSAFDRRFSEECLSSLGKALGNIARVVPYGLLIFFPSYPVMEKSLEFWRAR
DLARKMEALKPLEVEPRSKGSFSETISAYYARVAAPGSTGATFLAVCRGKASEGLDESDT
NGRGVIVTGLPYPPRMDPRVVLKMQF LDEMKGQGGAGGQFLSGOEWYRQOASRAVNQATG
RVIRHRQDYGAVEFLCDHRFAFADARAQLP SWVRPHVRVYDNFGHVIRDVAQFFRVAERTM
PAPAPRATAPSVRGEDAVSEAKSPGPFFSTRKAKSLDLHVPSLKQRSSGSPAAGDPESSL
CVEYEQEPVPARQRPRGLLAALEHSEQRAGSPGEEQAHSCSTLSLLSEKRPAEEPRGGRK
KIRLVSHPEEPVAGAQTDRAKLFMVAVKQELSQANFATFTQALQDYKGSDDFAALAACLG
PLFAEDPKKHNLLQGFYQFVRPHHKQQFEEVCIQLTGRGCGYRPEHSTIPRROQRAQPVILDP
TGRTAPDPKLTVSTAAAQQLDPQEHLNQGRPHLSPRPPPTGDPGSQPQWGSGVPRAGKQG
QHAVSAYLADARRALGSAGCSQLLAALTAYKQDDDLDKVLAVLAALTTAKPEDFPLLHRF
SMFVRPHHKQRF SQTCTDLTGRPYPGMEPPGPQEERLAVPPVLTHRAPQPGP SRSEKTGK
TQSKISSFLRQRPAGTVGAGGEDAGPSQSSGPPHGPAASEWGL (RTEL Isoform 2
CCDS 13530.3)

MPKIVLNGVTVDFPFQPYKCQQEYMTKVLECLQOKVNGILESPTGTGKTLCLLCTTLAWR
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EHLRDGISARKIAERAQGELFPDRALSSWGNAAAAAGDPTACYTDIPKIIYASRTHSQLT
QVINELRNTSYRPKVCVLGSREQLCIHPEVKKQESNHLOTHLCRKKVASRSCHEYNNVEE
KSLEQELASPILDIEDLVKSGSKHRVCPYYLSRNLKQOADITFMPYNYLLDAKSRRAHNT
DLKGTVVIFDEAHNVERKMCEESASFDLTPHDLASGLDVIDQVLEEQTKAAQQGEPHPEFS
ADSPSPGLNMELEDIAKLKMILLRLEGAIDAVELPGDDSGVTKPGSYIFELFAEAQITEQ
TKGCILDSLDQITQHLAGRAGVEFTNTAGLOKLADIIQIVEFSVDPSEGSPGSPAGLGALQS
YKVHIHPDAGHRRTAQRSDAWSTTAARKRGKVLSYWCEFSPGHSMHELVRQGVRSLILTSG
TLAPVSSFALEMQIPFPVCLENPHIIDKHQIWVGVVPRGPDGAQLSSAFDRRESEECLSS
LGKALGNIARVVPYGLLIFFPSYPVMEKSLEFWRARDLARKMEALKPLFVEPRSKGSESE
TISAYYARVAAPGSTGATFLAVCRGKASEGLDFSDTNGRGVIVTGLPYPPRMDPRVVLEKM
QFLDEMKGQGGAGGQFLSGOEWYRQQASRAVNQATGRVIRHRODYGAVFLCDHRFAFADA
RAQLPSWVRPHVRVYDNFGHVIRDVAQFFRVAERTMPAPAPRATAP SVRGEDAVSEAKSP
GPFFSTRKAKSLDLHVPSLKQRSSGSPAAGDPESSLCVEYEQEPVPARQRPRGLLAALEH
SEQRAGSPGEEQAHSCSTLSLLSEKRPAEEPRGGRKKIRLVSHPEEPVAGAQTDRAKLEM
VAVKQELSQANFATFTQALQODYKGSDDFAATLAACLGPLFAEDPKKHNLLOGFYQFVRPHH
KOQFEEVCIQLTGRGCGYRPEHSTIPRROQRAQPVLDPTGRTAPDPKLTVSTAAAQQLDPQE
HLNQGRPHLSPRPPPTGDPGSQPOQWGSGVPRAGKQGQHAVSAYLADARRALGSAGCSQLL
AALTAYKQDDDLDKVILAVLAALTTAKPEDFPLLHRF SMEVRPHHKORFSQTCTDLTGRPY
PGMEPPGPQEERLAVPPVLTHRAPQPGPSRSEKTGKTQSKISSFLROQRPAGTVGAGGEDA
GPSQSSGPPHGPAASEWGEPHGRDIAGQQATGAPGGPLSAGCVCQGCGAEDVVPEQCPAC
DEFQRCQACWQORHLOASRMCPACHTASRKQSVMQVFWPEPQ (RTEL Isoform 3 CCDS
63331.1)

MPYNYLLDAKSRRAHNIDLKGTVVIFDEAHNVEKMCEESASFDLTPHDLASGLDVIDQVL
EEQTKAAQQGEPHPEFSADSPSPGLNMELEDIAKLKMILLRLEGAIDAVELPGDDSGVTK
PGSYIFELFAEAQITFQTKGCILDSLDQITIQHLAGRAGVEFTNTAGLOQKLADIIQIVESVD
PSEGSPGSPAGLGALQSYKVHIHPDAGHRRTAQRSDAWSTTAARKRGKVLSYWCEFSPGHS
MHELVRQGVRSLILTSGTLAPVSSFALEMQIPFPVCLENPHIIDKHQIWVGVVPRGPDGA
QLSSAFDRRFSEECLSSLGKALGNIARVVPYGLLIFFPSYPVMEKSLEFWRARDLARKME
ALKPLEVEPRSKGSFSETISAYYARVAAPGSTGATFLAVCRGKASEGLDF SDTNGRGVIV
TGLPYPPRMDPRVVLKMQFLDEMKGQGGAGGQFLSGQEWYRQQASRAVNQATGRVIRHRQ
DYGAVFLCDHRFAFADARAQLP SWVRPHVRVYDNFGHVIRDVAQFFRVAERTMPAPAPRA
TAPSVRGEDAVSEAKSPGPFFSTRKAKSLDLHVPSLKQRSSGSPAAGDPESSLCVEYEQE
PVPARQRPRGLLAALEHSEQRAGSPGEEQAHSCSTLSLLSEKRPAEEPRGGRKKIRLVSH
PEEPVAGAQTDRAKLEFMVAVKQELSQANFATFTOALQDYKGSDDFAALAACLGPLFAEDP
KKHNLLOQGFYQFVRPHHKQQFEEVCIQLTGRGCGYRPEHSTPRROQRAQPVLDPTGRTAPD
PRLTVSTAAAQQLDPQEHLNQGRPHLSPRPPPTGDPGSQPQWGSGVPRAGKQGQHAVSAY
LADARRALGSAGCSQLLAALTAYKQDDDLDKVLAVLAALTTAKPEDFPLLHRESMEVRPH
HKQREFSQTCTDLTGRPYPGMEPPGPQEERLAVPPVLTHRAPQPGPSRSEKTGKTQSKISS
FLROQRPAGTVGAGGEDAGPSQSSGPPHGPAASEWGL (RTEL Isoform 4 CCDS
74751.1)

Petite integration frequency 1 (Pifl) has 5° to 3> ATP-dependent helicase activity and
possesses intrinsic strand annealing activity. Pifl participates in telomere maintenance by
inhibiting telomerase activity and negatively regulating telomere length, and genomic and
mitochondrial replication. Use of a Pifl RMEM in combination with an RNA-guided
nuclease, e.g., Cas9 molecule, in the methods as described herein can increase or decrease
one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-
MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level of repair seen
with an RNA-guided nuclease, e.g., Cas9 molecule, in the absence of increased expression of
an endogenous Pifl RMEM and/or overexpression of a heterologous Pifl RMEM. Candidate
Pifl RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-
MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the functional assays
described herein.

SWI/SNEF related, matrix associated, actin dependent regulator of chromatin,
subfamily A-like 1 (HARP/SMARCALI; hereinafter “HARP”) is a member of the SWI/SNF

family with helicase and ATPase activity that catalyzes the rewinding of stably unwound
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DNA. HARP/SMARCALL alters the chromatin structure around target genes to modulate
gene expression. HARP/SMARCALL plays a role in restarting the replication fork (see, e.g.,
Ciccia et al. (2012) MoOL. CELL. 47(3): 396-409). Use of a HARP RMEM in combination
with an RN A-guided nuclease, e.g., Cas9 molecule, in the methods as described herein can
increase or decrease one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ,
MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level
of repair seen with an RN A-guided nuclease, e.g., Cas9 molecule, in the absence of increased
expression of an endogenous HARP RMEM and/or overexpression of a heterologous HARP
RMEM. Candidate HARP RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt
EJ, MMEJ, and SD-MME]J), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein.

Zinc finger, RAN-binding domain containing 3 (ZRANB3) has DNA annealing and
endonuclease activity. ZRANB3 is recruited to damaged, stalled, or collapsed replication
forks, and facilitates fork restart or participates in the repair of replication-blocking lesions.
(Ciccia et al. (2012)). Use of a ZRANB3 RMEM in combination with an RNA-guided
nuclease, e.g., Cas9 molecule, in the methods as described herein can increase or decrease
one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-
MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level of repair seen
with an RNA-guided nuclease, e.g., Cas9 molecule, in the absence of increased expression of
an endogenous ZRANB3 RMEM and/or overexpression of a heterologous ZRNAB3 RMEM.
Candidate ZRANB3 RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ,
MME]J, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein.

In one embodiment, the RMEM is Pif1, HARP/SMARCALI, or ZRANB3. In
another embodiment, the RMEM having helicase activity is not WRN, BLM, RECQLA4,
RECQL1, XPB, XPD, FancJ/BACHI1, or RTEL. In another embodiment, the RMEM does
not have DNA helicase activity.

Terminal Deoxynucleotidyl Transferase (TdT)

In one embodiment, the RMEM has terminal deoxynucleotidyl transferase activity. In
one embodiment, the RMEM having terminal deoxynucleotidyl transferase activity is TdT.
TdT catalyzes the addition of nucleotides to the 3° terminus of a DNA molecule and does not

require a template. TdT prefers a 3’ overhang but can also add nucleotides to blunt or
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recessed 3° ends. Exemplary TdTs are provided in Table 3 below and are further described

below.

Table 3. Terminal Deoxynucleotidyl Transferases

SEQ
Name Sequence ID
NO:
TdT MDPPRASHLSPRKKRPROQTGAIMASSPODIKFQODLVVFE ILEKKMGTTRRAFIMELARRKGERV 54

ENELSDSVTHIVAENNSGSDVLEWLQAQKVQVSSQPELLDVSWLIECIRAGKPVEMTGKHQLV
VRRDYSDSTNPGPPKTPPTAVQKISQYACQRRTTLNNCNQIFTDAFDITLAENCEFRENEDSCV
TEMRAASVLKSLPFTIISMKDTEGIPCLGSKVKGIIEEIIEDGESSEVKAVLNDERYQSFKLE
TSVEGVGLKTSEKWFRMGFRTLSKVRSDKSLKF TRMOKAGFLYYEDLVSCVTRAEAEAVSVLY
KEAVWAFLPDAFVTMTGGFRRGKKMGHDVDEFLITSPGSTEDEEQLLOKVMNLWEKKGLLLYYD
LVESTFEKLRLPSRKVDALDHFQKRCFLIFKLPRQRVDSDQSSWOQEGKTWKATIRVDLVLCPYER
RAFALLGWTGSRQFERDLRRYATHERKMILDNHALYDKTKRIFLKAESEEEIFAHLGLDYIEP
WERNA

In another embodiment, the RMEM does not have terminal deoxynucleotidyl
transferase activity.

In another embodiment, the present disclosure provides a method of suppressing the
formation of a deletion in a nucleic acid at a target position in a cell, or a population of cells,
by contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-
guided nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule
(RMEM), wherein the RMEM is TdT, wherein the gRNA molecule and the RNA-guided
nuclease molecule interact with the nucleic acid, resulting in a cleavage event, wherein the
cleavage event is repaired by at least one DNA repair pathway that is modulated by the
RMEM, and wherein the sequence of the nucleic acid after the cleavage event is repaired is
different than the sequence of the nucleic acid prior to the cleavage event, thereby
suppressing the formation of a deletion in the nucleic acid at the target position in the cell, or
in the population of cells. In one embodiment, the formation of a deletion in a nucleic acid at
a target position in a cell, or a population of cells is decreased (or suppressed) by about 1-
fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold,
by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by
about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by
about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, by
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contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided
nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM),
wherein the RMEM is TdT, wherein the gRNA molecule and the RNA-guided nuclease
molecule interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway that is modulated by the RMEM, and
wherein the sequence of the nucleic acid after the cleavage event is repaired is different than
the sequence of the nucleic acid prior to the cleavage event, thereby suppressing gene
conversion of the nucleic acid at the target position in the cell, or in the population of cells. In
one embodiment, gene conversion in a cell, or a population of cells is suppressed (or
decreased) by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-
fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold,
by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by
about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by
about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by
about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by
about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
correction of a nucleic acid at a target position in a cell, or a population of cells, by contacting
the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided nuclease
molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein
the RMEM is TdT, wherein the gRNA molecule and the RNA-guided nuclease molecule
interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage event is
repaired by at least one DNA repair pathway that is modulated by the RMEM, and wherein
the sequence of the nucleic acid after the cleavage event is repaired is different than the
sequence of the nucleic acid prior to the cleavage event, thereby suppressing gene correction
of the nucleic acid at the target position in the cell, or in the population of cells. In one
embodiment, gene correction in a cell, or a population of cells is suppressed (or decreased) by
about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about
3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-
fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold,
by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
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by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of enhancing the
formation of an insertion in a nucleic acid at a target position in a cell, or a population of
cells, by contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-
guided nuclease molecule; and (c) a heterologous Repair-Modulating Enzyme Molecule
(RMEM), wherein the RMEM is TdT, wherein the gRNA molecule and the RNA-guided
nuclease molecule interact with the nucleic acid, resulting in a cleavage event, wherein the
cleavage event is repaired by at least one DNA repair pathway that is modulated by the
RMEM, and wherein the sequence of the nucleic acid after the cleavage event is repaired is
different than the sequence of the nucleic acid prior to the cleavage event, thereby enhancing
formation of an insertion in the nucleic acid at the target position in the cell, or in the
population of cells. In one embodiment, the formation of an insertion in a nucleic acid at a
target position in a cell, or a population of cells is enhanced (or increased) by about 1-fold, by
about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by
about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about
6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-
fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-
fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-
fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by about 18-
fold, by about 19-fold or by about 20-fold.

Repair Proteins

In some embodiments, the RMEM is a repair protein. In one embodiment, the repair
protein is 53Bp1 Dominant negative, Timeless, or Tipin. Exemplary repair proteins are

provided in Table 6 and are further described below.

Table 4. Repair Proteins

SEQ
Name Sequence ID
NO:
53Bp1 53BP1 dominant negative Mutant 1: 53bpl_(1221-1718) - with ATG 55
. tart and TAA st
Dominant | S-&rt @n Stop
A AA—-seq
negative MGEEEFDMPQPPHGHVLHRHMRTIREVRTLVTRVITDVYYVDGTEVERKVTEETEEP IVECQE
CETEVSPSQTGGSSCGDLGDISSFSSKASSLHRTSSGTSLSAMHS SGSSCKGAGPLRGKTSGTE
PADFALPSSRGGPGKLSPRKGVSQTGTPVCEEDGDAGLGIRQGGKAPVTPRGRGRRGRPP SRT
TGTRETAVPGPLGIEDISPNLSPDDKSF SRVVPRVPDSTRRTDVGAGALRRSDSPETIPFQAARA
GPSDGLDASSPGNSFVGLRVVAKWSSNGYFYSGKITRDVGAGKYKLLFDDGYECDVLGKDILL
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CDPIPLDTEVTALSEDEYFSAGVVKGHRKESGELYYSIEKEGORKWYKRMAVILSLEQGNRLR
EQYGLGPYEAVTPLTKAADISLDNLVEGKRKRRSNVSSPATPTASSSSSTTPTRKITESPRAS
MGVLSGKRKLITSEEERSPAKRGRKSATVKPGAVGAGEFVSPCESGDNTGEPSALEEQ*

53BP1 dominant negative Mutant 2: 53bpl_(1052-1710) - with ATG
start and TAA stop
AA—-seq

MDPPTTPIRGNLLHFPSSQGEEEKEKLEGDHTIRQSQQOPMKPISPVKDPVSPASQKMVIQGPS
SPQGEAMVTDVLEDQKEGRSTNKENPSKALIERPSQNNIGIQTMECSLRVPETVSAATQTIKN
VCEQGTSTVDONFGKQODATVQTERGSGEKPVSAPGDDTESLHSQGEEEFDMPQPPHGHVLHRH
MRTIREVRTLVTRVITDVYYVDGTEVERKVTEETEEPIVECQECETEVSPSQTGGSSGDLGDI
SSFSSKASSLHRTSSGTSLSAMHSSGSSCGKGAGPLRGKTSGTEPADFALP SSRGGPGKLSPRK
GVSQTGTPVCEEDGDAGLGIRQGGKAPVTPRGRGRRGRPPSRTTGTRETAVPGPLGIEDISPN
LSPDDKSFSRVVPRVPDSTRRTDVGAGALRRSDSPEIPFQAAAGP SDGLDASSPGNSEFVGLRY
VAKWSSNGYFYSGKITRDVGAGKYKLLEFDDGYECDVLGKDILLCDPIPLDTEVTALSEDEYFS
AGVVKGHRKESGELYYSTIEKEGQRKWYKRMAVILSLEQGNRLREQYGLGPYEAVTPLTKAADT
SLDNLVEGKRKRRSNVSSPATPTASSSSSTTPTRKITESPRASMGVLSGKRKLITSEEERSPA
KRGRKSATVKPGAVGAGEFVSPCESGDNTG*

Timeless MDLHMMNCELLATCSALGYLEGDTYHKEPDCLESVKDLIRYLRHEDETRDVRQQLGAAQILQOS 56
DLILPILTQHHODKPLFDAVIRLMVNLTQPALLCFGNLPKEPSFRHHFLOVLTYLQAYKEAFAS
EKAFGVLSETLYELLQLGWEERQEEDNLLIERILLLVRNILHVPADILDQEKKIDDDASAHDQL
LWATHLSGLDDLLLFLASSSAEEQWSLHVLEIVSLMFRDONPEQLAGVGQGRLAQERSADFAE
LEVLRQREMAEKKTRALQRGNRHSRFGGSYIVQGLKSIGERDLIFHKGLHNLRNYSSDLGKQP
KKVPKRRQAARELSTIQRRSALNVRLFLRDFCSEFLENCYNRLMGSVKDHLLREKAQQHDETYY
MWATLAFFMAFNRAASFRPGLVSETLSVRTFHF IEQNLTNYYEMMLTDRKEAASWARRMHLALK
AYQELLATVNEMDISPDEAVRESSRITIKNNIFYVMEYRELFLALFRKFDERCQPRSFLRDLVE
TTHLFLKMLERFCRSRGNLVVQONKQKKRRKKKKKVLDQATVSGNVPSSPEEVEAVWPALAEQL
QCCAQNSELSMDSVVPFDAASEVPVEEQRAEAMVRIQDCLLAGQAPQALTLLRSAREVWPEGD
VFGSQDISPEEEIQLLKQILSAPILPRQOGPEERGAEEEEEEEEEEEEELOVVQVSEKEFNFLD
YLKRFACSTVVRAYVLLLRSYQONSAHTNHCIVKMLHRLAHDLKMEALLFQLSVFCLFNRLLS
DPAAGAYKELVTFAKRYILGKFFALAAVNQKAFVELLFWKNTAVVREMTEGYGSLDDRSSSRRA
PTWSPEEEAHLRELYLANKDVEGQDVVEATLAHLNTVPRTRKQITHHLVQMGLADSVKDFQRK
GTHIVLWTGDQELELQRLFEEFRDSDDVLGHIMKNI TAKRSRARIVDKLLALGLVAERRELYK
KROKKLASSILPNGAESLKDFCQOEDLEEEENLPEEDSEEEEEGGSEAEQVQGSLVLSNENLGQ
SLHQEGFSIPLLWLONCLIRAADDREEDGCSQAVPLVPLTEENEEAMENEQFQOLLRKLGVRP
PASGOQETFWRIPAKLSPTQLRRAAASLSQPEEEQKRKLOPELOPRKVPGEQGSDEEHCKEHRAQAT
RALLLAHKKKAGLASPEEEDAVGKEPLKAAPKKRQLIDSDEEQEEDEGRNRAPELGAPGIQKK
KRYQIEDDEDD |NP_003911.2]| protein timeless homolog [Homo
sapiens]

Tﬁpﬂl MLEPQENGVIDLPDYEHVEDETFPPFPPPASPERQODGEGTEPDEESGNGAPVPVPPKRTVKRN 57
IPKLDAQRLISERGLPALRHVFDKAKFKGKGHEAEDLKMLIRHMEHWAHRLFPKLOFEDFIDR
VEYLGSKKEVQTCLKRIRLDLPILHEDEVSNNDEVAENNEHDVTSTELDPFLTNLSESEMEFAS
ELSRSLTEEQQORIERNKQLALERRQAKLLSNSQTLGNDMLMNTPRAHTVEEVNTDEDQKEES
NGLNEDILDNPCNDATIANTLNEEETLLDQSFKNVQQOQLDATSRNITEAR |NP_060328.2]|
TIMELESS—interacting protein isoform 1 [Homo sapiens]

MLIRHMEHWAHRLFPKLOFEDFIDRVEYLGSKKEVQTCLKRIRLDLPILHEDFVSNNDEVAEN
NEHDVTSTELDPFLTNLSESEMFASELSRSLTEEQQQORIERNKQLATERRQAKLLSNSQTLGN
DMILMNTPRAHTVEEVNTDEDQKEESNGLNEDILDNPCNDATANTLNEEETLLDQSFKNVQQOQL
DATSRNITEAR |NP_001276915.1| TIMELESS-interacting protein
isoform 2 [Homo sapiens]

In one embodiment, the RMEM is not 53BP1 dominant negative.

In another embodiment, the present disclosure provides a method of enhancing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, by
contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided
nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM),
wherein the RMEM is 53BP1 dominant negative; wherein the gRNA molecule and the RNA-
guided nuclease molecule interact with the nucleic acid, resulting in a cleavage event,
wherein the cleavage event is repaired by at least one DNA repair pathway that is modulated
by the RMEM, and wherein the sequence of the nucleic acid after the cleavage event is

repaired is different than the sequence of the nucleic acid prior to the cleavage event, thereby
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enhancing gene conversion of the nucleic acid at the target position in the cell, or in the
population of cells. In one embodiment, the frequency of gene conversion is increased by
about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about
3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-
fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold,
by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing the
formation of an insertion in a nucleic acid at a target position in a cell, or a population of
cells, by contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-
guided nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule
(RMEM), wherein the RMEM is 53BP1 dominant negative, wherein the gRNA molecule and
the RNA-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage
event, wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the sequence of the nucleic acid after the cleavage
event is repaired is different than the sequence of the nucleic acid prior to the cleavage event,
thereby suppressing formation of an insertion in the nucleic acid at the target position in the
cell, or in the population of cells. In one embodiment, the formation of an insertion in the
nucleic acid is decreased by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-
fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold,
by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by
about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about
10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by
about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by
about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of enhancing gene
correction of a nucleic acid at a target position in a cell, or a population of cells, by contacting
the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided nuclease
molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein
the RMEM is Rad52 or 53BP1 dominant negative, wherein the gRNA molecule and the

RNA-guided nuclease molecule interact with the nucleic acid, resulting in a cleavage event,
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wherein the cleavage event is repaired by at least one DNA repair pathway that is modulated
by the RMEM, and wherein the sequence of the nucleic acid after the cleavage event is
repaired is different than the sequence of the nucleic acid prior to the cleavage event, thereby
enhancing gene correction of the nucleic acid at the target position in the cell, or in the
population of cells. In one embodiment, the frequency of gene correction is increased by
about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about 3-fold, by about
3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-fold, by about 6-
fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold, by about 8.5-fold,
by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by about 11-fold, by
about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by about 13.5-fold,
by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by about 17-fold, by
about 18-fold, by about 19-fold or by about 20-fold.

Telomeric Proteins

In one embodiment, the RMEM is a telomeric protein. In one embodiment, the
telomeric protein is TRF1 or TRF2. Exemplary telomeric proteins are provided in Table 4
and are further described below.

Table 5. Telomeric Proteins

SEQ
Name Sequence ID
NO:
TRF1 MAEDVSSAAPSPRGCADGRDADPTEEQMAETERNDEEQFECOELLECQVQVGAPEEEEEEEED 58

AGLVAEAEAVAAGWMLDFLCLSLCRAFRDGRSEDFRRTRNSAEATITHGLSSLTACQLRTIYIC
QFLTRIAAGKTLDAQFENDERITPLESAILMIWGSIEKEHDKLHEETIQNLIKIQATAVCMENGN
FREAEEVFERIFGDPNSHMPFKSKLIMIISQKDTFHSFFQHF SYNHMMEKIKSYVNYVLSEKS
STFLMKAAAKVVESKRTRTITSQDKP SGNDVEMETEANLDTRKRSHKNLFLSKLQHGTQQQODL
NKKERRVGTPQSTKKKKESRRATESRIPVSKSQPVTPEKHRARKRQAWLWEEDKNLRSGVRKY
GEGNWSKILLHYKFNNRTSVMLKDRWRTMKKLKLISSDSED

TREF2 MAAGAGTAGPASGPGVVRDPAASQPRKRPGREGGEGARRSDTMAGGGGSSDGSGRAAGRRASR 59
SSGRARRGRHEPGLGGPAERGAGEARLEEAVNRWVLKFYFHEALRAFRGSRYGDFRQIRDIMQ
ALLVRPLGKEHTVSRLLRVMQCLSRIEEGENLDCSFDMEAELTPLESAINVLEMIKTEFTLTE
AVVESSRKLVKEAAVITICIKNKEFEKASKILKKHMSKDPTTQKLRNDLLNITREKNLAHPVIQ
NESYETFQOKMLRFLESHLDDAEPYLLTMAKKALKSESAASSTGKEDKQPAPGPVEKPPREPA
ROLRNPPTTIGMMTLKAAFKTLSGAQDSEAAFAKLDOQKDLVLPTQALPASPALKNKRPRKDEN
ESSAPADGEGGSELQPKNKRMTISRLVLEEDSQSTEPSAGLNSSQEAASAPPSKPTVLNQPLP
GERKNPKVPKGKWNS SNGVEEKETWVEEDELFQVQAAPDEDSTTNITKKQKWTVEESEWVKAGY
QKYGEGNWAAT SKNYPFVNRTAVMIKDRWRTMKRLGMN

In another embodiment, the RMEM is not a telomeric protein.

In another embodiment, the RMEM is not a transcription activator.
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Recombinant Proteins

In one embodiment, the RMEM is a recombinant protein. In one embodiment, the

recombinant protein is XRCC2, RecA, or RadA. Exemplary recombinant proteins are

provided in Table 6 and are further described below.

Table 6. Recombinant Proteins

Name

Sequence

SEQ ID

XRCC2

MCSAFHRAESGTELLARLEGRSSLKEIEPNLFADEDSPVHGDILEFHGPEG
TGKTEMLYHLTARCILPKSEGGLEVEVLFIDTDYHFDMLRLVTILEHRLSQ
SSEETITIKYCLGRFFLVYCSSSTHLLLTLYSLESMFCSHPSLCLLILDSLSAFY
WIDRVNGGESVNLQESTLRKCSQCLEKLVNDYRLVLFATTQTIMQKASSS
SEEPSHASRRLCDVDIDYRPYLCKAWQQOLVKHRMFFSKQDDSQSSNQFE S
LVSRCLKSNSLKKHFFIIGESGVEFC

60

RecA

MAIDENKQKALAAALGQIEKQFGKGSIMRLGEDRSMDVETISTGSLSLDIALGAGGLPMGRIV
EIYGPESSGKTTLTLOQVIAAAQREGKTCAFIDAEHALDPIYARKLGVDIDNLLCSQPDTGEQA
LEICDALARSGAVDVIVVDSVAALTPKAETIEGEIGDSHMGLAARMMSQAMRKLAGNLKQSNTL
LIFINQIRMKIGVMFGNPETTTGGNALKFYASVRLDIRRIGAVKEGENVVGSETRVKVVKNKT
AAPFKQAFEFQILYGEGINFYGELVDLGVKEKLIEKAGAWY SYKGEKIGQGKANATAWLKDNPE
TAKEIEKKVRELLLSNPNSTPDF SVDDSEGVAETNEDFE

61

RadA

MAKAPKRAFVCNECGADYPRWQGQCSACHAWNTITEVRLAASPMVARNERLSGYAGSAGVARY
QKLSDISLEELPRFSTGFKEFDRVLGGGVVPGSAILIGGNPGAGKSTLLLOTLCKLAQOMKTL
YVTGEESLQQVAMRAHRLGLPTDNLNMLSETSIEQICLIAEEEQPKIMVIDSIQVMHMADVQS
SPGSVAQVRETAAYLTRFAKTRGVAIVMVGHVTKDGSLAGPKVLEHCIDCSVLLDGDADSRER
TLRSHKNRFGAVNELGVFAMTEQGLREVSNPSATFLSRGDEVTSGSSVMVVWEGTRPLLVETIQ
ALVDHSMMANPRRVAVGLEQNRLATILLAVLHRHGGLOMADQDVEVNVVGGVKVTETSADLALL
LAMVSSLRDRPLPODLVVEGEVGLAGEIRPVPSGQERISEAAKHGFRRATIVPAANVPKKAPEG
MQIFGVKKLSDALSVFDDL

62

Rad52

>sp|P43351 |RAD52_HUMAN DNA repair protein RAD52 homolog OS=Homo
sapiens GN=RAD52 PE=1 SV=1
MSGTEEATLGGRDSHPAAGGGSVLCEFGQCOYTAEEYQATQKALROQRLGPEYISSRMAGGG
QRVCYIEGHRVINLANEMFGYNGWAHSTITQONVDEVDLNNGKEFYVGVCAFVRVQLKDGSY
HEDVGYGVSEGLKSKALSLEKARKEAVTDGLKRALRSFGNALGNCILDKDYLRSLNKLPR
QLPLEVDLTKAKRQDLEPSVEEARYNSCRPNMALGHPQLQOQOVTSPSRPSHAVIPADQDCS
SRSLSSSAVESEATHORKLRORKQOLOQOFRERMEKQQVRVSTPSAEKSEAAPPAPPVTHST
PVTVSEPLLEKDFLAGVTQELIKTLEDNSEKWAVTPDAGDGVVKPSSRADPAQTSDTLAL
NNOMVTONRTPHSVCHOKPQAKSGSWDLOTYSADQRTTGNWESHRKSQDMKKRKYDP S

>sp |P43351-2|RADS52_HUMAN Isoform beta of DNA repair protein
RAD52 homolog OS=Homo sapiens GN=RAD52
MSGTEEATLGGRDSHPAAGGGSVLCEFGQCOYTAEEYQATQKALROQRLGPEYISSRMAGGG
QRVCYIEGHRVINLANEMFGYNGWAHSTITQONVDEVDLNNGKEFYVGVCAFVRVQLKDGSY
HEDVGYGVSEGLKSKALSLEKARKEAVTDGLKRALRLPLLGVSGRILYSLESVHSVMCAG
GLPTPTASAQTAPSSPCSSAVLRYAQEFWECTWKLYSGORLPEITK

>sp|P43351-3|RAD52_HUMAN Isoform gamma of DNA repair protein
RAD52 homolog OS=Homo sapiens GN=RAD52
MSGTEEATLGGRDSHPAAGGGSVLCEFGQCOYTAEEYQATQKALROQRLGPEYISSRMAGGG
QORVCYIEGHRVINLANEMEGYNGWAHSITQONVDEVDLNNGKEYVGVCAFVRVOLKVRGW
SRPAARKDQWVVGEGWE IS

>sp|P43351-4 | RAD52_HUMAN Isoform delta of DNA repair protein
RAD52 homolog OS=Homo sapiens GN=RAD52
MSGTEEATLGGRDSHPAAGGGSVLCEFGQCOYTAEEYQATQKALROQRLGPEYISSRMAGGG
QORVCYTIEGHRVINLANEMFGYNGWAHSITOONVGEYALQOWGLLHCPAPAESLLWVRR

63

Rad52-
yeast

>RAD52 YML032C SGDID:5000004494
MNEIMDMDEKKPVFGNHSEDIQTKLDKKLGPEYISKRVGEGTSRIAYTEGWRVINLANQT
FGYNGWSTEVKSVVIDFLDERQGKFSIGCTAIVRVTLTSGTYREDIGYGTVENERRKPAA
FERAKKSAVTDALKRSLRGFGNALGNCLYDKDFLAKIDKVKFDPPDEDENNLFRPTDEIS
ESSRTNTLHENQEQQQYPNKRRQLTKVTNTNPDSTKNLVKIENTVSRGTPMMAAPAEANS
KNSSNKDTDLKSLDASKQODQODDLLDDSLME SDDFQODDDLINMGNTNSNVLTTEKDPVVAK
QOSPTASSNPEAEQITFVTAKAATSVONERYIGEESIFDPRKYQAQSTIRHTVDQTTSKHIPA
SVLKDKTMTTARDSVYEKFAPKGKQLSMKNNDKELGPHMLEGAGNQVPRETTPIKTNATA
FPPAAAPRFAPPSKVVHPNGNGAVPAVPQORSTRREVGRPKINPLHARKPT *

64

RPA-4
subunit

MSKSGFGSYGSISAADGASGGSDQLCERDATPATKTQRPKVRIQDVVPCNVNQLLSSTVEDPV
FRVRGITIVSQVSIVGVIRGAEKASNHICYKIDDMTAKP IEARQWFGREKVKQVTPLSVGVYVK
VFEGILKCPTGTKSLEVLKIHVLEDMNEFTVHILETVNAHMMLDKARRDTTVESVPVSPSEVND
AGDNDESHRNFIQDEVILRLIHECPHQEGKSTHELRAQLCDLSVKATIKEAIDYLTVEGHIYPTV

65
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DREHFKSAD

BRCA2 MPIGSKERPTFFEIFKTRCNKADLGPISLNWFEELSSEAPPYNSEPAEESEHKNNNYEPNLEFK 66
TPQRKPSYNQLASTPIIFKEQGLTLPLYQSPVKELDKFKLDLGRNVPNSRHKSLRTVKTKMDQ
ADDVSCPLLNSCLSESPVVLQCTHVTPQRDKSVVCGSLFHTPKFVRKGRQTPKHISESLGAEVD
PDMSWSSSLATPPTLSSTVLIVRNEEASETVEFPHDTTANVKSYFSNHDESLKKNDRFIASVTD
SENTNQREAASHGFGKTSGNSFKVNSCKDHIGKSMPNVLEDEVYETVVDTSEEDSFSLCFSKC
RTKNLQRKVRTSKTRKKIFHEANADECEKSKNQVKEKYSFVSEVEPNDTDPLDSNVANQKPFES
GSDKISKEVVPSLACEWSQLTLSGLNGAQMEKIPLLHISSCDONISEKDLLDTENKRKKDEFLT
SENSLPRISSLPKSERKPLNEETVVNKRDEEQHLESHTDCILAVKQATISGTSPVASSFQGIKKS
IFRIRESPRETFNASFSGHMTDPNFKKETEASESGLETHTVCSQKRKEDSLCPNLIDNGSWPATT
TONSVALKNAGLISTLKKKTNKFIYATHDETSYKGKKIPKDOQKSELINCSAQFEANAFEAPLT
FANADSGLLHSSVKRSCSQONDSEEPTLSLTSSFGTILRKCSRNETCSNNTVISQDLDYKEAKC
NKEKLQLFITPEADSLSCLQEGQCENDPKSKKVSDIKEEVLAAACHPVQHSKVEYSDTDFQSQ
KSLLYDHENASTLILTPTSKDVLSNLVMISRGKESYKMSDKLKGNNYESDVELTKNIPMEKNQ
DVCALNENYKNVELLPPEKYMRVASPSRKVOFNONTNLRVIQKNQEETTSISKITVNPDSEEL
FSDNENNEFVEFQVANERNNLALGNTKELHETDLTCVNEPIFKNSTMVLYGDTGDKQATQVSIKK
DLVYVLAEENKNSVKQHIKMTLGODLKSDISLNIDKIPEKNNDYMNKWAGLLGPISNHSFGGS
FRTASNKEIKLSEHNIKKSKMFFKDIEEQYPTSLACVEIVNTLALDNQKRKKLSKPQSINTVSAH
LOSSVVVSDCKNSHITPOMLE SKODFNSNHNLTPSQKAETITELSTILEESGSQFEFTQFRKPS
YILOKSTFEVPENQMTILKTTSEECRDADLHVIMNAPSIGQVDSSKQFEGTVEIKRKFAGLLK
NDCNKSASGYLTDENEVGFRGEFYSAHGTKLNVSTEALQKAVKLFSDIENISEETSAEVHPISL
SSSKCHDSVVSMFKIENHNDKTVSERNNKCOQLILONNIEMTTGTEFVEEITENYKRNTENEDNK
YTAASRNSHNLEFDGSDSSKNDTVCIHKDETDLLEFTDQHNICLKLSGQFMKEGNTQIKEDLSD
LTFLEVAKAQEACHGNTSNKEQLTATKTEQNIKDFETSDTFFQTASGKNISVAKESEFNKIVNE
FDOKPEELHNFSLNSELHSDIRKNKMDILSYEETDIVKHKILKESVPVGTGNQLVTFQGQPER
DERIKEPTLLGFHTASGKKVKIAKESLDKVKNLFDERKEQGTSEITSFSHQWAKTLKYREACKD
LELACETIEITAAPKCKEMONSLNNDKNLVSTIETVVPPKLLSDNLCRQTENLKTSKSTIFLKVK
VHENVEKETAKSPATCYTNQSPYSVIENSALAFYTSCSRKTSVSQTSLLEARKKWLREGIFDGQ
PERINTADYVGNYLYENNSNSTIAENDKNHLSEKQDTYLSNSSMSNSYSYHSDEVYNDSGYLS
KNKLDSGIEPVLKNVEDQKNTSFSKVISNVKDANAYPQTVNEDICVEELVTSSSPCKNKNAAT
KLSISNSNNFEVGPPAFRIASGKIVCVSHETIKKVKDIFTDSFSKVIKENNENKSKICQTKIM
AGCYEALDDSEDILHNSILDNDECSTHSHKVFADIQSEETILQHNQNMSGLEKVSKISPCDVSLE
TSDICKCSIGKLHKSVSSANTCGIFSTASGKSVQVSDASLONARQVESETIEDSTKQVE SKVLE
KSNEHSDQLTREENTATIRTPEHLISQKGFSYNVVNSSAFSGEFSTASGKQVSILESSLHRKVKGY
LEEFDLIRTEHSLHYSPTSRONVSKILPRVDKRNPEHCVNSEMEKTCSKEFKLSNNLNVEGGS
SENNHSTIKVSPYLSQFQODKOQLVLGTRKVSLVENTIHVLGKEQASPRKNVKME IGKTETF SDVPV
KTNIEVCSTYSKDSENYFETEAVETAKAFMEDDELTDSKLPSHATHSLFTCPENEEMVLSNSR
IGKRRGEPLILVGEPSIKRNLLNEFDRITENQEKSLKASKSTPDGTIKDRRLFMHHVSLEPIT
CVPFRTTKERQEIQNPNFTAPGQEFLSKSHLYEHLTLEKSSSNLAVSGHPFYQVSATRNEKMR
HLITTGRPTKVEVPPFKTKSHFHRVEQCVRNINLEENRQKQONIDGHGSDDSKNKINDNETHQF
NKNNSNQAVAVTFTKCEEEPLDLITSLONARDIQDMRIKKKQROQRVFPOPGSLYLAKTSTLPR
ISLKAAVGGQVPSACSHKQLYTYGVSKHCIKINSKNAESFQFHTEDYFGKESLWTGKGIQLAD
GGWLIPSNDGKAGKEEFYRALCDTPGVDPKLISRIWVYNHYRWI INKLAAMECAFPKEFANRC
LSPERVLLQLKYRYDTEIDRSRRSATKKIMERDDTAAKTLVLCVSDITISLSANISETSSNKTS
SADTOQRVATITIELTDGWYAVKAQLDPPLLAVLKNGRLTVGQKIILHGAELVGSPDACTPLEAPE
SLMLKISANSTRPARWYTKLGFFPDPRPFPLPLSSLFESDGGNVGCVDVIIQRAYPIQWMEKTS
SGLYIFRNEREEEKEAAKYVEAQOKRLEALFTKIQEEFEEHEENTTKPYLPSRALTRQQVRAL
QDGAELYEAVKNAADPAYLEGYFSEEQLRALNNHROMLNDKKQAQIQLETRKAME SAEQKEQG
LSRDVTTVWKLRIVSYSKKEKDSVILSIWRPSSDLYSLLTEGKRYRIYHLATSKSKSKSERAN
IQLAATRKKTQYQQOLPVSDEILFQIYQPREPLHFSKFILDPDFQPSCSEVDLIGFVVSVVKKTGL
APFVYLSDECYNLLATIKFWIDILNEDI IKPHMLTIAASNLOQWRPESKSGLLTLFAGDFSVFSASP
KEGHFQETFNKMKNTVENIDILCNEAENKLMHILHANDPKWSTPTKDCTSGPYTAQITIPGTGN
KLILMSSPNCEIYYQSPLSLCMAKRKRKSVSTPVSAQMTSKSCKGEKEIDDOQKNCKKRRALDFILSR
LPLPPPVSPICTFVSPAAQKAFQPPRSCGTKYETPIKKKELNSPOMTPFKKFNEISLLESNST
ADEELALINTQALLSGSTGEKQFISVSESTRTAPTSSEDYLRLKRRCTTSLIKEQESSQASTE
ECEKNKQDTITTKKYI (breast cancer 2, early onset, isoform CRA_c
[Homo sapiens] CCDS 9344.1)

SHFM1 |NP_006295.1| 26S proteasome complex subunit DSS1 [Homo 67
sapiens]
MSEKKQPVDLGLLEEDDEFEEFPAEDWAGLDEDEDAHVWEDNWDDDNVEDDF SNQLRAELEKH
GYKMETS

PALB2 |ref [NP_078951.2| partner and localizer of BRCA2 [Homo sapiens] 68

MDEPPGKPLSCEERKEKLKEKLAFLKREYSKTLARLQRAQRAEKIKHSIKKTVEEQDCLSQQODL
SPQLKHSEPKNKICVYDKLHIKTHLDEETGEKTSITLDVGPESENPGDGPGGLPIQRTDDTQE
HEPHRVSDPSGEQKQKLP SRRKKQOKRTFISQERDCVEGTDSLRLSGKRLKEQEETISSKNPAR
SPVTEIRTHLLSLKSELPDSPEPVTEINEDSVLIPPTAQPEKGVDTFLRRPNFTRATTVPLQT
LSDSGSSQHLEHIPPKGSSELTTHDLKNIRFTSPVSLEAQGCGKKMTVSTDNLLVNKATISKSGQL
PTSSNLEANISCSLNELTYNNLPANENQNLKEQNQTEKSLKSPSDTLDGRNENLQESEILSQP
KSLSLEATSPLSAEKHSCTVPEGLLFPAEYYVRTTRSMSNCQRKVAVEAVIQSHLDVKKKGFK
NEKNKDASKNLNLSNEETDQSEIRMSGTCTGQOPSSRTSQKLLSLTKVSSPAGPTEDNDLSRKAV
AQAPGRRYTGKRKSACTPASDHCEPLLPTSSLSIVNRSKEEVTSHKYQHEKLEF IQVKGKKSRH
QKEDSLSWSNSAYLSLDDDAFTAPFHRDGMLSLKQLLSFLSITDFQLPDEDFGPLKLERKVKSC
SEKPVEPFESKMFGERHLKEGSCIFPEELSPKRMDTEMEDLEEDLIVLPGKSHPKRPNSQSQH
TKTGLSSSILLYTPLNTVAPDDNDRPTTDMCSPAFPILGTTPAFGPQGSYEKASTEVAGRTCC
TPQLAHLKDSVCLASDTKQFDSSGSPAKPHTTLQVSGRQGOPTCDCDSVPPGTPPPIESEFTEFK
ENQLCRNTCQELHKHSVEQTETAELPASDSINPGNLQLVSELKNPSGSCSVDVSAMFWERAGC

107



WO 2017/165826 PCT/US2017/024110

KEPCITITACEDVVSLWKALDAWQWEKLYTWHFAEVPVLQIVPVPDVYNLVCVALGNLEIREIR
ALFCSSDDESERQVLLKSGNIKAVLGLTKRRLVSSSGTLSDQQVEVMTFAEDGGGKENQFE LMP
PEETILTFAEVQGMQOEALLGTTIMNNIVIWNLKTGQLLKKMHIDDSYQASVCHKAY SEMGLLE
IVLSHPCAKESESLRSPVFQLIVINPKTTLSVGVMLYCLPPGQAGRFLEGDVKDHCAAATLTS
GTIAIWDLLLGQCTALLPPVSDOHWSFVKWSGTDSHLLAGOQKDGNIFVYHYS

Rad51 MAMOMQLEANADTSVEEESFGPQPISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKELINI 69
KGISEAKADKILAEAAKLVPMGFTTATEFHQRRSEIIQITTGSKELDKLLOQGGIETGSITEMF
GEFRTGKTQICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYGLSGSDVLDNV
AYARAFNTDHQTQLLYQASAMMVESRYALLIVDSATALYRTDYSGRGELSARQMHLARFLRML
LRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTRLYLRKGRGETRICKIY
DSPCLPEAEAMFAINADGVGDAKD (RADS51 [Homo sapiens], CCDS 10062.1)

MAMOMQLEANADTSVEEESFGPQPISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKELINI
KGISEAKADKILTESRSVARLECNSVILVYCTLRLSGSSDSPASASRVVGTTGGIETGSITEM
FGEFRTGKTQICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYGLSGSDVLDN
VAYARAFNTDHOTQLLYQASAMMVESRYALLIVDSATALYRTDYSGRGELSARQMHLARFLRM
LLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNITIAHASTTRLYLRKGRGETRICKI
YDSPCLPEAEAMFAINADGVGDAKD (RAD51 [Homo sapiens], CCDS 53931.1)

MAMOMQLEANADTSVEEESFGPQPISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKELINI
KGISEAKADKILAEAAKLVPMGFTTATEFHQRRSEIIQITTGSKELDKLLOQGGIETGSITEMF
GEFRTGKTQICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYGLSGSDVLDNV
AYARAFNTDHQTQLLYQASAMMVESRYALLIVDSATALYRTDYSGRGELSARQMHLARFLRML
LRLADEIVSEERKRGNONLONLRLSLSS (CCDS 53932.1)

Rad51B >gi 10835029 |ref|NP_002868.1| DNA repair protein RAD51 homolog 70
2 isoform 1 [Homo sapiens]
MGSKKLKRVGLSQELCDRLSRHQILTCODFLCLSPLELMRKVTGLSYRGVHELLCMVSRACAPK
MOTAYGIKAQRSADFSPAFLSTTLSALDEALHGGVACGSLTEITGPPGCGKTQFCIMMSILAT
LPTNMGGLEGAVVYIDTESAFSAERLVEIAESRFPRYFNTEEKLLLTSSKVHLYRELTCDEVL
QRIESLEEETISKGIKLVILDSVASVVRKEFDAQLOGNLKERNKFLAREASSLKYLAEEFSIP
VILTNQITTHLSGALASQADLVSPADDLSLSEGTSGSSCVIAALGNTWSHSVNTRLILQYLDS
ERRQILIAKSPLAPFTSEVYTIKEEGLVLQAYGNS

>gi[19924117|ref|NP_598194.1| DNA repair protein RAD51 homolog
2 isoform 2 [Homo sapiens]
MGSKKLKRVGLSQELCDRLSRHQILTCODFLCLSPLELMRKVTGLSYRGVHELLCMVSRACAPK
MOTAYGIKAQRSADFSPAFLSTTLSALDEALHGGVACGSLTEITGPPGCGKTQFCIMMSILAT
LPTNMGGLEGAVVYIDTESAFSAERLVEIAESRFPRYFNTEEKLLLTSSKVHLYRELTCDEVL
QRIESLEEETISKGIKLVILDSVASVVRKEFDAQLOGNLKERNKFLAREASSLKYLAEEFSIP
VILTNQITTHLSGALASQADLVSPADDLSLSEGTSGSSCVIAALGNTWSHSVNTRLILQYLDS
ERRQILIAKSPLAPFTSEVYTIKEEGLVLQGQEKP

>gi 46255039 |ref|NP_598193.2| DNA repair protein RAD51 homolog
2 isoform 3 [Homo sapiens]
MGSKKLKRVGLSQELCDRLSRHQILTCODFLCLSPLELMRKVTGLSYRGVHELLCMVSRACAPK
MOTAYGIKAQRSADFSPAFLSTTLSALDEALHGGVACGSLTEITGPPGCGKTQFCIMMSILAT
LPTNMGGLEGAVVYIDTESAFSAERLVEIAESRFPRYFNTEEKLLLTSSKVHLYRELTCDEVL
QRIESLEEETISKGIKLVILDSVASVVRKEFDAQLOGNLKERNKFLAREASSLKYLAEEFSIP
VILTNQITTHLSGALASQADLVSPADDLSLSEGTSGSSCVIAALGNTWSHSVNTRLILQYLDS
ERRQILIAKSPLAPFTSEVYTIKEEGLVLQETTFCSVTQAELNWAPETILPPQPPEQLGLOMCH
HTQLIF

Rad51C >gi|17402896|ref|NP_478123.1| DNA repair protein RAD51 homolog 71
3 isoform 1 [Homo sapiens]
MRGKTFRFEMQRDILVSFPLSPAVRVKLVSAGFQTAEELLEVKPSELSKEVGISKAEATLETLOT
TRRECLTNKPRYAGTSESHKKCTALELLEQEHTQGFITITFCSALDDILGGGVPLMKTTEICGA
PGVGKTQLCMQLAVDVQIPECFGGVAGEAVFIDTEGSFMVDRVVDLATACIQHLOLTAEKHKG
EEHRKALEDFTLDNILSHIYYFRCRDYTELLAQVYLLPDFLSEHSKVRLVIVDGIAFPFRHDL
DDLSLRTRLLNGLAQOMISLANNHRLAVILTNOQMTTKIDRNQALLVPALGESWGHAATIRLIF
HWDRKQRLATLYKSPSQKECTVLFQIKPQGFRDTVVTSACSLQTEGSLSTRKRSRDPEEEL

>gi 4506391 |ref |NP_002867.1|] DNA repair protein RAD51 homolog 3
isoform 2 [Homo sapiens]
MRGKTFRFEMQRDILVSFPLSPAVRVKLVSAGFQTAEELLEVKPSELSKEVGISKAEATLETLOT
TRRECLTNKPRYAGTSESHKKCTALELLEQEHTQGFITITFCSALDDILGGGVPLMKTTEICGA
PGVGKTQLW

XRC(C3 >gi|153946430|ref|NP_001093589.1| DNA repair protein XRCC3 '72
[Homo sapiens]
MDLDLLDLNPRITAATKKAKLKSVKEVLHFSGPDLKRLTNLSSPEVWHLLRTASLHLRGSSIL
TALQLHQOKERFPTQHQRLSLGCPVLDALLRGGLPLDGITELAGRSSAGKTQLALQLCLAVQF
PROHGGLEAGAVYICTEDAFPHRKRLQOLMAQQPRILRTDVPGELLOKLRFGSQIFIEHVADVDT
LLECVNKKVPVLLSRGMARLVVIDSVAAPFRCEFDSQASAPRARHLOSLGATLRELSSAFQSP
VLCINQVTEAMEEQGAAHGPLGFWDERVSPALGITWANQLLVRLLADRLREEEAALGCPARTL
RVLSAPHLPPSSCSYTISAEGVRGTPGTQSH
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In another embodiment, the recombinant protein is not Rad52, Rad52 yeast, RPA-4
subunit, BRCA2, SHFEM1, PALB2, XRCC3, Rad51, Rad51B, or Rad51C. In another
embodiment, the RMEM is not a recombinant protein. In one embodiment, the RMEM is not
Rad52. In one embodiment, the RMEM is not Rad51. In another embodiment, the RMEM is
not Rad51 or Rad52.

In another embodiment, the present disclosure provides a method of suppressing the
formation of a deletion in a nucleic acid at a target position in a cell, or a population of cells,
by contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-
guided nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule
(RMEM), wherein the RMEM is Rad52, wherein the gRNA molecule and the RNA-guided
nuclease molecule interact with the nucleic acid, resulting in a cleavage event, wherein the
cleavage event is repaired by at least one DNA repair pathway that is modulated by the
RMEM, and wherein the sequence of the nucleic acid after the cleavage event is repaired is
different than the sequence of the nucleic acid prior to the cleavage event, thereby
suppressing the formation of a deletion in the nucleic acid at the target position in the cell, or
in the population of cells. In one embodiment, the formation a deletion is decreased (or
suppressed) by about 1-fold, by about 1.5-fold, by about 2-fold, by about 2.5-fold, by about
3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by about 5-fold, by about 5.5-
fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about 7.5-fold, by about 8-fold,
by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-fold, by about 10.5-fold, by
about 11-fold, by about 11.5-fold, by about 12-fold, by about 12.5-fold, by about 13-fold, by
about 13.5-fold, by about 14-fold, by about 14.5-fold, by about 15-fold, by about 16-fold, by
about 17-fold, by about 18-fold, by about 19-fold or by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, by
contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided
nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM),
wherein the RMEM is Rad52, wherein the gRNA molecule and the RNA-guided nuclease
molecule interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway, and wherein the sequence of the
nucleic acid after the cleavage event is repaired is different than the sequence of the nucleic
acid prior to the cleavage event, thereby suppressing gene conversion of the nucleic acid at

the target position in the cell, or in the population of cells. In one embodiment, the frequency
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of gene conversion is decreased (or suppressed) by about 1-fold, by about 1.5-fold, by about
2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-
fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold,
by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by
about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by
about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold,
by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or
by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, by
contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided
nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM),
wherein the RMEM is Rad51, wherein the gRNA molecule and the RNA-guided nuclease
molecule interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway, and wherein the sequence of the
nucleic acid after the cleavage event is repaired is different than the sequence of the nucleic
acid prior to the cleavage event, thereby suppressing gene conversion of the nucleic acid at
the target position in the cell, or in the population of cells. In one embodiment, the frequency
of gene conversion is decreased (or suppressed) by about 1-fold, by about 1.5-fold, by about
2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-
fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold,
by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by
about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by
about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold,
by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or
by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, by
contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided
nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM),
wherein the RMEM is ERCC1, wherein the gRNA molecule and the RNA-guided nuclease
molecule interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage

event is repaired by at least one DNA repair pathway, and wherein the sequence of the
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nucleic acid after the cleavage event is repaired is different than the sequence of the nucleic
acid prior to the cleavage event, thereby suppressing gene conversion of the nucleic acid at
the target position in the cell, or in the population of cells. In one embodiment, the frequency
of gene conversion is decreased (or suppressed) by about 1-fold, by about 1.5-fold, by about
2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-
fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold,
by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by
about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by
about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold,
by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or
by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
conversion of a nucleic acid at a target position in a cell, or a population of cells, by
contacting the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided
nuclease molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM),
wherein the RMEM is RPA, wherein the gRNA molecule and the RNA-guided nuclease
molecule interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage
event is repaired by at least one DNA repair pathway, and wherein the sequence of the
nucleic acid after the cleavage event is repaired is different than the sequence of the nucleic
acid prior to the cleavage event, thereby suppressing gene conversion of the nucleic acid at
the target position in the cell, or in the population of cells. In one embodiment, the frequency
of gene conversion is decreased (or suppressed) by about 1-fold, by about 1.5-fold, by about
2-fold, by about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-
fold, by about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold,
by about 7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by
about 10-fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by
about 12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold,
by about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or
by about 20-fold.

In another embodiment, the present disclosure provides a method of suppressing gene
correction of a nucleic acid at a target position in a cell, or a population of cells, by contacting
the cell, or the population of cells, with (a) a gRNA molecule, (b) a RNA-guided nuclease
molecule, and (c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein
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the RMEM is Rad51, wherein the gRNA molecule and the RNA-guided nuclease molecule
interact with the nucleic acid, resulting in a cleavage event, wherein the cleavage event is
repaired by at least one DNA repair pathway, and wherein the sequence of the nucleic acid
after the cleavage event is repaired is different than the sequence of the nucleic acid prior to
the cleavage event, thereby suppressing gene correction of the nucleic acid at the target
position in the cell, or in the population of cells. In one embodiment, the frequency of gene
correction is decreased (or suppressed) by about 1-fold, by about 1.5-fold, by about 2-fold, by
about 2.5-fold, by about 3-fold, by about 3.5-fold, by about 4-fold, by about 4.5-fold, by
about 5-fold, by about 5.5-fold, by about 6-fold, by about 6.5-fold, by about 7-fold, by about
7.5-fold, by about 8-fold, by about 8.5-fold, by about 9-fold, by about 9.5-fold, by about 10-
fold, by about 10.5-fold, by about 11-fold, by about 11.5-fold, by about 12-fold, by about
12.5-fold, by about 13-fold, by about 13.5-fold, by about 14-fold, by about 14.5-fold, by
about 15-fold, by about 16-fold, by about 17-fold, by about 18-fold, by about 19-fold or by
about 20-fold.

Histone Acetvltransferases

In one embodiment, a RMEM comprises histone acetyltransferase activity, e.g., is a
histone acetyltransferase (HAT). Histone acetyltransferase activity comprises the transfer of
an acetyl group from acetyl-CoA to the lysine residue of a histone protein to generate €-N-
acetyllysine. Acetylation of the histone modifies the structure of chromatin, and can allow
increased accessibility of DNA resection and repair machinery. HATS are typically classified
into two classes: type A and type B HATs. Type A HATS are primarily localized in the
nucleus, acetylate nucleosomal histones in chromatin, and contain a bromodomain. Type B
HATSs are primarily localized in the cytoplasm, acetylate newly synthesized histones prior to
assembly into chromatin, and lack bromodomains. Based on sequence homology, HATSs are
grouped into at least 3 different families: GNAT (GenS-related N-acetyltransferases), MYST
(named after its members MOZ, Ybf2 (Sas3), Sas2, and Tip60), and p300/CBP. Members of
the GNAT family typically contain bromodomains, and acetylate lysine residues on histones
H2B, H3, and H4. Members of the MYST members typically contain zinc fingers and
chromodomains, and acetylate lysine residues on histones H2B, H3, and H4. The p300/CBP
family includes p300 and CBP.

Exemplary histone acetyltransferases are provided in Table 7 below and are described

further below.
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Name

Sequence

SEQ
1D
NO:

Tip6(0/KATS
Isoform 1

CCDS8110.1

MAEVVSPVPGAGRREPGEVGRARGPPVADPGVALSPQGEITEGCRLPVLRRNODNEDEWP
LAEILSVKDISGRKLFYVHYIDFNKRLDEWVTHERLDLKKIQFPKKEAKTPTKNGLPGSR
PGSPEREVPASAQASGKTLPIPVQITLRENLPKEREATPGGEPDQPLSSSSCLOPNHRST
KRRKVEVVSPATPVPSETAPASVFPONGAARRAVAAQPGRKRKSNCLGTDEDSQDSSDGIP
SAPRMTGSLVSDRSHDDIVTRMKNIECIELGRHRLKPWYFSPYPQELTTLPVLYLCEFCL
KYGRSLKCLOQRHLTKCDLRHPPGNEIYRKGTISFFEIDGRKNKSYSQONLCLLAKCFLDHK
TLYYDTDPFLEFYVMTEYDCKGFHIVGYFSKEKESTEDYNVACILTLPPYQRRGYGKLLIE
FSYELSKVEGKTGTPEKRKPLSDLGLLSYRSYWSQTILEILMGLKSESGERPQITINEISET
TSIKKEDVISTLOQYLNLINYYKGQYILTLSEDIVDGHERAMLKRLLRIDSKCLHEFTPKDW
SKRGKW

73

Tip6(0/KATS
Isoform 2

CCDS 31610.1

MAEVGEITEGCRLPVLRRNODNEDEWPLAETILSVKDISGRKLEYVHYIDFNKRLDEWVTH
ERLDLKKIQFPKKEAKTPTKNGLPGSRPGSPEREVPASAQASGKTLPIPVQITLRFNLPK
EREATIPGGEPDQPLSSSSCLOPNHRSTKRKVEVVSPATPVPSETAPASVEPONGAARRAV
AAQPGRKRKSNCLGTDEDSQDSSDGIPSAPRMTGSLVSDRSHDDIVTRMKNIECIELGRH
RLKPWYFSPYPQELTTLPVLYLCEFCLKYGRSLKCLOQRHLTKCDLRHPPGNEIYRKGTIS
FFEIDGRKNKSYSONLCLLAKCFLDHKTLYYDTDPFLEFYVMTEYDCKGFHIVGYF SKEKE
STEDYNVACILTLPPYQRRGYGKLLIEFSYELSKVEGKTGTPEKPLSDLGLLSYRSYWSQ
TILEILMGLKSESGERPQITINEISEITSIKKEDVISTLOYLNLINYYKGQYILTLSEDT
VDGHERAMLKRLLRIDSKCLHF TPKDWSKRGKW

74

Tip6(0/KATS
Isoform 3

CCDS 8109.1

MAEVGEITEGCRLPVLRRNODNEDEWPLAETILSVKDISGRKLEYVHYIDFNKRLDEWVTH
ERLDLKKIQFPKKEAKTPTKNGLPGSRPGSPEREVKRKVEVVSPATPVPSETAPASVEFPQ
NGAARRAVAAQPGRKRKSNCLGTDEDSQDSSDGIPSAPRMTGSLVSDRSHDDIVTRMKNT
ECIELGRHRLKPWYFSPYPQELTTLPVLYLCEFCLKYGRSLKCLOQRHLTKCDLRHPPGNE
IYRKGTISFFEIDGRKNKSYSONLCLLAKCFLDHKTLYYDTDPFLEYVMTEYDCKGFHIV
GYFSKERKESTEDYNVACILTLPPYQRRGYGKLLIEFSYELSKVEGKTGTPEKPLSDLGLL
SYRSYWSQTILEILMGLKSESGERPQITINEISEITSIKKEDVISTLOYLNLINYYKGQY
ILTLSEDIVDGHERAMLKRLLRIDSKCLHF TPKDWSKRGKW

75

Tip6(0/KATS
Isoform 4

CCDS 55771.1

MAEVVSPVPGAGRREPGEVGRARGPPVADPGVALSPQGEITEGCRLPVLRRNODNEDEWP
LAEILSVKDISGRKLFYVHYIDFNKRLDEWVTHERLDLKKIQFPKKEAKTPTKNGLPGSR
PGSPEREVKRKVEVVSPATPVPSETAPASVEPQONGAARRAVAAQPGRKRKSNCLGTDEDS
QODSSDGIPSAPRMTGSLVSDRSHDDIVTRMKNIECIELGRHRLKPWYFSPYPQELTTLPV
LYLCEFCLKYGRSLKCLOQRHLTKCDLRHPPGNEIYRKGTISFFEIDGRKNKSYSQONLCLL
AKCFLDHKTLYYDTDPFLFYVMTEYDCKGFHIVGYFSKEKESTEDYNVACILTLPPYQRR
GYGKLLIEFSYELSKVEGKTGTPEKPLSDLGLLSYRSYWSQTILEILMGLKSESGERPQT
TINEISEITSIKKEDVISTLOYLNLINYYKGQYILTLSEDIVDGHERAMLKRLLRIDSKC
LHFTPKDWSKRGKW

76

HAT1

CCDS 2245.1

MAGFGAMEKFLVEYKSAVEKKLAEYKCNTNTATIELKLVRFPEDLENDIRTFFPEYTHQLFE
GDDETAFGYKGLKILLYYTAGSLSTMFRVEYASKVDENFDCVEADDVEGKIRQIIPPGEC
TNTNDFLSLLEKEVDFKPFGTLLHTYSVLSPTGGENFTFQIYKADMTCRGFREYHERLQT
FLMWFIETASFIDVDDERWHYFLVFEKYNKDGATLFATVGYMTVYNYYVYPDKTRPRVSQ
MLILTPFQGQGHGAQLLETVHRYYTEFPTVLDITAEDPSKSYVKLRDFVLVKLCQDLPCFE
SREKLMQGEFNEDMVIEAQQOKFKINKQHARRVYEILRLLVTDMSDAEQYRSYRLDIKRRLI
SPYKKKQRDLAKMRKCLRPEELTNOMNQIEISMOHEQLEESFQELVEDYRRVIERLAQE

77

K(lysine) acetyltransferase 5 (Tip60/KATS, hereinafter “Tip60”), also known as

histone acetyltransferase HTATIP (HIV-1 Tat interactive protein), is a member of the MYST

family and acetylates histones (primarily histones H4 at lysines at position 5, 12, and 16, and

H2A) and nonhistone proteins. Tip60 plays a role in regulating chromatin remodeling.

Tip60 is recruited to double strand breaks and inhibits 53BP1 association (see, e.g., Tang et
al. (2013) NAT. STRUCT. MOL. BIOL. 20(3): 317-25). Use of a Tip60 RMEM in combination

with an RN A-guided nuclease, e.g., Cas9 molecule, in the methods as described herein can

increase or decrease one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ,
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MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level
of repair seen with an RN A-guided nuclease, e.g., Cas9 molecule, in the absence of increased
expression of an endogenous Tip60 RMEM and/or overexpression of a heterologous Tip60
RMEM. Candidate Tip60 RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt
EJ, MMEJ, and SD-MME]J), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein.

Histone acetyltransferase 1 (HAT1) is a type B histone acetyltransferase that
acetylates newly synthesized cytoplasmic histones, primarily histone H4 (at lysines at
positions 5 and 12) and H2A, but in some contexts histone H3, before their translocation to
the nucleus and deposition onto nascent DNA. HAT1-mediated acetylation plays an
important role in repair of DNA damage, particularly homologous directed repair. HAT1 is
recruited to double strand breaks and recruits RADSI1 (see, e.g., Yang et al. J. Biol. Chem.
288(25): 18271-82). Use of a HAT1 RMEM in combination with a Cas9 molecule in the
methods as described herein can increase HDR as compared to the level of repair seen with a
Cas9 molecule in the absence of increased expression of an endogenous HAT1 RMEM
and/or overexpression of a heterologous HAT1 RMEM. Candidate HAT1 RMEMs can be
evaluated for HDR by using a functional assays described herein.

In another embodiment, the RMEM is not a histone acetylase. In another

embodiment, the histone acetylase is not Tip60/KATS.

Histone deacetylases

In one embodiment, a RMEM comprises histone deacetylase activity, e.g., is a histone
deacetylase (HDAC). Histone deacetylase activity comprises the removal of the acetyl group
from an e-N-acetyllysine on a histone. Deacetylation of the histone modifies the structure of
chromatin, modulates the accessibility of DNA resection and repair machinery. HDACSs are
classified into Class I, ITA, IIB, III, and IV based on function and sequence homology. Class
I and Class II HDACSs can be inhibited by trichostatin A (TSA). Class III HDACs are NAD+-
dependent enzymes that are not inhibited by TSA.

Exemplary histone deacetylases are provided in Table 8 below and are described

further below.
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Table 8. Histone deacetylases

SEQ
Name Sequence ID
NO:
SIRT6 MSVNYAAGLSPYADKGKCGLPE IFDPPEELERKVWELARLVWOSSSVVEHTGAGISTASG 78
" 1 IPDFRGPHGVWTIMEERGLAPKFDTTFESARPTQTHMALVQLERVGLLRFLVSQNVDGLHV
Isoform RSGFPRDKLAELHGNMFVEECAKCKTQYVRDTVVGTMGLKATGRLC TVAKARGLRACRGE
LRDTILDWEDSLPDRDLALADEASRNADLSITLGTSLOIRPSGNLPLATKRRGGRLVIVN
CCDS 12122.1 LOPTKHDRHADLRIHGYVDEVMTRLMKHLGLE IPAWDGPRVLERALPPLPRPPTPKLEPK
: EESPT
SIRT6 MSVNYAAGLSPYADKGKCGLPE IFDPPEELERKVWELARLVWOSSSVVEHTGAGISTASG 79
" 5 IPDFRGPHGVWTIMEERGLAPKFDTTFESARPTQTHMALVQLERVGLLRFLVSQNVDGLHV
Isoform RSGFPRDKLAELHGNMFVEECAKCKTQYVRDTVVGTMGLKATGRLC TVAKARGLRACRNA
DLSITLGTSLOIRPSGNLPLATKRRGGRLVIVNLQP TKHDRHADLRIHGYVDEVMTRLMK
CCDS 54199.1 HLGLEIPAWDGPRVLERALPPLPRPPTPKLEPKEESPTRINGSIPAGPKQEP CAQHNGSE
: PASPKRERPTSPAPHRPPKRVKAKAVES

Sirtuin 6 (SIRT6), also known as Sir2-related protein type 6, has histone deacetylase
and mono-ADP ribosyltransferase activity. SIRT6 deacetylates acetyllysines in histone H3,
e.g., acetyllysines at amino acid position 9 and 56, SIRT®6 is recruited to sites of double strand
breaks and stimulates repair. SIRT6-mediated deacetylation may recruit CtIP at the lesion,
thereby increasing resection. (Kaidi et al. (2010) SCIENCE 329(5997): 1348-53). Use of a
SIRT6 RMEM in the methods as described herein can increase or decrease one or more of the
following: c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR
(including alt-HR, HR, and SSA) as compared to the level of resection or repair seen with an
RNA-guided nuclease, e.g., Cas9 molecule, in the absence of increased expression of an
endogenous SIRT6 RMEM and/or overexpression of a heterologous SIRT6 RMEM.
Candidate SIRT6 RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ,
MME]J, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein, e.g., in Section VIII.

In another embodiment, the RMEM is not a histone deacetylase.

Histone Methyltransferases

In one embodiment, a RMEM comprises histone methyltransferase activity, e.g., is a
histone methyltransferase (HMT). Histone methyltransferase activity comprises the transfer
of one, two or three methyl groups to a lysine or arginine residue of a histone protein.
Histone methyltransferase activity can be lysine or arginine-specific. Methylation of the
histone modifies the structure of chromatin, and can allow increased accessibility of DNA
resection and repair machinery. HMTs are subdivided into SET domain-containing and non-

SET domain-containing enzymes. SET domain-containing HMTs include a SET domain, a
115




WO 2017/165826 PCT/US2017/024110

pre-SET domain, and a post-SET domain, where the pre-SET domain and the post-SET
domain flank the SET domain. Non-SET domain-containing HMTs utilize the Dot1 enzyme.
Exemplary histone methyltransferases are provided in Table 9 below and are

described further below.

Table 9. Histone methyltransferases

SEQ
Name Sequence ID
NO:

SETD2 MKQLQPQPPPKMGDFYDPEHP TPEEEENEAK I ENVOKTGF I KGPMFKGVASSRELPKGTK 80
TKVNLEEQGROKVSF SFSLTKKTLONRFLTALGNEKQSDTPNPPAVPLOVDSTPKMKME T
Isoform 1 GDTLSTAEESSPPKSRVELGKIHFKKHLLHVTSRPLLATTTAVASPPTHAAPLPAVIAES
TTVDSPPSSPPPPPPPAQATTLSSPAPVTEPVALPHTP I TVLMAAPVPLPVDVAVRSLKE
PPIITVPESLEADTKODTISNSLEEHVTQILNEQADTSSKXEDSHIGKDEEIPDSSKISL
SCKKTGSKKKSSQSEGIFLGSESDEDSVRTSSSORSHDLKESASIEKERDFKKS SAPLKS
EDLGKPSRSKTDRDDKYFSYSKLERDTRYVSSRCRSERERRRSRSHSRSERGSRTNLSYS
RSERSHYYDSDRRYHRSSPYRERTRY SRPYTDNRARESSDSEEEYKKTY SRRTSSHSSSY
RDLRTSSYSKSDRDCKTETSYLEMERRGKYSSKLERESKRTSENEATKRCCSPPNELGFR
RGSSYSKHDSSASRYKSTLSKP IPKSDKFKNSFCCTELNEEIKQSHSFSLQTPCSKGSEL
RMINKNPEREKAGSPAPSNRLNDSPTLKKLDELP IFKSEF I THDSHDS IXELDSLSKVKN
DOLRSFCPIELNINGSPGAESDLATFCTSKTDAVLMTSDDSVTGSELSPLVKACMLSSNG
FONISRCKEKDLDDTCMLHKKSESPFRETEPLVSPHODKLMSMPVMTVDY SKTVVKEPVD
TRVSCCKTKDSDIYCTLNDSNPSLCNSEAENIEPSVMKISSNSFMNVHLESKPVICDSRN
LTDHSKFACEEYKQSIGSTSSASVNHFDDLYQPIGSSGIASSLOSLPPGIKVDSLTLLKC
GENTSPVLDAVLKSKKSSEFLKHAGKETIVEVGSDLPDSGKGFASRENRRNNGLSGKCLO
EAQEEGNSILPERRGRPEISLDERGEGGHVHTSDDSEVVFSSCDLNLTMEDSDGVTYALK
CDSSGHAPEIVSTVHEDYSGSSESSNDESDSEDTDSDDSS IPRNRLOSVVVVPKNSTLPM
EETSPCSSRSSQSYRHYSDHWEDERLESRRHLYEEKFESIASKACPQTDKFFLHKGTEKN
PEISFTOSSRKQIDNRLPELSHPOSDGVDSTSHTDVKSDPLGHPNSEETVKAKIP SROQE
ELPIYSSDFEDVPNKSWQQTTFONRPDSRLGKTELSFSSSCEIPHVDGLHSSEELRNLGH
DFSQEKPSTTYQQOPDSSYGACGGHKYQQONAEQYGGTRD YWOGNGYWDPRSGRPPGTGVVY
DRTQGOVPDSLTDDREEEENWDQODGSHF SDOSDKFLLSLOKDKGSVOAPEISSNSTKDT
LAVNEKKDF SKNLEKND I KDRGPLKKRRQEIESDSESDGELQODRKKVRVEVEQGETSVPP
GSALVGP SCVMDDFRDPQRWKECAKQGKMPCYFDLIEENVYLTERKKNKSHRD IKRMOCE
CTPLSKDERAQGE IACGEDCLNRLLMIECSSRCPNGDYCSNRRFQRKQHADVEVILTEKK
GWGLRAAKDLPSNTFVLEYCGEVLDHKEFKARVKEYARNKNIHYYFMALKNDEI IDATQK
GNCSRFMNHSCEPNCETQKWIVNGQLRVGFF TTKLVP SGSELTFDYQFQRYGKEAQKCEC
GSANCRGYLGGENRVS IRAAGGKMKKERSRKKD SVDGELEALMENGEGLSDKNQVLSLSR
LMVRIETLEQKLTCLELIQNTHSQSCLKSFLERHGLSLLWIWMAELGDGRESNOKLOEET
TKTLEHLPTPTKNMLEESKVLP T IQRWSOTKTAVPPLSEGDGY SSENTSRAHTPLNTPDP
STKLSTEADTDTPKKLMFRRLKIISENSMDSATSDATSELEGKDGKEDLDOLENVPVEEE
EELQSQQOLLPQQLPECKVDSETNIEASKLPTSEPEADAEIEPKESNGTKLEEP INEETP S
ODEEEGVSDVESERSQEQPDKTVDISDLATKLLDSWKDLKEVYRIPKKSOTEKENTTTER
GRDAVGFRDOTPAPKTPNRSRERDPDKQTONKEKRKRRSSLSPPSSAYERGTKRPDDRYD
TPTSKKKVRIKDRNKLSTEERRKLFEQEVAQREAQKQOOQOOMONLGMTSPLPYDSLGYNAP
HHPFAGYPPGYPMQAYVDP SNPNAGKVLLP TP SMDPVCSPAPYDHAQPLVGHSTEPLSAP
PPVPVVPHVAAPVEVSSSQYVAQSDGVVHODS SVAVLPVPAPGPVQGONY SVWDSNQQSY
SVQOQYSPAQSQATIYYQGQTCPTVYGVTSPYSQTTPP IVQSYAQPSLOYIQGQOIFTAH
PQGVVVOPAAAVTTIVAPGQPQPLOP SEMVVTNNLLDLPPP SPPKPKT IVLPPNWKTARD
PECKIYYYHVITRQTOWDPPTWESPGDDASLEHEAEMDLGTPTYDENPMKASKKPKTAEA
DTSSELAKKSKEVFRKEMSQF IVQCLNPYRKPDCKVGRITTTEDFKHLARKLTHGVMNKE
LKYCKNPEDLECNENVKHKTKEY IKKYMOKF GAVYKPKEDTELE

SETD2 MKQLQPQPPPKMGDFYDPEHPTPEEEENEAK IENVQKTGE IKGPMFKGVAS SRELPKGTK 81
TKVNLEEQGRQKVSF SFSLTKKTLQONRFLTALGNEKQSDTPNPPAVPLOVDSTPKMKME T
Isoform 2 GDTLSTAEESSPPKSRVELGKIHFKKHLLHVTSRPLLATTTAVASPP THAAPLPAVIAES
TTVDSPPSSPPPPPPPAQATTLSSPAPVTEPVALPHTP I TVLMAAPVPLPVDVAVRSLKE
PPIIIVPESLEADTKQODTISNSLEEHVTQILNEQADISSKKEDSHIGKDEEIPDSSKISL
SCKKTGSKKKSSQOSEGIFLGSESDEDSVRTSSSQRSHDLKF SAS IEKERDFKKSSAPLKS
EDLGKP SRSKTDRDDKYFSYSKLERDTRYVSSRCRSERERRRSRSHSRSERGSRTNLSYS
RSERSHYYDSDRRYHRSSPYRERTRYSRPYTDNRARESSDSEEEYKKTYSRRTSSHSSSY
RDLRTSSYSKSDRDCKTETSYLEMERRGKY SSKLERESKRTSENEATKRCCSPPNELGFR
RGSSYSKHDSSASRYKSTLSKP IPKSDKFKNSFCCTELNEE IKQSHSFSLOTPCSKGSEL
RMINKNPEREKAGSPAPSNRLNDSPTLKKLDELP IFKSEFITHDSHDSIKELDSLSKVKN
DOLRSFCPIELNINGSPGAESDLATFCTSKTDAVLMTSDDSVTGSELSPLVKACMLS SNG
FONISRCKEKDLDDTCMLHKKSESPFRETEPLVSPHODKLMSMPVMTVDY SKTVVKEPVD
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TRVSCCKTKDSDIYCTLNDSNPSLCNSEAENIEPSVMKISSNSFMNVHLESKPVICDSRN
LTDHSKFACEEYKQSIGSTSSASVNHFDDLYQPIGSSGIASSLOSLPPGIKVDSLTLLKC
GENTSPVLDAVLKSKKSSEFLKHAGKETIVEVGSDLPDSGKGFASRENRRNNGLSGKCLQ
EAQEEGNSILPERRGRPEISLDERGEGGHVHTSDDSEVVESSCDLNLTMEDSDGVTYALK
CDSSGHAPEIVSTVHEDYSGSSESSNDESDSEDTDSDDSSIPRNRLOSVVVVPKNSTLPM
EETSPCSSRSSQSYRHYSDHWEDERLESRRHLYEEKFESTASKACPQTDKFFLHKGTEKN
PEISFTQSSRKQIDNRLPELSHPQSDGVDSTSHTDVKSDPLGHPNSEETVKAKIPSRQQE
ELPIYSSDFEDVPNKSWOQOTTFONRPDSRLGKTELSFSSSCEIPHVDGLHSSEELRNLGW
DESQEKPSTTYQQPDSSYGACGGHKYQQONAEQYGGTRDYWQGNGYWDPRSGRPPGTGVVY
DRTQGQVPDSLTDDREEEENWDQQODGSHE SDOSDKFLLSLOKDKGSVQAPEISSNSIKDT
LAVNERKKDF SKNLEKNDIKDRGPLKKRRQETIESDSESDGELQDRKKVRVEVEQGETSVPP
GSALVGPSCVMDDFRDPQRWKECAKQGKMPCYFDLIEENVYLTERKKNKSHRD IKRMQCE
CTPLSKDERAQGETACGEDCLNRLLMIECSSRCPNGDYCSNRRFQRKQHADVEVILTEKK
GWGLRAAKDLPSNTFVLEYCGEVLDHKEFKARVKEYARNKNIHYYFMALKNDETIIDATQK
GNCSRFMNHSCEPNCETQKWTVNGQLRVGFFTTKLVPSGSELTFDYQFQRYGKEAQKCEC
GSANCRGYLGGENRVSIRAAGGKMKKERSRKKD S

SETD2 MKQLQPQPPPKMGDFYDPEHP TPEEEENEAK I ENVOKTGF I KGPMFKGVASSRELPKGTK 82
" TKVNLEEQGROKVSF SFSLTKKTLONRFLTALGNEKQSDTPNPPAVPLOVDSTPKMKME T
Isoform 3 GDTLSTAEESSPPKSRVELGKIHFKKHLLHVTSRPLLATTTAVASPPTHAAPLPAVIAES

TTVDSPPSSPPPPPPPAQATTLSSPAPVTEPVALPHTPITVLMAAPVPLPVDVAVRSLKE
PPITIVPESLEADTKQDTISNSLEEHVTQILNEQADISSKKEDSHIGKDEEIPDSSKISL
SCKKTGSKKKSSQSEGIFLGSESDEDSVRTSSSQRSHDLKESASIEKERDFKKSSAPLKS
EDLGKPSRSKTDRDDKYFSYSKLERDTRYVSSRCRSERERRRSRSHSRSERGSRTNLSYS
RSERSHYYDSDRRYHRSSPYRERTRYSRPYTDNRARESSDSEEEYKKTYSRRTSSHSSSY
RDLRTSSYSKSDRDCKTETSYLEMERRGKYSSKLERESKRTSENEATKRCCSPPNELGFR
RGSSYSKHDSSASRYKSTLSKPIPKSDKFKNSFCCTELNEETIKQSHSEFSLOTPCSKGSEL
RMINKNPEREKAGSPAPSNRLNDSPTLKKLDELPIFKSEFITHDSHDSIKELD SLSKVKN
DQLRSFCPIELNINGSPGAESDLATFCTSKTDAVLMTSDDSVTGSELSPLVKACMLSSNG
FONISRCKEKDLDDTCMLHKKSESPFRETEPLVSPHQDKIMSMPVMTVDY SKTVVKEPVD
TRVSCCKTKDSDIYCTLNDSNPSLCNSEAENIEPSVMKISSNSFMNVHLESKPVICDSRN
LTDHSKFACEEYKQSIGSTSSASVNHFDDLYQPIGSSGIASSLOSLPPGIKVDSLTLLKC
GENTSPVLDAVLKSKKSSEFLKHAGKETIVEVGSDLPDSGKGFASRENRRNNGLSGKCLQ
EAQEEGNSILPERRGRPEISLDERGEGGHVHTSDDSEVVESSCDLNLTMEDSDGVTYALK
CDSSGHAPEIVSTVHEDYSGSSESSNDESDSEDTDSDDSSIPRNRLOSVVVVPKNSTLPM
EETSPCSSRSSQSYRHYSDHWEDERLESRRHLYEEKFESTASKACPQTDKFFLHKGTEKN
PEISFTQSSRKQIDNRLPELSHPQSDGVDSTSHTDVKSDPLGHPNSEETVKAKIPSRQQE
ELPIYSSDFEDVPNKSWOQOTTFONRPDSRLGKTELSFSSSCEIPHVDGLHSSEELRNLGW
DESQEKPSTTYQQPDSSYGACGGHKYQQONAEQYGGTRDYWQGNGYWDPRSGRPPGTGVVY
DRTQGQVPDSLTDDREEEENWDQQODGSHE SDOSDKFLLSLOKDKGSVQAPEISSNSIKDT
LAVNERKKDF SKNLEKNDIKDRGPLKKRRQETIESDSESDGELQDRKKVRVEVEQGETSVPP
GSALVGPSCVMDDFRDPQRWKECAKQGKMPCYFDLIEENVYLTERKKNKSHRD IKRMQCE
CTPLSKDERAQGETACGEDCLNRLLMIECSSRCPNGDYCSNRRFQRKQHADVEVILTEKK

GWGLRAAKDLPS

LEDGF MTRDFKPGDL IFAKMKGYPHWPARVDEVPDGAVKPP TNKLP IFFFGTHETAFLGPKDIFP 83
f 1 YSENKEKYGXPNKRKGFNEGLWE IDNNPKVKF SSQQAATKOSNASSDVEVEEKETSVSKE

Isoform DTDHEEKASNEDVTKAVD ITTPKAARRGRKRKAEKQVETEEAGVVTTATASVNLKVSPKR

GRPAATEVKIPKPRGRPKMVKQPCPSESDIITEEDKSKKKGQEEKQPKKQPKKDEEGQKE
EDKPRKEPDKKEGKKEVESKRKNLAKTGVTSTSDSEEEGDDQEGEKKRKGGRNFQTAHRR
NMLKGOQHEKEAADRKRKQEEQMETEHQTTCNLQ

CCDS

6480.1

LEDGF MTRDFKPGDL IFAKMKGYPHWPARVDEVPDGAVKPP TNKLP IFFFGTHETAFLGPKDIFP 84
YSENKEKYGXPNKRKGFNEGLWE IDNNPKVKF SSQQAATKOSNASSDVEVEEKETSVSKE

Isoform 2 DTDHEEKASNEDVTKAVD ITTPKAARRGRKRKAEKQVETEEAGVVTTATASVNLKVSPKR

CCDS GRPAATEVKIPKPRGRPKMVKQPCPSESDIITEEDK SKKKGOEEKQPKKQPKKDEEGOKE

6479 1 EDKPRKEPDKKEGKKEVESKRKNLAKTGVTSTSDSEEECDDOECEKKRKGGRNFQTAHRR
NMLXGOHEKEAADRKRKQOEEQME TEQONKDEGKKPEVKKVEKKRETSMD SRLORTHAE TK
NSLKIDNLDVNRCIEALDELASLQVTMOQAQKHTEMITTLKKIRRFKVSQVIMEKSTMLY
NKFXNMFLVGEGDSVITOVLNKSLAEQRQHEEANK TKDOCKKGPNKKLEKEQTGSKTLNG
GSDAQDGNQP OHNGE SNEDSKDNHEASTKKKP SSEERETETSLKDSTLDN

EZH?2 MGOTGKKSEKGPVCWRKRVKSE YMRLROLKRFRRADEVKSME SSNROKI LERTE I LNQEWKORRIQPVHI 35
LTSVSSLRGTRECSVTSDLDFPTQVIPLKTLNAVASVP IMYSWSPLOONFMVEDETVLHNIPYMGDEVLD

Isoform 1 QDGTF IEELIKNYDGKVHGDRECGF INDE IFVELVNALGQYNDDDDDDDGDDPEEREEKQKDLEDHRDDK
ESRPPRKFPSDKIFEAISSMFPDKGTAEELKEKYKELTEQQLPGALPPECTPNIDGPNAKSVOREQSLHS
FHTLFCRRCFKYDCFLHRKCNYSFHATPNTYKRKNTETALDNKPCGPQCYQHLEGAKEFAAALTAERIKT

CCDS PPKRPGGRRRGRLPNNSSRPSTPTINVLESKDTDSDREAGTE TGGENNDKEEEEKKDETSSSSEANSRCO

5891 1 TP IKMKPNIEPPENVEWSGAEASMFRVLIGTYYDNFCAIARLIGTKTCRQVYEFRVKESST IAPAPAEDV

. DTPPRKKKRKHRLWAAHCRKIQLKKDGSSNHVYNYQPCDHPRQPCDSSCPCVIAQNF CEKFCQCS SECON

REFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWDSKNVSCKNCSIQRGSKKHLLLAP SDVAGWG
IFIKDPVQKNEFISEYCGEIISQDEADRRGKVYDKYMCSFLENLNNDEFVVDATRKGNKIRFANHSVNPNC
YAKVMMYVNGDHRIGIFAKRAIQTGEELFFDYRYSQADALKYVGIEREMETIP
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EZH?2 MGQTGKKSEKGPVCWRKRVKSEYMRLROQLKRFRRADEVKSME SSNROQKILERTEILNQEWKQRRIQPVHT 86
LTSVSSLRGTREVEDETVLHNIPYMGDEVLDQDGTF IEELIKNYDGKVHGDRECGF INDETIFVELVNALG
Isoform 2 QYNDDDDDDDGDDPEEREEKQKDLEDHRDDKESRPPRKFPSDKIFEATISSMEPDKGTAEELKEKYKELTE

QQLPGALPPECTPNIDGPNAKSVOREQSLHSFHTLEFCRRCFKYDCFLHPFHATPNTYKRKNTETALDNKP
CGPQCYQHLEGAKEFAAATLTAERIKTPPKRPGGRRRGRLPNNSSRPSTPTINVLESKDTDSDREAGTETG
CCDS GENNDKEEEEKKDETSSSSEANSRCQTPIKMKPNIEPPENVEWSGAEASMFRVLIGTYYDNFCATARLIG

TKTCRQVYEFRVKESSITAPAPAEDVDTPPRKKKRKHRLWAAHCRKIQLKKDGSSNHVYNYQPCDHPRQP
5892.1 CDSSCPCVIAQNFCEKFCQCSSECONRFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWD SKNV
SCKNCSIQRGSKKHLLLAPSDVAGWGIFIKDPVQKNEFISEYCGEIISQDEADRRGKVYDKYMCSFLENL
NNDFVVDATRKGNKIRFANHSVNPNCYAKVMMVNGDHRIGIFAKRAIQTGEELFFDYRYSQADALKYVGT

EREMEIP
EZH?2 MGQTGKKSEKGPVCWRKRVKSEYMRLROQLKRFRRADEVKSME SSNROQKILERTEILNQEWKQRRIQPVHT 87
LTSCSVTSDLDFPTQVIPLKTLNAVASVPIMYSWSPLOONFMVEDETVLHNIPYMGDEVLDODGTFIEEL
Isoform 3 IKNYDGKVHGDRECGFINDEIFVELVNALGQYNDDDDDDDGDDPEEREEKQKDLEDHRDDKESRPPRKEP

SDKIFEAISSMFPDKGTAEELKEKYKELTEQQLPGALPPECTPNIDGPNAKSVQREQSLHSFHTLEFCRRC
FRYDCFLHPFHATPNTYKRKNTETALDNKPCGPQCYQHLEGAKEFAAATL TAERTIKTPPKRPGGRRRGRLP
CCDS NNSSRPSTPTINVLESKDTDSDREAGTETGGENNDKEEEEKKDETSSSSEANSRCQTPIKMKPNIEPPEN
VEWSGAEASMFRVLIGTYYDNFCATARLIGTKTCRQVYEFRVKESSITAPAPAEDVDTPPRKKKRKHRLW
565138.1 AAHCRKIQLKKDGSSNHVYNYQPCDHPRQPCDSSCPCVIAQNFCERKFCQCSSECONRFPGCRCKAQCNTK
QCPCYLAVRECDPDLCLTCGAADHWDSKNVSCKNCSIQRGSKKHLLLAPSDVAGWGIFIKDPVQKNEFTIS
EYCGEIISQDEADRRGKVYDKYMCSFLENLNNDFVVDATRKGNKIRFANHSVNPNCYAKVMMVNGDHRIG
IFARKRAIQTGEELFFDYRYSQADALKYVGIEREMETIP

EZH?2 MGQTGKKSEKGPVCWRKRVKSEYMRLROQLKRFRRADEVKSME SSNROQKILERTEILNQEWKQRRIQPVHT 88
LTSCSVTSDLDFPTQVIPLKTLNAVASVPIMYSWSPLOONFMVEDETVLHNIPYMGDEVLDODGTFIEEL
Isoform 4 IKNYDGKVHGDRECGFINDEIFVELVNALGQYNDDDDDDDGDDPEEREEKQKDLEDHRDDKESRPPRKEP
SDKIFEAISSMFPDKGTAEELKEKYKELTEQQLPGALPPECTPNIDGPNAKSVQREQSLHSFHTLEFCRRC
CCDS FRYDCFLHPFHATPNTYKRKNTETALDNKPCGPQCYQHLEGAKEFAAATL TAERTIKTPPKRPGGRRRGRLP
NNSSRPSTPTINVLESKDTDSDREAGTETGGENNDKEEEEKKDETSSSSEANSRCQTPIKMKPNIEPPEN
56517.1 VEWSGAEASMFRVLIGTYYDNFCATARLIGTKTCRQVYEFRVKESSITAPAPAEDVDTPPRKKKRKHRLW

AAHCRKIQLKKGONRFPGCRCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWDSKNVSCKNCSIQRGSK
KHLLLAPSDVAGWGIFIKDPVQOKNEFISEYCGEIISQDEADRRGKVYDKYMCSFLENLNNDEVVDATRKG
NKIRFANHSVNPNCYARKVMMVNGDHRIGIFAKRAIQTGEELFFDYRYSQADALKYVGIEREMEIP

EZH?2 MGQTGKKSEKGPVCWRKRVKSEYMRLROQLKRFRRADEVKSME SSNROQKILERTEILNQEWKQRRIQPVHT 89
LTSVSSLRGTRECSVTSDLDFPTQVIPLKTLNAVASVPIMYSWSPLOONFMVEDETVLHNIPYMGDEVLD
Isoform 5 QODGTFIEELIKNYDGKVHGDRECGFINDEIFVELVNALGQYNDDDDDDDGDDPEEREEKQKDLEDHRDDK
ESRPPRKFPSDKIFEAISSMFPDKGTAEELKERKYKELTEQQLPGALPPECTPNIDGPNAKSVQREQSTLHS
CCDS FHTLFCRRCFKYDCFLHPFHATPNTYKRKNTETALDNKPCGPQCYQHLEGAKEFAAATLTAERIKTPPKRP
GGRRRGRLPNNSSRPSTPTINVLESKDTDSDREAGTETGGENNDKEEEEKKDETSSSSEANSRCQTPIKM
56516.1 KPNIEPPENVEWSGAEASMFRVLIGTYYDNFCATARLIGTKTCRQVYEFRVKESSITAPAPAEDVDTPPR

KKKRKHRLWAAHCRKIQLKKDGSSNHVYNYQPCDHPRQPCDSSCPCVIAQNFCEKFCQCSSECONREFPGC
RCKAQCNTKQCPCYLAVRECDPDLCLTCGAADHWD SKNVSCKNCSIQRGSKKHLLLAP SDVAGWGIF IKD
PVOKNEFISEYCGEIISQDEADRRGKVYDKYMCSFLENLNNDFVVDATRKGNKIRFANHSVNPNCYAKVM
MVNGDHRIGIFARKRAIQTGEELFFDYRYSQADALKYVGIEREMEIP

SET domain containing 2 (SETD2) has histone methyltransferase activity and
methylates dimethylated lysine at amino acid position 36 on histone H3, to generate tri-
methylated H3K36. SETD?2 increases resection by promoting the recruitment of CtIP (see,
e.g., Pfister et al. (2014) CELL REP. 7(6): 2006-18). Use of a SETD2 RMEM in combination
with an RN A-guided nuclease, e.g., Cas9 molecule, in the methods as described herein can
increase or decrease one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ,
MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level
of resection or repair seen with an RNA-guided nuclease, e.g., Cas9 molecule, in the absence
of increased expression of an endogenous SIRT6 RMEM and/or overexpression of a
heterologous SIRT6 RMEM. Candidate SETD2 RMEMs can be evaluated for c-NHEJ, alt-
NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and

SSA) by using any of the functional assays described herein.
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Lens epithelium-derived growth factor (LEDGF, also known as PC4 and SFRS1
interacting protein 1(PSIP1)) is a downstream player of SETD?2 and is recruited upon
trimethylation at H3K36 (see, e.g., Pfister er al. (2014)). Use of a LEDGF RMEM in
combination with an RNA-guided nuclease, e.g., Cas9 molecule, in the methods as described
herein can increase or decrease one or more of the following: c-NHEJ, alt-NHEJ (including
blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as compared
to the level of resection or repair seen with an RNA-guided nuclease, e.g., Cas9 molecule, in
the absence of increased expression of an endogenous LEDGF RMEM and/or overexpression
of a heterologous LEDGF RMEM. Candidate LEDGF RMEMs can be evaluated for c-
NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR,
HR, and SSA) by using any of the functional assays described herein.

Enhancer of zeste homolog 2 (EZH2) is a H3K27 histone methyltransferase and a
member of the Polycomb-group (PcG) family. EZH?2 is recruited to the site of DNA damage
and has a role in DNA damage repair (Chou et al. (2010) Proc. Nat’l. Acad. Sci. USA
107(43): 18475-80). Use of a EZH2 RMEM in combination with an RNA-guided nuclease,
e.g., Cas9 molecule, in the methods as described herein can increase or decrease one or more
of the following: c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR
(including alt-HR, HR, and SSA) as compared to the level of resection or repair seen with an
RNA-guided nuclease, e.g., Cas9 molecule, in the absence of increased expression of an
endogenous EZH2 RMEM and/or overexpression of a heterologous EZH2 RMEM.
Candidate EZH2 RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ,
MME]J, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein.

In another embodiment, the RMEM having histone methylation activity is not

SETD2. In another embodiment, the RMEM does not have histone methylation activity.

Chromatin Remodeling Enzymes

In one embodiment, a RMEM comprises chromatin remodeling activity, e.g., is a
chromatin remodeling enzyme. Chromatin remodeling activity includes altering the structure
of chromatin, such as relaxing the chromatin, thereby allowing accessibility of DNA
resection and repair machinery. In one embodiment, the chromatin remodeling activity of a
RMEM comprises one or more of helicase activity, histone acetyltransferase activity, histone

deacetylase activity, or histone methyltransferase activity.
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Exemplary chromatin remodeling enzymes are provided in Table 10 below and are

described further below.

Table 10. Chromatin remodeling enzymes

SEQ
Name Sequence ID
NO:

INOS&O MASELGARDDGGCTELAKPLYLQYLERALRLDHFLRQTSAIFNRNISSDDSEDGLDDSNP 90
LLPQSGDPLIQVKEEPPNSLLGETSGAGSSGMLNTY SLNGVLQSESKCDKGNLYNF SKLK
KSRKWLKSILLSDESSEADSQSEDDDEEELNLSREELHNMLRLHKYKKLHQNKY SKDKEL
CCDS 10071. QOYQYYSAGLLSTYDPFYEQQRHLLGPKKKKFKEEKKLKAKLKKVKKKRRRDEELSSEES
PRRHHHQTKVFAKFSHDAPPPGTKKKHLS IEQLNARRRKVWLS IVKKELPKANKQKASAR
NLFLTNSRKLAHQCMKEVRRAALQAQKNCKETLPRARRLTKEMLLYWKKYEKVEKEHRKR
AEKFEALEQRKLDEEMREAKRQORKLNFLITQTELYAHFMSRKRDMGHDGIQEETLRKLED
SSTQRQIDIGGGVVVNITQEDYDSNHFKAQALKNAENAYHIHOARTRSFDEDAKESRAAR
LRAANKSGTGFGESYSLANP SIRAGED IPQPTIFNGKLKGYQLKGMNWLANLYEQGINGI
LADEMGLGKTVQSIALLAHLAERENTIWGPFLI I SPASTLNNWHQEF TREVEKFKVLE YWG
NPHDRKVIRREWSQKTLYTQDAPFHVVITSYQLVVQDVKYFQRVKWQYMVLDEAQALKSS
SSVRWKILLQFQCRNRLLLTGTP IQNTMAELWALLHF IMPTLFDSHEEFNEWFSKDIESH
AENKSAIDENQLSRLHMILKPFMLRRIKKDVENELSDKIEILMYCQLTSRQKLLYQALKN
KISIEDLLQSSMGSTQQAQNTTSSLMNLVMQFRKVCNHPELFERQETWSPFHISLKPYHT
SKFIYRHGQIRVFNHSRDRWLRVLSPFAPDYIQRSLFHRKGINEESCFSFLRFIDISPAR
MANLMLQGLLARWLALFLSLKASYRLHQLRSWGAPEGESHQRYLRNKDFLLGVNEFPLSFP
NLCSCPLLKSLVFSSHCKAVSGYSDQVVHQRRSATSSLRRCLLTELP SFLCVASPRVTAY
PLDSYCNDRSAEYERRVLKEGGSLAAKQCLLNGAPELAADWLNRRSQFFPEPAGGLWSIR
PONGWSFIRIPGKESLITDSGKLYALDVLLTRLKSQGHRVLIYSQMTRMIDLLEEYMVYR
KHTYMRLDGSSKISERRDMVADFQNRND IFVFLLSTRAGGLGINLTAADTVIFYDSDWNP
TVDQOAMDRAHRLGQTKQVTVYRLICKGTIEERILQRAKEKSEIQRMV I SGGNFKPDTLK
PKEVVSLLLDDEELEKKLRLRQEEKRQQEETNRVKERKRKREKYAEKKKKEDELDGKRRK
EGVNLVIPFVPSADNSNLSADGDDSFISVDSAMPSPFSEISISSELHTGSIPLDESSSDM
LVIVDDPASSAPQSRATNSPASITGSVSDTVNGISIQEMPAAGRGHSARSRGRPKGSGST
AKGAGKGRSRKSTAGSAAAMAGAKAGAAAASAAAYAAYGYNVSKGISASSPLQTSLVRPA
GLADFGPSSASSPLSSPLSKGNNVPGNPKNLHMTSSLAPDSLVRKQGKGTNP SGGR

SRCAP MQSSPSPAHPQLPVLQTOMVSDGMTGSNPVSPASSSSPASSCAGGT SPOHTAQDSSLDGP 91
PGPPDGATVPLEGFSLSQAADLANKCPKWEKSHAE TAEQAKHEAE TETRTAELRKEGEWS
LKRLPKVPEPPRPKGHWDYLCEEMOWLSADFAQERRWKRGVARKVVRMVIRHHEEQROKE
CCDS 10689.2 ERARREEQAKLRRIASTMAKDVRQFWSNVEKVVQOFKQQSRLEEKRKKALDLHLDF IVGQT
EKYSDLLSQSLNOPLTSSKAGSSPCLGSSSAASSPPPPASRLDDEDGDFQPQEDEEEDDE
ETTEVEEQQEGNDAFAQRRETETLLRREGELPLEELLRSLPPQLLEGPSSPSQTPSSHDSD
TRDGPEEGAEEEPPQVLE TXKPPPSAVTORNKQPWHPDEDDEEF TANEEEAEDEEDT TAAE
FEQLEGEVDHAMELSELAREGELSMEELLOQYAGAYAPGSGSSEDEDEDEVDANS SDCEPE
GPVEAEEPPQEDSSSQSDSVEDRSEDEEDEHSEEEETSGSSASEESESEESEDAQSQSQA
DEEEEDDDFGVEYLLARDEEQSEADAGSGPPTPGPTTLGPKKE ITD TAAAAESTOPKGYT
LATTQVKTP TPLLLRGOLREYQHTGLDWLVTMYEKKLNGTLADEMGLGKTTQTTSLLAHT,
ACEKGNWGPHLIIVPTSVMLNWEMELKRWCP SFKILTYYCAQKERKLKROGWTKPNAF HV
CITSYKLVLODHOAFRRKNWRYLILDEAQNTKNFKSQRWQSLLNFNSQORRLLLTGTPLON
SIMELWSTMHF LMPHVFQSHREFKEWF SNPT, TGMTEGSQE YNEGLVKRLHKVLRPFLLRR
VKVDVEKQMPKXYEHVIRCRLSKRQRCLYDDFMAQTTTKETLATGHFMSVINI LMOLRKV
CNHPNLFDPRPVTSPFITPGICFSTASLVLRATDVHPLORIDMGRFDLIGLEGRVSRYEA
DTFILPRHRLSRRVLLEVATAPDPPPRPKPVKMKVNRMLOPVPKQEGRTVVVVNNPRAPLG
PVPVRPPPGPELSAQPTPGPVPQVLPASTMVSASPAGPPTTPASRPPGPVLLPPL.OPNSG
SLPQVLPSPLGVLSGTSRPPTPTLSLKPTPPAPVRLSPAPPPGSSSLLKPLTVPPGYTFP
PAAATTTSTTTATATTTAVPAPTPAPORLITLSPDMOARLPSCEVVSTGOLASLAQRPVAN
AGGSKPLTFQIQGNKL TLTGAQVROLAVGOPRPLORNVVHLVSAGGOHHL T SQPAHVAL T
QAVAPTPGPTPVSVLPSSTPSTTPAPTCLSTLPLAANQVPP TMVNNTCVVK I VVRQAPRDG
LTPVPPLAPAPRPPSSCLPAVINPRPTLTPGRLPTPTLGTARAPMP TP TIVRPTLKLVHS
PSPEVSASAPGAAPLTTSSPLHVPSSLPGPASSPMP TPNSSPLASPVSSTVSVPLSSSLP
TSVPTTLPAPASAPLTIPISAPLTVSASGPALLTSVTPPLAPVVPAAPGPPSTAPSGASP
SASALTLGLATAPSLSSSQOTPGHPLLLAPTSSHVPGLNSTVAPACSPVLVPASALASPFP
SAPNPAPAQASLLAPASSASQATATPTAPMAAPQTATLAP SPAPPTAPLPVLAP SPGAAP
VLASSQTPVPVMAPSSTPGTSLASASPVPAPTPVLAPSSTQTMLPAPVP SPLPSPASTOT
LALAPATAPTLGGSSPSOTLSLGTGNPQCPFPTQTLSL TPASSTVPTPAQTLSTAPCPPL,
GPTOTLSLAPAPPLAPASPVGPAPAHTLTLAPASSSASLLAPASVOTLTLSPAPVPTLGP
AAAQTIALAPASTQSPASQASSLVVSASGAAPTPVTMVSRLPVSKDEPDTLTLRSGPPSP
PSTATSFGGPRPRROPPPPPRSPFYLDSLEEKRKRORSERLERTFQLSEAHCATAPVYGT
EVLDFCTLPOPVASPIGPRSPGPSHPTFWTYTEAAHRAVLFPQORLDOLSET IERFIFVM
PPVEAPPPSLHACHPPPWLAPRQAAFOEQLASELWPRARPLHRIVCNMRTQFPDLRLIOQY
DCGXLOTLAVLLRQLKAEGHRVLIFTOMTRMLDVLEQFLTYHGHLYLRLDGSTRVEQROA
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LMERFNADKRIFCFILSTRSGGVGVNLTGADTVVEYDSDWNP TMDAQAQDRCHRIGQTRD
VHIYRLISERTVEENILKKANQKRMLGDMATIEGGNFTTAYFKQOTIRELFDMPLEEPSSS
SVPSAPEEEEETVASKQTHILEQALCRAEDEEDIRAATQAKAEQVAELAEFNENDGEPAG
EGEEAGRPGAEDEEMSRAEQETIAAIVEQLTPIERYAMKFLEASLEEVSREELKQAEEQVE
AARKDLDQAKEEVFRLPQEEEEGPGAGDESSCGTGGGTHRRSKKAKAPERPGTRVSERLR
GARAETQGANHTPVISAHQTRSTTTPPRCSPARERVPRPAPRPRPTPASAPAATPALVPV
PVSAPVPISAPNPITILPVHILPSPPPPSQIPPCSSPACTPPPACTPPPAHTPPPAQTCL
VTPSSPLLLGPPSVPISASVTNLPLGLRPEAELCAQALASPESLELASVASSETSSLSLV
PPKDLLPVAVEILPVSEKNLSLTPSAPSLTLEAGSIPNGQEQEAPDSAEGTTLTVLPEGE
ELPLCVSESNGLELPPSAASDEPLQEPLEADRTSEELTEAKTPTSSPEKPQELVTAEVAA
PSTSSSATSSPEGPSPARPPRRRTSADVEIRGQGTGRPGQPPGPKVLRKLPGRLVTVVEE
KELVRRRRQQRGAASTLVPGVSETSASPGSPSVRSMSGPESSPPIGGPCEAAPSSSLPTP
POOPFIARRHIELGVTGGGSPENGDGALLATITPPAVKRRRGRPPKKNRSPADAGRGVDEA
PSSTLKGKTNGADPVPGPETLIVADPVLEPQLIPGPQPLGPQPVHRPNPLLSPVEKRRRG
RPPKARDLPIPGTISSAGDGNSESRTQPPPHPSPLTPLPPLLVCPTATVANTVTTVTIST
SPPKRKRGRPPKNPPSPRPSQLPVLDRDSTSVLESCGLGRRROPQGQGESEGSSSDEDGS
RPLTRLARLRLEAEGMRGRKSGGSMVVAVIQDDLDLADSGPGGLELTPPVVSLTPKLRST
RLRPGSLVPPLETEKLPRKRAGAPVGGSPGLAKRGRLOPPSPLGPEGSVEESEAEASGEE
EEGDGTPRRRPGPRRLVGTTNQGDQRILRSSAPPSLAGPAVSHRGRKAKT

qu}{rrl/plg MVEKKTSVRSQODPGORRVLDRAARQRRINRQLEALENDNFQDDPHAGLPQLGKRLPQFDD 92
DADTGKKKKKTRGDHFKLRFRKNFQALLEEQNLSVAEGPNYLTACAGPPSRPQRPFCAVC
GEFPSPYTCVSCGARYCTVRCLGTHQETRCLKWTV

CCDS 5716.1

IONOS8O complex (INO8O) has chromatin remodeling activity in relaxing the
chromatin, eviction of nucleosomes. The INO8O complex subunit is the catalytic subunit that
has chromatin relaxing activity, and has helicase activity (see, e.g., Van Attikum et al. (2004)
CELL 119(6): 777-88; Conaway and Conaway (2009) TRENDS BIOCHEM. SCI. 34(2): 71-7).
Use of a INO80O RMEM in combination with an RNA-guided nuclease, e.g., Cas9 molecule,
in the methods as described herein can increase or decrease one or more of the following: c-
NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR,
HR, and SSA) as compared to the level of resection or repair seen with an RNA-guided
nuclease, e.g., Cas9 molecule, in the absence of increased expression of an endogenous
INO80O RMEM and/or overexpression of a heterologous INO80 RMEM. Candidate INOSO
RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-
MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the functional assays
described herein.

Snf2-related CREBBP activator complex (SRCAP or SWR1) has chromatin
remodeling activity in relaxing the chromatin, and plays a role in transcriptional regulation
and DNA repair and replication. The complex is recruited at double strand breaks and
promotes resection and HDR. The complex interacts with CtIP. Snf2-related CREBBP
activator protein is the catalytic subunit of the SRCAP complex and can have helicase
activity (see, e.g., Dong et al. (2014) CURR. BIOL. 24(18): 2097-110; Gerhold and Gasser
(2014) TRENDS CELL BIOL. 24(11): 619-31). Use of a SRCAP RMEM in combination with

an RNA-guided nuclease, e.g., Cas9 molecule, in the methods as described herein can
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increase or decrease one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ,
MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level
of resection or repair seen with a Cas9 molecule in the absence of increased expression of an
endogenous SRCAP RMEM and/or overexpression of a heterologous SRCAP RMEM.
Candidate SRCAP RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ,
MME]J, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein.

Zinc finger, HIT type containing 1 (ZNHIT1/p18) plays a role in chromatin
remodeling and relaxes chromatin (see, e.g., Dong et al. (2014); Gerhold and Gasser (2014)).
Use of a ZNHIT1 RMEM in combination with an RNA-guided nuclease, e.g., Cas9 molecule,
in the methods as described herein can increase or decrease one or more of the following: c-
NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR,
HR, and SSA) as compared to the level of resection or repair seen with an RNA-guided
nuclease, e.g., Cas9 molecule, in the absence of increased expression of an endogenous
ZNHIT1 RMEM and/or overexpression of a heterologous ZNHIT1 RMEM. Candidate
ZNHIT1 RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and
SD-MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the functional
assays described herein.

In another embodiment, the chromatin remodeling protein is not INO80. In another

embodiment, the RMEM is not a chromatin remodeling protein.

Histone Chaperones

In one embodiment, a RMEM comprises chaperone activity for a chromatin-related
protein, e.g., is a histone chaperone. Histone chaperone activity includes altering the
structure of chromatin or facilitating the assembly of chromatin-associated complexes, and
modulates the accessibility of DNA resection and repair machinery.

Exemplary histone chaperones are provided in Table 11 below and are described

further below.
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Table 11. Histone Chaperone

SEQ
Name Sequence ID
NO:
anpl MADIDNKEQSELDQDIDDVEEVEEEETGEETKLKARQLTVOMMONPQILAATQERILDGLYV 93

ETPTGYIESLPRVVKRRVNALKNLQVKCAQIEAKFYEEVHDLERKYAVLYQPLFDKRFET
INAIYEPTEEECEWKPDEEDEISEELKEKAKIEDEKKDEEKEDPKGIPEFWLTVFKNVDL
CCDS 9013.1 LSDMVQEHDEPILKHLKDIKVKEF SDAGOPMSFVLEFHFEPNEYFTNEVLTKTYRMRSEPD
DSDPFSFDGPEIMGCTGCQIDWKKGKNVTLKT IKKKQKHKGRGTVRTVTKTVSNDSFFNF
FAPPEVPESGDLDDDAEATILAADFEIGHFLRERIIPRSVLYFTGEATIEDDDDDYDEEGEE
ADEEGEEEGDEENDPDYDPKKDQONPAECKQQ

Nucleosome assembly protein 1 (Napl) has histone chaperone activity and promotes
nucleosome assembly. Napl is recruited at sites of DNA damage and plays a role in HDR.
Specifically, Napl recruits RAD54 and RAD 51 (Machida ef al. (2014) SCI. REP. 4: 4863).
Use of a Napl RMEM in combination with an RNA-guided nuclease, e.g., Cas9 molecule, in
the methods as described herein can increase HDR as compared to the level of repair seen
with an RNA-guided nuclease, e.g., Cas9 molecule, in the absence of increased expression of
an endogenous Napl RMEM and/or overexpression of a heterologous Napl RMEM.
Candidate Napl RMEMs can be evaluated for HDR by using a functional assays described
herein.

In another embodiment, the RMEM is not a histone chaperone.

Nucleic Acid Binding Proteins

In some embodiments, the RMEM is a nucleic acid binding protein. In one
embodiment, the nucleic acid protein is HNRNPA1, UP1 Filament of HNRNPA1, NABP2
(SSB1) or NABP1 (SSB2). Exemplary nucleic acid binding proteins are provided in Table 12

and are further described below.

Table 12. Nucleic Acid Binding Proteins

SEQ
Name Sequence ID
NO:
HNRNPA >gi|4504445|ref |NP_002127.1| heterogeneous nuclear 94

1 ribonucleoprotein Al isoform a [Homo sapiens]
MSKSESPKRKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRSRGEFGEVTYA
TVEEVDAAMNARPHKVDGRVVEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEEHHLRDYFE
QYGKIEVIEIMTDRGSGKKRGFAFVTEFDDHDSVDKIVIQKYHTVNGHNCEVRKALSKQEMASA
SSSQRGRSGSGNFGGGRGGGFGGNDNFGRGGNF SGRGGFGGSRGGGGYGGSGDGYNGFGNDGS
NEGGGGSYNDFGNYNNQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGYGGSSSSSSYG
SGRRF

>gi|14043070|ref|NP_112420.1| heterogeneous nuclear
ribonucleoprotein Al isoform b [Homo sapiens]
MSKSESPKRKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRSRGEFGEVTYA
TVEEVDAAMNARPHKVDGRVVEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEEHHLRDYFE
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QYGKIEVIEIMTDRGSGKKRGFAFVTFDDHDSVDKIVIQKYHTVNGHNCEVRKALSKQEMASA
SSSQRGRSGSCGNFGGGRGGGF GGNDNEF GRGGNE SGRGGF GGSRGGGGYGGSGDGYNGF GNDGG
YGGGGPGYSGGSRGYGSGGQGYGNQGSGYGGSGSYDSYNNGGGGGFGGGSGSNEFGGGGSYNDE
GNYNNQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGYGGSSSSSSYGSGRRE

UP1 KSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRSRGFGFVTYATV 95

Filament EEVDAAMNARPHKVDGRVVEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEEHHLRDYFEQY

£ GKIEVIEIMTDRGSGKKRGFAFVTFDDHDSVDKIVIQKYHTVNGHNCEVRKALSKQ

(o)

HNRNPA

1

NABP2 MFRRPVLQVLROQFVRHESETTTSLVLERSLNRVHLLGRVGQODPVLRQVEGKNPVTIFSLATNE 96

(SSBI) MWRSGDSEVYQLGDVSQKTTWHRISVEFRPGLRDVAYQYVKKGSRIYLEGKIDYGEYMDKNNVR
ROATTITIADNIIFLSDQOTKEKE
MTTETEVKDIKPGLKNLNLIFIVLETGRVTKTKDGHEVRTCKVADKTGSINISVWDDVGNLIQ
PGDIIRLTKGYASVFKGCLTLYTGRGGDLOKIGEFCMVYSEVPNFSEPNPEYSTQQAPNKAVQ
NDSNPSASQPTTGPSAASPASENQNGNGLSAPPGPGGGPHPPHTPSHPPSTRITRSQPNHTPA
GPPGPSSNPVSNGKETRRSSKR

NABP1 MNRVNDPLIFIRDIKPGLKNLNVVEFIVLEIGRVTKTKDGHEVRSCKVADKTGSITISVWDEIG 97

(SSB2) GLIQPGDIIRLTRGYASMWKGCLTLYTGRGGELQKIGEFCMVYSEVPNFSEPNPDYRGQONKG
AQSEQKNNSMNSNMGTGTFGPVGNGVHTGPESREHQF SHAGRSNGRGLINPQLQGTASNQTVM
TTISNGRDPRRAFKR
MWKGCLTLYTGRGGELQKIGEFCMVYSEVPNFSEPNPDYRGQONKGAQSEQKNNSMNSNMGTG
TEGPVGNGVHTGPESREHQF SHAGRSNGRGLINPQLOGTASNQTVMTTI SNGRDPRRAFKR

RNA/DNA Hybrid Processing Factors

In one embodiment, a RMEM comprises RNA/DNA hybrid Processing activity, e.g.,
is an RNA/DNA hybrid processing factors. RNA/DNA processing activity includes
processing of DNA/RNA interactions as they occur during gRNA/DNA interactions. The
activity of RNA/DNA processing factors might facilitate or inhibit a repair pathway, activity
or outcome.

Exemplary RNA/DNA hybrid processing factors are provided and described further
below.

Provided below is an amino acid sequence for RNAse H1 CCDS 1647.1.
MSWLLFLAHRVALAALPCRRGSRGFGMFYAVRRGRKTGVFLTWNECRAQVDRFPA
ARFKKFATEDEAWAFVRKSASPEVSEGHENQHGQESEAKASKRLREPLDGDGHESA
EPYAKHMKPSVEPAPPVSRDTESYMGDFVVVYTDGCCSSNGRRRPRAGIGVYWGPG
HPLNVGIRLPGRQTNQRAEIHAACKAIEQAKTQNINKLVLYTDSMFTINGITNWVQG
WKKNGWKTSAGKEVINKEDFVALERLTQGMDIQWMHVPGHSGFIGNEEADRLARE
GAKQSED
(SEQ ID NO: 98)

Provided below is an amino acid sequence for RNAse H2 subunit A CCDS 12282.1.
MDLSELERDNTGRCRLSSPVPAVCRKEPCVLGVDEAGRGPVLGPMVYAICYCPLPRL
ADLEALKVADSKTLLESERERLFAKMEDTDFVGWALDVLSPNLISTSMLGRVKYNL
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NSLSHDTATGLIQYALDQGVNVTQVFVDTVGMPETYQARLQQSFPGIEVTVKAKAD

ALYPVVSAASICAKVARDQAVKKWQFVEKLQDLDTDYGSGYPNDPKTKAWLKEHV
EPVFGFPQFVRESWRTAQTILEKEAEDVIWEDSASENQEGLRKITSYFLNEGSQARPR

SSHRYFLERGLESATSL

(SEQ ID NO: 99)

Provided below is an amino acid sequence for RNAse H2 subunit B CCDS 45047.1
(Isoform 1).
MAAGVDCGDGVGARQHVFLVSEYLKDASKKMKNGLMFVKLVNPCSGEGAIYLEFN
MCLQQLFEVKVFKEKHHSWFINQSVQSGGLLHFATPVDPLFLLLHYLIKADKEGKFQ
PLDQVVVDNVFPNCILLLKLPGLEKLLHHVTEEKGNPEIDNKKYYKYSKEKTLKWLE
KKVNQTVAALKTNNVNVSSRVQSTAFFSGDQASTDKEEDYIRYAHGLISDYIPKELS
DDLSKYLKLPEPSASLPNPPSKMAAQRQKRGK
(SEQ ID NO: 100)

Provided below is an amino acid sequence for RNAse H2 subunit B. CCDS9425.1
(Isoform 2)
MAAGVDCGDGVGARQHVFLVSEYLKDASKKMKNGLMFVKLVNPCSGEGAIYLEFN
MCLQQLFEVKVFKEKHHSWFINQSVQSGGLLHFATPVDPLFLLLHYLIKADKEGKFQ
PLDQVVVDNVFPNCILLLKLPGLEKLLHHVTEEKGNPEIDNKKYYKYSKEKTLKWLE
KKVNQTVAALKTNNVNVSSRVQSTAFFSGDQASTDKEEDYIRYAHGLISDYIPKELS
DDLSKYLKLPEPSASLPNPPSKKIKLSDEPVEAKEDYTKENTKDLKTEKKNSKMTAA
QKALAKVDKSGMKSIDTFFGVKNKKKIGKV
(SEQ ID NO: 101)

Provided below is an amino acid sequence for RNAse H2 subunit C. CCDS8111.1
MESGDEAAIERHRVHLRSATLRDAVPATLHLLPCEVAVDGPAPVGRFFTPAIRQGPE
GLEVSFRGRCLRGEEVAVPPGLVGYVMVTEEKKVSMGKPDPLRDSGTDDQEEEPLE
RDFDRFIGATANFSRFTLWGLETIPGPDAKVRGALTWPSLAAAIHAQVPED
(SEQ ID NO: 102)

Provided below is an amino acid sequence for Senataxin.
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MSTCCWCTPGGASTIDFLKRYASNTPSGEFQTADEDLCYCLECVAEYHKARDELPFL
HEVLWELETLRLINHFEKSMKAEIGDDDELYIVDNNGEMPLFDITGQDFENKLRVPL
LEILKYPYLLLHERVNELCVEALCRMEQANCSFQVFDKHPGIYLFLVHPNEMVRRW
AILTARNLGKVDRDDYYDLQEVLLCLFKVIELGLLESPDIYTSSVLEKGKLILLPSHM
YDTTNYKSYWLGICMLLTILEEQAMDSLLLGSDKQNDFMQSILHTMEREADDDSVD
PFWPALHCFMVILDRLGSKVWGQLMDPIVAFQTIINNASYNREIRHIRNSSVRTKLEP
ESYLDDMVTCSQIVYNYNPEKTKKDSGWRTAICPDYCPNMYEEMETLASVLQSDIG
QDMRVHNSTFLWFIPFVQSLMDLKDLGVAYIAQVVNHLYSEVKEVLNQTDAVCDK
VTEFFLLILVSVIELHRNKKCLHLLWVSSQQWVEAVVKCAKLPTTAFTRSSEKSSGN
CSKGTAMISSLSLHSMPSNSVQLAY VQLIRSLLKEGYQLGQQSLCKRFWDKLNLFLR
GNLSLGWQLTSQETHELQSCLKQIIRNIKFKAPPCNTFVDLTSACKISPASYNKEESEQ
MGKTSRKDMHCLEASSPTFSKEPMKVQDSVLIKADNTIEGDNNEQNYIKDVKLEDH
LLAGSCLKQSSKNIFTERAEDQIKISTRKQKS VKEISSYTPKDCTSRNGPERGCDRGIIV
STRLLTDSSTDALEKVSTSNEDFSLKDDALAKTSKRKTKVQKDEICAKLSHVIKKQH
RKSTLVDNTINLDENLTVSNIESFYSRKDTGVQKGDGFIHNLSLDPSGVLDDKNGEQ
KSQNNVLPKEKQLKNEELVIFSFHENNCKIQEFHVDGKELIPFTEMTNASEKKSSPFK
DLMTVPESRDEEMSNSTSVIYSNLTREQAPDISPKSDTLTDSQIDRDLHKLSLLAQAS
VITFPSDSPONSSQLQRKVKEDKRCFTANQNNVGDTSRGQVIIISDSDDDDDERILSLE
KLTKQDKICLEREHPEQHVSTVNSKEEKNPVKEEKTETLFQFEESDSQCFEFESSSEVF
SVWQDHPDDNNSVQDGEKKCLAPIANTTNGQGCTDYVSEVVKKGAEGIEEHTRPRS
ISVEEFCEIEVKKPKRKRSEKPMAEDPVRPSSSVRNEGQSDTNKRDLVGNDFKSIDRR
TSTPNSRIQRATTVSQKKSSKLCTCTEPIRKVPVSKTPKKTHSDAKKGQNRSSNYLSC
RTTPAIVPPKKFRQCPEPTSTAEKLGLKKGPRKAYELSQRSLDYVAQLRDHGKTVGV
VDTRKKTKLISPQNLSVRNNKKLLTSQELOMQRQIRPKSQKNRRRLSDCESTDVKRA
GSHTAQNSDIFVPESDRSDYNCTGGTEVLANSNRKQLIKCMPSEPETIKAKHGSPATD
DACPLNQCDSVVLNGTVPTNEVIVSTSEDPLGGGDPTARHIEMAALKEGEPDSSSDA
EEDNLFLTQNDPEDMDLCSQMENDNYKLIELIHGKDTVEVEEDSVSRPQLESLSGTK
CKYKDCLETTKNQGEYCPKHSEVKAADEDVFRKPGLPPPASKPLRPTTKIFSSKSTSR
TAGLSKSLETSSALSPSLKNKSKGIQSILKVPQPVPLIAQKPVGEMKNSCNVLHPQSPN
NSNRQGCKVPFGESKYFPSSSPVNILLSSQSVSDTFVKEVLKWKYEMFLNFGQCGPP
ASLCQSISRPVPVRFHNYGDYENVFFPLMVLNTFETVAQEWLNSPNRENFYQLQVRK
FPADYIKYWEFAVYLEECELAKQLYPKENDLVFLAPERINEEKKDTERNDIQDLHEY
HSGYVHKFRRTSVMRNGKTECYLSIQTQENFPANLNELVNCIVISSLVTTQRKLKAM
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SLLGSRNQLARAVLNPNPMDFCTKDLLTTTSERIIAYLRDFNEDQKKAIETAYAMVK
HSPSVAKICLIHGPPGTGKSKTIVGLLYRLLTENQRKGHSDENSNAKIKQNRVLVCAP
SNAAVDELMKKIILEFKEKCKDKKNPLGNCGDINLVRLGPEKSINSEVLKFSLDSQVN
HRMKKELPSHVQAMHKRKEFLDYQLDELSRQRALCRGGREIQRQELDENISKVSKE
RQELASKIKEVQGRPQKTQSIIILESHIICCTLSTSGGLLLESAFRGQGGVPESCVIVDEA
GQSCEIETLTPLIHRCNKLILVGDPKQLPPTVISMKAQEYGYDQSMMARFCRLLEENV
EHNMISRLPILQLTVQYRMHPDICLFPSNYVYNRNLKTNRQTEAIRCSSDWPFQPYLV
FDVGDGSERRDNDSYINVQEIKLVMEIIKLIKDKRKDVSFRNIGIITHYKAQKTMIQKD
LDKEFDRKGPAEVDTVDAFQGRQKDCVIVTCVRANSIQGSIGFLASLQRLNVTITRA
KYSLFILGHLRTLMENQHWNQLIQDAQKRGAIIKTCDKNYRHDA VKILKLKPVLQRS
LTHPPTIAPEGSRPQGGLPSSKLDSGFAKTSVAASLYHTPSDSKEITLTVTSKDPERPPV
HDQLQDPRLLKRMGIEVKGGIFLWDPQPSSPQHPGATPPTGEPGFPVVHQDLSHIQQP
AAVVAALSSHKPPVRGEPPAASPEASTCQSKCDDPEEELCHRREARAFSEGEQEKCG
SETHHTRRNSRWDKRTLEQEDSSSKKRKLL

(SEQ ID NO: 103)

RNase H enzyme complex.

Rnase H1 enzyme complex is formed by RNAse H1 and the heterotrimeric complex
RNase H2 (consisting pf RNAse H2 subunit A, RNAse H2 subunit B, and RNAse H2 subunit
C). The RNAse H enzyme complex cleaves and degrades the RNA in the RNA-DNA hybrid
leading to the resolution of the DNA-RNA hybrid. RnaseH enzyme complex activity is
critical for the maintenance of genome integrity, as knockdown of components of the
complex result in genome instability and an increase in DNA-RNA hybrid formation
(Hamperl et al DNA Repair 2014). Overexpression of RNAseH complex components has
been shown to suppress the aberrant phenotypes associated with DNA-RNA hybrids
(Hamperl et al DNA Repair 2014). Use of any component of the RNase H enzyme complex
in combination with an RNA-guided nuclease, e.g., Cas9 molecule, in the methods as
described herein can increase or decrease one or more of the following: c-NHEJ, alt-NHEJ
(including blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as
compared to the level of resection or repair seen with an RNA-guided nuclease, e.g., Cas9
molecule, in the absence of increased expression of an endogenous RNAseH complex
RMEM and/or overexpression of a heterologous RNAseH complex RMEM. Candidate
RNAseH complex RMEMs can be evaluated for c-NHEJ, alt-NHEJ (including blunt EJ,

127



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

MME]J, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) by using any of the
functional assays described herein, e.g., in Section VIII.

Senataxin.

Senataxin is a helicase that contributes to the unwinding of DNA-RNA hybrid
structures, which promotes the subsequent cleavage and degradation of the DNA-RNA
hybrid structures. Senataxin co-localizes to sites of collision between transcription and
replication, and it also co-localizes to sites of replication blockage (Hamperl et al DNA
Repair 2014). Use of any component of the RNase H enzyme complex in combination with
an RNA-guided nuclease, e.g., Cas9 molecule, in the methods as described herein can
increase or decrease one or more of the following: c-NHEJ, alt-NHEJ (including blunt EJ,
MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and SSA) as compared to the level
of resection or repair seen with an RNA-guided nuclease, e.g., Cas9 molecule, in the absence
of increased expression of an endogenous Senataxin RMEM and/or overexpression of a
heterologous Senataxin RMEM. Candidate Senataxin RMEMs can be evaluated for c-NHEJ,
alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR (including alt-HR, HR, and

SSA) by using any of the functional assays described herein, e.g., in Section VIII.

VI  CAS9 LINKERS

In an aspect, a linker is utilized to connect two Cas9 molecule domains. In one
embodiment, a linker is a short peptide. Disclosed herein are linkers that can be utilized in a
Cas9 molecule, e.g., disposed between the amino acids flanking a deletion, e.g., a REC2
deletion, and a Cas9 core domain and a heterologous PI domain. Preferably, the linker allows
proper folding and function of the domains that are joined.

Linkers for use in generating recombinant proteins, e.g., multi-domain proteins, are
known in the art (Chen et al. (2013) ADV DRUG DELIVERY REV. 65: 1357-69). Any linkers
known in the art that maintain the conformation or native fold of the Cas9 molecule (thereby
retaining Cas9 activity) can be used. Several properties of linkers, such as length,
hydrophobicity, intrinsic properties of the amino acids residues themselves, and secondary
structure should be considered in the context of the goal to maintain native conformation and
functional activity of Cas9.

A flexible linker can be utilized in the Cas9 molecules described herein. Flexible
linkers allow a certain degree of movement and/or interaction within and between the joined

domains or regions of the protein. Generally, flexible linkers are composed of small, non-
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polar (e.g., Gly) or polar (e.g., Ser or Thr) amino acids. The small size of these amino acids
provides flexibility and allows mobility of the connected domains or regions. Furthermore,
the incorporation of Ser or Thr can help maintain the stability of the linker in aqueous
solutions by hydrogen bonding with the water molecules, thereby reducing unfavorable
interactions between the linker and the other protein moieties. Commonly used flexible
linkers are comprised of sequences that primarily consist of Gly and Ser residues. Often,
these flexible linkers consist of repeating units of a combination of Gly and Ser residues, e.g.,
(GGS)x, where the number of repeating units, e.g., X, can be optimized to achieve the
appropriate separation of other domains or regions of the protein.

In some cases, a rigid linker may be preferred if there is significant distance between
the joined domains or regions, or to maintain a fixed distance between the joined domains or
regions of a protein and independent functions of the domains/regions. Rigid linkers often
have defined secondary structure, e.g., alpha helix, or other stabilizing interactions, e.g., salt
bridges and disulfide bonds. Rigid linkers commonly contain multiple Pro residues, or
repeating combinations of Glu-Pro or Lys-Pro because Pro imposes a strong conformation
constraint due to its structure.

The linker can comprises an amino acid residue, e.g., 1,2,3,4,5,6,7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 amino acid residues.
Typically, the linker will comprises less than 10, 20 or 30 amino acid residues. Typically, the
linker is less than 50, 40, 30, 20, 10, or 5 % of the length of the deleted sequence. Suitable
linkers include: [Gly-Ser]x, wherein x is 1, 2, 3, 4,5, 6,7, 8, 9, or 10 (SEQ ID NO: 104);
[Gly-Gly-Ser]y, wherein x is 1, 2, 3,4, 5, 6, 7, 8, 9, or 10; [Gly-Gly-Ser]; [Gly-Ser-Gly-Ser]y,
wherein x is 1, 2, 3, 4, or 5 (SEQ ID NO: 105); [Gly-Ser-Gly-Ser] (SEQ ID NO: 106);
(GSAGSAAGSGEF) «, wherein x is 1, 2, 3 or 4 (SEQ ID NO: 107); (SIVAQLSRPDPA) 4,
wherein x is 1, 2, 3 or 4 (SEQ ID NO: 108); or an XTEN sequence, e.g., the XTEN sequence
of SEQ ID NO: 109, or a sequence that differs therefrom by no more than 1, 2, 3,4, 5,6, 7, 8,
9 or 10 amino acid residues.

The length of the linkers can be easily adjusted by changing the copy number of
repeating units of the linkers described above to achieve an optimal distance between the
domains or regions that are to be joined. In one embodiment, the different linkers can be
joined together to achieve optimal distance, flexibility, or rigidity between the joined domains

or regions of Cas9.
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In one embodiment, the linker comprises glycine and serine residues. In one
embodiment the linker consists of glycine and serine residues. For instance, the linker may
comprise one of more modules such as GGS, GSGS (SEQ ID NO: 110), GGGS (SEQ ID
NO: 111), GGGGS (SEQ ID NO: 112) or GGSG (SEQ ID NO: 113). In one embodiment,
the linker comprises a plurality of modules comprising glycine and serine, e.g., at least 2, 3,
4,5, 10, or 15 of these modules, and/or at most 3, 4, 5, 10, 15, or 20 of these modules, or any
combination of these endpoints. In one embodiment, each module in the linker has the same
sequence, and In one embodiment, at least two modules in a linker have different sequences
from each other.

In one embodiment, the linker is an XTEN linker or a variation of an XTEN linker
such as SGSETPGTSESA (SEQ ID NO: 114), SGSETPGTSESATPES (SEQ ID NO: 115),
or SGSETPGTSESATPEGGSGGS (SEQ ID NO: 116). Additional information on the XTEN
linker is found in Schellenberger et al. (2009) NATURE BIOTECHNOLOGY 27(12): 1186-1190.

Exemplary linker modules are provided in Table 13.

Table 13. Exemplary peptide linkers

Linker (amino acid sequence) SEQ ID NO:
GGS 117
GSGS 118
GGGS 119
GGGGS 120
GGSG 121
SGSETPGTSESA 122
SGSETPGTSESATPES 123
SGSETPGTSESATPEGGSGGS 124

Additional exemplary linker modules are provided in Table 14.

Table 14. Exemplary linkers

Name Description Length (nt)
BBa J176131 PLrigid 60
BBa_J18920 2 aa GS linker 6
BBa_J18921 6 aa [GS]x linker 18

130




WO 2017/165826 PCT/US2017/024110

BBa_J18922 10 aa [GS]x linker 30
BBa_K105012 | 10 aa flexible protein domain linker 30
BBa_K133132 | 8 aa protein domain linker 24
BBa_K1486003 | flexible linker 2x (GGGS) 24
BBa_K1486004 | flexible linker 2x (GGGGS) 30
BBa_K1486037 | linker 39
BBa_K157009 | Split fluorophore linker; Freiburg standard 51
15 aa flexible glycine-serine protein domain linker;
BBa_K157013 | Freiburg standard 45
BBa_K243004 | Short Linker (Gly-Gly-Ser-Gly) 12
BBa_K243005 | Middle Linker ( Gly-Gly-Ser-Gly)x2 24
BBa_K243006 | Long Linker (Gly-Gly-Ser-Gly)x3 36
BBa_K243029 | GSAT Linker 108
BBa_K243030 | SEG 108
BBa_K404300 | SEG-Linker 108
BBa_ K404301 | GSAT-Linker 108
BBa_K404303 | Z-EGFR-1907_Short-Linker 192
BBa_K404304 | Z-EGFR-1907_Middle-Linker 204
BBa_K404305 | Z-EGFR-1907_Long-Linker 216
BBa_K404306 | Z-EGFR-1907_SEG-Linker 288
BBa_K416001 | (GlysSer)s Flexible Peptide Linker 45
Short Fusion Protein Linker: GGSG with standard 25
BBa_K648005 | prefix/suffix 12
Long 10AA Fusion Protein Linker with Standard 25
BBa_K648006 | Prefix/Suffix 30
Medium 6AA Fusion Protein Linker: GGSGGS with
BBa_K648007 | Standard 25 Prefix/Suffix 18

Linkers can comprise a direct bond or an atom such as, e.g., an oxygen (O) or sulfur
(S), a unit such as -NR- wherein R is hydrogen or alkyl, -C(O)-, -C(O)O-, -C(O)NH-, SO,

SO,, -SO,NH- or a chain of atoms, such as substituted or unsubstituted alkyl, substituted or

unsubstituted alkenyl, substituted or unsubstituted alkynyl, arylalkyl, heteroarylalkyl. In one

embodiment, one or more methylenes in the chain of atoms can be replaced with one or more
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of O, S, S(O), SO,, -SO;NH-, -NR-, -C(O)-, -C(O)O-, -C(O)NH-, a cleavable linking group,
substituted or unsubstituted aryl, substituted or unsubstituted heteroaryl, and substituted or

unsubstituted heterocyclic.

VII. Nucleic Acids

In some aspects, disclosed herein is a nucleic acid, e.g., an isolated or non-naturally
occurring nucleic acid, e.g., DNA, that encodes a RN A-guided nuclease, e.g., Cas9, molecule
and/or a RMEM. Also provided herein are vector molecules encoding the Cas9 molecule, or
the RMEM, or both, e.g., expression vectors or viral vectors.

In one embodiment, the nucleic acid molecule encodes a RNA-guided nuclease, e.g.,
Cas9, molecule, a gRNA molecule, and/or a RMEM. In one embodiment, the nucleic acid
molecule comprises a sequence encoding a RNA-guided nuclease, e.g., Cas9, molecule, a
sequence encoding a gRNA molecule, and a sequence encoding a RMEM, where each of the
sequences is under the control of its own promoter. In this embodiment, the promoter
controlling RNA-guided nuclease molecule expression, the promoter controlling gRNA
expression, and the promoter controlling RMEM expression can be the same promoter or can
be different promoters. In another embodiment, the nucleic acid molecule encoding a RNA-
guided nuclease molecule, the nucleic acid molecule encoding the gRNA molecule, and the
nucleic acid molecule encoding a RMEM are different nucleic acid molecules.

Optionally, the nucleic acid molecule encoding a RNA-guided nuclease molecule, the
gRNA molecule, and/or a RMEM described herein further comprises one or both of a gRNA
or a template nucleic acid molecule. In one embodiment, the nucleic acid molecule encoding
a RNA-guided nuclease molecule and/or a RMEM described herein further comprises a
gRNA molecule described herein. In one embodiment, the nucleic acid molecule comprises
more than one gRNA molecule, e.g., a second gRNA molecule, a third gRNA molecule, or a
fourth gRNA molecule. Promoters operably linked to the RNA-guided nuclease molecule
and/or the RMEM and any gRNA molecule can be the same or can be different. In one
embodiment, the nucleic acid molecule encoding a RNA-guided nuclease molecule and/or a
RMEM described herein further comprises a template nucleic acid.

The techniques used to isolate or clone a nucleic acid sequence encoding a
polypeptide, e.g., a RNA-guided nuclease molecule or a RMEM, are known in the art and
include isolation from genomic DNA, preparation from cDNA, isolation from a genomic or

cDNA library, DNA synthesis or a combination thereof. The cloning of the nucleic acid
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sequences of the present disclosure from such genomic DNA can be effected, e.g., by using
the well-known polymerase chain reaction (PCR) See, e.g., Innis er al. (1990) PCR: A GUIDE
TO METHODS AND APPLICATION, Academic Press, New York. Other amplification procedures
such as ligase chain reaction (LCR), ligated activated transcription (LAT) and nucleotide
sequence-based amplification (NASBA) may be used.

The nucleic acid sequence may be obtained by standard cloning procedures used in
genetic engineering to relocate the nucleic acid sequence from its natural location to a
different site where it will be reproduced. The cloning procedures may involve excision and
isolation of a desired fragment comprising the nucleic acid sequence encoding a RNA-guided
nuclease, or a RMEM, or fragments or domains thereof, insertion of the fragment into a
vector molecule, and incorporation of the vector molecule into a host cell where multiple
copies or clones of the nucleic acid will be replicated. In one embodiment, the nucleic acid
sequence encoding a RNA-guided nuclease molecule and/or a RMEM is not relocated into a
vector, and rather, is delivered using vector-free methods, to a desired host or target cell. The
nucleic acid sequence may be of genomic, cDNA, RNA, semisynthetic, synthetic origin, or
any combinations thereof.

In addition or alternatively, the nucleic acid sequence can be codon optimized, e.g., at
least one non-common codon or less-common codon has been replaced by a common codon.
For example, the nucleic acid can direct the synthesis of an optimized messenger mRNA,
e.g., optimized for expression in a mammalian expression system, e.g., described herein. In
one embodiment, at least about 10, 20, 30, 40, 50, 60, 70, 80, 81, 82, 83, 84, 85, 86, 87, 88,
89, 90, 91, 92, 93, 94, 95, 96, 97, 98, or 99% of the codons in the nucleic acid sequence are
optimized. In one embodiment, the term “optimized codon” refers to the following codons:
Ala (gcc); Arg (aga); Asn (aac); Asp (gac); Cys (ugce); Gln (cag); Gly (ggc); His (cac); Ile
(auc); Leu (cug); Lys (aag); Pro (ccc); Phe (uuc); Ser (age); Thr (acc); Tyr (uac); Glu (gag);
and Val (gug), and all codons other than optimized codons are non-common codons or less-
common codons.

In an aspect, a nucleic acid molecule described herein is disposed in a vector. The
vector molecule is an expression vector comprising a suitable control sequence operably
linked to, and capable of effecting the expression, e.g., in an in vitro transcription/translation
system or in a host cell when the vector is introduced in the host cell, of the nucleic acid
molecules described herein encoding a RN A-guided nuclease molecule and/or a RMEM. For

example, the vector comprises a first nucleic acid encoding a RNA-guided nuclease molecule
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and a second nucleic acid encoding a RMEM are disposed in the same vector or in two
different vectors, each operably linked to its own promoter. In one embodiment, the vectors
encoding a RNA-guided nuclease molecule and/or a RMEM described above can further
comprise one or both of a gRNA molecule or a template nucleic acid.

In one embodiment, the vector is a viral vector, e.g., an adeno-associated virus (AAV)
vector. Exemplary AAV vectors that may be used in any of the described compositions and
methods include an AAV?2 vector, a modified AAV?2 vector, an AAV3 vector, a modified
AAV3 vector, an AAV6 vector, a modified AAV6 vector, an AAVS vector and an AAV9
vector.

Control sequences for use in an expression vector described herein include one or
more of the following: promoters (e.g., constitutive, tissue or cell-specific, inducible, or
repressible promoters), enhancers, signal sequences (e.g., nuclear localization sequence),
selectable marker genes (e.g., antibiotic resistance or complementation of a deficiency in a
metabolic pathway gene), transcriptional terminators, origin of replication, ribosome binding
site, microRNA binding sites, mRNA regulatory sites and multiple cloning sites. Such
control elements are described, for example, in Goeddel (1990) GENE EXPRESSION
TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Calif. It will be
appreciated by those skilled in the art that the design of the expression vector can depend on
such factors as the choice of the host cell to be transformed, the level of expression desired,
etc. Expression vectors can be designed for expression of the Cas9 molecule and/or the
RMEM in prokaryotic or eukaryotic cells, e.g., bacterial cells, insect cells, yeast cells, or
mammalian cells. Alternatively, the expression vector can be transcribed and translated in
vitro, e.g., using T7 promoter regulatory sequences and a T7 promoter. In one embodiment,
the expression vector is a viral vector.

Also provided herein are nucleic acids and vectors comprising encoding two RNA-
guided nuclease molecules and a RMEM, wherein the first RNA-guided nuclease molecule is

an eaCas9 molecule and the second RN A-guided nuclease is an is an e€iCas9 molecule.

Expression and Production of RNA-Guided Nuclease Molecules and RMEMs

Also described herein are methods for producing RNA-guided nuclease molecules,
e.g., Cas9 molecules, and/or RMEMs by expression in host cells. Vectors comprising nucleic
acids encoding a RNA-guided nuclease molecule and/or a RMEM as described herein may be

introduced and propagated in a host cell using the methods described herein.
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The host cell may be a cell for the propagation of vectors comprising nucleic acids
encoding a RNA-guided nuclease molecule and/or a RMEM for delivery to the subject, or for
production of RNA-guided nuclease, e.g., Cas9, and/or RMEM polypeptides for delivery to
the subject. The host cell may be a prokaryotic or a eukaryotic cell. The host cell may be a
bacterial cell, a yeast cell, a plant cell, an insect cell, a mammalian cell, a primate cell, or a
human cell. The selection of the particular host cell can depend on a variety of factors,
including production capacity, ability to properly fold and process Cas9, or RMEM for
maximal biological activity, the type of expression vector (e.g., control sequences) used, and
amenability to large-scale production. In one embodiment, the host cell that produces the
Cas9 and/or RMEM is a cell from the subject that is being treated.

Vectors for expression of the RNA-guided nuclease molecule and/or RMEM can be
introduced into the host cell by any number of methods known in the art, including
transformation, transfection, treatment of cells with CaCl,, electroporation, lipofection, viral
particle production and transduction, and PEG-mediated fusion of protoplasts. Host cells
containing the vector, or nucleic acid encoding the RN A-guided nuclease molecule and/or
RMEM can be selected, e.g., by utilizing the selectable marker of the expression vector, or an
affinity tag. The host cells are grown under conditions suitable for induction and expression
of the RNA-guided nuclease molecule and/or RMEM. Conditions will vary depending on the
host cells used and can be readily determined by the ordinarily skilled artisan.

Methods for recovering the RNA-guided nuclease molecule and/or RMEM produced
in the host cells can comprise one or more of the following steps: collecting the cells, e.g., by
centrifugation or filtration; lysing the cells, e.g., by mechanical, chemical, or enzymatic
means; and separating the desired RNA-guided nuclease molecule and/or RMEM from cell
debris or other proteins or nucleic acids produced by the host cell. Cell lysis can be achieved
through physically breaking apart the cells, e.g., by sonication, milling (shaking with beads),
or shear forces. Alternatively, cell membranes can be permeabilized by treatment with
detergents, e.g., Triton, NP-40, or SDS. Cell walls, e.g., of bacterial cells, can be
permeabilized by treatment with enzymes, e.g., lysozyme or lysonase. Any combination of
the mechanical, chemical, or enzymatic techniques described above are also suitable for
recovering the RNA-guided nuclease molecule and/or RMEM in the context of this
disclosure.

Methods for isolating or purifying desired molecules, e.g., RNA-guided nuclease

molecules and/or RMEMs, are known in the art, e.g., size exclusion chromatography, ion
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exchange chromatography, affinity chromatography. In one embodiment, the RNA-guided
nuclease and/or RMEM polypeptides comprise an affinity tag, e.g., a polyhistidine tag, a Myc
tag, a FLAG tag, or a glutathione S-transferase (GST) tag. Affinity tags are short amino acid
sequences that can be incorporated onto polypeptides and are recognized by affinity reagents
that allow separation of the desired molecules from cellular debris or other proteins or nucleic
acids produced by the host cell.

The present disclosure also provides cells comprising a RNA-guided nuclease
molecule and/or a RMEM, as described herein, or at least one nucleic acid molecule, e.g., a
vector, encoding a RNA-guided nuclease molecule and/or a RMEM described herein. In one
embodiment, the cell further comprises one or both of a gRNA molecule or a template
nucleic acid. Methods for delivering the RNA-guided nuclease molecule and/or the RMEM
(or nucleic acid molecule encoding the RNA-guided nuclease molecule and/or the RMEM) to

acell, e.g., a host cell or a cell from a subject, are further described herein.

VIIIL Functional Analysis of Candidate Molecules

Candidate RNA-guided nuclease, e.g., Cas9, molecules, candidate RMEMs, candidate
gRNA molecules, and candidate Cas9/gRNA molecule complexes, can be evaluated by art-
known methods or as described herein. For example, exemplary methods for evaluating the
endonuclease activity of a Cas9 molecule are described, e.g., in Jinek et al. (2012) SCIENCE
337(6096): 816-821. The methods in this section may be used, e.g., to test various portions
of a gRNA, for example, the targeting domain, the first complementarity domain, the linking
domain, the second complementarity domain, the proximal domain, or the tail domain. In
one embodiment, the methods in this section are tested to determine whether modifications
made in one or more of these domains interfere with targeting efficacy. A gRNA with a
selected length, sequence, degree of complementarity, or degree of modification, can be
evaluated in a system of this section.

The methods in this section may be used to assess the functional capability of a
candidate Cas9 molecule or a RMEM. The nuclease activity of the Cas9 molecule can be
measured, e.g., the ability to mediate a nick, a single strand break, or a double strand break.
The ability of the Cas9 molecule and/or RMEM to promote resection or a particular repair
process, e.g., c-NHEJ, alt-NHEJ (including blunt EJ, MMEJ, and SD-MMEJ), and HDR
(including alt-HR, HR, and SSA), can also be evaluated by using a functional assay described

herein.
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Binding and Cleavage Assay: Testing the endonuclease activity of Cas9 molecule

The ability of a Cas9 molecule/gRNA molecule complex to bind to and cleave a target
nucleic acid can be evaluated in a plasmid cleavage assay. In this assay, synthetic or in vitro-
transcribed gRNA molecule is pre-annealed prior to the reaction by heating to 95°C and
slowly cooling down to room temperature. Native or restriction digest-linearized plasmid
DNA (300 ng (~8 nM)) is incubated for 60 min at 37°C with purified Cas9 protein molecule
(50-500 nM) and gRNA (50-500 nM, 1:1) in a Cas9 plasmid cleavage buffer (20 mM HEPES
pH 7.5, 150 mM KCI, 0.5 mM DTT, 0.1 mM EDTA) with or without 10 mM MgCl,. The
reactions are stopped with 5X DNA loading buffer (30% glycerol, 1.2% SDS, 250 mM
EDTA), resolved by a 0.8 or 1% agarose gel electrophoresis and visualized by ethidium
bromide staining. The resulting cleavage products indicate whether the Cas9 molecule
cleaves both DNA strands, or only one of the two strands. For example, linear DNA products
indicate the cleavage of both DNA strands. Nicked open circular products indicate that only
one of the two strands is cleaved.

Alternatively, the ability of a Cas9 molecule/gRNA molecule complex to bind to and
cleave a target nucleic acid can be evaluated in an oligonucleotide DNA cleavage assay. In
this assay, DNA oligonucleotides (10 pmol) are radiolabeled by incubating with 5 units T4
polynucleotide kinase and ~3—-6 pmol (~20-40 mCi) [y-32P]-ATP in 1X T4 polynucleotide
kinase reaction buffer at 37°C for 30 min, in a 50 pL reaction. After heat inactivation (65°C
for 20 min), reactions are purified through a column to remove unincorporated label. Duplex
substrates (100 nM) are generated by annealing labeled oligonucleotides with equimolar
amounts of unlabeled complementary oligonucleotide at 95°C for 3 min, followed by slow
cooling to room temperature. For cleavage assays, gRNA molecules are annealed by heating
to 95°C for 30 s, followed by slow cooling to room temperature. Cas9 (500 nM final
concentration) is pre-incubated with the annealed gRNA molecules (500 nM) in cleavage
assay buffer (20 mM HEPES pH 7.5, 100 mM KCI, 5 mM MgCl12, 1 mM DTT, 5% glycerol)
in a total volume of 9 pl. Reactions are initiated by the addition of 1 pl target DNA (10 nM)
and incubated for 1 h at 37°C. Reactions are quenched by the addition of 20 pl of loading
dye (5§ mM EDTA, 0.025% SDS, 5% glycerol in formamide) and heated to 95°C for 5 min.
Cleavage products are resolved on 12% denaturing polyacrylamide gels containing 7 M urea
and visualized by phosphorimaging. The resulting cleavage products indicate that whether

the complementary strand, the non-complementary strand, or both, are cleaved.
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One or both of these assays can be used to evaluate the suitability of a candidate
gRNA molecule or candidate Cas9 molecule.

Binding Assay: Testing the binding of a Cas9 molecule to target DNA

Exemplary methods for evaluating the binding of Cas9 molecule to target DNA are
described, e.g., in Jinek er al. (2012).

For example, in an electrophoretic mobility shift assay, target DNA duplexes are
formed by mixing of each strand (10 nmol) in deionized water, heating to 95°C for 3 min and
slow cooling to room temperature. All DNAs are purified on 8% native gels containing 1X
TBE. DNA bands are visualized by UV shadowing, excised, and eluted by soaking gel
pieces in DEPC-treated H20O. Eluted DNA is ethanol precipitated and dissolved in DEPC-
treated H20. DNA samples are 5° end labeled with [y-32P]-ATP using T4 polynucleotide
kinase for 30 min at 37°C. Polynucleotide kinase is heat denatured at 65°C for 20 min, and
unincorporated radiolabel is removed using a column. Binding assays are performed in
buffer containing 20 mM HEPES pH 7.5, 100 mM KCl, 5 mM MgCl12, 1 mM DTT and 10%
glycerol in a total volume of 10 pl. Cas9 protein molecule is programmed with equimolar
amounts of pre-annealed gRNA molecule and titrated from 100 pM to 1 uM. Radiolabeled
DNA is added to a final concentration of 20 pM. Samples are incubated for 1 h at 37°C and
resolved at 4°C on an 8% native polyacrylamide gel containing 1X TBE and 5 mM MgCl.
Gels are dried and DNA visualized by phosphorimaging.

Differential Scanning Flourimetry (DSF)

The thermostability of Cas9 molecule-gRNA ribonucleoprotein (RNP) complexes,
e.g., a Cas9 molecule-gRNA RNP complex, can be measured via DSF. This technique
measures the thermostability of a protein, which can increase under favorable conditions such
as the addition of a binding molecule, e.g., a gRNA.

The assay is performed using two different protocols, one to test the best
stoichiometric ratio of gRNA:Cas9 protein and another to determine the best solution
conditions for RNP formation.

To determine the best solution to form RNP complexes, a 2 uM solution of Cas9 in
water + 10x SYPRO Orange® (Life Technologies cat#S-6650) and dispensed into a 384 well
plate. An equimolar amount of gRNA diluted in solutions with varied pH and salt is then
added. After incubating at room temperature for 10 min. and brief centrifugation to remove

any bubbles, a Bio-Rad CFX384™ Real-Time System C1000 Touch ~ Thermal Cycler with
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the Bio-Rad CFX Manager software is used to run a gradient from 20°C to 90°C with a 1°C
increase in temperature every 10 seconds.

The second assay consists of mixing various concentrations of gRNA with 2 uM Cas9
molecule in optimal buffer from the assay above and incubating at RT for 10 min in a 384
well plate. An equal volume of optimal buffer + 10x SYPRO Orange® (Life Techonologies
cat#5-6650) is added and the plate sealed with Microseal® B adhesive (MSB-1001).
Following brief centrifugation to remove any bubbles, a Bio-Rad CFX384™ Real-Time
System C1000 Touch™~ Thermal Cycler with the Bio-Rad CFX Manager software is used to
run a gradient from 20°C to 90°C with a 1° increase in temperature every 10 seconds.

Resection assay: Testing the ability of a Cas9 molecule to promote resection

The ability of a Cas9 molecule to promote resection can be evaluated by measuring
the levels of single stranded DNA at specific double strand break sites in human cells using
quantitative methods (as described in Zhou et al. (2014) NUCLEIC ACIDS RES. 42(3): €19). In
this assay, a candidate Cas9 molecule, or a candidate Cas9 molecule and a candidate RMEM,
or at least one nucleic acid encoding the Cas9 molecule and/or RMEM, is delivered, e.g., by
transfection, into the cell. The cells are cultured for a sufficient amount of time to allow
nuclease activity and resection to occur. Genomic DNA is carefully extracted using a method
in which cells are embedded in low-gelling point agar that protects the DNA from shearing
and damage during extraction. The genomic DNA is digested with a restriction enzyme that
selectively cuts double-stranded DNA. Primers for quantitative PCR that span up to 5 kb of
the double strand break site are designed. The results from the PCR reaction show the levels
of single strand DNA detected at each of the primer positions. Thus, the length and the level
of resection promoted by the candidate Cas9 molecule, or the candidate Cas9 molecule in
combination with the candidate RMEM, can be determined from this assay.

Other qualitative assays for identifying the occurrence of resection include the
detection of proteins or protein complexes that bind to single-stranded DNA after resection
has occurred, e.g., RPA foci, Rad51 foci, or BrDU detection by immunofluorescence.
Antibodies for RPA protein and Rad51 are known in the art.

Repair assays: Testing the ability of a Cas9 molecule to promote DNA repair

The ability of a Cas9 molecule to promote DNA repair by a HDR pathway, e.g., alt-
HR, HR, or SSA, can be evaluated in a cell-based GFP assay. DNA repair by a HDR
pathway is typically used to correct a gene with a mutation or undesired sequence. For this

assay, a cell line carrying a non-functional GFP reporter system is used. An exogenous non-
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functional GFP gene, e.g., a GFP with an inactivating mutation, is delivered, e.g., by
transfection, into a cell. Alternatively, the cell line carries one copy of a non-functional GFP
gene integrated into the genome of the cell, e.g., by transduction. A candidate Cas9
molecule, or a candidate Cas9 molecule and a candidate RMEM, or at least one nucleic acid
encoding the Cas9 molecule and/or RMEM, a gRNA that mediates binding of the Cas9
molecule to the GFP gene to be corrected, and a template nucleic acid containing a
functional, e.g., corrected GFP gene sequence, is delivered, e.g., by transfection, into the cell.
The cells are cultured for a sufficient amount of time to allow repair and expression of the
GFP gene, and GFP expression is analyzed by flow cytometry. An increase in GFP-
expressing (GFP-positive) cells or an increased level of GFP signal, as compared to control
(e.g., cells carrying the non-functional GFP gene that did not receive Cas9 molecule, or Cas9
molecule and RMEM, or template nucleic acid), indicates that DNA repair occurred,
resulting in gene correction. GFP positive cells can be collected by cell sorting methods, and
further analyzed by various sequencing methods, e.g., MiSeq, HiSeq, or Sanger sequencing,
to confirm correction of the targeted locus of the GFP gene.

Alternatively, the ability of a candidate Cas9 molecule, or a candidate Cas9 molecule
and a candidate RMEM, or at least one nucleic acid encoding the Cas9 molecule and/or
RMEM, to promote DNA repair by a NHEJ pathway, e.g., canonical NHEJ or ALT-NHEJ
(including blunt EJ, MMEJ, and SD-MMEJ), can be evaluated in a cell-based GFP assay.
DNA repair by the NHEJ pathways are typically used to disrupt a gene and prevent
expression. For this assay, a cell line carrying a functional GFP reporter system is used. An
exogenous functional GFP gene, e.g., a wild-type GFP gene, is delivered, e.g., by
transfection, into a cell. Alternatively, the cell line carries one copy of a functional or wild-
type GFP gene integrated into the genome of the cell, e.g., by transduction. A candidate Cas9
molecule, or a candidate Cas9 molecule and a candidate RMEM, or at least one nucleic acid
encoding the Cas9 molecule and/or RMEM, and a gRNA that mediates binding of the Cas9 to
the GFP gene is delivered, e.g., by transfection, into the cell. The cells are cultured for a
sufficient amount of time to allow repair and expression of the GFP gene, and GFP
expression is analyzed by flow cytometry. A decrease in GFP-expressing cells or a decrease
in the level of GFP signal, as compared to control (e.g., cells carrying the functional GFP
gene that did not received Cas9 molecule, or Cas9 molecule and RMEM), indicates that DNA

repair occurred, resulting in gene disruption. GFP negative cells can be collected by cell
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sorting methods, and further analyzed by various sequencing methods, e.g., MiSeq, HiSeq, or
Sanger sequencing, to confirm disruption of the targeted locus of the GFP gene.

The distinction between SSA and ALT-NHEJ, e.g., MMEJ, is based mostly on the
read-out of the sequencing assay. SSA will result in increased resection, e.g., increased
length of sequence that is resected, and more than 30 bases of homology at the break point.
ALT-NHEJ, e.g., MMEJ, will result in less resection, e.g., shorter length of sequence that is

resected, and between 5-25 bases of microhomology.

IX. Genome Editing Approaches

The present disclosure provides methods for genome editing, e.g., altering a target
nucleic acid, e.g., altering the sequence, by utilizing a RNA-guided nuclease molecule, or a
RNA-guided nuclease molecule and a RMEM, or at least one nucleic acid encoding the
RNA-guided nuclease molecule and/or RMEM, described herein. In one embodiment, the
target nucleic acid contains undesirable nucleic acid sequences, e.g., mutations, which can be
repaired, e.g., corrected, by using a genome editing approach discussed herein. In an
alternative embodiment, the target nucleic acid is disrupted, e.g., to prevent expression of a
gene, by using a genome editing approach discussed herein. The different repair processes
used in RNA-guided nuclease -mediated genome editing are discussed here.

In Cas9-mediated genome editing, a Cas9 molecule is localized to a target nucleic
acid and mediates a break, e.g., a single strand or a double strand break, near or at a target
position to be edited. The break is detected by endogenous DNA damage response
machinery and the break is repaired by one of several DNA damage repair pathways. An
RMEM, as described herein, is utilized to increase the efficiency of repair, or to increase the
likelihood that the cell repairs the break using a particular DNA damage repair pathway. In
this manner, one can control whether a target gene is corrected or disrupted. By delivering a
Cas9 molecule, a gRNA molecule, and a RMEM to the cell, stimulation or an increase in the
likelihood of one or more of the following processes: canonical NHEJ (c-NHEJ), alternative
non-homologous end-joining (ALT-NHEJ), blunt end-joining (blunt EJ), microhomology
mediated end-joining (MMEJ), synthesis dependent microhomology mediated end-joining
(SD MME)J), homology directed repair (HDR), homologous recombination (HR), single
strand annealing (SSA), or alternative homologous recombination (alt-HR), occurring. In one

embodiment, delivery of both a Cas9 molecule, a gRNA molecule, and a RMEM
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preferentially promotes one type of repair process over another, e.g., a canonical NHEJ
pathway over a HDR pathway.

This section describes the machinery involved in different DNA repair pathways, and
ways of modulating that machinery. It is believed that in many cases, promoting steps or
factors involved in a first DNA repair pathway decreases the likelihood that a lesion will be
repaired by another DNA repair pathway. Additional details on the DNA repair machinery
are found in Ciccia and Elledge (2010) MOL. CELL 40(2): 179-204.

To begin, the relationships between different DNA damage repair pathways are
described. When a cell encounters a DSB, it follows a two-step model. The first step is the
choice between canonical NHEJ (sometimes abbreviated herein as C-NHEJ) which operates
on blunt DNA ends (i.e., no resection), and the initiation of resection of the DNA at the site
of the DSB. After the resection is engaged, the cell faces a choice between alternative non-
homologous end-joining (Alt-NHEJ, which is a class of repair pathways that includes MMEJ)
and HDR (which is a class of repair pathways that includes HR, alt-HR and SSA). KU70-80
is a protein complex that has affinity for double-strand breaks and it is one of the key factors
that regulates canonical NHEJ, and it suppresses both HR and alt-NHEJ. The length of
resection of the DNA and the state of the cell cycle have an important role in engaging HDR
versus Alt-NHEJ. Specifically, longer resection is required for HDR (hundreds of
nucleotides) whereas typically short resection is needed for Alt-NHEJ; HR is active in S and
G2 instead Alt-NHEJ is active throughout the cell cycle.

Each pathway is described in more detail in the following sections and tables.

HDR-Mediated Repair

HDR is one of at least three repair pathways that act on double-stranded breaks
(DSB). Which of the pathways ultimately repairs a given DSB is influenced by a number of
factors, including the degree of resection at the break. HDR typically acts when there has
been significant resection at the DSB, forming at least one single stranded portion of DNA.
The other DSB repair pathways (canonical NHEJ, and alt-NHEJ) are discussed below. In
addition to repairing DSBs, HDR (or a pathway sharing some of the same machinery) can
also repair nicks when a nick is converted to a double strand break, e.g., after replication.

In some cases, a DSB is recognized by PARP1/2. PARP1/2 competes with Ku
binding, and PARP1/2 binding favors engagement of the HDR machinery. Ku binding, in

contrast, favors canonical NHEJ, as described below.
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The DSB is also recognized by the MRN complex which contains MRE11, RADS50,
and NBS1. MREI11 has 3’ to 5° exonuclease activity and endonuclease activity. MRE11
form a complex with RADS0, which results in the increase of exonuclease activity. The
second subunit, NBS1, recruits ATM to the break. Resection at the break is initiated by the
BRCAI1-C complex. In this complex, CtIP-interacting protein (CtIP, also known as
Retinoblastoma binding protein 8, carboxy terminal binding protein-interacting protein, or
RBBPS) has endonuclease activity and interacts with BRCA1 and MRN. An initial step in
the resection pathway may occur when BRCA1 displaces 53BP1-RIF1, which would
otherwise push the break into the canonical NHEJ pathway. Once MRN and CtIP are
assembled, endonucleolytic cleavage of the 5° ends of the DSB creates short single-stranded
3’ overhangs. Next, resection enters the processive stage due to the activities of EXO1
exonuclease (which has 3’ to 5° exonuclease activity), and the Dna2 endonuclease. (Dna2
possesses several enzymatic activities, including 5° to 3” exonuclease activity, ATPase
activity, and helicase activity.) The helicases RECQ1, BLM, WRN, RTS, RECQ4, and
RECQS5 are human helicases involved in HDR. WRN has 3’ to 5’ helicase activity and
exonuclease activity. BLM participates in replication and repair, unwinding both single
strand and double stranded DNA in the 3’ to 5° direction. During repair, BLM may also be
involved in 5° end resection. RecQ protein-like 4 (RECQ4 or RECQL4) has 3’ to 5” helicase
activity. RecQ helicase-like (RECQL, RECQ1, or RECQL1) is a member of the RecQ
helicase family and has 3’ to 5° helicase activity. Together, these pro-resection components
favor engagement of the HDR pathway.

Resection leads to the formation of single stranded DNA regions. These regions are
bound and stabilized by RPA, a heterotrimer comprising RPA1, RPA2, RPA3, and RPA4
(see, for example, Mason et al., Biochemstry, 2010). An extended single strand can be
repaired by the HDR pathway as discussed in this section, such as the SSA pathway which is
discussed below. In the HDR pathway, the RPA heterotrimer undergoes post-translational
modification, specifically PP4-dependent dephosphorylation of RPA2 and sumolyation of
RPA1. RPA binding to the ssDNA generates a signal that has multiple consequence such as
activation of the DNA damage response and ultimately the engagement of BRCA2. BRCA2
then acts to promote the RPA displacement and the consequential Rad51 loading onto the
resected ends. CHK1 phosphorylates RADS1, allowing it to be recruited to the break. The
Rad51 filament is a key factor involved in the search for homology and in promoting the D-

loop invasion.
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Repair can then progress via different DNA crossover intermediates, i.e., via the
synthesis-dependent strand annealing (SDSA) pathway or by formation of double Holliday
junctions (dHJs). Briefly, SDSA involves a DNA polymerase which lengthens the invading
strand, and the RTEL helicase. When a dHJ is formed, the following machinery participates:
BLM/TOPO III which dissolves the structure, an endonuclease such as FEN1,
MUSS81/EMEI], or SLX1/SLX4 which cleaves the structure. (The FEN1 enzyme recognizes
the specific DNA structure of 5’ overhanging flap structures that occur in DNA repair and
replication, e.g., processes 5° ends of Okazaki fragment during lagging strand synthesis.
FENT may also possess 5’ to 3’ exonuclease activity on nicked or gapped double stranded
DNA.)

In some embodiments, HDR results in physical integration of the template nucleic
acid (or a part of it) into the genome as part of the repair process. In other embodiments,
HDR does not result in physical integration of a part of the template nucleic acid into the
genome.

FA (fanconi anemia) proteins may cause cells to favor HDR over canonical NHEJ.

HDR Pathways

HDR encompasses at least three pathways, homologous recombination (HR),
alternative homologous recombination (alt-HR), and single strand annealing (SSA). Methods
for promoting HDR pathways, e.g., alt-HR, SSA, and/or HR, by utilizing a Cas9 molecule, a
gRNA molecule, and a RMEM are discussed herein. Briefly, HR refers to a type of HDR
DNA-repair which typically acts occurs when there has been significant resection at the
double strand break, forming at least one single stranded portion of DNA. In a normal cell,
HR typically involves a series of steps such as recognition of the break, stabilization of the
break, resection, stabilization of single stranded DNA, formation of a DNA crossover
intermediate, resolution of the crossover intermediate, and ligation. The process requires
RADS1 and BRCAZ2, and the homologous nucleic acid is typically double-stranded.

Alternative HR refers to the process of repairing DNA damage using a homologous
nucleic acid (e.g., a sister chromatid or an exogenous nucleic acid, e.g., a template nucleic
acid). ALT-HR is distinct from HR in that the process utilizes different pathways from
canonical HR, and can be inhibited by the HR mediators, RAD51 and BRCA2. Also, ALT-

HR uses a single-stranded or nicked homologous nucleic acid for repair of the break.
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SSA refers to the process where RADS?2 as opposed to RADS1 in the HR pathways,
binds to the single stranded portion of DNA and promotes annealing of the two single
stranded DNA segments at repetitive regions. Once RADS52 binds XFP/ERCC1 removes
DNA flaps to make the DNA more suitable for ligation. SSA is described in more detail,

below.

Exemplary Template Nucleic Acids

In one embodiment, the template nucleic acid is a single stranded nucleic acid. In
another embodiment, the template nucleic acid is a double stranded nucleic acid. In one
embodiment, the template nucleic acid comprises a nucleotide sequence, e.g., of one or more
nucleotides, that will be added to or will template a change in the target nucleic acid. In one
embodiment, the template nucleic acid comprises a nucleotide sequence that may be used to
modify the target position. In one embodiment, the template nucleic acid comprises a
nucleotide sequence, e.g., of one or more nucleotides, that corresponds to wild type sequence
of the target nucleic acid, e.g., of the target position.

The template nucleic acid may comprise a replacement sequence. In one
embodiment, the template nucleic acid comprises a 5’ homology arm. In one embodiment,
the template nucleic acid comprises a 3’ homology arm.

In one embodiment, the template nucleic acid is linear double stranded DNA. The
length may be, e.g., about 150-200 base pairs, e.g., about 150, 160, 170, 180, 190, or 200
base pairs. The length may be, e.g., at least 150, 160, 170, 180, 190, or 200 base pairs. In
one embodiment, the length is no greater than 150, 160, 170, 180, 190, or 200 base pairs. In
one embodiment, a double stranded template nucleic acid has a length of about 160 base
pairs, e.g., about 155-165, 150-170, 140-180, 130-190, 120-200, 110-210, 100-220, 90-230,
or 80-240 base pairs.

The template nucleic acid can be linear single stranded DNA. In one embodiment, the
template nucleic acid is (i) linear single stranded DNA that can anneal to the nicked strand of
the target nucleic acid, (ii) linear single stranded DNA that can anneal to the intact strand of
the target nucleic acid, (ii1) linear single stranded DNA that can anneal to the transcribed
strand of the target nucleic acid, (iv) linear single stranded DNA that can anneal to the non-
transcribed strand of the target nucleic acid, or more than one of the preceding. The length
may be, e.g., about 150-200 nucleotides, e.g., about 150, 160, 170, 180, 190, or 200
nucleotides. The length may be, e.g., at least 150, 160, 170, 180, 190, or 200 nucleotides. In
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one embodiment, the length is no greater than 150, 160, 170, 180, 190, or 200 nucleotides. In
one embodiment, a single stranded template nucleic acid has a length of about 160
nucleotides, e.g., about 155-165, 150-170, 140-180, 130-190, 120-200, 110-210, 100-220,
90-230, or 80-240 nucleotides.

In one embodiment, the template nucleic acid is circular double stranded DNA, e.g., a
plasmid. In one embodiment, the template nucleic acid comprises about 500 to 1000 base
pairs of homology on either side of the replacement sequence and/or the nick. In one
embodiment, the template nucleic acid comprises about 300, 400, 500, 600, 700, 800, 900,
1000, 1500, or 2000 base pairs of homology 5’ of the nick or replacement sequence, 3’ of the
nick or replacement sequence, or both 5” and 3’ of the nick or replacement sequence. In one
embodiment, the template nucleic acid comprises at least 300, 400, 500, 600, 700, 800, 900,
1000, 1500, or 2000 base pairs of homology 5’ of the nick or replacement sequence, 3’ of the
nick or replacement sequence, or both 5” and 3’ of the nick or replacement sequence. In one
embodiment, the template nucleic acid comprises no more than 300, 400, 500, 600, 700, 800,
900, 1000, 1500, or 2000 base pairs of homology 5’ of the nick or replacement sequence, 3’
of the nick or replacement sequence, or both 5° and 3’ of the nick or replacement sequence.

In one embodiment, the template nucleic acid is an adenovirus vector, e.g., an AAV
vector, e.g., a ssSDNA molecule of a length and sequence that allows it to be packaged in an
AAV capsid. The vector may be, e.g., less than 5 kb and may contain an ITR sequence that
promotes packaging into the capsid. The vector may be integration-deficient. In one
embodiment, the template nucleic acid comprises about 150 to 1000 nucleotides of homology
on either side of the replacement sequence and/or the nick. In one embodiment, the template
nucleic acid comprises about 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500,
or 2000 nucleotides 5’ of the nick or replacement sequence, 3 of the nick or replacement
sequence, or both 5° and 3’ of the nick or replacement sequence. In one embodiment, the
template nucleic acid comprises at least 100, 150, 200, 300, 400, 500, 600, 700, 800, 900,
1000, 1500, or 2000 nucleotides 5° of the nick or replacement sequence, 3’ of the nick or
replacement sequence, or both 5” and 3’ of the nick or replacement sequence. In one
embodiment, the template nucleic acid comprises at most 100, 150, 200, 300, 400, 500, 600,
700, 800, 900, 1000, 1500, or 2000 nucleotides 5’ of the nick or replacement sequence, 3’ of
the nick or replacement sequence, or both 5° and 3’ of the nick or replacement sequence.

In one embodiment, the template nucleic acid is a lentiviral vector, e.g., an IDLV

(integration deficiency lentivirus). In one embodiment, the template nucleic acid comprises
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about 500 to 1000 base pairs of homology on either side of the replacement sequence and/or
the nick. In one embodiment, the template nucleic acid comprises about 300, 400, 500, 600,
700, 800, 900, 1000, 1500, or 2000 base pairs of homology 5’ of the nick or replacement
sequence, 3’ of the nick or replacement sequence, or both 5° and 3’ of the nick or
replacement sequence. In one embodiment, the template nucleic acid comprises at least 300,
400, 500, 600, 700, 800, 900, 1000, 1500, or 2000 base pairs of homology 5’ of the nick or
replacement sequence, 3’ of the nick or replacement sequence, or both 5’ and 3’ of the nick
or replacement sequence. In one embodiment, the template nucleic acid comprises no more
than 300, 400, 500, 600, 700, 800, 900, 1000, 1500, or 2000 base pairs of homology 5° of the
nick or replacement sequence, 3’ of the nick or replacement sequence, or both 5” and 3’ of
the nick or replacement sequence.

In many embodiments, the template nucleic acid comprises one or more mutations,
e.g., silent mutations, that prevent Cas9 from recognizing and cleaving the template nucleic
acid. The template nucleic acid may comprise, e.g., at least 1, 2, 3, 4, 5, 10, 20, or 30 silent
mutations relative to the corresponding sequence in the genome of the cell to be altered. In
one embodiment, the template nucleic acid comprises at most 2, 3, 4, 5, 10, 20, 30, or 50
silent mutations relative to the corresponding sequence in the genome of the cell to be altered.

In one embodiment, the template nucleic acid alters the structure of the target position
by participating in a homology directed repair event. In one embodiment, the template
nucleic acid alters the sequence of the target position. In one embodiment, the template
nucleic acid results in the incorporation of a modified, or non-naturally occurring base into
the target nucleic acid.

Typically, the template sequence undergoes a breakage mediated or catalyzed
recombination with the target sequence. In one embodiment, the template nucleic acid
includes sequence that corresponds to a site on the target sequence that is cleaved by an
eaCas9 mediated cleavage event. In one embodiment, the template nucleic acid includes
sequence that corresponds to both, a first site on the target sequence that is cleaved in a first
Cas9 mediated event, and a second site on the target sequence that is cleaved in a second
Cas9 mediated event.

In one embodiment, the template nucleic acid can include sequence which results in
an alteration in the coding sequence of a translated sequence, e.g., one which results in the
substitution of one amino acid for another in a protein product, e.g., transforming a mutant

allele into a wild type allele, transforming a wild type allele into a mutant allele, and/or
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introducing a stop codon, insertion of an amino acid residue, deletion of an amino acid
residue, or a nonsense mutation.

In one embodiment, the template nucleic acid can include sequence which results in
an alteration in a non-coding sequence, e.g., an alteration in an exon or in a 5’ or 3’ non-
translated or non-transcribed region. Such alterations include an alteration in a control
element, e.g., a promoter, enhancer, and an alteration in a cis-acting or trans-acting control
element.

A template nucleic acid having homology with a target position can be used to alter
the structure of a target sequence. The template sequence can be used to alter an unwanted
structure, e.g., an unwanted or mutant nucleotide.

Length Of The Homology Arms

The homology arm should extend at least as far as the region in which end resection
may occur, e.g., in order to allow the resected single stranded overhang to find a
complementary region within the donor template. The overall length could be limited by
parameters such as plasmid size or viral packaging limits. In one embodiment, a homology
arm does not extend into repeated elements, e.g., ALU repeats or LINE repeats.

Exemplary homology arm lengths include a least 50, 100, 250, 500, 750, 1000, 2000,
3000, 4000, or 5000 nucleotides. In one embodiment, the homology arm length is 50-100,
100-250, 250-500, 500-750, 750-1000, 1000-2000, 2000-3000, 3000-4000, or 4000-5000
nucleotides.

A template nucleic acid typically comprises the following components:

[5° homology arm]-[replacement sequence]-[3” homology arm].

The homology arms provide for recombination into the chromosome, thus replacing
the undesired element, e.g., a mutation or signature, with the replacement sequence. In one
embodiment, the homology arms flank the most distal cleavage sites.

In one embodiment, the 3” end of the 5° homology arm is the position next to the 5’
end of the replacement sequence. In one embodiment, the 5° homology arm can extend at
least 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 3000,
4000, or 5000 nucleotides 5’ from the 5’ end of the replacement sequence.

In one embodiment, the 5° end of the 3° homology arm is the position next to the 3’
end of the replacement sequence. In one embodiment, the 3° homology arm can extend at
least 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 3000,

4000, or 5000 nucleotides 3’ from the 3’ end of the replacement sequence.
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In one embodiment, to correct a mutation, the homology arms, e.g., the 5’ and 3’
homology arms, may each comprise about 1000 base pairs (bp) of sequence flanking the most
distal gRNAs (e.g., 1000 bp of sequence on either side of the mutation).

It is contemplated herein that one or both homology arms may be shortened to avoid
including certain sequence repeat elements, e.g., Alu element or LINE elements. For
example, a 5" homology arm may be shortened to avoid a sequence repeat element. In one
embodiment, a 3’ homology arm may be shortened to avoid a sequence repeat element. In
one embodiment, both the 5’ and the 3° homology arms may be shortened to avoid including
certain sequence repeat elements.

It is contemplated herein that template nucleic acids for correcting a mutation may be
designed for use as a single-stranded oligonucleotide, e.g., a single-stranded
oligodeoxynucleotide (ssODN). When using a ssODN, 5’ and 3’ homology arms may range
up to about 200 base pairs (bp) in length, e.g., at least 25, 50, 75, 100, 125, 150, 175, or 200
bp in length. Longer homology arms are also contemplated for ssODNs as improvements in
oligonucleotide synthesis continue to be made. In one embodiment, a longer homology arm is
made by a method other than chemical synthesis, e.g., by denaturing a long double stranded
nucleic acid and purifying one of the strands, e.g., by affinity for a strand-specific sequence
anchored to a solid substrate.

Exemplary Arrangements Of Linear Nucleic Acid Template Systems

In one embodiment, the nucleic acid template system is double stranded. In one
embodiment, the nucleic acid template system is single stranded. In one embodiment, the
nucleic acid template system comprises a single stranded portion and a double stranded
portion. In one embodiment, the template nucleic acid comprises about 50 to 100, e.g., 55 to
95, 60 to 90, 65 to 85, or 70 to 80, base pairs, homology on either side of the nick and/or
replacement sequence. In one embodiment, the template nucleic acid comprises about 50, 55,
60, 65, 70, 75, 80, 85, 90, 95, or 100 base pairs homology 5’ of the nick or replacement
sequence, 3’ of the nick or replacement sequence, or both 5° and 3’ of the nick or
replacement sequences.

In one embodiment, the template nucleic acid comprises about 150 to 200, e.g., 155 to
195, 160 to 190, 165 to 185, or 170 to 180, base pairs homology 3’ of the nick and/or
replacement sequence. In one embodiment, the template nucleic acid comprises about 150,
155, 160, 165, 170, 175, 180, 185, 190, 195, or 200 base pairs homology 3’ of the nick or

replacement sequence. In one embodiment, the template nucleic acid comprises less than
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about 100, 90, 80, 70, 60, 50, 40, 30, 20, 15, or 10 base pairs homology 5’ of the nick or
replacement sequence.

In one embodiment, the template nucleic acid comprises about 150 to 200, e.g., 155 to
195, 160 to 190, 165 to 185, or 170 to 180, base pairs homology 5’ of the nick and/or
replacement sequence. In one embodiment, the template nucleic acid comprises about 150,
155, 160, 165, 170, 175, 180, 185, 190, 195, or 200 base pairs homology 5’ of the nick or
replacement sequence. In one embodiment, the template nucleic acid comprises less than
about 100, 90, 80, 70, 60, 50, 40, 30, 20, 15, or 10 base pairs homology 3’ of the nick or
replacement sequence.

Exemplary Arrangements Of Circular Nucleic Acid Template Systems

In one embodiment, the nucleic acid template system is double stranded. In one
embodiment, the nucleic acid template system is double stranded comprises a single stranded
portion and a double stranded portion. In one embodiment, the nucleic acid template system
is single stranded.

In one embodiment, the template nucleic acid comprises about 500 to 2000, e.g., 700
to 1900, 800 to 1800, 900 to 1700, 900 to 1600, 1000 to 1500, 1100 to 1400, or 1200 to 1300
base pairs, homology on either side of the nick and/or replacement sequence. In one
embodiment, the template nucleic acid comprises about 500, 600, 700, 800, 900, 1000, 1100,
1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, or 2000 base pairs homology 5’ of the nick
or replacement sequence, 3’ of the nick or replacement sequence, or both 5 and 3’ of the
nick or replacement sequences.

In one embodiment, the template nucleic acid comprises about 500 to 2000, e.g., 700
to 1900, 800 to 1800, 900 to 1700, 900 to 1600, 1000 to 1500, 1100 to 1400, or 1200 to 1300,
base pairs homology 3’ of the nick and/or replacement sequence. In one embodiment, the
template nucleic acid comprises about 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300,
1400, 1500, 1600, 1700, 1800, 1900, or 2000 base pairs homology 3’ of the nick or
replacement sequence. In one embodiment, the template nucleic acid comprises less than
about 500, 400, 300, 200, 100, or 50 base pairs homology 5’ of the nick or replacement
sequence.

In one embodiment, the template nucleic acid comprises about 500 to 2000, e.g., 700
to 1900, 800 to 1800, 900 to 1700, 900 to 1600, 1000 to 1500, 1100 to 1400, or 1200 to 1300,
base pairs homology 5’ of the nick and/or replacement sequence. In one embodiment, the

template nucleic acid comprises about 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300,
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1400, 1500, 1600, 1700, 1800, 1900, or 2000 base pairs homology 5’ of the nick or
replacement sequence. In one embodiment, the template nucleic acid comprises less than
about 500, 400, 300, 200, 100, or 50 base pairs homology 3’ of the nick or replacement
sequence.

Additional details on template nucleic acids are provided in Section IV entitled
“Template Nucleic Acids (Genome Editing Approaches)” of PCT Application WO
2015/048577, the entire contents of which are expressly incorporated herein by reference.

HDR and the cell cycle

HDR is highly influenced by the stage of the cell cycle. Cell cycle regulation acts on
several points of the pathway, which are discussed below.

First, in the wild-type context, HDR is thought to be limited to S and G2 phase
because HDR requires RADS1 to interact with the C-terminus of BRCA2, and this interaction
only occurs during S and G2 phases.

In addition, cell cycle-dependent differences in resection may help limit homologous
recombination to S/G2. In mammals, to promote HDR, the resecting endonuclease CtIP is
activated by CDK phosphorylation at threonine 847. A further phosphorylation on serine 327
promotes CtIP’s interaction with the BRCT domain of BRCA1 (which is important for
HDR). In a mutually antagonistic arrangement, BRCA1-CtIP favors homologous
recombination by antagonizing S3BP1-RIF1 in G2, whereas in G1, 5S3BP1-RIF2 blocks
BRCALI from accumulating at DSBs. Resection involves not only nucleases but helicases.
Helicases are motor proteins that move along the backbone of the DNA and alter the structure
of DNA by unwinding DNA or promoting the annealing of single strands. Unwinding of the
DNA occurs through an ATP-dependent process that breaks the hydrogen bonds between the
nucleotides of annealed strands, e.g., through ATP hydrolysis. Unwinding activity can occur
in the 5’ to 3’ direction or in the 3 to 5” direction. Helicase activity also includes promoting
ATP-independent or ATP-dependent annealing of two single strands with significant or
sufficient complementarity. The helicase BLM also undergoes cell-cycle dependent
regulation. More particularly, sumoylation of BLM appears to promote recombination.

The stage of the cell cycle also affects the formation of the RADS1 filament. For
instance, RPA (which forms a substrate for assembly of the RADS51 filament) is
phosphorylated in a cell cycle dependent manner, affecting its ability to localize properly. In
addition, RADS51 is more directly regulated; the CHK1 kinase phosphorylates it, allowing it

to form foci at the sites of DNA damage and promote repair. As an additional form of
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regulation, CDK-cyclin A phosphorylates BRCA?2 in M phase, preventing BRCA2 from
interacting with RADS1, effectively shutting down HDR at the end of G2 phase.

In addition, the MRN complex may also be a target of cell cycle dependent regulation.

Non-Homologous End-Joining (NHE])

Two distinct NHEJ pathways are described herein, canonical NHEJ and alternative
NHEJ (alt-NHEJ). In contrast to HDR, canonical NHEJ typically occurs when a double
strand break has blunt, unresected ends that are ligation-competent. In some instances,
minimal end processing, e.g., <5 nucleotide deletions or insertions, occurs, and the break
ends are ligated thereby resulting in either correct (error-free) repair, or approximately 1-4
nucleotide insertions or deletions. Canonical NHEJ is dependent upon the KU70/80 and
XRCC4/LigaselV pathway for recognition of the break, minimal end processing, DNA
synthesis, and ligation.

In contrast, alternative NHEJ (Alt-NHEJ) appears to encompass a variety of different
DNA repair processes, including blunt EJ, MMEJ, and SD-MMEJ. The common feature is
that alt-NHEJ is independent from KU70/80 and Xrcc4/Ligase IV, and is associated with
deletion at the repair junctions. Alt-NHEJ typically occurs when resection of more than 5
nucleotides at the break ends occurs. In some cases, resection reveals a short span, e.g., 5 to
25 nucleotides, of homologous sequence in the overhangs, also known as microhomologies.
The microhomologies anneal and the intervening sequence on the single strands between the
break and the annealed microhomology region is deleted. Accordingly, ALT-NHEJ typically
results in longer stretches, e.g., greater than 5 nucleotides, of deleted sequence than canonical
NHE]J.

Alternative NHEJ has different subclasses, including blunt end-joining (blunt EJ),
MMEJ (microhomology mediated end-joining), and SD-MMEJ (synthesis dependent micro
homology mediated end-joining), and others that do not have specific names but are
characterized by not having any microhomology at the break-point. In MME]J, a limited
amount of resection occurs and there is microhomology at the break site (typically 5-25 bp);
MME] is one of the most abundant and characterized types of alt-NHEJ. The initial phase of
MME]J involves recognition of the break. PARP1/2, which binds to double strand breaks, can
promote MMEJ. Next, the cell performs resection over a short distance from the break site.
CtIP performs some resection in G1, which can also promote MMEJ. Next, the single

stranded microhomology domains anneal with each other and LIG-3 performs DNA end
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ligation. In SDMME]J, there is de novo synthesis by an accurate non-processive DNA
polymerase that creates microhomology.

Alt-NHEJ is mostly independent from DNAPk (a key participant in canonical NHEJ,
as discussed above), and is instead dependent on the MRN complex (composed of MRE11,
Rad50 and Nbs1) and CtIP, both of which participate in resection.

Alt-NHE]J is cell cycle independent; it can occur in G1, where limited resection is
present and exposes the micro-homology or, alternatively, a helicase might expose the
microhomology (as occurs in MMEJ). Polymerases can fill in the gap and the XPF/ERCC1
complex (which is an endonuclease component also involved in NER and SSA) has a role in
removing the DNA flap (the displaced strand that gets created). Finally, ligase I and a
complex of XRCC1 and ligase III appear to have a role in the ligation of the ends. The latter
two factors are also involved in NER, BER and SSBR.

Nuclease-induced non-homologous end-joining (NHEJ) can be used to target gene-
specific knockouts. Nuclease-induced NHEJ can also be used to remove (e.g., delete)
nucleotide sequence in a gene of interest. In the methods for altering a cell or treating a
subject by altering a cell described herein, the cell is contacted with a Cas9 molecule, at least
one gRNA molecule, and a RMEM described herein in an amount and under conditions
sufficient for NHEJ. In one embodiment, a deletion occurs in the nucleic acid of the cell,
thereby altering the sequence of the nucleic acid of the cell.

In one embodiment, the genomic alterations associated with the methods described
herein rely on nuclease-induced NHEJ and the error-prone nature of the NHEJ repair
pathway. NHEJ repairs a double-strand break in the DNA by joining together the two ends;
however, generally, the original sequence is restored only if two compatible ends, exactly as
they were formed by the double-strand break, are perfectly ligated. The DNA ends of the
double-strand break are frequently the subject of enzymatic processing, resulting in the
addition or removal of nucleotides, e.g., resection, at one or both strands, prior to rejoining of
the ends. This results in the presence of insertion and/or deletion (indel) mutations in the
DNA sequence at the site of the NHEJ repair. Two-thirds of these mutations typically alter
the reading frame and, therefore, produce a non-functional protein. Additionally, mutations
that maintain the reading frame, but which insert or delete a significant amount of sequence,
can destroy functionality of the protein. This is locus dependent as mutations in critical
functional domains are likely less tolerable than mutations in non-critical regions of the

protein.
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The indel mutations generated by NHEJ are unpredictable in nature; however, at a
given break site certain indel sequences are favored and are over represented in the
population, likely due to small regions of microhomology. The lengths of deletions can vary
widely; most commonly in the 1-50 bp range, but they can easily reach greater than 100-200
bp. In one embodiment, the deletion is at least about 1, 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 30, 40, 47, 50, 75, 100, 200, 300, 400, 500, 750, 1000, 2000, 3000,
4000, 5000, 6000, 7000, 8000, 9000, 10000, 15000, 20000, 25000, 30000, 40000, 50000,
60000, 70000, 80000, 90000, 100000, 200000, 300000, 400000, 500000, 600000, 700000,
800000, 900000, 1000000 or more nucleotides in length. Insertions tend to be shorter and
often include short duplications of the sequence immediately surrounding the break site.
However, it is possible to obtain large insertions, and in these cases, the inserted sequence has
often been traced to other regions of the genome or to plasmid DNA present in the cells.

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

Both double strand cleaving eaCas9 molecules and single strand, or nickase, eaCas9
molecules can be used in the methods and compositions described herein to generate NHEJ-
mediated indels. NHEJ-mediated indels targeted to the gene, e.g., a coding region, e.g., an
early coding region of a gene of interest, can be used to knockout (i.e., eliminate expression
of) a gene of interest. For example, early coding region of a gene of interest includes
sequence immediately following a transcription start site, within a first exon of the coding
sequence, or within 500 bp of the transcription start site (e.g., less than 500, 450, 400, 350,
300, 250, 200, 150, 100 or 50 bp).

Methods for promoting NHEJ pathways, particularly alternative NHEJ, by utilizing a

Cas9 molecule and a RMEM are discussed herein.
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Single Strand Annealing (SSA)

Single strand annealing (SSA) is a that repairs double-stranded breaks. SSA is
believed to be a sub-branch of HDR. As with HDR, a cell typically uses SSA when there has
been significant resection at the break. Thus, SSA is characterized by having longer length of
resection (longer than Alt-NHEJ) and a longer stretch of homology at the DSB site (>30bp).
SSA competes with HR in S phase.

As in other HDR pathways, resection leads to the formation of single stranded DNA
regions. These regions are bound and stabilized by RPA, a heterotrimer comprising RPA1,
RPA2, and RPA3. Whereas in the other HDR pathways, RADS51 binds the single stranded
region, in the SSA pathway, RADS2 is involved. RADS2 promotes annealing of the two
single stranded DNA segments at repetitive regions. Next, XPF/ERCC1 removes DNA flaps
to make the DNA more suitable for ligation. New DNA synthesis fills in any gaps, and
ligation restores the DNA duplex. As a result of the processing, the DNA sequence between
the two repeats is deleted. The length of the deletion can depend on many factors including
the location of the two repeats utilized, and the pathway or processivity of the resection.

In contrast to HDR pathways, SSA does not require a template nucleic acid to alter or
correct a target nucleic acid sequence. Instead, the complementary repeat sequence is
utilized. SSA results in disruption of the target nucleic acid sequence.

Methods for promoting SSA by utilizing a gRNA molecule, a Cas9 molecule, and a
RMEM are discussed herein.

Other DNA Repair Pathways

SSBR (single strand break repair)

Single-stranded breaks (SSB) in the genome are repaired by the SSBR pathway,
which is a distinct mechanism from the DSB repair mechanisms discussed above. The SSBR
pathway has four major stages: SSB detection, DNA end processing, DNA gap filling, and
DNA ligation. A more detailed explanation is given in Caldecott (2008) NATURE REVIEWS
GENETICS 9: 619-631, and a summary is given here.

In the first stage, when a SSB forms, PARP1 and/or PARP2 recognize the break and
recruit repair machinery. The binding and activity of PARP1 at DNA breaks is transient and
it seems to accelerate SSBr by promoting the focal accumulation or stability of SSBr protein
complexes at the lesion. Arguably the most important of these SSBr proteins is XRCC1,

which functions as a molecular scaffold that interacts with, stabilizes, and stimulates multiple

155



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

enzymatic components of the SSBr process including the protein responsible for cleaning the
DNA 3’ and 5’ ends. For instance, XRCC1 interacts with several proteins (DNA polymerase
beta, PNK, and three nucleases, APE1, APTX, and APLF) that promote end processing.
APE]1 has endonuclease activity. APLF exhibits endonuclease and 3’ to 5° exonuclease
activities. APTX has endonuclease and 3’ to 5’ exonuclease activity.

This end processing is an important stage of SSBR since the 3’- and/or 5’-termini of
most, if not all, SSBs are ‘damaged’. End processing generally involves restoring a damaged
3’-end to a hydroxylated state and and/or a damaged 5’ end to a phosphate moiety, so that the
ends become ligation-competent. Enzymes that can process damaged 3’ termini include
PNKP, APE1, and TDP1. Enzymes that can process damaged 5’ termini include PNKP,
DNA polymerase beta, and APTX. LIG3 (DNA ligase III) can also participate in end
processing. Once the ends are cleaned, gap filling can occur.

At the DNA gap filling stage, the proteins typically present are PARP1, DNA
polymerase beta, XRCC1, FEN1 (flap endonuclease 1), DNA polymerase delta/epsilon,
PCNA, and LIG1. There are two ways of gap filling, the short patch repair and the long
patch repair. Short patch repair involves the insertion of a single nucleotide that is missing.
At some SSBs, “gap filling” might continue displacing two or more nucleotides
(displacement of up to 12 bases have been reported). FEN1 is an endonuclease that removes
the displaced 5’-residues. Multiple DNA polymerases, including Pol B, are involved in the
repair of SSBs, with the choice of DNA polymerase influenced by the source and type of
SSB.

In the fourth stage, a DNA ligase such as LIG1 (Ligase I) or LIG3 (Ligase I1I)
catalyzes joining of the ends. Short patch repair uses Ligase III and long patch repair uses
Ligase I.

Sometimes, SSBR is replication-coupled. This pathway can involve one or more of
CtIP, MRN, ERCC1, and FEN1. Additional factors that may promote SSBR include:
aPARP, PARP1, PARP2, PARG, XRCC1, DNA polymerase , DNA polymerase delta, DNA
polymerase epsilon, PCNA, LIG1, PNK, PNKP, APE1, APTX, APLF, TDP1, LIG3, FENI1,
CtIP, MRN, and ERCCI1.

MMR (mismatch repair)

Cells contain three excision repair pathways: MMR, BER, and NER. The excision

repair pathways have a common feature in that they typically recognize a lesion on one strand
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of the DNA, then exo/endonucleaseases remove the lesion and leave a 1-30 nucleotide gap
that is sub-sequentially filled in by DNA polymerase and finally sealed with ligase. A more
complete picture is given in Li (2008) CELL RESEARCH 18: 85-98, and a summary is provided
here.

Mismatch repair (MMR) operates on mispaired DNA bases.

The MSH2/6 or MSH2/3 complexes both have ATPase activity that plays an
important role in mismatch recognition and the initiation of repair. MSH2/6 preferentially
recognizes base-base mismatches and identifies mispairs of 1 or 2 nucleotides, while MSH2/3
preferentially recognizes larger ID mispairs.

hMLHI1 heterodimerizes with hPMS2 to form hMutL a which possesses an ATPase
activity and is important for multiple steps of MMR. It possesses a PCNA/replication factor
C (RFC)-dependent endonuclease activity which plays an important role in 3’ nick-directed
MMR involving EXO1 (EXO1 is a participant in both HR and MMR). It regulates
termination of mismatch-provoked excision. Ligase I is the relevant ligase for this pathway.
Additional factors that may promote MMR include: EXO1, MSH2, MSH3, MSH6, MLH1,
PMS2, MLH3, DNA Pol delta, RPA, HMGBI1, RFC, and DNA ligase I.

Base excision repair (BER)

The base excision repair (BER) pathway is active throughout the cell cycle; it is
responsible primarily for removing small, non-helix-distorting base lesions from the genome.
In contrast, the related Nucleotide Excision Repair pathway (discussed in the next section)
repairs bulky helix-distorting lesions. A more detailed explanation is given in Caldecott
(2008), and a summary is given here.

Upon DNA base damage, base excision repair (BER) is initiated and the process can
be simplified into five major steps: (a) removal of the damaged DNA base; (b) incision of the
subsequent a basic site; (c) clean-up of the DNA ends; (d) insertion of the correct nucleotide
into the repair gap; and (e) ligation of the remaining nick in the DNA backbone. These last
steps are similar to the SSBR.

In the first step, a damage-specific DNA glycosylase excises the damaged base
through cleavage of the N-glycosidic bond linking the base to the sugar phosphate backbone.
Then AP endonuclease-1 (APE1) or bifunctional DNA glycosylases with an associated lyase
activity incises the phosphodiester backbone to create a DNA single strand break (SSB). The
third step of BER involves cleaning-up of the DNA ends. The fourth step in BER is
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conducted by Pol B that adds a new complementary nucleotide into the repair gap, and in the
final step, XRCC1/Ligase III seals the remaining nick in the DNA backbone. This completes
the short-patch BER pathway in which the majority (~80%) of damaged DNA bases are
repaired. However, if the 5’-ends in step 3 are resistant to end processing activity, following
one nucleotide insertion by Pol B, there is then a polymerase switch to the replicative DNA
polymerases, Pol 6/e, which then add ~2—8 more nucleotides into the DNA repair gap. This
creates a 5°-flap structure, which is recognized and excised by flap endonuclease-1 (FEN-1)
in association with the processivity factor proliferating cell nuclear antigen (PCNA). DNA
ligase I then seals the remaining nick in the DNA backbone and completes long-patch BER.
Additional factors that may promote the BER pathway include: DNA glycosylase, APE1, Pol
B, Pol delta, Pol epsilon, XRCC1, Ligase III, FEN-1, PCNA, RECQL4, WRN, MYH, PNKP,
and APTX.

Nucleotide excision repair (NER)

Nucleotide excision repair (NER) is an important excision mechanism that removes
bulky helix-distorting lesions from DNA. Additional details about NER are given in Marteijn
et al. (2014) NATURE REVIEWS MOLECULAR CELL BIOLOGY 15, 465-481, and a summary is
given here. NER a broad pathway encompassing two smaller pathways: global genomic
NER (GG-NER) and transcription coupled repair NER (TC-NER). GG-NER and TC-NER
use different factors for recognizing DNA damage. However, they utilize the same
machinery for lesion incision, repair, and ligation.

Once damage is recognized, the cell removes a short single-stranded DNA segment
that contains the lesion. Endonucleases XPF/ERCC1 and XPG (encoded by ERCCS) remove
the lesion by cutting the damaged strand on either side of the lesion, resulting in a single-
strand gap of 22-30 nucleotides. Next, the cell performs DNA gap filling synthesis and
ligation. Involved in this process are: PCNA, RFC, DNA Pol 6, DNA Pol ¢ or DNA Pol «,
and DNA ligase I or XRCC1/Ligase III. Replicating cells tend to use DNA pol € and DNA
ligase I, while non-replicating cells tend to use DNA Pol §, DNA Pol k, and the XRCC1/
Ligase III complex to perform the ligation step.

NER can involve the following factors: XPA-G, POLH, XPF, ERCC1, XPA-G, and
LIG1. Transcription-coupled NER (TC-NER) can involve the following factors: CSA, CSB,
XPB, XPD, XPG, ERCCI1, and TTDA. Additional factors that may promote the NER repair
pathway include XPA-G, POLH, XPF, ERCCI1, XPA-G, LIG1, CSA, CSB, XPA, XPB,
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XPC, XPD, XPF, XPG, TTDA, UVSSA, USP7, CETN2, RAD23B, UV-DDB, CAK
subcomplex, RPA, and PCNA.

Interstrand Crosslink (ICL)
A dedicated pathway called the ICL repair pathway repairs interstrand crosslinks.

Interstrand crosslinks, or covalent crosslinks between bases in different DNA strand, can
occur during replication or transcription. ICL repair involves the coordination of multiple
repair processes, in particular, nucleolytic activity, translesion synthesis (TLS), and HDR.
Nucleases are recruited to excise the ICL on either side of the crosslinked bases, while TLS
and HDR are coordinated to repair the cut strands. ICL repair can involve the following
factors: endonucleases, e.g., XPF and RADS1C, endonucleases such as RADS51, translesion
polymerases, e.g., DNA polymerase zeta and Revl, and the Fanconi anemia (FA) proteins,

e.g., FancJ.

Other pathways

Several other DNA repair pathways exist in mammals.

Translesion synthesis (TLS) is a pathway for repairing a single stranded break left
after a defective replication event and involves translesion polymerases, e.g., DNA pol{ and
Revl.

Error-free postreplication repair (PRR) is another pathway for repairing a single
stranded break left after a defective replication event.

Methods for Promoting Specific Repair Processes

Methods for promoting specific repair processes, e.g., preferentially over a different
repair process, by utilizing a Cas9 molecule, at least one gRNA molecule, and a RMEM are
described herein. In one embodiment, the Cas9 molecule has specific functional properties,
e.g., a Cas9 molecule comprising nickase or double strand cleavage activity, and can promote
one repair process in favor of another. In an aspect, the use of a combination of Cas9, at least
one gRNA molecule, and a RMEM, described herein mediates, or preferentially promotes,
one or more of the following repair processes: c-NHEJ, alt-NHEJ (including blunt EJ,
MMEJ, and SD-MMEJ), or HDR (including alt-HR, HR, and SSA).

As described above, resection plays an important role in HDR (including SSA, HR,
and alt-HR), and alt-NHEJ. In some embodiments, the repair process stimulated after Cas9-

mediated cleavage is dependent upon the degree, e.g., the length, of resection. For example,
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SSA is stimulated only when the resection sufficiently exposes two direct repeat sequences
competent for single strand annealing.

In one embodiment, the methods provided herein promote HDR. HDR may require
the presence of a template nucleic acid. The template nucleic acid may be exogenous, e.g.,
provided to the cell or to the subject, or may be endogenous, e.g., naturally occurring in the
cell or the subject. The template nucleic acid may be double stranded, single stranded, or
nicked. Exemplary template nucleic acids are described herein. In one embodiment, where
the template nucleic acid is double-stranded, HDR is promoted. In another embodiment, SSA
does not require the presence of a template nucleic acid.

In one embodiment, the methods provided herein promote canonical NHEJ. In one
embodiment, canonical NHEJ does not require the presence of a template nucleic acid. In
another embodiment, the methods provided herein promote ALT-NHEJ. ALT-NHEJ does

not require the presence of a template nucleic acid.

Combinations of RNA-guided nuclease molecules and RMEMs

A RMEM, e.g., an endogenous or a heterologous RMEM, can be used in combination
with different RNA-guided nuclease molecules. For example, a RMEM, e.g., an endogenous
or a heterologous RMEM, can be used in combination with an eiCas9 molecule, or in
combination with an eaCas9 molecule, or in combination with two or more Cas9 molecules
that may be eaCas9 molecules or eiCas9 molecules. In one embodiment where the
combination comprises a RMEM, e.g., an endogenous or a heterologous RMEM, and two
Cas9 molecules, the first and second Cas9 molecules are different, e.g., have different
functional activity or have different amino acid sequences. In one embodiment where the
combination comprises a RMEM, e.g., an endogenous or a heterologous RMEM, and more
than two Cas9 molecules, the Cas9 molecules are also different.

In another embodiment, a RNA-guided nuclease molecule may be used in
combination with different RMEMs. For example, a Cas9 molecule can be used in
combination with one or more RMEMSs. In one embodiment where the combination
comprises a Cas9 molecule and two or more RMEMs, the RMEMs are different, e.g., have
different functional activity or have different amino acid sequences. Embodiments where
two or more Cas9 molecules, e.g., three, four, five, six, seven or more Cas9 molecules, are
used in combination with two or more RMEMEs, e.g., three, four, five, six, seven or more

RMEMs, are also envisioned.
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In the methods where a cell is contacted with a combination comprising a RMEM,
and two or more RNA-guided nuclease molecules, e.g., an eiCas9 molecule and an eaCas9
molecule, the combination further comprises a gRNA corresponding to each of the Cas9
molecules in the combination. For example, in the combination of an eaCas9 molecule and
an eiCas9 molecule, the combination further comprises two gRNA molecules, where the
gRNA molecule that forms a complex with the eaCas9 molecule is only functional with the
eaCas9 molecule, e.g., does not form a complex with the eiCas9 molecule. Similarly, the
gRNA molecule that forms a complex with the eiCas9 molecule is only functional with the
eiCas9 molecule, e.g., does not form a complex with the eaCas9 molecule. In one
embodiment, the gRNA molecule that correspond to the eaCas9 molecule positions the
eaCas9 molecule so that the cleavage event mediated by the eaCas9 molecule is at a
preselected position on the target nucleic acid. In one embodiment, the gRNA molecule that
corresponds to the eiCas9 molecule positions the eiCas9 away from the preselected position
on the target nucleic acid, e.g., at least 10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, or
1000 nucleotides from the preselected position, or within 10, 50, 100, 200, 300, 400, 500,
600, 700, 800, 900, or 1000 nucleotides of the preselected position. In one embodiment the
amount of eiCas9 delivered is at least 2, 3, 4, 5, 10, 20, 30, 40, 50, or 100-fold higher than the
amount of eaCas9 molecule that is delivered to the cell or the subject. Thus, In one
embodiment, a plurality of eiCas9 molecules are localized to the target nucleic acid at
varying or regular intervals on either or both sides of the preselected position at which the
eaCas9 molecule-mediated cleavage event will occur. In one embodiment, a complex
comprising the eiCas9 molecule and its gRNA, and a complex comprising the eaCas9

molecule and its gRNA, are contacted with, or administered to a cell.

Types of Cleavage Events in Genome Editing

In one embodiment, a mutation can be corrected by either one double-strand break or
two single strand breaks. In one embodiment, a mutation can be corrected by (1) a single
double-strand break, (2) two single strand breaks, (3) two double stranded breaks with a
break occurring on each side of the target position, (4) one double stranded break and two
single strand breaks with the double strand break and two single strand breaks occurring on
each side of the target position or (5) four single stranded breaks with a pair of single

stranded breaks occurring on each side of the target position.
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Double Strand Break Mediated Correction

In one embodiment, double strand cleavage is effected by a Cas9 molecule having
cleavage activity associated with an HNH domain and cleavage activity associated with a
RuvC domain. Such embodiments require only a single gRNA.

Single Strand Break Mediated Correction

In some embodiments, one single strand break, or nick, is effected by a Cas9
molecule having nickase activity, e.g., a Cas9 nickase as described herein.

In one embodiment, two single strand breaks, or nicks, are effected by a Cas9
molecule having nickase activity, e.g., cleavage activity associated with an HNH domain or
cleavage activity associated with a RuvC domain. Such embodiments usually require two
gRNAs, one for placement of each single strand break. In one embodiment, the Cas9
molecule having nickase activity cleaves the strand to which the gRNA hybridizes, but not
the strand that is complementary to the strand to which the gRNA hybridizes. In one
embodiment, the Cas9 molecule having nickase activity does not cleave the strand to which
the gRNA hybridizes, but rather cleaves the strand that is complementary to the strand to
which the gRNA hybridizes.

In one embodiment, the nickase has HNH activity, e.g., a Cas9 molecule having the
RuvC activity inactivated, e.g., a Cas9 molecule having a mutation at D10, e.g., the D10A
mutation. D10A inactivates RuvC; therefore, the Cas9 nickase has (only) HNH activity and
will cut on the strand to which the gRNA hybridizes (e.g., the complementary strand, which
does not have the NGG PAM on it). In one embodiment, a Cas9 molecule having an H840,
e.g., an H840A, mutation can be used as a nickase. H840A inactivates HNH; therefore, the
Cas9 nickase has (only) RuvC activity and cuts on the non-complementary strand (e.g., the
strand that has the NGG PAM and whose sequence is identical to the gRNA). Altneratively,
a Cas9 molecule may have a mutation at N863, e.g., an N§63A mutation.

In one embodiment, in which a nickase and two gRNAs are used to position two
single strand nicks, one nick is on the + strand and one nick is on the — strand of the target
nucleic acid. The PAMs are outwardly facing. The gRNAs can be selected such that the
gRNAs are separated by, from about 0-50, 0-100, or 0-200 nucleotides. In one embodiment,
there is no overlap between the target sequences that are complementary to the targeting
domains of the two gRNAs. In one embodiment, the gRNAs do not overlap and are

separated by as much as 50, 100, or 200 nucleotides. In one embodiment, the use of two
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gRNAs can increase specificity, e.g., by decreasing off-target binding (Ran er al. (2013) CELL
154: 1380-1389).

In one embodiment, a single nick can be used to induce HDR. It is contemplated
herein that a single nick can be used to increase the ratio of HR to NHEJ at a given cleavage
site. In one embodiment, a single strand break is formed in the strand of the target nucleic
acid to which the targeting domain of said gRNA is complementary. In another embodiment,
a single strand break is formed in the strand of the target nucleic acid other than the strand to
which the targeting domain of said gRNA is complementary.

Placement Of The Double Strand Break Or A Single Strand Break Relative To Target
Position Or Other Landmark

The double strand break or single strand break in one of the strands should be
sufficiently close to target position such that an alteration is produced in the desired region,
e.g., correction of a mutation occurs. In one embodiment, the distance is not more than 50,
100, 200, 300, 350 or 400 nucleotides. It is believed that the break should be sufficiently
close to target position such that the target position is within the region that is subject to
exonuclease-mediated removal during end resection. If the distance between the target
position and a break is too great, the mutation or other sequence desired to be altered may not
be included in the end resection and, therefore, may not be corrected, as donor sequence In
one embodiment may only be used to correct sequence within the end resection region.

In one embodiment, the targeting domain is configured such that a cleavage event,
e.g., a double strand or single strand break, is positioned within 1, 2, 3,4, 5,7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150 or 200
nucleotides of the region desired to be altered, e.g., a mutation. The break, e.g., a double
strand or single strand break, can be positioned upstream or downstream of the region desired
to be altered, e.g., a mutation. In one embodiment, a break is positioned within the region
desired to be altered, e.g., within a region defined by at least two mutant nucleotides. In one
embodiment, a break is positioned immediately adjacent to the region desired to be altered,
e.g., immediately upstream or downstream of a mutation.

In one embodiment, a single strand break is accompanied by an additional single
strand break, positioned by a second gRNA molecule, as discussed below. For example, the
targeting domains are configured such that a cleavage event, e.g., the two single strand
breaks, are positioned within 1, 2, 3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150 or 200 nucleotides of a target position. In one
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embodiment, the first and second gRNA molecules are configured such, that when guiding a
Cas9 nickase, a single strand break will be accompanied by an additional single strand break,
positioned by a second gRNA, sufficiently close to one another to result in alteration of the
desired region. In one embodiment, the first and second gRNA molecules are configured
such that a single strand break positioned by said second gRNA is within 10, 20, 30, 40, or 50
nucleotides of the break positioned by said first gRNA molecule, e.g., when the Cas9 is a
nickase. In one embodiment, the two gRNA molecules are configured to position cuts at the
same position, or within a few nucleotides of one another, on different strands, e.g.,
essentially mimicking a double strand break.

In one embodiment, in which a gRNA (unimolecular (or chimeric) or modular gRNA)
and Cas9 nuclease induce a double strand break for the purpose of inducing HDR-mediated
correction, the cleavage site is between 0-200 bp (e.g., 0-175, 0 to 150, O to 125, 0 to 100, 0
to 75, 0 to 50, 0 to 25, 25 to 200, 25 to 175, 25 to 150, 25 to 125, 25 to 100, 25to 75, 25 to
50, 50 to 200, 50 to 175, 50 to 150, 50 to 125, 50 to 100, 50 to 75, 75 to 200, 75 to 175, 75 to
150, 75 to 125, 75 to 100 bp) away from the target position. In one embodiment, the
cleavage site is between 0-100 bp (e.g., O to 75, 0 to 50, 0 to 25, 25 to 100, 25 to 75, 25 to 50,
50 to 100, 50 to 75 or 75 to 100 bp) away from the target position.

In one embodiment, the targeting domain of a gRNA molecule is configured to
position a cleavage event sufficiently far from a preselected nucleotide, e.g., the nucleotide of
a coding region, such that the nucleotide is not altered. In one embodiment, the targeting
domain of a gRNA molecule is configured to position an intronic cleavage event sufficiently
far from an intron/exon border, or naturally occurring splice signal, to avoid alteration of the
exonic sequence or unwanted splicing events. The gRNA molecule may be a first, second,
third and/or fourth gRNA molecule, as described herein.

Placement Of A First Break And A Second Break Relative To Each Other

In one embodiment, a double strand break can be accompanied by an additional
double strand break, positioned by a second gRNA molecule, as is discussed below.

In one embodiment, a double strand break can be accompanied by two additional
single strand breaks, positioned by a second gRNA molecule and a third gRNA molecule.

In one embodiment, a first and second single strand breaks can be accompanied by
two additional single strand breaks positioned by a third gRNA molecule and a fourth gRNA

molecule.
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When two or more gRNAs are used to position two or more cleavage events, e.g.,
double strand or single strand breaks, in a target nucleic acid, it is contemplated that the two
or more cleavage events may be made by the same or different Cas9 molecules. For
example, when two gRNAs are used to position two double stranded breaks, a single Cas9
molecule may be used to create both double stranded breaks. When two or more gRNAs are
used to position two or more single stranded breaks (nicks), a single Cas9 nickase may be
used to create the two or more nicks. When two or more gRNAs are used to position at least
one double stranded break and at least one single stranded break, two Cas9 molecules may be
used, e.g., one Cas9 nuclease and one Cas9 nickase. It is contemplated that when two or
more Cas9 molecules are used that the two or more Cas9 molecules may be delivered
sequentially to control specificity of a double stranded versus a single stranded break at the
desired position in the target nucleic acid.

In one embodiment, the targeting domain of the first gRNA molecule and the
targeting domain of the second gRNA molecules are complementary to opposite strands of
the target nucleic acid molecule. In one embodiment, the gRNA molecule and the second
gRNA molecule are configured such that the PAMs are oriented outward.

In one embodiment, in which two gRNAs (independently, unimolecular (or chimeric)
or modular gRNA) complexing with Cas9 nickases induce two single strand breaks for the
purpose of inducing HDR-mediated correction, the closer nick is between 0-200 bp (e.g., 0-
175, 0 to 150, O to 125, O to 100, O to 75, 0 to 50, O to 25, 25 to 200, 25 to 175, 25 to 150, 25
to 125, 25 to 100, 25 to 75, 25 to 50, 50 to 200, 50 to 175, 50 to 150, 50 to 125, 50 to 100, 50
to 75, 75 to 200, 75 to 175, 75 to 150, 75 to 125, 75 to 100 bp) away from the target position
and the two nicks will ideally be within 25-55 bp of each other (e.g., 25 to 50, 25 to 45, 25 to
40, 25 to 35, 25 to 30, 30 to 55, 30 to 50, 30 to 45, 30 to 40, 30 to 35, 35 to 55, 35t0 50, 35 to
45, 35 to 40, 40 to 55, 40 to 50, 40 to 45 bp) and no more than 100 bp away from each other
(e.g., no more than 90, 80, 70, 60, 50, 40, 30, 20, 10 or 5 bp away from each other). In one
embodiment, the cleavage site is between 0-100 bp (e.g., 0 to 75, 0 to 50, 0 to 25, 25 to 100,
25to 75, 25 to 50, 50 to 100, 50 to 75 or 75 to 100 bp) away from the target position.

In one embodiment, two gRNAs, e.g., independently, unimolecular (or chimeric) or
modular gRNA, are configured to position a double-strand break on both sides of a target
position. In an alternate embodiment, three gRNAs, e.g., independently, unimolecular (or
chimeric) or modular gRNA, are configured to position a double strand break (i.e., one gRNA

complexes with a Cas9 nuclease) and two single strand breaks or paired single stranded
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breaks (i.e., two gRNAs complex with Cas9 nickases) on either side of the target position. In
another embodiment, four gRNAs, e.g., independently, unimolecular (or chimeric) or
modular gRNA, are configured to generate two pairs of single stranded breaks (i.e., two pairs
of two gRNAs complex with Cas9 nickases) on either side of the target position. The double
strand break(s) or the closer of the two single strand nicks in a pair will ideally be within O-
500 bp of the target position (e.g., no more than 450, 400, 350, 300, 250, 200, 150, 100, 50 or
25 bp from the target position). When nickases are used, the two nicks in a pair are, In one
embodiment, within 25-55 bp of each other (e.g., between 25 to 50, 25 to 45, 25 to 40, 25 to
35, 25to 30, 50 to 55, 45 to 55, 40 to 55, 35 to 55, 30 to 55, 30 to 50, 35 to 50, 40 to 50, 45
to 50, 35 to 45, or 40 to 45 bp) and no more than 100 bp away from each other (e.g., no more
than 90, 80, 70, 60, 50, 40, 30, 20 or 10 bp).

When two gRNAs are used to target Cas9 molecules to breaks, different combinations
of Cas9 molecules are envisioned. In one embodiment, a first gRNA is used to target a first
Cas9 molecule to a first target position, and a second gRNA is used to target a second Cas9
molecule to a second target position. In one embodiment, the first Cas9 molecule creates a
nick on the first strand of the target nucleic acid, and the second Cas9 molecule creates a nick
on the opposite strand, resulting in a double stranded break (e.g., a blunt ended cut or a cut
with overhangs).

Different combinations of nickases can be chosen to target one single stranded break
to one strand and a second single stranded break to the opposite strand. When choosing a
combination, one can take into account that there are nickases having one active RuvC-like
domain, and nickases having one active HNH domain. In one embodiment, a RuvC-like
domain cleaves the non-complementary strand of the target nucleic acid molecule. In one
embodiment, an HNH-like domain cleaves a single stranded complementary domain, e.g., a
complementary strand of a double stranded nucleic acid molecule. Generally, if both Cas9
molecules have the same active domain (e.g., both have an active RuvC domain or both have
an active HNH domain), one will choose two gRNAs that bind to opposite strands of the
target. In one embodiment, a first gRNA is complementary with a first strand of the target
nucleic acid and binds a nickase having an active RuvC-like domain and causes that nickase
to cleave the strand that is non-complementary to that first gRNA, i.e., a second strand of the
target nucleic acid; and a second gRNA is complementary with a second strand of the target
nucleic acid and binds a nickase having an active RuvC-like domain and causes that nickase

to cleave the strand that is non-complementary to that second gRNA, i.e., the first strand of
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the target nucleic acid. Conversely, In one embodiment, a first gRNA is complementary with
a first strand of the target nucleic acid and binds a nickase having an active HNH domain and
causes that nickase to cleave the strand that is complementary to that first gRNA, i.e., a first
strand of the target nucleic acid; and a second gRNA is complementary with a second strand
of the target nucleic acid and binds a nickase having an active HNH domain and causes that
nickase to cleave the strand that is complementary to that second gRNA, i.e., the second
strand of the target nucleic acid. In another arrangement, if one Cas9 molecule has an active
RuvC-like domain and the other Cas9 molecule has an active HNH domain, the gRNAs for
both Cas9 molecules can be complementary to the same strand of the target nucleic acid, so
that the Cas9 molecule with the active RuvC domain will cleave the non-complementary
strand and the Cas9 molecule with the HNH domain will cleave the complementary strand,

resulting in a double stranded break.

X. Target Cells

A RNA-guided nuclease molecule and/or a RMEM, and, optionally, one or both of at
least one gRNA molecule, and a template nucleic acid, can be used to manipulate a cell, e.g.,
to alter the nucleic acid at a target position, in a wide variety of cells. Additional details on
types of cells that can be manipulated may be found in the section entitled
“VIIA. TARGETS: CELLS” of PCT Application WO 2015/048577, the entire contents of
which are expressly incorporated herein by reference.

In some embodiments, a cell, or a population of cells, is manipulated by editing (e.g.,
introducing a mutation or correcting) one or more target genes, e.g., as described herein. In
one embodiment, a cell, or a population of cells, is manipulated by editing one or more non-
coding sequences, e.g., an alteration in an intron or in a 5” or 3’ non-translated or non-
transcribed region. In one embodiment, a cell is manipulated by editing the sequence of a
control element, e.g., a promoter, enhancer, or a cis-acting or trans-acting control element. In
one embodiment, a cell, or a population of cells, is manipulated by editing one or more
coding sequences, e.g., an alteration in an exon. In some embodiments, a cell, or a
population of cells, is manipulated in vitro. In other embodiments, a cell, or a population of
cells, is manipulated ex vivo. In some embodiments, a cell, or a population of cells, is
manipulated in vivo. In some embodiments, the expression of one or more target genes (e.g.,
one or more target genes described herein) is modulated, e.g., in vivo. In other embodiments,

the expression of one or more target genes (e.g., one or more target genes described herein) is
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modulated, e.g., ex vivo. In other embodiments, the expression of one or more target genes
(e.g., one or more target genes described herein) is modulated, e.g., in vitro.

In some embodiments, the cell, or population of cells, is a T cell, e.g., a CD8" T cell
(e.g., a CD8" naive T cell, central memory T cell, or effector memory T cell), a CD4" T cell,
a stem cell memory T cell, a helper T cell, a regulatory T cell, a cytotoxic T cell, a natural
killer T cell, or a population of such cells.

In some embodiments, the cell, or population of cells, is a hematopoietic stem cell
(e.g., a long term hematopoietic stem cell (LT-HSC), a short term hematopoietic stem cell
(ST-HSC), a multipotent progenitor (MPP) cell, a lineage restricted progenitor (LRP) cell
(e.g., a lymphoid progenitor cell, a myeloid progenitor cell (e.g., a common myeloid
progenitor (CMP) cell), an erythroid progenitor cell (e.g., a megakaryocyte erythroid
progenitor (MEP) cell)), or a population of such cells.

In some embodiments, the cell, or population of cells, is a retinal cell (e.g., a
photoreceptor cell (e.g., arod cell, a cone cell) a retinal pigmented epithelium (RPE) cell), a
trabecular meshwork cell, or a population of such cells.

In some embodiments, the cell, or population of cells, is a cochlear hair cell (e.g., an
outer hair cell or an inner hair cell), or a population of cochlear hair cells..

In some embodiments, the cell, or population of cells, is a pulmonary epithelial cell
(e.g., a bronchial epithelial cell or an alveolar epithelial cell), a pulmonary epithelial
progenitor cell, or a population of such cells.

In some embodiments, the cell, or population of cells, is a striated muscle cell, a
cardiac muscle cell, a muscle satellite cell, or a population of such cells. In some
embodiments, the cell, or population of cells, is a neuron, a neuronal stem cell, or a
population of such cells. In some embodiments, the cell, or population of cells, is a
mesenchymal stem cell, or a population of mesenchymal stem cells. In some embodiments,
the cell, or population of cells, is an induced pluripotent stem (iPS) cell, or a population of iPs
cells. In some embodiments, the cell, or population of cells, is an embryonic stem cell, or a
population of embryonic stem cells. In some embodiments, the cell, or population of cells, is
a monocyte, a megakaryocyte, a neutrophil, an eosinophil, a basophil, a mast cell, a
reticulocyte, or a population of such cells. In some embodiments, the cell, or population of
cells, is a B cell, e.g., a progenitor B cell, a Pre B cell, a Pro B cell, a memory B cell, or a
plasma B cell, or a population of B cells. In some embodiments, the cell, or population of

cells, is a gastrointestinal epithelial cell, a biliary epithelial cell, a pancreatic ductal epithelial
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cell, an intestinal stem cell, or a population of such cells. In some embodiments, the cell, or
population of cells, is a hepatocyte, a liver stellate cell, a Kupffer cell, or a population of such
cells. In some embodiments, the cell, or population of cells, is an osteoblast, an osteoclast, or
a population of such cells. In some embodiments, the cell, or population of cells, is an
adipocyte, a preadipocyte, or a population of such cells. In some embodiments, the cell, or
population of cells, is a pancreatic islet cell (e.g., a beta cell, an alpha cell, or a delta cell), a
pancreatic exocrine cell, or a population of such cells. In some embodiments, the cell, or
population of cells, is a Schwann cell, an oligodendrocyte, or a population of such cells.

In some embodiments, the cells are manipulated (e.g., converted or differentiated)
from one cell type to another. In some embodiments, a pancreatic cell is manipulated into a
beta islet cell. In some embodiments, a fibroblast is manipulated into an iPS cell. In some
embodiments, a preadipocyte is manipulated into a brown fat cell. Other exemplary cells
include, e.g., muscle cells, neural cells, leukocytes, and lymphocytes. In some embodiments,
the cell being manipulated is selected from fibroblasts, monocytic precursors, B cells,
exocrine cells, pancreatic progenitors, endocrine progenitors, hepatoblasts, myoblasts. In
some embodiments, the cell is manipulated (e.g., converted or differentiated) into muscle.

In some embodiments, a nucleic acid at one or more target positions in a cell, or a
population of cells, is altered e.g., as described herein. In some embodiments, a nucleic acid
at one or more target positions in a cell, or a population of cells (e.g., target positions at one
or more genes described herein) is altered, e.g., in vivo. In other embodiments, a nucleic
acid at one or more target positions in a cell, or a population of cells (e.g., target positions at
one or more genes described herein) is altered, e.g., ex vivo. The Cas9 molecule, nucleic acid
template system, and/or gRNA molecules described herein can be delivered to a cell or to a
population of cells.

In some embodiments, the cell, or the population of cells, is a T cell, a CD8" T cell, a
CD8" naive T cell, a central memory T cell, an effector memory T cell, a CD4" T cell, a stem
cell memory T cell, a helper T cell, a regulatory T cell, a cytotoxic T cell, a natural killer T
cell, a hematopoietic stem cell, a long term hematopoietic stem cell, a short term
hematopoietic stem cell, a multipotent progenitor cell, a lineage restricted progenitor cell, a
lymphoid progenitor cell, a pancreatic progenitor cell, an endocrine progenitor cell, an
exocrine progenitor cell, a myeloid progenitor cell, a common myeloid progenitor cell, an
erythroid progenitor cell, a megakaryocyte erythroid progenitor cell, a monocytic precursor

cell, an endocrine precursor cell, an exocrine cell, a fibroblast, a hepatoblast, a myoblast, a
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macrophage, an islet beta-cell, a cardiomyocyte, a blood cell, a ductal cell, an acinar cell, an
alpha cell, a beta cell, a delta cell, a PP cell, a cholangiocyte, a retinal cell, a photoreceptor
cell, a rod cell, a cone cell, a retinal pigmented epithelium cell, a trabecular meshwork cell, a
cochlear hair cell, an outer hair cell, an inner hair cell, a pulmonary epithelial cell, a bronchial
epithelial cell, an alveolar epithelial cell, a pulmonary epithelial progenitor cell, a striated
muscle cell, a cardiac muscle cell, a muscle satellite cell, a myocyte, a neuron, a neuronal
stem cell, a mesenchymal stem cell, an induced pluripotent stem (iPS) cell, an embryonic
stem cell, a monocyte, a megakaryocyte, a neutrophil, an eosinophil, a basophil, a mast cell, a
reticulocyte, a B cell, e.g. a progenitor B cell, a pre B cell, a pro B cell, a memory B cell, a
plasma B cell, a gastrointestinal epithelial cell, a biliary epithelial cell, a pancreatic ductal
epithelial cell, an intestinal stem cell, a hepatocyte, a liver stellate cell, a Kupffer cell, an
osteoblast, an osteoclast, an adipocyte (e.g., a brown adipocyte, or a white adipocyte), a
preadipocyte, a pancreatic precursor cell, a pancreatic islet cell, a pancreatic beta cell, a
pancreatic alpha cell, a pancreatic delta cell, a pancreatic exocrine cell, a Schwann cell, or an
oligodendrocyte, or a population of such cells.

In some embodiments, the cell, or the population of cells, is a mammalian cell, e.g., a
human cell, a mouse cell, a rat cell, a sheep cell, a cow cell, a pig cell, a horse cell, a goat
cell, a dog cell or a cat cell, or a population of mammalian cells. In one embodiment, the cell
is a human cell.

In one embodiment, the cell, or population of cells, is manipulated ex vivo by altering
a nucleic acid at one or more target positions, and administered to a subject. A cell, or
population of cells, to be altered according to the methods disclosed herein, may include a
stem cell such as, by way of example, an embryonic stem cell, an induced pluripotent stem
cell or a neuronal stem cell, or a population of such cells. In one embodiment, the cell, or
population of cells, is an induced pluripotent stem (iPS) cell or a cell derived from an iPS
cell, or a population of such cells, altered to correct a mutation and differentiated into a
clinically relevant cell, or population of cells.

In some embodiments, the cell is a cell from a disease-causing organism, e.g., a
bacterium, fungus, protozoan, or parasite. In some embodiments, the cell is a cell infected
with a disease-causing organism (e.g., a virus, fungus, protozoan, or parasite).

In some embodiments, the cell is situated in the body of a subject. In such instances,
the cell might be the subject’s own cells or might be a cell of a disease-causing organism. In

this case, a gRNA molecule, a Cas9 molecule, and a nucleic acid template system, may be
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administered to the subject as pharmaceutical compositions. In some embodiments, the
subject is a mammal, e.g., a human, a farm animal (e.g., a cow, a pig, a horse, or a goat), or a
companion animal (e.g., a dog or a cat).

In some embodiments, the subject suffers from a disease caused by a target position in
a nucleic acid, e.g., a particular mutation, of a cell, or population of cells.

In some embodiments, the cell, or population of cells, is a diseased or mutant-bearing
cell, or population of cells. Such cells can be altered to treat the disease, e.g., to correct a
mutation, or to alter the phenotype of the cell, or population of cells, e.g., to inhibit the
growth of a cancer cell or a population of cancer cells, e.g., a tumor. For example, a cell, or a
population of cells, is associated with one or more diseases or conditions describe herein. In
some embodiments, the cell is a cancer stem cell. For example, cancer stem cells can be
manipulated by modulating the expression of one or more genes selected from TWIST (TF),
HIF-1 alpha, HER2/neu, Snail (TF), or Wnt. In some embodiments, the cancer cell is
selected from lung cancer cells, breast cancer cells, skin cancer cells, brain cancer cells,
pancreatic cancer cells, hematopoietic cancer cells, liver cancer cells, kidney cancer cells, and
ovarian cancer cells.

In some embodiments, the cell is characterized by a disorder caused by aberrant
mtDNA. This disorder may be, e.g., a mtDNA depletion syndrome (e.g., Alpers or early
infantile hepatocerebral syndromes) or a mtDNA deletion disorder (e.g., progressive external
ophthalmoplegia (PEO), ataxia-neuropathy, or mitochondrial neurogastrointestinal
encephalomyopathy (MNGIE)).

In some embodiments, the cell, or population of cells, is a normal cell or a population
of normal cells.

In some embodiments, the cell, or population of cells, is a stem cell or a progenitor
cell (e.g., 1PS, embryonic, hematopoietic, adipose, germline, lung, or neural stem or
progenitor cells), or a population of such cells.

The cells may also be treated at a time when they are not situated in the body of a
subject. In some embodiments, a cell, or a population of cells, is treated ex vivo to avoid
exposing a patient to an agent or agents that cause undesirable side effects. In some
embodiments, treating cells ex vivo allows a user to select a sub-population of cells to
administer to the patient. The sub-population may be, e.g., cells having a nucleic acid that
was successfully altered, or cells having a desired phenotype, such as minimal undesired

alterations to DNA, or a phenotype that indicates the nucleic acid was successfully altered.
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In some embodiments, the cell, or population of cells, is not situated in a subject’s
body and the cell, or population of cells, is modified for research or manufacturing
purposes. In some embodiments, the cell, or population of cells, is suitable for producing a
recombinant biological product. For example, the cell, or population of cells, can be a CHO
cell or a fibroblast. In one embodiment, the cell, or population of cells, is a cell, or
population of cells, that has been engineered to express a protein.

In some embodiments, the cell, or population of cells, is not actively dividing. In
some embodiments, the cell is in in GO phase (which is sometimes viewed as a prolonged G1
phase), is quiescent, or is senescent. In some embodiments, the population of cells are in GO
phase, are quiescent, or are senescent. In some embodiment, the quiescent cell can be a
terminally differentiated cell. In some embodiments, the quiescent cell can be a neuron, a
muscle cell, e.g., a cardiac muscle cell, a parenchymal cell e.g., a parenchymal liver or kidney
cell, a hematopoietic cell e.g., a hematopoetic stem cell, a fibroblast, a stem cell e.g., an adult
stem cell, a hepatic cell e.g., a hepatic stellate cell, an immune cell e.g., a T cell or B cell, or
an epithelial cell. In some embodiments, the senescent cell may have shortened telomeres
relative to an actively dividing cell, e.g., its telomeres may be of a length that triggers a halt
in the cell cycle.

In some embodiments, the cell, or population of cells, is characterized by a disorder
caused by aberrant mtDNA. This disorder may be, e.g., a mtDNA depletion syndrome (e.g.,
Alpers or early infantile hepatocerebral syndromes) or mtDNA deletion disorder (e.g.,
progressive external ophthalmoplegia (PEO), ataxia-neuropathy, or mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE)).

In some embodiments, the cell, or population of cells, is actively dividing. In some
embodiments, the cell is in G2 phase. In some embodiments, the population of cells
comprises cells that are in G2 phase. In some embodiments, the cell is in G1 phase. In some
embodiments, the population of cells comprises cells that are in G1 phase. In some
embodiments, the cell is in S phase. In some embodiments, the population of cells comprises
cells that are in S phase.

The technology described herein can be used to edit numerous types of genomes,
including plant genomes. The CRISPR/Cas system has been used for plant genome editing,
as has been described in, e.g., Belhaj et al., PLANT METHODS 9:39, 2013. Plant cells can
carry out HDR, so a Cas9-induced nick or DSB can be repaired by HDR. Plant cells also

have NHEJ machinery, and in some embodiments, NHEJ is inhibited, resulting in stimulation
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of HDR. Accordingly, in certain embodiments, the cell, or the population of cells, is a plant
cell, e.g., a monocot plant cell, or a dicot plant cell, or a population of plant cell. In certain
embodiments, the plant is a crop, e.g., a food crop. In certain embodiments, the plant is rice
(e.g., Orzya sativa), maize (e.g., Zea mays), wheat (e.g., Triticum aestivum), soy (e.g.,
Glycine max), potato (e.g., Solanum tuberosum), a species of Nicotiana, a species of
Arabidopsis e.g., Arabidopsis thaliana, cassava, sweet potato, sorghum, yam, plantain, or a
citrus plant. In some embodiments, the plant is a pesticide-resistant plant, e.g., a plant that
expresses one or more genes that confer resistance to a pesticide. In some embodiments, the
plant is herbicide-resistant plant, e.g., a plant that expresses one or more genes that confer
resistance to a herbicide. The herbicide may be, e.g., Roundup® (also known as glyphosate or
N-(phosphonomethyl)glycine). In some embodiments, the plant produces a pesticide, e.g.,
Bt.

In some embodiments, the components used in the methods described herein (e.g., a
Cas9 molecule, a RMEM, a gRNA and/or a template nucleic acid) are introduced into the
plant cell via protoplast transformation or agroinfiltration.

In some embodiments, after genome editing using the methods described herein,
seeds are screened and a desired sub-population of seeds are selected. The sub-population
may be, e.g., cells having a nucleic acid that was successfully altered, or cells having a
desired phenotype such as minimal undesired alterations to DNA, or a phenotype that
indicates the nucleic acid was successfully altered.

XI. Delivery, Formulations, and Routes of Administration

A RNA-guided nuclease molecule, e.g., a Cas9 molecule, and/or a RMEM , and,
optionally, one or both of at least one gRNA molecule, and a template nucleic acid, can be
delivered or formulated in a variety of forms, see, e.g., Tables 15-16. When an RNA-guided
nuclease molecule and/or a RMEM or gRNA component is encoded as DNA for delivery, the
DNA will typically but not necessarily include a control region, e.g., comprising a promoter,
to effect expression. Useful promoters to drive the expression of nucleic acids encoding
RNA-guided nuclease and/or RMEM sequences include CMV, EF-1a, MSCV, PGK, CAG
control promoters. Useful promoters for gRNAs include H1, EF-1a and U6 promoters.
Promoters with similar or dissimilar strengths can be selected to tune the expression of
components. Sequences encoding a RNA-guided nuclease molecule and/or a RMEM can

comprise a nuclear localization signal (NLS), e.g., an SV40 NLS. In one embodiment a
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promoter driving the expression of a RN A-guided nuclease molecule and/or a RMEM, or a
gRNA molecule can be, independently, inducible, tissue specific, or cell specific.

Table 15 provides examples of the form in which the components can be delivered to
a target cell.

Table 15

Elements

RNA-guided RMEM(s) gRNA Donor Comments
nuclease molecule(s) Template

molecule(s), Nucleic
e.g., Cas9 Acid

molecule(s)

DNA DNA DNA DNA In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, they are encoded on
separate DNA molecules, with the
donor template provided as a
separate DNA molecule.

DNA DNA DNA In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded on the same
DNA molecule. In this
embodiment, the gRNA molecule
is encoded by a separate DNA
molecule. In this embodiment, the
donor template is provided on a
separate DNA molecule.

DNA DNA DNA In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a gRNA molecule are encoded on
the same DNA molecule. In this
embodiment, the RMEM is
encoded by a separate DNA
molecule. In this embodiment, the
donor template is provided on a
separate DNA molecule.

DNA DNA DNA In one embodiment, a Cas9
molecule and a RMEM are
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produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded on separate
molecules. In this embodiment,
the donor template is provided on
a separate DNA molecule that also
encodes a gRNA molecule.

DNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded on the same
DNA molecule. In this
embodiment the donor template is
provided on a separate DNA
molecule that also encodes the
gRNA molecule.

DNA

DNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule is
encoded on the same DNA
molecule that provides the donor
template. In this embodiment, a
RMEM is encoded on a separate
DNA molecule that also encodes
the gRNA molecule.

DNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA, here from
a single molecule. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

DNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM and a
gRNA molecule are encoded by
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the same DN A molecule that also
provides the donor template. In
this embodiment, a Cas9 molecule
is encoded on a separate DNA
molecule.

DNA DNA DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded by the same
DNA molecule that also provides
the donor template. In this
embodiment, a gRNA molecule is
encoded on a separate DNA
molecule.

DNA DNA DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a gRNA molecule are encoded by
the same DNA molecule that also
provides the donor template. In
this embodiment, a RMEM is
encoded on a separate DNA
molecule.

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA, here from
a single molecule. In this
embodiment, the donor template is
provided in the same DNA
molecule that encodes the Cas9
molecule, the RMEM and a gRNA
molecule.

DNA DNA DNA DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, they are encoded on
separate DNA molecules. In this
embodiment, the donor template is
provided on the same DNA
molecule that encodes the Cas9
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molecule.

DNA DNA

DNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, they are encoded on
separate DNA molecules. In this
embodiment, the donor template is
provided on the same DNA
molecule that encodes the RMEM.

DNA DNA

DNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a gRNA molecule are encoded on
the same DNA molecule. In this
embodiment, a RMEM is encoded
by a separate DNA molecule. In
this embodiment, the donor
template is provided on a separate
DNA molecule.

DNA DNA

RNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as an in vitro transcribed
or synthesized RNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded by separate
DNA molecules. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

DNA

RNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as an in vitro transcribed
or synthesized RNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded by the same
DNA molecule. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

DNA

RNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
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produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as an in vitro transcribed
or synthesized RNA. In this
embodiment, a Cas9 molecule and
a RMEM are encoded by the same
DNA molecule that provides the
donor template.

DNA

DNA

RNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as an in vitro transcribed
or synthesized RNA. In this
embodiment, the donor template is
provided on the same DNA
molecule that encodes a Cas9
molecule. In this embodiment, a
RMEM is encoded by a separate
DNA molecule.

DNA

DNA

RNA

DNA

In one embodiment, a Cas9
molecule and a RMEM are
produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as an in vitro transcribed
or synthesized RNA. In this
embodiment, the donor template is
provided on the same DNA
molecule that encodes a RMEM.
In this embodiment, a Cas9
molecule is encoded by a separate
DNA molecule.

mRNA

DNA

RNA

DNA

In one embodiment, a Cas9
molecule is translated from an in
vitro transcribed or synthesized
mRNA, a RMEM is produced (i.e.,
via transcription/translation) from
DNA, and a gRNA molecule is
provided as an in vitro transcribed
or synthesized RNA. In this
embodiment, the DNA molecule
that encodes a RMEM is provided
as a separate molecule from the
DNA molecule that provides the
donor template.

mRNA

DNA

RNA

DNA

In one embodiment, a Cas9
molecule is translated from an in
vitro transcribed or synthesized
mRNA, a RMEM is produced (i.e.,
via transcription/translation) from
DNA, and a gRNA molecule is

178




WO 2017/165826

PCT/US2017/024110

provided as in vitro transcribed or
synthesized RNA. In this
embodiment, a RMEM is encoded
by the same DNA molecule that
also provides the donor template.

DNA

mRNA

RNA

DNA

In one embodiment, a RMEM is
translated from an in vitro
transcribed or synthesized mRNA,
a Cas9 molecule is produced (i.e.,
via transcription/translation) from
DNA, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
embodiment, the DNA molecule
that encodes a Cas9 molecule is
provided as a separate molecule
from the DNA molecule that
provides the donor template.

DNA

mRNA

RNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
embodiment, a Cas9 molecule is
encoded by the same DNA
molecule that provides the donor
template.

mRNA

mRNA

RNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
and a gRNA molecule is provided
as in vitro transcribed or
synthesized RNA. In this
embodiment, the donor template is
provided as a DNA molecule.

DNA

mRNA

DNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 and a gRNA
molecule are encoded by separate
DNA molecules. In this
embodiment, the donor template is
provided as a DNA molecule.

DNA

mRNA

DNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed

179




WO 2017/165826

PCT/US2017/024110

or synthesized mRNA, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 and a gRNA
molecule are encoded by the same
DNA molecule. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

DNA

mRNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by the same DNA
molecule that provides the donor
template. In this embodiment, a
Cas9 molecule is encoded by a
separate DNA molecule.

DNA

mRNA

DNA DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule is
encoded by the same DNA
molecule that provides the donor
template. In this embodiment, a
gRNA molecule is encoded by a
separate DNA molecule.

DNA

mRNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a gRNA molecule are encoded by
the same DNA molecule that
provides the donor template.

mRNA

DNA

DNA DNA

In one embodiment, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
and a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
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transcribed from DNA. In this
embodiment, a RMEM and a
gRNA molecule are encoded by
separate DNA molecules. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

mRNA

DNA DNA DNA

In one embodiment, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM and a
gRNA molecule are encoded by
the same DNA molecule. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

mRNA

DNA DNA

In one embodiment, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by the same DNA
molecule that provides the donor
template. In this embodiment, a
RMEM is encoded by a separate
DNA molecule.

mRNA

DNA DNA DNA

In one embodiment, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM is encoded
by the same DNA molecule that
provides the donor template. In
this embodiment, a gRNA
molecule is encoded by a separate
DNA molecule.

mRNA

DNA

In one embodiment, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM and a
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gRNA molecule are encoded by
the same DNA molecule that
provides the donor template.

mRNA

mRNA

DNA DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by a DNA molecule that
is separate from the DNA
molecule that provides the donor
template.

mRNA

mRNA

DNA

In one embodiment, a RMEM is
translated from in vitro transcribed
or synthesized mRNA, a Cas9
molecule is translated from in vitro
transcribed or synthesized mRNA,
and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by the same DNA
molecule that provides the donor
template.

Protein

DNA

RNA DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
embodiment, the donor template is
provided as a separate DNA
molecule from the DNA molecule
that encodes a RMEM.

Protein

DNA

RNA DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
embodiment, a RMEM is encoded
by a DNA molecule that also
provides the donor template.

DNA

Protein

RNA DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
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embodiment, the DNA molecule
that encodes a Cas9 molecule is
separate from the DNA the
provides the donor template.

DNA

Protein

RNA DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
embodiment, a Cas9 molecule is
encoded by a DNA molecule that
also provides the donor template.

Protein

Protein

RNA DNA

In one embodiment, a RMEM and
a Cas9 molecule are provided as
proteins, and a gRNA molecule is
provided as in vitro transcribed or
synthesized RNA. In this
embodiment, the donor template is
provided as a DNA molecule.

DNA

Protein

DNA DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 and a gRNA
molecule are encoded by separate
DNA molecules. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

DNA

Protein

DNA DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a gRNA molecule are encoded by
the same DNA molecule. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

DNA

Protein

DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by the same DNA
molecule that provides the donor
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template. In this embodiment, a
Cas9 molecule is encoded by a
separate DNA molecule.

DNA

Protein

DNA DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule is
encoded by the same DNA
molecule that provides the donor
template. In this embodiment, a
gRNA molecule is encoded by a
separate DNA molecule.

DNA

Protein

DNA

In one embodiment, a RMEM is
provided as a protein, a Cas9
molecule is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a Cas9 molecule and
a gRNA molecule are encoded by
the same DNA molecule that
provides the donor template.

Protein

DNA

DNA DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM and a
gRNA molecule are encoded by
separate DNA molecules. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

Protein

DNA

DNA DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM and a
gRNA molecule are encoded by
the same DNA molecule. In this
embodiment, the donor template is
provided as a separate DNA
molecule.

Protein

DNA

DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
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transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by the same DNA
molecule that provides the donor
template. In this embodiment, a
RMEM is encoded by a separate
DNA molecule.

Protein

DNA

DNA

DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM is encoded
by the same DNA molecule that
provides the donor template. In
this embodiment, a gRNA
molecule is encoded by a separate
DNA molecule.

Protein

DNA

In one embodiment, a Cas9
molecule is provided as a protein,
a RMEM is produced (i.e., via
transcription/translation) from
DNA, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a RMEM and a
gRNA molecule are encoded by
the same DNA molecule that
provides the donor template.

Protein

Protein

DNA

DNA

In one embodiment, a RMEM and
a Cas9 molecule are provided as
proteins, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by a DNA molecule that
is separate from the DNA
molecule that provides the donor
template.

Protein

Protein

DNA

In one embodiment, a RMEM and
a Cas9 molecule are provided as
proteins, and a gRNA molecule is
transcribed from DNA. In this
embodiment, a gRNA molecule is
encoded by the same DNA
molecule that provides the donor
template.

Table 16 summarizes various delivery methods for the components of a system of the

disclosure, e.g., the RNA-guided nuclease molecule and/or the RMEM component(s) and the

gRNA molecule component, as described herein.
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Table 16
Delivery | Duration
into Non- | of Genome Type of
Delivery Vector/Mode . 1. . . Molecule
Dividing | Expression | Integration .
Delivered
Cells
Physical (e.g., electroporation, | YES Transient NO Nucleic Acids
particle gun, calcium and Proteins
phosphate transfection)
Viral Retrovirus NO Stable YES RNA
Lentivirus YES Stable YES/NO with | RNA
modifications
Adenovirus YES Transient NO DNA
Adeno- YES Stable NO DNA
Associated
Virus (AAV)
Vaccinia Virus | YES Transient NO DNA
Herpes Simplex | YES Stable NO DNA
Virus
Non-Viral | Cationic YES Transient Depends on Nucleic Acids
Liposomes what is and Proteins
delivered
Polymeric YES Transient Depends on Nucleic Acids
Nanoparticles what is and Proteins
delivered
Biological | Attenuated YES Transient NO Nucleic Acids
Non-Viral | Bacteria
Delivery Engineered YES Transient | NO Nucleic Acids
Vehicles Bacteriophages
Mammalian YES Transient NO Nucleic Acids
Virus-like
Particles
Biological YES Transient NO Nucleic Acids
liposomes:
Erythrocyte
Ghosts and
Exosomes

DNA-based Delivery of an RNA-guided nuclease molecule and/or a RMEM and/or a gRNA

molecule

DNA encoding RNA-guided nuclease molecule(s) (e.g., Cas9 molecules) and/or
RMEM, gRNA molecule(s), and/or template nucleic acids can be administered to subjects or
delivered into cells by any appropriate method, e.g., by art-known methods or as described

herein. For example, Cas9-encoding, RMEM-encoding and/or gRNA-encoding DNA, and a
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template nucleic acid can be delivered, e.g., by vectors (e.g., viral or non-viral vectors), non-
vector based methods (e.g., using naked DNA or DNA complexes), or a combination thereof.

In some embodiments, the nucleic acid, e.g., Cas9-encoding and/or RMEM-encoding
and/or gRNA-encoding DNA is delivered by a vector (e.g., viral vector/virus or plasmid).

In one embodiment, a vector can comprise a sequence that encodes a Cas9 molecule,
a RMEM, and a gRNA molecule. A vector can also comprise a nucleic acid encoding a
signal peptide (e.g., for nuclear localization, nucleolar localization, mitochondrial
localization), fused, e.g., to a nucleic acid encoding Cas9 molecule and/or a RMEM. For
example, a vector can comprise a nucleic acid encoding a nuclear localization sequence (e.g.,
from SV40) fused to the nucleic acid encoding the Cas9 molecule. A vector can also
comprise a nucleic acid encoding a nuclear localization sequence (e.g., from SV40) fused to
the nucleic acid encoding the Cas9 molecule.

One or more regulatory/control elements, e.g., a promoter, an enhancer, an intron, a
polyadenylation signal, a Kozak consensus sequence, internal ribosome entry sites (IRES), a
2A sequence, and splice acceptor or donor can be included in the vectors. In some
embodiments, the promoter is recognized by RNA polymerase II (e.g., a CMV promoter).

In some embodiments, the vector or delivery vehicle is a viral vector (e.g., for
generation of recombinant viruses). In some embodiments, the virus is a DNA virus (e.g.,
dsDNA or ssDNA virus). In other embodiments, the virus is an RNA virus (e.g., an sSRNA
virus). Exemplary viral vectors/viruses include, e.g., retroviruses, lentiviruses, adenovirus,
adeno-associated virus (AAV), vaccinia viruses, poxviruses, and herpes simplex viruses.

In some embodiments, the virus infects dividing cells. In other embodiments, the
virus infects non-dividing cells. In some embodiments, the virus infects both dividing and
non-dividing cells. In some embodiments, the virus can integrate into the host genome. In
other embodiments, the virus is engineered to have reduced immunity, e.g., in human. In
some embodiments, the virus is replication-competent. In other embodiments, the virus is
replication-defective, e.g., having one or more coding regions for the genes necessary for
additional rounds of virion replication and/or packaging replaced with other genes or deleted.
In some embodiments, the virus causes transient expression of the Cas9 molecule and/or the
RMEM and/or the gRNA molecule. In other embodiments, the virus causes long-lasting,
e.g., at least 1 week, 2 weeks, 1 month, 2 months, 3 months, 6 months, 9 months, 1 year, 2
years, or permanent expression, of the Cas9 molecule and/or the RMEM and/or the gRNA

molecule. The packaging capacity of the viruses may vary, e.g., from at least about 4 kb to at
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least about 30 kb, e.g., at least about 5 kb, 10 kb, 15 kb, 20 kb, 25 kb, 30 kb, 35 kb, 40 kb, 45
kb, or 50 kb.

In some embodiments, the Cas9-, RMEM-, gRNA-, and/or template binding domain-
encoding DNA is delivered by a recombinant adenovirus. In some embodiments, the
adenovirus is engineered to have reduced immunity in human.

In some embodiments, Cas9-, RMEM-, and/or gRNA-encoding DNA is delivered by
a recombinant AAV. In some embodiments, the AAV can incorporate its genome into that of
a host cell, e.g., a target cell as described herein. In some embodiments, the AAV is a self-
complementary adeno-associated virus (scAAV), e.g., a scAAV that packages both strands
which anneal together to form double stranded DNA. AAV serotypes that may be used in the
disclosed methods, include AAV1, AAV2, modified AAV?2 (e.g., modifications at Y444F,
Y500F, Y730F and/or S662V), AAV3, modified AAV3 (e.g., modifications at Y705F,
Y731F and/or T492V), AAV4, AAVS, AAV6, modified AAV6 (e.g., modifications at S663V
and/or T492V), AAVS, AAV 8.2, AAV9, AAV rhl0, and pseudotyped AAV, such as
AAV2/8, AAV2/5 and AAV2/6 can also be used in the disclosed methods.

In some embodiments, the Cas9-, and/or RMEM-, and/or gRNA-encoding DNA is
delivered by a non-vector based method (e.g., using naked DNA or DNA complexes). For
example, the DNA can be delivered, e.g., by organically modified silica or silicate (Ormosil),
electroporation, gene gun, sonoporation, magnetofection, lipid-mediated transfection,
dendrimers, inorganic nanoparticles, calcium phosphates, or a combination thereof.

In some embodiments, the delivery vehicle is a non-viral vector. In some
embodiments, the non-viral vector is an inorganic nanoparticle. Exemplary inorganic
nanoparticles include, e.g., magnetic nanoparticles (e.g., FesMnO,) and silica. The outer
surface of the nanoparticle can be conjugated with a positively charged polymer (e.g.,
polyethylenimine, polylysine, polyserine) which allows for attachment (e.g., conjugation or
entrapment) of payload. In one embodiment, the non-viral vector is an organic nanoparticle
(e.g., entrapment of the payload inside the nanoparticle). Exemplary organic nanoparticles
include, e.g., SNALP liposomes that contain cationic lipids together with neutral helper lipids
which are coated with polyethylene glycol (PEG) and protamine and nucleic acid complex

coated with lipid coating.
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Exemplary lipids for gene transfer are shown below in Table 17.

Table 17: Lipids Used for Gene Transfer

Lipid Abbreviation Feature
1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine DOPC Helper
1,2-Dioleoyl-sn-glycero-3-phosphatidylethanolamine DOPE Helper
Cholesterol Helper
N-[1-(2,3-Dioleyloxy)prophyl]N,N,N-trimethylammonium chloride DOTMA Cationic
1,2-Dioleoyloxy-3-trimethylammonium-propane DOTAP Cationic
Dioctadecylamidoglycylspermine DOGS Cationic
N-(3-Aminopropyl)-N,N-dimethyl-2,3-bis(dodecyloxy)-1- GAP-DLRIE Cationic
propanaminium bromide
Cetyltrimethylammonium bromide CTAB Cationic
6-Lauroxyhexyl ornithinate LHON Cationic
1-(2,3-Dioleoyloxypropyl)-2,4,6-trimethylpyridinium 20c Cationic
2,3-Dioleyloxy-N-[2(sperminecarboxamido-ethyl]-N,N-dimethyl-1- DOSPA Cationic
propanaminium trifluoroacetate
1,2-Dioleyl-3-trimethylammonium-propane DOPA Cationic
N-(2-Hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1- MDRIE Cationic
propanaminium bromide
Dimyristooxypropyl dimethyl hydroxyethyl ammonium bromide DMRI Cationic
3B-[N-(N’,N’-Dimethylaminoethane)-carbamoyl]cholesterol DC-Chol Cationic
Bis-guanidium-tren-cholesterol BGTC Cationic
1,3-Diodeoxy-2-(6-carboxy-spermyl)-propylamide DOSPER Cationic
Dimethyloctadecylammonium bromide DDAB Cationic
Dioctadecylamidoglicylspermidin DSL Cationic
rac-[(2,3-Dioctadecyloxypropyl)(2-hydroxyethyl)]-dimethylammonium | CLIP-1 Cationic
chloride
rac-[2(2,3-Dihexadecyloxypropyl- CLIP-6 Cationic
oxymethyloxy)ethyl]trimethylammonium bromide
Ethyldimyristoylphosphatidylcholine EDMPC Cationic
1,2-Distearyloxy-N,N-dimethyl-3-aminopropane DSDMA Cationic
1,2-Dimyristoyl-trimethylammonium propane DMTAP Cationic
0,0’-Dimyristyl-N-lysyl aspartate DMKE Cationic
1,2-Distearoyl-sn-glycero-3-ethylphosphocholine DSEPC Cationic
N-Palmitoyl D-erythro-sphingosyl carbamoyl-spermine CCS Cationic
N-t-Butyl-NO-tetradecyl-3-tetradecylaminopropionamidine diC14-amidine Cationic
Octadecenolyoxy|ethyl-2-heptadecenyl-3 hydroxyethyl] imidazolinium | DOTIM Cationic
chloride
N1-Cholesteryloxycarbonyl-3,7-diazanonane-1,9-diamine CDAN Cationic
2-(3-|Bis(3-amino-propyl)-amino]propylamino)-N- RPR209120 Cationic
ditetradecylcarbamoylme-ethyl-acetamide
1,2-dilinoleyloxy-3- dimethylaminopropane DLinDMA Cationic
2,2-dilinoleyl-4-dimethylaminoethyl-[1,3]- dioxolane DLin-KC2-DMA | Cationic
dilinoleyl- methyl-4-dimethylaminobutyrate DLin-MC3-DMA | Cationic

Exemplary polymers for gene transfer are shown below in Table 18

Table 18: Polymers Used for Gene Transfer

Polymer Abbreviation
Poly(ethylene)glycol PEG
Polyethylenimine PEI
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Dithiobis(succinimidylpropionate) DSP
Dimethyl-3,3’-dithiobispropionimidate DTBP
Poly(ethylene imine)biscarbamate PEIC
Poly(L-lysine) PLL
Histidine modified PLL
Poly(N-vinylpyrrolidone) PVP
Poly(propylenimine) PPI
Poly(amidoamine) PAMAM
Poly(amidoethylenimine) SS-PAEI
Triethylenetetramine TETA
Poly(jB-aminoester)

Poly(4-hydroxy-L-proline ester) PHP
Poly(allylamine)

Poly(a-[4-aminobutyl]-L-glycolic acid) PAGA
Poly(D,L-lactic-co-glycolic acid) PLGA
Poly(N-ethyl-4-vinylpyridinium bromide)

Poly(phosphazene)s PPZ
Poly(phosphoester)s PPE
Poly(phosphoramidate)s PPA
Poly(N-2-hydroxypropylmethacrylamide) pHPMA
Poly (2-(dimethylamino)ethyl methacrylate) pDMAEMA
Poly(2-aminoethyl propylene phosphate) PPE-EA
Chitosan

Galactosylated chitosan

N-Dodacylated chitosan

Histone

Collagen

Dextran-spermine D-SPM

In some embodiments, the vehicle has targeting modifications to increase target cell

update of nanoparticles and liposomes, e.g., cell specific antigens, monoclonal antibodies,

single chain antibodies, aptamers, polymers, sugars, and cell penetrating peptides. In some

embodiments, the vehicle uses fusogenic and endosome-destabilizing peptides/polymers. In

some embodiments, the vehicle undergoes acid-triggered conformational changes (e.g., to

accelerate endosomal escape of the cargo). In some embodiments, a stimuli-cleavable

polymer is used, e.g., for release in a cellular compartment. For example, disulfide-based

cationic polymers that are cleaved in the reducing cellular environment can be used.

In one embodiment, the delivery vehicle is a biological non-viral delivery vehicle.

In some embodiments, one or more nucleic acid molecules (e.g., a DNA molecule or a
template nucleic acid) other than the components of a Cas system described herein, e.g., the
Cas9 molecule component, and/or the RMEM component, and/or the gRNA molecule

component described herein, are delivered. In one embodiment, the nucleic acid molecule is
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delivered at the same time as one or more of the components of the Cas system are delivered.
In one embodiment, the nucleic acid molecule is delivered before or after (e.g., less than
about 30 minutes, 1 hour, 2 hours, 3 hours, 6 hours, 9 hours, 12 hours, 1 day, 2 days, 3 days,
1 week, 2 weeks, or 4 weeks) one or more of the components of the Cas system are delivered.
In one embodiment, the nucleic acid molecule is delivered by a different means than one or
more of the components of the Cas system, e.g., the Cas9 molecule component, and/or the
RMEM component, and/or the gRNA molecule component, are delivered. The nucleic acid
molecule can be delivered by any of the delivery methods described herein. For example, the
nucleic acid molecule can be delivered by a viral vector, e.g., an integration-deficient
lentivirus, and the Cas9 molecule component, and/or RMEM component, and/or the gRNA
molecule component can be delivered by electroporation, e.g., such that the toxicity caused
by nucleic acids (e.g., DNAs) can be reduced. In one embodiment, the nucleic acid molecule
encodes a protein, e.g., a Cas9 molecule or a RMEM, as described herein. In one
embodiment, the nucleic acid molecule encodes an RNA molecule, e.g., an RNA molecule
described herein. In some embodiments, the nucleic acid is a template nucleic acid capable
of participating in HDR.

Delivery of RNA encoding a RNA-guided nuclease molecule and/or a RMEM

RNA encoding RNA-guided nuclease molecule(s) (e.g., comprising a eaCas9
molecule), RMEM(s), and/or gRNA molecules, can be delivered into cells, e.g., target cells
described herein, by any appropriate method, including art-known methods or methods
described herein. For example, Cas9-encoding and/or RMEM-encoding RNA can be
delivered, e.g., by microinjection, electroporation, lipid-mediated transfection, peptide-
mediated delivery, or a combination thereof. Delivery can be accompanied by DNA
encoding a gRNA or by a gRNA. Delivery can also be accompanied by a donor template
nucleic acid.

Delivery of RNA-guided nuclease and/or RMEM protein

RNA-guided nuclease molecules and/or RMEMs can be delivered into cells by any
appropriate method, including art-known methods or methods described herein. For
example, the protein molecules can be delivered, e.g., by microinjection, electroporation,
lipid-mediated transfection, peptide-mediated delivery, or a combination thereof. See also
Example 4, below. Delivery can be accompanied by DNA encoding a gRNA or by a gRNA.

Delivery can also be accompanied by a donor template nucleic acid.
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Route of Administration

Systemic modes of administration include oral and parenteral routes. Parenteral
routes include, by way of example, intravenous, intrarterial, intraosseous, intramuscular,
intradermal, subcutaneous, intranasal and intraperitoneal routes. Components administered
systemically may be modified or formulated to target the components to the desired cell type.

Local modes of administration include, by way of example, intrathecal,
intracerebroventricular, intraparenchymal (e.g., localized intraparenchymal delivery to the
striatum (e.g., into the caudate or into the putamen)), cerebral cortex, precentral gyrus,
hippocampus (e.g., into the dentate gyrus or CA3 region), temporal cortex, amygdala, frontal
cortex, thalamus, cerebellum, medulla, hypothalamus, tectum, tegmentum or substantia nigra
intraocular, intraorbital, subconjuctival, intravitreal, subretinal or transscleral routes. In one
embodiment, significantly smaller amounts of the components (compared with systemic
approaches) may exert an effect when administered locally (for example, intraparenchymal or
intravitreal) compared to when administered systemically (for example, intravenously).
Local modes of administration can reduce or eliminate the incidence of potentially toxic side
effects that may occur when therapeutically effective amounts of a component are
administered systemically.

Administration may be provided as a periodic bolus or as continuous infusion from an
internal reservoir or from an external reservoir (for example, from an intravenous bag).
Components may be administered locally, for example, by continuous release from a
sustained release drug delivery device.

Bi-Modal or Differential Delivery of Components

Separate delivery of the components, e.g., the RNA-guided nuclease molecule
component, the RMEM component, the gRNA molecule component, and/or the template
nucleic acid, and more particularly, delivery of the components by differing modes, can
enhance performance, e.g., by improving tissue specificity and safety.

In one embodiment, one or more of the RNA-guided nuclease molecule, the RMEM,
the gRNA molecule, and/or the template nucleic acid, are delivered by different modes, or as
sometimes referred to herein as differential modes. Different or differential modes, as used
herein, refer to modes of delivery that confer different pharmacodynamic or pharmacokinetic
properties on the subject component molecule, e.g., a RNA-guided nuclease molecule, and/or
a RMEM, and/or a gRNA molecule and/or template nucleic acid. For example, the modes of

delivery can result in different tissue distribution, different half-life, or different temporal
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distribution, e.g., in a selected compartment, tissue, or organ. In many embodiments, the
components are delivered so that one or more of, e.g., all of, a RNA-guided nuclease
molecule, a RMEM, a gRNA molecule, and template nucleic acid will be present in the same
cell at the same time.

In some embodiments, two gRNAs are delivered to a cell so that a first nickase will
make a first single strand break and a second nickase will make a second single strand break.
In such embodiments, the two gRNAs and other components (e.g., the RNA-guided nuclease
molecule) are delivered such that the two breaks are made at substantially the same time. In
some embodiments, this comprises the second break being formed before the first break
engages with machinery specific to the SSBR (single strand break repair) pathway, and in
some embodiments, it comprises the second break being formed before the first break is
repaired. More generally, when one desires to make two or more breaks in a target nucleic
acid, the gRNAs and other components can be delivered such that the two or more breaks are
made at substantially the same time.

Some modes of delivery, e.g., delivery by a nucleic acid vector that persists in a cell,
or in progeny of a cell, e.g., by autonomous replication or insertion into cellular nucleic acid,
result in more persistent expression of and presence of a component. Examples include viral,
e.g., adeno- associated virus or lentivirus, delivery.

By way of example, the components, e.g., a RNA-guided nuclease molecule, a
RMEM, a gRNA molecule, and template nucleic acid can be delivered by modes that differ
in terms of resulting half-life or persistent of the delivered component the body, or in a
particular compartment, tissue or organ. In one embodiment, one or both of, e.g., all of, a
gRNA molecule and a template nucleic acid can be delivered by such modes. The RNA-
guided nuclease_molecule and/or the RMEM components can be delivered by a mode which
results in less persistence or less exposure to the body or a particular compartment or tissue or
organ.

More generally, a first mode of delivery is used to deliver a first component and a
second mode of delivery is used to deliver a second component. The first mode of delivery
confers a first pharmacodynamic or pharmacokinetic property. The first pharmacodynamic
property can be, e.g., distribution, persistence, or exposure, of the component, or of a nucleic
acid that encodes the component, in the body, a compartment, tissue or organ. The second
mode of delivery confers a second pharmacodynamic or pharmacokinetic property. The

second pharmacodynamic property can be, e.g., distribution, persistence, or exposure, of the
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component, or of a nucleic acid that encodes the component, in the body, a compartment,
tissue or organ.

In one embodiment, the first pharmacodynamic or pharmacokinetic property, e.g.,
distribution, persistence or exposure, is more limited than the second pharmacodynamic or
pharmacokinetic property.

In one embodiment, the first mode of delivery is selected to optimize, e.g., minimize,
a pharmacodynamic or pharmacokinetic property, e.g., distribution, persistence or exposure.

In one embodiment, the second mode of delivery is selected to optimize, e.g.,
maximize, a pharmacodynamic or pharmacokinetic property, e.g., distribution, persistence or
exposure.

In one embodiment, the first mode of delivery comprises the use of a relatively
persistent element, e.g., a nucleic acid, e.g., a plasmid or viral vector, e.g., an AAV or
lentivirus. As such vectors are relatively persistent product transcribed from them would be
relatively persistent.

In one embodiment, the second mode of delivery comprises a relatively transient
element, e.g., an RNA or protein.

In one embodiment, the first component comprises a gRNA or template nucleic acid
and the delivery mode is relatively persistent, e.g., the gRNA is transcribed from a plasmid or
viral vector, e.g., an AAV or lentivirus. Transcription of these genes would be of little
physiological consequence because the genes generally do not encode for a protein product,
and the gRNAs are incapable of acting in isolation. The second component, a RNA-guided
nuclease molecule in combination with a RMEM, is delivered in a transient manner, for
example as mRNA or as protein, ensuring that the all components are present and active for a
short period of time.

Furthermore, the components can be delivered in different molecular form or with
different delivery vectors that complement one another to enhance safety and tissue
specificity.

Use of differential delivery modes can enhance performance, safety and efficacy. For
example, the likelihood of an eventual off-target modification can be reduced. Delivery of
immunogenic components, e.g., a RNA-guided nuclease molecule and/or a RMEM, by less
persistent modes can reduce immunogenicity, as peptides from e.g., bacteria-derived proteins,

e.g., a bacteria-derived Cas9 molecule or from a bacteria-derived RMEM, are displayed on
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the surface of the cell by MHC molecules. A two-part delivery system can alleviate these
drawbacks.

Differential delivery modes can be used to deliver components to different, but
overlapping target regions. The formation active complex is minimized outside the overlap
of the target regions. Thus, In one embodiment, a first component, e.g., a gRNA molecule is
delivered by a first delivery mode that results in a first spatial, e.g., tissue, distribution. A
second component, e.g., a RNA-guided nuclease molecule in combination with a RMEM, is
delivered by a second delivery mode that results in a second spatial, e.g., tissue, distribution.
In one embodiment, the first mode comprises a first element selected from a liposome,
nanoparticle, e.g., polymeric nanoparticle, and a nucleic acid, e.g., viral vector. The second
mode comprises a second element selected from the group. In one embodiment, the first
mode of delivery comprises a first targeting element, e.g., a cell specific receptor or an
antibody, and the second mode of delivery does not include that element. In embodiment, the
second mode of delivery comprises a second targeting element, e.g., a second cell specific
receptor or second antibody.

When a RNA-guided nuclease molecule and/or a RMEM are delivered via a virus
delivery vector, a liposome, or polymeric nanoparticle, there is the potential for delivery to,
and therapeutic activity in, multiple tissues, when it may be desirable to only target a single
tissue. A two-part delivery system can resolve this challenge and enhance tissue specificity.
If the gRNA molecule and the RN A-guided nuclease molecule/RMEM (e. g., nucleic acids
encoding a Cas9 molecule and a RMEM, or e.g., Cas9 and RMEM polypeptides) are
packaged in separated delivery vehicles with distinct but overlapping tissue tropism, the fully
functional complex is only formed in the tissue that is targeted by both vectors.

Ex Vivo Delivery

In some embodiments, components described in Table 14 are introduced into cells
which are then introduced into the subject. Methods of introducing the components can
include, e.g., any of the delivery methods described in Table 15.

In some embodiments, the cells are contacted with a RNA-guided nuclease molecule
in combination with a RMEM (or nucleic acid(s) encoding them) ex vivo. In one
embodiment, the cells are contacted with a gRNA (or a nucleic acid encoding it) ex vivo. In
some embodiment, the cells are contacted with a template nucleic acid ex vivo. In one
embodiment, the cells are contacted with two, three, or all four of the preceding compositions

(or nucleic acids encoding them) ex vivo. In one embodiment, the cells are contacted with
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one or more of the preceding components (or nucleic acids encoding them), and one or more

remaining components are administered to the patient.

XII. Modified Nucleosides, Nucleotides, and Nucleic Acids

Modified nucleosides and modified nucleotides can be present in nucleic acids, e.g.,
particularly gRNA, and/or a template nucleic acid, but also other forms of DNA or RNA,
e.g., mMRNA. As described herein, “nucleoside” is defined as a compound containing a five-
carbon sugar molecule (a pentose such as deoxyribose or ribose) or derivative thereof, and an
organic base (purine or pyrimidine, or a derivative thereof). As described herein,
“nucleotide” is defined as a nucleoside further comprising a phosphate group.

Modified nucleosides and nucleotides can include one or more of:

(1) alteration, e.g., replacement, of one or both of the non-linking phosphate oxygens
and/or of one or more of the linking phosphate oxygens in the phosphodiester backbone
linkage;

(i1) alteration, e.g., replacement, of a constituent of the ribose or deoxyribose sugar,
e.g., of the 2’ hydroxyl on the sugar;

(ii1) wholesale replacement of the phosphate moiety with “dephospho” linkers;

(iv) modification or replacement of a naturally occurring nucleobase;

(v) replacement or modification of the ribose- or deoxyribose-phosphate backbone;

(vi) modification of the 3’ end or 5° end of the oligonucleotide, e.g., removal,
modification or replacement of a terminal phosphate group or conjugation of a moiety; and

(vii) modification of the sugar.

The modifications listed above can be combined to provide modified nucleosides and
nucleotides that can have two, three, four, or more modifications. For example, a modified
nucleoside or nucleotide can have a modified sugar and a modified nucleobase. In one
embodiment, every base of a gRNA, or template nucleic acid is modified, e.g., all bases have
a modified phosphate group, e.g., all are phosphorothioate groups. In some embodiments, all,
or substantially all, of the phosphate groups of a unimolecular or modular gRNA molecule, or
template nucleic acid are replaced with phosphorothioate groups.

In one embodiment, modified nucleotides, e.g., nucleotides having modifications as
described herein, can be incorporated into a nucleic acid, e.g., a “modified nucleic acid.” In
some embodiments, the modified nucleic acids comprise one, two, three or more modified

nucleotides. In some embodiments, at least 5% (e.g., at least about 5%, at least about 10%, at
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least about 15%, at least about 20%, at least about 25%, at least about 30%, at least about
35%, at least about 40%, at least about 45%, at least about 50%, at least about 55%, at least
about 60%, at least about 65%, at least about 70%, at least about 75%, at least about 80%, at
least about 85%, at least about 90%, at least about 95%, or about 100%) of the positions in a
modified nucleic acid are a modified nucleotides.

Unmodified nucleic acids can be prone to degradation by, e.g., cellular nucleases. For
example, nucleases can hydrolyze nucleic acid phosphodiester bonds. Accordingly, in one
aspect the modified nucleic acids described herein can contain one or more modified
nucleosides or nucleotides, e.g., to introduce stability toward nucleases.

In some embodiments, the modified nucleosides, modified nucleotides, and modified
nucleic acids described herein can exhibit a reduced innate immune response when
introduced into a population of cells, both in vivo and ex vivo. The term “innate immune
response” includes a cellular response to exogenous nucleic acids, including single stranded
nucleic acids, generally of viral or bacterial origin, which involves the induction of cytokine
expression and release, particularly the interferons, and cell death. In some embodiments, the
modified nucleosides, modified nucleotides, and modified nucleic acids described herein can
disrupt binding of a major groove interacting partner with the nucleic acid. In some
embodiments, the modified nucleosides, modified nucleotides, and modified nucleic acids
described herein can exhibit a reduced innate immune response when introduced into a
population of cells, both in vivo and ex vivo, and also disrupt binding of a major groove
interacting partner with the nucleic acid.

In some embodiments, a template nucleic acid comprises modifications, e.g.,
modified nucleotides, modifications to the backbone, and other modifications described
herein. In some embodiments, the modification improves the stability of the template nucleic
acid, e.g., by increasing its resistance to endonucleases and/or exonucleases.

In some embodiments, a template nucleic acid that comprises modifications is double
stranded, e.g., is double stranded DNA. In some such embodiments, all the modifications are
confined to one strand. In other embodiments, modifications are present on both strands.
Modifications may be present in the 5° homology arm, the 3’ homology arm, or the
replacement sequence, or any combination thereof. In some embodiments, modifications are
present in one or both homology arms but not the replacement sequence.

In some embodiments, a template nucleic acid that comprises modifications is single

stranded, e.g., is single stranded DNA.
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Definitions of Chemical Groups

As used herein, “alkyl” is meant to refer to a saturated hydrocarbon group which is
straight-chained or branched. Example alkyl groups include methyl (Me), ethyl (Et), propyl
(e.g., n-propyl and isopropyl), butyl (e.g., n-butyl, isobutyl, t-butyl), pentyl (e.g., n-pentyl,
isopentyl, neopentyl), and the like. An alkyl group can contain from 1 to about 20, from 2 to
about 20, from 1 to about 12, from 1 to about 8, from 1 to about 6, from 1 to about 4, or from
1 to about 3 carbon atoms.

As used herein, “aryl” refers to monocyclic or polycyclic (e.g., having 2, 3 or 4 fused
rings) aromatic hydrocarbons such as, for example, phenyl, naphthyl, anthracenyl,
phenanthrenyl, indanyl, indenyl, and the like. In some embodiments, aryl groups have from 6
to about 20 carbon atoms.

As used herein, “alkenyl” refers to an aliphatic group containing at least one double
bond.

As used herein, “alkynyl” refers to a straight or branched hydrocarbon chain
containing 2-12 carbon atoms and characterized in having one or more triple bonds.
Examples of alkynyl groups include, but are not limited to, ethynyl, propargyl, and 3-
hexynyl.

As used herein, “arylalkyl” or “aralkyl” refers to an alkyl moiety in which an alkyl
hydrogen atom is replaced by an aryl group. Aralkyl includes groups in which more than one
hydrogen atom has been replaced by an aryl group. Examples of “arylalkyl” or “aralkyl”
include benzyl, 2-phenylethyl, 3-phenylpropyl, 9-fluorenyl, benzhydryl, and trityl groups.

As used herein, “cycloalkyl” refers to a cyclic, bicyclic, tricyclic, or polycyclic non-
aromatic hydrocarbon groups having 3 to 12 carbons. Examples of cycloalkyl moieties
include, but are not limited to, cyclopropyl, cyclopentyl, and cyclohexyl.

As used herein, “heterocyclyl” refers to a monovalent radical of a heterocyclic ring
system. Representative heterocyclyls include, without limitation, tetrahydrofuranyl,
tetrahydrothienyl, pyrrolidinyl, pyrrolidonyl, piperidinyl, pyrrolinyl, piperazinyl, dioxanyl,
dioxolanyl, diazepinyl, oxazepinyl, thiazepinyl, and morpholinyl.

As used herein, “heteroaryl” refers to a monovalent radical of a heteroaromatic ring
system. Examples of heteroaryl moieties include, but are not limited to, imidazolyl, oxazolyl,
thiazolyl, triazolyl, pyrrolyl, furanyl, indolyl, thiophenyl pyrazolyl, pyridinyl, pyrazinyl,
pyridazinyl, pyrimidinyl, indolizinyl, purinyl, naphthyridinyl, quinolyl, and pteridinyl.
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Phosphate Backbone Modifications
The Phosphate Group

In some embodiments, the phosphate group of a modified nucleotide can be modified
by replacing one or more of the oxygens with a different substituent. Further, the modified
nucleotide, e.g., modified nucleotide present in a modified nucleic acid, can include the
wholesale replacement of an unmodified phosphate moiety with a modified phosphate as
described herein. In some embodiments, the modification of the phosphate backbone can
include alterations that result in either an uncharged linker or a charged linker with
unsymmetrical charge distribution.

Examples of modified phosphate groups include phosphorothioate,
phosphoroselenates, borano phosphates, borano phosphate esters, hydrogen phosphonates,
phosphoroamidates, alkyl or aryl phosphonates and phosphotriesters. In some embodiments,
one of the non-bridging phosphate oxygen atoms in the phosphate backbone moiety can be
replaced by any of the following groups: sulfur (S), selenium (Se), BR3 (wherein R can be,
e.g., hydrogen, alkyl, or aryl), C (e.g., an alkyl group, an aryl group, and the like), H, NR,
(wherein R can be, e.g., hydrogen, alkyl, or aryl), or OR (wherein R can be, e.g., alkyl or
aryl). The phosphorous atom in an unmodified phosphate group is achiral. However,
replacement of one of the non-bridging oxygens with one of the above atoms or groups of
atoms can render the phosphorous atom chiral; that is to say that a phosphorous atom in a
phosphate group modified in this way is a stereogenic center. The stereogenic phosphorous
atom can possess either the “R” configuration (herein Rp) or the “S” configuration (herein
Sp).

Phosphorodithioates have both non-bridging oxygens replaced by sulfur. The
phosphorus center in the phosphorodithioates is achiral which precludes the formation of
oligoribonucleotide (or oligodeoxyribonucleotide) diastereomers. In some embodiments,
modifications to one or both non-bridging oxygens can also include the replacement of the
non-bridging oxygens with a group independently selected from S, Se, B, C, H, N, and OR (R
can be, e.g., alkyl or aryl).

The phosphate linker can also be modified by replacement of a bridging oxygen, (i.e.,
the oxygen that links the phosphate to the nucleoside), with nitrogen (bridged
phosphoroamidates), sulfur (bridged phosphorothioates) and carbon (bridged
methylenephosphonates). The replacement can occur at either linking oxygen or at both of

the linking oxygens.
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Replacement of the Phosphate Group

The phosphate group can be replaced by non-phosphorus containing connectors. In
some embodiments, the charge phosphate group can be replaced by a neutral moiety.

Examples of moieties which can replace the phosphate group can include, without
limitation, e.g., methyl phosphonate, hydroxylamino, siloxane, carbonate, carboxymethyl,
carbamate, amide, thioether, ethylene oxide linker, sulfonate, sulfonamide, thioformacetal,
formacetal, oxime, methyleneimino, methylenemethylimino, methylenehydrazo,
methylenedimethylhydrazo and methyleneoxymethylimino.

Replacement of the Ribophosphate Backbone

Scaffolds that can mimic nucleic acids can also be constructed wherein the phosphate
linker and ribose sugar are replaced by nuclease resistant nucleoside or nucleotide surrogates.
In some embodiments, the nucleobases can be tethered by a surrogate backbone. Examples
can include, without limitation, the morpholino, cyclobutyl, pyrrolidine and peptide nucleic
acid (PNA) nucleoside surrogates.

Sugar Modifications

The modified nucleosides and modified nucleotides can include one or more
modifications to the sugar group. For example, the 2’ hydroxyl group (OH) can be modified
or replaced with a number of different “oxy” or “deoxy” substituents. In some embodiments,
modifications to the 2’ hydroxyl group can enhance the stability of the nucleic acid since the
hydroxyl can no longer be deprotonated to form a 2’-alkoxide ion. The 2’-alkoxide can
catalyze degradation by intramolecular nucleophilic attack on the linker phosphorus atom.

Examples of “oxy”-2’ hydroxyl group modifications can include alkoxy or aryloxy
(OR, wherein “R” can be, e.g., alkyl, cycloalkyl, aryl, aralkyl, heteroaryl or a sugar);
polyethyleneglycols (PEG), O(CH2CH20O)nCH2CH2OR wherein R can be, e.g., Hor
optionally substituted alkyl, and n can be an integer from O to 20 (e.g., from O to 4, from O to
8, from O to 10, from O to 16, from 1 to 4, from 1 to 8, from 1 to 10, from 1 to 16, from 1 to
20, from 2 to 4, from 2 to 8, from 2 to 10, from 2 to 16, from 2 to 20, from 4 to 8, from 4 to
10, from 4 to 16, and from 4 to 20). In some embodiments, the “oxy”-2” hydroxyl group
modification can include “locked” nucleic acids (LNA) in which the 2” hydroxyl can be
connected, e.g., by a Ci6 alkylene or Cy6 heteroalkylene bridge, to the 4° carbon of the same
ribose sugar, where exemplary bridges can include methylene, propylene, ether, or amino
bridges; O-amino (wherein amino can be, e.g., NHy; alkylamino, dialkylamino, heterocyclyl,

arylamino, diarylamino, heteroarylamino, or diheteroarylamino, ethylenediamine, or
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polyamino) and aminoalkoxy, O(CHa),-amino, (wherein amino can be, e.g., NHb;
alkylamino, dialkylamino, heterocyclyl, arylamino, diarylamino, heteroarylamino, or
diheteroarylamino, ethylenediamine, or polyamino). In some embodiments, the “oxy”-2’
hydroxyl group modification can include the methoxyethyl group (MOE), (OCH2CH2OCH3,
e.g., a PEG derivative).

“Deoxy” modifications can include hydrogen (i.e. deoxyribose sugars, e.g., at the
overhang portions of partially ds RN'A); halo (e.g., bromo, chloro, fluoro, or iodo); amino
(wherein amino can be, e.g., NHy; alkylamino, dialkylamino, heterocyclyl, arylamino,
diarylamino, heteroarylamino, diheteroarylamino, or amino acid);
NH(CH,CH,;NH),CH,CH;-amino (wherein amino can be, e.g., as described herein), -
NHC(O)R (wherein R can be, e.g., alkyl, cycloalkyl, aryl, aralkyl, heteroaryl or sugar),
cyano; mercapto; alkyl-thio-alkyl; thioalkoxy; and alkyl, cycloalkyl, aryl, alkenyl and
alkynyl, which may be optionally substituted with e.g., an amino as described herein.

The sugar group can also contain one or more carbons that possess the opposite
stereochemical configuration than that of the corresponding carbon in ribose. Thus, a
modified nucleic acid can include nucleotides containing e.g., arabinose, as the sugar. The
nucleotide “monomer” can have an alpha linkage at the 1’ position on the sugar, e.g., alpha-
nucleosides. The modified nucleic acids can also include “abasic” sugars, which lack a
nucleobase at C-1’. These abasic sugars can also be further modified at one or more of the
constituent sugar atoms. The modified nucleic acids can also include one or more sugars that
are in the L form, e.g. L-nucleosides.

Generally, RNA includes the sugar group ribose, and DNA includes the sugar group
deoxyribose, each of which is a 5-membered ring having an oxygen. Exemplary modified
nucleosides and modified nucleotides can include, without limitation, replacement of the
oxygen in the ribose or deoxyribose ring (e.g., with sulfur (S), selenium (Se), or alkylene,
such as, e.g., methylene or ethylene); addition of a double bond (e.g., to replace ribose with
cyclopentenyl or cyclohexenyl); ring contraction of ribose (e.g., to form a 4-membered ring
of cyclobutane or oxetane); ring expansion of ribose (e.g., to form a 6- or 7-membered ring
having an additional carbon or heteroatom, such as for example, anhydrohexitol, altritol,
mannitol, cyclohexanyl, cyclohexenyl, and morpholino that also has a phosphoramidate
backbone). In some embodiments, the modified nucleotides can include multicyclic forms

(e.g., tricyclo; and “unlocked” forms, such as glycol nucleic acid (GNA) (e.g., R-GNA or S-
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GNA, where ribose is replaced by glycol units attached to phosphodiester bonds), threose
nucleic acid (TNA, where ribose is replaced with a-L-threofuranosyl-(3’—27)).

Modifications on the Nucleobase

The modified nucleosides and modified nucleotides described herein, which can be
incorporated into a modified nucleic acid, can include a modified nucleobase. Examples of
nucleobases include, but are not limited to, adenine (A), guanine (G), cytosine (C), and uracil
(U). These nucleobases can be modified or wholly replaced to provide modified nucleosides
and modified nucleotides that can be incorporated into modified nucleic acids. The
nucleobase of the nucleotide can be independently selected from a purine, a pyrimidine, a
purine or pyrimidine analog. In some embodiments, the nucleobase can include, for example,
naturally-occurring and synthetic derivatives of a base.

Uracil

In some embodiments, the modified nucleobase is a modified uracil. Exemplary
nucleobases and nucleosides having a modified uracil include without limitation
pseudouridine (), pyridin-4-one ribonucleoside, 5-aza-uridine, 6-aza-uridine, 2-thio-5-aza-
uridine, 2-thio-uridine (s2U), 4-thio-uridine (s4U), 4-thio-pseudouridine, 2-thio-
pseudouridine, 5-hydroxy-uridine (ho’U), S-aminoallyl-uridine, 5-halo-uridine (e.g., 5-iodo-
uridine or 5-bromo-uridine), 3-methyl-uridine (rnSU), S-methoxy-uridine (moSU), uridine 5-
oxyacetic acid (cmo’U), uridine 5-oxyacetic acid methyl ester (memo’U), 5-carboxymethyl-
uridine (cm’U), I-carboxymethyl-pseudouridine, 5-carboxyhydroxymethyl-uridine (chm’U),
5-carboxyhydroxymethyl-uridine methyl ester (mchm’U), 5-methoxycarbonylmethyl-uridine
(mem’U), 5-methoxycarbonylmethyl-2-thio-uridine (mem’s2U), 5-aminomethyl-2-thio-
uridine (nm’s2U), 5-methylaminomethyl-uridine (mnm’U), 5-methylaminomethyl-2-thio-
uridine (mnm’s2U), 5-methylaminomethyl-2-seleno-uridine (mnm’se*U), 5-
carbamoylmethyl-uridine (nem’U), 5-carboxymethylaminomethyl-uridine (cmnm’U), 5-
carboxymethylaminomethyl-2-thio-uridine (cmnm *s2U), S-propynyl-uridine, 1-propynyl-
pseudouridine, 5-taurinomethyl-uridine (tcm’U), 1-taurinomethyl-pseudouridine, 5-
taurinornethyl—Z—thio—uridine(rrnssZU), 1-taurinomethyl-4-thio-pseudouridine, 5-methyl-
uridine (m’U, ie., having the nucleobase deoxythymine), 1-methyl-pseudouridine (m'y), 5-
methyl-2-thio-uridine (m’s2U), 1-methyl-4-thio-pseudouridine (m's*y), 4-thio-1-methyl-
pseudouridine, 3-methyl-pseudouridine (m’\y), 2-thio-1-methyl-pseudouridine, 1-methyl-1-
deaza-pseudouridine, 2-thio-1-methyl-1-deaza-pseudouridine, dihydrouridine (D),

dihydropseudouridine, 5,6-dihydrouridine, 5-methyl-dihydrouridine (m’D), 2-thio-
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dihydrouridine, 2-thio-dihydropseudouridine, 2-methoxy-uridine, 2-methoxy-4-thio-uridine,
4-methoxy-pseudouridine, 4-methoxy-2-thio-pseudouridine, N1-methyl-pseudouridine, 3-(3-
amino-3-carboxypropyl)uridine (acp’U), 1-methyl-3-(3-amino-3-
carboxypropyl)pseudouridine (acp®\y), 5-(isopentenylaminomethyl)uridine (inm’U), 5-
(isopentenylaminomethyl)-2-thio-uridine (inm’s2U), a-thio-uridine, 2'-O-methyl-uridine
(Um), 5,2'-O-dimethyl-uridine (m’Um), 2'-O-methyl-pseudouridine (ym), 2-thio-2'-O-
methyl-uridine (s2Um), 5-methoxycarbonylmethyl-2'-O-methyl-uridine (mcm *Um), 5-
carbamoylmethyl-2'-O-methyl-uridine (ncm *Um), 5-carboxymethylaminomethyl-2'-O-
methyl-uridine (cmnm *Um), 3,2'-O-dimethyl-uridine (m’Um), 5-(isopentenylaminomethyl)-
2'-O-methyl-uridine (inm 5Urn), 1-thio-uridine, deoxythymidine, 2'-F-ara-uridine, 2'-F-
uridine, 2'-OH-ara-uridine, 5-(2-carbomethoxyvinyl) uridine, 5-[3-(1-E-
propenylamino)uridine, pyrazolo[3,4-d]pyrimidines, xanthine, and hypoxanthine.
Thymine

In some embodiments, the modified nucleobase is a modified thymine. Thymine
differs from uracil in that thymine has a methyl group on carbon 5 of the 6-carbon ring, while
uracil has a hydrogen in that position. In some embodiments, the modified thymine is
derived from one of the modified uracils described in the previous paragraph, but having said
methyl group instead of a hydrogen.

Cytosine

In some embodiments, the modified nucleobase is a modified cytosine. Exemplary
nucleobases and nucleosides having a modified cytosine include without limitation 5-aza-
cytidine, 6-aza-cytidine, pseudoisocytidine, 3-methyl-cytidine (m’C), N4-acetyl-cytidine
(act), 5-formyl-cytidine (f°C), N4-methyl-cytidine (m*C), 5-methyl-cytidine (m’C), 5-halo-
cytidine (e.g., 5-iodo-cytidine), 5-hydroxymethyl-cytidine (hm’C), 1-methyl-
pseudoisocytidine, pyrrolo-cytidine, pyrrolo-pseudoisocytidine, 2-thio-cytidine (s2C), 2-thio-
5-methyl-cytidine, 4-thio-pseudoisocytidine, 4-thio-1-methyl-pseudoisocytidine, 4-thio-1-
methyl-1-deaza-pseudoisocytidine, 1-methyl-1-deaza-pseudoisocytidine, zebularine, 5-aza-
zebularine, 5-methyl-zebularine, 5-aza-2-thio-zebularine, 2-thio-zebularine, 2-methoxy-
cytidine, 2-methoxy-5-methyl-cytidine, 4-methoxy-pseudoisocytidine, 4-methoxy-1-methyl-
pseudoisocytidine, lysidine (k°C), o-thio-cytidine, 2'-O-methyl-cytidine (Cm), 5,2'-O-
dimethyl-cytidine (m’Cm), N4-acetyl-2'-O-methyl-cytidine (ac*Cm), N4,2'-O-dimethyl-
cytidine (m*"Cm), 5-formyl-2'-O-methyl-cytidine (f *Cm), N4,N4,2'-O-trimethyl-cytidine
(m*,Cm), 1-thio-cytidine, 2'-F-ara-cytidine, 2'-F-cytidine, and 2'-OH-ara-cytidine.
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Adenine

In some embodiments, the modified nucleobase is a modified adenine. Exemplary
nucleobases and nucleosides having a modified adenine include without limitation 2-amino-
purine, 2,6-diaminopurine, 2-amino-6-halo-purine (e.g., 2-amino-6-chloro-purine), 6-halo-
purine (e.g., 6-chloro-purine), 2-amino-6-methyl-purine, §-azido-adenosine, 7-deaza-adenine,
7-deaza-8-aza-adenine, 7-deaza-2-amino-purine, 7-deaza-8-aza-2-amino-purine, 7-deaza-2,6-
diaminopurine, 7-deaza-8-aza-2,6-diaminopurine, 1-methyl-adenosine (m'A), 2-methyl-
adenine (m°A), N6-methyl-adenosine (m°A), 2-methylthio-N6-methyl-adenosine (ms2m°A),
N6-isopentenyl-adenosine (*A), 2-methylthio-N6-isopentenyl-adenosine (ms*i®A), N6-(cis-
hydroxyisopentenyl)adenosine (i0°A), 2-methylthio-N6-(cis-hydroxyisopentenyl)adenosine
(ms2io®A), N6-glycinylcarbamoyl-adenosine (g6A), N6-threonylcarbamoyl-adenosine (t°A),
N6-methyl-N6-threonylcarbamoyl-adenosine (m°t°A), 2-methylthio-N6-threonylcarbamoyl-
adenosine (rnszg6A), N6,N6-dimethyl-adenosine (m%A), N6-hydroxynorvalylcarbamoyl-
adenosine (hn°A), 2-methylthio-N6-hydroxynorvalylcarbamoyl-adenosine (ms2hn®A), N6-
acetyl-adenosine (ac®A), 7-methyl-adenine, 2-methylthio-adenine, 2-methoxy-adenine, a-
thio-adenosine, 2'-O-methyl-adenosine (Am), N6,2'—O—dirnethy1—adenosine (rn6Arn), N°-
Methyl-2'-deoxyadenosine, N6,N6,2'-O-trimethyl-adenosine (rn62Arn), 1,2'-O-dimethyl-
adenosine (m' Am), 2'-O-ribosyladenosine (phosphate) (Ar(p)), 2-amino-N6-methyl-purine,
1-thio-adenosine, 8-azido-adenosine, 2'-F-ara-adenosine, 2'-F-adenosine, 2'-OH-ara-
adenosine, and N6-(19-amino-pentaoxanonadecyl)-adenosine.

Guanine

In some embodiments, the modified nucleobase is a modified guanine. Exemplary
nucleobases and nucleosides having a modified guanine include without limitation inosine
(I), 1-methyl-inosine (m'I), wyosine (imG), methylwyosine (mimG), 4-demethyl-wyosine
(imG-14), isowyosine (imG2), wybutosine (yW), peroxywybutosine (02yW),
hydroxywybutosine (OHyW), undermodified hydroxywybutosine (OHyW*), 7-deaza-
guanosine, queuosine (Q), epoxyqueuosine (0Q), galactosyl-queuosine (galQ), mannosyl-
queuosine (manQ)), 7-cyano-7-deaza-guanosine (preQp), 7-aminomethyl-7-deaza-guanosine
(preQy), archacosine (G"), 7-deaza-8-aza-guanosine, 6-thio-guanosine, 6-thio-7-deaza-
guanosine, 6-thio-7-deaza-8-aza-guanosine, 7-methyl-guanosine (m’G), 6-thio-7-methyl-
guanosine, 7-methyl-inosine, 6-methoxy-guanosine, 1-methyl-guanosine (m'G), N2-methyl-
guanosine (rnzG), N2,N2-dimethyl-guanosine (rn2 2G), N2,7-dimethyl-guanosine (m2,7G),

N2, N2,7-dimethyl-guanosine (m*,2,7G), 8-oxo-guanosine, 7-methyl-8-oxo-guanosine, 1-
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meth thio-guanosine, N2-methyl-6-thio-guanosine, N2,N2-dimethyl-6-thio-guanosine, a-thio-
guanosine, 2'-O-methyl-guanosine (Gm), N2-methyl-2'-O-methyl-guanosine (m*Gm),
N2,N2-dimethyl-2'-O-methyl-guanosine (m*,Gm), 1-methyl-2'-O-methyl-guanosine (m'Gm),
N2,7-dimethyl-2'-O-methyl-guanosine (m*,7Gm), 2-O-methyl-inosine (Im), 1,2'-O-dimethyl-
inosine (m'Im), 06—pheny1—2’—deoxyinosine, 2'-O-ribosylguanosine (phosphate) (Gr(p)), 1-
thio-guanosine, OG—methyl—guanosine, OG—Methyl—Z’—deoxyguanosine, 2'-F-ara-guanosine,
and 2'-F-guanosine.

Modified gERNAs

In some embodiments, the modified nucleic acids can be modified gRNAs. In some
embodiments, gRNAs can be modified at the 3” end. In this embodiment, the gRNAs can be
modified at the 3’ terminal U ribose. For example, the two terminal hydroxyl groups of the U
ribose can be oxidized to aldehyde groups and a concomitant opening of the ribose ring to

afford a modified nucleoside as shown below:

U
HO
57
1o
O O

wherein “U” can be an unmodified or modified uridine.
In another embodiment, the 3’ terminal U can be modified with a 2’3" cyclic

phosphate as shown below:

HO U

H H

O\ /O

o o
wherein “U” can be an unmodified or modified uridine.

In some embodiments, the gRNA molecules may contain 3’ nucleotides which can be
stabilized against degradation, e.g., by incorporating one or more of the modified nucleotides
described herein. In this embodiment, e.g., uridines can be replaced with modified uridines,
e.g., 5-(2-amino)propyl uridine, and 5-bromo uridine, or with any of the modified uridines
described herein; adenosines and guanosines can be replaced with modified adenosines and
guanosines, e.g., with modifications at the 8-position, e.g., 8-bromo guanosine, or with any of
the modified adenosines or guanosines described herein. In some embodiments, deaza

nucleotides, e.g., 7-deaza-adenosine, can be incorporated into the gRNA. In some
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embodiments, O- and N-alkylated nucleotides, e.g., N6-methyl andenosine, can be
incorporated into the gRNA. In some embodiments, sugar-modified ribonucleotides can be
incorporated, e.g., wherein the 2 OH-group is replaced by a group selected from H, -OR, -R
(wherein R can be, e.g., alkyl, cycloalkyl, aryl, aralkyl, heteroaryl or sugar), halo, -SH, -SR
(wherein R can be, e.g., alkyl, cycloalkyl, aryl, aralkyl, heteroaryl or sugar), amino (wherein
amino can be, e.g., NHy; alkylamino, dialkylamino, heterocyclyl, arylamino, diarylamino,
heteroarylamino, diheteroarylamino, or amino acid); or cyano (-CN). In some embodiments,
the phosphate backbone can be modified as described herein, e.g., with a phosphothioate
group. In some embodiments, the nucleotides in the overhang region of the gRNA can each
independently be a modified or unmodified nucleotide including, but not limited to 2’-sugar
modified, such as, 2-F 2’-O-methyl, thymidine (T), 2’-O-methoxyethyl-5-methyluridine
(Teo), 2’-O-methoxyethyladenosine (Aeo), 2’-O-methoxyethyl-5-methylcytidine (m5Ceo),
and any combinations thereof.

In one embodiment, one or more or all of the nucleotides in single stranded RNA
molecule, e.g., a gRNA molecule, are deoxynucleotides.

In another aspect, methods and compositions discussed herein provide methods and
compositions for genome editing by using a gRNA molecule which comprises a polyA
tail. In one embodiment, a polyA tail of undefined length ranging from 1 to 1000
nucleotide(s) is added enzymatically using a polymerase such as E. coli polyA polymerase
(E-PAP). In one embodiment, the polyA tail of a specified length (e.g., 1, 5, 10, 20, 30, 40,
50, 60, 100, or 150 nucleotides) is encoded on a DNA template and transcribed with the
gRNA via an RNA polymerase (e.g., T7 RNA polymerase). In one embodiment, a polyA tail
of defined length (e.g., 1, 5, 10, 20, 30, 40, 50, 60, 100, or 150 nucleotides) is synthesized as
a synthetic oligonucleotide and ligated on the 3° end of the gRNA with either an RNA ligase
or a DNA ligase with our without a splinted DNA oligonucleotide complementary to the
guide RNA and the polyA oligonucleotide. In one embodiment, the entire gRNA including a
defined length of polyA tail is made synthetically, in one or several pieces, if made in more
than one piece, and ligated together by either an RNA ligase or a DNA ligase with or without
a splinted oligonucleotide.

Modified template nucleic acids

In some embodiments, the template nucleic acid comprises chemical modifications.
These modifications may, e.g., increase the stability or half-life of the nucleic acid or reduce

the innate immune response to the nucleic acid.
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In one embodiment, the template nucleic acid can be modified at one or two 3’ ends.
In this embodiment, the template nucleic acid can be modified at the 3" nucleotide. For
example, the two terminal hydroxyl groups of the 3’-most sugar can be oxidized to aldehyde
groups and a concomitant opening of the ring to afford a modified nucleoside, analogous to
the first ribonucleotide shown in the previous section entitled “Modified gRNAs”.

In another embodiment, the 3’ terminal sugar can be modified with a 2’3’ cyclic
phosphate, analogous to the second ribonucleotide shown in the previous section entitled
“Modified gRNAs”.

In some embodiments, the template nucleic acid may contain 3’ nucleotides which
can be stabilized against degradation, e.g., by incorporating one or more of the modified
nucleotides described herein. In this embodiment, e.g., thymines can be replaced with any of
the modified thymines described herein; adenosines and guanosines can be replaced with
modified adenosines and guanosines, e.g., with modifications at the §-position, e.g., 8-bromo
guanosine, or with any of the modified adenosines or guanosines described herein. In some
embodiments, deaza nucleotides, e.g., 7-deaza-adenosine, can be incorporated into the
template nucleic acid. In some embodiments, O- and N-alkylated nucleotides, e.g., N6-
methyl andenosine, can be incorporated into the nucleic acid template system. In some
embodiments, sugar-modified deoxyribonucleotides can be incorporated, e.g., wherein the 2’
H-group is replaced by a group selected from OH, -OR, -R (wherein R can be, e.g., alkyl,
cycloalkyl, aryl, aralkyl, heteroaryl or sugar), halo, -SH, -SR (wherein R can be, e.g., alkyl,
cycloalkyl, aryl, aralkyl, heteroaryl or sugar), amino (wherein amino can be, e.g., NHo;
alkylamino, dialkylamino, heterocyclyl, arylamino, diarylamino, heteroarylamino,
diheteroarylamino, or amino acid); or cyano (-CN). In one embodiment, the phosphate
backbone can be modified as described herein, e.g., with a phosphothioate group. In some
embodiments, the template nucleic acid comprises an overhang region, and the nucleotides in
the overhang region can each independently be a modified or unmodified nucleotide
including, bu t not limited to 2’-sugar modified, such as, 2-F 2’-O-methyl, 2’-O-
methoxyethyl-5-methyluridine (Teo), 2’-O-methoxyethyladenosine (Aeo ), 2°-O-
methoxyethyl-5-methylcytidine (m5Ceo ), and any combinations thereof.

In some embodiments, the template nucleic acid is nicked, e.g., at the same position
as a nick or DSB on target nucleic acid. In some embodiments, a nick on a double stranded
template nucleic acid stimulates HDR. In some embodiments, one or more nicks on the

template nucleic acid are on the strand that is complementary to the intact target strand; in
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embodiments, one or more nicks on the template nucleic acid are on the strand that is
complementary to the nicked target stand.

miRNA binding sites

MicroRNAs (or miRNAs) are naturally occurring cellular 19-25 nucleotide long
noncoding RNAs. They bind to nucleic acid molecules having an appropriate miRNA
binding site, e.g., in the 3> UTR of an mRNA, and down-regulate gene expression. It is
believed that the down regulation is either by reducing nucleic acid molecule stability or by
inhibiting translation. An RNA species disclosed herein, e.g., an mRNA encoding Cas9 can
comprise an miRNA binding site, e.g., in its 3’'UTR. The miRNA binding site can be
selected to promote down regulation of expression is a selected cell type. By way of
example, the incorporation of a binding site for miR-122, a microRNA abundant in liver, can

inhibit the expression of the gene of interest in the liver.

XIII. Methods of Treatment

A genetic disease is caused by a mutation in the patient’s genome. Often, the
mutation results in a change in a protein, e.g., an amino acid substitution or a truncation.
Genetic diseases can be dominant, i.e., one mutant gene is sufficient to cause the disease, or
recessive, where a patient with one copy of the mutant gene is an asymptomatic carrier, and
two copies of the mutant gene are necessary for the disease to result.

Disclosed herein are the approaches to treat or prevent genetic diseases, using the
compositions and methods described herein.

One approach to treat or prevent genetic diseases is to repair (i.e., correct) one or
more mutations in the disease-causing gene by HDR. In this approach, mutant allele(s) are
corrected and restored to wild type state. It is believed that correction of the mutation to the
corresponding wild-type sequence restores wild type protein production within the relevant
cell type. The method described herein can be performed in all cell types.

In one embodiment, one mutant allele is repaired in the subject. For example, in a
patient with an autosomal dominant genetic disease, the sole mutant allele in the cell is
corrected so that the cell becomes wild-type at both loci. As another example, in a patient
with an autosomal recessive genetic disease, one of the two mutant alleles in the cell is
corrected, and so the cell becomes heterozygous, which is sufficient for normal functioning.

As a recessive genetic disease only displays a phenotype when both alleles are mutated,
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repair of a single allele is adequate for a cure. In another embodiment, both mutant alleles
are repaired in the subject. In either situation, the subjects can be cured of disease.

Correction of a mutation in the relevant gene may be performed prior to disease onset
(e.g., prior to the appearance of symptoms) or after disease onset, for instance, early in the
disease course.

In one embodiment, the method comprises initiating treatment of a subject prior to
disease onset. In one embodiment, the method comprises initiating treatment of a subject
after disease onset. In one embodiment, the method comprises initiating treatment of a
subject well after disease onset, e.g., 1,2,3,4,5,6,7, 8,9, 10, 12, 24, or 36 months after
onset of the disease. It is believed that this may be effective if subjects did not present to
physician until well into the course of illness.

In one embodiment, the method comprises initiating treatment of a subject in an
advanced stage of disease.

Overall, initiation of treatment for subjects at all stages of disease is expected to
prevent negative consequences of disease and be of benefit to subjects.

In one embodiment, the method comprises initiating treatment of a subject prior to
disease expression. In one embodiment, the method comprises initiating treatment of a
subject in an early stage of disease, e.g., when a subject has tested positive for the disease but
has no signs or symptoms associated with the disease.

In one embodiment, the method comprises initiating treatment of a subject who has
tested positive for the mutation underlying the disease, based on diagnosis via
electrophoresis, genotyping, family history or other diagnostic criteria.

In one embodiment, the present disclosure provides a method of treating a subject
suffering from a disease or disorder, by contacting a cell, or a population of cells, from the
subject with (a) a gRNA molecule, (b) a RNA-guided nuclease molecule, and (c) a
heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the gRNA molecule
and the RN A-guided nuclease molecule interact with a nucleic acid at a target position,
resulting in a cleavage event, wherein the cleavage event is repaired by at least one DNA
repair pathway that is modulated by the RMEM, and wherein the sequence of the nucleic acid
after the cleavage event is different than the sequence of the nucleic acid prior to the cleavage
event, thereby treating the subject suffering from the disease or disorder. In another
embodiment, the method further comprises contacting the cell from the subject with a second

gRNA molecule, wherein the second gRNA molecule and the RNA-guided nuclease
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molecule interact with the nucleic acid, resulting in a second cleavage event. In yet another
embodiment, the contacting occurs ex vivo. In another embodiment, the contacting occurs in
vivo. In other embodiments, the cleavage event is repaired by a process selected from the

group consisting of an insertion, a deletion, a gene correction and a gene conversion.

EXAMPLES
The following Examples are merely illustrative and are not intended to limit the scope

or content of the invention in any way.

Example 1: Set-up and optimization of RMEM expression to modulate repair pathway
choice in response to an RNA-guided endonuclease lesion

This example demonstrates how RMEM expression was optimized and quality
controlled. The RMEM may comprise histone acetyltransferase activity, histone deacetylase
activity, histone methyltransferase activity, methyl-histone binding, chromatin remodeling
activity, histone chaperone activity, endonuclease activity, exonuclease activity, or DNA
helicase activity, e.g., one of the proteins described herein. To identify the optimal conditions
for RMEM expression, validation experiments to assess RMEM expression level and cellular
viability as a result of RMEM expression were performed. First, as shown in Fig. 1A, the
expression constructs for the cellular viability and expression analysis were generated by
cloning, to contain an N-terminal nuclear localization signal, the cDNA of the RMEM, and a
C-terminal 3XFLAG tag. Various concentrations (0.125 pg, 0.25png, 0.5nug and 1pg) of
RMEM, RNA-guided nuclease, and gRNA were delivered to U20S cells by nucleofection for
subsequent expression and viability analysis on day 3 (Fig. 1B). Cellular viability as a
consequence of RMEM expression was assessed using the resazurin cell viability assay on
day 3 after nucleofection (Fig. 1C, top panel). In addition, RMEM expression was assessed
by Western Blot analysis using an antibody against the C-terminal 3X FLAG tag present in
the cDNA construct on day 3 after nucleofection (Fig. 1C bottom panel). The viability and
expression analysis data were analyzed and the optimal RMEM concentration was

determined to ensure optimal cellular viability with optimal RMEM expression.
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Example 2. Workflow of RMEM expression screen to modulate repair pathway choice
and repair outcomes in response to an RNA-guided nuclease lesion

After determining the optimal concentration to obtain acceptable RMEM expression
with acceptable cellular viability, a screen to assess the ability of RMEMs to modulate repair
pathway choice and repair outcomes was performed. The RMEM may comprise histone
acetyltransferase activity, histone deacetylase activity, histone methyltransferase activity,
methyl-histone binding, chromatin remodeling activity, histone chaperone activity,
endonuclease activity, exonuclease activity, or DNA helicase activity, e.g., one of the
proteins described herein. First, a cDNA construct to express the RMEM was generated that
contains an N-terminal NLS fused to the cDNA of the RMEM (Fig. 2A). This construct does
not contain a 3XFLAG to avoid interference of the tag with protein function. An RNA-
guided nuclease targeting the human HBB gene in the region of the sickle cell anemia-
causing mutation, a guide RN A, the RMEM, and a single-stranded oligonucleotide donor
(ssODN) were administered to U20S cells by nucleofection on day 0 (Fig. 2B). As a control,
the RNA-guided nuclease was administered to cells with the ssODN but in the absence of the
RMEM. On day 5, cells were harvested in order to assess the frequency and nature of
mutations at the target site. This is achieved by 1) isolating genomic DNA from the control
(no RMEM expression) and treated (RMEM expressing) cells, 2) PCR amplifying the DNA
encompassing the region targeted for disruption or correction, 3) sequencing the amplified
DNA products, and 4) determining the frequency of mutations/corrections by dividing the
number of sequence reads harboring nucleotide insertions, deletions, gene conversions (from
the endogenous HBD gene as a surrogate for homologous recombination) and gene
corrections (from the ssODN through a sub-pathway of HDR referred to as SSTR) by the

total number of sequence reads comprising the targeted region.

Example 3. cDNA expression of Rad52 enhances gene correction and reduces gene
conversion and deletion formation

In this example, the RMEM Rad52, an RNA-guided nuclease, a guide RNA, and a
ssODN were administered to U20S cells by nucleofection on day 0. Sequencing analysis
showed that Rad52 expression led to an increase in gene correction, and to a decrease in gene
conversion and the formation of deletions. An example of a decrease in deletion and gene
conversion frequency is shown in Fig. 3A and Fig. 3B, respectively. Examples of an increase

in ssODN-mediated gene correction are shown in Fig. 4A and Fig. 4B. In these examples,
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500 ng of Rad52 was nucleofected into 200000 U20S cells along with 250 ng of gRNA
HBBS alone or 250 ng of each gRNA HBBS8 and HBB15, 250 ng of the indicated Cas9
variant, and 50 pmols of ssODN.

Example 4. Rad52 protein enhances gene correction and reduces gene conversion and
deletion formation

This example demonstrates an increase in gene correction and a decrease in the
formation of deletions and gene conversion by administering to the cells an RNA-guided
nuclease, a guide RNA, an ssODN, and the RMEM Rad5?2 as a protein. For purification of
the Rad5?2 protein, a 1.3 kb gene segment corresponding to the 427 residues of Rad52 was
obtained by gene synthesis with appended Sapl Electra cloning arms (DNA 2.0 cloning
system) and a C-term nucleoplasmin NLS. The synthetic construct cloned into pUCS7 vector
was excised by Sapl digestion and Electra-cloned (DNA 2.0, Electra cloning system) into
pD441-NH, pD441-CH (high copy) and pD421-NH (low copy) E.coli expression vectors.

After plasmids containing the Rad52 gene (either N-term His (high copy), C-term His
(high copy), or N-term His (low copy) were transformed or electroporated into bacterial
expression strains, protein was expressed and purified using the following method. The
Rad52 construct contained an N-terminal SV40 NLS sequence (PKKKRKYV) but was also
amenable to having a nucleoplasmin NLS on either N- or C-termini instead. After plasmids
were transformed or electroporated into protein expression bacteria cells (e.g., Rosetta 2
cells) several resulting colonies were added to 0.5 mL Brain Heart and Lung (BHL) media or
another rich media without antibiotics. After 30 min to 1 hour, or when cell suspension was
visibly cloudy, 0.5 mL BHL media or other rich media and antibiotics (chloramphenicol and
kanamycin) were added to culture. The culture volume was doubled once the culture became
visibly cloudy (OD =0.6) until volume reached 8 mL. Full culture was then transferred up to
1 L of Terrific broth (Teknova) media + antibiotics + 1 mL 1000x metals solution (Teknova)
+ 200 pL of 1 M magnesium sulfate solution. Cultures were grown at 37°C. Culture OD
was measured after 1-2 hours or when the culture flask became slightly cloudy. At this point,
the OD was measured every 1 hour or when appropriate until OD reached 1.0-1.5. Once OD
reached 1.0-1.5, the flask was transferred to a lower temperature (18°C to 25°C) and the OD
was checked again 30 minutes to 1 hour later. When the culture reached an OD of ~2.0,
protein expression was induced by adding IPTG. The cells were grown at 18°C for 12-16

hours (this time can be varied as necessary up to 3 days). Cultures were then harvested and
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pelleted using a large centrifuge and either lysed immediately or kept frozen at -80 C till the
day of lysis.

Cell pellets expressing Rad52 were lysed using a microfluidizer wherein 1-10 g of dry
cell pellet was resuspended with 70 mL of lysis buffer (50 mM Tris pH 8.0, 1 mM TCEP
[tris(2-carboxyethyl)phosphine)] or DTT (dithiothreitol), 10-20% glycerol, and 300-1000
mM NaCl or KCI. Alternatively, cells were lysed and folded Rad52 was extracted using the
BPER (ThermoFisher) chemical lysis kit, the BugBuster (EMD Millipore) chemical lysis kit,
or an in-house chemical lysis reagent containing the same buffer but also in the presence of
1% Triton X-100 to break down cell membranes. Finally, a sonicator can be used to lyse
cells using the same lysis buffer in the microfluidizer method but without 1% Triton X-100 or
any other mild zwitter-ion detergent.

Cell lysate was spun down in a centrifuge and cell debris pellet was discarded. The
supernatant was filtered through a 0.2 pm or 0.45 pm filter and loaded onto either a HisTrap
Ni-NTA column (GE Healthcare) on onto a gravity column using HisPur Ni-NTA slurry
(Thermo Fisher). In both cases the HisTrap or slurry in the gravity column were equilibrated
with lysis buffer before being exposed to several 5x-20x column volume washes with lysis
buffer also containing 30 mM imidazole. Finally, His-tagged Rad52 was eluted from Ni-
NTA resin from either the HisTrap or gravity column using lysis buffer with 250-500 mM
imidazole.

Rad52 protein was then concentrated using a 0.2 pm or 0.45 pm filter with a
molecular weight cutoff of 30 kDa or less to approximately 10 mL and loaded onto an AKTA
Pure (GE Healthcare) FPLC instrument equipped with a cation exchange column after
diluting into a final volume of 50mL of 50mM HEPES pH7.5, ImM TCEP or DTT, 10-20%
glycerol a d 100-150 mM NaCl or KC1. HEPES can be substituted for any buffer that has a
buffering capacity in the range of pH 6.5-8.5. Rad52 protein was eluted into 2 mL fractions,
yielding one predominant peak as detected by UV-absorbance on the FPLC instrument.
Fractions from this peak were pooled and Rad52 was determined to be present and of high
purity as analyzed by SDS-PAGE, which showed a clear band at the expected 49 kDa
molecular weight marker for the Rad52 monomer as well as a clean band above 250 kDa
marker (approximately 550 kDa in molecular weight) which consists of the Rad52 undecamer
(11 Rad52 proteins bound together which is its functional oligameric structure in solution).

In addition, inspection of the Rad52 absorbance spectra showed a clean protein without

measureable nucleic acid contamination as measured by 260/280 UV-absorbance ratio.
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Pooled fractions of Rad52 were concentrated down to 200 pM based on the predicted
extinction coefficient of Rad52 (41370 M cm™) as indicated on UniProt Prot-param tool on
the NCBI website and the measured 280 absorbance. These aliquots were either stored at 4 C
for immediate use or flash-frozen in liquid nitrogen and stored at -80 C for long term storage.

Examples of an increase in ssODN-mediated gene correction and the decrease in
deletions and gene conversion frequency upon Rad52 protein expression is shown Figs. 5 A,
B, C, respectively. In this example, 150 pmols of Rad52 purified protein was delivered to
200000 U20S cells with 15 pmols of WT Cas9, 18 pmols of gRNA HBBS, and 50 pmols of
ssODN.

Example 5. 53BP1 Dominant Negative enhances gene correction and reduces the
formation of insertions

This example demonstrates an increase in gene correction and a decrease in the
formation of insertions by administering to the cells an RNA-guided nuclease, a guide RNA,
an ssODN, and the RMEM 53BP1 Dominant Negative (DN). Examples of an increase in
ssODN-mediated gene correction with either the long form of 53BP1 dominant negative
(53BP1-DN(long)), or the short form of 53BP1 dominant negative (53BP1-DN(short)), are
shown in Fig. 6A and Fig. 6B, respectively. In this example, 500 ng of either S3BP1-DN
(long) or 53BP1-DN(short) were nucleofected into 200000 U20S cells along with 250 ng of
gRNA HBBS alone or 250 ngs of gRNAs HBB8 and HBB15, 250 ng of the indicated Cas9
variant, and 50 pmols of ssODN. Examples of a decrease in insertion formation with the short
form of 53BP1 dominant negative (53BP1-DN(short)) are shown in Fig. 7. In this example,
500 ng of 53BP1-DN(short) was nucleofected into 200000 U20S cells along with 250 ng of
gRNA HBBS alone or 250 ng each of gRNAs HBBS and HBB15, 250 ng of the indicated
Cas9 variant, and 50 pmols of ssODN.

Example 6. TdT enhances the formation of insertions and reduces the formation of
deletions, gene conversion, and gene correction

This example demonstrates an increase in the formation of insertions and a decrease
in gene conversion, gene correction and the formation of deletions by administering to the
cells an RNA-guided nuclease, a guide RNA, an ssODN, and the RMEM TdT. An example
of an increase the formation of insertions is shown in Fig. 8A. An example of a decrease in

the formation of deletions, gene conversion, and ssODN-mediated gene correction is shown
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in Figs. 8B, 8C, and 8D, respectively. For this example, 500 ng of TdT was nucleofected into
200000 U20S cells along with 250 ng of gRNA HBBS or 250 ng each of gRNAs HBB8 and
HBB15, 250 ng of the indicated Cas9 variant, and 50 pmols of ssODN.

Example 7. Rad51 reduces gene conversion and gene correction

This example demonstrates a reduction in gene conversion and gene correction by
administering to the cells an RNA-guided nuclease, a guide RNA, an ssODN, and the RMEM
Rad51. Examples of a decrease in gene conversion and gene correction are shown in Figs. 9A
and 9B, respectively. For this example, 500 ng of Rad51 was nucleofected into 200000
U20S cells along with 250 ng of gRNA HBBS8 or 250 ng each of gRNAs HBBS and HBB15,
250 ng of the indicated Cas9 variant, and 50 pmols of ssODN.

Example 8. RPA reduces gene conversion

This example demonstrates a reduction in gene conversion by administering to the
cells an RNA-guided nuclease, a guide RNA, an ssODN, and the RMEM RPA. Examples of
a decrease in gene conversion are shown in Fig. 10. For this example, 500 ng of RPA was
nucleofected into 200000 U20S cells along with 250 ng of gRNA HBBS or 250 ng each of
gRNAs HBBS8 and HBB15, 250 ng of the indicated Cas9 variant, and 50 pmols of ssODN.

Example 9. Artemis enhances the formation of deletions

This example demonstrates an increase in the formation of deletions by administering
to the cells an RN A-guided nuclease, a guide RNA, an ssODN, and the RMEM Artemis.
Examples of an increase in deletion formation are shown in Fig. 11. For this example, 500 ng
of TS Artemis was nucleofected into 200000 U20S cells along with 250 ng each of gRNAs
HBBS8 and HBB15, 250 ng of the indicated Cas9 variant, and 50 pmols of ssODN.

Example 10. TS Exonuclease reduces the formation of insertions and gene correction

This example demonstrates a reduction in the formation of insertions and gene
correction by administering to the cells an RNA-guided nuclease, a guide RNA, an ssODN,
and the RMEM TS5 Exonuclease. Examples of a decrease in insertion and gene correction are
shown in Figs. 12A and 12B, repsectively. For this example, 500 ng of TS Exonulcease was
nucleofected into 200000 U20S cells along with 250 ng each of gRNAs HBB8 and HBB15,
250 ng of the indicated Cas9 variant, and 50 pmols of ssODN.
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Example 11. ERCC1 reduces gene conversion

This example demonstrates a reduction in the formation of insertions by administering
to the cells an RN A-guided nuclease, a gunide RNA, an ssODN, and the RMEM ERCCI.
Examples of a decrease gene conversion are shown in Fig. 13. For these examples, 500 ng of
ERCC1 was nucleofected into 200000 U20S cells along with 250 ng of gRNA HBBS, 250
ng of the indicated Cas9 variant, and 50 pmols of ssODN.

Example 12: Enhancing target nucleic acid disruption in cultured cells using a Cas9, a
gRNA, and an RMEM

This example demonstrates an increase in the frequency of mutations (e.g., nucleotide
insertions and/or deletions), and/or an increase in the size of nucleotide deletions at a target
site in cultured cells by administering to the cells a Cas9 molecule, an RMEM, and one or
more gRNAs. The RMEM may comprise histone acetyltransferase activity, histone
deacetylase activity, histone methyltransferase activity, methyl-histone binding, chromatin
remodeling activity, histone chaperone activity, endonuclease activity, exonuclease activity,
or DNA helicase activity, e.g., one of the proteins described herein. The Cas9 molecule and
RMEM are administered as a DNA expression vector, an mRNA or, a protein. The one or
more gRNAs are administered as DNA expression vectors or RNA molecules. The Cas9,
RMEM, and gRNA molecules are introduced into the cells by methods known in the art such
as viral transduction, non-viral transfection or electroporation.

At various time points, cells are harvested in order to assess the frequency and nature
of mutations at the target site. This is achieved by 1) isolating genomic DNA from the
control and treated cells, 2) PCR amplifying the DNA encompassing the region targeted for
disruption, 3) sequencing the amplified DNA products, and 4) determining the frequency of
mutations by dividing the number of sequence reads harboring nucleotide insertions and/or
deletions by the total number of sequence reads comprising the targeted region. Treatment of
cells with a gRNA, a Cas9, and an RMEM is shown to increase the rate of target site

disruption and/or the size of nucleotide deletions at the target site.

Example 13: Enhancing HDR-mediated alteration of a target nucleic acid in cultured
cells using a an RMEM
This example demonstrates an increased rate of HDR-mediated nucleic acid

modification at a target site in cultured cells by administering to the cells a Cas9 molecule, a
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RMEM, one or more gRNAs, and an HDR donor nucleic acid template. The RMEM
comprises histone acetyltransferase activity, histone deacetylase activity, histone
methyltransferase activity, methyl-histone binding, chromatin remodeling activity, histone
chaperone activity, endonuclease activity, exonuclease activity, or DNA helicase activity,
e.g., one of the proteins listed herein. The Cas9 molecule and the RMEM are administered as
a DNA expression vector, an mRNA or a protein. The one or more gRNAs are administered
as DNA expression vectors or RNA molecules. The donor template is provided as a plasmid
DNA, a linear double-stranded DNA, a single-stranded oligonucleotide or viral genomic
DNA, as described above). The Cas9 molecule, RMEM, gRNAs, and donor template are
introduced into the cells by methods known in the art such as viral transduction, non-viral
transfection or electroporation.

At various time points, cells are harvested in order to assess the rate of nucleic acid
modification by HDR. This is achieved by 1) isolating genomic DNA from the Cas9 control
and treated cells, 2) PCR amplifying the DNA encompassing the region targeted for
modification, 3) sequencing the amplified DNA products, and 4) determining the frequency
of HDR-mediated alteration by dividing the number of sequence reads containing the donor
template-specified sequence by the total number of sequence reads comprising the targeted
region. Treatment of cells with an RMEM is shown to increase the rate of HDR-mediated

nucleic acid modification.

Example 14: Enhancing target nucleic acid disruption in a tissue of an animal using a
RMEM

This example demonstrates an increase in the frequency of mutations (e.g., nucleotide
insertions and/or deletions), and/or an increase in the size of nucleotide deletions at a target
site in a tissue of an animal by administering to the animal a Cas9 molecule, a RMEM, and
one or more gRNAs. The RMEM may comprise histone acetyltransferase activity, histone
deacetylase activity, histone methyltransferase activity, methyl-histone binding, chromatin
remodeling activity, histone chaperone activity, endonuclease activity, exonuclease activity,
or DNA helicase activity, e.g., one of the proteins listed herein. The Cas9 molecule and the
RMEM are administered as a DNA expression vector, an mRNA or a protein. The one or
more gRNAs are administered as DNA expression vectors or RNA molecules. The
molecules are introduced into the animal by local or systemic administration of viral vectors

or non-viral delivery vehicles.
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At various time points, tissues are harvested from treated animals in order to assess
the frequency and nature of mutations at the target site. This is achieved by 1) isolating
genomic DNA from the Cas9 control and RMEM -treated tissues, 2) PCR amplifying the
DNA encompassing the region targeted for disruption, 3) sequencing the amplified DNA
products, and 4) determining the frequency of mutations by dividing the number of sequence
reads harboring nucleotide insertions and/or deletions by the total number of sequence reads
comprising the targeted region. Treatment of animals with a RMEM is shown to increase the

rate of target site disruption and/or the size of nucleotide deletions at the target site.

Example 15: Enhancing HDR-mediated alteration of a target nucleic acid in a tissue of
an animal using an RMEM

This study demonstrates an increased rate of HDR-mediated nucleic acid modification
at a target site in a tissue of an animal by administering to the animal a Cas9 molecule, an
RMEM, one or more gRNAs, and an HDR donor nucleic acid template. The RMEM may
comprise histone acetyltransferase activity, histone deacetylase activity, histone
methyltransferase activity, methyl-histone binding, chromatin remodeling activity, histone
chaperone activity, endonuclease activity, exonuclease activity, or DNA helicase activity,
e.g., one of the proteins listed herein. The Cas9 molecule and the RMEM are administered as
a DNA expression vector, an mRNA or a protein. The one or more gRNAs are administered
as DNA expression vectors or RNA molecules. The donor template is provided as a plasmid
DNA, a linear double-stranded DNA, a single-stranded oligonucleotide or viral genomic
DNA, as described above. The components are introduced into the animal by local or
systemic administration of viral vectors or non-viral delivery vehicles.

At various time points, tissues are harvested in order to assess the rate of nucleic acid
modification by HDR. This is achieved by 1) isolating genomic DNA from the Cas9 control
and RMEM-treated tissues, 2) PCR amplifying the DNA encompassing the region targeted
for modification, 3) sequencing the amplified DNA products, and 4) determining the
frequency of HDR-mediated alteration by dividing the number of sequence reads containing
the donor template-specified sequence by the total number of sequence reads comprising the
targeted region. Treatment of cells with an RMEM in addition to a gRNA molecule, a Cas9
molecule, and the template is shown to increase the rate of HDR-mediated nucleic acid

modification.
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Incorporation by Reference

All publications, patents, and patent applications mentioned herein are hereby
incorporated by reference in their entirety as if each individual publication, patent, or patent
application was specifically and individually indicated to be incorporated by reference. In

case of conflict, the present application, including any definitions herein, will control.
Equivalents
Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific embodiments of the invention

described herein. Such equivalents are intended to be encompassed by the following claims.

Other embodiments are within the following claims.
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CLAIMS

1. A method of altering a nucleic acid at a target position in a cell, or a
population of cells, the method comprising contacting the cell, or the population of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM);

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, and wherein the cleavage event is repaired by at
least one DNA repair pathway that is modulated by the RMEM,

thereby altering the nucleic acid at the target position in the cell, or in the population

of cells.

2. A method of suppressing the formation of a deletion in a nucleic acid at a
target position in a cell, or a population of cells, the method comprising contacting the cell, or
the population of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Rad52 or TdT;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM
suppresses the formation of a deletion in the nucleic acid at the target position,

thereby suppressing the formation of a deletion in the nucleic acid at the target

position in the cell, or in the population of cells.

3. A method of enhancing the formation of a deletion in a nucleic acid at a target
position in a cell, or a population of cells, the method comprising contacting the cell, or the
population of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and
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(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Artemis;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM enhances
the formation of a deletion in the nucleic acid at the target position,

thereby enhancing the formation of a deletion in the nucleic acid at the target position

in the cell, or in the population of cells.

4. A method of suppressing gene conversion of a nucleic acid at a target position
in a cell, or a population of cells, the method comprising contacting the cell, or the population
of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Rad52, TdT, Rad51, RPA, or ERCCI;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM
suppresses gene conversion,

thereby suppressing gene conversion of the nucleic acid at the target position in the

cell, or in the population of cells.

5. A method of enhancing gene conversion of a nucleic acid at a target position
in a cell, or a population of cells, the method comprising contacting the cell, or the population
of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM);

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM enhances

gene conversion,
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thereby enhancing gene conversion of the nucleic acid at the target position in the

cell, or in the population of cells.

6. A method of suppressing gene correction of a nucleic acid at a target position
in a cell, or a population of cells, the method comprising contacting the cell, or the population
of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is TdT, Rad51, or TS exonuclease;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM
suppresses gene correction,

thereby suppressing gene correction of the nucleic acid at the target position in the

cell, or in the population of cells.

7. A method of enhancing gene correction of a nucleic acid at a target position in
a cell, or a population of cells, the method comprising contacting the cell, or the population of
cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Rad52 or 53BP1 dominant negative;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM enhances
gene correction,

thereby enhancing gene correction of the nucleic acid at the target position in the cell,

or in the population of cells.
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8. A method of suppressing the formation of an insertion in a nucleic acid at a
target position in a cell, or a population of cells, the method comprising contacting the cell, or
the population of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is 53BP1 dominant negative or TS5 exonuclease;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM
suppresses the formation of an insertion,

thereby suppressing formation of an insertion in the nucleic acid at the target position

in the cell, or in the population of cells.

9. A method of enhancing the formation of an insertion in a nucleic acid at a
target position in a cell, or a population of cells, the method comprising contacting the cell, or
the population of cells, with

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is TdT;

wherein the gRNA molecule and the RNA-guided nuclease molecule interact with the
nucleic acid, resulting in a cleavage event, wherein the cleavage event is repaired by at least
one DNA repair pathway that is modulated by the RMEM, and wherein the RMEM enhances
the formation of an insertion,

thereby enhancing formation of an insertion in the nucleic acid at the target position in

the cell, or in the population of cells.
10. The method of any one of claims 1-9, further comprising contacting the cell,

or the population of cells, with

(d) a second gRNA molecule,
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wherein the second gRNA molecule and the RN A-guided nuclease molecule interact
with the nucleic acid, resulting in a second cleavage event, and wherein the second cleavage

event is repaired by the at least one DNA repair pathway that is modulated by the RMEM.

11. The method of claim 1, wherein the RMEM is selected from the group
consisting of Rad52, 53BP1 dominant negative, TdT, Rad51, RPA, Artemis, TS Exonuclease,
and ERCCI1.

12. The method of claim 1, wherein a frequency of the DNA repair pathway
repairing the nucleic acid to comprise a deletion is decreased in the population of cells
comprising the RMEM, as compared to a frequency of the DNA repair pathway repairing the
nucleic acid to comprise a deletion in a population of cells that does not comprise the

RMEM.

13. The method of claim 12, wherein the RMEM is Rad52 or TdT.

14. The method of claim 1, wherein a frequency of the DNA repair pathway
repairing the nucleic acid to comprise a deletion is increased in the population of cells
comprising the RMEM, as compared to a frequency of the DNA repair pathway repairing the
nucleic acid to comprise a deletion in a population of cells that does not comprise the

RMEM.

15. The method of claim 14, wherein the RMEM is Artemis.

16. The method of claim 1, wherein the nucleic acid comprises a deletion after the

cleavage event is repaired as compared to the nucleic acid prior to the cleavage event.

17. The method of claim 1, wherein the cleavage event is repaired by gene
conversion.
18. The method of claim 1, wherein a frequency of gene conversion is decreased

in the population of cells comprising the RMEM, as compared to a frequency of gene

conversion in a population of cells that does not comprise the RMEM.
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19. The method of claim 18, wherein the RMEM is Rad52, TdT, Rad51, RPA, or
ERCCI.

20. The method of claim 1, wherein the cleavage event is repaired by gene
correction.
21. The method of claim 1, wherein a frequency of gene correction is decreased in

the population of cells comprising the RMEM, as compared to a frequency of gene

conversion in a population of cells that does not comprise the RMEM.

22. The method of claim 21, wherein the RMEM is TdT, Rad51, or T5

exonuclease.

23. The method of claim 1, wherein a frequency of gene correction is increased in
the population of cells comprising the RMEM, as compared to a frequency of gene

conversion in a population of cells that does not comprise the RMEM.

24. The method of claim 23, wherein the RMEM is Rad52 or 53BP1 dominant

negative.

25. The method of claim 1, wherein the nucleic acid comprises an insertion after

the cleavage event is repaired, as compared to the nucleic acid prior to the cleavage event.

26. The method of claim 1, wherein a frequency of the DNA repair pathway
repairing the nucleic acid to comprise an insertion is decreased in the population of cells
comprising the RMEM, as compared to a frequency of the DNA repair pathway repairing the
nucleic acid to comprise an insertion in a population of cells that does not comprise the

RMEM.

27. The method of claim 26, wherein the RMEM is 53BP1 dominant negative or

TS5 exonuclease.

225



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

28. The method of claim 1, wherein a frequency of the DNA repair pathway
repairing the nucleic acid to comprise an insertion is increased in the population of cells
comprising the RMEM, as compared to a frequency of the DNA repair pathway repairing the
nucleic acid to comprise an insertion in a population of cells that does not comprise the

RMEM.

29. The method of claim 28, wherein the RMEM is TdT.

30. The method of any one of claims 1-29, wherein the RMEM is a recombinant

protein.

31. The method of any one of claims 1-29, wherein the gRNA molecule is a
gRNA nucleic acid, wherein the RNA-guided nuclease molecule is a RNA-guided nuclease

nucleic acid, and wherein the RMEM is a RMEM nucleic acid.

32. The method of any one of claims 1-29, wherein the gRNA molecule is a
gRNA nucleic acid, wherein the RNA-guided nuclease molecule is a RNA-guided nuclease

protein, and wherein the RMEM is a RMEM nucleic acid.

33. The method of any one of claims 1-29, wherein the gRNA molecule is a
gRNA nucleic acid, wherein the RNA-guided nuclease molecule is a RNA-guided nuclease

nucleic acid, and wherein the RMEM is a RMEM protein.

34. The method of any one of claims 1-29, wherein the gRNA molecule is a
gRNA nucleic acid, wherein the RNA-guided nuclease molecule is a RNA-guided nuclease

protein, and wherein the RMEM is a RMEM protein.
35. The method of any one of claims 1-29, wherein the gRNA is a gRNA nucleic

acid, wherein the RN A-guided nuclease molecule is a RNA-guided nuclease protein, and

wherein the RMEM is a RMEM protein.
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36. The method of any one of claims 1-29, wherein the cell, or the population of
cells, is contacted with the gRNA molecule and the RNA-guided nuclease molecule as a pre-

formed complex.

37. The method of any one of claims 1-36, wherein the RNA-guided nuclease

molecule is a Cas9 molecule.

38. The method of claim 37, wherein the RNA-guided nuclease molecule
comprises at least 80% identity to an S. aureus Cas9 sequence or an S. pyogenes Cas9

sequence.

39. The method of claim 37, wherein the RNA-guided nuclease molecule is an

eaCas9 molecule or an eiCas9 molecule.

40. The method of claim 39, wherein the eaCas9 molecule comprises a nickase
molecule.
41. The method of claim 37, wherein the Cas9 molecule comprises a mutation at

an amino acid position corresponding to amino acid position D10 of Streptococcus pyogenes

Cas9.

42. The method of claim 37, wherein the Cas9 molecule comprises an amino acid
mutation at an amino acid position corresponding to amino acid position H840 or N863 of S.

pyogenes Cas9.

43. The method of any one of claims 1-42, wherein the gRNA is specific for an
HBB gene.

44, The method of claim 10, further comprising (e) a third gRNA molecule,

wherein the third gRNA molecule and the RNA-guided nuclease molecule interact at the

nucleic acid, resulting in a third cleavage event.
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45. The method of claim 44, further comprising (f) a fourth gRNA molecule,
wherein the fourth gRNA molecule and the RNA-guided nuclease molecule interact at the

nucleic acid, resulting in a fourth cleavage event.

46. The method of any one of claims 1-45, wherein the cleavage event comprises
one or more single strand breaks, one or more double strand breaks, or a combination of

single strand breaks and double strand breaks.

47. The method of claim 46, wherein the cleavage event comprises any one of the
following one single strand break; two single strand breaks; three single strand breaks; four
single strand breaks; one double strand break; two double strand breaks; one single strand
break and one double strand break; two single strand breaks and one double strand break; or

any combination thereof.

48. The method of any one of claims 1-47, wherein the target position is a control

region, a coding region, a non-coding region, an intron, or an exon of a gene.

49. The method of any one of claims 1-47, wherein the cell, or the population of

cells, is a eukaryotic cell, or a population of eukaryotic cells.

50. The method of claim 49, wherein the cell, or the population of cells, is a

human cell, or a population of human cells.

51. The method of any one of claims 1-50, wherein the cell, or population of cells,

is from a subject suffering from a disease or disorder.

52. The method of claim 51, wherein the disease or disorder is a blood disease, an
immune disease, a neurological disease, a cancer, an infectious disease, a genetic disease, a
disorder caused by aberrant mtDNA, a metabolic disease, a disorder caused by aberrant cell
cycle, a disorder caused by aberrant angiogenesis, a disorder cause by aberrant DNA damage

repair, or a pain disorder.

228



10

15

20

25

30

WO 2017/165826 PCT/US2017/024110

53. The method of any one of claims 1-52, wherein the cell, or population of cells,

is from a subject having at least one mutation at the target position.

54. The method of any one of claims 51-53, further comprising isolating the cell,
or population of cells, from the subject prior to contacting the cell, or population of cells,

with the gRNA molecule, the RNA-guided nuclease molecule, and the RMEM.

55. The method of any one of claims 1-50, further comprising introducing the cell,
or the population of cells, into a subject after contacting the cell, or the population of cells,

with the gRNA molecule, the RNA-guided nuclease molecule, and the RMEM.

56. The method of any one of claims 1-50, wherein the contacting the cell, or the
population of cells, with the gRNA molecule, the RNA-guided nuclease molecule, and the
RMEM is performed ex vivo.

57. The method of any one of claims 1-50, wherein the contacting the cell, or the
population of cells, with the gRNA molecule, the RNA-guided nuclease molecule, and the
RMEM is performed in vivo.

58. The method of any one of claims 1-50, wherein the contacting the cell, or the
population of cells, with the gRNA molecule, the RNA-guided nuclease molecule, and the
RMEM is performed in vitro.

59. The method of any one of claims 1-58, further comprising sequencing the
nucleic acid, or a portion of the nucleic acid, prior to contacting the cell, or the population of

cells, with the gRNA molecule, the RNA-guided nuclease molecule, and the RMEM.

60. The method of claim 59, further comprising sequencing the nucleic acid, or a

portion of the nucleic acid, after the cleavage event.

61. The method of any one of claims 1-60, wherein the sequence of the nucleic
acid, after the cleavage event is repaired, is different than the sequence of the nucleic acid

prior to the cleavage event.
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62. A cell, or a population of cells, altered by the method of any of claims 1-61.

63. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Rad52,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid:

1) to comprise a deletion is decreased;

i1) using gene conversion is decreased; and/or

1ii) using gene correction is increased

in the presence of the RMEM, as compared to a frequency of the DNA repair
pathway repairing the target nucleic acid 1) to comprise a deletion, ii) using gene conversion,

and/or ii1) using gene correction in the absence of the RMEM.

64. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is 53BP1 dominant negative,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid:

1) using gene conversion is increased;

i1) using gene correction is increased; and/or

1ii) to comprise an insertion is decreased
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in the presence of the RMEM, as compared to a frequency of the DNA repair
pathway repairing the target nucleic acid 1) using gene conversion, ii) using gene correction,

and/or ii1) to comprise an insertion in the absence of the RMEM.

65. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is TdT,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid:

1) using gene conversion is decreased;

i1) using gene correction is decreased;

1i1) to comprise an insertion is increased; and/or

iv) to comprise a deletion is decreased;

in the presence of the RMEM, as compared to a frequency of the DNA repair
pathway repairing the target nucleic acid 1) using gene conversion, ii) using gene correction,

1i1) to comprise an insertion, and/or iv) to comprise a deletion in the absence of the RMEM.

66. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Rad51,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid:

1) using gene conversion is decreased; and/or
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i1) using gene correction is decreased;
in the presence of the RMEM, as compared to a frequency of the DNA repair
pathway repairing the target nucleic acid 1) using gene conversion and/or ii) using gene

correction in the absence of the RMEM.

67. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is RPA,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid
using gene conversion is decreased in the presence of the RMEM, as compared to a
frequency of the DNA repair pathway repairing the target nucleic acid using gene conversion

in the absence of the RMEM.

68. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is Artemis,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid to
comprise a deletion is increased in the presence of the RMEM, as compared to a frequency of
the DNA repair pathway repairing the target nucleic acid to comprise a deletion in the

absence of the RMEM.
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69. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is T5 exonuclease,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid:

1) using gene correction is decreased; and/or

ii) to comprise an insertion is decreased;

in the presence of the RMEM, as compared to a frequency of the DNA repair
pathway repairing the target nucleic acid 1) using gene correction and/or ii) to comprise an

insertion in the absence of the RMEM.

70. A genome editing system comprising:

(a) a gRNA molecule;

(b) a RNA-guided nuclease molecule; and

(c) a heterologous Repair-Modulating Enzyme Molecule (RMEM), wherein the
RMEM is ERCC1,

wherein the gRNA molecule and the RNA-guided nuclease molecule are configured
to associate with a target nucleic acid, resulting in a cleavage event;

wherein the cleavage event is repaired by at least one DNA repair pathway that is
modulated by the RMEM; and

wherein a frequency of the DNA repair pathway repairing the target nucleic acid
using gene conversion is decreased in the presence of the RMEM, as compared to a
frequency of the DNA repair pathway repairing the target nucleic acid using gene conversion

in the absence of the RMEM.

71. The genome editing system of any one of claims 63-70, further comprising (d)

a second gRNA molecule.
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72. The genome editing system of any one of claims 63-71, wherein the RMEM is

a protein.

73. The genome editing system of claim 72, wherein the RMEM is a recombinant

protein.

74. The genome editing system of any one of claims 63-71, wherein the RMEM is

a nucleic acid molecule encoding a RMEM protein.

75. The genome editing system of claim 74, wherein the nucleic acid molecule is a
DNA molecule.
76. The genome editing system of claim 75, wherein the DNA molecule is a

cDNA molecule, a DNA molecule comprising introns, or a codon-optimized DNA.

77. The genome editing system of claim 75, wherein the DNA molecule is located

on a plasmid.

78. The genome editing system of claim 74, wherein the nucleic acid molecule is

an RNA molecule.

79. The genome editing system of claim 78, wherein the RNA molecule is a

mRNA molecule.

80. The genome editing system of any one of claims 63-79, wherein the RNA-

guided nuclease molecule is a Cas9 molecule.

81. The genome editing system of claim 80, wherein the Cas9 molecule comprises

at least 80% identity to an S. aureus Cas9 sequence or an S. pyogenes Cas9 sequence.

82. The genome editing system of claim 80, wherein the Cas9 molecule is an

eaCas9 molecule or an eiCas9 molecule.
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83. The genome editing system of claim 82, wherein the eaCas9 molecule

comprises a nickase molecule.

84. The genome editing system of claim 80, wherein the Cas9 molecule comprises
a mutation at an amino acid position corresponding to amino acid position D10 of

Streptococcus pyogenes Cas9.

85. The genome editing system of claim 80, wherein the Cas9 molecule comprises
an amino acid mutation at an amino acid position corresponding to amino acid position H840

or N863 of S. pyogenes Cas9.

86. The genome editing system of any one of claims 63-85, wherein the gRNA is
specific for an HBB gene.

87. The genome editing system of claim 71, further comprising (e) a third gRNA

molecule.

88. The genome editing system of claim 87, further comprising (f) a fourth gRNA

molecule.

89. The genome editing system of any one of claims 63-88, wherein the RNA-

guided nuclease molecule is a protein.
90. The genome editing system of any one of claims 63-88, wherein the RNA-
guided nuclease molecule is a nucleic acid molecule encoding a RNA-guided nuclease

protein.

91. The genome editing system of claim 90, wherein the nucleic acid molecule is a

DNA molecule or an RNA molecule.

92. The genome editing system of claim 91, wherein the DNA molecule is located

on a plasmid.
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93. The genome editing system of any one of claims 63-92, wherein the gRNA

molecule is a gRNA nucleic acid.

94. A cell comprising the genome editing system of any one of claims 63-93.

95. A population of cells, wherein each cell comprises the genome editing system

of any one of claims 63-93.

96. A pharmaceutical composition comprising the cell, or the population of cells,

of claim 94 or claim 95.

97. A method of treating a subject comprising administering to the subject the

cell, or the population of cells, of claim 94 or claim 95, or the pharmaceutical composition of

claim 96.

98. A polynucleotide encoding the genome editing system of any one of claims
63-93.

99. A vector encoding the genome editing system of any one of claims 63-93.

100. A genome editing vector system comprising one or more nucleic acids

encoding the genome editing system of any one of claims 63-93.

101. A lipid particle comprising the genome editing system of any one of claims

63-93.

102. A method of altering a cell, comprising the steps of:
forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or double-
strand break, thereby exposing at least one single-stranded DNA segment proximate to the
single- or double-strand break; and
annealing an exogenous single-stranded oligonucleotide donor template to the at
least one single-stranded DNA segment,

wherein (a) the annealing of the exogenous single-stranded oligonucleotide donor
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template is facilitated by an exogenous Rad52 protein, and (b) the single- or double-stranded
break is repaired in a manner that incorporates at least a portion of a sequence of the

exogenous single-stranded oligonucleotide donor template or a reverse complement thereof.

103.  The method of claim 102, wherein (c¢) the single- or double-stranded break is
repaired in a manner that inhibits incorporation of at least a portion of a sequence of an
endogenous donor template or a reverse complement thereof, and/or (d) the single- or double-

strand break is repaired in a manner that inhibits deletion of a nucleotide in the DNA.

104. A method of altering a cell, comprising the steps of:

forming, in a deoxyribonucleic acid (DNA) of a cell, at least one double-strand
break, thereby exposing at least one single-stranded DNA segment proximate to the double-
strand break; and

annealing an exogenous single-stranded oligonucleotide donor template to the at
least one single-stranded DNA segment,

wherein (a) the one or more free DNA ends exposed by the double-strand break is
facilitated by an exogenous 53BP1 dominant negative protein, and (b) the single- or double-
stranded break is repaired in a manner that incorporates at least a portion of a sequence of the

exogenous single-stranded oligonucleotide donor template or a reverse complement thereof.

105. The method of claim 104, wherein (c) the double-strand break is repaired in a

manner that inhibits incorporation of an insertion of at least one nucleotide in the DNA.

106. A method of altering a cell, comprising the steps of:

forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or double-
strand break, thereby generating at least one free 3’ end of the DNA; and

adding at least one nucleotide to the free 3’ end of the DNA at the at least one
single- or double-strand break,

wherein (a) the single- or double-strand break is repaired in a manner that
incorporates the at least one nucleotide added to the 3’ end of the DNA strand, and (b)
wherein the at least one nucleotide is added by an exogenous terminal deoxynucleotidyl

transferase (TdT) protein.
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107.  The method of claim 106, wherein (c¢) the single- or double-strand break is
repaired in a manner that inhibits incorporation of a deletion of at least one nucleotide in the
DNA, (d) the single- or double-stranded break is repaired in a manner that inhibits
incorporation of at least a portion of a sequence of an endogenous donor template or a reverse
complement thereof, and (e) the single- or double-stranded break is repaired in a manner that
inhibits incorporation of at least a portion of a sequence of an exogenous single-stranded

oligonucleotide donor template or a reverse complement thereof.

108. A method of altering a cell, comprising the steps of:
forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or double-
strand break, thereby generating at least one free 5’ end of the DNA; and
removing at least one nucleotide from the free 5 end of the DNA at the at least one
single- or double-strand break,
wherein (a) the single- or double-strand break is repaired in a manner that deletes
the at least one nucleotide from the 5° end of the DNA strand, and (b) wherein the at least one

nucleotide is deleted by an exogenous Artemis protein.

109. A method of altering a cell, comprising the steps of:

forming, in a deoxyribonucleic acid (DNA) of a cell, at least one single- or double-
strand break, thereby generating a 3’ single-stranded overhang and/or a 5’ single-stranded
overhang in the DNA; and

cleaving a phosphodiester backbone of the DNA to remove at least a portion of the 3’
single-stranded overhang and/or the 5’ single-stranded overhang,

wherein (a) the phosphodiester backbone of the DNA is cleaved by an exogenous
ERCCI protein, and (b) wherein the single- or double-stranded break is repaired in a manner
that inhibits incorporation of at least a portion of a sequence of an exogenous single-stranded

oligonucleotide donor template, or reverse complement thereof.

110.  The method of any one of claims 102-109, wherein the step of forming the at
least one single- and/or double-strand break comprises administering to the cell an RNA-
guided nuclease, optionally a Class 2 Clustered Regularly Interspersed Repeat (CRISPR)-

associated nuclease.
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111.  The method of claim 110, wherein the RN A-guided nuclease is selected from
the group consisting of a wild-type Cas9, a Cas9 nickase, a wild-type Cpf1, and a Cpfl

nickase.

112.  The method of claim 110, wherein administering the RNA-guided nuclease to
the cell comprises introducing into the cell a ribonucleoprotein (RNP) complex comprising an

RNA-guided nuclease and a guide RNA.

113.  The method of claim 112, wherein the step of forming the at least one single-
and/or double-strand break further comprises introducing a single-stranded oligonucleotide

donor template into the cell, with the RNP complex, and the protein.
114.  The method of claim 112, wherein the step of administering the RNA-guided

nuclease to the cell comprises electroporation of the cell in the presence of the RNP complex,

thereby introducing the RNP complex into the cell.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 63, 102, 103(completely); 1, 2, 4, 7, 10-13, 16-20,
23-25, 30-62, 71-101, 110-114(partially)

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 1.
Said method of claim 1 wherein the RMEM is Rad52.

A method of suppressing the formation of a deletion in a
nucleic acid at a target position in a cell, or a population
of cells, as claimed in claim 2, involving Rad52 as
heterologous RMEM.

A method of suppressing gene conversion of a nucleic acid at
a target position in a cell, or a population of cells,
comprising contacting the cell, or the population of cells,
as claimed in claim 4, involving Rad52 as heterologous RMEM.
A method of enhancing gene correction of a nucleic acid at a
target position in a cell, or a population of cells, as
claimed in claim 7, involving Rad52 as heterologous RMEM.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is Radb2.

A genome editing system as claimed in claim 63.

Products and methods related thereto.

2. claims: 9, 28, 29, 65, 106, 107(completely); 1, 2, 4, 6, 10-13,
16-22, 25, 30-62, 71-101, 110-114(partially)

A method of suppressing the formation of a deletion in a
nucleic acid at a target position in a cell, or a population
of cells, as claimed in claim 2, wherein the RMEM is TdT.

A method of suppressing gene conversion of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 4, wherein the RMEM is TdT.

A method of suppressing gene correction of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 6, wherein the RMEM is TdT.

A methad of enhancing the formation of an insertion in a
nucleic acid at a target position in a cell, or a population
of cells, as claimed in claim 9, wherein the RMEM is TdT.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is TdT.

A genome editing system as claimed in claim 65.

Products and methods related thereto.

3. claims: 3, 14, 15, 68, 108(completely); 1, 10, 11, 16, 30-62,
71-101, 110-114(partially)

A method of enhancing the formation of a deletion in a
nucleic acid at a target position in a cell, or a population
of cells, as claimed in claim 3, wherein the RMEM is
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Artemis.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is Artemis.

A genome editing system as claimed in claim 68.

Products and methods related thereto.

4. claims: 66(completely); 1, 4, 6, 10, 11, 17-22, 25, 30-62,
71-101(partially)

A method of suppressing gene conversion of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 4, wherein the RMEM is Rad51.

A method of suppressing gene correction of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 6, wherein the RMEM is Rad51.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is Rad51.

A genome editing system as claimed in claim 66.

Products and methods related thereto.

5. claims: 67(completely); 1, 4, 10, 11, 17-19, 25, 30-62,
71-101(partially)

A method of suppressing gene conversion of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 4, wherein the RMEM is RPA.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is RPA.

A genome editing system as claimed in claim 67.

Products and methods related thereto.

6. claims: 70, 109(completely); 1, 4, 10, 11, 17-19, 25, 30-62,
71-101, 110-114(partially)

A method of suppressing gene conversion of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 4, wherein the RMEM is ERCCI1.

the method comprising contacting the cell, or the population
of cells, with (a) a gRNA molecule; (b) a RNA-guided
nuclease molecule; and (c) a heterologous Repair-Modulating
Enzyme Molecule (RMEM), wherein the RMEM is ERCCI.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is ERCCI1.

A genome editing system as claimed in claim 70.

Products and methods related thereto.

7. claims: 69(completely); 1, 6, 8, 10, 11, 20-22, 26, 27, 30-62,
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71-101(partially)

A method of suppressing gene correction of a nucleic acid at
a target position in a cell, or a population of cells, as
claimed in claim 6, wherein the RMEM is T5 exonuclease.

A method of suppressing the formation of an insertion in a
nucleic acid at a target position in a cell, or a population
of cells, as claimed in claim 8, wherein the RMEM is T5
exonuclease.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is T5 exonuclease.

A genome editing system as claimed in claim 69.

Products and methods related thereto.

8. claims: 5, 64, 104, 105(completely); 1, 7, 8, 10, 11, 17, 20,
23-27, 30-62, 71-101, 110-114(partially)

A method of enhancing gene correction of a nucleic acid at a
target position in a cell, or a population of cells, as
claimed in claim 7, wherein the RMEM is 53BP1 dominant
negative.

A method of suppressing the formation of an insertion in a
nucleic acid at a target position in a cell, or a population
of cells, as claimed in claim 8, wherein the RMEM is 53BP1
dominant negative.

A method of altering a nucleic acid at a target position in
a cell, or a population of cells, as claimed in claim 11,
wherein the RMEM is 53BP1 dominant negative.

A method of enhancing gene conversion of a nucleic acid at a
target position in a cell, or a population of cells, the
method comprising contacting the cell, or the population of
cells, with (a) a gRNA molecule; (b) a RNA-guided nuclease
molecule; and (c) a heterologous Repair-Modulating Enzyme
Molecule (RMEM); wherein the gRNA molecule and the
RNA-guided nuclease molecule interact with the nucleic acid,
resulting in a cleavage event, wherein the cleavage event is
repaired by at least one DNA repair pathway that is
modulated by the RMEM, and wherein the RMEM enhances gene
conversion, thereby enhancing gene conversion of the nucleic
acid at the target position in the cell, or in the
population of cells (see claim 5 and page 39, lines 13-20).
A genome editing system as claimed in claim 64.

Products and methods related thereto.
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