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METHODS AND COMPOSITIONS FOR
IMPROVED HOMOLOGY DIRECTED
REPAIR

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 62/862,539, filed on Jun. 17,
2019, which is hereby incorporated by reference in its
entirety.

INCORPORATION BY REFERENCE OF
SEQUENCE LISTING

[0002] The instant application contains a Sequence Listing
which has been submitted electronically in ASCII format via
EFS-Web, and is hereby incorporated by reference in its
entirety. Said ASCII copy, created on Oct. 2, 2020, is named
CRTN_115A_Sequence_Listing.txt and is 114123 bytes in
size.

BACKGROUND

[0003] The dominant pathways for repair of a DNA
double-strand break (DSB) are the non-homologous end
joining (NHEJ) pathway and the homology-directed repair
(HDR) pathway (e.g., also known as homologous recombi-
nation or HR). The NHEJ pathway results in direct ligation
of broken DNA ends and is error-prone, often introducing
small insertions or deletions (e.g., indels) at the site of a
DNA DSB. By contrast, the HDR pathway is a high-fidelity
repair pathway that uses a homologous DNA sequence, such
as that present on an exogenous donor polynucleotide, to
repair a DNA DSB, thus enabling precise reconstruction of
a broken DNA duplex according to a sequence provided by
a homology donor DNA.

[0004] Selection of repair pathway is largely determined
by mutual antagonism between p53-binding protein 1
(53BP1), a factor that favors the NHEJ pathway, and
BRCAI, a factor that favors the HDR pathways and is
associated with genomic instability in certain cancers.
53BP1 is recruited to DSBs by recognition of damaged
chromatin where it functions to antagonize the formation of
3' single-stranded DNA tails, the rate-limiting step in the
initiation of HDR repair. Thus, 53BP1 favors the NHEJ
pathway by inhibiting DNA end-resection and HDR.
[0005] By using a site-directed nuclease (e.g., a CRISPR/
Cas9 endonuclease) to induce a site-specific DSB in a target
gene, a precise gene edit can be introduced by HDR repair
using a homology donor polynucleotide as a template.
However, HDR repair is often inefficient, largely due to
competition with the NHEJ pathway, and achieving high
levels of genome editing can be difficult. This is particularly
true in non-dividing cells (e.g., GO or G1 phase cells)
wherein the NHEJ pathway is dominant. Thus, methods are
needed to improve the efficiency of HDR for targeted
integration of a transgene or other polynucleotide sequence
using a genome editing system.

SUMMARY OF THE DISCLOSURE

[0006] The present disclosure provides methods for
increasing homology directed repair (HDR) of a double-
strand break (DSB) in a target gene in a cell, the method
comprising contacting a cell with a 53BP1 inhibitor, wherein
the cell is a quiescent human cell that is induced to divide,
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and wherein the DSB is mediated by a site-directed nucle-
ase, thereby increasing HDR of the DSB in the target gene
in cell.

[0007] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
population of cells, the method comprising contacting the
population of cells with a 53BP1 inhibitor, wherein the
population of cells is a population of quiescent human cells
that is induced to divide, and wherein DSB is mediated by
a site-directed nuclease, thereby increasing HDR of the DSB
in the target gene in the population of cells.

[0008] In some embodiments, the methods of the disclo-
sure feature use of a 53BP1 inhibitor which comprises a
53BP1 binding polypeptide that inhibits S3BP1 recruitment
to the DSB in the cell. In some embodiments, the methods
of'the disclosure feature use of a S53BP1 binding polypeptide
comprising an amino acid sequence selected from a group
consisting of: SEQ ID NO: 70, SEQ ID NO: 74, SEQ ID
NO: 77, SEQ ID NO: 80, SEQ ID NO: 83, or SEQ ID NO:
86. In some embodiments, the 53BP1 binding polypeptide
comprises the amino acid sequence of SEQ ID NO: 70.
[0009] In some embodiments, the methods of the disclo-
sure feature use of a 53BP1 inhibitor which comprises a
nucleic acid comprising a nucleotide sequence encoding a
53BP1 binding polypeptide that inhibits S3BP1 recruitment
to the DSB site in the cell. In some embodiments, the nucleic
acid comprising a nucleotide sequence encoding a 53BP1
binding polypeptide comprises a nucleotide sequence
selected from a group consisting of: SEQ ID NO: 69, SEQ
ID NO: 73, SEQ ID NO: 76, SEQ ID NO: 79, SEQ ID NO:
82, SEQ ID NO: 85, or SEQ ID NO: 88. In some embodi-
ments, the nucleic acid comprising a nucleotide sequence
encoding a 53BP1 binding polypeptide comprises the
nucleotide sequence of SEQ ID NO: 69.

[0010] In some embodiments, the methods of the disclo-
sure feature use of a 53BP1 inhibitor which comprises a
vector comprising a nucleotide sequence encoding the
53BP1 binding polypeptide. In some embodiments, the
vector comprises a nucleotide sequence selected from a
group consisting of: SEQ ID NO: 68, SEQ ID NO: 72, SEQ
ID NO: 75, SEQ ID NO: 78, SEQ ID NO: 81, SEQ ID NO:
84, or SEQ ID NO: 87. In some embodiments, the vector is
an adeno associated viral vector (AAV).

[0011] In some embodiments, the methods of the disclo-
sure feature use of a 53BP1 inhibitor which comprises a
small interfering ribonucleic acid (siRNA) targeting 53BP1.
[0012] In some embodiments, the methods of the disclo-
sure feature use of a 53BP1 inhibitor which comprises a
genome-editing system comprising a site-directed nuclease
that disrupts the gene encoding 53BP1.

[0013] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or population of cells, wherein the cell or population of
cells is isolated from a tissue sample obtained from a human
donor. In some embodiments, the tissue sample is a periph-
eral blood sample.

[0014] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or population of cells, wherein the cell or population of
cells is a hematopoietic stem or progenitor cell (HSPC). In
some embodiments, the disclosure provides methods for
increasing HDR of a DSB in a target gene in a cell or
population of cells, wherein the cell or population of cells is
a long-term HSPC (LT-HSPC). In some embodiments, the
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disclosure provides methods for increasing HDR of a DSB
in a target gene in a cell or population of cells, wherein the
cell or population of cells is a CD34 expressing cell. In some
embodiments, the disclosure provides methods for increas-
ing HDR of a DSB in a target gene in a cell or population
of cells, wherein the cell or population of cells is a white
blood cell. In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or population of cells, wherein the cell or population of
cells is in the GO phase of the cell cycle.

[0015] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or population of cells, wherein the cell or population of
cells is induced to divide by treatment with one or more
extrinsic signals. In some embodiments, the treatment com-
prises contacting the cell with an extrinsic signal that
stimulates a cell signaling receptor. In some embodiments,
the extrinsic signal is a mitogen. In some embodiments, the
extrinsic signal is an environmental factor.

[0016] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or population of cells, the method comprising contacting
the cell or population of cells with a 53BP1 inhibitor,
wherein the population of cells is a population of quiescent
human cells that is induced to divide, and wherein DSB is
mediated by a site-directed nuclease, wherein the site-
directed nuclease is selected from a zinc-finger nuclease
(ZFN), a TALEN, and a hybrid meganuclease-TALEN
(megaTAL), thereby increasing HDR of the DSB in the
target gene in the population of cells.

[0017] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or population of cells, the method comprising contacting
the cell or population of cells with a 53BP1 inhibitor,
wherein the population of cells is a population of quiescent
human cells that is induced to divide, and wherein DSB is
mediated by a Cas9 DNA endonuclease and one or more
guide RNAs (gRNA), thereby increasing HDR of the DSB
in the target gene in the population of cells. In some
embodiments, the DSB is mediated by a Cas9 DNA endo-
nuclease and one or more guide RNAs (gRNA). In some
embodiments, the Cas9 DNA endonuclease is Streptococcus
pyogenes Cas9 (SpCas9).

[0018] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
cell or a population of cells, the method comprising (i)
contacting the cell or population of cells with a 53BP1
inhibitor, wherein the population of cells is a population of
quiescent human cells that is induced to divide, and wherein
DSB is mediated by a site-directed nuclease, and (ii) con-
tacting the cell or population of cells with a donor poly-
nucleotide comprising a nucleotide sequence that corrects or
induces a mutation when incorporated at the site of the DSB,
thereby increasing HDR of the DSB in the target gene in the
population of cells. In some embodiments, the donor poly-
nucleotide comprises a double-stranded DNA (dsDNA). In
some embodiments, the donor polynucleotide comprises a
single-stranded oligonucleotide (ssODN). In some embodi-
ments, the donor polynucleotide comprises a mutation in a
protospacer adjacent motif (PAM) sequence to prevent re-
cutting of the target gene by a site-directed nuclease. In some
embodiments, the donor polynucleotide comprises a vector
comprising the donor polynucleotide. In some embodi-
ments, the vector comprises a recombinant single-stranded
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adeno-associated viral vector (rAAV). In some embodi-
ments, the rAAV is serotype 6 (AAV6).

[0019] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the cell or population of cells with an inhibitor of DNA-PK,
thereby increasing HDR of the DSB in the target gene in the
population of cells. In some embodiments, the inhibitor of
DNA-PK is Nu7441.

[0020] In any of the foregoing or related methods, the
disclosure provides a method wherein the cell or population
of cells is induced to divide prior to contact with the 53BP1
inhibitor. In some embodiments, the cell or population of
cells is contacted with the 53BP1 inhibitor prior to being
induced to divide. In some embodiments, the cell or popu-
lation of cells is contacted with the 53BP1 inhibitor con-
current with being induced to divide.

[0021] In any of the foregoing or related methods, the
disclosure provides a method wherein the cell or population
of cells is contacted ex vivo and the method further com-
prises administering the cell or population of cells to a
subject in need thereof.

[0022] In any of the foregoing or related methods, the
disclosure provides a method wherein the cell or population
of cells is contacted with the 53BP1 inhibitor in vivo.
[0023] In some embodiments, the disclosure provides a
method for increasing HDR in a target gene in a population
of cells, the method comprising contacting the population of
cells with a 53BP1 inhibitor, wherein the inhibitor is a
53BP1 binding polypeptide or a nucleic acid comprising a
nucleotide sequence encoding a 53BP1 binding polypeptide,
wherein the 53BP1 binding polypeptide comprises an amino
acid sequence selected from a group consisting of: SEQ ID
NO: 70, SEQ ID NO: 74, SEQ ID NO: 77, SEQ ID NO: 80,
SEQ ID NO: 83, or SEQ ID NO: 86, wherein the population
of cells are quiescent human cells that are induced to divide,
and wherein the HDR is mediated by a site-directed nucle-
ase, thereby increasing HDR in the target gene in the
population of cells. In some embodiments, the nucleotide
sequence encoding the 53BP1 binding polypeptide is
selected from a group consisting of: SEQ ID NO: 69, SEQ
ID NO: 73, SEQ ID NO: 76, SEQ ID NO: 79, SEQ ID NO:
82, SEQ ID NO: 85, or SEQ ID NO: 88. In some embodi-
ments, the nucleic acid comprises a vector comprising a
nucleotide sequence encoding the S3BP1 binding polypep-
tide. In some embodiments, the vector comprises a nucleo-
tide sequence selected from a group consisting of: SEQ ID
NO: 68, SEQ ID NO: 72, SEQ ID NO: 75, SEQ ID NO: 78,
SEQ ID NO: 81, SEQ ID NO: 84, or SEQ ID NO: 87. In
some embodiments, the vector is an adeno associated viral
vector (AAV).

[0024] In some embodiments, the disclosure provides a
method for increasing HDR in a target gene in a population
of cells, the method comprising (i) contacting the population
of cells with a 53BP1 inhibitor, wherein the inhibitor is a
53BP1 binding polypeptide or a nucleic acid comprising a
nucleotide sequence encoding a 53BP1 binding polypeptide,
wherein the 53BP1 binding polypeptide comprises an amino
acid sequence selected from a group consisting of: SEQ ID
NO: 70, SEQ ID NO: 74, SEQ ID NO: 77, SEQ ID NO: 80,
SEQ ID NO: 83, or SEQ ID NO: 86, wherein the population
of cells are quiescent human cells that are induced to divide,
and (ii) contacting the population of cells with a site-directed
nuclease that mediates a DSB in a target gene in the cell,
thereby increasing HDR in the target gene in the population
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of cells. In some embodiments, the site-directed nuclease is
a Cas9 DNA endonuclease. In some embodiments, the
method further comprises contacting the population of cells
with one or more gRNAs to effect a DSB within a target
gene in the cell. In some embodiments, the one or more
gRNAs is a crisprRNA and a tracrRNA, a single-molecule
gRNA (sgRNA), or a combination thereof. In some embodi-
ments, the Cas9 DNA endonuclease is a polypeptide. In
some embodiments, the Cas9 DNA endonuclease is pre-
complexed with one or more gRNAs. In some embodiments,
the Cas9 and one or more gRNAs are electroporated into the
cell.

[0025] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with a donor polynucleotide com-
prising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB. In some
embodiments, the donor polynucleotide comprises a double-
stranded DNA (dsDNA). In some embodiments, the donor
polynucleotide comprises a single-stranded oligonucleotide
(ssODN). In some embodiments, the donor polynucleotide
comprises a mutation in a protospacer adjacent motif (PAM)
sequence to prevent re-cutting of the target gene by a
site-directed nuclease. In some embodiments, the donor
polynucleotide comprises a vector comprising the donor
polynucleotide. In some embodiments, the vector comprises
a rAAV. In some embodiments, the rAAV is AAV6.

[0026] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with an inhibitor of DNA-PK. In
some embodiments, the inhibitor of DNA-PK is Nu7441.
[0027] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is induced to divide prior to contact with the S3BP1 inhibi-
tor.

[0028] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor prior to being induced
to divide.

[0029] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor concurrent with being
induced to divide.

[0030] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted ex vivo and the method further comprises
administering the cell to a subject in need thereof.

[0031] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor in vivo.

[0032] In other embodiments, the disclosure provides
methods for increasing HDR of a DSB in a target gene in a
population of human CD34+ cells, the method comprising
contacting the population of human CD34+ cells with a
53BP1 inhibitor, wherein the inhibitor is a 53BP1 binding
polypeptide that inhibits 53BP1 recruitment to the DSB site
in the cells, and wherein the DSB is mediated by a site-
directed nuclease, thereby increasing HDR of the DSB in the
target gene in the population of human CD34+ cells. In some
embodiments, the 53BP1 binding polypeptide comprises an
amino acid sequence selected from a group consisting of:
SEQ ID NO: 70, SEQ ID NO: 74, SEQ ID NO: 77, SEQ ID
NO: 80, SEQ ID NO: 83, or SEQ ID NO: 86. In some
embodiments, the 53BP1 binding polypeptide comprises the
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amino acid sequence of SEQ ID NO: 70. In some embodi-
ments, the 53BP1 inhibitor comprises a nucleic acid com-
prising a nucleotide sequence encoding the 53BP1 binding
polypeptide. In some embodiments, the nucleic acid com-
prises a nucleotide sequence selected from a group consist-
ing of: SEQ ID NO: 69, SEQ ID NO: 73, SEQ ID NO: 76,
SEQ ID NO: 79, SEQ ID NO: 82, SEQ ID NO: 85, or SEQ
ID NO: 88. In some embodiments, the nucleic acid com-
prises the nucleotide sequence of SEQ ID NO: 69. In some
embodiments, the nucleic acid comprises a vector compris-
ing a nucleotide sequence encoding the 53BP1 binding
polypeptide. In some embodiments, the nucleic acid com-
prises a nucleotide sequence selected from a group consist-
ing of: SEQ ID NO: 68, SEQ ID NO: 72, SEQ ID NO: 75,
SEQ ID NO: 78, SEQ ID NO: 81, SEQ ID NO: 84, or SEQ
ID NO: 412. In some embodiments, the nucleic acid com-
prises the nucleotide sequence of SEQ ID NO: 68. In some
embodiments, the vector is a rAAV. In some embodiments,
the rAAV is AAVG.

[0033] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
comprises HSPCs. In any of the foregoing or related meth-
ods, the disclosure provides a method wherein the popula-
tion of cells comprises LT-HSPCs. In any of the foregoing or
related methods, the disclosure provides a method wherein
the population of cells is isolated from a tissue sample
obtained from a human donor. In some embodiments, the
tissue sample is a peripheral blood sample. In some embodi-
ments, the tissue sample is obtained from a human donor
administered an HSPC mobilizing agent prior to obtaining
the tissue sample. In some embodiments, the HSPC mobi-
lizing agent is Plurexifor. In some embodiments, the tissue
sample is obtained from a human donor administered a
combination of HSPC mobilizing agents prior to obtaining
the tissue sample. In some embodiments, the combination of
HSPC mobilizing agents comprises Plerixafor and granulo-
cyte colony stimulating factor (GCSF).

[0034] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is induced to divide by treatment with one or more extrinsic
signals selected from a group consisting of: cytokines,
mitogens and environmental factors. In some embodiments,
the extrinsic signal is a cytokine or one or more cytokines.
In some embodiments, the cytokine is interleukin-3 (IL-3).
In some embodiments, the cytokine is stem cell factor (SCF)
or IL-3 and a SCF. In some embodiments, the cytokine is
Fms-like tyrosine kinase 3 (F1t3) ligand or IL.-3, SCF and
FIt3. In some embodiments, the cytokine is thrombopoietin
or IL-3, SCF, Flt3 and thrombopoietin. In some embodi-
ments, the extrinsic signal is a mitogen. In some embodi-
ments, the extrinsic signal is an environmental factor. In
some embodiments, the environmental factor is hypoxia.
[0035] In any of the foregoing or related methods, the
disclosure provides a method wherein the DSB is mediated
by a Cas9 DNA endonuclease and one or more gRNAs. In
some embodiments, the Cas9 DNA endonuclease is SpCas9.
[0036] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with a donor polynucleotide com-
prising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB. In some
embodiments, the donor polynucleotide comprises a nucleo-
tide sequence that corrects a disease-causing single nucleo-
tide polymorphism (SNP). In some embodiments, the donor
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polynucleotide comprises a dsDNA. In some embodiments,
the donor polynucleotide comprises a ssODN. In some
embodiments, the donor polynucleotide comprises a muta-
tion in a PAM sequence to prevent re-cutting of the target
gene by a site-directed nuclease. In some embodiments, the
donor polynucleotide comprises a vector comprising the
donor polynucleotide. In some embodiments, the vector
comprises a rAAV. In some embodiments, the vector com-
prises AAV6.

[0037] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with an inhibitor of DNA-PK. In
some embodiments, the inhibitor of DNA-PK is Nu7441.

[0038] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is induced to divide prior to contact with the S3BP1 inhibi-
tor.

[0039] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor prior to being induced
to divide.

[0040] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor concurrent with being
induced to divide.

[0041] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted ex vivo and the method further comprises
administering the cell to a subject in need thereof.

[0042] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor in vivo.

[0043] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in an increase
in HDR frequency in the cell population to 50% or more. In
some embodiments, contacting the population of cells with
the 53BP1 inhibitor results in an increase in HDR frequency
in the cell population of 65% or more.

[0044] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in a 1-2 fold
increase in HDR frequency in the cell population. In some
embodiments, contacting the population of cells with the
53BP1 inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold,
1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or
1.9-2 fold increase in HDR frequency in the cell population.

[0045] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in a 1-2 fold
decrease in indel frequency in the cell population. In some
embodiments, contacting the population of cells with the
53BP1 inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold,
1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or
1.9-2 fold decrease in indel frequency in the cell population.
In some embodiments, contacting the population of cells
with the 53BP1 inhibitor results in a 2-3 fold, 2-4 fold, 2-5
fold, 2-6 fold, 2-7 fold, 2-8 fold, 2-9 fold, or 2-10 fold
decrease in indel frequency in the cell population.

[0046] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in an increase
in engraftment in vivo following administration.
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[0047] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in an increase
in chimerism in vivo following administration.

[0048] In other embodiments, the disclosure provides a
method for increasing HDR of a DSB in a target gene in a
population of human CD34+ cells, the method comprising
contacting the population of human CD34+ cells with (i) an
inhibitor of 53BP1, wherein the inhibitor is nucleic acid
comprising a nucleotide sequence encoding a 53BP1 bind-
ing polypeptide comprising the amino acid sequence of SEQ
ID NO: 70, and (i) a Cas9 DNA endonuclease and one or
more gRNAs to effect a DSB within the target gene in the
population of cells, thereby increasing HDR of a DSB in a
target gene in a population of human CD34+ cells. In some
embodiments, the nucleic acid comprising a nucleotide
sequence encoding the 53BP1 binding polypeptide is an
RNA. In some embodiments, the nucleic acid is a vector. In
some embodiments, the vector is an AAV. In some embodi-
ments, the AAV is an AAV of the DJ serotype (AAV-DJ). In
some embodiments, the one or more gRNAs is a crisprRNA
and a tracrRNA, a single-molecule gRNA (sgRNA), or a
combination thereof. In some embodiments, the Cas9 DNA
endonuclease is a polypeptide. In some embodiments, the
Cas9 DNA endonuclease is pre-complexed with one or more
gRNAs. In some embodiments, the Cas9 DNA endonuclease
and one or more gRNAs are electroporated into the cells. In
some embodiments, the cell population is contacted with the
nucleic acid encoding the 53BP1 polypeptide prior to elec-
troporation. In some embodiments, the cell population is
contacted with the nucleic acid encoding the 53BP1 poly-
peptide during electroporation. In some embodiments, the
cell population is contacted with the nucleic acid encoding
the 53BP1 polypeptide subsequent to electroporation.
[0049] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with a donor polynucleotide com-
prising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB. In some
embodiments, the donor polynucleotide comprises a nucleo-
tide sequence that corrects a disease-causing single nucleo-
tide polymorphism (SNP). In some embodiments, the donor
polynucleotide comprises a dsDNA. In some embodiments,
the donor polynucleotide comprises a ssODN. In some
embodiments, the donor polynucleotide comprises a muta-
tion in a PAM sequence to prevent re-cutting of the target
gene by a site-directed nuclease. In some embodiments, the
donor polynucleotide comprises a vector comprising the
donor polynucleotide. In some embodiments, the vector
comprises rAAV. In some embodiments, the rAAV is AAV6.
[0050] In any of the foregoing or related methods, the
disclosure provides a method wherein the donor polynucle-
otide is administered to the cells prior to electroporation. In
any of the foregoing or related methods, the disclosure
provides a method wherein the donor polynucleotide is
administered to cells following electroporation.

[0051] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with an inhibitor of DNA-PK. In
some embodiments, the inhibitor of DNA-PK is Nu7441.
[0052] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is induced to divide by treatment with one or more extrinsic
signals selected from a group consisting of: cytokines,
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mitogens and environmental factors. In some embodiments,
the extrinsic signal is a cytokine or one or more cytokines.
In some embodiments, the cytokine is interleukin-3 (IL-3).
In some embodiments, the cytokine is stem cell factor (SCF)
or IL-3 and a SCF. In some embodiments, the cytokine is
Fms-like tyrosine kinase 3 (F1t3) ligand or IL-3, SCF and
FIt3. In some embodiments, the cytokine is thrombopoietin
or IL-3, SCF, FIt3 and thrombopoietin. In some embodi-
ments, the cells are cultured with a combination of cytokines
comprising thrombopoietin, F1t3 ligand, SCF, and IL-3. In
some embodiments, the extrinsic signal is a mitogen. In
some embodiments, the extrinsic signal is an environmental
factor. In some embodiments, the environmental factor is
hypoxia. In some embodiments, the cells are cultured under
hypoxic conditions comprising atmospheric oxygen content
less than 5%.

[0053] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted ex vivo and the method further comprises
administering the cell to a subject in need thereof.

[0054] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is contacted with the 53BP1 inhibitor in vivo.

[0055] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in an increase
in HDR frequency in the cell population to 50% or more. In
some embodiments, contacting the population of cells with
the 53BP1 inhibitor results in an increase in HDR frequency
in the cell population of 65% or more.

[0056] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in a 1-2 fold
increase in HDR frequency in the cell population. In some
embodiments, contacting the population of cells with the
53BP1 inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold,
1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or
1.9-2 fold increase in HDR frequency in the cell population.
In any of the foregoing or related methods, the disclosure
provides a method wherein contacting the population of
cells with the 53BP1 inhibitor results in a 1-2 fold decrease
in indel frequency in the cell population. In some embodi-
ments, contacting the population of cells with the 53BP1
inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold, 1.4-2
fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2
fold decrease in indel frequency in the cell population. In
some embodiments, contacting the population of cells with
the 53BP1 inhibitor results in a 2-3 fold, 2-4 fold, 2-5 fold,
2-6 fold, 2-7 fold, 2-8 fold, 2-9 fold, or 2-10 fold decrease
in indel frequency in the cell population.

[0057] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in an increase
in engraftment in vivo following administration.

[0058] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the 53BP1 inhibitor results in an increase
in chimerism in vivo following administration.

[0059] In other embodiments, the disclosure provides a
method for increasing HDR of a DSB in a target gene in a
population of human CD34+ cells, the method comprising
contacting the population of human CD34+ cells with an
effective amount of an inhibitor of the catalytic subunit of
DNA-dependent protein kinase (DNA-PKcs) DNA-PKcs

Jan. 14, 2021

inhibitor, and wherein the DSB is mediated by a site-directed
nuclease, thereby increasing HDR of the DSB in the target
gene in the population of human CD34+ cells. In some
embodiments, the DNA-PKcs inhibitor inhibits the kinase
activity of DNA-PKcs. In some embodiments, the DNA-
PKcs inhibitor inhibits repair of the DSB in a target gene by
the NHEJ repair pathway. In some embodiments, the DNA-
PKcs inhibitor increases repair of the DSB in a target gene
by the HDR repair pathway. In some embodiments, the
DNA-PKecs inhibitor is a small molecule. In some embodi-
ments, the DNA-PKcs inhibitor is Nu7441.

[0060] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
comprises LT-HSCs. In some embodiments, the population
of cells is isolated from a tissue sample obtained from a
human donor. In some embodiments, the tissue sample is a
peripheral blood sample. In some embodiments, the tissue
sample is obtained from a human donor administered an
HSPC mobilizing agent prior to obtaining the tissue sample.
In some embodiments, the HSPC mobilizing agent is Plur-
exifor. In some embodiments, the tissue sample is obtained
from a human donor administered a combination of HSPC
mobilizing agents prior to obtaining the tissue sample. In
some embodiments, the combination of HSPC mobilizing
agents comprises Plerixafor and granulocyte colony stimu-
lating factor (GCSF).

[0061] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of cells
is induced to divide by treatment with one or more extrinsic
signals selected from a group consisting of: cytokines,
mitogens and environmental factors. In some embodiments,
the extrinsic signal is a cytokine or one or more cytokines.
In some embodiments, the cytokine is interleukin-3 (IL-3).
In some embodiments, the cytokine is stem cell factor (SCF)
or IL-3 and a SCF. In some embodiments, the cytokine is
Fms-like tyrosine kinase 3 (F1t3) ligand or IL.-3, SCF and
FIt3. In some embodiments, the cytokine is thrombopoietin
or IL-3, SCF, Flt3 and thrombopoietin. In some embodi-
ments, the cells are cultured with a combination of cytokines
comprising thrombopoietin, F1t3 ligand, SCF, and IL-3. In
some embodiments, the extrinsic signal is a mitogen. In
some embodiments, the extrinsic signal is an environmental
factor. In some embodiments, the environmental factor is
hypoxia. In some embodiments, the cells are cultured under
hypoxic conditions comprising atmospheric oxygen content
less than 5%.

[0062] In other embodiments, the disclosure provides a
method for increasing HDR of a DSB in a target gene in a
population of human CD34+ cells, the method comprising
contacting the population of human CD34+ cells with (i) a
DNA-PKecs inhibitor, and (i) a Cas9 DNA endonuclease and
one or more gRNAs to effect a DSB within the target gene
in the population of cells, thereby increasing HDR of a DSB
in a target gene in a population of human CD34+ cells.
[0063] In some embodiments, the DNA-PKcs inhibitor
inhibits the kinase activity of DNA-PKcs. In some embodi-
ments, the DNA-PKcs inhibitor inhibits repair of the DSB in
a target gene by the NHEJ repair pathway. In some embodi-
ments, the DNA-PKcs inhibitor increases repair of the DSB
in a target gene by the HDR repair pathway. In some
embodiments, the DNA-PKcs inhibitor is a small molecule.
In some embodiments, the DNA-PKcs inhibitor is Nu7441.
In some embodiments, the one or more gRNAs is a crisp-
rRNA and a tracrRNA, a single-molecule gRNA (sgRNA),
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or a combination thereof. In some embodiments, the Cas9
DNA endonuclease is a polypeptide. In some embodiments,
the Cas9 DNA endonuclease is pre-complexed with one or
more gRNAs. In some embodiments, the Cas9 DNA endo-
nuclease and one or more gRNAs are electroporated into the
cells. In some embodiments, the cell population is contacted
with the DNA-PKcs inhibitor prior to electroporation. In
some embodiments, the cell population is contacted with the
DNA-PKcs inhibitor during electroporation. In some
embodiments, the cell population is contacted with the
DNA-PKcs inhibitor subsequent to electroporation.

[0064] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with a donor polynucleotide com-
prising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB. In some
embodiments, the donor polynucleotide comprises a nucleo-
tide sequence that corrects a disease-causing single nucleo-
tide polymorphism (SNP). In some embodiments, the donor
polynucleotide comprises a dsDNA. In some embodiments,
the donor polynucleotide comprises a ssODN. In some
embodiments, the donor polynucleotide comprises a muta-
tion in a PAM sequence to prevent re-cutting of the target
gene by a site-directed nuclease. In some embodiments, the
donor polynucleotide comprises a vector comprising the
donor polynucleotide. In some embodiments, the vector
comprises rAAV. In some embodiments, the rAAV is AAV6.

[0065] In any of the foregoing or related methods, the
disclosure provides a method wherein the donor polynucle-
otide is administered to the cells prior to electroporation. In
any of the foregoing or related methods, the disclosure
provides a method wherein the donor polynucleotide is
administered to cells following electroporation.

[0066] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of
human CD34+ cells is induced to divide prior to contact with
the DNA-PKcs inhibitor. In any of the foregoing or related
methods, the disclosure provides a method wherein the
population of human CD34+ cells is contacted with the
DNA-PKcs inhibitor prior to being induced to divide. In any
of the foregoing or related methods, the disclosure provides
a method wherein the population of human CD34+ cells is
contacted with the DNA-PKcs inhibitor concurrent with
being induced to divide.

[0067] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of
human CD34+ cells is contacted ex vivo and the method
further comprises administering the cells to a subject in need
thereof.

[0068] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in an
increase in HDR frequency in the cell population to 50% or
more.

[0069] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in a 1-2
fold increase in HDR frequency in the cell population. In
some embodiments, contacting the population of cells with
the DNA-PKcs inhibitor results in a 1.1-2 fold, 1.2-2 fold,
1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2
fold, or 1.9-2 fold increase in HDR frequency in the cell
population
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[0070] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results ina 2-10
fold decrease in indel frequency in the cell population.
[0071] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in an
increase in engraftment in vivo following administration.
[0072] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in an
increase in chimerism in vivo following administration.
[0073] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in at least
20% of bone marrow cells in a patient comprising ex vivo
edited cells at one week or longer following administration.
[0074] In other embodiments, the disclosure provides a
method for increasing HDR of a DSB in a target gene in a
population of human CD34+ cells, the method comprising
contacting the population of human CD34+ cells with (i) an
inhibitor of DNA-PKcs, wherein the inhibitor is a small
molecule inhibitor that inhibits the kinase activity of DNA-
PKcs; and (i1) a Cas9 DNA endonuclease and one or more
gRNAs to effect a DSB within the target gene in the
population of cells, thereby increasing HDR of a DSB in a
target gene in a population of human CD34+ cells. In some
embodiments the DNA-PKcs inhibitor is Nu7441. In some
embodiments, the one or more gRNAs is a crisprRNA and
a tracrRNA, a single-molecule gRNA (sgRNA), or a com-
bination thereof. In some embodiments, the Cas9 DNA
endonuclease is a polypeptide. In some embodiments, the
Cas9 DNA endonuclease is pre-complexed with one or more
gRNAs. In some embodiments, the Cas9 DNA endonuclease
and one or more gRNAs are electroporated into the cells. In
some embodiments, wherein the cell population is contacted
with small molecule inhibitor of DNA-PKcs prior to elec-
troporation. In some embodiments, the cell population is
contacted with the small molecule inhibitor of DNA-PKcs
during electroporation. In some embodiments, the cell popu-
lation is contacted with the small molecule inhibitor of
DNA-PKcs subsequent to electroporation.

[0075] In any of the foregoing or related methods, the
disclosure provides a method further comprising contacting
the population of cells with a donor polynucleotide com-
prising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB. In some
embodiments, the donor polynucleotide comprises a nucleo-
tide sequence that corrects a disease-causing single nucleo-
tide polymorphism (SNP). In some embodiments, the donor
polynucleotide comprises a dsDNA. In some embodiments,
the donor polynucleotide comprises a ssODN. In some
embodiments, the donor polynucleotide comprises a muta-
tion in a PAM sequence to prevent re-cutting of the target
gene by a site-directed nuclease. In some embodiments, the
donor polynucleotide comprises a vector comprising the
donor polynucleotide. In some embodiments, the vector
comprises rAAV. In some embodiments, the rAAV is AAV6.
[0076] In any of the foregoing or related methods, the
disclosure provides a method wherein the donor polynucle-
otide is administered to the cells prior to electroporation. In
any of the foregoing or related methods, the disclosure
provides a method wherein the donor polynucleotide is
administered to cells following electroporation.
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[0077] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of
human CD34+ cells is induced to divide prior to contact with
the DNA-PKcs inhibitor. In any of the foregoing or related
methods, the disclosure provides a method wherein the
population of human CD34+ cells is contacted with the
DNA-PKcs inhibitor prior to being induced to divide. In any
of the foregoing or related methods, the disclosure provides
a method wherein the population of human CD34+ cells is
contacted with the DNA-PKcs inhibitor concurrent with
being induced to divide.

[0078] In any of the foregoing or related methods, the
disclosure provides a method wherein the population of
human CD34+ cells is contacted ex vivo and the method
further comprises administering the cells to a subject in need
thereof.

[0079] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in an
increase in HDR frequency in the cell population to 50% or
more.

[0080] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in a 1-2
fold increase in HDR frequency in the cell population. In
some embodiments, contacting the population of cells with
the DNA-PKcs inhibitor results in a 1.1-2 fold, 1.2-2 fold,
1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2
fold, or 1.9-2 fold increase in HDR frequency in the cell
population

[0081] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results ina 2-10
fold decrease in indel frequency in the cell population.
[0082] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in an
increase in engraftment in vivo following administration.
[0083] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in an
increase in chimerism in vivo following administration.
[0084] In any of the foregoing or related methods, the
disclosure provides a method wherein contacting the popu-
lation of cells with the DNA-PKcs inhibitor results in at least
20% of bone marrow cells in a patient comprising ex vivo
edited cells at one week or longer following administration.
[0085] In other embodiments, the disclosure provides a
population of cells produced by a method of the disclosure,
e.g., a population of human CD34+ cells. In other embodi-
ments, the disclosure provides a population of cells com-
prising LT-HSCs produced by a method of the disclosure.
[0086] In other embodiments, the disclosure provides a
population of human CD34+ cells characterized by
increased HDR repair of a DSB in a target gene mediated by
a site-directed nuclease, wherein the population of CD34+
cells have increased HDR frequency of 50% or more as a
result of contact with a 53BP1 inhibitor or a DNA-PKcs
inhibitor, or a combination of a 53BP1 inhibitor and a
DNA-PKcs inhibitor. In some embodiments, contact with
the 53BP1 inhibitor or the DNA-PKcs inhibitor, or a com-
bination of the 53BP1 inhibitor and the DNA-PKcs inhibitor
results in a 1-2 fold increase in HDR frequency in the cell
population. In some embodiments, contact with the 53BP1
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inhibitor or the DNA-PKcs inhibitor, or a combination of the
53BP1 inhibitor and the DNA-PKcs inhibitor results in a
1.1-2 fold, 1.2-2 fold, 1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2
fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2 fold increase in HDR
frequency in the cell population. In some embodiments,
contact with the 53BP1 inhibitor or the DNA-PKcs inhibitor,
or a combination of the 53BP1 inhibitor and the DNA-PKcs
inhibitor results in a 1-2 fold increase in HDR frequency in
the cell population. In some embodiments, contact with the
53BP1 inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold,
1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or
1.9-2 fold increase in HDR frequency in the cell population.
In some embodiments, contact with the 53BP1 inhibitor
results in a 1-2 fold decrease in indel frequency in the cell
population. In some embodiments, contact with the 53BP1
inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold, 1.4-2
fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2
fold decrease in indel frequency in the cell population. In
some embodiments, contact with the 53BP1 inhibitor results
in a 2-3 fold, 2-4 fold, 2-5 fold, 2-6 fold, 2-7 fold, 2-8 fold,
2-9 fold, or 2-10 fold decrease in indel frequency in the cell
population. In some embodiments, contact with the DNA-
PKcs inhibitor results in a 2-10 fold decrease in indel
frequency in the cell population. In some embodiments,
contact with the 53BP1 inhibitor or the DNA-PKcs inhibitor,
or a combination of the 53BP1 inhibitor and the DNA-PKcs
inhibitor results in an increase in engraftment in vivo
following administration. In some embodiments, contact
with the 53BP1 inhibitor or the DNA-PKcs inhibitor, or a
combination of the 53BP1 inhibitor and the DNA-PKcs
inhibitor results in an increase in chimerism in vivo follow-
ing administration.

[0087] In other embodiments, the disclosure provides a
population of human L'T-HSCs characterized by increased
HDR repair of a DSB in a target gene mediated by a
site-directed nuclease, wherein the population of human
LT-HSCs have increased HDR frequency of 50% or more as
a result of contact with a 53BP1 inhibitor or a DNA-PKcs
inhibitor, or a combination of a 53BP1 inhibitor and a
DNA-PKcs inhibitor. In some embodiments, contact with
the 53BP1 inhibitor or the DNA-PKcs inhibitor, or a com-
bination of the 53BP1 inhibitor and the DNA-PKcs inhibitor
results in a 1-2 fold increase in HDR frequency in the cell
population. In some embodiments, contact with the 53BP1
inhibitor or the DNA-PKcs inhibitor, or a combination of the
53BP1 inhibitor and the DNA-PKcs inhibitor results in a
1.1-2 fold, 1.2-2 fold, 1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2
fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2 fold increase in HDR
frequency in the cell population. In some embodiments,
contact with the 53BP1 inhibitor or the DNA-PKcs inhibitor,
or a combination of the 53BP1 inhibitor and the DNA-PKcs
inhibitor results in a 1-2 fold increase in HDR frequency in
the cell population. In some embodiments, contact with the
53BP1 inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold,
1.4-2 fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or
1.9-2 fold increase in HDR frequency in the cell population.
In some embodiments, contact with the 53BP1 inhibitor
results in a 1-2 fold decrease in indel frequency in the cell
population. In some embodiments, contact with the 53BP1
inhibitor results in a 1.1-2 fold, 1.2-2 fold, 1.3-2 fold, 1.4-2
fold, 1.5-2 fold, 1.6-2 fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2
fold decrease in indel frequency in the cell population. In
some embodiments, contact with the 53BP1 inhibitor results
in a 2-3 fold, 2-4 fold, 2-5 fold, 2-6 fold, 2-7 fold, 2-8 fold,
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2-9 fold, or 2-10 fold decrease in indel frequency in the cell
population. In some embodiments, contact with the DNA-
PKcs inhibitor results in a 2-10 fold decrease in indel
frequency in the cell population. In some embodiments,
contact with the 53BP1 inhibitor or the DNA-PKcs inhibitor,
or a combination of the 53BP1 inhibitor and the DNA-PKcs
inhibitor results in an increase in engraftment in vivo
following administration. In some embodiments, contact
with the 53BP1 inhibitor or the DNA-PKcs inhibitor, or a
combination of the 53BP1 inhibitor and the DNA-PKcs
inhibitor results in an increase in chimerism in vivo follow-
ing administration.

[0088] In other embodiments, the disclosure provides use
of a population of cells of the disclosure, and an optional
pharmaceutically acceptable carrier, for treating or delaying
progression of a disease caused by a SNP in a subject in need
thereof.

[0089] In other embodiments, the disclosure provides a kit
comprising a container comprising a population of cells of
the disclosure, and an optional pharmaceutically acceptable
carrier, and a package insert comprising instructions for
administration of the population of cells for treating or
delaying progression of a disease caused by a SNP in an
individual.

BRIEF DESCRIPTION OF THE DRAWINGS

[0090] FIGS. 1A-1D include bar graphs showing effi-
ciency of HDR repair in HEK293 T cells using single-
stranded oligodeoxynucleotide (ssODN) donor DNA that
converts a gene in the AAVS1 locus encoding a blue
fluorescent protein (BFP) to a gene encoding green fluores-
cent protein (GFP). FIG. 1A shows HDR efficiency in the
presence of Nu7441 (e.g., an inhibitor of DNA-PKcs), SCR7
(e.g., an inhibitor of DNA Ligase IV), and RS1 (e.g., an
agonist of Rad51). FIG. 1B shows HDR efficiency in the
presence of Nu7441 or Veliparib (e.g., an inhibitor of PARP)
with varied doses of inhibitor. FIG. 1C shows HDR effi-
ciency in the presence of Nu7441 or [.755,507 (e.g., an
inhibitor of 33-adrenergic receptor) using two different
ssODN templates with varied doses of inhibitor. FIG. 1D
shows HDR efficiency in the presence of the 153 polypeptide
inhibitor of 53BP1 at varied doses using two different
ssODN donors.

[0091] FIGS. 2A-2D include bar graphs showing editing
in HEK293 T cells following electroporation with Cas9/
sgRNA RNP using single-stranded oligodeoxynucleotide
(ssODN) donor DNA that converts a gene in the AAVSI1
locus encoding GFP to a gene encoding BFP in the presence
of Nu7441, SCR7 or RS1. FIGS. 2A-2B show the efficiency
of HDR repair to convert GFP to BFP. FIGS. 2C-2D show
indel formation in the AAVS1 locus.

[0092] FIG. 3 includes a bar graph showing efficiency of
gene insertion into the GSDla locus in HEK293 T cells
using either ssODNs as homology donors that facilitate
HDR or dsDNA donors that facilitate NHEJ repair. Repair
efficiency was evaluated in the presence of Nu7441, SCR7,
or RS-1 using two different ssODN donor templates and two
different dsDNA donor templates.

[0093] FIGS. 4A-4B include bar graphs showing muta-
tions at the site of a DSB induced by Cas9/gRNA in the
CFTR locus in HEK293 T cells resulting from DSB repair
in the presence of a donor ssODN only (FIG. 4A) or donor
ssODN and the DNA-PK inhibitor Nu7441 (FIG. 4B).
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[0094] FIG. 5 include a bar graphs showing mutations at
the site of DSB induced by Cas9/gRNA in the CFTR locus
in HEK293 T cells resulting from DSB repair in the presence
of donor ssODN H3-95-30 (SEQ ID NO: 41) or donor
ssODN N1-95-30 (SEQ ID NO: 42) with treatment of
Nu7441. Control cells are electroporated in the absence of
gene-editing components or Nu7441 (“mock+DMSO”).

[0095] FIGS. 6A-6C include bar graphs showing HDR
editing efficiency for insertion of donor DNA encoding GFP
into the hemoglobin subunit beta (HBB) locus of CD34-
expressing long-term repopulating hematopoietic stem cells
(LT-HSPCs) using AAV-mediated delivery of donor DNA
encoding GFP. FIG. 6A shows HDR efficiency in the pres-
ence of different doses of mRNA encoding i53 (e.g., inhibi-
tor of 53BP1) relative to negative controls that include mock
electroporation (EP), AAV donor DNA alone or RNP-only
(i.e., no AAV donor DNA). FIG. 6B shows HDR efficiency
in the presence of different doses of mRNA encoding 153,
Cyrenl (e.g., inhibitor of Ku70/80), or Cyren2 (e.g., inhibi-
tor of Ku70/80) relative to negative controls that include
AAV alone (i.e., no RNP). FIG. 6C shows HDR efficiency
in the presence of varied doses of Nu7441 relative to a
DMSO-only control, mRNA encoding i53, or a control
mRNA (DM) (i.e., absence of a modulator of DNA repair).

[0096] FIG. 7 includes a dot plot showing HDR editing
efficiency with treatment of 153 for insertion of donor DNA
encoding GFP delivered by AAV into the AAVSI1 locus of
hTERT RPE-1 cells.

[0097] FIG. 8 includes a schematic showing editing of the
HBB locus using a homology DNA donor to introduce a
sickle cell correction mutation by HDR repair of a DNA
DSB formed by Cas9/gRNA complex.

[0098] FIG. 9 (SEQ ID NOS: 111, 112, 113, and 114)
includes a schematic showing the sequence near the site of
Cas9/gRNA gene editing within the HBB locus. Included is
the sequence for a wild type gene and for a sickle cell mutant
gene. The sequence targeted by the gRNA is highlighted, as
well as the sequence of the donor DNA that includes the
sickle cell mutation. Silent mutations encoded by the donor
DNA are annotated.

[0099] FIG. 10 includes a bar graph showing HDR editing
efficiency for insertion of donor DNA encoding a sickle cell
mutation into the HBB locus of CD34-expressing HSPCs
using AAV-mediated delivery of donor DNA. Shown is a
comparison of HDR efficiency in the presence o153 relative
to RNP+AAV-only, AAV-only, or RNP-only.

[0100] FIG. 11 includes a bar graph showing NHEJ edit-
ing efficiency within the HBB locus in CD34-expressing
LT-HSPCs following electroporation with gRNA/Cas9 RNP
and transfection with a homology DNA donor delivered by
AAV. Treatment with i53 is compared to RNP+AAV-only,
AAV-only, RNP-only, and mock electroporation (e.g., no
RNP or AAV).

[0101] FIGS. 12A-12B include bar graphs showing HDR
editing efficiency for insertion of donor DNA encoding a
sickle cell mutation into the HBB locus of CD34-expressing
LT-HSPCs using AAV-mediated delivery of donor DNA.
FIG. 12A includes a bar graph showing HDR editing effi-
ciency in CD34-expressing LT-HSPCs isolated following
mobilization with a combination of Mozobil and GCSF.
FIG. 12B includes a bar graph showing HDR editing effi-
ciency in LT-HSPCs isolated following mobilization with
Mozobil alone.
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[0102] FIG. 13 includes a bar graph showing growth of
CD34-expressing LT-HSPCs during ex vivo culture follow-
ing gene editing with Cas9/gRNA RNP and AAV, either with
or without treatment of i53.

[0103] FIG. 14 includes a schematic showing a schedule
for administration of gene-edited CD34-expressing
LT-HSPCs into irradiated mice and subsequent analysis of
mouse tissues for engraftment and HDR editing efficiency.
[0104] FIG. 15 includes scatter plots showing a flow
cytometry gating strategy for quantification and lineage
analysis of mouse tissue samples for cells derived from
engrafted human L'T-HSPCs.

[0105] FIG. 16 includes a bar graph showing % chimerism
of human cells derived from engrafted LT-HSPCs in mouse
bone marrow samples isolated at 16 weeks post-engrafi-
ment. CD34-expressing ['T-HSPCs were administered to
mice according to FIG. 14

[0106] FIG. 17 includes a bar graph showing % chimerism
of human cells derived from engrafted LT-HSPCs in mouse
blood samples isolated at 8 and 16 weeks post-engraftment.
CD34-expressing LT-HSPCs were administered to mice
according to FIG. 14

[0107] FIG. 18A-18B include bar graphs showing lineage
distribution in mouse bone marrow isolated at 16 weeks
post-engrattment of LT-HSPCs. Shown is the percentage of
human CD45-expressing cells that are B cells, T cells,
myeloid cells, or CD34-expressing hematopoietic stem/
progenitor cells (HSPCs). CD34-expressing LT-HSPCs were
administered to mice according to FIG. 14

[0108] FIG. 19 includes a dot plot showing HDR editing
efficiency for insertion of donor DNA encoding a sickle cell
mutation into the HBB locus, measured in mouse bone

marrow isolated at 16 weeks post-engraftment of
LT-HSPCs.
[0109] FIG. 20 includes a dot plot showing indel fre-

quency in mouse bone marrow isolated at 16 weeks post-
engraftment of LT-HSPCs relative to the indel frequency of
LT-HSPCs prior to engraftment (e.g., input indels).

[0110] FIG. 21 (SEQ ID NOS: 111, 112, 115, 114, 116,
respectively) includes a schematic showing the sequence
near the site of Cas9/gRNA gene editing within the HBB
locus. Included is the sequence for a wild type gene and for
a sickle cell mutant gene. The sequence of different homol-
ogy donor DNA templates that include either a sickle
mutation or a sickle cell correction are shown. The donor
DNA template with a sickle cell correction includes a
[p-thalassemia mutation.

[0111] FIGS. 22A-22B include bar graphs showing HDR
editing efficiency for insertion of donor DNA encoding a
sickle cell mutation into the HBB locus of CD34-expressing
LT-HSPCs using AAV-mediated delivery of donor DNA.
FIG. 22A shows a comparison of HDR efficiency for AAV
given pre-EP or post-EP in combination with gRNA/Cas9
RNP. FIG. 22B shows a comparison of HDR efficiency in
the presence of 153 or Nu7441 relative to RNP+AAV-only.

[0112] FIGS. 23A-23B include dot plots showing % chi-
merism of human cells derived from engrafted LT-HSPCs in
mouse blood samples isolated at 8 weeks and 16 weeks
post-engraftment. FIG. 23A shows % chimerism for LT-
HSPCs edited with gRNA/Cas9 RNP and AAV given either
pre-EP or post-EP. FIG. 23B shows % chimerism for LT-
HSPCs edited with AAV and gRNA/Cas9 RNP in the
presence of 153 or Nu7441 compared to RNP+AAV-only.
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[0113] FIGS. 24A-24B include dot plots showing % chi-
merism of human cells derived from engrafted LT-HSPCs in
mouse bone marrow samples isolated at 16 weeks post-
engraftment. FIG. 24A shows % chimerism for UT-HSPCs
edited with gRNA/Cas9 RNP and AAV given either pre-EP
or post-EP. FIG. 24B shows % chimerism for UT-HSPCs
edited with AAV and gRNA/Cas9 RNP in the presence of
153 or Nu7441 compared to RNP+AAV-only.

[0114] FIG. 25 includes a bar graph showing lineage
distribution in mouse bone marrow isolated at 16 weeks
post-engrattment of LT-HSPCs. Shown is total chimerism
and percentage of human CD45-expressing cells that are B
cells, T cells, myeloid cells, or CD34-expressing hematopoi-
etic stem/progenitor cells (HSPCs). Lineage distribution is
shown for LT-HSPCs edited with gRNA/Cas9 RNP and
AAV given either pre-EP or post-EP. Also shown is lineage
distribution for LT-HSPCs edited with AAV and gRNA/Cas9
RNP in the presence of 153 or Nu7441 compared to RNP+
AAV-only.

[0115] FIGS. 26A-26B include dot plots showing HDR
editing efficiency for insertion of donor DNA encoding a
sickle cell mutation into the HBB locus, measured in mouse
bone marrow isolated at 16 weeks post-engraftment of
LT-HSPCs. FIG. 26A shows HDR editing efficiency for
LT-HSPCs edited with gRNA/Cas9 RNP and AAV given
either pre-EP or post-EP. FIG. 26B shows HDR editing
efficiency for LT-HSPCs edited with AAV and gRNA/Cas9
RNP in the presence of 153 or Nu7441 compared to RNP+
AAV-only.

[0116] FIG. 27 includes a dot plot showing indel fre-
quency in mouse bone marrow isolated at 16 weeks post-
engraftment of LT-HSPCs relative to the indel frequency of
LT-HSPCs prior to engraftment (e.g., input indels). Shown is
indel frequency for LT-HSPCs edited with gRNA/Cas9 RNP
and AAV given either pre-EP or post-EP. Also shown is indel
frequency for LT-HSPCs edited with AAV and gRNA/Cas9
RNP in the presence of 153 or Nu7441 compared to RNP+
AAV-only.

[0117] FIG. 28 includes a dot plot showing erythroid cell
enucleation in mouse bone marrow isolated at 16 weeks
post-engraftment of LT-HSPCs. Shown is enucleation for
LT-HSPCs edited with gRNA/Cas9 RNP and AAV given
either pre-EP or post-EP. Also shown is enucleation for
LT-HSPCs edited with AAV and gRNA/Cas9 RNP in the
presence of 153 or Nu7441 compared to RNP+AAV-only.
[0118] FIG. 29 includes a schematic showing the sequence
near the site of Cas9/gRNA gene editing within the HBB
locus. Included is the sequence for wild type HBB (healthy),
for HBB encoding an E6V mutation (sickle), spacer
sequence of R02 gRNA, and sequence of homology donor
DNA encoded by AAV.323 to provide correction of the E6V
sickle cell disease (SCD) mutation.

[0119] FIGS. 30A-30B provide bar graphs quantifying the
frequency of an E6 gene edit in HBB by HDR repair (FIG.
30A) and frequency of INDELSs in the HBB gene (FI1G. 30B)
in CD34-expressing LT-HSPCs electroporated with R02
gRNA/Cas9 RNP+AAV.323 in the presence of i53 alone or
in combination with Nu7441. Control cells were electropo-
rated with RO2 gRNA/Cas9 RNP+AAV.323, R02 gRNA/
Cas9 RNP only, or without AAV or RNP (mock EP).
[0120] FIG. 31A provides a graph quantifying the propor-
tion of human CD45+ cells among total CD45+ cells (per-
cent chimerism) in mouse bone marrow samples that were
isolated at 16 weeks following administration of edited
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human CD34-expressing LT-HSPCs. Edited cells were elec-
troporated with R02 gRNA/Cas9 RNP+AAV.323 in the
presence of i53 alone or in combination with Nu7441.
Control cells were electroporated with R02 gRNA/Cas9
RNP+AAV.323, RO2 gRNA/Cas9 RNP only, or without
RNP or AAV (mock EP). FIG. 31B provides a graph
quantifying the frequency of an E6 gene edit in HBB by
HDR as measured by an NGS assay in bone marrow isolated
from mice administered edited cells as in FIG. 31A.
[0121] FIGS. 32A-32B provide bar graphs quantifying the
frequency of a SCD gene correction (E6V to E6) in HBB by
HDR repair (FIG. 32A) and frequency of INDELs in the
HBB gene (FIG. 32B) in CD34-expressing LT-HSPCs
derived from a patient donor with SCD mutation that were
subsequently edited by electroporation with R02 gRNA/
Cas9 RNP+AAV.323 in the presence of i53. Control cells
were edited by electroporation with R0O2 gRNA/Cas9 RNP+
AAV.323 only, RO2 gRNA/Cas9 RNP only, or without AAV
or RNP (mock EP).

[0122] FIGS. 33A-33B provide bar graphs quantifying the
frequency of SCD gene correction by HDR repair (FIG.
33A) and frequency of INDELs in HBB (FIG. 33B) mea-
sured either the same day as gene-editing (Day 0) or at 14
days following gene-editing and maintenance by in vitro
culture (Day 14) for cells edited as in FIGS. 32A-32B.
[0123] FIG. 34A provides a bar graph quantifying the
proportion of total hemoglobin expressed by patient-derived
CD34-expressing LT-HSPCs edited as in FIGS. 32A-32B
that was HbF, HbA, or HbS as measured by HPLC analysis.
FIG. 34B provides an assessment of SCD correction for
patient-derived CD34-expressing LT-HSPCs edited with
RO2 gRNA/Cas9 RNP+AAV.323+i53 that is comparison of
the frequency of SCD gene correction by HDR repair (“%
HDR by NGS”) and percent decrease in HbS expression
relative to mock EP (no RNP or AAV) control cells (“% HbS
decrease by HPLC”).

[0124] FIGS. 35A-35B provide bar graphs quantifying the
frequency of SCD gene correction by HDR repair (FIG.
35A) and frequency of INDELs in HBB (FIG. 35B) mea-
sured in PBMCSs or CD34-expressing LT-HSPCs isolated
from a patient donor with SCD mutation that were subse-
quently edited by electroporation with R02 gRNA/Cas9
RNP+AAV.323 in the presence of i53. Control cells were
edited by electroporation with R02 gRNA/Cas9 RNP+AAV.
323 only, RO2 gRNA/Cas9 RNP only, or without AAV or
RNP (mock EP).

[0125] FIG. 36 provides a bar graph quantifying the pro-
portion of total hemoglobin expressed by patient-derived
PBMCs or CD34-expressing LT-HSPCs edited as in FIGS.
34A-34B that was HbF, HbA, or HbS as measured by HPL.C
analysis.

DETAILED DESCRIPTION

[0126] Numerous diseases have the potential to be treated
by gene-edited cells. Of the approximately 25,000 annotated
genes in the human genome, mutations in over 3,000 genes
have been linked to disease phenotypes (e.g., see www.
omim.org/statistics/geneMap). The ability to correct muta-
tions within disease-affected cells and tissues by genome-
editing has the potential to treat and cure numerous
monogenic diseases, including severe-combined immuno-
deficiency (SCID), haemophilia, sickle cell disease (SCD),
cystic fibrosis, and enzyme-deficiency diseases. The present
disclosure relates to methods and compositions for inducing
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or correcting a mutation in a target gene using a site-directed
nuclease that creates a DNA DSB. Once a DNA DSB is
induced, a gene-edit can be made at the DSB site by
introducing an exogenous donor polynucleotide encoding a
desired gene-edit. Repair of the DSB using the donor
polynucleotide as a template is done through the HDR
pathway. Repair by HDR using an exogenous donor poly-
nucleotide enables a precise gene-edit that comprises a
correction of a gene mutation, a replacement of a mutated
gene altogether, a replacement of a target gene with a mutant
or variant version of the target gene, or the introduction of
a therapeutic transgene within a target gene. In some
embodiments, cells can be removed from a patient, corrected
ex vivo, and transplanted back into the host, whereupon
engraftment of the edited cells can replace diseased cells and
tissues. While in some embodiments, cells can be corrected
in vivo by administration of gene editing components.

[0127] However, one challenge with precise gene-editing
within a target gene is that HDR repair is often out-competed
by the NHEJ repair pathway. Several aspects of NHEJ repair
make this a more efficient pathway than HDR repair.
Namely NHEJ factors bind to broken dsDNA with high
affinity and block processing of the dsDNA to form the
single-stranded DNA tails that are necessary for initiation of
HDR (Lieber, M. et al. (2010) Annu Rev Biochem 79:181-
211; Symington, L. et al. (2011) Arnu Review Genetics
45:247-271). Secondly, the pro-NHEI factor 53BP1 is
actively recruited to sites of damaged chromatin present at
a DNA DSB where it functions to suppress the formation of
3' ssDNA tails and antagonize the action of BRCAL, a key
factor in HDR (Escribano-Diaz, C. (2013) Molecular cell
49:872-883; Feng, L. et al. (2013) J. Biol Chem. 288:11135-
11143).

[0128] Another challenge with precise gene-editing within
a target gene is that HDR repair is particularly inefficient in
non-dividing cells (e.g., cells in the GO or G1 phase of the
cell cycle). HDR primarily occurs during the S and G2
phases of the cell cycle, and is thus restricted to cells that are
actively dividing (Cox et al (2015) Nat Med 21:121-131;
Chapman et al (2012) Mol Cell 47:497-510; Rothkamm et al
(2003) Mol Cell Biol; Sharma et al (2007) Brain Res Bull
73:48-54; Ciccia et al (2010) Mol Cell 40:179-204). In
contrast, the NHEJ pathway is the dominant form of DNA
DSB repair outside of the S and G2 cell cycle phases and
remains a competitive DSB repair pathway even during the
S and G2 phases (Beucher et al (2009) Embo J 28:3413-
3427). The restriction of HDR to certain phases of the cell
cycle presents a challenge for editing cells that are non-
dividing or slowly dividing, a categorization that encom-
passes most adult somatic cells.

[0129] Finally, a challenge with precise gene editing is the
risk of inducing a mutation within a target gene when NHEJ
repair out-competes HDR repair of a DSB. Although NHEJ-
mediated DSB repair can accurately rejoin two ends of a
broken DNA strand, repeated cutting and repair at the same
DSB by NHEJ machinery eventually results in the formation
of indels at the break site. The formation of indels into the
coding sequence often introduces a loss of function mutation
to the target gene, resulting in permanent inactivation of the
protein product encoded by the target gene (i.e., a gene
knock-out). Thus, the challenges of precise genome-editing
are two-fold: poor efficiency of HDR results in low frequen-
cies of cells with the desired gene-edit, particularly in
non-dividing cells; and high efficiency of NHEJ results in



US 2021/0008161 Al

the risk of knock-out of the target gene and cells with an
undesirable or detrimental phenotype.

[0130] Accordingly, the disclosure provides methods for
increasing the efficiency of HDR repair of a DSB introduced
within a target gene by a site-directed nuclease using a donor
polynucleotide, while also providing a decreased risk of
indel formation. For example, the disclosure provides meth-
ods for increasing the efficiency of HDR repair of a DSB
introduced within a target gene in a quiescent cell that has
been induced to divide or a population of quiescent cells that
has been induced to divide. Methods of improving efficiency
of HDR of the disclosure use inhibition of 53BP1, a key
regulator of repair pathway selection. As described herein,
inhibition of 53BP1 using a polypeptide inhibitor that inhib-
its recruitment of 53BP1 to DSB sites resulted in increased
HDR efficiency when evaluated in a variety of cell types and
gene loci. As described in Examples 1-4, these included
cancer cell lines (e.g., HEK293 T cells and human epithelial
cells immortalized with hTERT e.g., h\TERT RPE-1 cells), as
well as human-derived CD34+ hematopoietic stem cells
(HSCs). In the latter cell type, contacting the cells ex vivo
with 53BP1 polypeptide inhibitor (SEQ ID NO: 70) resulted
in a 1.4 fold increase in HDR repair of a DSB induced by a
Cas9/gRNA gene-editing system. Significantly, the risk of
indel formation within the target gene locus was reduced to
less than 30% upon contacting the cells with a 53BP1
polypeptide inhibitor.

[0131] In some embodiments, the disclosure provides
methods for increasing efficiency of HDR repair in quiescent
cells that are CD34-expressing long-term HSPCs (LT-
HSPCs), wherein the method comprises (i) contacting the
cells with a 53BP1 inhibitor described herein, and (ii)
inducing the cells to divide. Without being bound by theory,
it is thought that one or more parameters used to culture
LT-HSPCs as described herein (e.g., oxygen concentration,
growth medium) induce a cell growth state that enables or
promotes increased HDR repair using a method described
herein (e.g., a method comprising contacting the cells with
a 53BP1 inhibitor of the disclosure).

[0132] For a cell therapy to correct a disease, transplanted
cells must survive following transplantation, differentiate
into progenitor cell types, and retain the gene-edit through
subsequence cycles of cell division and differentiation.
While in no way being bound by theory, cells gene-edited in
the presence of' a 53BP1 inhibitor retain an ability to engraft
and differentiate within a host. Experiments described in
Example 5 and 7 demonstrated that CD34+ HSCs gene-
edited ex vivo in the presence of a 53BP1 polypeptide
inhibitor persist following administration to lympho-de-
pleted mice, even up to 16 weeks following administration.
Additionally, CD34+ HSCs gene-edited ex vivo in the
presence of a 53BP1 polypeptide inhibitor retain the ability
to differentiate, generating a similar distribution of progeni-
tor cells when compared to CD34+ HSCs that were either
not gene-edited or edited without treatment of a 53BP1
inhibitor. Thus, without being bound by theory, contacting
cells with a 53BP1 inhibitor can provide improved HDR
efficiency without hampering the fitness of the cells when
transplanted into a host.

[0133] Moreover, cells gene-edited in the presence of a
53BP1 inhibitor and transplanted into a host results in a
higher proportion of the engrafted tissue encoding the
desired gene edit. Experiments described in Example 5
demonstrated that following transplantation of gene-edited
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CD34+ HSCs, a higher proportion of cells in the host bone
marrow had the desired gene-edit if the animal received
CD34+ HSCs edited in the presence of 53BP1 inhibitor
compared to without. Indeed, administration of CD34+
HSCs edited in the presence of a 53BP1 inhibitor produced
bone marrow with 65% incorporation of the desired gene-
edit, an increase in HDR frequency of 1.8-fold relative to
cells edited in the absence of the 53BP1 inhibitor. Thus,
without being bound by theory, contacting cells with a
53BP1 inhibitor can result in a transplant wherein gene-
edited cells dominate the tissue compartment. Such an
outcome is essential for transplanted cells to dominate a
target tissue and correct a disease state.

[0134] Additionally, methods of improving efficiency of
HDR of the disclosure use inhibition of DNA-PKcs, a key
factor in mediating repair by the NHEJ pathway. As
described herein, inhibition of DNA-PKcs, using a small
molecule inhibitor that inhibits kinase function of DNA-
PKcs, resulted in increased HDR efficiency when evaluated
in a variety of cell types and gene loci. As described in
Examples 1-2, these included cancer cell lines (e.g.,
HEK293 T cells) and CD34+ HSCs. In the latter cell type,
contacting the cells ex vivo with a DNA-PKcs small mol-
ecule inhibitor resulted in a 1.3 fold increase in HDR repair
of a DSB induced by a Cas9/gRNA gene-editing system.
Significantly, the risk of indel formation within the target
gene locus was reduced to less than 10% upon contacting the
cells with a DNA-PKcs small molecule inhibitor.

[0135] While in no way bound by theory, contacting cells
comprising a DSB in a target gene with a 53BP1 inhibitor
and a DNA-PKcs inhibitor is believed to have beneficial
combinatorial effects for gene-editing. Given that the func-
tion of 53BP1 is to antagonize the HDR repair pathway,
inhibiting 53BP1 is thought to decrease its antagonism of
HDR repair, thus improving the efficiency of repair by HDR.
However, inhibition of 53BP1 is not expected to prevent
repair of a DNA DSB by the NHEJ pathway. In contrast,
inhibition of DNA-PKcs is thought to directly inhibit the
NHEJ pathway by eliminating the function of a key factor
necessary for NHEJ repair. Thus inhibition of 53BP1 and
DNA-PKcs results in improved HDR efficiency by non-
overlapping mechanisms—inhibition of 53BP1 removes an
antagonism that blocks HDR and inhibition of DNA-PKcs
directly eliminates the ability of NHEJ to repair a DSB.
Thus, while in no way bound by theory, a combination of
53BP1 inhibition and DNA-PKcs inhibition is thought to
have a more beneficial gene-editing effect that treatment of
either inhibitor alone, wherein the efficiency of gene-editing
by HDR repair is improved and the undesirable formation of
indels by NHEJ repair is reduced.

Methods of Increasing Homology Directed Repair

Overview of Pathways of DSB Repair

[0136] The repair of DNA breaks (e.g., DSBs) in cells is
accomplished primarily through two DNA repair pathways,
namely the non-homologous end joining (NHEJ) repair
pathway and homology-directed repair (HDR) pathway.

[0137] During NHEIJ, the Ku70/80 heterodimers bind to
DNA ends and recruit the DNA protein kinase (DNA-PK)
(Cannan & Pederson (2015) J Cell Physiol 231:3-14). Once
bound, DNA-PK activates its own catalytic subunit (DNA-
PKcs) and further enlists the endonuclease Artemis (also
known as SNMlc). At a subset of DSBs, Artemis removes
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excess single-strand DNA (ssDNA) and generates a sub-
strate that will be ligated by DNA ligase IV. DNA repair by
NHE] involves blunt-end ligation mechanism independent
of sequence homology via the canonical DNA-PKcs/Ku70/
80 complex.

[0138] During DNA repair by HDR, DSB ends are
resected to expose 3' ssDNA tails, primarily by the MRE11-
RADS50-NBS1 (MRN) complex (Heyer et al., (2010) Annu
Rev Genet 44: 113-139). Under physiological conditions,
the adjacent sister chromatid will be used as a repair
template, providing a homologous sequence, and the ssDNA
will invade the template mediated by the recombinase
Rad51, displacing an intact strand to form a D-loop. D-loop
extension is followed by branch migration to produce
double-Holliday junctions, the resolution of which com-
pletes the repair cycle. HDR often requires error-prone
polymerases yet is typically viewed as error-free (Li and Xu
(2016) Acta Biochim Biophys Sin 48(7):641-646).

[0139] The NHEIJ pathway limits HDR first by being a
fast-acting repair pathway that seals the broken DNA ends
through a DNA ligase [V-dependent mechanism. Secondly,
in NHEJ the Ku70/Ku80 heterodimer binds to the DNA ends
with high affinity to block their processing by the nucleases
that generate the single-stranded DNA tails that are neces-
sary for initiation of HDR (Lieber, M. et al. (2010) Annu Rev
Biochem 79:181-211; Symington, L. et al. (2011) Annu
Review Genetics 45:247-271). Thirdly, 53BP1 is actively
recruited to sites of damaged chromatin present at a DNA
DSB where it functions to suppress the formation of 3'
ssDNA tails and antagonize the action of BRCAL, a factor
involved in HDR (Escribano-Diaz, C. (2013) Molecular cell
49:872-883; Feng, L. et al. (2013) J. Biol Chem. 288:11135-
11143).

[0140] During the cell cycle, NHEJ occurs predominantly
during GO/G1 and G2 (Chiruvella et al., (2013) Cold Spring
Harb Perspect Biol 5:a012757). Current studies have shown
that NHEJ is the only DSB repair pathway active during GO
and G1, while HDR functions primarily during the S and G2
phases, playing a major role in the repair of replication-
associated DSBs (Karanam et al., (2012) Mol Cell 47:320-
329; Li and Xu (2016) Acta Biochim Biophys Sin 48(7):
641-646). NHEJ, unlike HDR, is active in both dividing and
non-dividing cells, not just dividing cells, which enables the
development of therapies based on genome editing for
non-dividing adult cells, such as, for example, cells of the
eye, brain, pancreas, or heart.

[0141] A third repair mechanism is microhomology-me-
diated end joining (MMEJ), also referred to as “Alternative
NHEJ”, in which the genetic outcome is similar to NHEJ in
that small deletions and insertions can occur at the cleavage
site. MMEJ makes use of homologous sequences of a few
nucleotides flanking the DNA break site to drive a more
favored DNA end joining repair outcome, and recent reports
have further elucidated the molecular mechanism of this
process (Cho and Greenberg, (2015) Nature 518:174-176;
Mateos-Gomez et al., (2015) Nature 518, 254-257; Ceccaldi
et al., (2015) Nature 528, 258-262). The key mechanistic
steps are resection of DSB ends, annealing of microhomolo-
gous regions, removal of heterologous flaps, fill-in synthesis
and ligation. PARP1 plays a key role in binding to DNA
blunt ends and initiating the MMEJ pathway by recruiting
DNA polymerase theta (Pol8). Pol6 enables the formation of
resected DNA ends, as well as enabling the fill-in synthesis
(Wang. H. et al. (2017) Cell Biosci 7:6).
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Inhibition of 53BP1

[0142] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB mediated by a
site-directed nuclease in a target gene in a cell or population
of cells, such as a quiescent cell that has been induced to
divide or a population of quiescent cells that has been
induced to divide, e.g., CD34+ HSCs, by inhibition of
53BP1.

[0143] The p53-binding protein 1 (53BP1) is a key regu-
lator of cellular response to DNA damage. The choice of
repair pathway for repair of a DNA DSB is largely con-
trolled by an antagonism between 53BP1, a pro-NHEJ
factor, and BRCA1, a pro-HDR factor (Chapman, J. et al.
(2012) Molecular cell 47:497-510). 53BP1 promotes NHEJ
repair over HDR repair by suppressing formation of 3'
single-stranded DNA tails, which is the rate-limiting step in
the initiation of the HDR pathway, and by inhibiting BRCA1
recruitment to DSB sites (Escribano-Diaz, C. et al. (2013)
Mol Cell. 49:872-883; Feng, L. et al (2013) J Biol Chem
288:11135-11143). Loss of 53BP1 has been shown to
increase HDR efficiency, (Canny, M. et al. (2018) Nat
Biotechnol. 36(1):95-102). Thus, inhibition of 53BP1 is
expected to reduce DSB repair by the NHEJ pathway and
favor repair by the HDR pathway.

[0144] Distinct protein domains in the 53BP1 structure are
required to enable its function as a pro-NHEJ factor (Zim-
mermann et al (2014) Trends Cell Biol 24:108-117). Human
53BP1 is a large (e.g., 200 kDa, 1972 amino acids) multi-
domain protein that enables recruitment to DSB sites and
binding of protein factors involved in DNA repair. The
53BP1 N-terminus is comprised of a large subunit that is
heavily phosphorylated following DNA damage and facili-
tates binding interactions with DNA repair machinery. The
central portion of 53BP1 comprises a focus-forming region
that is essential for binding to damaged chromatin, which
allows recruitment to DSB sites. It comprises a nuclear
localization signal (NLS), a tandem Tudor domain that binds
to di-methylated histone H4 lysine 20 (e.g., H4K20%?), and
a ubiquitin-dependent recruitment (UDR) motif that recog-
nizes histone H2A/H2AX ubquitinated on lysine 15 (e.g.,
H2AX)K15%%) (Botuyan, M. (2006) Cell 127:1361-1373;
Fradet-Turcotte et al (2013) Nature 499:50-54). The focus-
forming region extends from amino acids 1220-1711 of
human 53BP1, with the tandem Tudor domain extending
from amino acids 1484-1603 and the UDR extending from
amino acids 1604-1631. The 53BP1 C-terminus is com-
prised of repeating BRCA1 C-terminus (BRCT) domains
that are important for DNA repair in heterochromatin (Noon
et al (2010) Nat Cell Biol 12:177-184) and mediate inter-
actions with the tumor suppressor p53 that guides cellular
response to DNA damage (Iwabuchi, et al (1994) PNAS
91:6098-6102).

[0145] The functionality of 53BP1 for promoting the
NHEJ pathway requires recruitment to damaged chromatin
through its tandem Tudor and UDR domains and binding to
repair machinery through phosphorylation of the 53BP1
N-terminus.

[0146] Accordingly, the present disclosure provides
53BP1 inhibitors that inhibit NHEJ and promote HDR repair
of a DSB in a target gene. In some embodiments, a 53BP1
inhibitor of the disclosure inhibits 53BP1 recruitment to
DSB sites. In some embodiments, a 53BP1 inhibitor of the
disclosure inhibits 53BP1 recruitment by inhibiting, reduc-
ing, disrupting or blocking an interaction of 53BP1 with
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damaged chromatin. In some embodiments, a 53BP1 inhibi-
tor of the disclosure inhibits, reduces, disrupts or blocks an
interaction of the 53BP1 focus forming region (amino acids
1220-1711) with DSB sites. In some embodiments, a 53BP1
inhibitor of the disclosure inhibits, reduces, disrupts or
blocks an interaction of the 53BP1 focus forming region
(amino acids 1220-1711) with damaged chromatin. In some
embodiments, a 53BP1 inhibitor of the disclosure inhibits,
reduces, disrupts or blocks an interaction of the 53BP1
tandem Tudor domain with damaged chromatin (e.g., with
methylated histone, H4K20™%). In some embodiments, a
53BP1 inhibitor of the disclosure inhibits, reduces, disrupts
or blocks the interaction of the 53BP1 UDR motif with
damaged chromatin (e.g., with ubquitinylated histone, H2A
(X)K157%).

[0147] In some embodiments, a 53BP1 inhibitor of the
disclosure inhibits, reduces, disrupts or blocks protein-pro-
tein interactions with the 53BP1 BRCT domain. In some
embodiments, a 53BP1 inhibitor of the disclosure inhibits,
reduces, disrupts or blocks the interactions of the 53BP1
BRCT domain with the tumor suppressor p53.

[0148] In some embodiments, a 53BP1 inhibitor of the
disclosure inhibits, reduces, disrupts or blocks the ability of
53BP1 to bind to DNA repair factors. In some embodiments,
a 53BP1 inhibitor of the disclosure inhibits, reduces, dis-
rupts or blocks phosphorylation of the 53BP1 N-terminus,
thus inhibiting, reducing or preventing binding of DNA
repair factors. In some embodiments, a S3BP1 inhibitor of
the disclosure binds to phosphorylated sites on the 53BP1
N-terminus, thus inhibiting, reducing or preventing DNA
repair factors from recognizing and binding to phosphory-
lated sites on the 53BP1 N-terminus. In some embodiments,
a 53BP1 inhibitor of the disclosure reduces, eliminates or
removes phosphorylated sites on the 53BP1 N-terminus
(e.g., by promoting or catalyzing a dephosphorylation
mechanism), thus reducing, eliminating or removing sites
required for binding of DNA repair factors. In some embodi-
ments, a S3BP1 inhibitor that binds to phosphorylated sites
on 53BP1 and facilitates HDR 1is suppressor of cancer cell
invasion (SCAI) or a fragment thereof. In some embodi-
ments, binding of SCAI or a fragment thereof prevents
binding of the DNA repair factor RAP1-interacting factor
homolog (RIF1). In some embodiments, blocking RIF1
binding to 53BP1 results in increased HDR repair of a DNA
DSB.

[0149] In some embodiments, the S3BP1 inhibitor of the
disclosure inhibits, disrupts or blocks 53BP1 recruitment to
DSB sites in the cell. In some embodiments, the 53BP1
inhibitor of the disclosure inhibits, disrupts or blocks an
interaction of 53BP1 with damaged chromatin in the cell. In
some embodiments, the 53BP1 inhibitor of the disclosure
inhibits, disrupts or blocks binding of DNA repair factors to
sites of phosphorylation on the 53BP1 N-terminus. In some
embodiments, the 53BP1 inhibitor of the disclosure is a
small molecule. In some embodiments, the 53BP1 inhibitor
of'the disclosure is a polypeptide. In some embodiments, the
53BP1 inhibitor of the disclosure is a nucleic acid.

[0150] In some embodiments, recruitment of S3BP1 to a
DSB site occurs via recognition of damaged chromatin. In
some embodiments, recruitment of 53BP1 to damaged chro-
matin occurs through recognition of H4K20me2 through the
53BP1 UDR motif. In some embodiments, recognition of
damaged chromatin by 53BP1 is dependent upon ubiquitina-
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tion of histones. In some embodiments, inhibition of histone
ubiquitination results in inhibition of 53BP1 recruitment to
DSB sites.

[0151] Acetylation of 53BP1 has been shown to inhibit
53BP1 binding to damaged chromatin (Guo et al (2018)
Nucleic Acids Res 46:689-703). In some embodiments, an
inhibitor of 53BP1 promotes post-translational modification
of 53BP1. In some embodiments, an inhibitor of 53BP1
promotes post-translation modification of 53BP1 that pre-
vents 53BP1 binding to damaged chromatin. In some
embodiments, an inhibitor of 53BP1 promotes acetylation of
53BP1. In some embodiments, an inhibitor of 53BP1 pro-
motes acetylation of the 53BP1 UDR motif. In some
embodiments, acetylation of 53BP1 prevents 53BP1 recruit-
ment to DSB sites.

[0152] In some embodiments, a S3BP1 inhibitor is iden-
tified by binding affinity for the 53BP1 polypeptide. Meth-
ods of measuring binding affinity of an inhibitor to a protein
are known in the art. Non-limiting examples include mea-
suring inhibitor affinity by enzyme-linked immunosorbent
assay (e.g., ELISA), immunoblot, immunoprecipitation-
based assay, fluorescence polarization assay, fluorescence
resonance energy transfer assay, fluorescence anisotropy
assay, yeast surface display (Gal (2007) Curr Opin Struct
Biol 17:467-473), kinetic exclusion assay, surface plasmon
resonance, or isothermal fitration calorimetry. In some
embodiments, a method of measuring binding affinity is an
ELISA wherein an inhibitor is measured for affinity to the
53BP1 polypeptide. In some embodiments, binding affinity
is evaluated by a competition-based ELISA wherein binding
of an inhibitor to the 53BP1 polypeptide is measured in the
presence of increasing concentrations of a known 53BP1
binding partner (e.g., a histone methyl-lysine peptide with
affinity for 53BP1).

[0153] In some embodiments, a S3BP1 inhibitor is iden-
tified by binding affinity for a fragment of the 53BP1
polypeptide. In some embodiments, a fragment is a domain
of the 53BP1 polypeptide. In some embodiments, the
domain is the Tudor domain. In some embodiments, the
domain is the UDR motif. In some embodiments, the
domain comprises the N-terminus of the 53BP1 polypeptide.

[0154] In some embodiments, a 53BP1 inhibitor of the
disclosure binds to the 53BP1 polypeptide. Methods of
determining the structural interactions that enable binding of
the inhibitor with the 53BP1 polypeptide are known in the
art. Non-limiting examples include X-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy, electron
microscopy, small-angle X-ray scattering (SAXS), and
small-angle neutron scattering (SANS). In some embodi-
ments, the structural interactions are determined by a muta-
genesis experiment wherein residues of the 53BP1 polypep-
tide are mutated and the effect on inhibitor binding are
evaluated. Such methods enable identification of key resi-
dues that contribute to binding.

[0155] In some embodiments, the 53BP1 inhibitor of the
disclosure is a 53BP1 binding polypeptide that inhibits
53BP1 recruitment to the DSB in the cell. In some embodi-
ments, a 53BP1 binding polypeptide of the disclosure inhib-
its, disrupts or blocks binding of 53BP1 to damaged chro-
matin in the cell. In some embodiments, a 53BP1 binding
polypeptide of the disclosure inhibits, disrupts or blocks the
53BP1 tandem Tudor domain from binding to damaged
chromatin in the cell. In some embodiments, a 53BP1
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binding polypeptide of the disclosure inhibits, disrupts or
blocks the 53BP1 UDR motif from binding to damaged
chromatin in the cell.

[0156] In some embodiments, an inhibitor of 53BP1 is a
polypeptide identified from a phage-display library or a
variant thereof as described by US 2019/0010196A, which
is incorporated by reference herein. In some embodiments,
a polypeptide inhibitor of 53BP1 has binding affinity for the
53BP1 Tudor domain. The 53BP1 Tudor domain is involved
in recognition of methylated residues on the histone core
that facilitates recruitment of 53BP1 to a DNA DSB site. In
some embodiments, a 53BP1 polypeptide inhibitor of the
disclosure inhibits, reduces or prevents recruitment of
53BP1 to a DNA DSB by binding to the 53BP1 Tudor
domain.

[0157] Insomeembodiments, a S3BP1 polypeptide inhibi-
tor of the disclosure is modified, by, for example, substitu-
tion of one or more amino acid residues, insertion of one or
more amino acid residues, or deletion of one or more amino
acid residues. In some embodiments, a 53BP1 polypeptide
inhibitor of the disclosure is modified by chemical modifi-
cations. Techniques for modification of one or more amino
acid residues are known to one skilled in the art. In some
embodiments, a modification is substitution of one or more
amino acid residues. In one embodiment, a modification
increases binding affinity of the 53BP1 polypeptide inhibitor
for the 53BP1 polypeptide or a fragment thereof.

[0158] In some embodiments, a modified polypeptide
inhibitor of 53BP1 is identified by affinity for the 53BP1
Tudor domain. Affinity for the 53BP1 Tudor domain may be
assessed by suitable assays known to one skilled in the art.
In some embodiments, affinity is measured by a competitive
immunoprecipitation assay against an endogenous polypep-
tide that binds 53BP1, for example, dimethylated histone H4
Lys20. In some embodiments, affinity is measured by iso-
thermal calorimetry using recombinant 53BP1. In some
embodiments, affinity is determined by assessing 53BP1
recruitment to DSB sites. In some embodiments, a 53BP1
polypeptide inhibitor of the disclosure has a quantifiable
binding affinity for the 53BP1 Tudor domain of approxi-
mately 0.5 to 15x107° M, 0.5 to 25x107°, 0.5 to 50x107° M,
0.5 to 100x107°M, 0.5 to 200x10™° M, 1 to 200x107° M, 1
to 300x107° M, 1 to 400x107° M, 1 to 500x10~° M, 100 to
250x107° M, 100 to 500x10~° M, or 200 to 500x10~° M. In
some embodiments, a 53BP1 polypeptide inhibitor of the
disclosure has a quantifiable binding affinity for the 53BP1
Tudor domain of approximately 200 to 500x10~° M. In some
embodiments, a S3BP1 polypeptide inhibitor of the disclo-
sure has a quantifiable binding affinity for the 53BP1 Tudor
domain of approximately 250x10~° M.

[0159] Insome embodiments, a S3BP1 polypeptide inhibi-
tor of the disclosure comprises a polypeptide sequence of
SEQ ID NO: 70. In some embodiments, a 53BP1 polypep-
tide inhibitor of the disclosure comprises a polypeptide
sequence that is at least about 50%, 60%, 70% or 80%
identical to the polypeptide sequence of SEQ ID NO: 70. In
some embodiments, a 53BP1 polypeptide inhibitor com-
prises a polypeptide sequence that is at least about 90%,
95%, 96%, 97%, 98% or 99% identical to the polypeptide
sequence of SEQ ID NO: 70. In some embodiments, a
53BP1 polypeptide inhibitor of the disclosure comprises a
polypeptide sequence that is at least about 95% identical to
the polypeptide sequence of SEQ ID NO: 70. In some
embodiments, a S3BP1 polypeptide inhibitor of the disclo-

Jan. 14, 2021

sure comprises a polypeptide sequence that is at least about
96% identical to the polypeptide sequence of SEQ ID NO:
70. In some embodiments, a S53BP1 polypeptide inhibitor of
the disclosure comprises a polypeptide sequence that is at
least about 97% identical to the polypeptide sequence of
SEQ ID NO: 70. In some embodiments, a S53BP1 polypep-
tide inhibitor of the disclosure comprises a polypeptide
sequence that is at least about 98% identical to the poly-
peptide sequence of SEQ ID NO: 70. In some embodiments,
a 53BP1 polypeptide inhibitor of the disclosure comprises a
polypeptide sequence that is at least about 99% identical to
the polypeptide sequence of SEQ ID NO: 70. In some
embodiments, percent identity is made by a comparison that
is performed by a BLAST algorithm wherein the parameters
of the algorithm are selected to encompass the largest match
between the respective polypeptide sequences over the
entire length of the polypeptide sequence as set forth by SEQ
ID NO: 70. BLAST algorithms are often used for sequence
analysis and are well known by one skilled in the art
(Altschul, S., et al. (1990) J. Mol. Biol 215:403-410; Gish,
W. et al. (1993) Nat. Genet. 3:266-272; Madden, T. et al.
(1996) Meth. Enzymol. 266:131-141; Altschul, S. et al.
(1997) Nucleic Acids Res. 25:3389-3402; Zhang, J. et al.
(1997) Genome Res. 7:649-656; Wootton, J. et al., (1993)
Comput. Chem. 17:149-163; Hancock, J. et al. (1994) Com-
put. Appl. Biosci. 10:67-70).

[0160] Insomeembodiments, a S3BP1 polypeptide inhibi-
tor of the disclosure comprises a fragment of a polypeptide
comprising the polypeptide sequence of SEQ ID NO: 70 that
retains binding to the 53BP1 Tudor domain. In some
embodiments, a fragment has at least 1-5, at least 1-10, at
least 5-15, at least 10-20, at least 15-30, at least 15-40 fewer
amino acid residues than a polypeptide comprising a poly-
peptide sequence as set forth by SEQ ID NO: 70.

[0161] Insomeembodiments, a S3BP1 polypeptide inhibi-
tor of the disclosure comprises a fusion polypeptide com-
prising a polypeptide comprising the polypeptide sequence
of SEQ ID NO: 70 that retains binding to the 53BP1 Tudor
domain. In some embodiments, a fusion polypeptide is
obtained by addition of amino acids or peptides or by
substitutions of individual amino acids or peptides that
enable by chemical coupling with suitable reagents to a
fusion partner. In some embodiments, a fusion is prepared
by preparation and expression of a vector comprising a gene
encoding a polypeptide described herein and a gene encod-
ing a fusion partner. In some embodiments, a fusion partner
is a polypeptide, non-limiting examples include an enzyme,
a fluorescent tag, a purification tag, a toxin, an antibody
fragment, or an albumin fragment. In some embodiments, a
fusion partner is a chemical label, non-limiting examples
include a fluorescent dye, biotin, a radioactive label, a
saccharide, or a phosphate.

[0162] Insomeembodiments, a S3BP1 polypeptide inhibi-
tor as described herein is encoded by a polynucleotide. In
some embodiments, a 53BP1 polypeptide inhibitor as
described herein is provided as a nucleic acid comprising a
nucleotide sequence encoding the S53BP1 polypeptide
inhibitor. In some embodiments, the nucleic acid is a DNA
molecule. In some embodiments, the nucleic acid is an RNA
molecule. In some embodiments, the nucleic acid is a
messenger RNA (mRNA). Methods of preparing mRNA or
high expression of an encoded polypeptide are known in the
art. In some embodiments, an mRNA comprises an open-
reading frame (ORF) encoding an inhibitor of 53BP1. In
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some embodiments, the nucleic acid encoding a 53BP1
polypeptide inhibitor comprises an mRNA comprising an
ORF encoding the amino acid sequence of SEQ 1D NO: 70.
[0163] Insome embodiments, a nucleic acid comprising a
nucleotide sequence encoding a 53BP1 polypeptide inhibi-
tor is delivered to a cell by a vector. Methods of delivering
nucleic acids to a cell using a vector are known in the art and
are described herein.

[0164] In some embodiments, a 53BP1 inhibitor of the
disclosure comprises a gene-editing system for disrupting a
gene encoding 53BP1. In some embodiments, the 53BP1
inhibitor comprises a CRISPR/Cas9 gene editing system.
Methods of using CRISPR-Cas gene editing technology to
create a genomic deletion in a cell (e.g., a knock-out in a
gene of a cell) are known (e.g., Bauer (2015) Vis Exp
95:¢52118). In some embodiments, a knock-out of a gene
encoding 53BP1 using CRISPR-Cas gene editing comprises
contacting a cell with Cas9 polypeptide and a gRNA target-
ing the 53BP1 gene locus. In some embodiments, gRNA
sequence targeting the 53BP1 gene locus is designed using
the 53BP1 gene sequence using methods known in the art
(see e.g., Briner (2014) Molecular Cell 56:333-339). In
some embodiments, gRNAs targeting the S53BP1 gene locus
create indels in the region of the 53BP1 gene that disrupt
expression of 53BP1 in the cell. In some embodiments,
50-100%, 50-90%, 50-80%, 50-70%, 50-60%, 60-100%,
60-90%, 60-80%, 60-70%, 70-100%, 70-90%, 70-80%,
80-100%, 80-90%, or 90-100% of cells in the edited popu-
lation lack detectable expression of 53BP1.

[0165] In some embodiments, a 53BP1 inhibitor of the
disclosure comprises a small interfering RNA (siRNA)
which silences 53BP1 expression. Methods of silencing
53BP1 expression using siRNA are taught by US 2019/
0010196 which is incorporated by reference herein. Meth-
ods of delivering siRNA can be performed using non-viral or
viral delivery methods as described in the art (e.g., Gao
(2009) Mol Pharm 6:651-658; Oliveira (2006) J Biomed
Biotechnol 2006:63675; Tatiparti (2017) Nanomaterials
7:77). In some embodiments, a cell is transfected with
siRNA targeting 53BP1 mRNAs. In some embodiments,
expression of 53BP1 is decreased by about 50%, by about
60%, by about 70%, by about 80%, by about 90%, or by
about 100% following transfection with siRNA targeting
53BP1 mRNA.

[0166] Inhibition of DNA-PKcs

[0167] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB mediated by a
site-directed nuclease in a target gene in a cell or population
of cells, such as a quiescent cell that has been induced to
divide or a population of quiescent cells that has been
induced to divide, e.g., CD34+ HSCs, by inhibition of
DNA-PKcs. In some embodiments, the disclosure provides
methods for increasing HDR of a DSB mediated by a
site-directed nuclease in a target gene in a cell or population
of cells, such as a quiescent cell that has been induced to
divide or a population of quiescent cells that has been
induced to divide, e.g., CD34+ HSCs, by inhibition of
53BP1 and DNA-PKcs.

[0168] The DNA-PKcs is a member of the phosphati-
dylinositol-3 (PI-3) kinase-like kinase family (PIKK) and is
akey kinase involved in NHEJ repair. DNA-PKecs is directed
to DSB sites by binding to the Ku70/80 heterodimer that has
high-affinity for broken dsDNA ends and is first recruited to
DSB sites. The complex formed at the DSB comprising
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DNA, Ku70/80 and DNA-PKcs is referred to as “DNA-PK”
(Gottlieb (1993) Cell 72:131-142). The large DNA-PK
complex is responsible for holding the two ends of a broken
DNA molecule together. Additionally, binding of DNA-
PKcs to the DNA-Ku70/80 complex results in activation of
DNA-PKecs kinase activity (Yoo et al (1999) Nucleic Acids
Res 27:4679-4686; Calsou (1999) J Biol Chem 274:7848-
7856). DNA-PKcs phosphorylates numerous NHEJ repair
factors, thus enabling their function in NHEJ repair.
[0169] Accordingly, the present disclosure provides DNA-
PKcs inhibitors that inhibit NHEJ and promote HDR repair
of'a DSB in a target gene. In some embodiments, a DNA-
PKcs inhibitor of the disclosure inhibits, reduces, disrupts,
or blocks the ability of DNA-PKcs to a DSB site. In some
embodiments, a DNA-PKcs inhibitor of the disclosure
inhibits, reduces, disrupts, or blocks the ability of DNA-
PKcs to bind to Ku70/80 to form a DNA-PK complex. In
some embodiments, a DNA-PKcs inhibitor of the disclosure
inhibits, reduces, disrupts, or blocks the function of the
DNA-PKcs kinase domain. In some embodiments, a DNA-
PKcs inhibitor of the disclosure inhibits, reduces, disrupts,
or blocks phosphorylation of NHEJ factors by the DNA-
PKcs kinase domain. In some embodiments, a DNA-PKcs
inhibitor of the disclosure is a polypeptide. In some embodi-
ments, a DNA-PKcs inhibitor is a nucleic acid. In some
embodiments, a DNA-PKcs inhibitor is a small molecule. In
some embodiments, a DNA-PKcs inhibitor of the disclosure
is a small molecule that inhibits, disrupts or blocks the
DNA-PKcs kinase domain.

[0170] In some embodiments, a DNA-PKcs inhibitor of
the disclosure is identified by binding affinity for DNA-PKcs
or a fragment thereof (e.g., a functional domain of DNA-
PKs). Methods of measuring binding affinity of an inhibitor
for a protein domain are known in the art. Non-limiting
examples include measuring inhibitor affinity by enzyme-
linked immunosorbent assay (e.g., ELISA), immunoblot,
immunoprecipitation-based assay, fluorescence polarization
assay, fluorescence resonance energy transfer assay, fluores-
cence anisotropy assay, yeast surface display (Gai (2007)
Curr Opin Struct Biol 17:467-473), kinetic exclusion assay,
surface plasmon resonance, or isothermal titration calorim-
etry.

[0171] In some embodiments, a DNA-PKcs inhibitor of
the disclosure binds to the DNA-PKcs polypeptide. Methods
of determining the structural interactions that enable binding
of the inhibitor with the DNA-PKcs polypeptide are known
in the art. Non-limiting examples include X-ray crystallog-
raphy, nuclear magnetic resonance (NMR) spectroscopy,
electron microscopy, small-angle X-ray scattering (SAXS),
and small-angle neutron scattering (SANS). In some
embodiments, the structural interactions are determined by
a mutagenesis experiment wherein residues of the DNA-
PKcs polypeptide are mutated and the effect on inhibitor
binding are evaluated. Such methods enable identification of
key residues that contribute to binding.

[0172] In some embodiments, a method of inhibition of
DNA-PKecs function in a cell comprises contacting the cell
with a small molecule inhibitor of DNA-PKcs. In some
embodiments, the DNA-PKCs inhibitor of the disclosure is
a small molecule inhibitor Nu7441 (e.g., Leahy (2004)
Bioorg Med Chem Lett 14:6083-6087). In some embodi-
ments, the DNA-PKcs inhibitor of the disclosure is a PI
3-kinase inhibitor 1Y294002, which has been found to
inhibit DNA-PKcs function in vitro (Izzard (1999) Cancer
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Res 59:2581-2586). In some embodiments, the DNA-PKCs
inhibitor of the disclosure is a small molecule inhibitor
capable of selectively inhibiting the activity of DNA-PKcs
compared to PI 3-kinase. Non-limiting examples include
2-amino-chromen-4-ones that are described by WO
03/024949, which is incorporated by reference herein. In
some embodiments, the DNA-PKCs inhibitor of the disclo-
sure is a small molecule inhibitor of DNA-PKcs function,
including 1 (2-hydroxy-4-morpholin-4-yl-phenyl)-ethanone
(e.g., Kashishian (2003) Mol Cancer Ther 2:1257-1264). In
some embodiments, the DNA-PKCs inhibitor of the disclo-
sure is a small molecule inhibitor of DNA-PKcs function
SU11752 (e.g., Ismail (2004) Oncogene 23:873-882). In
some embodiments, the DNA-PKCs inhibitor of the disclo-
sure is a small molecule inhibitor of DNA-PKcs function
described in U.S. Pat. No. 9,592,232, incorporated herein by
reference. In some embodiments, the DNA-PKcs inhibitor
of the disclosure is a small molecule inhibitor of DNA-PKcs
function described in U.S. Pat. No. 7,402,607, incorporated
herein by reference. In some embodiments, the DNA-PKCs
inhibitor of the disclosure is a small molecule inhibitor of
DNA-PKcs function described in U.S. Pat. No. 6,893,821,
incorporated herein by reference. In some embodiments, the
DNA-PKcs inhibitor of the disclosure is a small molecule
inhibitor of DNA-PKcs function described in US 2018/
0194782.

Inhibition of Other Targets

[0173] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB mediated by a
site-directed nuclease in a target gene in a cell or population
of cells, such as a quiescent cell that has been induced to
divide or a population of quiescent cells that has been
induced to divide, e.g., CD34+ HSCs, by inhibition of the
NHEJ pathway, alone or in combination with inhibition of
53BP1 and/or DNA-PKcs. In some embodiments, the dis-
closure provides a method of inhibiting the NHEJ pathway
by inhibition of key NHEJ enzymes. For example, in some
embodiments, the disclosure provides a method of inhibiting
the NHEJ pathway by inhibition of Ku70/80. In some
embodiments, the disclosure provides inhibitors of Ku70/80
including CYREN (e.g., Arnoult (2017) Nature 549:548-
552). In some embodiments, the disclosure provides a
method of inhibiting the NHEJ pathway by inhibition of
DNA Ligase IV. In some embodiments, the disclosure pro-
vides inhibitors of DNA Ligase IV, including Scr7
(Maruyama (2015) Nat Biotechnol 33:538-542).

[0174] In some embodiments, the disclosure provides
methods of increasing or improving repair of a DNA DSB by
HDR by inhibition of the MMEIJ pathway (e.g., methods of
MME] inhibition reviewed in Sfeir (2015) 40:701-714). In
some embodiments, the disclosure provides methods of
inhibition of the MMEJ pathway by inhibition of DNA
polymerase theta (Pol 0). In some embodiments, the disclo-
sure provides method of inhibition of the MMEJ pathway by
inhibition of PARP. In some embodiments, the disclosure
provides PARP inhibitors, including molecules developed
for the treatment of cancer, including Veliparib and Olapa-
rib. In some embodiments, inhibition of the MMEJ pathway
comprises inhibition of MRE11. In some embodiments, the
disclosure provides MRE11 inhibitors, including Mirin and
derivatives (e.g., Shibata (2014) Molec Cell 53:7-18).
[0175] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB mediated by a
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site-directed nuclease in a target gene in a cell or population
of cells, such as a quiescent cell that has been induced to
divide or a population of quiescent cells that has been
induced to divide, e.g., CD34+ HSCs, by treatment of a cell
or population of cells with a compound that stimulates HDR
efficiency. In some embodiments, the disclosure provides a
stimulator of HDR, wherein the stimulator of HDR is an
agonist that promotes the function of a factor in the HDR
pathway. In some embodiments, the disclosure provides a
stimulator of an HDR factor, wherein the HDR factor is
RADS51. In some embodiments, the disclosure provides
agonists of RADS1, including RS-1 (e.g., Jayathilaka (2008)
PNAS 105:15848-15853).

Combination of Inhibitors

[0176] In some embodiments, the disclosure provides
methods for increasing HDR of a DSB mediated by a
site-directed nuclease in a target gene in a cell or population
of cells, such as a quiescent cell that has been induced to
divide or a population of quiescent cells that has been
induced to divide, e.g., CD34+ HSCs, by treatment with an
inhibitor of 53BP1 in combination with an inhibitor of the
NHEJ pathway. In some embodiments, a method of increas-
ing HDR is treatment with an inhibitor of 53BP1 in com-
bination with an inhibitor of DNA-PKcs. In some embodi-
ments, a method of increasing HDR is treatment with a
polypeptide inhibitor of 53BP1 in combination with an
inhibitor of DNA-PKcs. In some embodiments, a method of
increasing HDR is treatment with a polypeptide inhibitor of
53BP1 comprising the amino acid sequence identified by
SEQ ID NO: 70 in combination with a small molecule
inhibitor of DNA-PKcs.

[0177] In some embodiments, a method of increasing
HDR is treatment with an inhibitor of 53BP1 in combination
with an inhibitor of Ku70/80. In some embodiments, a
method of increasing HDR is treatment with a polypeptide
inhibitor of 53BP1 comprising the amino acid sequence
identified by SEQ ID NO: 70 in combination with an
inhibitor of Ku70/80. In some embodiments, a method of
increasing HDR is treatment with an inhibitor of 53BP1 in
combination with an inhibitor of DNA Ligase IV. In some
embodiments, a method of increasing HDR is treatment with
a polypeptide inhibitor of 53BP1 comprising the amino acid
sequence identified by SEQ ID NO: 70 in combination with
an inhibitor of DNA Ligase IV.

[0178] In some embodiments, a method of increasing
HDR is treatment with an inhibitor of 53BP1 in combination
an inhibitor of the MMEJ pathway. In some embodiments,
a method of increasing HDR is treatment with a polypeptide
inhibitor of 53BP1 comprising the amino acid sequence
identified by SEQ ID NO: 70 in combination with an
inhibitor of the MMEJ pathway. In some embodiments, a
method of increasing HDR is treatment with a polypeptide
inhibitor of 53BP1 comprising the amino acid sequence
identified by SEQ ID NO: 70 in combination with an
inhibitor of PARP. In some embodiments, a method of
increasing HDR is treatment with a polypeptide inhibitor of
53BP1 comprising the amino acid sequence identified by
SEQ ID NO: 70 in combination with an inhibitor of DNA
polymerase theta.

Engineered Human Cells

[0179] Provided herein are methods of gene-editing within
a target gene by repair of a DNA DSB in the target gene by
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the HDR pathway using a donor polynucleotide. In some
embodiments, the target gene is edited to correct a mutation.
In some embodiments, the target gene is edited to introduce
a mutation. In some embodiments, the target gene is edited
by replacement with a different polynucleotide sequence,
such as a polynucleotide sequence encoding a different gene
(e.g., a transgene) or a variant version of the target gene. In
some embodiments, the target gene is edited by deletion and
insertion of a different gene (e.g., a transgene). In some
embodiments, the target gene is edited by insertion of a
transgene comprising one or more exons and one or more
introns. In some embodiments, the target gene is edited by
insertion of insertion of a transgene comprising only exons.

[0180] Insome embodiments, a target gene is edited using
methods herein to correct a genetic mutation that results in
a monogenic disease. A monogenic disease is characterized
by a mutation in a single gene. Non-limiting examples of
gene mutations that result in monogenic disease include
mutation of the beta-globin (e.g., hemoglobin beta) gene that
results in hemoglobinopathies, mutation of the cystic fibro-
sis conductance transmembrane regulator (CFTR) gene that
results in cystic fibrosis, mutation of the huntingtin (HTT)
gene that results in Huntington’s disease, mutation of the
dystrophia myotonica-protein kinase (DMPK) gene that
results in Myotonic dystrophy type 1, mutation of the
low-density lipoprotein receptor (LDLR) or apolipoprotein
B (APOB) gene that results in hypercholesterolemia, muta-
tion of coagulation factor VIII that results in hemophilia A,
mutation of recombination activating gene 1 (RAGI) that
results in severe combined immunodeficiency (SCID), or
mutation in the dystrophin gene that results in Duchenne
type muscular dystrophy. Further non-limiting examples of
disorders associated with particular target genes that are
edited using methods described herein are detailed in Table
1.

TABLE 1

Disorders Associated with Mutations in a Target Gene

Monogenic Disorder Target Gene

Sickle Cell Disease
Alpha-Thalassemia

Hemoglobin subunit beta (HBB)
Hemoglobin subunit alpha 1 (HBA1) and
hemoglobin subunit alpha 2 (HBA2)
Hemoglobin subunit beta (HBB)
Coagulation factor VIII

Cystic fibrosis conductance
transmembrane

regulator (CFTR)

Interleukin 2 receptor subunit gamma
(IL2RG)

Recombination activating 1 (RAG1)

Beta-Thalassemia
Hemophilia A
Cystic Fibrosis

X-linked severe Combined
Immunodeficiency (SCID)
RAGI-deficient SCID
(Omenn Syndrome)
JAK3-deficient SCID
ZAP70-related SCID

Janus kinase 3 (JAK3)

Zeta chain of T cell receptor associated
protein kinase 70 (ZAP70)

Adenosine deaminase Adenosine deaminase (ADA)
deficiency

Familial
Hypercholesterolemia
Epidermolysis bullosa

Low-density lipoprotein receptor
(LDLR) or Apolipoprotein B (APOB)
Collagen type VII alpha 1 chain
(COL7AD)

Muscular Dystrophy Dystrophia myotonica-protein

type 1 kinase (DMPK)
Duchenne type muscular Dystrophin
dystrophy

Huntington’s Disease
NGLY1 Deficiency

Huntingtin (HTT)
N-glycanase 1 (NGLY1)
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[0181] In some embodiments, a monogenic disease is
treated by administering gene-edited human cells to a
patient. In some embodiments, human cells are taken from
the patient and edited to correct a genetic mutation prior to
being reintroduced to the patient for treatment of a mono-
genic disorder. In some embodiments, cells from a patient
are somatic cells that are reprogrammed to generated
induced pluripotent stem cells (iPSCs). In some embodi-
ments, iPSCs are gene-edited to correct a mutation and then
differentiated prior to administration to a patient. In some
embodiments, cells from a patient are hematopoietic stem
cells (HSCs) or hematopoietic progenitor cells (HPCs). In
some embodiments, HSCs and HPCs are gene-edited and
introduced to a patient for treatment of a monogenic disease.
[0182] In some embodiments, HSCs are engineered (e.g.,
gene-edited) for treatment of a hemoglobinopathy. Hemo-
globinopathies encompass a number of anemias that are
associated with changes in the genetically determined struc-
ture or expression of hemoglobin. These include changes to
the molecule structure of the hemoglobin chain, such as
occurs with sickle cell anemia, as well as changes in which
synthesis of one or more chains is reduced or absent, such
as occurs with various thalassemias.

[0183] Disorders specifically associated with the [-globin
protein are referred to generally as p-hemoglobinopathies.
For example, -thalassemias result from a partial or com-
plete defect in the expression of the -globin gene, leading
to deficient or absent hemoglobin A (HbA). HbA is the most
common human hemoglobin tetramer and consists of two
a-chains and two B-chains (,f3,). f-thalassemias are due to
mutations on the adult p-globin gene (HBB) on chromosome
11, and are inherited in an autosomal, recessive fashion.
[0184] Sickle cell disease (SCD) includes SCA, sickle
hemoglobin C disease, sickle beta-plus-thalassemia, and
sickle beta-zero-thalassemia. All forms of SCD are caused
by mutations within the HBB gene. SCA is caused by a
single missense mutation in the sixth codon (e.g., seventh
codon when including the start codon) of the HBB gene
(e.g., Ato T), resulting in a substitution of glutamic acid by
valine (e.g., Glu to Val). The mutant protein, when incor-
porated into hemoglobin, results in unstable hemoglobin
HbS (a,p,°) in contrast to normal adult hemoglobin HbA
(015B5%). When HbS is the predominant form of hemoglobin,
it results in red blood cells (RBCs) with distorted sickle
shape. Sickled RBCs are less flexible than normal RBCs,
and tend to get stuck in small blood vessels, resulting in
vaso-occlusive events. These events are associated with
tissue ischemia leading to acute and chronic pain.

[0185] In some embodiments, a patient is treated with
gene-edited human cells to ameliorate a hemoglobinopathy
(e.g., de Montalembert (2008) BM.J, 337:a1397; Sheth, et al.
(2013) British J. Haematology 162:455-464). Methods
towards treatment of hemoglobinopathies by production of
genome-edited stem cells, including hematopoietic stem
cells (HSCs), are taught by US 2018/0030438 and US
2018/0200387 which are incorporated by reference herein.
In some embodiments, a method of treating a patient with
hemoglobinopathy comprises administering gene-edited
stem cells to the patient that give rise to a population of
circulating RBCs that will be effective in ameliorating one
or more clinical conditions associated with the patient’s
disease. In some embodiments, a gene-edited stem cell is an
HSC, long-term repopulating hematopoietic cell or an LT-
HSPC. In some embodiments, a gene-edited HSC or HPC
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administered for treatment of a hemoglobinopathy com-
prises a gene-edit within the HBB locus for correction of a
mutation.

[0186] Also provided herein are methods of gene-editing
for inducing a mutation within a target gene in a cell or
population of cells, such as a quiescent cell or population of
quiescent cells induced to divide, by repair of a DNA DSB
in the target gene by the HDR pathway using a donor
polynucleotide. In some embodiments, a mutation in a target
gene is an insertion of a trans-gene. In some embodiments
a trans-gene is a chimeric antigen receptor (CAR). In some
embodiments, T cells are engineered (e.g., gene-edited)
using methods of gene-editing described herein to express a
CAR. In some embodiments, a T cell is engineered by
introducing a DSB within a target gene that is repaired by
HDR with a donor polynucleotide encoding a chimeric
antigen receptor (CAR). In some embodiments, a CAR is
selected for a cancer of interest wherein the cancer expresses
an antigen recognized by the CAR. Non-limiting examples
of antigen recognized by CARs include CD19, CD33,
CD70, BCMA, CD22, CD20, CD138, CD123, Lewis Y
antigen, and inactive tyrosine protein kinase transmembrane
receptor ROR1.

[0187] In some embodiments, the methods comprise
delivering engineered T cells to a patient comprising a
chimeric antigen receptor (CAR). In some embodiments, a
population of CAR T cells is administered to a patient with
cancer wherein the CAR is specific to an antigen expressed
by the cancer. Non-limiting examples of cancers that may be
treated as provided herein include multiple myeloma, leu-
kemia (e.g., T cell leukemia, B-cell acute lymphoblastic
leukemia (B-ALL), and/or chronic lymphocytic leukemia
(C-CLL)), lymphoma (e.g., B-cell non-Hodgkin’s lym-
phoma (B-NHL), Hodgkin’s lymphoma, and/or T cell lym-
phoma), and/or clear cell renal cell carcinoma (ccRCC).
Other non-limiting examples of cancers (e.g., solid tumors)
that may be treated as provided herein include pancreatic
cancer, gastric cancer, ovarian cancer, cervical cancer, breast
cancer, renal cancer, thyroid cancer, nasopharyngeal cancer,
non-small cell lung (NSCLC), glioblastoma, and/or mela-
noma.

Engineered Hematopoietic Stem Cells

[0188] In some embodiments, stem cells are engineered
(e.g., gene-edited) using methods of the disclosure. In some
embodiments, stem cells are engineered to correct a gene
mutation and/or replace a target gene. In some embodi-
ments, engineered stem cells are administered to a patient
for treatment of a monogenic disease. In some embodiments,
a stem cell (e.g., a stem cell) comprises an HSC. HSCs are
defined by their pluripotency (e.g., capacity of a single HSC
to generate any type of blood cell) and ability to self-renew.
HSCs are comprised of two populations: short-term HSCs
and long-term HSCs. Short term HSCs are capable of
self-renewal for a short period of time, while UT-HSPCs are
capable of indefinite self-renewal. LT-HSPCs are largely in
a quiescent state, dividing only once every 145 days (Wil-
son, A. et al. (2008) Cel/ 135:1118-1129). In some embodi-
ments, an HSC divides asymmetrically wherein one daugh-
ter cell remains in a stem state and one daughter cell
expresses a distinct function or phenotype. In some embodi-
ments, an HSC divides symmetrically wherein both daugh-
ter cells retain a stem state.
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[0189] Early descendants of an HSC are termed hema-
topoietic progenitor cells. Hematopoietic progenitor cells
(HPCs) retain the ability to differentiate into other cell types,
but are not capable of self-renewal. In some embodiments,
progenitor cells of an HSC are differentiated cells. In some
embodiments, progenitor cells of an HSC comprise the same
differentiation state. In some embodiments, progenitor cells
of'an HSC comprise different differentiation states. In some
embodiments, progenitor cells of an HSC are lineage
restricted precursor cells (e.g., a common myeloid progeni-
tor cell, a common lymphoid progenitor cell). In some
embodiments, lineage restricted precursor cells further dif-
ferentiate. In some embodiments, an HSC differentiates into
a common lymphoid progenitor cell that further differenti-
ates into cell types comprising B cells, natural killer (NK)
cells, and T cells. In some embodiments, an HSC differen-
tiates into a common myeloid progenitor cell that further
differentiates into cell types comprising dendritic cells
(DCs), monocytes, myeloblasts, monocyte-derived DCs,
macrophages, neutrophils, eosinophils, basophils, mega-
karyocyte-erythroid progenitor cells, erythrocytes, mega-
karyocytes, and platelets.

[0190] In some embodiments, an HSC of the disclosure
has positive expression for the cell surface marker CD34. In
some embodiments, an HSC of the disclosure has positive
expression for cell surface markers comprising CD38,
CD45RA, CD90, c-Kit tyrosine kinase receptor, stem cell
antigen-1 (Sca-1), CD133 and CD49f. In some embodi-
ments, an HSC of the disclosure has negative or low
expression for cell surface markers comprising CD38,
CD45RA, CD90, Thy-1.1 cell surface antigen and CD49f. In
some embodiments, an HSC of the disclosure has negative
or low expression of lineage cell surface markers comprising
CD2, CD3, CD11b, CDl11c, CD14, CD16, CD19, CD24,
CD56, CD66b, CD235. In some embodiments, an HSC of
the disclosure is an LT-HSC. In some embodiments, an
LT-HSC has negative or low expression of lineage cell
surface markers comprising CD2, CD3, CD11b, CDllc,
CD14, CD16, CD19, CD24, CD56, CD66b, CD235. In
some embodiments, an L'T-HSC has negative or low expres-
sion of cell surface markers comprising CD45RA and CD38.
In some embodiments, an L'T-HSC has positive expression
for cell surface markers comprising CD34 and CD90.

[0191] Methods for isolation of HSCs are known in the art
as taught by U.S. Pat. Nos. 5,643,741, 5,087,570, 5,677,136,
7,790,458, 10,006,004, 10,086,045, 7,939,057, 10,058,573
that are incorporated by reference herein. In some embodi-
ments, a population of cells comprising HSCs is derived
from the patient (e.g., an autologous HSC). In some embodi-
ments, a population of cells comprising HSCs is derived
from a healthy donor (e.g., an allogenic HSC). In some
embodiments, a population of cells comprising HSCs is
derived from human cord blood. In some embodiments, a
population of cells comprising HSCs is derived from bone
marrow. In some embodiments, a population of cells com-
prising HSCs is derived from human peripheral blood.

[0192] In some embodiments, a population of cells com-
prising HSCs is derived following treatment of a subject
(e.g., a patient, a healthy donor) with a stem cell mobilizer.
In some embodiments, a stem cell mobilizer comprises a
CXCR4 antagonist. The chemokine stromal cell derived
factor-1 (e.g., CXCL12) is a chemokine that binds to
CXCR4 on HSCs and HPCs and signals for retention in the
bone marrow. By blocking this interaction with a CXCR4
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antagonist, HSCs and HPCs rapidly mobilize to the blood
(Broxmeyer, et al. (2005) J. Exp Med 18:1307-1318;
Devine, S. et al (2008) Blood 112:990-998). Non-limiting
examples of a CXCR4 antagonist include TG-0054 (TaiGen
Biotechnology, Co., Ltd. (Taipei, Taiwan)), AMD3465,
AMD3100 (e.g., wherein AMD or AMD3100 is used inter-
changeably with plerixafor, rINN, USAN, JM3100, and its
trade name, Mozobil™, see U.S. Pat. Nos. 6,835,731 and
6,825,351), and NIBR1816 (Novartis, Basil, Switzerland).
In some embodiments, a stem-cell mobilizer is plerixafor.
[0193] In some embodiments, a stem cell mobilizer com-
prises a colony stimulating factor. Non-limiting examples of
a colony stimulating factor include, but are not limited to,
granulocyte colony stimulating factor (G-CSF), granulo-
cyte-macrophage colony stimulating factor (GM-CSF),
macrophage colony stimulating factor (M-CSF), stem cell
factor (SCF), FLT-3 ligand, or a combination thereof. Use of
G-CSF as a stem cell mobilizing factor has demonstrated
increased yield of stem cells from peripheral blood (Morton,
et al (2001) Blood 98:3186; Smith, T. et al. (1997) J. Clin.
Oncol. 15:5-10) In some embodiments, a stem cell mobilizer
is a combination of a CXCR4 antagonist and a colony
stimulating factor. In some embodiments, a stem cell mobi-
lizer is a combination of Plerixafor and G-CSF.

[0194] In some embodiments, CD34+ HSCs are enriched
following isolation from a subject (e.g., a patient, a healthy
donor). In some embodiments, CD34+ HSCs are enriched
from human blood, bone marrow, or cord blood. Methods of
enriching CD34+ HSCs are known in the art. In some
embodiments, CD34+ HSCs are enriched using a magnetic
cell separator. In some embodiments, CD34+ HSCs are
enriched by fluorescent activated cell sorting (FACS). In
some embodiments, CD34+ HSCs are enriched by magnetic
bead sorting for cells expressing CD34.

[0195] In some embodiments, an enriched population of
CD34+ cells has a purity of at least 40%, at least 50%, at
least 60%, at least 70%, at least 80%, at least 90%, or at least
100%. In some embodiments, an enriched population of
CD34+ cells has a purity of at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%, at least 99%, or at least
100%. In some embodiments, an enriched population of
CD34+ cells has a purity of at least about 90%. In some
embodiments, an enriched population of CD34+ cells has a
purity of at least about 91%. In some embodiments, an
enriched population of CD34+ cells has a purity of at least
about 92%. In some embodiments, an enriched population of
CD34+ cells has a purity of at least about 93%. In some
embodiments, an enriched population of CD34+ cells has a
purity of at least about 94%. In some embodiments, an
enriched population of CD34+ cells has a purity of at least
about 95%. In some embodiments, an enriched population of
CD34+ cells has a purity of at least about 96%. In some
embodiments, an enriched population of CD34+ cells has a
purity of at least about 97%. In some embodiments, an
enriched population of CD34+ cells has a purity of at least
about 98%. In some embodiments, an enriched population of
CD34+ cells has a purity of at least about 99%. In some
embodiments, an enriched population of CD34+ cells has a
purity of at least about 100%.

[0196] In some embodiments, an enriched population of
CD34+ cells comprises LT-HSPCs. In some embodiments,
the proportion of the CD34+ population that is LT-HSPCs is
0.01-0.05%, 0.01-0.1%, 0.05-0.1%, 0.05-1%, 0.1-0.5%, 0.1-
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0.7%, 0.1-1.0%, 0.1-1.5%, 0.1-2.0%, 0.5-1.5%, 0.5-2.0%, or
1-2%. In some embodiments, the proportion of the CD34+
population that is LT-HSPCs is 0.05-1%. In some embodi-
ments, the proportion of the CD34+ population that is
LT-HSPCs is 0.1-1%. In some embodiments, the proportion
of the CD34+ population that is LT-HSPCs is 0.1-2%. In
some embodiments, the proportion of the CD34+ population
that is LT-HSPCs is at least about 0.01%, at least about
0.05%, at least about 0.1%, at least about 0.2%, at least
about 0.3%, at least about 0.4%, at least about 0.5%, at least
about 0.6%, at least about 0.7%, at least about 0.8%, at least
about 0.9%, or at least about 1.0% of the population.
[0197] In some embodiments, gene-editing of HSCs is
performed prior to enrichment of CD34+ HSCs. In some
embodiments, gene-editing of HSCs is performed following
enrichment of CD34+ HSCs. In some embodiments, follow-
ing gene-editing, a method is used to selected for gene-
edited HSCs from a population comprising CD34+ HSCs. In
some embodiments, a method of isolating gene-edited HSCs
comprises enrichment of HSCs expressing truncated nerve
growth factor (tINGFR) as described in the art (Dever et al
(2016) Nature 539:384-389).

[0198] For ex vivo therapy, transplantation requires clear-
ance of bone-marrow niches for donor HSCs to engraft.
Methods are known in the art for depletion of the bone-
marrow niche, including methods of treating with radiation,
chemotherapy or a combination thereof.

Engineered Induced Pluripotent Stem Cells

[0199] In some embodiments, genetically engineered
human cells of the disclosure are derived from induced
pluripotent stem cells (iPSCs). iPSCs are reprogrammed
from somatic cells to a pluripotent state wherein they can
differentiate into all three germ layers. An advantage of
using iPSCs is that the cell can be derived from the same
subject to which the progenitor cells are to be administered.
That is, a somatic cell can be obtained from a subject,
reprogrammed to an iPSC, and then re-differentiated into a
progenitor cell to be administered to the subject for treat-
ment of a disorder (e.g., an autologous progenitor). Since the
progenitors are derived from an autologous source, the risk
of engraftment rejection or allergic responses is reduced
compared to the use of cells form another subject or group
of subjects. Thus, an iPSC can be gene-edited and reintro-
duced into a patient for correction of a disease resulting from
a somatic genetic mutation.

[0200] Briefly, human iPSCs can be obtained by transduc-
ing somatic cells with stem cell associated transcription
factors that include OCT4, SOX2, and NANOG (Budni-
atzky et al. (2014) Stem Cells Transl Med 3:448-457; Barret
et al. Stem Cells Trans Med (2014) 3:1-6; Focosi et al.
(2014) Blood Cancer Journal 4:e211). Exemplary methods
for reprogramming somatic cells to generate iPSCs are
known in the art as described by US 2019/0038771 which is
incorporated by reference herein.

Engineered T Cells

[0201] In some embodiments, engineered (gene edited)
CAR T cells are autologous (“self”). In some embodiments,
engineered CAR T cells are non-autologous (“non-self,”
e.g., allogeneic, syngeneic or xenogeneic). “Autologous”
refers to cells from the same subject. “Allogeneic” refers to
cells of the same species as a subject, but that differ
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genetically to the cells in the subject. In some embodiments,
the T cells are obtained from a mammal. In some embodi-
ments, the T cells are obtained from a human.

[0202] T cells can be obtained from a number of sources
including, but not limited to, peripheral blood mononuclear
cells, bone marrow, lymph nodes tissue, cord blood, thymus
issue, tissue from a site of infection, ascites, pleural effusion,
spleen tissue, and tumors. In certain embodiments, T cells
can be obtained from a unit of blood collected from a subject
using any number of techniques known to the skilled person,
such as sedimentation, e.g., FICOLL™ separation.

[0203] In some embodiments, an isolated population of T
cells is used. In some embodiments, after isolation of
peripheral blood mononuclear cells (PBMC), both cytotoxic
and helper T lymphocytes can be sorted into naive, memory,
and effector T cell subpopulations either before or after
activation, expansion, and/or genetic modification.

[0204] A specific subpopulation of T cells, expressing one
or more of the following cell surface markers: TCRab, CD3,
CD4, CD8, CD27 CD28, CD38 CD45RA, CD45RO,
CD62L, CD127, CD122, CD95, CD197, CCR7, KLRG1,
MCH-I proteins and/or MCH-II proteins, can be further
isolated by positive or negative selection techniques. In
some embodiments, a specific subpopulation of T cells,
expressing one or more of the markers selected from the
group consisting of TCRab, CD4 and/or CDS, is further
isolated by positive or negative selection techniques. In
some embodiments, the engineered T cell populations do not
express or do not substantially express one or more of the
following markers: CD70, CD57, CD244, CD160, PD-1,
CTLA4, HM3, and LAGS. In some embodiments, subpopu-
lations of T cells may be isolated by positive or negative
selection prior to genetic engineering and/or post genetic
engineering.

[0205] In some embodiments, an isolated population of T
cells expresses one or more of the markers including, but not
limited to a CD3+, CD4+, CD8+, or a combination thereof.
In some embodiments, the T cells are isolated from a donor,
or subject, and first activated and stimulated to proliferate in
vitro prior to undergoing gene editing.

[0206] To achieve sufficient therapeutic doses of T cell
compositions, T cells are often subjected to one or more
rounds of stimulation, activation and/or expansion. T cells
can be activated and expanded generally using methods as
described, for example, in U.S. Pat. Nos. 6,352,694; 6,534,
055; 6,905,680; 6,692,964; 5,858,358; 6,887,466; 6,905,
681; 7,144,575; 7,067,318; 7,172,869; 7,232,566; 7,175,
843; 5,883,223; 6,905,874; 6,797,514; and 6,867,041. In
some embodiments, T cells are activated and expanded for
about 1 day to about 4 days, about 1 day to about 3 days,
about 1 day to about 2 days, about 2 days to about 3 days,
about 2 days to about 4 days, about 3 days to about 4 days,
or about 1 day, about 2 days, about 3 days, or about 4 days
prior to introduction of the genome editing compositions
into the T cells.

[0207] In some embodiments, T cells are activated and
expanded for about 4 hours, about 6 hours, about 12 hours,
about 18 hours, about 24 hours, about 36 hours, about 48
hours, about 60 hours, or about 72 hours prior to introduc-
tion of the gene editing compositions into the T cells.

[0208] In some embodiments, T cells are activated at the
same time that genome editing compositions are introduced
into the T cells. T cell populations or isolated T cells
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generated by any of the gene editing methods described
herein are also within the scope of the present disclosure.

Compositions of Cells and Methods of Inducing Cell
Expansion

[0209] The methods of the disclosure enable introduction
of a gene-edit to a cell or a population of cells, such as a
quiescent cell that has been induced to divide or a population
of quiescent cells that has been induced to divide, by repair
of a DNA DSB in a target gene by the HDR pathway. In
some embodiments, a gene-edit is introduced to a population
comprising stem cell. In some embodiments, a gene-edit is
introduced to a population comprising stem cells derived
from a human tissue. Methods for deriving cultures of adult
stem cells have been described, examples including stem
cells derived from tissues such as the nervous system
(McKay (1997) Science 276:66-71; Shihabuddin (1999)
Mol. Med Today 5:474-480), bone marrow (Pittenger, et al.
(1999) Science 284:143-147; Pittenger (2001) In: Mesen-
chymal stem cells of human adult bone marrow. Cold Spring
Harbor, N.Y.: Cold Spring Harbor Laboratory Press, 349-
374), adipose tissue (Gronthos (2001) J Cell Physiol 189:
54-63), dermis (Toma (2001) Nature Cell Biol 3:778-784);
pancreas and liver (Deutsch (2001) Development 128:871-
881).

[0210] In some embodiments, culture of stem cells
induces the stem cells to divide. In some embodiments,
culture of stem cells maintains the stem cells in a pluripotent
state. In some embodiments, culture of stem cell induces
differentiation.

Hematopoietic Stem Cells

[0211] Methods of cell culture that are used for ex vivo
expansion of HSC and other stem cells are described by U.S.
Pat. Nos. 5,670,351; 5,851,984; 6,030,836; 7,790,458;
5,817,773; 8,895,299, 10,058,573, 9,943,545 which are
incorporated by reference herein.

[0212] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
comprises stimulating the Wnt signaling pathway. The Wnt
signaling cascade is important for promoting self-renewal of
adult stem cells, and has been described in promoting
self-renewal of HSCs and proliferation of progenitors (Staal
(2016) Expt Hematol 44:451-457). Methods of inducing
Wnt signaling are known in the art. Wnt signaling can be
induced by treatment with a wnt5a protein (Nemeth, et al
(2007) Proc Nall Acad Sci 104:15436-15441), by treatment
with a wnt3a protein (Willert (2003) Nature 423:448), by
inducing constitutive expression of f-catenin (Reya (2003)
Nature 423:409), by treatment with prostaglandin E2
(Goessling (2009) Cell 136:1136-1147; Goessling (2011)
8:445-458), and by treatment with a glycogen synthase
kinase 3 inhibitor in combination with a rapamycin inhibitor
(Huang (2012) Nat Med 18:1778). In some embodiments, a
method of stimulating Wnt signaling is used to promote ex
vivo expansion of HSCs. In some embodiments, a method of
stimulating Wnt signaling is titrated to prevent exhausting of
HSCs in culture. In some embodiments, a method of stimu-
lating Wnt signaling is titrated to promote reconstitution of
HSCs in an irradiated patient.

[0213] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
comprises stimulating the Notch signaling pathway. The
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Notch signaling cascade is important for controlling cell fate
decisions, development, and hematopoiesis (Andersson
(2011) Development 138:3593-3612). The Notch signaling
cascade has also been demonstrated to play a role in HSC
self-renewal (Kunisato (2003) Blood 101:1777-1783; Var-
num-Finney (2003) Blood 101:1784-1789). Notch signaling
is induced by a family of ligands comprising a Delta,
Serrate, and Lag2 domain (e.g., DSL ligands). In some
embodiments, a soluble DSL ligand is used for stimulation
of Notch signaling.

[0214] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
is to culture in growth media comprising a cytokine. In some
embodiments, a cytokine is selected that will bind to an
HSC. In some embodiments, a cytokine is selected that will
regulate HSC function, including quiescence, self-renewal,
differentiation, apoptosis, and mobility. In some embodi-
ments, a cytokine is stem cell factor (SCF). SCF is a
cytokine expressed by a number of cell types. SCF binds to
c-Kit, a tyrosine kinase receptor expressed on all HSCs, and
prevents apoptosis of HSCs. SCF has been shown to poten-
tiate the ability of HSCs to undergo symmetric self-renewal
wherein both daughter cells of a dividing HSC retain stem-
like properties (Bowei, M. (2007) Blood 109:5043-5048). In
some embodiments, a cytokine is thrombopoietin (TPO).
TPO is a cytokine that binds to the Mpl receptor expressed
on HSCs. TPO promotes the survival of repopulating HSCs
in vitro (Matsunaga (1998) Blood, 92:452-461). In some
embodiments, a cytokine is interleukin-3 (IL-3). In some
embodiments, a cytokine is interleukin-6 (IL-6).

[0215] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
is to culture in growth media comprising a growth factor. In
some embodiments, a growth factor is Fms-like tyrosine
kinase 3 (F1t3) ligand. FIt3 ligand is a growth factor that
promotes HSC proliferation, differentiation, and survival
(Hannum (1994) Nature 368:643-648). In some embodi-
ments, a growth factor is a fibroblast growth factor (FGF).
Both FGF-1 and FGF-2 support HSC expansion in vitro (de
Haan (2003) Dev Cell 4:241-251; Yeoh (2006) Stem Cells
24:1564-1572). In some embodiments, a growth factor is a
member of the angiopoietin (Ang) family comprising Angl,
Ang2, and Ang 4 in humans. In some embodiments, a
growth factor is an Ang-like protein (Angptl). Non-limiting
examples include Angptl7, Angptl2, Angptl3, AngptlS, and
Mtap4. In some embodiments, a growth factor is insulin-like
growth factor 2.

[0216] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
is to culture in growth media comprising a molecule iden-
tified through a high-throughput screen for HSC prolifera-
tion such as those described in the art (Boitano, Science
(2010) 329:1345-1348; Wagner (2016) Cell Stem Cell
18:144-155; Fares (2014) Science 345:1509-1512). In some
embodiments, a molecule is prostaglandin E2 (PGE2). In
some embodiments, a molecule is Stemregenin 1 (SR1), an
aryl hydrocarbon receptor antagonist. In some embodi-
ments, a molecule is UM171.

[0217] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
is to culture in growth media comprising a regulator of
epigenetic changes. Epigenetic regulation of DNA methyl-
ation and post-translational modifications is important for
HSC cell fate decisions (Hodges (2011) Mol Cell 44:17-28;
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Kulis (2015) Nat Genet 47:746). In some embodiments, a
small molecule inhibitor of histone deacetylase (HDAC) is
used to support ex vivo expansion of HSCs. In some
embodiments, a HDAC inhibitor is valproic acid. In some
embodiments, a HDAC inhibitor is trichostain A. In some
embodiments, a small molecule inhibitor of DNA methyl-
transferase is used to support ex vivo expansion of HSCs. In
some embodiments, a DNA methyltransferase inhibitor is
decitabine.

[0218] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
is to culture in growth media comprising a combination of
factors. In some embodiments, a combination comprises one
or more cytokines (e.g., IL-3, SCF, TBP) and one or more
growth factors (e.g., Flt3 ligand, Ang protein, Insulin-like
growth factor). In some embodiments, a combination com-
prises a combination of I[.-3 and SCF. In some embodi-
ments, a culture of HSCs comprises a combination of 1L.-3,
SCF, and TBP. In some embodiments, a culture of HSCs
comprises a combination of IL.-3, SCF, TBP, and F1t3 ligand.
[0219] In some embodiments, a factor for inducing HSC
ex vivo expansion (e.g., cell division) is combined with a
factor that promotes differentiation. Non-limiting examples
of factors that promote differentiation to myeloid progenitor
cells include GM-CSF, G-CSF, and M-CSF. Non-limiting
examples of factors that promote differentiation to lymphoid
progenitor cells, including dendritic cell, B cell, T cell, and
NK cell progenitors include 1L.-3, IL-4, IL-7, 1L-11, 1L-12,
IL-15, GM-CSF, and TNFa.

[0220] Insome embodiments, ex vivo expansion (e.g., cell
division) of HSCs is performed by co-culture with a sup-
portive niche comprising a stromal cell lines established
from fetal or adult hematopoietic organs. Methods for co-
culture with a stromal cell line have been described in the art
(Moore (1997) Blood 89:4337-4347; Weisel (2006) Exp
Hematol 34:1505-1516; Yoder (1995) Blood 86:1322-1330).

[0221] In some embodiments, a method of inducing ex
vivo expansion (e.g., cell division) of a population of HSCs
is modification of environmental factors used for incubation
during culture. In some embodiments, an environmental
factor is temperature. In some embodiments, a culture of
HSCs is maintained at about 32° C., at about 33° C., at about
34° C., at about 35° C., at about 36° C., at about 37° C., at
about 38° C., at about 39° C., or at about 40° C. In some
embodiments, a culture of HSCs is maintained at about 37°
C. In some embodiments, an environmental factor is oxygen
level. In some embodiments, a culture of HSCs is main-
tained under oxygen levels comparable to physiological
oxygen levels (e.g., normoxic culture). In some embodi-
ments, a culture of HSCs is maintained under oxygen levels
lower than physiological oxygen levels (e.g., hypoxic cul-
ture). Methods of identifying normoxic or hypoxic condi-
tions are known in the art (Wenger (2015) Hypoxia 3:35-43).
[0222] In some embodiments, a population comprising
HSCs is induced to expand ex vivo and gene-edited using a
method of the disclosure. In some embodiments, a cell is
cultured under conditions that induce cell-division at least
1-3 days, 1-5 days, 2-7 days, 5-15 days, or 5-20 days prior
to gene-editing. In some embodiments, a cell is cultured
under conditions that induce cell-division at least 1 day, at
least 2 days, at least 3 days, at least 4 days, at least 5 days,
at least 6 days, or at least 7 days prior to gene-editing. In
some embodiments, a cell is cultured under conditions that
induce cell-division at least 2 days prior to gene-editing. In
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some embodiments, a cell is cultured under conditions that
induce cell-division at least 3 days prior to gene-editing. In
some embodiments, a cell is cultured under conditions that
induce cell-division at least 4 days prior to gene-editing. In
some embodiments, a gene-edited cell is cultured under
conditions that induce cell division at least at least 1 day, at
least 2 days, at least 3 days, at least 4 days, at least 5 days,
at least 6 days, or at least 7 days prior to transplantation. In
some embodiments, a gene-edited cell is cultured under
conditions that induce cell division at least 2 days prior to
transplantation. In some embodiments, a gene-edited cell is
cultured under conditions that induce cell division at least 3
days prior to transplantation. In some embodiments, a gene-
edited cell is cultured under conditions that induce cell
division at least 4 days prior to transplantation.

Methods of Measuring Cell Quiescence

[0223] In some embodiments, methods of the disclosure
are used for gene-editing of a quiescent cell or a population
comprising quiescent cells. Methods of defining the phase of
the cell cycle for a given cell in a population are described
in the art (e.g., Nakamura-Ishizu (2014) Development 141:
4656-4666) and are described briefly herein.

[0224] As used herein, the term quiescent state refers to
the reversible state of a cell in which it does not divide, but
retains the ability to re-enter the cycle of cell proliferation at
some later time. A quiescent state is distinct from a state of
terminal differentiation termed senescence wherein a cell
has irreversible exited the cycle of cell proliferation. A
quiescent state occurs when a cell is in the GO phase of the
cell cycle. The GO phase is can be considered as an extended
G1 phase. The G1 phase is the period between the end of a
mitotic phase and the beginning of S phase, wherein DNA
replication occurs. A quiescent state is defined by growth
cessation. A cell may enter a quiescent state due to condi-
tions of nutrient deprivation or high population density
(Cheung, T. et al. (2013) Nat Rev Mol Cell Biol 14:329-340).
A cell may also enter a quiescent state to preserve cell
homeostasis and the ability to regenerate. A cell can change
from a quiescent state by responding to an external stimuli
and re-entering the cell cycle, undergoing cell differentia-
tion, or entering a senescent state.

[0225] Several markers can be used to determine if a cell
is in a quiescent state. One marker of a quiescent state is low
DNA or RNA content (Huttmann, A. et al. (2001) Exp
Hematol. 29:1109-1116 and Fukada, S. et al. (2007) Stem
Cells 25:2448-2459). Another marker of a quiescent state is
low abundance of cell proliferation markers (Geres, J. et al.
(1983) Int J Cancer 31:13-20). Another marker of a quies-
cent state is retention of an exogenously administered
marker that is incorporated into the cell, for example,
5'-bromo"2'-deoxyuridine (BrdU), tritiated thymidine, H2B-
GFP, H2B-YFP. Retention of a cell marker is indicative of
low turnover.

[0226] In some embodiments, a measure of DNA content
in a cell is used to determine a cell’s position in the cell
cycle. The phase of the cell cycle is determined by measur-
ing DNA content of a cell using a DNA-binding dye and
flow cytometry as described in the art (e.g., Darzynkiewicz
(2011) Curr Protoc Cytom Unit 7.2; Darzynkiewicz (2004)
Cytometry 58A:21-32). Non-limiting examples of a DNA-
binding dye include Hoechst 33342, Hoechst 33258, 4',6-
diamidino-2-phenylindole (DAPI), propidium iodide, 4',6-
diamidino-2-phenylindole, Nuclear Green, Nuclear Red,
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and 7-aminoactinomycin D (7-AAD), propidium iodide,
Vybrant DyeCycle stain FxCycle stains, SYTOX Green.
Such assays are based upon the understanding that DNA
content is different for pre-replicative phase cells (e.g., GO or
G1 phase), cells that are replicating (e.g., S phase), and cells
that are post-replication (e.g., G2 and M phase). DNA
content is defined using a “DNA-index”. While cells that are
in GO or G1 phase have a DNA-index of 1.0, cells in the G2
and M phase have a higher DNA-index of 2.0. Cells that are
in the S-phase have an intermediate DN A-index between 1.0
and 2.0. The result of a cellular DNA content measurement
is often presented in the form of a frequency histogram.
Discrimination of cells in particular phases of the cell cycle
and their quantification, is based on difference in DNA
content (e.g., deconvolution of the histogram). Thus, the
proportion of a population that is in a given phase of the cell
cycle can be determined.

[0227] In some embodiments, DNA content is measured
relative to a proliferation-associated protein. Non-limiting
examples of a proliferation-associated protein include cyclin
D, cyclin E, cyclin, Ki-67, and cyclin B7. Measuring the
ratio DNA content relative to a proliferation-associated
protein can be used to determine the proportion of cells in
the GO phase relative to the G1 phase of the cell cycle (e.g.,
Kim, et al (2015) Curr Protoc Mol Biol 111:28.6.1-28.6.11).
In some embodiments, DNA content is measured relative to
RNA content. Measuring the ratio of DNA to RNA content
can also be used to quantify cells during the GO phase of the
cell cycle relative to cells in the G1 phase of the cell cycle
(e.g., Gothot (1997) Blood 90:4384-4393). In some embodi-
ments, DNA content is measured relative to RNA content,
wherein RNA content is measured using a dye that labels
RNA in a cell. Non-limiting examples of a RNA-binding dye
include SYTORNA Select, fluorescent styryl dyes, and
Pyronin Y.

[0228] In some embodiments, a label incorporation-based
assay is used to determine a cell’s position in the cell cycle.
A label incorporation-based assay comprises measuring cell
proliferation using a DNA label. Non-limiting examples of
labels incorporated into DNA are bromodeoxyuridine
(BrdU), 5-ethynyl-2'-deoxyuridine (EdU) and tritiated thy-
midine (CH-thymidine or *H-TdR). Cells that are actively
proliferating will incorporate a DNA label into newly syn-
thesized DNA strands. By combining a measure of cell
proliferation using a label incorporated into DNA with a dye
to measure DNA content, the cell cycle phase can be
resolved (Cecchini (2012) J Vis Exp 59:3491). In some
embodiments, a method of measuring the percentage of cells
in S-phase comprises labeling cells with EAU as described
by Pereira, et al. (2017) Oncotarget 8:40514-40532.

[0229] In some embodiments, a dye dilution assay is used
to measure cell proliferation. A dye dilution assay comprises
labeling cells with a fluorescent covalent dye wherein the
dye is covalently attached to cellular proteins following
labeling. During mitosis, the dye is split evenly between
daughter cells and cellular fluorescence is reduced by half
with each cell cycle. Thus, the level of dye fluorescence
measured by a method of fluorescence detection is used to
determine the number of cell divisions that occur following
labeling. In some embodiments, a covalent dye is car-
boxyfluorescein diacetate (CFSE). In some embodiments,
CFSE dilution is measured to determine number of cell
cycles.
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[0230] In some embodiments, a population of the disclo-
sure comprises non-dividing cells, wherein non-dividing
cells are measured as cells in the GO or G1 phase of the cell
cycle. In some embodiments, a population comprises about
10%, about 20%, about 30%, about 40%, about 50%, about
60%, about 70%, about 80%, about 90% or about 100% cells
that are in the GO or G1 phase of the cell cycle. In some
embodiments, a population of the disclosure comprises
quiescent cells, wherein quiescent cells are measured as cells
in the GO phase of the cell cycle. In some embodiments, a
population comprises about 10%, about 20%, about 30%,
about 40%, about 50%, about 60%, about 70%, about 80%,
about 90% or about 100% cells that are in the GO phase of
the cell cycle.

[0231] In some embodiments, a population of the disclo-
sure comprises non-dividing cells (e.g., GO or G1 phase),
wherein non-dividing cells of the population are induced to
divide. In some embodiments, an extrinsic signal is provided
to induce the cells to divide. In some embodiments, upon
addition of an extrinsic signal, the proportion of cells that are
non-dividing decreases by about 5%, by about 10%, by
about 20%, by about 30%, by about 40%, by about 50%, by
about 60%, by about 70%, by about 80%, by about 90%, or
by about 100%. In some embodiments, a population of the
disclosure comprises quiescent cells (e.g., GO phase),
wherein quiescent cells of the population are induced to
divide. In some embodiments, an extrinsic signal is provided
to induce the cells to divide. In some embodiments, upon
addition of an extrinsic signal, the proportion of cells that are
quiescent decreases by about 5%, by about 10%, by about
20%, by about 30%, by about 40%, by about 50%, by about
60%, by about 70%, by about 80%, by about 90%, or by
about 100%.

Genome Editing

[0232] Genome editing generally refers to the process of
editing or changing the nucleotide sequence of a genome,
preferably in a precise, desirable and/or pre-determined
manner. Examples of compositions, systems, and methods
of genome editing described herein use of site-directed
nucleases to cut or cleave DNA at precise target locations in
the genome, thereby creating a double-strand break (DSB)
in the DNA. Such breaks can be repaired by endogenous
DNA repair pathways, such as homology directed repair
(HDR) and/or non-homologous end-joining (NHEJ) repair
(see e.g., Cox et al., (2015) Nature Medicine 21 (2):121-31).
One of the major obstacles to efficient genome editing in
non-dividing cells is lack of homology directed repair
(HDR). Without HDR, non-dividing cells rely on non-
homologous end joining (NHEJ) to repair double-strand
breaks (DSB) that occur in the genome. The results of
NHEJ-mediated DNA repair of DSBs can include correct
repair of the DSB, or deletion or insertion of one or more
nucleotides or polynucleotides.

Donor Polynucleotides

[0233] The disclosure provides donor polynucleotides
that, upon insertion into a DSB, correct or induce a mutation
in a target nucleic acid (e.g., a genomic DNA). In some
embodiments, the donor polynucleotides provided by the
disclosure are recognized and used by the HDR machinery
of a cell to repair a double strand break (DSB) introduced
into a target nucleic acid by a site-directed nuclease, wherein
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repair of the DSB results in the insertion of the donor
polynucleotide into the target nucleic acid. In some embodi-
ments, the donor polynucleotides provided by the disclosure
are recognized and used by the HDR machinery of a cell to
repair a double strand break (DSB) introduced into a target
nucleic acid (e.g., HBB gene) by a site-directed nuclease,
wherein the region proximal to the DSB is exchanged for the
corresponding region provided by the donor polynucleotide.
Alternatively, a donor polynucleotide may have no regions
of homology to the targeted location in the DNA and may be
integrated by NHEJ-dependent end joining following cleav-
age at the target site.

[0234] A donor template can be DNA or RNA, single-
stranded and/or double-stranded, and can be introduced into
a cell in linear or circular form. If introduced in linear form,
the ends of the donor sequence can be protected (e.g., from
exonucleolytic degradation) by methods known to those of
skill in the art. For example, one or more dideoxynucleotide
residues are added to the 3' terminus of a linear molecule
and/or self-complementary oligonucleotides are ligated to
one or both ends. See, for example, Chang et al., (1987)
Proc. Natl. Acad. Sci. USA 84:4959-4963; Nehls et al.,
(1996) Science 272:886-889. Additional methods for pro-
tecting exogenous polynucleotides from degradation
include, but are not limited to, addition of terminal amino
group(s) and the use of modified internucleotide linkages
such as, for example, phosphorothioates, phosphoramidates,
and O-methyl ribose or deoxyribose residues.

[0235] A donor template can be introduced into a cell as
part of a vector molecule having additional sequences such
as, for example, replication origins, promoters and genes
encoding antibiotic resistance. Moreover, a donor template
can be introduced as naked nucleic acid, as nucleic acid
complexed with an agent such as a liposome or poloxamer,
or can be delivered by viruses (e.g., adenovirus, AAV,
herpesvirus, retrovirus, lentivirus and integrase defective
lentivirus (IDLV)).

[0236] A donor template, in some embodiments, is
inserted so that its expression is driven by the endogenous
promoter at the integration site, namely the promoter that
drives expression of the endogenous gene into which the
donor is inserted. In some embodiments, a donor template is
integrated so that its expression is driven by the endogenous
promoter at the integration site, namely the promoter that
drives expression of the endogenous gene into which the
donor is exchanged. However, in some embodiments, the
donor template comprises an exogenous promoter and/or
enhancer, for example a constitutive promoter, an inducible
promoter, or tissue-specific promoter. In some embodi-
ments, the exogenous promoter is an EFla promoter com-
prising a sequence of SEQ ID NO: 59. Other promoters may
be used.

[0237] Furthermore, exogenous sequences may also
include transcriptional or translational regulatory sequences,
for example, promoters, enhancers, insulators, internal ribo-
some entry sites, sequences encoding 2A peptides and/or
polyadenylation signals.

[0238] In some embodiments, the donor polynucleotides
comprise a nucleotide sequence which corrects or induces a
mutation in a genomic DNA (gDNA) molecule in a cell,
wherein when the donor polynucleotide is introduced into
the cell in combination with a site-directed nuclease, a HDR
DNA repair pathway inserts the donor polynucleotide into a
double-stranded DNA break (DSB) introduced into the
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gDNA by the site-directed nuclease at a location proximal to
the mutation, thereby correcting the mutation. In some
embodiments, the donor polynucleotides comprise a nucleo-
tide sequence which corrects or induces a mutation in a
genomic DNA (gDNA) molecule in a cell, wherein when the
donor polynucleotide is introduced into the cell in combi-
nation with a site-directed nuclease, a HDR DNA repair
pathway exchanges a region proximal to a double-stranded
DNA break (DSB) for the corresponding region provided by
the donor polynucleotide, by the site-directed nuclease at a
location proximal to the mutation, thereby correcting the
mutation.

[0239] In some embodiments, the donor polynucleotide
comprises a nucleotide sequence which corrects or induces
a mutation, wherein the nucleotide sequence that corrects or
induces a mutation comprises a single nucleotide. In some
embodiments, the nucleotide sequence which corrects or
induces a mutation comprises two or more nucleotides. In
some embodiments, the nucleotide sequence which corrects
or induces a mutation comprises a codon. In some embodi-
ments, the nucleotide sequence which corrects or induces a
mutation is comprises one or more codons. In some embodi-
ments, the nucleotide sequence which corrects or induces a
mutation comprises an exonic sequence. In some embodi-
ments, the donor polynucleotide comprises a nucleotide
sequence which corrects or induces a mutation, wherein the
nucleotide sequence which corrects or induces a mutation
comprises an intronic sequence. In some embodiments, the
nucleotide sequence which corrects or induces a mutation
comprises all or a portion of an exonic sequence. In some
embodiments, the nucleotide sequence which corrects or
induces a mutation comprises all or a portion of an intronic
sequence. In some embodiments, the nucleotide sequence
which corrects or induces a mutation comprises all or a
portion of an exonic sequence and all or a portion of an
intronic sequence.

[0240] In some embodiments, the donor polynucleotide
sequence is identical to or substantially identical to (having
at least one nucleotide difference) an endogenous sequence
of a target nucleic acid. In some embodiments, the endog-
enous sequence comprises a genomic sequence of the cell.
In some embodiments, the endogenous sequence comprises
a chromosomal or extrachromosomal sequence. In some
embodiments, the donor polynucleotide sequence comprises
a sequence that is substantially identical (comprises at least
one nucleotide difference/change) to a portion of the endog-
enous sequence in a cell at or near the DSB. In some
embodiments, repair of the target nucleic acid molecule with
the donor polynucleotide results in an insertion, deletion, or
substitution of one or more nucleotides of the target nucleic
acid molecule. In some embodiments, the insertion, deletion,
or substitution of one or more nucleotides results in one or
more amino acid changes in a protein expressed from a gene
comprising the target sequence. In some embodiments, the
insertion, deletion, or substitution of one or more nucleo-
tides results in one or more nucleotide changes in an RNA
expressed from the target gene. In some embodiments, the
insertion, deletion, or substitution of one or more nucleo-
tides alters the expression level of the target gene. In some
embodiments, the insertion, deletion, or substitution of one
or more nucleotides results in increased or decreased expres-
sion of the target gene. In some embodiments, the insertion,
deletion, or substitution of one or more nucleotides results in
gene knockdown. In some embodiments, the insertion, dele-
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tion, or substitution of one or more nucleotides results in
gene knockout. In some embodiments, the repair of the
target nucleic acid molecule with the donor polynucleotide
results in replacement of an exon sequence, an intron
sequence, a transcriptional control sequence, a translational
control sequence, a sequence comprising a splicing signal,
or a non-coding sequence of the target gene.

[0241] The donor polynucleotide is of a suitable length to
correct or induce a mutation in a gDNA. In some embodi-
ments, the donor polynucleotide comprises 10, 15, 20, 25,
50, 75, 100 or more nucleotides in length. In some embodi-
ments (for example those described herein where a donor
polynucleotide is incorporated into the cleaved nucleic acid
as an insertion mediated by non-homologous end joining)
the donor polynucleotide has no homology arms. In some
embodiments, to facilitate HDR repair of a DSB, the donor
polynucleotide has flanking homology arms (for example
those described herein where a donor polynucleotide is
incorporated into the cleaved nucleic acid as an insertion
mediated by HDR repair). In some embodiments, the donor
polynucleotide is about 10-100, about 20-80, about 30-70, or
about 40-60 nucleotides in length. In some embodiments,
the donor polynucleotide is about 10-100 nucleotides in
length. In some embodiments, the donor polynucleotide is
about 20-80 nucleotides in length. In some embodiments,
the donor polynucleotide is about 30-70 nucleotides in
length. In some embodiments, the donor polynucleotide is
about 40-60 nucleotides in length. In some embodiments,
the donor polynucleotide is 40, 41, 42, 43, 44, 45, 46, 46, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59 or 60 nucleotides
in length. In some embodiments, the donor polynucleotide is
40 nucleotides in length. In some embodiments, the donor
polynucleotide is 41 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 42 nucleotides in length.
In some embodiments, the donor polynucleotide is 43
nucleotides in length. In some embodiments, the donor
polynucleotide is 44 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 45 nucleotides in length.
In some embodiments, the donor polynucleotide is 46
nucleotides in length. In some embodiments, the donor
polynucleotide is 47 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 48 nucleotides in length.
In some embodiments, the donor polynucleotide is 49
nucleotides in length. In some embodiments, the donor
polynucleotide is 50 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 51 nucleotides in length.
In some embodiments, the donor polynucleotide is 52
nucleotides in length. In some embodiments, the donor
polynucleotide is 53 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 54 nucleotides in length.
In some embodiments, the donor polynucleotide is 55
nucleotides in length. In some embodiments, the donor
polynucleotide is 56 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 57 nucleotides in length.
In some embodiments, the donor polynucleotide is 58
nucleotides in length. In some embodiments, the donor
polynucleotide is 59 nucleotides in length. In some embodi-
ments, the donor polynucleotide is 60 nucleotides in length.

[0242] In some embodiments, a donor polynucleotide
comprising exogenous genetic material is flanked by homol-
ogy arms to allow integration of the exogenous genetic
material by HDR repair of a DSB in a target gene. The
homology arms are designed to anneal to regions of gDNA
that flank a DSB in a target gene. Methods of designing
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homology arms that allow HDR repair of a DSB site in a
target gene are taught in the art. See for example US
20110281361 which is incorporated by reference herein.

[0243] In some embodiments, for HDR repair of a DSB, a
donor polynucleotide comprises a left and right flanking
homology arms that allow annealing to gDNA. In some
embodiments, the homology arms flank the mutation or
correction being introduced at the site of a DSB. In some
embodiments, the homology arms are at least 30-100, at
least 50-200, at least 100-300, at least 100-500, at least
250-1000, at least 500-1500 nucleotides in length. In some
embodiments, the homology arms are at least 100 nucleo-
tides in length. In some embodiments, the homology arms
are at least 200 nucleotides in length. In some embodiments,
the homology arms are at least 300 nucleotides in length. In
some embodiments, the homology arms are at least 400
nucleotides in length. In some embodiments, the homology
arms are at least 500 nucleotides in length. In some embodi-
ments, the homology arms are at least 600 nucleotides in
length. In some embodiments, the homology arms are at
least 700 nucleotides in length. In some embodiments, the
homology arms are at least 800 nucleotides in length. In
some embodiments, the homology arms are at least 900
nucleotides in length. In some embodiments, the homology
arms are at least 1000 nucleotides in length. In some
embodiments, the homology arms are at least 1500 nucleo-
tides in length.

[0244] The rate of HDR is a function of the distance
between the mutation at the DSB cut site. Thus, in some
embodiments, the homology arms are designed to anneal to
gDNA directly adjacent to the site of a DSB. In some
embodiments, a left or right homology arm is designed to
anneal to gDNA no more than 1-10 nucleotides, 5-15, 10-30,
15-40, or 15-50 nucleotides from the DSB site in a target
gene. In some embodiments, a left or right homology arm is
designed to anneal to gDNA no more than 1 nucleotide from
the DSB site in a target gene. In some embodiments, a left
or right homology arm is designed to anneal to gDNA no
more than 2 nucleotides from the DSB site in a target gene.
In some embodiments, a left or right homology arm is
designed to anneal to gDNA no more than 3 nucleotides
from the DSB site in a target gene. In some embodiments,
a left or right homology arm is designed to anneal to gDNA
no more than 4 nucleotides from the DSB site in a target
gene. In some embodiments, a left or right homology arm is
designed to anneal to gDNA no more than 5 nucleotides
from the DSB site in a target gene. In some embodiments,
a left or right homology arm is designed to anneal to gDNA
no more than 6 nucleotides from the DSB site in a target
gene. In some embodiments, a left or right homology arm is
designed to anneal to gDNA no more than 7 nucleotides
from the DSB site in a target gene. In some embodiments,
a left or right homology arm is designed to anneal to gDNA
no more than 8 nucleotides from the DSB site in a target
gene. In some embodiments, a left or right homology arm is
designed to anneal to gDNA no more than 9 nucleotides
from the DSB site in a target gene. In some embodiments,
a left or right homology arm is designed to anneal to gDNA
no more than 10 nucleotides from the DSB site in a target
gene.

[0245] In some embodiments, the homology arms of a
donor polynucleotide are fully complimentary to gDNA
flanking a DSB site in a target gene. In some embodiments,
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the homology arms of a donor polynucleotide have sufficient
complimentary to gDNA flanking a DSB site in a target gene
to allow HDR repair.

[0246] In some embodiments, a donor polynucleotide pro-
vided by the disclosure comprises an intronic sequence. In
some embodiments, the donor polynucleotide comprises an
intronic sequence which corrects or induces a mutation in a
gDNA. In some embodiments, the donor polynucleotide
comprises an exonic sequence. In some embodiments, the
donor polynucleotide comprises an exonic sequence which
corrects or induces a mutation in a gDNA.

Methods of Making and Testing Donor Polynucleotides

[0247] The donor polynucleotides provided by the disclo-
sure are produced by suitable DNA synthesis method or
means known in the art. DNA synthesis is the natural or
artificial creation of deoxyribonucleic acid (DNA) mol-
ecules. The term DNA synthesis refers to DNA replication,
DNA biosynthesis (e.g., in vivo DNA amplification), enzy-
matic DNA synthesis (e.g., polymerase chain reaction
(PCR); in vitro DNA amplification) or chemical DNA
synthesis.

[0248] In some embodiments, each strand of the donor
polynucleotide is produced by oligonucleotide synthesis.
Oligonucleotide synthesis is the chemical synthesis of rela-
tively short fragments or strands of single-stranded nucleic
acids with a defined chemical structure (sequence). Methods
of oligonucleotide synthesis are known in the art (see e.g.,
Reese (2005) Organic & Biomolecular Chemistry 3(21):
3851). The two strands can then be annealed together or
duplexed to form a donor polynucleotide.

[0249] Insome aspects, the insertion of a donor polynucle-
otide into a DSB is determined by a suitable method known
in the art. For example, after the insertional event, the
nucleotide sequence of PCR amplicons generated using PCR
primer that flank the DSB site is analyzed for the presence
of the nucleotide sequence comprising the donor polynucle-
otide. Next-generation sequencing (NGS) techniques are
used to determine the extent of donor polynucleotide inser-
tion into a DSB analyzing PCR amplicons for the presence
or absence of the donor polynucleotide sequence. Further,
since each donor polynucleotide is a linear, dsDNA mol-
ecule, which can insert in either of two orientations, NGS
analysis can be used to determine the extent of insertion of
the donor polynucleotide in either direction.

[0250] In some aspects, the insertion of the donor poly-
nucleotide and its ability to correct a mutation is determined
by nucleotide sequence analysis of mRNA transcribed from
the gDNA into which the donor polynucleotide is inserted.
An mRNA transcribed from gDNA containing an inserted
donor polynucleotide is analyzed by a suitable method
known in the art. For example, conversion of mRNA
extracted from cells treated or contacted with a donor
polynucleotide or system provided by the disclosure is
enzymatically converted into cDNA, which is further by
analyzed by NGS analysis to determine the extent of mRNA
molecule comprising the corrected mutation.

[0251] In other aspects, the insertion of a donor polynucle-
otide and its ability to correct a mutation is determined by
protein sequence analysis of a polypeptide translated from
an mRNA transcribed from the gDNA into which the donor
polynucleotide is inserted. In some embodiments, a donor
polynucleotide corrects or induces a mutation by the incor-
poration of a codon into an exon that makes an amino acid
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change in a gene comprising a gDNA molecule, wherein
translation of an mRNA from the gene containing the
inserted donor polynucleotide generates a polypeptide com-
prising the amino acid change. The amino acid change in the
polypeptide is determined by protein sequence analysis
using techniques including, but not limited to, Sanger
sequencing, mass spectrometry, functional assays that mea-
sure an enzymatic activity of the polypeptide, or immuno-
blotting using an antibody reactive to the amino acid change.

Use of Donor Polynucleotides to Correct or Induce a
Mutation

[0252] Insome embodiments, a donor polynucleotide pro-
vided by the disclosure is used to correct or induce a
mutation in a gDNA in a cell by insertion of the donor
polynucleotide into a target nucleic acid (e.g., gDNA) at a
cleavage site (e.g., a DSB) induced by a site-directed nucle-
ase, such as those described herein. In some embodiments,
a donor polynucleotide provided by the disclosure is used to
correct or induce a mutation in a gDNA in a cell by
exchanging a region proximal to a cleavage site (e.g., a
DSB) for the corresponding region provided by the donor
polynucleotide in a target nucleic acid (e.g., gDNA),
induced by a site-directed nuclease, such as those described
herein. In some embodiments, HDR DNA repair mecha-
nisms of the cell repair the DSB using the donor polynucle-
otide, thereby inserting the donor polynucleotide into the
DSB and adding the nucleotide sequence of the donor
polynucleotide to the gDNA. In some embodiments, HDR
DNA repair mechanisms of the cell repair the DSB using the
donor polynucleotide, thereby exchanging a region proximal
to a cleavage site (e.g., a DSB) for the corresponding region
provided by the donor polynucleotide and adding the
nucleotide sequence of the donor polynucleotide to the
gDNA. In some embodiments, the donor polynucleotide
comprises a nucleotide sequence which corrects a disease-
causing mutation in a gDNA in a cell. In some embodiments,
the donor polynucleotide is inserted at a location proximal to
the mutation, thereby correcting the mutation. In some
embodiments, the donor polynucleotide is exchanged at a
location proximal to the mutation, thereby correcting the
mutation In some embodiments, the mutation is a substitu-
tion, missense, nonsense, insertion, deletion or frameshift
mutation. In some embodiments the mutation is in an exon.
In some embodiments, the mutation is a substitution, inser-
tion or deletion and is located in an intron. In some embodi-
ments, the mutation is proximal to a cleavage site in a
gDNA. In some embodiments, the mutation is a protein-
coding mutation. In some embodiments, the mutation is
associated with or causes a disease.

[0253] In some embodiments, the donor polynucleotide is
inserted into the DSB by HDR DNA repair. In some embodi-
ments, the donor polynucleotide is exchanged a location
proximal to the DSB by HDR DNA repair. In some embodi-
ments, the donor polynucleotide, a portion of the donor
polynucleotide is inserted into the target nucleic acid cleav-
age site by HDR DNA repair. In some embodiments, the
donor polynucleotide, a portion of the donor polynucleotide
is exchanged proximal to a target nucleic acid cleavage site
by HDR DNA repair. In certain aspects, insertion of a donor
polynucleotide into the target nucleic acid via HDR repair
can result in, for example, mutations, deletions, alterations,
integrations, gene correction, gene replacement, gene tag-
ging, transgene insertion, nucleotide deletion, gene disrup-
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tion, translocations and/or gene mutation of the endogenous
gene sequence. In certain aspects, exchange of a donor
polynucleotide into the target nucleic acid via HDR repair
can result in, for example, mutations, deletions, alterations,
integrations, gene correction, gene replacement, gene tag-
ging, transgene insertion, nucleotide deletion, gene disrup-
tion, translocations and/or gene mutation of the endogenous
gene sequence.

[0254] In some embodiments, the disease-causing muta-
tion in the HBB gene results in an E7V amino acid substi-
tution in the human beta-globin protein. In some embodi-
ments, the disclosure provides donor polynucleotides used
to repair a DSB introduced into a target nucleic acid mol-
ecule (e.g., gDNA) by a site-directed nuclease (e.g., Cas9) in
a cell. In some embodiments, the donor polynucleotide is
used by the HDR repair pathway of the cell to repair the
DSB in the target nucleic acid molecule. In some embodi-
ments, the site-directed nuclease is a Cas nuclease. In some
embodiments, the Cas nuclease is Cas9. The site-directed
nucleases described herein can introduce DSB in target
nucleic acids (e.g., genomic DNA) in a cell. The introduc-
tion of a DSB in the genomic DNA of a cell, induced by a
site-directed nuclease, will stimulate the endogenous DNA
repair pathways, such as those described herein. The HDR
pathway can be used to insert a polynucleotide (e.g., a donor
polynucleotide) into the DSB during repair.

[0255] Accordingly, in some embodiments, a single donor
polynucleotide or multiple copies of the same donor poly-
nucleotide are provided. In other embodiments, two or more
donor polynucleotides are provided such that repair may
occur at two or more target sites. For example, different
donor polynucleotides are provided to repair a single gene in
a cell, or two different genes in a cell. In some embodiments,
the different donor polynucleotides are provided in indepen-
dent copy numbers.

[0256] In some embodiments, the donor polynucleotide is
incorporated into the target nucleic acid as an insertion
mediated by HDR. In some embodiments, the donor poly-
nucleotide sequence has no similarity to the nucleic acid
sequence near the cleavage site. In some embodiments, a
single donor polynucleotide or multiple copies of the same
donor polynucleotide are provided. In other embodiments,
two or more donor polynucleotides having different
sequences are inserted at two or more sites by non-homolo-
gous end joining. In some embodiments, the different donor
polynucleotides are provided in independent copy numbers.

Systems for Genome Editing

[0257] Insome aspects, the disclosure provide systems for
correcting a mutation in a genomic DNA molecule. In some
embodiments, the system comprises an site-directed nucle-
ase, such as a CRISPR/Cas system and optionally a gRNA,
and a donor polynucleotide, such as those described herein.
In some embodiments of the present disclosure, the system
comprises an engineered nuclease. In some embodiments,
the system comprises a site-directed nuclease. In some
embodiments, the site-directed nuclease comprises a
CRISPR/Cas nuclease system. In some embodiments, the
Cas nuclease is Cas9. In some embodiments, the guide RNA
comprising the CRISPR/Cas system is an sgRNA.

CRISPR/Cas Nuclease Systems

[0258] Naturally-occurring CRISPR/Cas systems are
genetic defense systems that provides a form of acquired
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immunity in prokaryotes. CRISPR is an abbreviation for
Clustered Regularly Interspaced Short Palindromic Repeats,
a family of DNA sequences found in the genomes of bacteria
and archaea that contain fragments of DNA (spacer DNA)
with similarity to foreign DNA previously exposed to the
cell, for example, by viruses that have infected or attacked
the prokaryote. These fragments of DNA are used by the
prokaryote to detect and destroy similar foreign DNA upon
re-introduction, for example, from similar viruses during
subsequent attacks. Transcription of the CRISPR locus
results in the formation of an RNA molecule comprising the
spacer sequence, which associates with and targets Cas
(CRISPR-associated) proteins able to recognize and cut the
foreign, exogenous DNA. Numerous types and classes of
CRISPR/Cas systems have been described (see e.g., Koonin
et al., (2017) Curr Opin Microbiol 37:67-78).

[0259] Engineered versions of CRISPR/Cas systems has
been developed in numerous formats to mutate or edit
genomic DNA of cells from other species. The general
approach of using the CRISPR/Cas system involves the
heterologous expression or introduction of a site-directed
nuclease (e.g.: Cas nuclease) in combination with a guide
RNA (gRNA) into a cell, resulting in a DNA cleavage event
(e.g., the formation a single-strand or double-strand break
(SSB or DSB)) in the backbone of the cell’s genomic DNA
at a precise, targetable location. The manner in which the
DNA cleavage event is repaired by the cell provides the
opportunity to edit the genome by the addition, removal, or
modification (substitution) of DNA nucleotide(s) or
sequences (e.g., genes).

Cas Nuclease

[0260] In some embodiments, the disclosure provides
compositions and systems (e.g., an engineered CRISPR/Cas
system) comprising a site-directed nuclease, wherein the
site-directed nuclease is a Cas nuclease. The Cas nuclease
may comprise at least one domain that interacts with a guide
RNA (gRNA). Additionally, the Cas nuclease are directed to
a target sequence by a guide RNA. The guide RNA interacts
with the Cas nuclease as well as the target sequence such
that, once directed to the target sequence, the Cas nuclease
is capable of cleaving the target sequence. In some embodi-
ments, the guide RNA provides the specificity for the
cleavage of the target sequence, and the Cas nuclease are
universal and paired with different guide RNAs to cleave
different target sequences.

[0261] In some embodiments, the CRISPR/Cas system
comprise components derived from a Type-I, Type-II, or
Type-1Il system. Updated classification schemes for
CRISPR/Cas loci define Class 1 and Class 2 CRISPR/Cas
systems, having Types [ to V or VI (Makarova et al., (2015)
Nat Rev Microbiol, 13(11):722-36; Shmakov et al., (2015)
Mol Cell, 60:385-397). Class 2 CRISPR/Cas systems have
single protein effectors. Cas proteins of Types II, V, and VI
are single-protein, RNA-guided endonucleases, herein
called “Class 2 Cas nucleases.” Class 2 Cas nucleases
include, for example, Cas9, Cpfl, C2cl, C2c2, and C2c3
proteins. The Cpfl nuclease (Zetsche et al., (2015) Cell
163:1-13) is homologous to Cas9, and contains a RuvC-like
nuclease domain.

[0262] In some embodiments, the Cas nuclease are from a
Type-1I CRISPR/Cas system (e.g., a Cas9 protein from a
CRISPR/Cas9 system). In some embodiments, the Cas
nuclease are from a Class 2 CRISPR/Cas system (a single-
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protein Cas nuclease such as a Cas9 protein or a Cpfl
protein). The Cas9 and Cpfl family of proteins are enzymes
with DNA endonuclease activity, and they can be directed to
cleave a desired nucleic acid target by designing an appro-
priate guide RNA, as described further herein.

[0263] A Type-II CRISPR/Cas system component are
from a Type-IIA, Type-IIB, or Type-IIC system. Cas9 and its
orthologs are encompassed. Non-limiting exemplary species
that the Cas9 nuclease or other components are from include
Streptococcus pyogenes, Streptococcus thermophilus, Strep-
tococcus sp., Staphylococcus aureus, Listeria innocua, Lac-
tobacillus gasseri, Francisella novicida, Wolinella succino-
genes, Sutterella wadsworthensis, Gamma proteobacterium,
Neisseria meningitidis, Campylobacter jejuni, Pasteurella
multocida, Fibrobacter succinogene, Rhodospirillum
rubrum, Nocardiopsis dassonvillei, Streptomyces pristin-
aespiralis, Streptomyces viridochromogenes, Streptomyces
viridochromogenes, Streptosporangium roseum, Streptospo-
rangium roseum, Alicyclobacillus acidocaldarius, Bacillus
pseudomycoides, Bacillus selenitiveducens, Exiguobacte-
rium sibiricum, Lactobacillus delbrueckii, Lactobacillus
salivarius, Lactobacillus buchneri, Treponema denticola,
Microscilla marina, Burkholderiales bacterium, Polaromo-
nas naphthalenivorans, Polaromonas sp., Crocosphaera
watsonii, Cyanothece sp., Microcystis aeruginosa, Syn-
echococcus sp., Acetohalobium arabaticum, Ammonifex
degensii, Caldicelulosiruptor becscii, Candidatus Desulfo-
rudis, Clostridium botulinum, Clostridium difficile, Finegol-
dia magna, Natranaerobius thermophilus, Pelotomaculum
the rmopropionicum, Acidithiobacillus caldus, Acidithioba-
cillus ferrooxidans, Allochromatium vinosum, Marinobacter
sp., Nitrosococcus halophilus, Nitrosococcus watsoni,
Pseudoalteromonas haloplanktis, Ktedonobacter racemifer,
Methanohalobium evestigatum, Anabaena variabilis, Nodu-
laria  spumigena, Nostoc sp., Arthrospira maxima,
Arthrospira platensis, Arthrospira sp., Lyngbya sp., Micro-
coleus chthonoplastes, Oscillatoria sp., Petrotoga mobilis,
Thermosipho africanus, Streptococcus pasteurianus, Neis-
seria cinerea, Campylobacter lari, Parvibaculum lavamen-
tivorans, Corynebacterium diphtheria, or Acaryochloris
marina. In some embodiments, the Cas9 protein are from
Streptococcus pyogenes (SpCas9). In some embodiments,
the Cas9 protein are from Streptococcus thermophilus
(StCas9). In some embodiments, the Cas9 protein are from
Neisseria meningitides (NmCas9). In some embodiments,
the Cas9 protein are from Staphylococcus aureus (SaCas9).
In some embodiments, the Cas9 protein are from Campy-
lobacter jejuni (CjCas9).

[0264] In some embodiments, a Cas nuclease may com-
prise more than one nuclease domain. For example, a Cas9
nuclease may comprise at least one RuvC-like nuclease
domain (e.g., Cpfl) and at least one HNH-like nuclease
domain (e.g., Cas9). In some embodiments, the Cas9 nucle-
ase introduces a DSB in the target sequence. In some
embodiments, the Cas9 nuclease is modified to contain only
one functional nuclease domain. For example, the Cas9
nuclease is modified such that one of the nuclease domains
is mutated or fully or partially deleted to reduce its nucleic
acid cleavage activity. In some embodiments, the Cas9
nuclease is modified to contain no functional RuvC-like
nuclease domain. In other embodiments, the Cas9 nuclease
uis modified to contain no functional HNH-like nuclease
domain. In some embodiments in which only one of the
nuclease domains is functional, the Cas9 nuclease is a
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nickase that is capable of introducing a single-stranded
break (a “nick™) into the target sequence. In some embodi-
ments, a conserved amino acid within a Cas9 nuclease
nuclease domain is substituted to reduce or alter a nuclease
activity. In some embodiments, the Cas nuclease nickase
comprises an amino acid substitution in the RuvC-like
nuclease domain. Exemplary amino acid substitutions in the
RuvC-like nuclease domain include D10A (based on the S.
pyogenes Cas9 nuclease). In some embodiments, the nickase
comprises an amino acid substitution in the HNH-like
nuclease domain. Exemplary amino acid substitutions in the
HNH-like nuclease domain include E762A, HS840A,
N863A, HI83 A, and DI86A (based on the S. pyogenes Cas9
nuclease). In some embodiments, the nuclease system
described herein comprises a nickase and a pair of guide
RNAs that are complementary to the sense and antisense
strands of the target sequence, respectively. The guide RNAs
directs the nickase to target and introduce a DSB by gen-
erating a nick on opposite strands of the target sequence (i.e.,
double nicking). Chimeric Cas9 nucleases are used, where
one domain or region of the protein is replaced by a portion
of a different protein. For example, a Cas9 nuclease domain
is replaced with a domain from a different nuclease such as
Fokl. A Cas9 nuclease is a modified nuclease.

[0265] In alternative embodiments, the Cas nuclease is
from a Type-1 CRISPR/Cas system. In some embodiments,
the Cas nuclease is a component of the Cascade complex of
a Type-I CRISPR/Cas system. For example, the Cas nucle-
ase is a Cas3 nuclease. In some embodiments, the Cas
nuclease is derived from a Type-III CRISPR/Cas system. In
some embodiments, the Cas nuclease is derived from Type-
IV CRISPR/Cas system. In some embodiments, the Cas
nuclease is derived from a Type-V CRISPR/Cas system. In
some embodiments, the Cas nuclease is derived from a
Type-VI CRISPR/Cas system.

Guide RNAs (gRNAs)

[0266] Engineered CRISPR/Cas systems comprise at least
two components: 1) a guide RNA (gRNA) molecule and 2)
a Cas nuclease, which interact to form a gRNA/Cas nuclease
complex. A gRNA comprises at least a user-defined targeting
domain termed a “spacer” comprising a nucleotide sequence
and a CRISPR repeat sequence. In engineered CRISPR/Cas
systems, a gRNA/Cas nuclease complex is targeted to a
specific target sequence of interest within a target nucleic
acid (e.g., a genomic DNA molecule) by generating a gRNA
comprising a spacer with a nucleotide sequence that is able
to bind to the specific target sequence in a complementary
fashion (See Jinek et al., Science, 337, 816-821 (2012) and
Deltcheva et al., Nature, 471, 602-607 (2011)). Thus, the
spacer provides the targeting function of the gRNA/Cas
nuclease complex.

[0267] In naturally-occurring type II-CRISPR/Cas sys-
tems, the “gRNA” is comprised of two RNA strands: 1) a
CRISPR RNA (crRNA) comprising the spacer and CRISPR
repeat sequence, and 2) a trans-activating CRISPR RNA
(tractRNA). In Type II-CRISPR/Cas systems, the portion of
the crRNA comprising the CRISPR repeat sequence and a
portion of the tracrRNA hybridize to form a crRNA:
tracrRNA duplex, which interacts with a Cas nuclease (e.g.,
Cas9). As used herein, the terms “split gRNA” or “modular
gRNA” refer to a gRNA molecule comprising two RNA
strands, wherein the first RNA strand incorporates the
crRNA function(s) and/or structure and the second RNA
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strand incorporates the tracrRNA function(s) and/or struc-
ture, and wherein the first and second RNA strands partially
hybridize.

[0268] Accordingly, in some embodiments, a gRNA pro-
vided by the disclosure comprises two RNA molecules. In
some embodiments, the gRNA comprises a CRISPR RNA
(crRNA) and a trans-activating CRISPR RNA (tracrRNA).
In some embodiments, the gRNA is a split gRNA. In some
embodiments, the gRNA is a modular gRNA. In some
embodiments, the split gRNA comprises a first strand com-
prising, from 5' to 3', a spacer, and a first region of comple-
mentarity; and a second strand comprising, from 5' to 3', a
second region of complementarity; and optionally a tail
domain.

[0269] In some embodiments, the crRNA comprises a
spacer comprising a nucleotide sequence that is complemen-
tary to and hybridizes with a sequence that is complemen-
tary to the target sequence on a target nucleic acid (e.g., a
genomic DNA molecule). In some embodiments, the crRNA
comprises a region that is complementary to and hybridizes
with a portion of the tracrRNA.

[0270] Insome embodiments, the tracrRNA may comprise
all or a portion of a wild-type tracrRNA sequence from a
naturally-occurring CRISPR/Cas system. In some embodi-
ments, the tracrRNA may comprise a truncated or modified
variant of the wild-type tracr RNA. The length of the tracr
RNA may depend on the CRISPR/Cas system used. In some
embodiments, the tractRNA may comprise 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, 60, 70,
80, 90, 100, or more than 100 nucleotides in length. In
certain embodiments, the tracrRNA is at least 26 nucleotides
in length. In additional embodiments, the tracrRNA is at
least 40 nucleotides in length. In some embodiments, the
tracrRNA may comprise certain secondary structures, such
as, e.g., one or more hairpins or stem-loop structures, or one
or more bulge structures.

Single Guide RNA (sgRNA)

[0271] Engineered CRISPR/Cas nuclease systems often
combine a crRNA and a tracrRNA into a single RNA
molecule, referred to herein as a “single guide RNA”
(sgRNA), by adding a linker between these components.
Without being bound by theory, similar to a duplexed
crRNA and tracrRNA, an sgRNA will form a complex with
a Cas nuclease (e.g., Cas9), guide the Cas nuclease to a
target sequence and activate the Cas nuclease for cleavage
the target nucleic acid (e.g., genomic DNA). Accordingly, in
some embodiments, the gRNA may comprise a crRNA and
a tracrRNA that are operably linked. In some embodiments,
the sgRNA may comprise a crRNA covalently linked to a
tracrRNA. In some embodiments, the crRNA and the
tracrRNA is covalently linked via a linker. In some embodi-
ments, the sgRNA may comprise a stem-loop structure via
base pairing between the crRNA and the tracrRNA. In some
embodiments, a sgRNA comprises, from 5' to 3', a spacer, a
first region of complementarity, a linking domain, a second
region of complementarity, and, optionally, a tail domain.
[0272] The sgRNA can comprise a 20 nucleotide spacer
sequence at the 5' end of the sgRNA sequence. The sgRNA
can comprise a less than 20 nucleotide spacer sequence at
the 5' end of the sgRNA sequence. The sgRNA can comprise
a more than 20 nucleotide spacer sequence at the 5' end of
the sgRNA sequence. The sgRNA can comprise a variable
length spacer sequence with 17-30 nucleotides at the 5' end
of the sgRNA sequence as set forth by SEQ ID NO: 1.
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[0273] The sgRNA can comprise no uracil at the 3' end of
the sgRNA sequence. The sgRNA can comprise one or more
uracil at the 3' end of the sgRNA sequence. For example, the
sgRNA can comprise 1 uracil (U) at the 3' end of the sgRNA
sequence. The sgRNA can comprise 2 uracil (UU) at the 3'
end of the sgRNA sequence. The sgRNA can comprise 3
uracil (UUU) at the 3' end of the sgRNA sequence. The
sgRNA can comprise 4 uracil (UUUU) at the 3' end of the
sgRNA sequence. The sgRNA can comprise 5 uracil
(UUUUU) at the 3' end of the sgRNA sequence. The sgRNA
can comprise 6 uracil (UUUUUU) at the 3' end of the
sgRNA sequence. The sgRNA can comprise 7 uracil
(UUUUUUU) at the 3' end of the sgRNA sequence. The
sgRNA can comprise 8 uracil (UUUUUUUU) at the 3' end
of the sgRNA sequence.

[0274] The sgRNA can be unmodified or modified. For
example, modified sgRNAs can comprise one or more
2'-0O-methyl phosphorothioate nucleotides.

[0275] By way of illustration, guide RNAs used in the
CRISPR/Cas system, or other smaller RNAs can be readily
synthesized by chemical means, as illustrated herein and
described in the art. While chemical synthetic procedures are
continually expanding, purifications of such RNAs by pro-
cedures such as high performance liquid chromatography
(HPLC, which avoids the use of gels such as PAGE) tends
to become more challenging as polynucleotide lengths
increase significantly beyond a hundred or so nucleotides.
One approach used for generating RNAs of greater length is
to produce two or more molecules that are ligated together.
Much longer RNAs, such as those encoding a Cas9 endo-
nuclease, are more readily generated enzymatically. Various
types of RNA modifications can be introduced during or
after chemical synthesis and/or enzymatic generation of
RNAs, e.g., modifications that enhance stability, reduce the
likelihood or degree of innate immune response, and/or
enhance other attributes, as described in the art.

Spacers

[0276] In some embodiments, the gRNAs provided by the
disclosure comprise a spacer sequence. A spacer sequence is
a sequence that defines the target site of a target nucleic acid
(e.g.: DNA). The target nucleic acid is a double-stranded
molecule: one strand comprises the target sequence adjacent
to a PAM sequence and is referred to as the “PAM strand,”
and the second strand is referred to as the “non-PAM strand”
and is complementary to the PAM strand and target
sequence. Both gRNA spacer and the target sequence are
complementary to the non-PAM strand of the target nucleic
acid. The gRNA spacer sequence hybridizes to the comple-
mentary strand (e.g.: the non-PAM strand of the target
nucleic acid/target site). In some embodiments, the spacer is
sufficiently complementary to the complementary strand of
the target sequence (e.g.: non-PAM strand), as to target a Cas
nuclease to the target nucleic acid. In some embodiments,
the spacer is at least 80%, 85%, 90% or 95% complementary
to the non-PAM strand of the target nucleic acid. In some
embodiments, the spacer is 100% complementary to the
non-PAM strand of the target nucleic acid. In some embodi-
ments, the spacer comprises 1, 2, 3, 4, 5, 6 or more
nucleotides that are not complementary with the non-PAM
strand of the target nucleic acid. In some embodiments, the
spacer comprises 1 nucleotide that is not complementary
with the non-PAM strand of the target nucleic acid. In some
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embodiments, the spacer comprises 2 nucleotides that are
not complementary with the non-PAM strand of the target
nucleic acid.

[0277] In some embodiments, the 5' most nucleotide of
gRNA comprises the 5' most nucleotide of the spacer. In
some embodiments, the spacer is located at the 5' end of the
crRNA. In some embodiments, the spacer is located at the 5'
end of the sgRNA. In some embodiments, the spacer is about
15-50, about 20-45, about 25-40 or about 30-35 nucleotides
in length. In some embodiments, the spacer is about 19-22
nucleotides in length. In some embodiments the spacer is
about 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29 or 30 nucleotides in length. In some embodiments the
spacer is 19 nucleotides in length. In some embodiments, the
spacer is 20 nucleotides in length, in some embodiments, the
spacer is 21 nucleotides in length.

[0278] In some embodiments, the nucleotide sequence of
the target sequence and the PAM comprises the formula §'
Nio.5;-N-R-G-3' (SEQ ID NO: 63), wherein N is any
nucleotide, and wherein R is a nucleotide comprising the
nucleobase adenine (A) or guanine (G), and wherein the
three 3' terminal nucleic acids, N-R-G represent the S.
pyogenes PAM (SEQ ID NO: 64). In some embodiments, the
nucleotide sequence of the spacer is designed or chosen
using a computer program. The computer program can use
variables, such as predicted melting temperature, secondary
structure formation, predicted annealing temperature,
sequence identity, genomic context, chromatin accessibility,
% GC, frequency of genomic occurrence (e.g., of sequences
that are identical or are similar but vary in one or more spots
as a result of mismatch, insertion or deletion), methylation
status, and/or presence of SNPs.

[0279] In some embodiments, the spacer comprise at least
one or more modified nucleotide(s) such as those described
herein. The disclosure provides gRNA molecules compris-
ing a spacer which may comprise the nucleobase uracil (U),
while any DNA encoding a gRNA comprising a spacer
comprising the nucleobase uracil (U) will comprise the
nucleobase thymine (T) in the corresponding position(s).

Methods of Making gRNAs

[0280] The gRNAs of the present disclosure is produced
by a suitable means available in the art, including but not
limited to in vitro transcription (IVT), synthetic and/or
chemical synthesis methods, or a combination thereof.
Enzymatic (IVT), solid-phase, liquid-phase, combined syn-
thetic methods, small region synthesis, and ligation methods
are utilized. In one embodiment, the gRNAs are made using
IVT enzymatic synthesis methods. Methods of making poly-
nucleotides by IVT are known in the art and are described
in International Application PCT/US2013/30062. Accord-
ingly, the present disclosure also includes polynucleotides,
e.g., DNA, constructs and vectors are used to in vitro
transcribe a gRNA described herein.

[0281] In some aspects, non-natural modified nucleobases
are introduced into polynucleotides, e.g., gRNA, during
synthesis or post-synthesis. In certain embodiments, modi-
fications are on internucleoside linkages, purine or pyrimi-
dine bases, or sugar. In particular embodiments, the modi-
fication is introduced at the terminal of a polynucleotide;
with chemical synthesis or with a polymerase enzyme.
Examples of modified nucleic acids and their synthesis are
disclosed in PCT application No. PCT/US2012/058519.
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Synthesis of modified polynucleotides is also described in
Verma and Eckstein, Annual Review of Biochemistry, vol.
76, 99-134 (1998).

[0282] In some aspects, enzymatic or chemical ligation
methods are used to conjugate polynucleotides or their
regions with different functional moieties, such as targeting
or delivery agents, fluorescent labels, liquids, nanoparticles,
etc. Conjugates of polynucleotides and modified polynucle-
otides are reviewed in Goodchild, Bioconjugate Chemistry,
vol. 1(3), 165-187 (1990).

[0283] Certain embodiments of the invention also provide
nucleic acids, e.g., vectors, encoding gRNAs described
herein. In some embodiments, the nucleic acid is a DNA
molecule. In other embodiments, the nucleic acid is an RNA
molecule. In some embodiments, the nucleic acid comprises
a nucleotide sequence encoding a crRNA. In some embodi-
ments, the nucleotide sequence encoding the crRNA com-
prises a spacer flanked by all or a portion of a repeat
sequence from a naturally-occurring CRISPR/Cas system.
In some embodiments, the nucleic acid comprises a nucleo-
tide sequence encoding a tractRNA. In some embodiments,
the crRNA and the tracrRNA is encoded by two separate
nucleic acids. In other embodiments, the crRNA and the
tractrRNA is encoded by a single nucleic acid. In some
embodiments, the crRNA and the tracrRNA is encoded by
opposite strands of a single nucleic acid. In other embodi-
ments, the crRNA and the tracrRNA is encoded by the same
strand of a single nucleic acid.

[0284] In some embodiments, the gRNAs provided by the
disclosure are chemically synthesized by any means
described in the art (see e.g., W0/2005/01248). While
chemical synthetic procedures are continually expanding,
purifications of such RNAs by procedures such as high
performance liquid chromatography (HPLC, which avoids
the use of gels such as PAGE) tends to become more
challenging as polynucleotide lengths increase significantly
beyond a hundred or so nucleotides. One approach used for
generating RNAs of greater length is to produce two or more
molecules that are ligated together.

[0285] In some embodiments, the gRNAs provided by the
disclosure are synthesized by enzymatic methods (e.g., in
vitro transcription, IVT).

[0286] Various types of RNA modifications can be intro-
duced during or after chemical synthesis and/or enzymatic
generation of RNAs, e.g., modifications that enhance sta-
bility, reduce the likelihood or degree of innate immune
response, and/or enhance other attributes, as described in the
art.

[0287] In certain embodiments, more than one guide RNA
can be used with a CRISPR/Cas nuclease system. Each
guide RNA may contain a different targeting sequence, such
that the CRISPR/Cas system cleaves more than one target
nucleic acid. In some embodiments, one or more guide
RNAs may have the same or differing properties such as
activity or stability within the Cas9 RNP complex. Where
more than one guide RNA is used, each guide RNA can be
encoded on the same or on different vectors. The promoters
used to drive expression of the more than one guide RNA is
the same or different.

[0288] The guide RNA may target any sequence of interest
via the targeting sequence (e.g. spacer sequence) of the
crRNA. In some embodiments, the degree of complemen-
tarity between the targeting sequence of the guide RNA and
the target sequence on the target nucleic acid molecule is
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about 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 97%,
98%, 99%, or 100%. In some embodiments, the targeting
sequence of the guide RNA and the target sequence on the
target nucleic acid molecule is 100% complementary. In
other embodiments, the targeting sequence of the guide
RNA and the target sequence on the target nucleic acid
molecule may contain at least one mismatch. For example,
the targeting sequence of the guide RNA and the target
sequence on the target nucleic acid molecule may contain 1,
2,3,4,5,6,7,8, 9, or 10 mismatches. In some embodiments,
the targeting sequence of the guide RNA and the target
sequence on the target nucleic acid molecule may contain
1-6 mismatches. In some embodiments, the targeting
sequence of the guide RNA and the target sequence on the
target nucleic acid molecule may contain 5 or 6 mismatches.

[0289] The length of the targeting sequence may depend
on the CRISPR/Cas9 system and components used. For
example, different Cas9 proteins from different bacterial
species have varying optimal targeting sequence lengths.
Accordingly, the targeting sequence may comprise 5, 6, 7, 8,
9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28, 29, 30, 35, 40, 45, 50, or more than 50
nucleotides in length. In some embodiments, the targeting
sequence may comprise 18-24 nucleotides in length. In
some embodiments, the targeting sequence may comprise
19-21 nucleotides in length. In some embodiments, the
targeting sequence may comprise 20 nucleotides in length.

[0290] In some embodiments of the present disclosure, a
CRISPR/Cas nuclease system includes at least one guide
RNA. In some embodiments, the guide RNA and the Cas
protein may form a ribonucleoprotein (RNP), e.g., a
CRISPR/Cas complex. The guide RNA may guide the Cas
protein to a target sequence on a target nucleic acid molecule
(e.g., a genomic DNA molecule), where the Cas protein
cleaves the target nucleic acid. In some embodiments, the
CRISPR/Cas complex is a Cpfl/guide RNA complex. In
some embodiments, the CRISPR complex is a Type-II
CRISPR/Cas9 complex. In some embodiments, the Cas
protein is a Cas9 protein. In some embodiments, the
CRISPR/Cas9 complex is a Cas9/guide RNA complex.

Engineered Nucleases

[0291] In additional embodiments, the donor polynucle-
otides provided by the disclosure are used in combination
with a site-directed nuclease, wherein the site-directed
nuclease is an engineered nuclease. Exemplary engineered
nucleases are meganuclease (e.g., homing endonucleases),
ZFN, TALEN, and megaTAL.

[0292] Naturally-occurring meganucleases may recognize
and cleave double-stranded DNA sequences of about 12 to
40 base pairs and are commonly grouped into five families.
In some embodiments, the meganuclease are chosen from
the LAGLIDADG family, the GIY-YIG family, the HNH
family, the His-Cys box family, and the PD-(D/E)XK family.
In some embodiments, the DNA binding domain of the
meganuclease are engineered to recognize and bind to a
sequence other than its cognate target sequence. In some
embodiments, the DNA binding domain of the meganucle-
ase are fused to a heterologous nuclease domain. In some
embodiments, the meganuclease, such as a homing endo-
nuclease, are fused to TAL modules to create a hybrid
protein, such as a “megaTAL” protein. The megaTAL pro-
tein have improved DNA targeting specificity by recogniz-
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ing the target sequences of both the DNA binding domain of
the meganuclease and the TAL modules.

[0293] ZFNs are fusion proteins comprising a zinc-finger
DNA binding domain (“zinc fingers” or “ZFs”) and a
nuclease domain. Each naturally-occurring ZF may bind to
three consecutive base pairs (a DNA triplet), and ZF repeats
are combined to recognize a DNA target sequence and
provide sufficient affinity. Thus, engineered ZF repeats are
combined to recognize longer DNA sequences, such as, e.g.,
9-, 12-, 15-, or 18-bp, etc. In some embodiments, the ZFN
comprise ZFs fused to a nuclease domain from a restriction
endonuclease. For example, the restriction endonuclease is
FoklI. In some embodiments, the nuclease domain comprises
a dimerization domain, such as when the nuclease dimerizes
to be active, and a pair of ZFNs comprising the ZF repeats
and the nuclease domain is designed for targeting a target
sequence, which comprises two half target sequences rec-
ognized by each ZF repeats on opposite strands of the DNA
molecule, with an interconnecting sequence in between
(which is sometimes called a spacer in the literature). For
example, the interconnecting sequence is 5 to 7 bp in length.
When both ZFNs of the pair bind, the nuclease domain may
dimerize and introduce a DSB within the interconnecting
sequence. In some embodiments, the dimerization domain of
the nuclease domain comprises a knob-into-hole motif to
promote dimerization. For example, the ZFN comprises a
knob-into-hole motif in the dimerization domain of FokI.
[0294] The DNA binding domain of TALENs usually
comprises a variable number of 34 or 35 amino acid repeats
(“modules” or “TAL modules™), with each module binding
to a single DNA base pair, A, T, G, or C. Adjacent residues
at positions 12 and 13 (the “repeat-variable di-residue” or
RVD) of each module specify the single DNA base pair that
the module binds to. Though modules used to recognize G
may also have affinity for A, TALENs benefit from a simple
code of recognition—one module for each of the 4 bases—
which greatly simplifies the customization of a DNA-bind-
ing domain recognizing a specific target sequence. In some
embodiments, the TALEN may comprise a nuclease domain
from a restriction endonuclease. For example, the restriction
endonuclease is Fokl. In some embodiments, the nuclease
domain may dimerize to be active, and a pair of TALENS is
designed for targeting a target sequence, which comprises
two half target sequences recognized by each DNA binding
domain on opposite strands of the DNA molecule, with an
interconnecting sequence in between. For example, each
half target sequence is in the range of 10 to 20 bp, and the
interconnecting sequence is 12 to 19 bp in length. When both
TALENSs of the pair bind, the nuclease domain may dimerize
and introduce a DSB within the interconnecting sequence. In
some embodiments, the dimerization domain of the nuclease
domain may comprise a knob-into-hole motif to promote
dimerization. For example, the TALEN may comprise a
knob-into-hole motif in the dimerization domain of FokI.

Modified Nucleases

[0295] In certain embodiments, the nuclease is optionally
modified from its wild-type counterpart. In some embodi-
ments, the nuclease is fused with at least one heterologous
protein domain. At least one protein domain is located at the
N-terminus, the C-terminus, or in an internal location of the
nuclease. In some embodiments, two or more heterologous
protein domains are at one or more locations on the nucle-
ase.
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[0296] In some embodiments, the protein domain may
facilitate transport of the nuclease into the nucleus of a cell.
For example, the protein domain is a nuclear localization
signal (NLS). In some embodiments, the nuclease is fused
with 1-10 NLS(s). In some embodiments, the nuclease is
fused with 1-5 NLS(s). In some embodiments, the nuclease
is fused with one NLS. In other embodiments, the nuclease
is fused with more than one NLS. In some embodiments, the
nuclease is fused with 2, 3, 4, or 5 NLSs. In some embodi-
ments, the nuclease is fused with 2 NLSs. In some embodi-
ments, the nuclease is fused with 3 NLSs. In some embodi-
ments, the nuclease is fused with no NLS. In some
embodiments, the NLS may be a monopartite sequence,
such as, e.g., the SV40 NLS, PKKKRKYV (SEQ ID NO: 65)
or PKKKRRYV (SEQ ID NO: 66). In some embodiments, the
NLS is a bipartite sequence, such as, e.g., the NLS of
nucleoplasmin, KRPAATKKAGQAKKKK (SEQ ID NO:
67). In some embodiments, the NLS is genetically modified
from its wild-type counterpart.

[0297] In some embodiments, the protein domain is
capable of modifying the intracellular half-life of the nucle-
ase. In some embodiments, the half-life of the nuclease may
be increased. In some embodiments, the half-life of the
nuclease is reduced. In some embodiments, the entity is
capable of increasing the stability of the nuclease. In some
embodiments, the entity is capable of reducing the stability
of the nuclease. In some embodiments, the protein domain
act as a signal peptide for protein degradation. In some
embodiments, the protein degradation is mediated by pro-
teolytic enzymes, such as, e.g., proteasomes, lysosomal
proteases, or calpain proteases. In some embodiments, the
protein domain comprises a PEST sequence. In some
embodiments, the nuclease is modified by addition of ubig-
uitin or a polyubiquitin chain. In some embodiments, the
ubiquitin is a ubiquitin-like protein (UBL). Non-limiting
examples of ubiquitin-like proteins include small ubiquitin-
like modifier (SUMO), ubiquitin cross-reactive protein
(UCRP, also known as interferon-stimulated gene-15
(ISG15)), ubiquitin-related modifier-1 (URM1), neuronal-
precursor-cell-expressed developmentally downregulated
protein-8 (NEDDS, also called Rub 1 in S. cerevisiae),
human leukocyte antigen F-associated (FAT10),
autophagy-8 (ATGS8) and -12 (ATG12), Fau ubiquitin-like
protein (FUB1), membrane-anchored UBL (MUB), ubig-
uitin fold-modifier-1 (UFM1), and ubiquitin-like protein-5
(UBLS).

[0298] In some embodiments, the protein domain is a
marker domain. Non-limiting examples of marker domains
include fluorescent proteins, purification tags, epitope tags,
and reporter gene sequences. In some embodiments, the
marker domain is a fluorescent protein. Non-limiting
examples of suitable fluorescent proteins include green
fluorescent proteins (e.g., GFP, GFP-2, tagGFP, turboGFP,
sfGFP, EGFP, Emerald, Azami Green, Monomeric Azami
Green, CopGFP, AceGFP, ZsGreenl), yellow fluorescent
proteins (e.g., YFP, EYFP, Citrine, Venus, YPet, PhiYFP,
ZsYellow1), blue fluorescent proteins (e.g., EBFP, EBFP2,
Azurite, mKalamal, GFPuv, Sapphire, T-sapphire,), cyan
fluorescent proteins (e.g., ECFP, Cerulean, CyPet, AmCyanl,
Midoriishi-Cyan), red fluorescent proteins (e.g., mKate,
mKate2, mPlum, DsRed monomer, mCherry, mRFPI,
DsRed-Express, DsRed2, DsRed-Monomer, HcRed-Tan-
dem, HcRedl, AsRed2, eqFP611, mRasberry, mStrawberry,
Jred), and orange fluorescent proteins (mOrange, mKO,
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Kusabira-Orange, Monomeric Kusabira-Orange, mTanger-
ine, tdTomato) or any other suitable fluorescent protein. In
other embodiments, the marker domain is a purification tag
and/or an epitope tag. Non-limiting exemplary tags include
glutathione-S-transferase (GST), chitin binding protein
(CBP), maltose binding protein (MBP), thioredoxin (TRX),
poly(NANP), tandem affinity purification (TAP) tag, myc,
AcVS5, AUL, AUS, E, ECS, E2, FLAG (SEQ ID NO: 95),
HA, nus, Softag 1, Softag 3, Strep, SBP, Glu-Glu, HSV,
KT3, S, S1, T7, V5, VSV-G, 6xHis (SEQ ID NO: 94), biotin
carboxyl carrier protein (BCCP), and calmodulin. Non-
limiting exemplary reporter genes include glutathione-S-
transferase (GST), horseradish peroxidase (HRP), chloram-
phenicol acetyltransterase (CAT), beta-galactosidase, beta-
glucuronidase, luciferase, or fluorescent proteins.

[0299] In additional embodiments, the protein domain
may target the nuclease to a specific organelle, cell type,
tissue, or organ.

[0300] In further embodiments, the protein domain is an
effector domain. When the nuclease is directed to its target
nucleic acid, e.g., when a Cas9 protein is directed to a target
nucleic acid by a guide RNA, the effector domain may
modify or affect the target nucleic acid. In some embodi-
ments, the effector domain is chosen from a nucleic acid
binding domain, a nuclease domain, an epigenetic modifi-
cation domain, a transcriptional activation domain, or a
transcriptional repressor domain.

[0301] Certain embodiments of the invention also provide
nucleic acids encoding the nucleases (e.g., a Cas9 protein)
described herein provided on a vector. In some embodi-
ments, the nucleic acid is a DNA molecule. In other embodi-
ments, the nucleic acid is an RNA molecule. In some
embodiments, the nucleic acid encoding the nuclease is an
mRNA molecule. In certain embodiments, the nucleic acid
is an mRNA encoding a Cas9 protein.

[0302] In some embodiments, the nucleic acid encoding
the nuclease is codon optimized for efficient expression in
one or more eukaryotic cell types. In some embodiments, the
nucleic acid encoding the nuclease is codon optimized for
efficient expression in one or more mammalian cells. In
some embodiments, the nucleic acid encoding the nuclease
is codon optimized for efficient expression in human cells.
Methods of codon optimization including codon usage
tables and codon optimization algorithms are available in the
art.

Target Sites

[0303] In some embodiments, the site-directed nucleases
described herein are directed to and cleave (e.g., introduce
a DSB) a target nucleic acid molecule. In some embodi-
ments, a Cas nuclease is directed by a guide RNA to a target
site of a target nucleic acid molecule (gDNA), where the
guide RNA hybridizes with the complementary strand of the
target sequence and the Cas nuclease cleaves the target
nucleic acid at the target site. In some embodiments, the
complementary strand of the target sequence is complemen-
tary to the targeting sequence (e.g.: spacer sequence) of the
guide RNA. In some embodiments, the degree of comple-
mentarity between a targeting sequence of a guide RNA and
its corresponding complementary strand of the target
sequence is about 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, 97%, 98%, 99%, or 100%. In some
embodiments, the complementary strand of the target
sequence and the targeting sequence of the guide RNA is
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100% complementary. In other embodiments, the comple-
mentary strand of the target sequence and the targeting
sequence of the guide RNA contains at least one mismatch.
For example, the complementary strand of the target
sequence and the targeting sequence of the guide RNA
contain 1, 2, 3, 4, 5, 6,7, 8, 9, or 10 mismatches. In some
embodiments, the complementary strand of the target
sequence and the targeting sequence of the guide RNA
contain 1-6 mismatches. In some embodiments, the comple-
mentary strand of the target sequence and the targeting
sequence of the guide RNA contain 5 or 6 mismatches.
[0304] The length of the target sequence may depend on
the nuclease system used. For example, the target sequence
for a CRISPR/Cas system comprise 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 35, 40, 45, 50, or more than 50 nucleotides in length.
In some embodiments, the target sequence comprises 18-24
nucleotides in length. In some embodiments, the target
sequence comprises 19-21 nucleotides in length. In some
embodiments, the target sequence comprises 20 nucleotides
in length. When nickases are used, the target sequence
comprises a pair of target sequences recognized by a pair of
nickases on opposite strands of the DNA molecule.

[0305] In some embodiments, the target sequence for a
meganuclease comprises 12-40 or more nucleotides in
length. When ZFNs are used, the target sequence comprises
two half target sequences recognized by a pair of ZFNs on
opposite strands of the DNA molecule, with an intercon-
necting sequence in between. In some embodiments, each
half target sequence for ZFNs independently comprise 9, 12,
15, 18, or more nucleotides in length. In some embodiments,
the interconnecting sequence for ZFNs comprise 4-20
nucleotides in length. In some embodiments, the intercon-
necting sequence for ZFNs comprise 5-7 nucleotides in
length.

[0306] When TALENSs are used, the target sequence may
similarly comprise two half target sequences recognized by
a pair of TALENS on opposite strands of the DNA molecule,
with an interconnecting sequence in between. In some
embodiments, each half target sequence for TALENs may
independently comprise 10-20 or more nucleotides in
length. In some embodiments, the interconnecting sequence
for TALENs may comprise 4-20 nucleotides in length. In
some embodiments, the interconnecting sequence for TAL-
ENs may comprise 12-19 nucleotides in length.

[0307] The target nucleic acid molecule is any DNA
molecule that is endogenous or exogenous to a cell. As used
herein, the term “endogenous sequence” refers to a sequence
that is native to the cell. In some embodiments, the target
nucleic acid molecule is a genomic DNA (gDNA) molecule
or a chromosome from a cell or in the cell. In some
embodiments, the target sequence of the target nucleic acid
molecule is a genomic sequence from a cell or in the cell. In
other embodiments, the cell is a eukaryotic cell. In some
embodiments, the eukaryotic cell is a mammalian cell. In
some embodiments, the eukaryotic cell may be a rodent cell.
In some embodiments, the eukaryotic cell may be a human
cell. In further embodiments, the target sequence may be a
viral sequence. In yet other embodiments, the target
sequence may be a synthesized sequence. In some embodi-
ments, the target sequence may be on a eukaryotic chromo-
some, such as a human chromosome.

[0308] In some embodiments, the target sequence may be
located in a coding sequence of a gene, an intron sequence
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of a gene, a transcriptional control sequence of a gene, a
translational control sequence of a gene, or a non-coding
sequence between genes. In some embodiments, the gene
may be a protein coding gene. In other embodiments, the
gene may be a non-coding RNA gene. In some embodi-
ments, the target sequence may comprise all or a portion of
a disease-associated gene.

[0309] In some embodiments, the target sequence may be
located in a non-genic functional site in the genome that
controls aspects of chromatin organization, such as a scaf-
fold site or locus control region. In some embodiments, the
target sequence may be a genetic safe harbor site, i.e., a locus
that facilitates safe genetic modification.

[0310] In some embodiments, the target sequence may be
adjacent to a protospacer adjacent motif (PAM), a short
sequence recognized by a CRISPR/Cas9 complex. In some
embodiments, the PAM may be adjacent to or within 1, 2, 3,
or 4, nucleotides of the 3' end of the target sequence. The
length and the sequence of the PAM may depend on the Cas9
protein used. For example, the PAM may be selected from
a consensus or a particular PAM sequence for a specific
Cas9 nuclease or Cas9 ortholog, including those disclosed in
FIG. 1 of Ran et al., (2015) Nature, 520:186-191 (2015),
which is incorporated herein by reference. In some embodi-
ments, the PAM may comprise 2, 3, 4, 5, 6, 7, 8, 9, or 10
nucleotides in length. Non-limiting exemplary PAM
sequences include NGG (SpCas9 WT, SpCas9 nickase,
dimeric dCas9-Fokl, SpCas9-HF1, SpCas9 K855A, eSp-
Cas9 (1.0), eSpCas9 (1.1)), NGAN or NGNG (SpCas9 VQR
variant), NGAG (SpCas9 EQR variant), NGCG (SpCas9
VRER variant), NAAG (SpCas9 QQR1 variant), NNGRRT
or NNGRRN (SaCas9), NNNRRT (KKH SaCas9), NNNN-
RYAC (CjCas9), NNAGAAW (St1Cas9), NAAAAC (Td-
Cas9), NGGNG (St3Cas9), NG (FnCas9), NAAAAN (Td-
Cas9), NNAAAAW (StCas9), NNNNACA (CjCas9),
GNNNCNNA (PmCas9), and NNNNGATT (NmCas9) (see
e.g., Cong et al., (2013) Science 339:819-823; Kleinstiver et
al., (2015) Nat Biotechnol 33:1293-1298; Kleinstiver et al.,
(2015) Nature 523:481-485; Kleinstiver et al., (2016) Nature
529:490-495; Tsai et al., (2014) Nat Biotechnol 32:569-576;
Slaymaker et al., (2016) Science 351:84-88; Anders et al.,
(2016) Mol Cell 61:895-902; Kim et al., (2017) Nat Comm
8:14500; Fonfara et al., (2013) Nucleic Acids Res 42:2577-
2590; Garneau et al., (2010) Nature 468:67-71; Magadan et
al., (2012) PLoS ONE 7:e40913; Esvelt et al., (2013) Nat
Methods 10(11):1116-1121 (wherein N is defined as any
nucleotide, W is defined as either A or T, R is defined as a
purine (A) or (G), and Y is defined as a pyrimidine (C) or
(D). In some embodiments, the PAM sequence is NGG. In
some embodiments, the PAM sequence is NGAN. In some
embodiments, the PAM sequence is NGNG. In some
embodiments, the PAM is NNGRRT. In some embodiments,
the PAM sequence is NGGNG. In some embodiments, the
PAM sequence may be NNAAAAW.

Modified Donor Polynucleotides

[0311] In some embodiments, donor polynucleotides are
provided with chemistries suitable for delivery and stability
within cells. Furthermore, in some embodiments, chemis-
tries are provided that are useful for controlling the phar-
macokinetics, biodistribution, bioavailability and/or efficacy
of the donor polynucleotides described herein. Accordingly,
in some embodiments, donor polynucleotides described
herein may be modified, e.g., comprise a modified sugar
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moiety, a modified internucleoside linkage, a modified
nucleoside, a modified nucleotide and/or combinations
thereof. In addition, the modified donor polynucleotides may
exhibit one or more of the following properties: are not
immune stimulatory; are nuclease resistant; have improved
cell uptake compared to unmodified donor polynucleotides;
and/or are not toxic to cells or mammals.

[0312] Nucleotide and nucleoside modifications have been
shown to make a polynucleotide (e.g., a donor polynucle-
otide) into which they are incorporated more resistant to
nuclease digestion than the native polynucleotide and these
modified polynucleotides have been shown to survive intact
for a longer time than unmodified polynucleotides. Specific
examples of modified oligonucleotides include those com-
prising modified backbones (i.e. modified internucleoside
linkage), for example, phosphorothioates, phosphotriesters,
methyl phosphonates, short chain alkyl or cycloalkyl inter-
sugar linkages or short chain heteroatomic or heterocyclic
intersugar linkages. In some embodiments, oligonucleotides
may have phosphorothioate backbones; heteroatom back-
bones, such as methylene(methylimino) or MMI backbones;
amide backbones (see e.g., De Mesmaeker et al., Ace. Chem.
Res. 1995, 28:366-374); morpholino backbones (see Sum-
merton and Weller, U.S. Pat. No. 5,034,506); or peptide
nucleic acid (PNA) backbones (wherein the phosphodiester
backbone of the polynucleotide is replaced with a polyamide
backbone, the nucleotides being bound directly or indirectly
to the aza nitrogen atoms of the polyamide backbone, see
Nielsen et al., Science 1991, 254, 1497). Phosphorus-con-
taining modified linkages include, but are not limited to,
phosphorothioates, chiral phosphorothioates, phosphorodi-
thioates, phosphotriesters, aminoalkylphosphotriesters,
methyl and other alkyl phosphonates comprising 3'alkylene
phosphonates and chiral phosphonates, phosphinates, phos-
phoramidates comprising 3'-amino phosphoramidate and
aminoalkylphosphoramidates, thionophosphoramidates,
thionoalkylphosphonates, thionoalkylphosphotriesters, and
boranophosphates having normal 3'-5' linkages, 2'-5' linked
analogs of these, and those having inverted polarity wherein
the adjacent pairs of nucleoside units are linked 3'-5' to 5'-3'
or 2'-5' to 5'-2'; see U.S. Pat. Nos. 3,687,808; 4,469,863,
4,476,301; 5,023,243; 5, 177,196, 5,188,897; 5,264,423;
5,276,019; 5,278,302; 5,286,717; 5,321, 131; 5,399,676;
5,405,939; 5,453,496; 5,455,233; 5,466,677, 5,031,272.1
5,476,925, 5,519,126, 5,536,821; 5,541,306; 5,550,111;
5,563,253, 5,571,799, 5,587,361; and 5,625,050.

[0313] Morpholino-based oligomeric compounds are
described in Dwaine A. Braasch and David R. Corey,
Biochemistry, 2002, 41(14), 4503-4510); Genesis, volume
30, issue 3, 2001; Heasman, J., Dev. Biol., 2002, 243,
209-214; Nasevicius et al., Nat. Genet., 2000, 26, 216-220;
Lacerra et al., Proc. Natl. Acad. Sci., 2000, 97, 9591-9596;
and U.S. Pat. No. 5,034,506, issued Jul. 23, 1991. In some
embodiments, the morpholino-based oligomeric compound
is a phosphorodiamidate morpholino oligomer (PMO) (e.g.,
as described in Iverson, Curr. Opin. Mol. Ther., 3:235-238,
2001; and Wang et al., J. Gene Med., 12:354-364, 2010).
[0314] Cyclohexenyl nucleic acid oligonucleotide mimet-
ics are described in Wang et al., J. Am. Chem. Soc, 2000,
122, 8595-8602.

[0315] Modified oligonucleotide backbones that do not
include a phosphorus atom therein have backbones that are
formed by short chain alkyl or cycloalkyl internucleoside
linkages, mixed heteroatom and alkyl or cycloalkyl inter-
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nucleoside linkages, or one or more short chain hetero-
atomic or heterocyclic internucleoside linkages. These com-
prise those having morpholino linkages (formed in part from
the sugar portion of a nucleoside); siloxane backbones;
sulfide, sulfoxide and sulfone backbones; formacetyl and
thioformacetyl backbones; methylene formacetyl and thio-
formacetyl backbones; alkene containing backbones;
sulfamate backbones; methyleneimino and methylenehy-
drazino backbones; sulfonate and sulfonamide backbones;
amide backbones; and others having mixed N, O, S and CH2
component parts; see U.S. Pat. Nos. 5,034,506; 5,166,315;
5,185,444, 5,214,134; 5,216,141; 5,235,033; 5,264,562,
5,264,564; 5,405,938; 5,434,257, 5,466,677, 5,470,967,
5,489,677, 5,541,307; 5,561,225, 5,596,086; 5,602,240,
5,610,289; 5,602,240; 5,608,046, 5,610,289; 5,618,704,
5,623,070, 5,663,312; 5,633,360, 5,677,437; and 5,677,439,
each of which is herein incorporated by reference.

[0316] In some embodiments, the donor polynucleotides
of the disclosure are stabilized against nucleolytic degrada-
tion such as by the incorporation of a modification (e.g., a
nucleotide modification). In some embodiments, donor
polynucleotides of the disclosure include a phosphorothioate
at least the first, second, and/or third internucleotide linkage
at the 5' and/or 3' end of the nucleotide sequence. In some
embodiments, donor polynucleotides of the disclosure
include one or more 2'-modified nucleotides, e.g., 2'-deoxy-
2'-fluoro, 2'-O-methyl, 2'-O-methoxyethyl (2'-O-MOE),
2'-0O-aminopropyl (2'-O-AP), 2'-O-dimethylaminoethyl (2'-
O-DMAOE), 2'-O-dimethylaminopropyl (2'-O-DMAP),
2'-O-dimethylaminoethyloxyethyl (2'-O-DMAEOE), or
2'-O—N-methylacetamido (2'-O-NMA). In some embodi-
ments, donor polynucleotides of the disclosure include a
phosphorothioate and a 2'-modified nucleotide as described
herein.

[0317] Any of the modified chemistries described herein
can be combined with each other, and that one, two, three,
four, five, or more different types of modifications can be
included within the same molecule. In some embodiments,
the donor polynucleotide comprises 1, 2, 3, 4, 5, 6, 7, 8, 9,
10 or modifications.

mRNA Components

[0318] Insome embodiments, the systems provided by the
disclosure comprise an engineered nuclease encoded by an
mRNA. In some embodiments, the compositions provided
by the disclosure comprise a nuclease system, wherein the
nuclease comprising the nuclease system is encoded by an
mRNA. In some embodiments, the compositions provided
by the disclosure comprise a 53BP1 polypeptide inhibitor,
wherein the 53BP1 polypeptide inhibitor is encoded by an
mRNA. In some embodiments, the mRNA may be a natu-
rally or non-naturally occurring mRNA. In some embodi-
ments, the mRNA may include one or more modified
nucleobases, nucleosides, or nucleotides, as described
below, in which case it may be referred to as a “modified
mRNA”. In some embodiments, the mRNA may include a §'
untranslated region (5'-UTR), a 3' untranslated region (3'-
UTR), and/or a coding region (e.g., an open reading frame).
An mRNA may include any suitable number of base pairs,
including tens (e.g., 10, 20, 30, 40, 50, 60, 70, 80, 90 or 100),
hundreds (e.g., 200, 300, 400, 500, 600, 700, 800, or 900) or
thousands (e.g., 1000, 2000, 3000, 4000, 5000, 6000, 7000,
8000, 9000, 10,000) of base pairs. Any number (e.g., all,
some, or none) of nucleobases, nucleosides, or nucleotides
may be an analog of a canonical species, substituted, modi-
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fied, or otherwise non-naturally occurring. In certain
embodiments, all of a particular nucleobase type may be
modified. In some embodiments, an mRNA as described
herein may include a 5' cap structure, a chain terminating
nucleotide, optionally a Kozak or Kozak-like sequence (also
known as a Kozak consensus sequence), a stem-loop, a
polyA sequence, and/or a polyadenylation signal.

[0319] A 5' cap structure or cap species is a compound
including two nucleoside moieties joined by a linker and
may be selected from a naturally occurring cap, a non-
naturally occurring cap or cap analog, or an anti-reverse cap
analog (ARCA). A cap species may include one or more
modified nucleosides and/or linker moieties. For example, a
natural mRNA cap may include a guanine nucleotide and a
guanine (G) nucleotide methylated at the 7 position joined
by a triphosphate linkage at their 5' positions, e.g., m’G(5")
ppp(3)G, commonly written as m’GpppG. A cap species
may also be an anti-reverse cap analog. A non-limiting list
of possible cap species includes m’GpppG, m’Gpppm’G,
m’3'dGpppG, m,” % GpppG, m,”* % GppppG,
m,”?*GppppG,  m’Gpppm’G, m’3'dGpppG,  m,”
o3GpppG, m,” > GppppG, and m,”**GppppG.

[0320] An mRNA may instead or additionally include a
chain terminating nucleoside. For example, a chain termi-
nating nucleoside may include those nucleosides deoxygen-
ated at the 2' and/or 3' positions of their sugar group. Such
species may include 3'-deoxyadenosine (cordycepin), 3
‘-deoxyuridine, 3’-deoxycytosine, 3'-deoxyguanosine,
3'-deoxythymine, and 2'3'-dideoxynucleosides, such as
2'3'-dideoxyadenosine, 2'3'-dideoxyuridine, 2',3'-dide-
oxycytosine, 2',3'-dideoxyguanosine, and 2',3'-dideoxythy-
mine. In some embodiments, incorporation of a chain ter-
minating nucleotide into an mRNA, for example at the
3'-terminus, may result in stabilization of the mRNA, as
described, for example, in International Patent Publication
No. WO 2013/103659.

[0321] An mRNA may instead or additionally include a
stem loop, such as a histone stem loop. A stem loop may
include 2, 3, 4, 5, 6, 7, 8, or more nucleotide base pairs. For
example, a stem loop may include 4, 5, 6, 7, or 8 nucleotide
base pairs. A stem loop may be located in any region of an
mRNA. For example, a stem loop may be located in, before,
or after an untranslated region (a 5' untranslated region or a
3' untranslated region), a coding region, or a polyA sequence
or tail. In some embodiments, a stem loop may affect one or
more function(s) of an mRNA, such as initiation of trans-
lation, translation efficiency, and/or transcriptional termina-
tion.

[0322] An mRNA may instead or additionally include a
polyA sequence and/or polyadenylation signal. A polyA
sequence may be comprised entirely or mostly of adenine
nucleotides or analogs or derivatives thercof. A polyA
sequence may be a tail located adjacent to a 3' untranslated
region of an mRNA. In some embodiments, a polyA
sequence may affect the nuclear export, translation, and/or
stability of an mRNA.

Modified RNA

[0323] In some embodiments, an RNA of the disclosure
(e.g.: gRNA or mRNA) comprises one or more modified
nucleobases, nucleosides, nucleotides or internucleoside
linkages. In some embodiments, modified mRNAs and/or
gRNAs may have useful properties, including enhanced
stability, intracellular retention, enhanced translation, and/or
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the lack of a substantial induction of the innate immune
response of a cell into which the mRNA and/or gRNA is
introduced, as compared to a reference unmodified mRNA
and/or gRNA. Therefore, use of modified mRNAs and/or
gRNAs may enhance the efficiency of protein production,
intracellular retention of nucleic acids, as well as possess
reduced immunogenicity.

[0324] In some embodiments, an mRNA and/or gRNA
includes one or more (e.g., 1, 2, 3 or 4) different modified
nucleobases, nucleosides, nucleotides or internucleoside
linkages. In some embodiments, an mRNA and/or gRNA
includes one or more (e.g., 1,2,3,4,5,6,7,8,9, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, or more) different modified
nucleobases, nucleosides, or nucleotides. In some embodi-
ments, the modified gRNA may have reduced degradation in
a cell into which the gRNA is introduced, relative to a
corresponding unmodified gRNA. In some embodiments,
the modified mRNA may have reduced degradation in a cell
into which the mRNA is introduced, relative to a corre-
sponding unmodified mRNA.

[0325] In some embodiments, the modified nucleobase is
a modified uracil. Exemplary nucleobases and nucleosides
having a modified uracil include pseudouridine (1), pyridin-
4-one ribonucleoside, 5-aza-uridine, 6-aza-uridine, 2-thio-
5-aza-uridine, 2-thio-uridine (s*U), 4-thio-uridine (s*U),
4-thio-pseudouridine, 2-thio-pseudouridine, 5-hydroxy-uri-
dine (ho°U), 5-aminoallyl-uridine, 5-halo-uridine (e.g.,
5-iodo-uridineor 5-bromo-uridine), 3-methyl-uridine (m*U),
5-methoxy-uridine (mo’U), uridine 5-oxyacetic acid
(cmo®U), uridine 5-oxyacetic acid methyl ester (mcmo’U),
S-carboxymethyl-uridine (cm®U), 1-carboxymethyl-
pseudouridine, 5-carboxyhydroxymethyl-uridine (chm®U),
5-carboxyhydroxymethyl-uridine methyl ester (mchm’U),
5-methoxycarbonylmethyl-uridine (mem®U), 5-methoxy-
carbonylmethyl-2-thio-uridine (mem’s*U), 5-aminomethyl-

2-thio-uridine  (nm’s*U), 5-methylaminomethyl-uridine
(mnm>U), 5-methylaminomethyl-2-thio-uridine
(mnm’s*U), 5-methylaminomethyl-2-seleno-uridine

(mnm®se*U), 5-carbamoylmethyl-uridine (necm’U), 5-car-
boxymethylaminomethyl-uridine (cmnm®U), 5-carboxym-
ethylaminomethyl-2-thio-uridine (cmnm’s*U), 5-propynyl-
uridine, 1-propynyl-pseudouridine, 5-taurinomethyl-uridine
(tm’U), 1-taurinomethyl-pseudouridine, 5-taurinomethyl-2-
thio-uridine(tm’®s*U),  1-taurinomethyl-4-thio-pseudouri-
dine, 5-methyl-uridine (m°U, i.e., having the nucleobase
deoxythymine), 1-methyl-pseudouridine (m'y), 5-methyl-
2-thio-uridine  (m®s*U),  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-
dihydrouridine, 2-thio-dihydropseudouridine, 2-methoxy-
uridine, 2-methoxy-4-thio-uridine, 4-methoxy-pseudouri-
dine, 4-methoxy-2-thio-pseudouridine, N1-methyl-
pseudouridine, 3-(3-amino-3-carboxypropyl)uridine
(acp’U), 1-methyl-3-(3-amino-3-carboxypropyl)pseudouri-
dine (acp™y), 5-(isopentenylaminomethyl)uridine (inm>U),
5-(isopentenylaminomethyl)-2-thio-uridine (inm®s*U),
a-thio-uridine, 2'-O-methyl-uridine (Um), 5,2'-O-dimethyl-
uridine (m*Um), 2'-O-methyl-pseudouridine (\m), 2-thio-
2'-O-methyl-uridine (s*Um), 5-methoxycarbonylmethyl-2'-
O-methyl-uridine (mcm®Um), 5-carbamoylmethyl-2'-O-
methyl-uridine (ncm®Um), 5-carboxymethylaminomethyl-
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2'-O-methyl-uridine (cmnm®Um), 3,2'-O-dimethyl-uridine
(m*Um), and 5-(isopentenylaminomethyl)-2'-O-methyl-uri-
dine (inm°Um), 1-thio-uridine, deoxythymidine, 2'-F-ara-
uridine, 2'-F-uridine, 2'-OH-ara-uridine, 5-(2-car-
bomethoxyvinyl) uridine, and 5-[3-(1-E-propenylamino)]
uridine.

[0326] In some embodiments, the modified nucleobase is
a modified cytosine. Exemplary nucleobases and nucleo-
sides having a modified cytosine include 5-aza-cytidine,
6-aza-cytidine, pseudoisocytidine, 3-methyl-cytidine (m>C),
N4-acetyl-cytidine  (ac*C),  5-formyl-cytidine (°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-cyti-
dine, 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-pseu-
doisocytidine, 1-methyl-1-deaza-pseudoisocytidine, zebu-
larine, 5-aza-zebularine, S-methyl-zebularine, 5-aza-2-thio-
zebularine, 2-thio-zebularine, 2-methoxy-cytidine,
2-methoxy-5-methyl-cytidine,  4-methoxy-pseudoisocyti-
dine, 4-methoxy-1-methyl-pseudoisocytidine, lysidine
(k2C), oa-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'-0H-ara-cytidine.

[0327] In some embodiments, the modified nucleobase is
a modified adenine. Exemplary nucleobases and nucleosides
having a modified adenine include a-thio-adenosine,
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, 8-azido-ad-
enosine, 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-ad-
enosine (ms> mC°A), Né6-isopentenyl-adenosine (i°A),
2-methylthio-N6-isopentenyl-adenosine (ms®i°A), N6-(cis-
hydroxyisopentenyl)adenosine (io°A), 2-methylthio-N6-
(cis-hydroxyisopentenyl)adenosine (ms*i0®A), N6-glycinyl-
carbamoyl-adenosine  (g®A),  N6-threonylcarbamoyl-
adenosine (t°A), N6-methyl-N6-threonylcarbamoyl-
adenosine (m°t°A), 2-methylthio-N6-threonylcarbamoyl-
adenosine (ms®g®A), N6,N6-dimethyl-adenosine (m®,A),
N6-hydroxynorvalylcarbamoyl-adenosine (hn°A), 2-meth-
ylthio-N6-hydroxynorvalylcarbamoyl-adenosine
(ms*hn®A), N6-acetyl-adenosine (ac®A), 7-methyl-adenine,
2-methylthio-adenine, 2-methoxy-adenine, c-thio-adenos-
ine, 2'-O-methyl-adenosine (Am), N6,2'-O-dimethyl-ad-
enosine (m®Am), N6,N6,2'-O-trimethyl-adenosine
(m®,Am), 1,2'-O-dimethyl-adenosine (m'Am), 2'-O-ribosy-
ladenosine (phosphate) (Ar(p)), 2-amino-N6-methyl-purine,
1-thio-adenosine, 8-azido-adenosine, 2'-F-ara-adenosine,
2'-F-adenosine, 2'-0H-ara-adenosine, and N6-(19-amino-
pentaoxanonadecyl)-adenosine.

[0328] In some embodiments, the modified nucleobase is
a modified guanine. Exemplary nucleobases and nucleosides
having a modified guanine include a-thio-guanosine, inosine
(1), 1-methyl-inosine (m'I), wyosine (imG), methylwyosine
(mimG), 4-demethyl-wyosine (imG-14), isowyosine
(imG2), wybutosine (yW), peroxywybutosine (0,yW),
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hydroxywybutosine (Ohy W), undermodified hydroxywybu-
tosine (OhyW*), 7-deaza-guanosine, queuosine (Q), epoxy-
queuosine (0Q)), galactosyl-queuosine (galQ), mannosyl-
queuosine (manQ)), 7-cyano-7-deaza-guanosine (preQo),
7-aminomethyl-7-deaza-guanosine  (preQi), archaeosine
(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-guanos-
ine (m'G), N2-methyl-guanosine (m*G), N2,N2-dimethyl-
guanosine (m>,G), N2,7-dimethyl-guanosine (m*’G), N2,
N2,7-dimethyl-guanosine ~ (m*>*’G),  8-oxo-guanosine,
7-methyl-8-oxo-guanosine, 1-methyl-6-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-dim-
ethyl-2'-O-methyl-guanosine ~ (m>,Gm), 1-methyl-2'-O-
methyl-guanosine (m'Gm), N2,7-dimethyl-2'-O-methyl-
guanosine (m*’Gm), 2'-O-methyl-inosine (Im), 1,2'-O-
dimethyl-inosine (m'Im), 2'-O-ribosylguanosine
(phosphate) (Gr(p)), 1-thio-guanosine, O6-methyl-guanos-
ine, 2'-F-ara-guanosine, and 2'-F-guanosine.

[0329] In some embodiments, an mRNA and/or gRNA of
the disclosure includes a combination of one or more of the
aforementioned modified nucleobases (e.g., a combination
of 2, 3 or 4 of the aforementioned modified nucleobases.)

[0330] In some embodiments, the modified nucleobase is
pseudouridine  (w), Nl-methylpseudouridine (m'y),
2-thiouridine, 4'-thiouridine, S5-methylcytosine, 2-thio-1-
methyl-1-deaza-pseudouridine, 2-thio-1-methyl-pseudouri-
dine, 2-thio-5-aza-uridine, 2-thio-dihydropseudouridine,
2-thio-dihydrouridine, 2-thio-pseudouridine, 4-methoxy-2-
thio-pseudouridine, 4-methoxy-pseudouridine, 4-thio-1-
methyl-pseudouridine, 4-thio-pseudouridine, 5-aza-uridine,
dihydropseudouridine, S-methoxyuridine, or 2'-O-methyl
uridine. In some embodiments, an mRNA of the disclosure
includes a combination of one or more of the aforemen-
tioned modified nucleobases (e.g., a combination of 2, 3 or
4 of the aforementioned modified nucleobases.) In one
embodiment, the modified nucleobase is N1-methylp-
seudouridine (m'y) and the mRNA of the disclosure is fully
modified with N1-methylpseudouridine (m'y). In some
embodiments, N1-methylpseudouridine (m'y) represents
from 75-100% of the uracils in the mRNA. In some embodi-
ments, N1-methylpseudouridine (m*) represents 100% of
the uracils in the mRNA.

[0331] In some embodiments, the modified nucleobase is
a modified cytosine. Exemplary nucleobases and nucleo-
sides having a modified cytosine include N4-acetyl-cytidine
(ac*C), 5-methyl-cytidine (m’C), S5-halo-cytidine (e.g.,
5-iodo-cytidine), 5-hydroxymethyl-cytidine (hm°C),
1-methyl-pseudoisocytidine, 2-thio-cytidine (s*C), 2-thio-5-
methyl-cytidine. In some embodiments, an mRNA of the
disclosure includes a combination of one or more of the
aforementioned modified nucleobases (e.g., a combination
of 2, 3 or 4 of the aforementioned modified nucleobases.)

[0332] In some embodiments, the modified nucleobase is
a modified adenine. Exemplary nucleobases and nucleosides
having a modified adenine include 7-deaza-adenine,
1-methyl-adenosine (m'A), 2-methyl-adenine (m’A),
N6-methyl-adenosine (m®A). In some embodiments, an
mRNA of the disclosure includes a combination of one or
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more of the aforementioned modified nucleobases (e.g., a
combination of 2, 3 or 4 of the aforementioned modified
nucleobases.)

[0333] In some embodiments, the modified nucleobase is
a modified guanine. Exemplary nucleobases and nucleosides
having a modified guanine include inosine (I), 1-methyl-
inosine (m'I), wyosine (imG), methylwyosine (mimG),
7-deaza-guanosine, 7-cyano-7-deaza-guanosine (preQ),
7-aminomethyl-7-deaza-guanosine  (preQ,), 7-methyl-
guanosine (m’G), 1-methyl-guanosine (m'G), 8-oxo-
guanosine, 7-methyl-8-oxo-guanosine. In some embodi-
ments, an mRNA of the disclosure includes a combination of
one or more of the aforementioned modified nucleobases
(e.g., a combination of 2, 3 or 4 of the aforementioned
modified nucleobases.)

[0334] In some embodiments, the modified nucleobase is
1-methyl-pseudouridine (m'), 5-methoxy-uridine (mo’U),
5-methyl-cytidine (m>C), pseudouridine (1), c.-thio-guanos-
ine, or a-thio-adenosine. In some embodiments, an mRNA
of the disclosure includes a combination of one or more of
the aforementioned modified nucleobases (e.g., a combina-
tion of 2, 3 or 4 of the aforementioned modified nucle-
obases.)

[0335] In certain embodiments, an mRNA and/or a gRNA
of the disclosure is uniformly modified (i.e., fully modified,
modified through-out the entire sequence) for a particular
modification. For example, an mRNA can be uniformly
modified with N1-methylpseudouridine (m'y) or 5-methyl-
cytidine (m°C), meaning that all uridines or all cytosine
nucleosides in the mRNA sequence are replaced with
N1-methylpseudouridine (m'y) or 5-methyl-cytidine
(m*>C). Similarly, mRNAs of the disclosure can be uniformly
modified for any type of nucleoside residue present in the
sequence by replacement with a modified residue such as
those set forth above.

[0336] In some embodiments, an mRNA of the disclosure
may be modified in a coding region (e.g., an open reading
frame encoding a polypeptide). In other embodiments, an
mRNA may be modified in regions besides a coding region.
For example, in some embodiments, a 5'-UTR and/or a
3'-UTR are provided, wherein either or both may indepen-
dently contain one or more different nucleoside modifica-
tions. In such embodiments, nucleoside modifications may
also be present in the coding region.

Ribonucleoproteins

[0337] In certain aspects, the site-directed polypeptide
(e.g.: Cas nuclease) and genome-targeting nucleic acid (e.g.:
gRNA or sgRNA) may each be administered separately to a
cell or a subject. In certain aspects, the site-directed poly-
peptide may be pre-complexed with one or more guide
RNAs, or one or more sgRNAs. Such pre-complexed mate-
rial is known as a ribonucleoprotein particle (RNP). In some
embodiments, the nuclease system comprises a ribonucleo-
protein (RNP). In some embodiments, the nuclease system
comprises a Cas9 RNP comprising a purified Cas9 protein in
complex with a gRNA. Cas9 protein can be expressed and
purified by any means known in the art. Ribonucleoproteins
are assembled in vitro and can be delivered directly to cells
using standard electroporation or transfection techniques
known in the art.

Vectors

[0338] In some embodiments, one or more components of
a genome editing system described herein are provided by
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one or more vectors. In some embodiments, an inhibitor
described herein is provided by a vector. In some embodi-
ments, the site-directed nuclease (e.g., Cas nuclease), the
donor polynucleotide, and/or a nucleic acid encoding an
inhibitor described herein (e.g, a nucleic acid encoding a
53BP1 polypeptide inhibitor) are provided by one or more
vectors. In some embodiments, the site-directed nuclease
(e.g., Cas nuclease) and the donor polynucleotide may be
provided by one or more vectors. In some embodiments, one
or more gRNAs described herein are provided by a vector.
In some embodiments, the vector may be a DNA vector. In
some embodiments, the vector may be circular. In other
embodiments, the vector may be linear. Non-limiting exem-
plary vectors include plasmids, phagemids, cosmids, artifi-
cial chromosomes, minichromosomes, transposons, viral
vectors, and expression vectors.

[0339] In some embodiments, the vector may be a viral
vector. In some embodiments, the viral vector may be
genetically modified from its wild-type counterpart. For
example, the viral vector may comprise an insertion, dele-
tion, or substitution of one or more nucleotides to facilitate
cloning or such that one or more properties of the vector is
changed. Such properties may include packaging capacity,
transduction efficiency, immunogenicity, genome integra-
tion, replication, transcription, and translation. In some
embodiments, a portion of the viral genome may be deleted
such that the virus is capable of packaging exogenous
sequences having a larger size. In some embodiments, the
viral vector may have an enhanced transduction efficiency.
In some embodiments, the immune response induced by the
virus in a host may be reduced. In some embodiments, viral
genes (such as, e.g., integrase) that promote integration of
the viral sequence into a host genome may be mutated such
that the virus becomes non-integrating. In some embodi-
ments, the viral vector may be replication defective. In some
embodiments, the viral vector may comprise exogenous
transcriptional or translational control sequences to drive
expression of coding sequences on the vector. In some
embodiments, the virus may be helper-dependent. For
example, the virus may need one or more helper virus to
supply viral components (such as, e.g., viral proteins)
required to amplify and package the vectors into viral
particles. In such a case, one or more helper components,
including one or more vectors encoding the viral compo-
nents, may be introduced into a host cell along with the
vector system described herein. In other embodiments, the
virus may be helper-free. For example, the virus may be
capable of amplifying and packaging the vectors without
any helper virus. In some embodiments, the vector system
described herein may also encode the viral components
required for virus amplification and packaging.

[0340] Non-limiting exemplary viral vectors include
adeno-associated virus (AAV) vector, lentivirus vectors,
adenovirus vectors, herpes simplex virus (HSV-1) vectors,
bacteriophage T4, baculovirus vectors, and retrovirus vec-
tors. In some embodiments, the viral vector may be an AAV
vector. In other embodiments, the viral vector may a lenti-
virus vector. In some embodiments, the lentivirus may be
non-integrating. In some embodiments, the viral vector may
be an adenovirus vector. In some embodiments, the adeno-
virus may be a high-cloning capacity or “gutless” adenovi-
rus, where all coding viral regions apart from the 5' and 3'
inverted terminal repeats (ITRs) and the packaging signal
(T) are deleted from the virus to increase its packaging
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capacity. In yet other embodiments, the viral vector may be
an HSV-1 vector. In some embodiments, the HSV-1-based
vector is helper dependent, and in other embodiments it is
helper independent. For example, an amplicon vector that
retains only the packaging sequence requires a helper virus
with structural components for packaging, while a 30 kb-
deleted HSV-1 vector that removes non-essential viral func-
tions does not require helper virus. In additional embodi-
ments, the viral vector may be bacteriophage T4. In some
embodiments, the bacteriophage T4 may be able to package
any linear or circular DNA or RN A molecules when the head
of the virus is emptied. In further embodiments, the viral
vector may be a baculovirus vector. In yet further embodi-
ments, the viral vector may be a retrovirus vector. In
embodiments using AAV or lentiviral vectors, which have
smaller cloning capacity, it may be necessary to use more
than one vector to deliver all the components of a vector
system as disclosed herein. For example, one AAV vector
may contain sequences encoding a Cas9 protein, while a
second AAV vector may contain one or more guide
sequences and one or more copies of donor polynucleotide.

[0341] A recombinant adeno-associated virus (AAV) vec-
tor can be used for delivery. Techniques to produce rAAV
particles, in which an AAV genome to be packaged that
includes the polynucleotide to be delivered, rep and cap
genes, and helper virus functions are provided to a cell are
standard in the art. Production of rAAV typically requires
that the following components are present within a single
cell (denoted herein as a packaging cell): a rAAV genome,
AAV rep and cap genes separate from (i.e., not in) the rAAV
genome, and helper virus functions. The AAV rep and cap
genes may be from any AAV serotype for which recombi-
nant virus can be derived, and may be from a different AAV
serotype than the rAAV genome ITRs, including, but not
limited to, AAV serotypes AAV-1, AAV-2, AAV-3, AAV-4,
AAV-5, AAV-6, AAV-7, AAV-8, AAV-9, AAV-10, AAV-11,
AAV-12,AAV-13 and AAV rh.74. Production of pseudo-
typed rAAV is disclosed in, for example, international patent
application publication number WO 01/83692. In some
embodiments, the vector is AAV6.

[0342] A method of generating a packaging cell involves
creating a cell line that stably expresses all of the necessary
components for AAV particle production. For example, a
plasmid (or multiple plasmids)comprising a rAAV genome
lacking AAV rep and cap genes, AAV rep and cap genes
separate from the rAAV genome, and a selectable marker,
such as aneomycin resistance gene, are integrated into the
genome of a cell. AAV genomes have been introduced into
bacterial plasmids by procedures such as GC tailing (Sam-
ulski et al., 1982, Proc. Natl. Acad. S6. USA, 79:2077-
2081), addition of synthetic linkers containing restriction
endonuclease cleavage sites (Laughlin et al., 1983, Gene,
23:65-73) or by direct, blunt-end ligation (Senapathy &
Carter, 1984, J. Biol. Chem., 259:4661-4666). The packag-
ing cell line can then be infected with a helper virus, such as
adenovirus. The advantages of this method are that the cells
are selectable and are suitable for large-scale production of
rAAV. Other examples of suitable methods employ adeno-
virus orbaculovirus, rather than plasmids, to introduce rAAV
genomes and/or rep and cap genes into packaging cells.

[0343] In certain embodiments, a viral vector may be
modified to target a particular tissue or cell type. For
example, viral surface proteins may be altered to decrease or
eliminate viral protein binding to its natural cell surface
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receptor(s). The surface proteins may also be engineered to
interact with a receptor specific to a desired cell type. Viral
vectors may have altered host tropism, including limited or
redirected tropism. Certain engineered viral vectors are
described, for example, in W02011130749,
W02015009952, U.S. Pat. No. 5,817,491, WO2014135998,
and W0O2011125054. In some embodiments, the vector may
be capable of driving expression of one or more coding
sequences in a cell. In some embodiments, the cell may be
a eukaryotic cell, such as, e.g., a yeast, plant, insect, or
mammalian cell. In some embodiments, the eukaryotic cell
may be a mammalian cell. In some embodiments, the
eukaryotic cell may be a rodent cell. In some embodiments,
the eukaryotic cell may be a human cell. Suitable promoters
to drive expression in different types of cells are known in
the art. In some embodiments, the promoter may be wild-
type. In other embodiments, the promoter may be modified
for more efficient or efficacious expression. In yet other
embodiments, the promoter may be truncated yet retain its
function. For example, the promoter may have a normal size
or a reduced size that is suitable for proper packaging of the
vector into a virus.

[0344] In some embodiments, the vector may comprise a
nucleotide sequence encoding the nuclease described herein.
In some embodiments, the vector system may comprise one
copy of the nucleotide sequence encoding the nuclease. In
other embodiments, the vector system may comprise more
than one copy of the nucleotide sequence encoding the
nuclease. In some embodiments, the nucleotide sequence
encoding the nuclease may be operably linked to at least one
transcriptional or translational control sequence. In some
embodiments, the nucleotide sequence encoding the nucle-
ase may be operably linked to at least one promoter. In some
embodiments, the nucleotide sequence encoding the nucle-
ase may be operably linked to at least one transcriptional or
translational control sequence.

[0345] In some embodiments, the promoter may be con-
stitutive, inducible, or tissue-specific. In some embodiments,
the promoter may be a constitutive promoter. Non-limiting
exemplary constitutive promoters include cytomegalovirus
immediate early promoter (CMV), simian virus (SV40)
promoter, adenovirus major late (MLP) promoter, Rous
sarcoma virus (RSV) promoter, mouse mammary tumor
virus (MMTV) promoter, phosphoglycerate kinase (PGK)
promoter, elongation factor-alpha (EFla) promoter, ubig-
uitin promoters, actin promoters, tubulin promoters, immu-
noglobulin promoters, a functional fragment thereof, or a
combination of any of the foregoing. In some embodiments,
the promoter may be a CMV promoter. In some embodi-
ments, the promoter may be a truncated CMV promoter. In
other embodiments, the promoter may be an EF 1a promoter.
In some embodiments, the promoter may be an inducible
promoter. Non-limiting exemplary inducible promoters
include those inducible by heat shock, light, chemicals,
peptides, metals, steroids, antibiotics, or alcohol. In some
embodiments, the inducible promoter may be one that has a
low basal (non-induced) expression level, such as, e.g., the
Tet-On® promoter (Clontech). In some embodiments, the
promoter may be a tissue-specific promoter. In some
embodiments, the tissue-specific promoter is exclusively or
predominantly expressed in liver tissue. Non-limiting exem-
plary tissue-specific promoters include B29 promoter, CD14
promoter, CD43 promoter, CD45 promoter, CD68 promoter,
desmin promoter, elastase-1 promoter, endoglin promoter,
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fibronectin promoter, Flt-1 promoter, GFAP promoter, GPIIb
promoter, ICAM-2 promoter, INF-§ promoter, Mb pro-
moter, Nphsl promoter, OG-2 promoter, SP-B promoter,
SYNI1 promoter, and WASP promoter.

[0346] Insome embodiments, the nuclease encoded by the
vector may be a Cas protein, such as a Cas9 protein or Cpfl
protein. The vector system may further comprise a vector
comprising a nucleotide sequence encoding the guide RNA
described herein. In some embodiments, the vector system
may comprise one copy of the guide RNA. In other embodi-
ments, the vector system may comprise more than one copy
of the guide RNA. In embodiments with more than one
guide RNA, the guide RNAs may be non-identical such that
they target different target sequences, or have other different
properties, such as activity or stability within the Cas9 RNP
complex. In some embodiments, the nucleotide sequence
encoding the guide RNA may be operably linked to at least
one transcriptional or translational control sequence. In
some embodiments, the nucleotide sequence encoding the
guide RNA may be operably linked to at least one promoter.
In some embodiments, the promoter may be recognized by
RNA polymerase I1I (Pol III). Non-limiting examples of Pol
IIT promoters include U6, H1 and tRNA promoters. In some
embodiments, the nucleotide sequence encoding the guide
RNA may be operably linked to a mouse or human U6
promoter. In other embodiments, the nucleotide sequence
encoding the guide RNA may be operably linked to a mouse
or human H1 promoter. In some embodiments, the nucleo-
tide sequence encoding the guide RNA may be operably
linked to a mouse or human tRNA promoter. In embodi-
ments with more than one guide RNA, the promoters used
to drive expression may be the same or different. In some
embodiments, the nucleotide encoding the crRNA of the
guide RNA and the nucleotide encoding the tracr RNA of the
guide RNA may be provided on the same vector. In some
embodiments, the nucleotide encoding the crRNA and the
nucleotide encoding the tracr RNA may be driven by the
same promoter. In some embodiments, the crRNA and tracr
RNA may be transcribed into a single transcript. For
example, the crRNA and tracr RNA may be processed from
the single transcript to form a double-molecule guide RNA.
Alternatively, the crRNA and tracr RNA may be transcribed
into a single-molecule guide RNA. In other embodiments,
the crRNA and the tracr RNA may be driven by their
corresponding promoters on the same vector. In yet other
embodiments, the crRNA and the tracr RNA may be
encoded by different vectors.

[0347] In some embodiments, the nucleotide sequence
encoding the guide RNA may be located on the same vector
comprising the nucleotide sequence encoding a Cas9 pro-
tein. In some embodiments, expression of the guide RNA
and of the Cas9 protein may be driven by different promot-
ers. In some embodiments, expression of the guide RNA
may be driven by the same promoter that drives expression
of the Cas9 protein. In some embodiments, the guide RNA
and the Cas9 protein transcript may be contained within a
single transcript. For example, the guide RNA may be within
an untranslated region (UTR) of the Cas9 protein transcript.
In some embodiments, the guide RNA may be within the 5'
UTR of the Cas9 protein transcript. In other embodiments,
the guide RNA may be within the 3' UTR of the Cas9 protein
transcript. In some embodiments, the intracellular half-life
of the Cas9 protein transcript may be reduced by containing
the guide RNA within its 3' UTR and thereby shortening the
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length of its 3' UTR. In additional embodiments, the guide
RNA may be within an intron of the Cas9 protein transcript.
In some embodiments, suitable splice sites may be added at
the intron within which the guide RNA is located such that
the guide RNA is properly spliced out of the transcript. In
some embodiments, expression of the Cas9 protein and the
guide RNA in close proximity on the same vector may
facilitate more efficient formation of the CRISPR complex.
[0348] In some embodiments, the vector system may
further comprise a vector comprising the donor polynucle-
otide described herein. In some embodiments, the vector
system may comprise one copy of the donor polynucleotide.
In other embodiments, the vector system may comprise
more than one copy of the donor polynucleotide. In some
embodiments, the vector system may comprise 2, 3, 4, 5, 6,
7, 8,9, 10, or more copies of the donor polynucleotide. The
multiple copies of the donor polynucleotide may be located
on the same or different vectors. The multiple copies of the
donor polynucleotide may also be adjacent to one another, or
separated by other nucleotide sequences or vector elements.
[0349] In some embodiments, the vector system further
comprises a vector comprising a nucleotide sequence encod-
ing an inhibitor described herein (e.g., a S3BP1 polypeptide
inhibitor). In some embodiments, the vector system com-
prises one or more copies (e.g., 1,2,3,4,5,6,7,8,9, 10 or
more copies) of the nucleotide sequence. In some embodi-
ments, the multiple copies of the nucleotide sequences are
located on the same or different vectors. In some embodi-
ments, the multiple copies of the nucleotide sequence are
adjacent or separated by other nucleotide sequences or
vector elements.

[0350] A vector system may comprise 1-3 vectors. In
some embodiments, the vector system may comprise one
single vector. In other embodiments, the vector system may
comprise two vectors. In additional embodiments, the vector
system may comprise three vectors. When different guide
RNAs or donor polynucleotides are used for multiplexing,
or when multiple copies of the guide RNA or the donor
polynucleotide are used, the vector system may comprise
more than three vectors. In some embodiments, the vector
system comprises a vector comprising a nucleotide sequence
encoding an inhibitor described herein (e.g., a S3BP1 poly-
peptide inhibitor)

[0351] In some embodiments, the nucleotide sequence
encoding a Cas9 protein, a nucleotide sequence encoding the
guide RNA, and a donor polynucleotide may be located on
the same or separate vectors In some embodiments, a
nucleotide sequence encoding an inhibitor described herein
(e.g., a 53BP1 polypeptide inhibitor) is further located on the
same or separate vectors as the Cas9 protein, the nucleotide
sequence encoding the guide RNA, or the donor polynucle-
otide. In some embodiments, all of the sequences may be
located on the same vector. In some embodiments, two or
more sequences may be located on the same vector. The
sequences may be oriented in the same or different directions
and in any order on the vector. In some embodiments, the
nucleotide sequence encoding the Cas9 protein and the
nucleotide sequence encoding the guide RNA may be
located on the same vector. In some embodiments, the
nucleotide sequence encoding the Cas9 protein and the
donor polynucleotide may be located on the same vector. In
some embodiments, the nucleotide sequence encoding the
Cas9 protein, the nucleotide sequences encoding the guide
RNA, and/or the donor polynucleotide are located on the
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same vector as a nucleotide sequence encoding an inhibitor
described herein (e.g, a 53BP1 polypeptide inhibitor). In
some embodiments, the nucleotide sequence encoding the
guide RNA and the donor polynucleotide may be located on
the same vector. In some embodiments, the vector system
may comprise a first vector comprising the nucleotide
sequence encoding the Cas9 protein, and a second vector
comprising the nucleotide sequence encoding the guide
RNA and the donor polynucleotide. In some embodiments,
the vector system comprises a third vector comprising the
nucleotide sequence encoding an inhibitor (e.g., a 53BP1
polypeptide inhibitor) described herein.

Editing of a Target Gene

[0352] Provided herein are methods of gene-editing within
a target gene by repair of a DNA DSB in the target gene by
the HDR pathway using a donor polynucleotide. In some
embodiments, a gene-edit comprises a correction of a muta-
tion in a target gene. In some embodiments, a gene-edit
comprises a replacement of a target gene with a different
gene or a variant of the target gene. In some embodiments,
a mutation in a target gene results in a monogenic disorder.
Non-limiting examples of monogenic disorders caused by
mutations in a target gene provide in Table 1.

[0353] Insomeembodiments, a gene-edit of the disclosure
comprises a disruption to the HBB gene in an HSC. In some
embodiments, a disruption of the HBB gene comprises
editing of a mutation in the HBB gene. In some embodi-
ments, editing of a mutation in the HBB gene comprises
repair of a DSB in the HBB gene using a donor polynucle-
otide, wherein the donor polynucleotide encodes a correc-
tion of the HBB gene. In some embodiments, correction of
the HBB gene in an HSC renders the engineered HSC
suitable for treatment of a hemoglobinopathy. Methods of
editing the HBB gene are described by US20180021413
which is incorporated by reference herein.

[0354] Insomeembodiments, a gene-edit of the disclosure
comprises a disrupted T cell receptor alpha constant region
(TRAC) gene in a T cell. This disruption leads to loss of
function of the T cell receptor (TCR) and renders the
engineered T cell non-alloreactive and suitable for alloge-
neic transplantation, minimizing the risk of graft versus host
disease. In some embodiments, expression of the endog-
enous TRAC gene is eliminated to prevent a graft-versus-
host response.

[0355] In some embodiments, a disruption in the TRAC
gene expression is created by knocking a chimeric antigen
receptor (CAR) into the TRAC gene (e.g., using an adeno-
associated viral (AAV) vector and donor template). In some
embodiments, a disruption in the TRAC gene expression is
created with a nuclease and gRNAs targeting the TRAC
genomic region. In some embodiments, a genomic deletion
in the TRAC gene is created by HDR, wherein a chimeric
antigen receptor (CAR) replaces a segment of the TRAC
gene (e.g., using an adeno-associated viral (AAV) vector and
donor template). In some embodiments, a disruption in the
TRAC gene expression is created with a nuclease and
gRNAs targeting the TRAC genomic region, and knocking
a chimeric antigen receptor (CAR) into the TRAC gene.
[0356] In some embodiments, an engineered T cell com-
prises a disrupted beta-2-microgloulin (f2M) gene. 2M is
a common (invariant) component of MHC I complexes.
Disrupting its expression by gene editing will prevent host
versus therapeutic allogeneic T cells responses leading to
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increased allogeneic T cell persistence. In some embodi-
ments, expression of the endogenous 2M gene is elimi-
nated to prevent a host-versus-graft response.

[0357] Methods of editing the TRAC gene locus and 2M
gene locus are described by International Application No.
PCT PCT/US2018/032334, filed May 11, 2018, incorpo-
rated herein by reference.

Pharmaceutical Compositions

[0358] The present disclosure includes pharmaceutical
compositions comprising a donor polynucleotide, a gRNA,
and a Cas9 protein, in combination with one or more
pharmaceutically acceptable excipient, carrier or diluent. In
some embodiments, the pharmaceutical composition further
comprises one or more inhibitors described herein (e.g., a
53BP1 polypeptide inhibitor, a DNA-PK inhibitor). In par-
ticular embodiments, the donor polynucleotides encapsu-
lated in a nanoparticle, e.g., a lipid nanoparticle. In some
embodiments, the gRNA is encapsulated in a nanoparticle.
In some embodiments, a Cas nuclease (e.g., SpCas9) is
encapsulated in a nanoparticle. In some embodiments, the
one or more inhibitors is encapsulated in a nanoparticle. In
particular embodiments, an mRNA encoding a Cas nuclease
or nanoparticle encapsulating a Cas nuclease is present in a
pharmaceutical composition. In some embodiments, an
mRNA encoding an inhibitor described herein (e.g., a
53BP1 polypeptide inhibitor) is present in a pharmaceutical
composition of the disclosure. In various embodiments, the
one or more mRNA present in the pharmaceutical compo-
sition is encapsulated in a nanoparticle, e.g., a lipid nan-
oparticle. In particular embodiments, the molar ratio of the
first mRNA to the second mRNA is about 1:50, about 1:25,
about 1:10, about 1:5, about 1:4, about 1:3, about 1:2, about
1:1, about 2:1, about 3:1, about 4:1, or about 5:1, about 10:1,
about 25:1 or about 50:1. In particular embodiments, the
molar ratio of the first mRNA to the second mRNA is greater
than one.

[0359] In some embodiments, the ratio between the lipid
composition and the donor polynucleotide can be about 5:1,
6:1, 7:1, 8:1, 9:1, 10:1, 11:1, 12:1, 13:1, 14:1, 15:1, 16:1,
17:1, 18:1, 19:1, 20:1, 21:1, 22:1, 23:1, 24:1, 25:1, 26:1,
27:1, 28:1, 29:1, 30:1, 31:1, 32:1, 33:1, 34:1, 35:1, 36:1,
37:1, 38:1, 39:1, 40:1, 41:1, 42:1, 43:1, 44:1, 45:1, 46:1,
47:1, 48:1, 49:1, 50:1, 51:1, 52:1, 53:1, 54:1, 55:1, 56:1,
57:1, 58:1, 59:1 or 60:1 (wt/wt). In some embodiments, the
wt/wt ratio of the lipid composition to the polynucleotide is
about 20:1 or about 15:1.

[0360] In one embodiment, the lipid nanoparticles
described herein can comprise polynucleotides (e.g., donor
polynucleotide) in a lipid:polynucleotide weight ratio of 5:1,
10:1, 15:1, 20:1, 25:1, 30:1, 35:1, 40:1, 45:1, 50:1, 55:1,
60:1 or 70:1, or a range or any of these ratios such as, but
not limited to, 5:1 to about 10:1, from about 5:1 to about
15:1, from about 5:1 to about 20:1, from about 5:1 to about
25:1, from about 5:1 to about 30:1, from about 5:1 to about
35:1, from about 5:1 to about 40:1, from about 5:1 to about
45:1, from about 5:1 to about 50:1, from about 5:1 to about
55:1, from about 5:1 to about 60:1, from about 5:1 to about
70:1, from about 10:1 to about 15:1, from about 10:1 to
about 20:1, from about 10:1 to about 25:1, from about 10:1
to about 30:1, from about 10:1 to about 35:1, from about
10:1 to about 40:1, from about 10:1 to about 45:1, from
about 10:1 to about 50:1, from about 10:1 to about 55:1,
from about 10:1 to about 60:1, from about 10:1 to about
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70:1, from about 15:1 to about 20:1, from about 15:1 to
about 25:1,from about 15:1 to about 30:1, from about 15:1
to about 35:1, from about 15:1 to about 40:1, from about
15:1 to about 45:1, from about 15:1 to about 50:1, from
about 15:1 to about 55:1, from about 15:1 to about 60:1 or
from about 15:1 to about 70:1.

[0361] In one embodiment, the lipid nanoparticles
described herein can comprise the polynucleotide in a con-
centration from approximately 0.1 mg/ml to 2 mg/ml such
as, but not limited to, 0.1 mg/ml, 0.2 mg/ml, 0.3 mg/ml, 0.4
mg/ml, 0.5 mg/ml, 0.6 mg/ml, 0.7 mg/ml, 0.8 mg/ml, 0.9
mg/ml, 1.0 mg/ml, 1.1 mg/ml, 1.2 mg/ml, 1.3 mg/ml, 1.4
mg/ml, 1.5 mg/ml, 1.6 mg/ml, 1.7 mg/ml, 1.8 mg/ml, 1.9
mg/ml, 2.0 mg/ml or greater than 2.0 mg/ml.

Methods of Treatment

[0362] Provided herein are methods of treating a patient
with a disease by gene-editing genomic DNA molecule,
such as correcting a mutation in genomic DNA molecule. In
some embodiments, the method may comprise introducing a
donor polynucleotide, system, vector, or pharmaceutical
composition described herein into a cell. In some embodi-
ments, the method further comprises introducing one or
more inhibitors described herein (e.g., a S3BP1 polypeptide
inhibitor, a DNA-PK inhibitor) to the cell. In some embodi-
ments, the method may comprise administering a donor
polynucleotide, system, vector, or pharmaceutical composi-
tion to a subject in need thereof (e.g., a patient having a
disease caused by a mutation). In some embodiments, the
method further comprises administering one or more inhibi-
tors described herein (e.g., a 53BP1 polypeptide inhibitor, a
DNA-PK inhibitor) to the subject in need thereof.

[0363] Embodiments of the disclosure encompass meth-
ods for editing a target nucleic acid molecule (a genomic
DNA) in a cell. In some embodiments, the method com-
prises introducing a donor polynucleotide described herein
into a cell. In some embodiments, the method further
comprises introducing one or more inhibitors described
herein (e.g., a 53BP1 polypeptide inhibitor, a DNA-PK
inhibitor) or a nucleic acid encoding the one or more
inhibitors (e.g., a vector, an mRNA) to the cell. In some
embodiments, the method comprises contacting the cell with
a pharmaceutical composition described herein. In some
embodiments, the method comprises generating a stable cell
line comprising a targeted edited nucleic acid molecule. In
some embodiments, the cell is a eukaryotic cell. Non-
limiting examples of eukaryotic cells include yeast cells,
plant cells, insect cells, cells from an invertebrate animal,
cells from a vertebrate animal, mammalian cells, rodent
cells, mouse cells, rat cells, and human cells. In some
embodiments, the eukaryotic cell may be a mammalian cell.
In some embodiments, the eukaryotic cell may be a rodent
cell. In some embodiments, the eukaryotic cell may be a
human cell. Similarly, the target sequence may be from any
such cells or in any such cells.

[0364] The donor polynucleotide, system, vector, or phar-
maceutical composition described herein may be introduced
into the cell via any methods known in the art, such as, e.g.,
viral or bacteriophage infection, transfection, conjugation,
protoplast fusion, lipofection, electroporation, calcium
phosphate precipitation, polyethyleneimine (PEI)-mediated
transfection, DEAE-dextran-mediated transfection, lipo-
some-mediated transfection, particle gun technology, cal-
cium phosphate precipitation, shear-driven cell permeation,
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fusion to a cell-penetrating peptide followed by cell contact,
microinjection, and nanoparticle-mediated delivery. In some
embodiments, the vector system may be introduced into the
cell via viral infection. In some embodiments, the vector
system may be introduced into the cell via bacteriophage
infection.

[0365] Embodiments of the invention also encompass
treating a patient with donor polynucleotide, system, vector,
or pharmaceutical composition described herein. In some
embodiments, the method may comprise administering the
donor polynucleotide, system, vector, or pharmaceutical
composition described herein to the patient. In some
embodiments, the method further comprises administering
one or more inhibitors described herein (e.g., a 53BP1
polypeptide inhibitor, a DNA-PK inhibitor) to the patient.
The method may be used as a single therapy or in combi-
nation with other therapies available in the art. In some
embodiments, the patient may have a mutation (such as, e.g.,
insertion, deletion, substitution, chromosome translocation)
in a disease-associated gene. In some embodiments, admin-
istration of the donor polynucleotide, system, vector, or
pharmaceutical composition may result in a mutation com-
prising an insertion, deletion, or substitution of one or more
nucleotides of the disease-associated gene in the patient.
Certain embodiments may include methods of repairing the
patient’s mutation in the disease-associated gene. In some
embodiments, the mutation may result in one or more amino
acid changes in a protein expressed from the disease-
associated gene. In some embodiments, the mutation may
result in one or more nucleotide changes in an RNA
expressed from the disease-associated gene. In some
embodiments, the mutation may alter the expression level of
the disease-associated gene. In some embodiments, the
mutation may result in increased or decreased expression of
the gene. In some embodiments, the mutation may result in
gene knockdown in the patient. In some embodiments, the
administration of the donor polynucleotide, system, vector,
or pharmaceutical composition may result in the correction
of the patient’s mutation in the disease-associated gene. In
some embodiments, the administration of the donor poly-
nucleotide, system, vector, or pharmaceutical composition
may result in gene knockout in the patient. In some embodi-
ments, the administration of the donor polynucleotide, sys-
tem, vector, or pharmaceutical composition system may
result in replacement of an exon sequence, an intron
sequence, a transcriptional control sequence, a translational
control sequence, or a non-coding sequence of the disease-
associated gene.

[0366] In some embodiments, the administration of the
donor polynucleotide, system, vector, or pharmaceutical
composition may result in integration of an exogenous
sequence (e.g., the donor polynucleotide sequence) into the
patient’s genomic DNA. In some embodiments, the exog-
enous sequence may comprise a protein or RNA coding
sequence operably linked to an exogenous promoter
sequence such that, upon integration of the exogenous
sequence into the patient’s genomic DNA, the patient is
capable of expressing the protein or RNA encoded by the
integrated sequence. The exogenous sequence may provide
a supplemental or replacement protein coding or non-coding
sequence. For example, the administration of the donor
polynucleotide, system, vector, or pharmaceutical composi-
tion may result in the replacement of the mutant portion of
the disease-associated gene in the patient. In some embodi-
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ments, the mutant portion may include an exon of the
disease-associated gene. In other embodiments, the integra-
tion of the exogenous sequence may result in the expression
of the integrated sequence from an endogenous promoter
sequence present on the patient’s genomic DNA. For
example, the administration of the donor polynucleotide,
system, vector, or pharmaceutical composition may result in
supply of a functional gene product of the disease-associated
gene to rectify the patient’s mutation. In yet other embodi-
ments, the administration of the donor polynucleotide, sys-
tem, vector, or pharmaceutical composition may result in
integration of an exon sequence, an intron sequence, a
transcriptional control sequence, a translational control
sequence, or a non-coding sequence into the patient’s
genomic DNA.

[0367] Additional embodiments of the invention also
encompass methods of treating the patient in a tissue-
specific manner. In some embodiments, the method may
comprise administering the donor polynucleotide, system,
vector, or pharmaceutical composition comprising a tissue-
specific promoter as described herein to the patient. Non-
limiting examples of suitable tissues for treatment by the
methods include the immune system, neuron, muscle, pan-
creas, blood, kidney, bone, lung, skin, liver, and breast
tissues.

[0368] In some embodiments, the disclosure provides a
method to correct a mutation in a genomic DNA molecule
(gDNA) in a cell, the method comprising contacting the cell
with a donor polynucleotide described herein, a system
comprising a donor polynucleotide, a gRNA, and a site-
directed nuclease, according to the disclosure, or a pharma-
ceutical composition described herein, wherein when the
donor polynucleotide, system or composition contacts the
cell, an HDR DNA repair pathway inserts the donor poly-
nucleotide into a double-stranded DNA break introduced
into the gDNA at a location proximal to the mutation,
thereby correcting the mutation. In some embodiments, the
method further comprises contacting the cell with an inhibi-
tor (e.g., a 53BP1 polypeptide inhibitor, a DNA-PK inhibi-
tor) or a nucleic acid encoding the inhibitor (e.g., a vector,
e.g., an mRNA) described herein to increase the efficiency of
the HDR DNA repair pathway.

[0369] In some embodiments, the disclosure provides a
method to correct a mutation in a genomic DNA molecule
(gDNA) in a cell, the method comprising contacting the cell
with a donor polynucleotide or recombinant vector
described herein, a system comprising a donor polynucle-
otide, a gRNA, and a site-directed nuclease, according to the
disclosure, or a pharmaceutical composition described
herein, wherein when the donor polynucleotide or a recom-
binant vector, system or composition contacts the cell, an
HDR DNA repair pathway exchanges the donor polynucle-
otide for a corresponding nucleic acid region in the gDNA
at a location proximal to the mutation, thereby correcting the
mutation. In some embodiments, the method further com-
prises contacting the cell with an inhibitor (e.g., a 53BP1
polypeptide inhibitor, a DNA-PK inhibitor) or a nucleic acid
encoding the inhibitor (e.g., a vector, e.g., an mRNA)
described herein to increase the efficiency of the HDR DNA
repair pathway.

[0370] In some embodiments, the disclosure provides a
method to correct a mutation in a genomic DNA molecule
(gDNA) in a cell, the method comprising contacting the cell
with a donor polynucleotide or recombinant vector
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described herein, a system comprising a donor polynucle-
otide, a gRNA, and a site-directed nuclease, according to the
disclosure, or a pharmaceutical composition described
herein, wherein when the donor polynucleotide or recom-
binant vector, system or composition contacts the cell, an
HDR DNA repair pathway exchanges a region around a
double-stranded DNA break introduced into the gDNA at a
location proximal to the mutation, thereby correcting the
mutation. In some embodiments, the method further com-
prises contacting the cell with an inhibitor (e.g., a 53BP1
polypeptide inhibitor, a DNA-PK inhibitor) or a nucleic acid
encoding the inhibitor (e.g., a vector, e.g., an mRNA)
described herein to increase the efficiency of the HDR DNA
repair pathway.

[0371] In some embodiments, the disclosure provides a
method of treating a patient with a disease by correcting a
mutation in a genomic DNA molecule (gDNA) in a cell, the
method comprising isolating a cell from the patient, con-
tacting the cell with a donor polynucleotide described
herein, a system comprising a donor polynucleotide, a
gRNA, and a site-directed nuclease, according to the dis-
closure, or a pharmaceutical composition described herein,
wherein, when the donor polynucleotide, system or compo-
sition contacts the cell, an HDR DNA repair pathway inserts
the donor polynucleotide into a double-stranded DNA break
introduced into the gDNA at a location proximal to the
mutation, thereby correcting the mutation. In some embodi-
ments, the method further comprises contacting the cell with
an inhibitor (e.g., a 53BP1 polypeptide inhibitor, a DNA-PK
inhibitor) or a nucleic acid encoding the inhibitor (e.g., a
vector, e.g., an mRNA) described herein to increase the
efficiency of the HDR DNA repair pathway.

[0372] In some embodiments, the disclosure provides a
method of treating a patient with a disease by correcting a
mutation in a genomic DNA molecule (gDNA) in a cell, the
method comprising isolating a cell from the patient, con-
tacting the cell with a donor polynucleotide or recombinant
vector described herein, a system comprising a donor poly-
nucleotide or recombinant vector, a gRNA, and a site-
directed nuclease, according to the disclosure, or a pharma-
ceutical composition described herein, an HDR DNA repair
pathway exchanges the donor polynucleotide or recombi-
nant vector for a corresponding nucleic acid region in the
gDNA at a location proximal to the mutation, thereby
correcting the mutation. In some embodiments, the method
further comprises contacting the cell with an inhibitor (e.g.,
a 53BP1 polypeptide inhibitor, a DNA-PK inhibitor) or a
nucleic acid encoding the inhibitor (e.g., a vector, e.g., an
mRNA) described herein to increase the efficiency of the
HDR DNA repair pathway.

[0373] In some embodiments, the disclosure provides a
method of treating a patient with a disease by correcting a
mutation in a genomic DNA molecule (gDNA) in a cell, the
method comprising isolating a cell from the patient, con-
tacting the cell with a donor polynucleotide or recombinant
vector described herein, a system comprising a donor poly-
nucleotide or recombinant vector, a gRNA, and a site-
directed nuclease, according to the disclosure, or a pharma-
ceutical composition described herein, an HDR DNA repair
pathway exchanges a region around a double-stranded DNA
break introduced into the gDNA at a location proximal to the
mutation, thereby correcting the mutation. In some embodi-
ments, the method further comprises contacting the cell with
an inhibitor (e.g., a 53BP1 polypeptide inhibitor, a DNA-PK
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inhibitor) or a nucleic acid encoding the inhibitor (e.g., a
vector, e.g., an mRNA) described herein to increase the
efficiency of the HDR DNA repair pathway.In some embodi-
ments, the disclosure provides a method of treating a patient
with a disease by correcting a mutation in a genomic DNA
molecule (gDNA) in a cell, the method comprising admin-
istering to the patient an effective amount of a donor
polynucleotide described herein, a system comprising a
donor polynucleotide, a gRNA, and a site-directed nuclease,
according to the disclosure, or a pharmaceutical composition
described herein, wherein, when the donor polynucleotide,
system or composition is administered, an HDR DNA repair
pathway inserts the donor polynucleotide into a double-
stranded DNA break introduced into the gDNA at a location
proximal to the mutation, thereby correcting the mutation. In
some embodiments, the method further comprises adminis-
tering to the patient an effective amount of an inhibitor (e.g.,
a 53BP1 polypeptide inhibitor, a DNA-PK inhibitor) or a
nucleic acid encoding the inhibitor (e.g., a vector, e.g., an
mRNA) described herein to increase the efficiency of the
HDR DNA repair pathway.In some embodiments, the dis-
closure provides a method of treating a patient with a disease
by correcting a mutation in a genomic DNA molecule
(gDNA) in a cell, the method comprising administering to
the patient an effective amount of a donor polynucleotide or
recombinant vector described herein, a system comprising a
donor polynucleotide, a gRNA, and a site-directed nuclease,
according to the disclosure, or a pharmaceutical composition
described herein, wherein, when the donor polynucleotide,
system or composition is administered, an HDR DNA repair
pathway exchanges the donor polynucleotide or recombi-
nant vector for a corresponding nucleic acid region in the
gDNA at a location proximal to the mutation, thereby
correcting the mutation. In some embodiments, the method
further comprises administering to the patient an effective
amount of an inhibitor (e.g., a S3BP1 polypeptide inhibitor,
a DNA-PK inhibitor) or a nucleic acid encoding the inhibitor
(e.g., a vector, e.g., an mRNA) described herein to increase
the efficiency of the HDR DNA repair pathway.

[0374] In some embodiments, the disclosure provides a
method of treating a patient with a disease by correcting a
mutation in a genomic DNA molecule (gDNA) in a cell, the
method comprising administering to the patient an effective
amount of a donor polynucleotide or recombinant vector
described herein, a system comprising a donor polynucle-
otide, a gRNA, and a site-directed nuclease, according to the
disclosure, or a pharmaceutical composition described
herein, wherein, when the donor polynucleotide, system or
composition is administered, an HDR DNA repair pathway
exchanges a region around a double-stranded DNA break
introduced into the gDNA at a location proximal to the
mutation, thereby correcting the mutation. In some embodi-
ments, the method further comprises administering to the
patient an effective amount of an inhibitor (e.g., a 53BP1
polypeptide inhibitor, a DNA-PK inhibitor) or a nucleic acid
encoding the inhibitor (e.g., a vector, e.g., an mRNA)
described herein to increase the efficiency of the HDR DNA
repair pathway.

[0375] In some embodiments, the cell is a hematopoietic
stem cell. In some embodiments, the cell is a patient-specific
induced pluripotent stem cell (iPSC). In some embodiments,
the cell is a hepatocyte. In some embodiments, the method
further comprises differentiating the iPSC comprising the
corrected mutation into a differentiated cell; and implanting
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the differentiated cell into a patient. In some embodiments,
treatment results in the translation of an mRNA transcribed
from the genomic DNA molecule (gDNA) comprising the
inserted donor polynucleotide, wherein the translation
results in the formation of a translation product (protein) that
alleviates the disease or that does not cause or contribute to
the disease.

Definitions

[0376] Terms used in the claims and specification are
defined as set forth below unless otherwise specified. In the
case of direct conflict with a term used in a parent provi-
sional patent application, the term used in the instant appli-
cation shall control.

[0377] It must be noted that, as used in the specification
and the appended claims, the singular forms “a,” “an” and
“the” include plural referents unless the context clearly
dictates otherwise. Further, unless otherwise required by
context, singular terms shall include pluralities and plural
terms shall include the singular.

[0378] About: As used herein, the term “about” (alterna-
tively “approximately”) will be understood by persons of
ordinary skill and will vary to some extent depending on the
context in which it is used. If there are uses of the term which
are not clear to persons of ordinary skill given the context in
which it is used, “about” will mean up to plus or minus 10%
of the particular value.

[0379] Amino acid: As used herein, the term “amino acid”
refers to naturally occurring and synthetic amino acids, as
well as amino acid analogs and amino acid mimetics that
function in a manner similar to the naturally occurring
amino acids. Naturally occurring amino acids are those
encoded by the genetic code, as well as those amino acids
that are later modified, e.g., hydroxyproline, y-carboxyglu-
tamate, and O-phosphoserine. Amino acid analogs refers to
compounds that have the same basic chemical structure as a
naturally occurring amino acid, i.e., an a carbon that is
bound to a hydrogen, a carboxyl group, an amino group, and
an R group, e.g., homoserine, norleucine, methionine sulfox-
ide, methionine methyl sulfonium. Such analogs have modi-
fied R groups (e.g., norleucine) or modified peptide back-
bones, but retain the same basic chemical structure as a
naturally occurring amino acid. Amino acid mimetics refers
to chemical compounds that have a structure that is different
from the general chemical structure of an amino acid, but
that function in a manner similar to a naturally occurring
amino acid.

[0380] Amino acids can be referred to herein by either
their commonly known three letter symbols or by the
one-letter symbols recommended by the I[UPAC-IUB Bio-
chemical Nomenclature Commission. Nucleotides, likewise,
can be referred to by their commonly accepted single-letter
codes.

[0381] Amino acid substitution: As used herein, an “amino
acid substitution” refers to the replacement of at least one
existing amino acid residue in a predetermined amino acid
sequence (an amino acid sequence of a starting polypeptide)
with a second, different “replacement” amino acid residue.
An “amino acid insertion” refers to the incorporation of at
least one additional amino acid into a predetermined amino
acid sequence. While the insertion will usually consist of the
insertion of one or two amino acid residues, larger “peptide
insertions,” can also be made, e.g., insertion of about three
to about five or even up to about ten, fifteen, or twenty amino
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acid residues. The inserted residue(s) may be naturally
occurring or non-naturally occurring as disclosed above. An
“amino acid deletion” refers to the removal of at least one
amino acid residue from a predetermined amino acid
sequence.

[0382] Base Composition: As used herein, the term “base
composition” refers to the proportion of the total bases of a
nucleic acid consisting of guanine+cytosine or thymine (or
uracil)+adenine nucleobases.

[0383] Base Pair: As used herein, the term “base pair”
refers to two nucleobases on opposite complementary poly-
nucleotide strands, or regions of the same strand, that
interact via the formation of specific hydrogen bonds. As
used herein, the term “Watson-Crick base pairing”, used
interchangeably with “complementary base pairing”, refers
to a set of base pairing rules, wherein a purine always binds
with a pyrimidine such that the nucleobase adenine (A)
forms a complementary base pair with thymine (T) and
guanine (G) forms a complementary base pair with cytosine
(C) in DNA molecules. In RNA molecules, thymine is
replaced by uracil (U), which, similar to thymine (T), forms
a complementary base pair with adenine (A). The comple-
mentary base pairs are bound together by hydrogen bonds
and the number of hydrogen bonds differs between base
pairs. As in known in the art, guanine (G)-cytosine (C) base
pairs are bound by three (3) hydrogen bonds and adenine
(A)-thymine (T) or uracil (U) base pairs are bound by two
(2) hydrogen bonds.

[0384] Base pairing interactions that do not follow these
rules can occur in natural, non-natural, and synthetic nucleic
acids and are referred to herein as “non-Watson-Crick base
pairing” or alternatively “non-canonical base pairing”. A
“wobble base pair” is a pairing between two nucleobases in
RNA molecules that does not follow Watson-Crick base pair
rules. For example, inosine is a nucleoside that is structur-
ally similar to guanosine, but is missing the 2-amino group.
Inosine is able to form two hydrogen bonds with each of the
four natural nucleobases (Oda et al., (1991) Nucleic Acids
Res 19:5263-5267) and it is often used by researchers as a
“universal” base, meaning that it can base pair with all the
naturally-occurring or canonical bases. The four main
wobble base pairs are the guanine-uracil (G-U) base pair, the
hypoxanthine-uracil (I-U) base pair, the hypoxanthine-ad-
enine (I-A) base pair, and the hypoxanthine-cytosine (I-C)
base pair. In order to maintain consistency of nucleic acid
nomenclature, “I” is used for hypoxanthine because hypo-
xanthine is the nucleobase of inosine; nomenclature other-
wise follows the names of nucleobases and their correspond-
ing nucleosides (e.g., “G” for both guanine and guanosine—
as well as for deoxyguanosine). The thermodynamic
stability of a wobble base pair is comparable to that of a
Watson-Crick base pair. Wobble base pairs play a role in the
formation of secondary structure in RNA molecules.
[0385] Blunt-end: As used herein, the term “blunt-end”
“blunt-ended” refers to the structure of an end of a duplexed
or double-stranded nucleic acid (e.g., DNA), wherein both
complementary strands comprising the duplex terminate, at
least at one end, in a base pair. Hence, neither strand
comprising the duplex extends further from the end than the
other.

[0386] Chimeric antigen receptor (CAR): As used herein,
the term “chimeric antigen receptor” or “CAR” refers to an
artificial immune cell receptor that is engineered to recog-
nize and bind to an antigen expressed by tumor cells.
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Generally, a CAR is designed for a T cell and is a chimera
of a signaling domain of the T-cell receptor (TCR) complex
and an antigen-recognizing domain (e.g., a single chain
fragment (scFv) of an antibody or other antibody fragment)
(Enblad et al., Human Gene Therapy. 2015; 26(8):498-505).
AT cell that expresses a CAR is referred to as a CAR T cell.
CARs have the ability to redirect T-cell specificity and
reactivity toward a selected target in a non-MHC-restricted
manner. The non-MHC-restricted antigen recognition gives
T-cells expressing CARs the ability to recognize an antigen
independent of antigen processing, thus bypassing a major
mechanism of tumor escape. Moreover, when expressed in
T-cells, CARs advantageously do not dimerize with endog-
enous T-cell receptor (TCR) alpha and beta chains.

[0387] There are four generations of CARs, each of which
contains different components. First generation CARs join
an antibody-derived scFv to the CD3zeta (§ or z) intracel-
Iular signaling domain of the T-cell receptor through hinge
and transmembrane domains. Second generation CARs
incorporate an additional domain, e.g., CD28, 4-1BB
(41BB), or ICOS, to supply a costimulatory signal. Third-
generation CARs contain two costimulatory domains fused
with the TCR CD3§ chain. Third-generation costimulatory
domains may include, e.g., a combination of CD3g, CD27,
CD28, 4-1BB, ICOS, or OX40. CARs, in some embodi-
ments, contain an ectodomain (e.g., CD3E), commonly
derived from a single chain variable fragment (scFv), a
hinge, a transmembrane domain, and an endodomain with
one (first generation), two (second generation), or three
(third generation) signaling domains derived from CD3Z
and/or co-stimulatory molecules (Maude et al., Blood. 2015;
125(26):4017-4023; Kakarla and Gottschalk, Cancer J.
2014; 20(2):151-155).

[0388] CARs typically differ in their functional properties.
The CD3t signaling domain of the T-cell receptor, when
engaged, will activate and induce proliferation of T-cells but
can lead to anergy (a lack of reaction by the body’s defense
mechanisms, resulting in direct induction of peripheral
lymphocyte tolerance). Lymphocytes are considered anergic
when they fail to respond to a specific antigen. The addition
of a costimulatory domain in second-generation CARs
improved replicative capacity and persistence of modified
T-cells. Similar antitumor effects are observed in vitro with
CD28 or 4-1BB CARs, but preclinical in vivo studies
suggest that 4-1BB CARs may produce superior prolifera-
tion and/or persistence. Clinical trials suggest that both of
these second-generation CARs are capable of inducing
substantial T-cell proliferation in vivo, but CARs containing
the 4-1BB costimulatory domain appear to persist longer.
Third generation CARs combine multiple signaling domains
(costimulatory) to augment potency.

[0389] Codon: As used herein, the term “codon” refers to
a sequence of three nucleotides that together form a unit of
genetic code in a DNA or RNA molecule. A codon is
operationally defined by the initial nucleotide from which
translation starts and sets the frame for a run of successive
nucleotide triplets, which is known as an “open reading
frame” (ORF). For example, the string GGGAAACCC, if
read from the first position, contains the codons GGG, AAA,
and CCC; if read from the second position, it contains the
codons GGA and AAC; and if read from the third position,
GAA and ACC. Thus, every nucleic sequence read in its
5'—3' direction comprises three reading frames, each pro-
ducing a possibly distinct amino acid sequence (in the given
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example, Gly-Lys-Pro, Gly-Asn, or Glu-Thr, respectively).
DNA is double-stranded defining six possible reading
frames, three in the forward orientation on one strand and
three reverse on the opposite strand. Open reading frames
encoding polypeptides are typically defined by a start codon,
usually the first AUG codon in the sequence.

[0390] Corrects or induces a mutation: As used herein, the
term “corrects or induces a mutation” refers to a function of
a donor polynucleotide, such as those described herein, to
incorporate a desired alteration into a nucleotide sequence
comprising a genomic DNA (gDNA) molecule upon inser-
tion of the donor polynucleotide into a double-strand break
(DSB) induced in the gDNA molecule, thereby changing the
nucleotide sequence of the gDNA.

[0391] The term “corrects a mutation” refers to an incor-
poration of a desired alteration by a donor polynucleotide
that results in a change of one or more nucleotides in a
gDNA that comprises a mutation (e.g., a deleterious or
disease-causing mutation) such that the mutation is reverted
or transmuted in a desired manner. The identification of a
mutation to correct can be determined by comparison of the
nucleotide sequence of a gDNA known, or suspected to,
comprise the mutation to the nucleotide sequence of a
wild-type gDNA.

[0392] The term “induces a mutation” refers to an incor-
poration of a desired alteration by a donor polynucleotide
that results in a change of one or more nucleotides in a
gDNA such that the gDNA is mutated in a desired manner.
A mutation induced by a donor polynucleotide may be any
type of mutation known in the art. In some embodiments, the
induction of a mutation is for therapeutic purposes or results
in a therapeutic effect.

[0393] Covalently linked: As used herein, the term “cova-
lently linked” (alternatively “conjugated”, “linked,”
“attached,” “fused”, or “tethered”), when used with respect
to two or more moieties, means that the moieties are
physically associated or connected with one another, by
whatever means including chemical conjugation, recombi-
nant techniques or enzymatic activity, either directly or via
one or more additional moieties that serves as a linking
agent, to form a structure that is sufficiently stable so that the
moieties remain physically associated under the conditions
in which the structure is used, e.g., physiological conditions.
[0394] Complementary: As used herein, the term “comple-
mentary” or “complementarity” refers to a relationship
between the sequence of nucleotides comprising two poly-
nucleotide strands, or regions of the same polynucleotide
strand, and the formation of a duplex comprising the strands
or regions, wherein the extent of consecutive base pairing
between the two strands or regions is sufficient for the
generation of a duplex structure. It is known that adenine (A)
forms specific hydrogen bonds, or “base pairs”, with thy-
mine (T) or uracil (U). Similarly, it is known that a cytosine
(C) base pairs with guanine (G). It is also known that
non-canonical nucleobases (e.g., inosine) can hydrogen
bond with natural bases. A sequence of nucleotides com-
prising a first strand of a polynucleotide, or a region, portion
or fragment thereof, is said to be “sufficiently complemen-
tary” to a sequence of nucleotides comprising a second
strand of the same or a different nucleic acid, or a region,
portion, or fragment thereof, if, when the first and second
strands are arranged in an antiparallel fashion, the extent of
base pairing between the two strands maintains the duplex
structure under the conditions in which the duplex structure
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is used (e.g., physiological conditions in a cell). It should be
understood that complementary strands or regions of poly-
nucleotides can include some base pairs that are non-
complementary. Complementarity may be “partial,” in
which only some of the nucleobases comprising the poly-
nucleotide are matched according to base pairing rules. Or,
there may be “complete” or “total” complementarity
between the nucleic acids. Although the degree of comple-
mentarity between polynucleotide strands or regions has
significant effects on the efficiency and strength of hybrid-
ization between the strands or regions, it is not required for
two complementary polynucleotides to base pair at every
nucleotide position. In some embodiments, a first polynucle-
otide is 100% or “fully” complementary to a second poly-
nucleotide and thus forms a base pair at every nucleotide
position. In some embodiments, a first polynucleotide is not
100% complementary (e.g., is 90%, or 80% or 70% comple-
mentary) and contains mismatched nucleotides at one or
more nucleotide positions. While perfect complementarity is
often desired, some embodiments can include one or more
but preferably 6, 5, 4, 3, 2, or 1 mismatches.

[0395] Contacting: As used herein, the term “contacting”
means establishing a physical connection between two or
more entities. For example, contacting a cell with an agent
(e.g., an RNA, a lipid nanoparticle composition, or other
pharmaceutical composition of the disclosure) means that
the cell and the agent are made to share a physical connec-
tion. Methods of contacting cells with external entities both
in vivo, in vitro, and ex vivo are well known in the biological
arts. In exemplary embodiments of the disclosure, the step of
contacting a mammalian cell with a composition (e.g., an
isolated RNA, nanoparticle, or pharmaceutical composition
of the disclosure) is performed in vivo. For example, con-
tacting a lipid nanoparticle composition and a cell (for
example, a mammalian cell) which may be disposed within
an organism (e.g., a mammal) may be performed by any
suitable administration route (e.g., parenteral administration
to the organism, including intravenous, intramuscular, intra-
dermal, and subcutaneous administration). For a cell present
in vitro, a composition (e.g., a lipid nanoparticle or an
isolated RNA) and a cell may be contacted, for example, by
adding the composition to the culture medium of the cell and
may involve or result in transfection. Moreover, more than
one cell may be contacted by an agent.

[0396] Culture: As used herein, the term “culture” can be
used interchangeably with the terms “culturing”, “grow”,
“growing”, “maintain”, “maintaining”, “expand”, “expand-
ing” when referring to a cell culture or the process of
culturing. The term refers to a cell (e.g., a primary cell) that
is maintained outside its normal environment (e.g., a tissue
in a living organism) under controlled conditions. Cultured
cells are treated in a manner that enables survival. Culturing
conditions can be modified to alter cell growth, homeostasis,
differentiation, division, or a combination thereof in a con-
trolled and reproducible manner. The term does not imply
that all cells in the culture survive, grow, or divide as some
may die, enter a state of quiescence, or enter a state of
senescence. Cells are typically cultured in media, which can
be changed during the course of the culture. Components
can be added to the media or environmental factors (e.g.,
temperature, humidity, atmospheric gas levels) to promote
cell survival, growth, homeostasis, division, or a combina-
tion thereof.
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[0397] Denaturation: As used herein, the term “denatur-
ation” refers to the process by which the hydrogen bonding
between base paired nucleotides in a nucleic acid is dis-
rupted, resulting in the loss of secondary and/or tertiary
nucleic acid structure (e.g., the separation of previously
annealed strands). Denaturation can occur by the application
of an external substance, energy, or biochemical process to
a nucleic acid.

[0398] Double-strand break: As used herein the term,
“double-strand break” (DSB) refers to a DNA lesion gen-
erated when the two complementary strands of a DNA
molecule are broken or cleaved, resulting in two free DNA
ends or termini. DSBs may occur via exposure to environ-
mental insults (e.g., irradiation, chemical agents, or UV
light) or generated deliberately (e.g., via a site-directed
nuclease) and for a defined biological purpose (e.g., the
insertion of a donor polynucleotide to correct a mutation).

[0399] Duplex: As used herein, the term “duplex” refers to
a structure formed by complementary strands of a double-
stranded polynucleotide, or complementary regions of a
single-stranded polynucleotide that folds back on itself. The
duplex structure of a nucleic acid arises as a consequence of
complementary nucleotide sequences being bound together,
or hybridizing, by base pairing interactions.

[0400] EC,,: As used herein, the term “EC,,” refers to the
concentration of a composition which induces a response,
either in an in vitro or an in vivo assay, which is 50% of the
maximal response, i.e., halfway between the maximal
response and the baseline.

[0401] Effective dose: As used herein, the term “effective
dose” or “effective dosage” is defined as an amount suffi-
cient to achieve or at least partially achieve the desired
effect.

[0402] Engraftment: As used herein, the term “engraft-
ment” is used interchangeably with the term “chimerism”
and refers to the process wherein donor stem cells are
administered to (e.g., transplanted) a host, traffic to a tissue
compartment, and establish within that compartment by
undergoing self-renewal and generating differentiated cells
for reconstitution of the tissue compartment. Often the term
engraftment refers to the success of a hematopoietic stem
cell (HSC) transplant (e.g., a bone marrow transplant). The
term “engraftment” in this context refers to the persistence
of transplanted HSCs and their progenitors following admin-
istration. The term engraftment can also refer to the success
of'a T cell therapy wherein ex vivo manipulated T cells are
administered to a host. The term “engraftment” in this
context refers to the persistence of transplanted donor T cells
and their progenitors following administration

[0403] Genome editing: As used herein, the term genome
editing generally refers to the process of editing or changing
the nucleotide sequence of a genome, preferably in a precise
or predetermined manner. Examples of methods of genome
editing described herein include methods of using site-
directed nucleases to cut genomic DNA at a precise target
location or sequence within a genome, thereby creating a
DNA break (e.g., a DSB) within the target sequence, and
repairing the DNA break such that the nucleotide sequence
of the repaired genome has been changed at or near the site
of the DNA break.

[0404] Double-strand DNA breaks (DSBs) can be and
regularly are repaired by natural, endogenous cellular pro-
cesses such as homology-directed repair (HDR) and non-
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homologous end-joining (NHEJ) (see e.g., Cox et al., (2015)
Nature Medicine 21(2):121-131).

[0405] DNA repair by HDR utilizes a polynucleotide
(often referred to as a “repair template” or “donor template™)
with a nucleotide sequence that is homologous to the
sequences flanking the DSB. DNA repair by HDR mecha-
nisms involves homologous recombination between the
repair template and the cut genomic DNA molecule. Repair
templates may be designed such that they insert or delete
nucleotides in the genomic DNA molecule or change the
nucleotide sequence of the genomic DNA molecule.
[0406] NHEJ mechanisms can repair a DSB by directly
joining or ligating together the DNA ends that result from
the DSB. Repair of a DSB by NHEJ can involve the random
insertion or deletion of one or more nucleotides (i.e. indels).
This aspect of DNA repair by NHEJ is often leveraged in
genome editing methods to disrupt gene expression. NHEJ
can also repair a DSB by insertion of an exogenous poly-
nucleotide into the cut site in a homology-independent
manner.

[0407] A third repair mechanism is microhomology-me-
diated end joining (MMEJ), also referred to as “alternative
NHEJ”, in which the genetic outcome is similar to NHEJ in
that small deletions and insertions can occur at the cleavage
site. MMEJ makes use of homologous sequences of a few
basepairs flanking the DNA break site to drive a more
favored DNA end joining repair outcome (see e.g., Cho and
Greenberg, (2015) Nature 518, 174-176); Mateos-Gomez et
al., Nature 518, 254-57 (2015); Ceccaldi et al., Nature 528,
258-62 (2015). In some instances it may be possible to
predict likely repair outcomes based on analysis of potential
microhomologies at the site of the DNA break. Each of the
aforementioned DNA repair mechanisms can be used in
genome editing methods to create desired genomic altera-
tions. The first step in the genome editing process is to create
typically one or two DNA breaks in a target sequence as
close as possible to the site of intended mutation or altera-
tion. This can achieved via the use of a site-directed nucle-
ase, as described and illustrated herein.

[0408] Hemoglobinopathy: As used herein, the term
“hemoglobinopathy” refers to any defect in the structure,
function, or expression of any hemoglobin of an individual,
and includes defects in the primary, secondary, tertiary or
quaternary structure of hemoglobin caused by any mutation,
such as deletion mutations or substitution mutations in the
coding regions of the (3-globin gene, or mutations in, or
deletions of, the promoters or enhancers of such genes that
cause a reduction in the amount of hemoglobin produced as
compared to a normal condition. The term further comprises
any decrease in the amount or effectiveness of hemoglobin,
whether normal or abnormal, caused by external factors such
as disease, chemotherapy, toxins, poisons, or the like. B-he-
moglobinopathies contemplated herein include, but are not
limited to, sickle cell disease (SCD, also referred to as a
sickle cell anemia or SCA), sickle cell trait, hemoglobin C
disease, hemoglobin C trait, hemoglobin S/C disease, hemo-
globin D disease, hemoglobin E disease, thalassemais,
hemoglobins with increased oxygen affinity, hemoglobins
with decreased oxygen affinity, unstable hemoglobin dis-
ease, and methemoglobinemia.

[0409] In need: As used herein, a subject “in need of
prevention,” “in need of treatment,” or “in need thereof,”
refers to one, who by the judgment of an appropriate medical

practitioner (e.g., a doctor, a nurse, or a nurse practitioner in
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the case of humans; a veterinarian in the case of non-human
mammals), would reasonably benefit from a given treat-
ment.

[0410] Insertion: As used herein, an “insertion” or an
“addition” refers to a change in an amino acid or nucleotide
sequence resulting in the addition of one or more amino acid
residues or nucleotides, respectively, to a molecule as com-
pared to a reference sequence, for example, the sequence
found in a naturally-occurring molecule.

[0411] Intron: As used herein, the term “intron” refers to
any nucleotide sequence within a gene that is removed by
RNA splicing mechanisms during maturation of the final
RNA product (e.g., an mRNA). An intron refers to both the
DNA sequence within a gene and the corresponding
sequence in a RNA transcript (e.g., a pre-mRNA).
Sequences that are joined together in the final mature RNA
after RNA splicing are “exons”. As used herein, the term
“intronic sequence” refers to a nucleotide sequence com-
prising an intron or a portion of an intron. Introns are found
in the genes of most eukaryotic organisms and can be
located in a wide range of genes, including those that
generate proteins, ribosomal RNA (rRNA), and transfer
RNA (tRNA). When proteins are generated from intron-
containing genes, RNA splicing takes place as part of the
RNA processing pathway that follows transcription and
precedes translation.

[0412] Lipid: As used herein, the term “lipid” refers to a
small molecule that has hydrophobic or amphiphilic prop-
erties. Lipids may be naturally occurring or synthetic.
Examples of classes of lipids include, but are not limited to,
fats, waxes, sterol-containing metabolites, vitamins, fatty
acids, glycerolipids, glycerophospholipids, sphingolipids,
saccharolipids, and polyketides, and prenol lipids. In some
instances, the amphiphilic properties of some lipids leads
them to form liposomes, vesicles, or membranes in aqueous
media.

[0413] Modified: As used herein “modified” or “modifi-
cation” refers to a changed state or change in structure
resulting from a modification of a polynucleotide, e.g.,
DNA. Polynucleotides may be modified in various ways
including chemically, structurally, and/or functionally. For
example, the DNA molecules of the present disclosure may
be modified by the incorporation of a chemically-modified
base that provides a biological activity. In one embodiment,
the DNA is modified by the introduction of non-natural or
chemically-modified bases, nucleosides and/or nucleotides,
e.g., as it relates to the natural nucleobases adenine (A),
guanine (G), cytosine (C), and thymine (T).

[0414] mRNA: As used herein, an “mRNA” refers to a
messenger ribonucleic acid. An mRNA may be naturally or
non-naturally occurring or synthetic. For example, an
mRNA may include modified and/or non-naturally occur-
ring components such as one or more nucleobases, nucleo-
sides, nucleotides, or linkers. An mRNA may include a cap
structure, a 5' transcript leader, a 5' untranslated region, an
initiator codon, an open reading frame, a stop codon, a chain
terminating nucleoside, a stem-loop, a hairpin, a polyA
sequence, a polyadenylation signal, and/or one or more
cis-regulatory elements. An mRNA may have a nucleotide
sequence encoding a polypeptide. Translation of an mRNA,
for example, in vivo translation of an mRNA inside a
mammalian cell, may produce a polypeptide. Traditionally,
the basic components of a natural mRNA molecule include
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at least a coding region, a 5'-untranslated region (5'-UTR),
a 3'UTR, a 5' cap and a polyA sequence.

[0415] Naturally occurring: As used herein, the term
“naturally occurring” as applied to an object refers to the fact
that an object can be found in nature. For example, a
polypeptide or polynucleotide sequence (e.g., a splice site),
or components thereof such as amino acids or nucleotides,
that is present in an organism (including viruses) that can be
isolated from a source in nature and which has not been
intentionally modified by man in the laboratory is naturally
occurring.

[0416] Non-homologous end joining: As used herein, the
term “non-homologous end joining™ refers to a pathway that
repairs double-strand breaks (DSBs) in DNA. NHEIJ is
referred to as “non-homologous” because the DNA termini
are directly ligated without the need for a homologous
template, in contrast to homology directed repair (HDR),
which requires a homologous sequence to guide repair.
[0417] Non-replicative: As used herein, the term “non-
replicative” refers to the characteristic of a DNA molecule as
being unable to replicate within a cell or an organism.
Certain DNA molecules (e.g., plasmids, viral genomes)
contain sequence elements (e.g., origins of replications) that
impart the DNA molecule with the ability to be copied, or
replicated, by a cell or organism. The term “non-replicative”
connotes those DNA molecules that do not contain such
sequence elements.

[0418] Nucleic acid: As used herein, the term “nucleic
acid” refers to deoxyribonucleotides or ribonucleotides and
polymers or oligomers thereof in either single- or double-
stranded form. Unless specifically limited, the term encom-
passes nucleic acids containing known analogues of natural
nucleotides that have similar binding properties as the
reference nucleic acid and are metabolized in a manner
similar to naturally occurring nucleotides. Polymers of
nucleotides are referred to as “polynucleotides”. Exemplary
nucleic acids or polynucleotides of the disclosure include,
but are not limited to, ribonucleic acids (RNAs), deoxyri-
bonucleic acids (DNAs), DNA-RNA hybrids, RNAi-induc-
ing agents, RNAi agents, siRNAs, shRNAs, miRNAs, anti-
sense RNAs, ribozymes, catalytic DNA, RNAs that induce
triple helix formation, threose nucleic acids (TNAs), glycol
nucleic acids (GNAs), peptide nucleic acids (PNAs), locked
nucleic acids (LNAs, including LNA having a p-D-ribo
configuration, a-LNA having an a-L-ribo configuration (a
diastereomer of LNA), 2'-amino-LNA having a 2'-amino
functionalization, and 2'-amino-a-LNA having a 2'-amino
functionalization) or hybrids thereof.

[0419] Polynucleotides used herein can be composed of
any polyribonucleotide or polydeoxyribonucleotide, which
can be unmodified RNA or DNA or modified RNA or DNA.
For example, polynucleotides can be composed of single-
and double-stranded DNA, DNA that is a mixture of single-
and double-stranded regions, single- and double-stranded
RNA, and RNA that is mixture of single- and double-
stranded regions, hybrid molecules comprising DNA and
RNA that can be single-stranded or, more typically, double-
stranded or a mixture of single- and double-stranded
regions. In addition, the polynucleotide can be composed of
triple-stranded regions comprising RNA or DNA or both
RNA and DNA. A polynucleotide can also contain one or
more modified bases or DNA or RNA backbones modified
for stability or for other reasons. “Modified” bases include,
for example, ftritylated bases. “Modified nucleosides”
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include, for example, as inosine and thymine, when the latter
is found in or comprises RNA. A variety of modifications
can be made to DNA and RNA; thus, “polynucleotide”
embraces chemically, enzymatically, or metabolically modi-
fied forms.

[0420] Nucleobase: As used herein, the term “nucleobase”
(alternatively “nucleotide base” or “nitrogenous base”)
refers to a purine or pyrimidine heterocyclic compound
found in nucleic acids, including any derivatives or analogs
of the naturally occurring purines and pyrimidines that
confer improved properties (e.g., binding affinity, nuclease
resistance, chemical stability) to a nucleic acid or a portion
or segment thereof. Adenine, cytosine, guanine, thymine,
and uracil are the primary or canonical nucleobases pre-
dominately found in natural nucleic acids. Other natural,
non-natural, non-canonical and/or synthetic nucleobases,
can be incorporated into nucleic acids, such as those dis-
closed herein.

[0421] Nucleoside/Nucleotide: As used herein, the term
“nucleoside” refers to a compound containing a sugar mol-
ecule (e.g., a ribose in RNA or a deoxyribose in DNA), or
derivative or analog thereof, covalently linked to a nucle-
obase (e.g., a purine or pyrimidine), or a derivative or analog
thereof. As used herein, the term “nucleotide” refers to a
nucleoside covalently linked to a phosphate group. As used
herein, the term “ribonucleoside” refers to a nucleoside that
comprise a ribose and a nucleobase (e.g., adenosine (A),
cytidine (C), guanosine (G), 5-methyluridine (m>U), uridine
(U), or inosine (I)).

[0422] Operably linked: As used herein, a nucleic acid, or
fragment or portion thereof, such as a polynucleotide or
oligonucleotide is “operably linked” when it is placed into a
functional relationship with another nucleic acid sequence,
or fragment or portion thereof.

[0423] Polynucleotide/oligonucleotide: As used herein,
the terms “polynucleotide” and “oligonucleotide” are used
interchangeably and refer to a single-stranded or double-
stranded polymer or oligomer of nucleotides or nucleoside
monomers consisting of naturally-occurring bases, sugars
and intersugar (backbone) linkages. The terms “polynucle-
otide” and “oligonucleotide” also includes polymers and
oligomers comprising non-naturally occurring bases, sugars
and intersugar (backbone) linkages, or portions thereof,
which function similarly. Polynucleotides are not limited to
any particular length of nucleotide sequence, as the term
“polynucleotides” encompasses polymeric forms of nucleo-
tides of any length. Short polynucleotides are typically
referred to in the art as “oligonucleotides”. In the context of
the present disclosure, such modified or substituted poly-
nucleotides and oligonucleotides are often preferred over
native forms because the modification increases one or more
desirable or beneficial biological properties or activities
including, but not limited to, enhanced cellular uptake
and/or increased stability in the presence of nucleases. In
some embodiments, the agonists of the disclosure comprise
polynucleotides and oligonucleotides that contain at least
one region of modified nucleotides that confers one or more
beneficial properties or increases biological activity (e.g.,
increased nuclease resistance, increased uptake into cells,
increased duplex stability, increased binding affinity to a
target polypeptide).

[0424] Palindromic sequence: As used herein, the term
“palindromic sequence” (alternatively “palindrome”) refers
to a sequence of nucleotides that is self-complementary;
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wherein the sequence of nucleotides in the 5' to 3' direction
is the same as the sequence of nucleotides comprising the
complementary strand, when read in the 5' to 3'. For
example, the sequence 5'-ACCTAGGT-3' is a palindromic
sequence because its complementary sequence, 3'-TG-
GATCCA-5', when read in the 5' to 3' direction, is the same
as the original sequence. In contrast, the sequence
5'-AGTGGCTG-3' is not a palindromic sequence because its
complementary sequence, 3'-TCACCGAC-5', when read in
the 5' to 3' direction, is not the same as the original sequence.

[0425] Parenteral administration: As used herein, “paren-
teral administration,” “administered parenterally,” and other
grammatically equivalent phrases, refer to modes of admin-
istration other than enteral and topical administration, usu-
ally by injection, and include, without limitation, intrave-
nous, intranasal, intraocular, intramuscular, intraarterial,
intrathecal, intracapsular, intraorbital, intracardiac, intrader-
mal, intraperitoneal, transtracheal, subcutaneous, subcuticu-
lar, intraarticular, subcapsular, subarachnoid, intraspinal,

epidural, intracerebral, intracranial, intracarotid and
intrasternal injection and infusion.
[0426] Percent identity: As used herein, the term “percent

identity,” in the context of two or more nucleic acid or
polypeptide sequences, refers to two or more sequences or
subsequences that have a specified percentage of nucleotides
or amino acid residues that are the same, when compared
and aligned for maximum correspondence, as measured
using one of the sequence comparison algorithms described
below (e.g., BLASTP and BLASTN or other algorithms
available to persons of skill) or by visual inspection.
Depending on the application, the “percent identity” can
exist over a region of the sequence being compared, e.g.,
over a functional domain, or, alternatively, exist over the full
length of the two sequences to be compared. For sequence
comparison, typically one sequence acts as a reference
sequence to which test sequences are compared. When using
a sequence comparison algorithm, test and reference
sequences are input into a computer, subsequence coordi-
nates are designated, if necessary, and sequence algorithm
program parameters are designated. The sequence compari-
son algorithm then calculates the percent sequence identity
for the test sequence(s) relative to the reference sequence,
based on the designated program parameters. The percent
identity between two sequences is a function of the number
of identical positions shared by the sequences (i.e., %
homology=# of identical positions/total # of positionsx100),
taking into account the number of gaps, and the length of
each gap, which need to be introduced for optimal alignment
of the two sequences. The comparison of sequences and
determination of percent identity between two sequences
can be accomplished using a mathematical algorithm, as
described in the non-limiting examples below.

[0427] Optimal alignment of sequences for comparison
can be conducted, e.g., by the local homology algorithm of
Smith & Waterman, Adv. Appl. Math. 2:482 (1981), by the
homology alignment algorithm of Needleman & Wunsch, J.
Mol. Biol. 48:443 (1970), by the search for similarity
method of Pearson & Lipman, Proc. Nat’l. Acad. Sci. USA
85:2444 (1988), by computerized implementations of these
algorithms (GAP, BESTFIT, FASTA, and TFASTA in the
Wisconsin Genetics Software Package, Genetics Computer
Group, 575 Science Dr., Madison, Wis.), or by visual
inspection (see generally Ausubel et al., infra).
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[0428] One example of an algorithm that is suitable for
determining percent sequence identity and sequence simi-
larity is the BLAST algorithm, which is described in Alts-
chul et al., J. Mol. Biol. 215:403-410 (1990). Software for
performing BLAST analyses is publicly available through
the National Center for Biotechnology Information website.
The percent identity between two nucleotide sequences can
be determined using the GAP program in the GCG software
package (available at http://www.gcg.com), using a
NWSgapdna. CMP matrix and a gap weight of 40, 50, 60, 70,
or 80 and a length weight of 1, 2, 3, 4, 5, or 6. The percent
identity between two nucleotide or amino acid sequences
can also be determined using the algorithm of E. Meyers and
W. Miller (CABIOS, 4:11-17 (1989)) which has been incor-
porated into the ALIGN program (version 2.0), using a
PAM120 weight residue table, a gap length penalty of 12 and
a gap penalty of 4. In addition, the percent identity between
two amino acid sequences can be determined using the
Needleman and Wunsch (J. Mol. Biol. (48):444-453 (1970))
algorithm which has been incorporated into the GAP pro-
gram in the GCG software package (available at http://www.
gcg.com), using either a Blossum 62 matrix or a PAM250
matrix, and a gap weight of 16, 14, 12, 10, 8, 6, or 4 and a
length weight of 1, 2, 3, 4, 5, or 6.

[0429] The nucleic acid and protein sequences of the
present disclosure can further be used as a “query sequence”
to perform a search against public databases to, for example,
identify related sequences. Such searches can be performed
using the NBLAST and XBLAST programs (version 2.0) of
Altschul, et al. (1990) J. Mol. Biol. 215:403-10. BLAST
nucleotide searches can be performed with the NBLAST
program, score=100, wordlength=12 to obtain nucleotide
sequences homologous to the nucleic acid molecules of the
invention. BLAST protein searches can be performed with
the XBLAST program, score=50, wordlength=3 to obtain
amino acid sequences homologous to the protein molecules
of the invention. To obtain gapped alignments for compari-
son purposes, Gapped BLAST can be utilized as described
in Altschul et al., (1997) Nucleic Acids Res. 25(17):3389-
3402. When utilizing BLAST and Gapped BLAST pro-
grams, the default parameters of the respective programs
(e.g., XBLAST and NBLAST) can be used. See http://www.
ncbi.nlm.nih.gov.

[0430] Pharmaceutically acceptable: As used herein, the
term “pharmaceutically acceptable” refers to those com-
pounds, materials, compositions, and/or dosage forms which
are, within the scope of sound medical judgment, suitable
for use in contact with the tissues, organs, and/or bodily
fluids of human beings and animals without excessive
toxicity, irritation, allergic response, or other problems or
complications commensurate with a reasonable benefit/risk
ratio.

[0431] Pharmaceutically acceptable carrier: As used
herein, the term “pharmaceutically acceptable carrier” refers
to, and includes, any and all solvents, dispersion media,
coatings, antibacterial and antifungal agents, isotonic and
absorption delaying agents, and the like that are physiologi-
cally compatible. The compositions can include a pharma-
ceutically acceptable salt, e.g., an acid addition salt or a base
addition salt (see, e.g., Berge et al. (1977) J Pharm Sci
66:1-19).

[0432] Polypeptide: As used herein, the terms “polypep-
tide,” “peptide”, and “protein” are used interchangeably to
refer to a polymer of amino acid residues. The terms apply
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to amino acid polymers in which one or more amino acid
residue is an artificial chemical mimetic of a corresponding
naturally occurring amino acid, as well as to naturally
occurring amino acid polymers and non-naturally occurring
amino acid polymer.

[0433] Preventing: As used herein, the term “preventing”
or “prevent” when used in relation to a condition, refers to
administration of a composition which reduces the fre-
quency of, or delays the onset of, symptoms of a medical
condition in a subject relative to a subject which does not
receive the composition.

[0434] Purified: As used herein, the term “purified” or
“isolated” as applied to any of the proteins (antibodies or
fragments) described herein refers to a polypeptide that has
been separated or purified from components (e.g., proteins
or other naturally-occurring biological or organic molecules)
which naturally accompany it, e.g., other proteins, lipids,
and nucleic acid in a prokaryote expressing the proteins.
Typically, a polypeptide is purified when it constitutes at
least 60 (e.g., at least 65, 70, 75, 80, 85, 90, 92, 95, 97, or
99) %, by weight, of the total protein in a sample.

[0435] Reprogramming: As used herein, the term “repro-
gramming” refers to a process that alters or reverses the
differentiation state of a differentiated cell (e.g., a somatic
cell). Stated another way, reprogramming refers to a process
of driving the differentiation of a cell backwards to a more
undifferentiated or more primitive type of cell. It should be
noted that placing many primary cells into culture can lead
to some loss of fully differentiated characteristics. Thus,
simply culturing such cells included in the term differenti-
ated cells does not render these cells non-differentiated cells
(e.g., undifferentiated) or pluripotent cells. The transition of
a differentiated cell to pluripotency requires a reprogram-
ming stimulus beyond the stimuli that lead to partial loss of
differentiated character in culture. Reprogrammed cells also
have the characteristic of the capacity of extending passag-
ing without loss of growth potential, relative to primary cell
parents, which generally have capacity for only a limited
number of divisions in culture.

[0436] Sense strand: As used herein the term “sense
strand” or “coding strand” refers to a segment within
double-stranded DNA (e.g., genomic DNA) with a 5' to 3'
directionality and has the same nucleotide sequence as an
mRNA transcribed from the segment. The transcription
product is pre-mRNA transcript, which contains a sequence
of nucleotides that is identical to that of the sense strand,
with the exception that uracil will be incorporated into the
mRNA at those positions where thymine is located in the
DNA. The sense strand is complementary to the antisense
strand of DNA, or template strand, which runs from 3'to 5".
[0437] Site-directed nuclease: As used herein, the term
“site-directed nuclease” refers to one of several distinct
classes of nucleases that can be programmed or engineered
to recognize a specific target site (i.e., a target nucleotide
sequence) in a DNA molecule (e.g., a genomic DNA mol-
ecule) and generate a DNA break (e.g., a DSB) within the
DNA molecule at, near or within the specific site. Site-
directed nucleases are useful in genome editing methods,
such as those described herein. Site-directed nucleases
include, but are not limited to, the zinc finger nucleases
(ZFNs), transcription activator-like effector (TALE) nucle-
ases, CRISPR/Cas nucleases (e.g., Cas9), homing endonu-
cleases (also termed meganucleases), and other nucleases
(see, e.g., Hafez and Hausner, Genome 55, 553-69 (2012);
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Carroll, Ann. Rev. Biochem. 83, 409-39 (2014); Gupta and
Musunuru, J. Clin. Invest. 124, 4154-61 (2014); and Cox et
al., supra. These differ mainly in the way they bind DNA and
create the targeted, site-specific DNA break. Site-directed
nucleases known in the art may produce a single-strand
break (SSB) or a DSB. For the purposes of the present
invention, the disclosure’s reference to a “site-directed
nuclease” refers to those nucleases that produce a DSB.
After creation of a DSB, essentially the same natural cellular
DNA repair mechanisms of NHEJ or HDR are co-opted to
achieve the desired genetic modification. Therefore, it is
contemplated that genome editing technologies or systems
using site-directed nucleases can be used to achieve genetic
and therapeutic outcomes described herein.

[0438] Stem cell: As used herein, the term “stem cell” is
used interchangeably with the term “hematopoietic stem
cell” (HSC). Stem cells are distinguished from other cell
types by two important characteristics. First, stem cells are
unspecialized cells capable of renewing themselves through
cell division, sometimes after periods of inactivity (e.g.,
quiescent state). Second, under certain physiologic or
experimental conditions, stem cells can be induced to
become tissue- or organ-specific cells with special functions.
In some organs, such as the gut and bone marrow, stem cells
regularly divide to repair and replace worn out or damaged
tissues. In other tissues, such as the pancreas and heart, stem
cells only differentiate under certain conditions.

[0439] The term “HSC” can refer to multipotent stem cell
that is capable of differentiating into all blood cells including
erythrocytes, leukocytes, and platelets. HSCs are contained
not only in the bone marrow, but also in umbilical cord blood
derived cells.

[0440] Stem cell mobilizer: As used herein, the term “stem
cell mobilizer” is used interchangeably with the terms
“mobilizer of hematopoietic stem or progenitor cells” or
“mobilize” and refers to any agent, whether it is a small
organic molecule, a polypeptide (e.g., a growth factor or
colony stimulating factor or an active fragment or mimic
thereof), a nucleic acid, a carbohydrate, an antibody, that
acts to enhance the migration of stem cells from the bone
marrow into the peripheral blood. A stem cell mobilizer may
increase the number of HSCs or hematopoietic progenitor/
precursor cells in the peripheral blood, thus allowing for a
more accessible source of stem cells. In some embodiments,
a stem cell mobilizer refers to any agent that mobilizes
CD34+ stem cells. It is further understood that an agent may
have stem cell mobilizing activity in addition to one or more
other biological activities including, but not limited to,
immunosuppression.

[0441] Subject: As used herein, the term “subject”
includes any human or non-human animal. For example, the
methods and compositions of the present invention can be
used to treat a subject with a disorder (e.g.: a genetic
disorder). The term “non-human animal” includes all ver-
tebrates, e.g., mammals and non-mammals, such as non-
human primates, sheep, dog, cow, chickens, amphibians,
reptiles, etc.

[0442] Therapeutic agent: As used herein, the term “thera-
peutic agent” refers to any agent that, when administered to
a subject, has a therapeutic, diagnostic, and/or prophylactic
effect and/or elicits a desired biological and/or pharmaco-
logical effect.

[0443] Therapeutically effective amount: As used herein,
the terms “therapeutically effective amount™ or “therapeu-
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tically effective dose,” or similar terms used herein are
intended to mean an amount of an agent that will elicit the
desired biological or medical response, such as, for example,
at least partially arresting the condition or disease and its
complications in a patient already suffering from the disease
(e.g., an improvement in one or more symptoms of a cancer).
Amounts effective for this use will depend on the severity of
the disorder being treated and the general state of the
patient’s own immune system.

[0444] Treat: The terms “treat,” “treating,” and “treat-
ment,” as used herein, refer to therapeutic measures
described herein. The methods of “treatment” employ
administration of a composition of the disclosure to a
subject, in need of such treatment, in order to, cure, delay,
reduce the severity of, or ameliorate one or more symptoms
of the disorder or recurring disorder, or in order to prolong
the survival of a subject beyond that expected in the absence
of such treatment.

[0445] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure pertains. Preferred methods and materials are
described below, although methods and materials similar or
equivalent to those described herein can also be used in the
practice or testing of the presently disclosed methods and
compositions.

2 <

EQUIVALENTS AND SCOPE

[0446] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments, described herein.
The scope of the present disclosure is not intended to be
limited to the above Description, but rather is as set forth in
the appended claims.

[0447] In the claims articles such as “a,” “an,” and “the”
may mean one or more than one unless indicated to the
contrary or otherwise evident from the context. Claims or
descriptions that include “or” between one or more members
of'a group are considered satisfied if one, more than one, or
all of the group members are present in, employed in, or
otherwise relevant to a given product or process unless
indicated to the contrary or otherwise evident from the
context. The disclosure includes embodiments in which
exactly one member of the group is present in, employed in,
or otherwise relevant to a given product or process. The
disclosure includes embodiments in which more than one, or
all of the group members are present in, employed in, or
otherwise relevant to a given product or process. Further-
more, it is to be understood that the disclosure encompasses
all variations, combinations, and permutations in which one
or more limitations, elements, clauses, descriptive terms,
etc., from one or more of the listed claims is introduced into
another claim. For example, any claim that is dependent on
another claim can be modified to include one or more
limitations found in any other claim that is dependent on the
same base claim. Furthermore, where the claims recite a
composition, it is to be understood that methods of using the
composition for any of the purposes disclosed herein are
included, and methods of making the composition according
to any of the methods of making disclosed herein or other
methods known in the art are included, unless otherwise
indicated or unless it would be evident to one of ordinary
skill in the art that a contradiction or inconsistency would
arise.
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[0448] Where elements are presented as lists, e.g., in
Markush group format, it is to be understood that each
subgroup of the elements is also disclosed, and any element
(s) can be removed from the group. It should it be under-
stood that, in general, where the invention, or aspects of the
invention, is/are referred to as comprising particular ele-
ments, features, etc., certain embodiments of the invention
or aspects of the invention consist, or consist essentially of,
such elements, features, etc. For purposes of simplicity those
embodiments have not been specifically set forth in haec
verba herein.

[0449] It is also noted that the term “comprising” is
intended to be open and permits but does not require the
inclusion of additional elements or steps. When the term
“comprising” is used herein, the term “consisting of” is thus
also encompassed and disclosed

[0450] Where ranges are given, endpoints are included.
Furthermore, it is to be understood that unless otherwise
indicated or otherwise evident from the context and under-
standing of one of ordinary skill in the art, values that are
expressed as ranges can assume any specific value or
subrange within the stated ranges in different embodiments
of the invention, to the tenth of the unit of the lower limit of
the range, unless the context clearly dictates otherwise.
[0451] In addition, it is to be understood that any particular
embodiment of the present invention that falls within the
prior art may be explicitly excluded from any one or more
of the claims. Since such embodiments are deemed to be
known to one of ordinary skill in the art, they may be
excluded even if the exclusion is not set forth explicitly
herein. Any particular embodiment of the compositions of
the invention (e.g., any nucleic acid or protein encoded
thereby; any method of production; any method of use; etc.)
can be excluded from any one or more claims, for any
reason, whether or not related to the existence of prior art.
[0452] All cited sources, for example, references, publi-
cations, databases, database entries, and art cited herein, are
incorporated into this application by reference, even if not
expressly stated in the citation. In case of conflicting state-
ments of a cited source and the instant application, the
statement in the instant application shall control.

EXAMPLES

Example 1. In Vitro Screen of DNA DSB Repair
Modulators for Improved HDR in T Cells

[0453] Multiple pathways are used for repair of DNA
double stranded breaks (DSBs). The homology directed
repair (HDR) pathway uses homologous donor DNA (e.g., a
sister chromatid or exogenous donor DNA) for high fidelity
repair. The efficiency of HDR is generally low due to
competition with other repair pathways, notably the non-
homologous end-joining (NHEJ) pathway. HDR is predomi-
nantly active in the S/G2 phases of the cell cycle, whereas
NHE]J repair is active in each phase of the cell cycle and is
the predominant repair pathway in G1 cells. Thus, HDR
efficiency is poor in non-dividing or slowly dividing cells,
for example, long-term repopulating hematopoietic cells
(LT-HSPCs), lung progenitor cells, or hepatic cells. Given
that NHEJ repair is error-prone, frequently resulting in small
nucleotide insertions or deletions (indels) that can cause a
frameshift mutation, it is undesirable for generating precise
modification of a gene (i.e., specific nucleotide changes or
knock-in of a gene).
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[0454] An in vitro assay was conducted to determine the
ability of various inhibitors and enhancers to improve the
efficiency of HDR repair in HEK293 T cells. Specifically, a
fluorescent reporter-based screening approach was devel-
oped to identify molecules that enhance gene-editing by
HDR. A reporter system was generated in HEK293 T cells
comprising a genomic AAVS1 locus that encoded either a
blue fluorescent protein (BFP) or a green fluorescent protein
(GFP) within the AAVS1 locus. A gene encoding BFP can be
converted to a gene encoding GFP by substitution of cyto-
sine at position 199 to uridine (e.g., a C to U transition at
position 199). By introducing a DSB within the BFP gene
using a CRISPR/Cas9 gene-editing system, a homology
donor DNA encoding the nucleotide substitution can be used
to edit the BFP gene to a GFP gene by HDR repair. Thus, a
gene edit that induces a C to U transition at position 199
results in a change in cellular fluorescence. A change in the
fluorescence of the cell measured by flow cytometry can be
used to quantify efficiency of HDR repair. Additionally, the
reverse gene edit can be performed for an AAVS1 locus
encoding a GFP gene, wherein a GFP can be converted to
BFP by substitution of uridine at position 199 to cytosine.

[0455] To create the reporter system, an AAV-based
homology donor DNA encoding either BFP or GFP was
created. The AAV-BFP or AAV-GFP donor was flanked by
homology arms that were 1000 base pairs in length and
expression of BFP or GFP was driven by the MND promoter
(e.g., a synthetic promoter that contains the U3 region of a
modified Moloney murine leukemia virus long term terminal
repeat with myeloproliferative sarcoma virus enhancer and
deleted negative control region, SEQ ID NO: 58). The viral
DNA was packaged into capsids of adeno-associated virus
serotype 6 (AAV6) vector. Either the BFP or GFP donor was
introduced using the AAV6 vector into the AAVS] locus in
HEK293 T cells by homologous recombination using
CRISPR-Cas9 as follows: purified Cas9 protein was com-
plexed with two different single gRNAs (sgRNAs) targeting
the AAVS] locus at SEQ ID NO: 3 (spacer sequence
identified by SEQ ID NO: 4; gRNA obtained from Maxcyte)
or SEQ ID NO: 5 (spacer sequence identified by SEQ ID
NO: 6; gRNA obtained from Thermo Fisher). Cas9 protein
used in the Exemplary section provided herein refers to Cas9
polypeptide derived from S. pyogenes (SpCas9), unless
indicated otherwise.

[0456] The Cas9-sgRNA complex was electroporated into
the HEK293 T cells using the Lonza Nucleofector program
CM-130. Approximately, 2 hours after electroporation, the
cells were infected with various viral doses of AAV6 encod-
ing a BFP (SEQ ID NO: 44) or GFP homology donor (SEQ
ID NO: 47). One week later, cells were analyzed by flow
cytometry to verify integration and expression of BFP or
GFP in the AAVSI1 locus. HEK293 T cells expressing BFP
or GFP were sorted into single cells in 96-well plates. After
~2 weeks of growth, DNA extracted from individual cells
was analyzed for precise integration of the respective BFP or
GFP gene into the AAVSI1 locus by long-range PCR. This
PCR analysis allowed for determination of whether the
BFP/GFP gene was integrated in one or both alleles of the
AAVS] locus.

[0457] To introduce a gene edit that converts BFP to GFP,
cells were electroporated with ribonucleoprotein (RNP)
comprised of Cas9 and sgRNA that targets the BFP gene
encoded in the AAVSI locus. The sgRNA targeted a
sequence in the BFP gene identified by SEQ ID NO: 7
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(sgRNA spacer sequence identified by SEQ ID NO: 8). The
sgRNA were prepared using a standard sgRNA cassette
specific to SpCas9, as indicated by SEQ ID NO: 2 (wherein
a, ¢, g, u represent 2' O-methyl phosphorothioate nucleo-
tides; s represents phosphorothioate nucleotides; and A, C,
G, U, N represent canonical RNA nucleotides). The gRNAs
used in the Exemplary section provided herein were sgR-
NAs prepared with the SpCas9 sgRNA cassette unless
indicated otherwise.

[0458] The cells were also transfected with single-
stranded oligodeoxynucleotide (ssODN) that encoded the
gene correction necessary to convert BFP to GFP and
homology arms complimentary to the sequence upstream
and downstream of the target gene cut site. The efficiency of
HDR repair was determined by measuring the level of cell
GFP fluorescence.

[0459] Molecules that manipulate targets in DSB repair
pathways were evaluated and are listed in Table 2. These
included molecules that inhibit targets that facilitate repair
by the NHEJ pathway, including i53 (polypeptide inhibitor
of 53BP1), Nu7441 (DNA-PKcs inhibitor), SCR7 (DNA
Ligase IV inhibitor), CYREN1 (Ku70/80 inhibitor), and
CYREN2 (Ku70/80 inhibitor). Also evaluated were mol-
ecules that enhance repair by the HDR pathway, including
RS-1 (Rad51 agonist). Additionally, molecules were evalu-
ated that inhibit repair by the alternative end joining (A-EJ)
pathway, including siRNA targeting DNA polymerase 6 and
veliparib (PARP inhibitor). Also evaluated were molecules
that affect cell cycle, including XL 413 (CDC?7 inhibitor).
Finally, also tested was the 3 adrenergic receptor agonist
1.755,507 that was previously reported to improve HDR
efficiency (Yu, C. et al. (2015) Cell Stem Cell 16:142-147).

TABLE 2
Pathway Molecule  Target Reference
NHEJ i53 53BP1 SEQ ID NO: 70
NHEJ Nu7441 DNA-PKcs  CAS 503468-95-9; Tocris 3712
NHEJ SCR7 DNA Ligase CAS 533426-72-0; Stemcell
v 74102
NHET CYREN1 Ku70/80 Arnoult et al Nature (2017)
and 2 549: 548-552
HDR RS-1 Rad51 CAS 312756-74-4 Sigma
R9782
MME]J SiRNA Pol ©
MME]J Veliparib  PARP CAS 912444-00-9 Santa Cruz
394457
Unknown 1755507 P3-adrenergic CAS 159182-43-1 Tocris 2197
receptor
Cell Cycle XL 413 CDC7 CAS 1169562-71-3 Tocris 5493
[0460] Shown in FIG. 1A is a comparison of HDR editing

efficiency for cells treated with Nu7441, SCR7, or RS-1. The
cells were transfected with four different ssODNs. 2x10°
cells were used per reaction, and treated with 100 uM of
donor DNA. These included ssODN1 (SEQ ID NO: 21),
ssODN2 (SEQ ID NO: 22) and ssODN4 (SEQ ID NO: 24)
that are complimentary to the DNA strand containing the a
PAM sequence and ssODN3 (SEQ ID NO: 23) that is
complimentary to the DNA strand not containing the PAM
sequence. A concentrated stock solution of each inhibitor
was prepared in DMSO and diluted to a final concentration
of 2.5 uM Nu7441, 1.25 pM SCR7, or 10 uM RS-1. HDR
efficiency was compared relative to treatment with DMSO
alone or to treatment with RNP-only. The cells were treated
with RNP containing 1 pM Cas9 and 1.5 uM sgRNA.
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[0461] As shown, no improvement in HDR efficiency was
seen with treatment of SCR7 or RS-1 for any of the ssODN
constructs tested. However, treatment with Nu7441 resulted
in approximately 3-fold higher HDR efficiency for each of
the ssODN constructs tested. The improvement in HDR
efficiency for treatment with Nu7441 was dose-dependent as
shown in FIG. 1B. Cells treated with high concentration of
Nu7441 (2.5 uM) had an approximately 1.5-fold higher
HDR efficiency than cells treated with low concentrations of
Nu7441 (0.6 uM). This improvement with higher dose was
seen for cells transfected with either ssODN 91-36 (SEQ ID
NO: 26) or ssODN 91-61 (SEQ ID NO: 27) (FIG. 1C). In
each case, treatment with concentrations of Nu7441 higher
than 2.5 pM resulted in no further improvement in HDR
efficiency.

[0462] A protein inhibitor of 53BP1 was also evaluated for
improved HDR efficiency. The choice of repair pathway for
repair of a DNA DSB is largely controlled by an antagonism
between p53-binding protein 1 (53BP1), a pro-NHEJ factor,
and BRCA1, a pro-HDR factor (Chapman, J. et al. (2012)
Molecular cell 47:497-510). 53BP1 promotes NHEJ repair
over HDR repair by suppressing formation of 3' single-
stranded DNA tails, which is the rate-limiting step in the
initiation of the HDR pathway. Loss of 53BP1 has been
shown to increase HDR efficiency, (Canny, M. et al. (2018)
Nat Biotechnol. 36(1):95-102). Thus, inhibition of 53BP1 is
expected to reduce DSB repair by the NHEJ pathway and
favor repair by the HDR pathway. An inhibitor of 53BP1 is
the 153 polypeptide (SEQ ID NO: 70). Using the same in
vitro assay assessing increased HDR by a BFP to GFP gene
conversion, the effect of inhibition of the 153 polypeptide
inhibitor (SEQ ID NO: 70) was evaluated. HEK293 T cells
were transfected with two different ssODNs homologous to
the AAVSI1 locus: Hn-91-61 (SEQ ID NO: 25) and Ht-39-88
(SEQ ID NO: 28). 2x10° cells were edited with 1 uM Cas9
and 1.5 uM sgRNA, and with 100 uM ssODN. Cells were
treated with different doses of an mRNA encoding the 153
polypeptide mRNA open reading frame encoding 153 poly-
peptide identified by SEQ ID NO: 69). HDR efficiency
increased with treatment of mRNA encoding 153 as shown
in FIG. 1D.

[0463] Additional molecules were tested for improved
HDR efficiency by assessing a BFP to GFP gene edit that had
no effect. Cells were treated with different concentrations of
veliparib using ssODN identified by SEQ ID NO: 25, but no
improvement in HDR efficiency was seen as shown in FIG.
1B. Cells were treated with different concentrations of
1.755,507 using either 91-36 ssODN (SEQ ID NO: 26) or
91-61 ssODN (SEQ ID NO: 27), but no improvement in
HDR efficiency was seen as shown in FIG. 1C. Cells were
treated with siRNA targeting DNA polymerase 0 (Pol 0).
However, no improvement in HDR efficiency was seen for
any siRNA dose tested.

Example 2. Increased HDR and Decreased Indel
Formation with Treatment by DNA PKcs Inhibitor
Nu7441

[0464] The effect of DNA PK inhibition by Nu7441 cor-
rection of a DSB by the NHEJ pathway (e.g., introduce an
indel at the DSB site) or HDR pathway (e.g., introduce a
gene mutation encoded by a homology donor at the DSB
site) was assessed using the reporter system described in
Example 1. In this case gene-editing was evaluated in
HEK293 T cells expressing GFP in the AAVS1 locus. To
introduce a gene edit that converts GFP to BFP, cells were
electroporated with ribonucleoprotein (RNP) comprised of
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Cas9 and gRNA1 (GFP target sequence identified by SEQ
ID NO: 9; sgRNA spacer sequence identified by SEQ ID
NO: 10) or gRNA2 (GFP target sequence identified by SEQ
ID NO: 11; sgRNA spacer identified by SEQ ID NO: 12) that
targets the GFP gene encoded in the AAVS1 locus. The cells
were also transfected with ssODNs that encoded the gene
correction necessary to convert GFP to BFP and homology
arms complimentary to the sequence upstream and down-
stream of the target gene cut site. The efficiency of HDR
repair was determined by measuring the level of cell BFP
fluorescence. The efficiency of cutting (indel information)
was monitored by TIDE analysis.

[0465] Shown in FIGS. 2A-2B is a comparison of HDR
editing efficiency for cells treated with Nu7441, SCR7, or
RS-1. Shown in FIG. 2A are cells were electroporated with
RNP comprising Cas9 and gRNA1 (GFP target sequence
shown in SEQ ID NO: 9; sgRNA spacer sequence identified
by SEQ ID NO: 10). 2x10° cells were edited with 1 uM Cas9
and 1.5 uM gRNAL. The cells were transfected with four
different ssODNs. These included ssODN 1067 (SEQ ID
NO: 29) and ssODN 1069 (SEQ ID NO: 31) that are
complimentary to the DNA strand containing the PAM
sequence and ssODN 1068 (SEQ ID NO: 30) and ssODN
1070 (SEQ ID NO: 32) that are complimentary to the DNA
strand not containing the PAM sequence. Cells were edited
with 100 uM ssODN. A concentrated stock solution of each
inhibitor was prepared in DMSO and diluted to a final
concentration of 2.5 uM Nu7441, 1.25 uM SCR7, or 10 uM
RS-1. HDR efficiency was compared relative to treatment
with DMSO alone or to treatment with RNP-only. As shown,
no improvement in HDR efficiency was seen with treatment
of SCR7 or RS-1 for any of the ssODN constructs tested.
However, treatment with Nu7441 resulted in improved HDR
efficiency for each of the ssODN constructs tested FIG. 2A.

[0466] Shown in FIG. 2B are cells were electroporated
with RNP comprising Cas9 and gRNA2 (GFP target
sequence shown in SEQ ID NO: 11; sgRNA spacer sequence
shown in SEQ ID NO: 12). The cells were transfected with
four different ssODNs. These included ssODN 1061 (SEQ
ID NO: 33) and ssODN 1063 (SEQ ID NO: 35) that are
complimentary to the DNA strand containing the PAM
sequence and ssODN 1062 (SEQ ID NO: 34) and ssODN
1064 (SEQ ID NO: 36) that are complimentary to the DNA
strand not containing the PAM sequence. Similar to above,
treatment with 2.5 uM Nu7441 resulted in improved HDR
efficiency for each of the ssODN constructs tested FIG. 2A.

[0467] Shown in FIGS. 2C-2D is a measure of indel
formation performed by TIDE analysis for the same edits
that are described for FIGS. 2A-2B. Regardless of the
ssODN or gRNA used, treatment with Nu7441 resulted in
decreased indel formation at the DSB site, while treatment
with SCR7 or RS-1 resulted in reduction compared to a
DMSO control. Thus, the DNA PK inhibitor Nu7441
achieves reduced repair of a DSB by the NHEJ pathway
when a homology donor is provided.

[0468] Having demonstrated improved HDR efficiency for
a gene-edit in the AAV1 locus upon treatment with Nu7441,
its effect on HDR for gene-editing at an additional gene
locus was evaluated. HEK293 T cells were electroporated
with RNP comprised of Cas9 and a gRNA targeting a
sequence in the GSDla locus shown in SEQ ID NO: 13
(spacer sequence identified by SEQ ID NO: 14). 2x10° cells
were edited with 1 uM Cas9 and 1.5 uM gRNA. The cells
were transfected with two different ssODNs homology
donors: 93-50 (SEQ ID NO: 39) or 25-100 (SEQ ID NO:
40). These two ssODN donors contain homology arms
spanning both sides of the double-stranded break induced by
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the Cas9-guide and facilitate correction of a point mutation
in the G6PC gene sequence by HDR. Cells were edited with
100 uM ssODN. The cells were treated with 2.5 uM Nu7441,
1.25 uM SCR7, or 10 uM RS-1 and the effect on HDR
efficiency was evaluated. While treatment with Nu7441
resulted in an approximately 1.7-fold increase in HDR
efficiency over DMSO alone, treatment with SCR7 or RS-1
had no effect (FIG. 3).

[0469] The effect of Nu7441 treatment on gene correction
by the NHEJ pathway was also evaluated. To do so, the cells
were transfected with two different dsDNA donors: 50-0
(SEQ ID NO: 37) or 150-0 (SEQ ID NO: 38). Cells were
edited with 1.5 pg dsDNA donor. These dsDNA donors,
lacking homology arms, introduce a second 3' splice site into
exon 2 at the GSD1a locus when inserted into the cut site
induced by the Cas9-guide complex by NHEJ repair. The
cells were treated with 2.5 uM Nu7441, 1.25 uM SCR7, or
10 uM RS-1 and gene correction by NHEJ repair was
evaluated. Treatment with Nu7441 resulted in a substantial
decrease in gene correction for either dsDNA donor com-
pared to treatment with DMSO alone, demonstrating that
Nu7441 is inhibiting NHE] repair following a Cas9/gRNA-
mediated DNA DSB (FIG. 3). Treatment with SCR7 or RS-1
had no effect over DMSO alone.

[0470] The effect of Nu7441 treatment on HDR was also
evaluated at the CFTR gene locus in HEK293 T cells. To do
so cells were electroporated with RNP comprising Cas9 and
a gRNA targeting the CFTR gene locus (SEQ ID NO: 18;
sgRNA target sequence identified by SEQ ID NO: 19).
2x10° cells were edited with 1 uM Cas9 and 1.5 uM gRNA.
The cells were transfected with a ssODN donor (SEQ ID
NO: 42). Cells were edited with 100 uM ssODN. The
ssODN contains homology arms spanning both sides of the
DSB induced by the Cas9-guide and is designed to include
3 additional base pairs (GCA) into the CFTR gene to aid
detection of HDR. Cells were also treated with 5 uM
Nu7441. Gene correction was assessed by TIDE analysis.
TIDE analysis uses a pair of PCR reactions and standard
capillary sequencing runs to identify mutations induced at
the site of a DSB (see e.g., Brinkman (2014) Nucleic Acids
Res 42:¢168). The type of mutation induced at the DSB was
indicative of the pathway used to repair the DSB. Formation
of an indel comprising either an insertion or a deletion of
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bases was considered due to NHEJ repair; a deletion of 2-3
base pairs was considered due to MMEJ repair; while an
insertion of 3 base pairs was considered due to HDR repair.
Shown in FIGS. 4A-4B are mutations introduced at the DSB
for cells treated with Nu7441 (FIG. 4B) compared to a
DMSO negative control (FIG. 4A). While indel formation
(e.g., +1, 0, or -1 base pair) was high in the negative control
(FIG. 4A), indicating high levels of NHEJ repair, indel
formation was dramatically reduced in cells treated with
Nu7441 (FIG. 4B). Additionally, cells treated with Nu7441
had much higher levels of HDR repair (+3 base pair inser-
tion) at the DSB. This reduction in NHEJ repair in the
presence of Nu7441 was evaluated with an additional
ssODN donor (SEQ ID NO: 41). As shown in FIG. 5,
treatment with either ssODN donor in the presence of
Nu7441 resulted in decreased levels of indel formation due
to NHEJ repair with a concurrent increase in HDR repair.
[0471] Together, these data demonstrate that treatment
with Nu7441, a small molecule inhibitor of DNA PKcs,
results in inhibition of NHEJ repair by CRISPR/Cas9 gene-
editing and increased HDR editing efficiency at multiple
gene loci.

Example 3. Efficient Gene Editing by HDR Using
153 at Multiple Gene Loci and in Multiple Cell
Types

[0472] Having demonstrated improved HDR efficiency
with 53BP1 inhibition by the 153 polypeptide, its effect on
HDR efficiency at the hemoglobin subunit beta (e.g.,
p-globin) (HBB) locus in CD34-expressing LT-HSPCs was
investigated.

[0473] Frozen CD34-expressing LT-HSPCs derived from
plerixafor (i.e., Mozibil®)+GCSF-dual mobilized peripheral
blood obtained from healthy human donors were purchased
from a commercial vendor. LT-HSPCs were maintained in
culture media comprised of the reagents shown in Table 4
and were incubated at 37° C., 5% carbon dioxide, 4%
oxygen. The cells were electroporated with RNP comprised
of Cas9 and gRNA targeting the HBB locus (R0O2 gRNA,
target sequence shown in SEQ ID NO: 15). 2x10° cells were
edited with 3 pg Cas9 and 3 ng gRNA. The target gene
sequence (including target sequence with PAM), R02 spacer
sequence, and R02 sgRNA sequence are identified in Table
3.

TABLE 3

Sequences of R02 sgRNA

Name/ SEQ
Description Sequence ID NO
HBB Target CTTGCCCCACAGGGCAGTAA 15
Sequence

HBB Target CTTGCCCCACAGGGCAGTAACGG 20
Sequence with

PAM

R0O2 Spacer CUUGCCCCACAGGGCAGUAA 16

Sequence

R0O2 sgRNA

(spacer in bold)

¢csususGCCCCACAGGGCAGUAAGUUUUAGAGCUAGAAR 17
UAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAA
AAAGUGGCACCGAGUCGGUGCusususU

a, ¢, g, u: 2' O-methyl phosphorothicate nucleotides

s: phosphorothicate nucleotides
A, C, G, U, N: canonical RNA nucleotides
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[0474] The cells were transfected with a dsDNA homol-
ogy donor encoding GFP under a SFFV promoter (SEQ ID
NO: 60) that was delivered by AAV (SEQ ID NO: 56). Cells
were edited with an AAV dose of 5,000 MOI. The HDR
efficiency was determined by measuring the level of GFP
fluorescence in the cells following electroporation. To deter-
mine the effect of 53BP1 inhibition on HDR efficiency, the
53BP1 inhibitor 153 was introduced as an mRNA-encoded
protein to the cells during electroporation with Cas9/gRNA
RNP and AAV DNA that serves as a donor for homology
directed repair. As shown in FIG. 6A, treatment with mRNA
encoding 153 polypeptide (SEQ ID NO: 70) resulted in an
approximately 1.3-fold increase in HDR efficiency over
cells treated with RNP+AAV-only. Additionally, improved
HDR efficiency was seen at each dose of 153 mRNA tested
(0.5, 1, and 2 ng mRNA). No GFP expression over back-
ground was seen in cells treated with RNP-only or AAV-
only.

TABLE 4

Media components used to culture LT-HSPCs

Component Concentration
Thrombopoietin 100 ng/mL
Fms-like tyrosine kinase 3 ligand 100 ng/mL
Stem cell factor 100 ng/mL
Interleukin-3 60 ng/mL

[0475] The effect of S3BP1 inhibition on HDR efficiency
was compared to other mRNA-encoded proteins that inhibit
the NHEJ pathway. These included the proteins CYREN1
and CYREN?2 that inhibit Ku70/80, a heterodimer that binds
DNA blunt ends to prevent processing of 3' single-stranded
DNA tails necessary for HDR repair. Cells were electropo-
rated with RNP, an AAV-GFP homology donor and mRNA
encoding either i53 (mRNA ORF shown in SEQ ID NO: 69),
CYRENI, or CYREN2. Treatment with 153 mRNA resulted
in increased HDR efficiency when administered at 0.3 pg or
1 pg. Treatment with CYREN1 or CYREN2 mRNA resulted
in no improvement in HDR efficiency over RNP+A AV-only
(FIG. 6B).

[0476] An inhibitor of the cell division cycle7-related
(CDCl,) protein kinase was also evaluated for improved
HDR editing of the HBB gene locus. CDCl, is an initiator of
the G1/S ftransition. Inhibition of CDCl, using the small
molecule X1.413 has been shown to improve HDR effi-
ciency by inducing an early S-phase cell cycle arrest (Wie-
nert, B. et al. (2018) bioRxiv 500462). However, for gene-
editing of the HBB locus in LT-HSPCs, no improvement in
HDR efficiency was seen for any dose of X[.413 tested (data
not shown).

[0477] The effect of treatment with 153 and Nu7441 was
compared for improving efficiency of HDR repair of the
HBB locus. Cells were treated with different doses of
Nu7441 or with mRNA encoding i53 (ORF shown by SEQ
ID NO: 69). A comparable increase in HDR efficiency was
seen upon treatment with 0.75 ug of mRNA encoding 153
and 5 uM Nu7441 (FIG. 6C). No improvement in HDR
efficiency was seen with treatment of a mRNA encoding a
non-functional mutant 153 (e.g, DM, mRNA ORF shown by
SEQ ID NO: 71).

[0478] The effect of treatment of i53 on HDR efficiency
was evaluated in additional cell types, including editing of
the AAVSI1 locus in human epithelial cells immortalized
with hTERT (hTERT RPE-1, ATCC CRL-4000) cells. RPE1
cells were lipofected with RNP comprised of Cas9 protein

Jan. 14, 2021

and gRNA targeting the AAVS1 locus (target sequence
shown in SEQ ID NO: 3; spacer sequence shown in SEQ ID
NO: 4). Cells were edited with 1 pg Cas9 and 1 pg gRNA.
Cells were infected with AAV containing homology donor
DNA encoding GFP (D1J serotype) as well as mRNA encod-
ing 153 (mRNA ORF shown in SEQ ID NO: 69). Cells were
edited with an AAV dose of 25,000 MOI. HDR efficiency
was determined by measuring the level of GFP fluorescence
in the cells following gene-editing. Treatment of cells with
AAV and mRNA encoding i53 results in an increase in HDR
efficiency over treatment with AAV alone (FIG. 7).

Example 4. Efficient Gene Editing of the
Hemoglobin Beta Subunit (HBB) Locus in
CD34-Expressing LT-HSPCs Using 153 In Vitro

[0479] Improved HDR efficiency for CRISPR/Cas9 gene-
editing of the HBB locus with i53 treatment in CD34-
expressing LT-HSPCs was evaluated with donor DNA
encoding a sickle cell mutation. A sickle mutation is a
change of a GAG codon encoding Glu at position 7 of the
beta-globin protein to a GUG codon encoding Val (codon 7
of the HBB open reading frame; E7V mutation). As is well
known in the art and used herein the term “E7V” refers to
a single nucleotide polymorphism (SNP) in the HBB gene
that occurs in the seventh codon downstream the transcrip-
tion start site (i.e. the seventh codon of HBB if including the
AUG start codon), wherein the SNP converts the wild-type
codon encoding Glu to a codon encoding Val. Correspond-
ingly, a beta-globin polypeptide with an “E7V” mutation
refers to substitution of Glu to Val occurring in the seventh
amino acid residue of the beta-globin polypeptide if includ-
ing the initial methionine amino acid. As used herein, the
term “E6V” refers to a SNP in the HBB gene that occurs in
the sixth codon downstream the AUG start codon (i.e., the
sixth codon of the HBB open reading frame downstream the
start codon). wherein the SNP converts the wild-type encod-
ing Glu to a codon encoding Val. Correspondingly, a beta-
globin polypeptide with an “E6V” mutation refers to sub-
stitution of Glu to Val occurring at the sixth amino acid
residue of the beta-globin polypeptide, not including the
initial methionine amino acid. Accordingly, as readily under-
stood by one of ordinary skill in the art, the terms “E7V” and
“E6V” refer to the same mutation in the HBB gene, and are
used interchangeably herein when used in reference to the
sickle mutation. FIG. 8 shows editing of the HBB locus
using a Cas9/gRNA complex to introduce a site-specific
DSB into exon 1. The homology donor DNA provided
introduces a gene correction into exon 1 when repair of the
DSB occurs by the HDR pathway. For wild type cells, a
homology donor DNA encoding a sickle cell mutation
(E7V) can be provided to introduce the sickle mutation into
the HBB gene. For cells with the sickle cell mutation, a
homology donor DNA encoding a sickle cell correction (E7)
can be provided to introduce a sickle correction to the HBB
gene.

[0480] LT-HSPCs were maintained in culture and gene-
editing was performed following two days of culture. Cells
were electroporated with RNP comprised of Cas9 and gRNA
targeting the HBB locus (R02 gRNA, target sequence shown
by SEQ ID NO: 15). 1x10° were edited per reaction using 20
ng Cas9 and 20 pug gRNA. The cells were electroporated
with 1 pg mRNA encoding i53. Electroporation was per-
formed using the Maxcyte HSC-3 program. AAV encoding
homology donor DNA (AAV.307) was administered prior to
electroporation (pre-EP). Cells were edited with an AAV
dose of 10,000 MOI. The donor DNA comprised homology
arms to the HBB locus and encoded a sickle cell mutation
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(SEQ ID NO: 53). FIG. 9 shows the sequence of the HBB
gene in the region of the gene edit as well as the sickle cell
mutation that is introduced following gene editing. The
downstream PAM recognition site on the HBB locus is
indicated, as well as the sequence recognized by the R02
gRNA spacer. Additionally, a portion of the sequence of the
AAV.307 homology donor DNA is shown, including gene
changes that are incorporated into the HBB locus by HDR
editing. The homology donor incorporates an edit to the
PAM sequence to prevent re-cutting of the HBB locus by
Cas9/gRNA following editing by HDR. Sequences of the
AAV.307 donor are provided in Table 5.

TABLE 5

Sequence of AAV.307 Homology Donor

Name/Description SEQ ID NO
5'ITR 110
Left Homology Arm (LHA) 52
Gene-edit (E7 — E7V) 53
Right Homology Arm (RHA) 54
3'ITR 105
LHA to RHA 108
AAV.307 full AAV 109

[0481] HDR efficiency at the HBB locus was evaluated
upon treatment with i53. For assessing frequency of E7V
modification of the HBB allele in samples of edited cells, a
next-generating sequencing (NGS) assay using three PCR
reactions was performed

[0482] Cells were treated with AAV (e.g., AAV.307) and
RNP (e.g., Cas9/R02 gRNA) and treated with 1 pg of mRNA
encoding the 153 polypeptide (SEQ ID NO: 70). Treatment
with 153 resulted in 68% incorporation of the E7V gene edit,
an increase of 1.4-fold over RNP+AAV alone (FIG. 10).
[0483] Editing efficiency at the HBB locus was evaluated
by measuring indel formation by TIDE analysis. Electropo-
ration of CD34-expressing LT-HSPCs with RNP comprised
of Cas9 and RO2 gRNA resulted in 94% indel formation,
demonstrating the Cas9/gRNA yields high cutting efficiency
within the desired target gene (FIG. 11). Notably, the level
of indel formation decreased for cells treated with RNP+
AAV. The lowest level of indel formation was seen for cells
treated with RNP+AAV in the presence of 153, indicating
that as the repair pathway shifts towards HDR, indel for-
mation by the NHEJ pathway decreases. This group had
1.7-fold reduction in INDEL frequency relative to cells
treated with RNP+AAV,

[0484] The effect of i53 on HDR efficiency was evaluated
for CD34-expressing LT-HSPCs isolated from human
peripheral blood using different mobilization methods. HDR
efficiency was evaluated for LT-HSPCs isolated from human
donors following administration of either Mozobil+GCSF or
Mozobil-alone and gene-edited with AAV+RNP with or
without inclusion of mRNA encoding the i53 polypeptide
(SEQ ID NO: 70). Editing was performed by electroporation
with RNP containing 20 pg Cas9 and 20 pg R02 gRNA and
homology donor with a E7V mutation encoded by AAV
(AAV.307 or AAV.304 comprising a gene-edit identified by
SEQ ID NO: 50) at a dose of 10,000 MOI. Treatment with
i53 resulted in approximately 60% incorporation of the
sickle cell gene-edit by HDR in cells isolated by Mozobil+
GCSF, approximately 1.5-fold increase in HDR efficiency
over treatment with RNP+AAV alone (FIG. 12A). HDR
efficiency in LT-HSPCs isolated using Mozobil and treated
with 153 was even higher, with approximately 70% of cells
incorporating the sickle cell gene-edit (FIG. 12B). These
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results demonstrate that by isolating LT-HSPCs from healthy
donors using mobilization by Mozobil, along with editing in
the presence of 153, high levels of HDR efficiency are
achieved.

[0485] The growth of CD34+ cells from the time the cells
were thawed to right before they were subjected to editing
conditions (black bars) was evaluated and no changes in cell
growth were observed. Manipulations of the cells by the
addition of CRISPR reagents used for editing caused a
decrease in the fold growth between when they were thawed
and injected into mice (blue bars) (FIG. 13).

Example 5. Evaluation of LT-HSPCs Edited with
153 Following Administered In Vivo

[0486] As described above, HDR efficiency for editing the
HBB locus in CD34-expressing LT-HSPCs is improved in
the presence of 153. The effect of gene-editing with 153 was
evaluated on the ability of the cells to engraft and retain the
gene-edit following administration in vivo. Also evaluated
was the effect of LT-HSPC dose on engraftment following
administration in vivo.

[0487] Human LT-HSPCs were administered to mice fol-
lowing electroporation with Cas9/gRNA (R0O2 gRNA, target
sequence identified in SEQ ID NO: 15) and AAV encoding
a sickle cell mutation (E7V) as shown in FIG. 14. Briefly,
LT-HSPCs were mobilized from healthy donors using
plerixafor. LT-HSPCs were gene-edited following 2 days in
culture under conditions described in Example 3. To perform
the gene-edit, cells were electroporated with RNP comprised
of Cas9 and gRNA targeting the HBB locus (e.g., R0O2
gRNA, target sequence SEQ ID NO: 15) and homology
donor DNA encoding a sickle cell mutation delivered by
AAV (e.g., AAV.307). 1x10° cells were edited with 20 g
Cas9, 20 ng gRNA and an AAV dose of 10,000 MOI. The
cells were incubated with AAV.307 for 1 hour prior to
electroporation. Effect of gene-editing with i53 was deter-
mined by treating cells with mRNA encoding 153 polypep-
tide (SEQ ID NO: 70) during electroporation. Cells were
edited with 1 pg mRNA.

[0488] The cells were administered by intravenous injec-
tion to cKit mice at 2 days following electroporation.
Recipient mice were treated with sublethal irradiation (100
cGy) at 1 day prior to administration of LT-HSPCs to
eliminate hematopoietic cells in the bone marrow and enable
engraftment of the donor cells. Animals were evaluated for
presence of human hematopoietic cells in peripheral blood at
8 and 16 weeks following I'T-HSPC administration. The
bone marrow was also evaluated for engraftment and main-
tenance of the HBB gene-edit at 16 weeks following LT-
HSPC administration.

[0489] Presence of human hematopoietic cells was mea-
sured by flow cytometry in mouse blood or bone marrow
samples. The antibodies used for labeling cell-surface mark-
ers are shown in Table 6. The gating strategy used to
quantify cells by flow cytometry is shown in FIG. 15. Cells
were gated on singlet, live cells. Mouse and human CD45-
expressing hematopoietic cells were distinguished by anti-
bodies targeting mouse or human CD45. Engraftment was
measured as percent chimerism which was defined as the
quantity of human CD45 positive cells divided by the total
number of CD45 positive cells (e.g., human and mouse
CD45 expressing cells combined). The lineage of human
CD45 positive cells was determined using markers for CD19
(e.g., B cells), CD3 (e.g., T cells), CD33 (e.g., myeloid
cells), and CD34 (hematopoietic stem/progenitor cells
(HSPCs)).
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TABLE 6
Antibody Clone Fluorophore Catalog #
Anti-mouse CD45 30-F11 APC 103112
Anti-human CD45 HI30 BV786 563716
Anti-human CD19 HIB19 PE-Cy7 302216
Anti-human CD3 UCHT1 APC-Cy7 300426
Anti-human CD33 P67.6 PE 366608
Anti-human CD34 581 BvV421 562577

[0490] The effect of titrating the dose of LT-HSPCs on
percent chimerism was evaluated in mouse bone marrow
samples collected at 16 weeks following administration of
LT-HSPCs. Animals received a dose of 0.01x10°, 0.05x10°,
0.1x10%, or 0.25x10° LT-HSPCs that were treated with
electroporation, but neither AAV or RNP. As shown in FIG.
16, increasing the dose of LT-HSPCs administered to the
animals resulted in increased levels of chimerism. Admin-
istration of 0.25x10° LT-HSPCs resulted in approximately
80% human cells within all CD45-expressing cells in the
bone marrow. The effect of treatment of i53 on percent
chimerism was also evaluated in mouse bone marrow col-
lected at 16 weeks following administration of LT-HSPCs.
Animals received a dose of 0.25x10° LT-HSPCs that were
gene-edited with RNP+AAV either with or without 153.
Percent chimerism for cells treated with RNP+AAV was
lower than for cells treated with RNP-only or AAV-only
(FIG. 16). Inclusion of 153 resulted in no further decrease in
chimerism compared to AAV+RNP alone.

[0491] The effect of titrating the dose of LT-HSPCs on
percent chimerism was also evaluated in mouse blood
samples collected at 8 and 16 weeks following administra-
tion of LT-HSPCs. As seen in the bone marrow, increasing
the dose of LT-HSPCs resulted in higher proportion of
human cells among CD45-expressing in the blood (FIG. 17).
Additionally, the proportion of human CD45-expressing
cells among total CD45-expressing cells in the blood was
lower for LT-HSPCs gene-edited with RNP+AAV alone or
in combination with 153, with approximately 2-3% human
CD45-expressing cells present. These data indicate that cells
edited by HDR repair exhibit lower levels of engraftment
than unedited cells or cells edited with RNP only.

[0492] Shown in FIGS. 18A-18B is lineage analysis of
engrafted CD45-expressing human cells in mouse bone
marrow samples collected at 16 weeks post administration
of LT-HSPCs. The lineage of CD45-expressing human leu-
kocytes was evaluated for unedited LT-HSPCs administered
at a dose of 0.01x10°, 0.05x10°, 0.1x10°, or 0.25x10° cells
(FIG. 18A). The lineage of CD45-expressing human leuko-
cytes was also evaluated for LT-HSPCs edited with AAV+
RNP either in the presence or absence of i53 (FIG. 18B). In
both cases no gross changes in lineage distribution were
observed for engrafted cells that were edited LT-HSPCs
compared to un-edited L'T-HSPCs.

[0493] Maintenance of gene-editing was evaluated in
mouse bone marrow collected at 16 weeks post-administra-
tion of LT-HSPCs. Incorporation of a sickle mutation (E7V)
in the HBB locus was evaluated in DNA isolated from
mouse bone marrow samples using the next generation
sequencing assay described in Example 4. Shown in FIG. 19
is a comparison of HDR efficiency for LT-HSPCs edited
either with or without i53. LT-HSPCs were electroporated
with Cas9/gRNA and treated with AAV. Administration of
LT-HSPCs edited with i53 produced a bone marrow com-
partment with levels of gene-editing in the HBB locus that
were substantially higher than AAV+RNP alone, with 65%
incorporation of the gene edit by HDR. LT-HSPCs edited in
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the presence of 153 had 1.8-fold higher HDR frequency in
the bone marrow compared to cells edited with AAV+RNP
alone. These results demonstrate that LT-HSPCs edited with
153 have higher levels of HDR efficiency and the gene-edit
is maintained in cells derived from these progenitor cells
following administration in vivo.

[0494] NHEJ editing of the HBB locus was also evaluated
in mouse bone marrow collected at 16 weeks post engraft-
ment. Indel formation at the site of Cas9/gRNA cutting was
evaluated by TIDE analysis in bone marrow samples and
compared to indel formation of LT-HSPCs prior to admin-
istration. Regardless of the method used to edit the LT-
HSPCs, indel formation was similar at 16 weeks post-
engraftment to the level present prior to administration,
demonstrating persistence of gene-editing following
engraftment of LT-HSPCs (FIG. 20). Interestingly, the level
of indel formation was lowest for CT-HSPCs gene-edited in
the presence of 153, demonstrating that 153 is an effective
inhibitor of the NHEJ pathway.

Example 6. Evaluation of Gene Editing of the
Hemoglobin Beta Subunit (HBB) Locus in
CD34-Expressing LT-HSPCs In Vitro in the

Presence of 153 or Nu7441

[0495] A direct comparison was made of the effect of 153
and Nu7441 on HDR efficiency for CRISPR/Cas9 gene-
editing at the HBB locus in CD34-expressing LT-HSPCs
using a homology donor DNA encoding a sickle cell muta-
tion. LT-HSPCs were maintained in culture as described in
Example 3 and gene-editing was performed following two
days in culture as described in Example 4. Cells were
electroporated with RNP comprised of Cas9 and gRNA
targeting the HBB locus (RO2 gRNA, target sequence shown
by SEQ ID NO: 15). AAV encoding homology donor DNA
(SEQ ID NO: 50) was administered either prior to elec-
troporation (pre-EP) or post electroporation (post-EP). Addi-
tionally, where indicated, cells were treated with 5 uM
Nu7441 or 1 pg of mRNA encoding 153 polypeptide (SEQ
ID NO: 70) during electroporation.

[0496] The donor DNA comprised homology arms to the
HBB locus and encoded a sickle cell mutation. FIG. 21
shows the sequence of the HBB gene in the region of the
gene edit as well as the sickle cell mutation that is introduced
following gene editing. The downstream PAM recognition
site on the HBB locus is indicated, as well as the sequence
of the homology donor DNA (AAV.304), including gene
changes that are incorporated into the HBB locus by HDR
editing. The homology donor incorporates an edit to the
PAM sequence to prevent re-cutting of the HBB locus by
Cas9/gRNA following editing by HDR. Sequences of the
AAV.304 donor are provided in Table 7.

TABLE 7

Sequence of AAV.304 Homology Donor

Name/Description SEQ ID NO
5'ITR 110
Left Homology Arm (LHA) 49
Gene-edit (E7 — E7V) 50
Right Homology Arm (RHA) 51
3' TR 105
LHA to RHA 106
AAV304 full AAV 107

[0497] HDR efficiency was evaluated for AAV adminis-
tered either pre-EP or post-EP following gene-editing of
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LT-HSPCs in vitro. For pre-EP, cells were incubated with
AAV for 1 hour prior to electroporation. For post-EP, cells
were incubated with AAV for 1 hour immediately following
electroporation. HDR efficiency was evaluated by NGS
assay as described in Example 4. Treatment with RNP and
AAV administered either before or after electroporation
resulted in a comparable level of incorporation of the gene
edit by HDR, approximately 40% (FIG. 22A). Treatment
with AAV-only either pre- or post-EP resulted in no incor-
poration of the donor DNA in the HBB locus.

[0498] HDR efficiency at the HBB locus was evaluated
upon treatment with either 153 or Nu7441 following gene-
editing of LT-HSPCs in vitro. Cells were treated with pre-EP
AAV and RNP and treated with either Nu7441 or mRNA
encoding i53. Treatment with Nu7441 resulted in no
improvement of HDR efficiency over RNP+AAV alone.
However, treatment with 153 resulted in 58% incorporation
of the E7V gene edit, an increase of 1.4-fold over RNP+
AAV alone (FIG. 22B).

Example 7. Evaluation of LT-HSPCs Edited with
153 or Nu7441 Following Administered In Vivo

[0499] As described in Example 6, HDR efficiency for
editing the HBB locus in CD34-expressing LT-HSPCs is
improved in the presence of 153, but not in the presence of
Nu7441. The effect of gene-editing with either i53 or
Nu7441 was evaluated on the ability of the cells to engraft
and retain the gene-edit following administration in vivo.
Also evaluated was the effect of gene-editing with treatment
of AAV prior to electroporation or following electroporation
on the ability of the edited cells to engraft and maintain the
gene edit following administration in vivo.

[0500] Human LT-HSPCs were administered to mice fol-
lowing electroporation with Cas9/gRNA and AAV encoding
a sickle cell mutation (E7V) as shown in FIG. 21. LT-HSPCs
were mobilized from healthy donors using plerixafor. LT-
HSPCs were gene-edited following 2 days in culture. To
perform the gene-edit, cells were electroporated with RNP
comprised of Cas9 and gRNA targeting the HBB locus (e.g.,
RO2 gRNA, target sequence shown by SEQ ID NO: 15) and
AAV encoding a sickle cell mutation (AAV.304). 1x10° cells
were edited with 20 pg Cas9 and 20 ug gRNA. The AAV was
administered either prior to electroporation (pre-EP) or
following electroporation (post-EP). Cells were edited with
an AAV dose of 10,000 MOI. Effect of gene-editing with 153
or Nu7441 was determined by treating cells with 1 pg of
mRNA encoding 153 polypeptide (SEQ ID NO: 70) or 5 uM
Nu7441 during electroporation.

[0501] A dose of 0.5x10° cells was administered by intra-
venous injection to cKit mice at 2 days following electropo-
ration. Recipient mice were treated with sublethal irradiation
(100 cGy) at 1 day prior to administration of LT-HSPCs to
eliminate hematopoietic cells in the bone marrow and enable
engraftment of the donor cells. Animals were evaluated for
presence of human hematopoietic cells in peripheral blood at
8 and 16 weeks following I'T-HSPC administration. The
bone marrow was also evaluated for engraftment and main-
tenance of the HBB gene-edit at 16 weeks following LT-
HSPC administration.

[0502] Percent chimerism was evaluated as described in
Example 5 in mouse blood samples collected at 8 and 16
weeks post-administration of UT-HSPCs and compared for
LT-HSPCs edited under different conditions. Shown in FIG.
23A is a comparison of UT-HSPCs edited with AAV admin-
istered either pre-EP or post-EP. LT-HSPCs were electropo-
rated with Cas9/gRNA and treated with AAV prior to
electroporation or following electroporation. LT-HSPCs
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electroporated with RNP demonstrated decreased chimerism
relative to cells that were not electroporated. Treatment with
AAV either pre-EP or post-EP resulted in no improvement in
chimerism relative to treatment with RNP alone. Shown in
FIG. 23B is a comparison of LT-HSPCs edited with pre-EP
AAV and RNP in the presence of either i53 or Nu7441.
Treatment with 153 resulted in levels of chimerism compa-
rable to RNP+AAV alone. However, treatment with Nu7441
resulted in improved chimerism of approximately 25% at
both 8 and 16 weeks, a 2.5-fold increase over RNP+AAV
alone.

[0503] Additionally, percent chimerism was evaluated in
mouse bone marrow samples collected at 16 weeks follow-
ing administration of LT-HSPCs. Shown in FIG. 24A is a
comparison of LT-HSPCs edited with AAV administered
either pre-EP or post-EP. Similar to the chimerism seen in
mouse blood samples as described above, LT-HSPCs elec-
troporated with RNP demonstrated decreased chimerism
relative to LT-HSPCs that were not electroporated. Further-
more, treatment with AAV either pre-EP or post-EP resulted
in no improvement in chimerism relative to treatment with
RNP alone. The chimerism in bone marrow at 16 weeks for
LT-HSPCs edited in the presence of 153 or Nu7441 was also
evaluated (FIG. 24B). Treatment with 153 resulted in levels
of chimerism comparable to RNP+AAV alone. However,
treatment with Nu7441 resulted in chimerism that was
higher than RNP+AAV alone and comparable to culture
LT-HSPCs that were not electroporated prior to engraftment.
Combined, these results demonstrate an unexpected
improvement in engraftment for LT-HSPCs gene-edited
with treatment of Nu7441.

[0504] Shown in FIG. 25 is lineage analysis of engrafted
CD45-expressing human cells in mouse bone marrow
samples collected at 16 weeks post administration of LT-
HSPCs. The lineage of CD45-expressing human leukocytes
was compared for LT-HSPCs that were gene-edited in the
presence of 153 or Nu7441. In addition to providing higher
levels of engraftment, treatment with Nu7441 resulted in a
greater proportion of CD34-expressing cells and myeloid
cells among human leukocytes in the bone marrow com-
pared to treatment with i53.

[0505] Maintenance of gene-editing was evaluated in
mouse bone marrow collected at 16 weeks post-administra-
tion of LT-HSPCs. Incorporation of a sickle mutation (E7V)
in the HBB locus was evaluated in DNA isolated from
mouse bone marrow samples using the next generation
sequencing assay described in Example 4. Shown in FIG.
26A is a comparison of HDR efficiency for LT-HSPCs edited
with AAV administered either pre-EP or post-EP. LT-HSPCs
were electroporated with Cas9/gRNA and treated with AAV
prior to electroporation or following electroporation. Incor-
poration of the gene-edit in bone marrow samples was
similar for LT-HSPCs edited with RNP and AAV given
either pre-EP or post-EP. Additionally, incorporation of the
gene edit in the HBB locus by HDR was compared for
LT-HSPCs edited in the presence of i53 or Nu7441 (FIG.
26B). Administration of LT-HSPCs edited with Nu7441
produced a bone marrow compartment with levels of gene-
editing in the HBB locus comparable to AAV+RNP alone.
However, administration of LT-HSPCs edited with i53 pro-
duced levels of gene-editing in the HBB locus that were
substantially higher than AAV+RNP alone. These results
demonstrate that LT-HSPCs edited with 153 have higher
levels of HDR efficiency and the gene-edit is maintained in
cells derived from these progenitor cells following admin-
istration in vivo.
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[0506] NHEJ editing of the HBB locus was also evaluated
in mouse bone marrow collected at 16 weeks post engraft-
ment. Indel formation at the site of Cas9/gRNA cutting was
evaluated by TIDE analysis in bone marrow samples and
compared to indel formation of LT-HSPCs prior to admin-
istration. Regardless of the method used to edit the LT-
HSPCs, indel formation was similar at 16 weeks post-
engraftment to the level present prior to administration (FIG.
27). Interestingly, the level of indel formation was lowest for
LT-HSPCs gene-edited in the presence of 153, demonstrating
that i53 is an effective inhibitor of the NHEJ pathway.

[0507] The functionality of the hematopoietic compart-
ment in recipient mice was evaluated by measuring eryth-
roid cell enucleation in bone marrow collected at 16 weeks
post-engraftment. Mammalian erythrocytes extrude their
nucleus prior to entering circulation. Human CD34-express-
ing LT-HSPCs are expected to differentiate into erythrocytes
following engraftment, however the efficiency of enucle-
ation can be low. Assessment of erythroid cell enucleation
provides a measure of the ability of edited CD34 expressing
cells to differentiate into erythroid cells compared to the
unedited controls (i.e., ability to differentiate into functional
cell types). Percent enucleation was compared for
LT-HSPCs gene edited with Cas9/gRNA RNP and AAV
given pre-EP or post-EP. Levels of enucleation were similar
to cells treated with RNP-only or AAV-only (FIG. 28).
Additionally, levels of enucleation were compared for LT-
HSPCs gene edited with RNP+AAV in the presence of 153
or Nu7441. Levels of enucleation were also similar to cells
treated with RNP-only or AAV-only.

Example 8: Evaluation of 153 and Nu7441
Combination for Editing HBB Using a Homology
Donor Encoding an HBB Gene Correction

[0508] A direct comparison was made of the effect of 153
and Nu7441 on HDR efficiency for CRISPR/Cas9 gene-
editing at the HBB locus in wild-type CD34-expressing
LT-HSPCs using a homology donor DNA encoding a cor-
rection to the sickle cell mutation in the HBB gene (i.e., E6V
to E6) delivered by AAV. The AAV-encoded homology
donor used for correction is referred to as “AAV.323” and is
identified by sequence in Table 8. As shown in FIG. 29,
AAV.323 encodes glutamate at position 6 of the HBB open
reading frame (i.e., E6). However, the codon for E6 is
“GAA” rather than wild-type “GAG”, allowing the correc-
tion encoded by the AAV.323 to be detected in wild-type
cells or cells encoding the E6V mutation in the HBB gene.

TABLE 8

Sequence of AAV323 Homology Donor Encoding SCD Correction

Name/Description SEQ ID NO
5'ITR 104
Left Homology Arm (LHA) 99
Gene-edit (E6V — E6) 102
Right Homology Arm (RHA) 100
3' TR 105
LHA to RHA 98
AAV.323 full AAV 103

[0509] Briefly, LT-HSPCs were maintained in culture and
gene-editing was performed following two days in culture as
described in Example 3. 1x10° cells were electroporated
with RNP containing 20 pg SpCas9 and 20 ug R02 sgRNA.
Cells were incubated with AAV.323 at a dose of 10,000 MOI

Jan. 14, 2021

for one hour prior to electroporation. Additionally, cells
were treated with 5 uM Nu7441, 1 pg of i53 mRNA, or both
during electroporation.

[0510] On day 2 post-editing, the efficiency of HDR for
insertion of the AAV.323 gene-edit was evaluated by NGS
assay as described in Example 4. The frequency of INDELs
at the R02 cut site was also evaluated by NGS. Editing was
compared for cells treated RO2+AAV.323 and either i53 or
153+4Nu7441 and compared to control cells edited with R02
only or RO2+AAV.323 only.

[0511] As shown in FIG. 30A, cells edited in the presence
of 153 inhibitor had an approximately 1.5-fold increase in
HDR efficiency for incorporation of the AAV.323 gene-edit
compared to cells edited with RO2+AAV.323 only. However,
editing performed with the combination of 153 and Nu7441
did not increase HDR efficiency further compared to editing
performed with 153 only. Additionally, as shown in FIG.
30B, cells edited in the presence of i53 had decreased
frequency of INDELs at the R02 cut site compared to cells
edited with RO2+4AAV.323 only. Editing performed with the
combination of 153 and Nu7441 did not further decrease
INDEL frequency compared to editing performed with 153
only.

[0512] Edited cells were administered in vivo as described
in Example 5, and the level of engraftment of human
hematopoietic progenitor cells was evaluated in mouse bone
marrow. Briefly, a dose of approximately 5x10° per animal
LT-HSPCs was administered by intravenous injection to
cKit mice at two days post-editing. Recipient mice were
treated with sublethal irradiation (100 cGy) at 1 day prior to
administration of LT-HSPCs. At 16 weeks following admin-
istration, the presence of human hematopoietic cells in
mouse bone marrow samples was evaluated by flow cytom-
etry as described in Example 5. As shown in FIG. 31A, more
than 90% of CD45-positive cells in mouse bone marrow
were human CD45-positive cells for each treatment group
evaluated, indicating high levels of engrafiment regardless
of the conditions used to edit the cells. These data suggest
that edited LT-HSPCs can effectively establish and expand
following transplantation. However, their ability to do so can
depend on, for example, the donor from which the cells are
obtained, method of isolation, culture conditions or cell
cycle status.

[0513] The persistence of edits at the HBB gene locus in
mouse bone marrow samples was also evaluated. Briefly,
mouse bone marrow was isolated at 16 weeks post-admin-
istration of edited cells. Genomic DNA was isolated from
the samples, and evaluated for incorporation of the edit
encoded by AAV.323 at the HBB gene locus using the NGS
assay as described in Example 4. Frequency of INDELs at
the RO2 cut site in the HBB gene locus was also assessed by
NGS.

[0514] As shown in FIG. 31B, the frequency of the
AAV.323 gene edit incorporated by HDR was maintained in
bone marrow of mice administered LT-HSPCs edited with
i53.

Example 9: Evaluation of i53 for In Vitro
Correction of Sickle Cell Mutation in Human
Patient-Derived Cells

[0515] The effect of i53 on HDR efficiency was evaluated
in cells derived from patients with a sickle cell mutation in
the HBB gene. Specifically, CD34-expressing LT-HSPCs
derived from human patients with sickle cell disease were
edited with SpCas9, R02 guide, and AAV.323 encoding a
correction to the E6V mutation in the HBB gene.
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[0516] Briefly, CD34-expressing LT-HSPCs were derived
from plerixafor+GCSF-dual mobilized peripheral blood
obtained from a human donor with sickle cell disease. The
cells were seeded in Phase I media at a cell density of 2x10°
cells/mL. Cells were cultured at 37° C. under normoxic
conditions (i.e., oxygen 20%).

[0517] Editing of cells was performed following two days
of in vitro culture. Briefly, 5x10° cells were electroporated
with RNP containing 20 pg SpCas9 and 20 ug R02 sgRNA,
AAV323 at a dose of 10,000 MOI, and 1 pg mRNA
encoding 153. The cells were incubated with AAV.323 for 1
hour prior to electroporation. The cells were edited by
electroporation with RO2+AAV.323+i53 mRNA and com-
pared to control cells edited with RO2 only, RO2+AAV.323,
or cells exposed to electroporation without RNP or AAV
editing components (mock EP).

[0518] Following editing, the cells were differentiated to
erythrocytes. Briefly, edited cells were plated in fresh Phase
I media at a density of 2x10° cells/mL, and re-plated at
similar density in fresh Phase 1 media on days 3 and 5
post-editing. On day 7 post-editing, the cells were incubated
in Phase II media at a density of 2.5x10° cells/mL. On day
10 post-editing, the cells were incubated in Phase 111 media
at a density of 1.2x10° cells/mL. Cell expansion during
culture was monitored over time and cells electroporated
with RO2+AAV.323+4i53 mRNA grew similarly to control
cells (RO2 only, RO2+4AAV.323, or mock EP cells) (data not
shown). Additionally, cell viability was monitored at fre-
quent time points beginning day 3 post-editing, and
remained greater than 80% for each treatment group through
approximately day 13 of culture.

Efficiency of Gene Edits

[0519] The efficiency of gene correction by HDR repair at
the HBB gene locus was evaluated by NGS assay as
described in Example 3. Frequency of INDELs at the R02
cut site was evaluated by NGS analysis. Treatment with 153
resulted in 66% incorporation of the E6V—E6 gene correc-
tion, an increase of 1.4-fold over RNP+AAV.323 alone (FIG.
32A). Additionally, frequency of INDELSs at the RO2 cut site
was 1.9-fold lower for cells edited in the presence of 153
compared to cells edited with RNP+AAV.323 alone (FIG.
32B). Additionally, HDR repair and INDEL formation were
compared at day O and day 14 post-editing. As shown in
FIGS. 33A-33B, edit incorporated by HDR repair (FIG.
33A) and frequency of INDELs at the R02 cut site (FIG.
33B) was similar at day 0 and day 14 for each treatment
group, indicating the edits were retained throughout in vitro
differentiation to erythrocytes.

Hemoglobin Expression

[0520] Hemoglobin expressed by edited cells that were
differentiated to erythrocytes was assessed. Hemoglobin A
(HbA) is composed of 2 alpha-globin and 2 beta-globin units
and is the dominant hemoglobin in adult humans. In human
carriers of the HBB E6V mutation, a high proportion of total
hemoglobin is hemoglobin S (HbS), which is composed of
2 alpha-globin units and 2 beta-globin units with E6V. Thus,
proportion of HbS to HbA produced by edited cells was
assessed using an HPL.C-based quantification to determine if
editing resulted in decreased levels of hemoglobin associ-
ated with sickle cell disease.

[0521] Briefly, on day 18 post-editing, 1x10° cells were
harvested, centrifuged, and washed with PBS. The cells
were prepared for HPLC analysis. Hemoglobin variants
were quantified in cell samples using reverse-phase HPLC
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chromatography and gradient elution. As shown in FIG.
34A, HbS levels were dramatically reduced and HbA levels
increased for cells edited with RO2+AAV.332 or RO2+AAV.
332+i53 compared to mock EP control cells. As shown in
FIG. 34B, cells edited in the presence of 153 had 66%
correction of HBB gene locus by HDR, but a 90% decrease
in HbS levels relative to mock EP control cells. Thus, high
levels of HDR achieved with 153 contribute to normalization
of hemoglobin expression products.

Erythrocyte Functionality

[0522] The ability of edited cells to differentiate to func-
tional erythrocytes was assessed by determining expression
of erythrocyte-associated cell surface markers and enucle-
ation using flow cytometry on day 18 post editing.

[0523] Briefly, 4x10° cells were obtained, and half were
stained for erythrocyte cell-surface markers and half were
used for detection of enucleation. For staining cell-surface
markers, the cells were incubated in PBS containing 1%
human serum albumin (PBS-A) and an antibody cocktail of
anti-CD233 (BRIC6-Band3)-FITC, anti-CD71-PE, anti-
CD235a(GlyA)-PE/Cy7, and anti-CD49d (a4)-VioBlue. For
detection of enucleation, 2 drops of NucRed nuclear staining
reagent was added to 1 mL. PBS-A, and 100 ul. was added
to plated cells. Following incubation, both cell samples were
labeled with Sytox Blue solution (1:1000 dilution in PBS-A)
for live/dead analysis. Samples were then assessed by flow
cytometry. Cells edited with RO2 only, RO2+AAV.332, or
RO2+AAV.332+i53 each demonstrated levels of enucleation
comparable to mock EP control cells (>30% of cell popu-
lation having enucleation). Additionally, the proportion of
the population that was CD71 GlyA* erythrocytes was
similar for cells edited with RO2+AAV.332 or RO2+AAV.
332+i53 compared to mock EP control cells (>30% of cell
population CD71-GlyA™).

Editing Patient-Derived PBMCs

[0524] It was further evaluated if editing of patient-de-
rived PBMCs in the presence of i53 would yield high levels
of correction of the HBB gene. PBMCs were obtained from
a human donor with sickle cell disease. The PBMCs were
expanded in StemSpan SFEM II (1x)+StemSpan CC100
(1x)+Dexamethasone 1 uM+hEPO 2 TU/mlL. at 37° C. under
normoxic conditions (20% O, concentration). The cells were
edited following five days of in vitro culture. Patient-derived
PBMCs were edited with RO2, RO2+AAV.332, or RO2+AAV.
332+i53 as described above. On day 8, the cells were
transferred to Phase 1 media, and differentiation to erythro-
cytes was performed through day 18 as described above.
Efficiency of HDR at the HBB gene locus was evaluated on
day 12 using the NGS assay described in Example 4. Also
evaluated was the frequency of INDELs at the R0O2 cut-site
as measured by NGS.

[0525] As shown in FIG. 35A, the frequency of correction
of the HBB gene by HDR repair in the presence of i53 was
approximately 60% in patient-derived PBMCs. Addition-
ally, the frequency of INDELs was reduced in patient-
derived PBMCs edited in the presence of 153 compared to
control cells (FIG. 35B). The level of HDR repair and the
frequency of INDELs in HBB were comparable in PBMCs
and CD34-expressing LT-HSPCs edited in the presence of
i53.

[0526] Hemoglobin expression was measured by HPL.C
analysis for edited PBMCs as described above. As shown in
FIG. 36, PBMCs edited in the presence of 153 had significant
reduction in expression of HbS and increased expression of
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HbA compared to mock EP control cells. The ratio of HbS
to HbA was comparable for PBMCs edited in the presence
of 153 to CD34-expressing LT-HSPCs edited with i53.

[0527] Additionally, the functionality of erythrocytes dif-
ferentiated from edited PBMCs was evaluated by measuring
cell-surface markers using flow cytometry as described
above. PBMCs edited with either RO2+AAV.323 or RO2+
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cytes to control cells (RO2 only or Mock EP cells), indicating
edited cells undergoing HDR repair of the HBB locus
properly differentiate to mature erythrocytes (data not
shown).

Sequence Listing

AAV.232+i53 had similar levels of CD71"GlyA™* erythro- [0528]
SEQ ID 1Identi- Name/
NO: fier Description Sequence
1 gRNA- sgRNAL n(;7_30)gunuuagagcuagaaauagcaaguuaaaaunaaggcuaguccguuaucaacuugaaa
related aaguggcaccgagucggugcu (s,
2 gRNA- SpCas9 csususN ;_3
related sSgRNA GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUU
AUCAACUUGAAAAAGUGGCACCGAGUCGGUGCusususU
3 gRNA- AAVS1 target GGGGCCACTAGGGACAGGAT
related sequence A
4 gRNA- AAVS1 GGGGCCACUAGGGACAGGAU
related sgRNA spacer
A
5 gRNA- AAVS1 target GCCAGTAGCCAGCCCCGTCC
related sequence B
6 gRNA- AAVS1 GCCAGUAGCCAGCCCCGUCC
related sgRNA spacer
B
7 gRNA- BFP target TGAAGCACTGCACGCCAT
related sequence
8 gRNA- BFP sgRNA UGAAGCACUGCACGCCAU
related spacer
9 gRNA- GFP target GCTGAAGCACTGCACGCCGT
related sequence A
10 gRNA- GFP sgRNA GCUGAAGCACUGCACGCCGU
related spacer A
11 gRNA- GFP target CTCGTGACCACCCTGACCTA
related sequence B
12 gRNA- GFP sgRNA CUCGUGACCACCCUGACCUA
related spacer B
13 gRNA- GsSDla target TCTTTGGACAGCGTCCATAC
related sequence
14 gRNA- GSDla Ch32 UCUUUGGACAGCGUCCAUAC
related gRNA spacer
15 gRNA- HBB target CTTGCCCCACAGGGCAGTAA
related sequence
16 gRNA- HBB RO2 CUUGCCCCACAGGGCAGUAA
related sgRNA spacer
17 gRNA- HBB sgRNA csususGCCCCACAGGGCAGUAAGUUUUAGAGCUAGAAAUAGCAAGU
related UAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGA
GUCGGUGCusususU
18 gRNA- CFTR target TCTGTATCTATATTCATCAT
related sequence
19 gRNA- CFTR sgRNA UCUGUAUCUAUAUUCAUCAU
related spacer
20 gRNA- HBB Target CTTGCCCCACAGGGCAGTAACGG
related Sequence

(PAM in bold)



US 2021/0008161 Al

61

Jan. 14, 2021

-continued
SEQ ID 1Identi- Name/
NO: fier Description Sequence
21 Donor sgODN1 (Ht- GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
DNA CR282) AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACGTACGG
CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
22 Donor ssODN2  (Hn- TCATGTGGTCGGGGTAGCGGCTGAAGCACTGCACGCCGTACGTCAG
DNA CR283) GGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGT
GCAGATGAACTTCAGGGTCAGCTTGCCGTAGGTGGC
23 Donor ssODN3  (Hn- CGCTCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGT
DNA 39-88) GCTGCTTCATGTGGT CGGGGTAGCGGCTGAAGCACTGCACGCCGTA
CGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGG
24 Donor ssODN4  (Ht- GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
DNA 91-61) AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACGTACGG
CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGC
25 Donor sgODN (Hn-91- GCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGC
DNA 61) TGAAGCACTGCACGCCGTACGTCAGGGTGGTCACGAGGGTGGGCCA
GGGCACGGGCAGCTTGCCGGTGGTGCAGATGAACTTCAGGGTCAGC
TTGCCGTAGGTGGC
26 Donor sgODN (Hn-91- TCATGTGGTCGGGGTAGCGGCTGAAGCACTGCACGCCGTACGTCAG
DNA 36) GGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGT
GCAGATGAACTTCAGGGTCAGCTTGCCGTAGGTGGC
27 Donor sgODN (Ht-91- GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
DNA 61) AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACGTACGG
CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGC
28 Donor sgODN (Ht-39- CGCTCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGT
DNA 88) GCTGCTTCATGTGGT CGGGGTAGCGGCTGAAGCACTGCACGCCGTA
CGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGG
29 Donor ssODN 1067 GCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCA
DNA AGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAGCCACGG
GGTGCAGTGCTTCAGCCGCTACCCCGACCACATGA
30 Donor ssODN 1068 TCATGTGGTCGGGGTAGCGGCTGAAGCACTGCACCCCGTGGCTCAG
DNA GGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGT
GCAGATGAACTTCAGGGTCAGCTTGCCGTAGGTGGC
31 Donor ssODN 1069 TCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGT
DNA GACCACCCTGAGCCACGGGGTGCAGTGCTTCAGCCGCTACCCCGAC
CACATGAAGCAGCACGACTTCTTCAAGTCCGCCAT
32 Donor ssODN 1070 ATGGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGT CGGGGTAGC
DNA GGCTGAAGCACTGCACCCCGTGGCTCAGGGTGGTCACGAGGGTGGG
CCAGGGCACGGGCAGCTTGCCGGTGGTGCAGATGA
33 Donor ssODN 1061 CTCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGTGC
DNA TGCTTCATGTGGT CGGGGTAGCGGCTGAAGCACTGCACCCCETGGC
TCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGTC
34 Donor ssODN 1062 GCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAGCCACGGGGTG
DNA CAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCT
TCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG
35 Donor ssODN 1063 GACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGA
DNA AGCACTGCACCCCGTGGCTCAGGGTGGT CACGAGGGTGGGCCAGG
GCACGGGCAGCTTGCCGGTGGTGCAGATGAACTTCA
36 Donor ssODN 1064 TGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCAC
DNA CCTCGTGACCACCCTGAGCCACGGGGTGCAGTGCTTCAGCCGCTACC
CCGACCACATGAAGCAGCACGACTTCTTCAAGTC
37 Donor 50-0 dsDNA CCCAGAAACTTGTTCTGTTTTTCCATAGGATTCTCTT TGGACAGTGC

DNA

CCT
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38

39

40

41

42

43

44

45

Donor
DNA

Donor
DNA

Donor
DNA

Donor
DNA

Donor
DNA

Donor
DNA

Donor
DNA

Donor
DNA

150-0 dsDNA

93-50 ss0DN

25-100 ssODN

H3-95-30
5s0ODN

N1-95-30
5s0ODN

AAVS1 locus
LHA (used for
BFP donor)

BFP locus
donor

AAVS1 locus
RHA (used for
BFP donor)

AGGGCACTGTCCAAAGAGAATCCTATGGAAAAACAGAACAAGTTT
CTGGGGTTACTGAATGAATGCTTTTGCCCAAAGCCTACACCTTCAA
GAAGAGTGTAGCCTGAGAAGGATTTCACATGTTGCCTCTAGAAGGG
AGAACTGGGTGGC

TCTTGAAGGTGTAGGCTTTGGGCAAAAGCATTCATTCAGTAACCCC
AGAAACTTGTTCTGTTTTTCCATAGGATTCTCTTTGGACAGTGCCCT
TACTGGTGGGTCCTGGATACTGACTACTACAGCAACACTTCCGTGC
CCT

TAGGATTCTCTTTGGACAGTGCCCTTACTGGTGGGTCCTGGATACTG
ACTACTACAGCAACACTTCCGTGCCCCTGATAAAGCAGTTCCCTGT
AACCTGTGAGACTGGACCAGGTAAGCGTCCCA

TAAGCACAGTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGGATTA
TGCCTGGCACCATTAAAGAAAATATCATAAGCTTTGGTGTTTGCTAT
GATGAATATAGATACAGAAGCGTCATCAAAG

AATTAAGCACAGTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGGA
TTATGCCTGGCACCATTAAAGAAAATATCATCTTTGGTGTTTGCTAG
CATGATGAATATAGATACAGAAGCGTCATCA

CCCCAGCTCTTCTCTGTTCAGCCCTAAGAATCCTGGCTCCAGCCCCT
CCTACTCTAGCCCCCAACCCCCTAGCCACTAAGGCAATTGGGGTGC
AGGAATGGGGGCAGGGTACCAGCCTCACCAAGTGGTTGATAAACC
CACGTGGGGTACCCTAAGAACTTGGGAACAGCCACAGCAGGGGGG
CGATGCTTGGGGACCTGCCTGGAGAAGGATGCAGGACGAGAAACA
CAGCCCCAGGTGGAGAAACTGGCCGGGAATCAAGAGTCACCCAGA
GACAGTGACCAACCATCCCTGTTTTCCTAGGACTGAGGGTTTCAGT
GCTAAAACTAGGCTGTCCTGGGCAAACAGCATAAGCTGGTCACCCC
ACACCCAGACCTGACCCAAACCCAGCTCCCCTGCTTCTTGGCCACG
TAACCTGAGAAGGGAATCCCTCCTCTCTGAACCCCAGCCCACCCCA
ATGCTCCAGGCCTCCTGGGATACCCCGAAGAGTGAGTTTGCCAAGC
AGTCACCCCACAGTTGGAGGAGAATCCACCCAAAAGGCAGCCTGGT
AGACAGGGCTGGGGTGGCCTCTCGTGGGGTCCAGGCCAAGTAGGTG
GCCTGGGGCCTCTGGGGGATGCAGGGGAAGGGGGATGCAGGGGAA
CGGGGATGCAGGGGAACGGGGCTCAGTCTGAAGAGCAGAGCCAGG
AACCCCTGTAGGGAAGGGGCAGGAGAGCCAGGGGCATGAGATGGT
GGACGAGGAAGGGGGACAGGGAAGCCTGAGCGCCTCTCCTGGGCT
TGCCAAGGACTCAAACCCAGAAGCCCAGAGCAGGGCCTTAGGGAA
GCGGGACCCTGCTCTGGGCGGAGGAATATGTCCCAGATAGCACTGG
GGACTCTTTAAGGAAAGAAGGATGGAGAAAGAGAAAGGGAGTAGA
GGCGGCCACGACCTGGTGAACACCTAGGACGCACCATTCTCACAAA
GGGAGTTTTCCACACGGACACCCCCCTCCTCACCACAGCCCTG

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCC
TGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTC
CGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAA
GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC
GTGACCACCCTGACCCATGGCGTGCAGTGCTTCAGCCGCTACCCCG
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG
CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC
AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC
CGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC
CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA
TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGA
TCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC
AACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCAACG
AGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAG

ACTGTGGGGTGGAGGGGACAGATAAAAGTACCCAGAACCAGAGCC
ACATTAACCGGCCCTGGGAATATAAGGTGGTCCCAGCTCGGGGACA
CAGGATCCCTGGAGGCAGCAAACATGCTGTCCTGAAGTGGACATAG
GGGCCCGGGTTGGAGGAAGAAGACTAGCTGAGCTCTCGGACCCCTG
GAAGATGCCATGACAGGGGGCTGGAAGAGCTAGCACAGACTAGAG
AGGTAAGGGGGGTAGGGGAGCTGCCCAAATGAAAGGAGTGAGAGG
TGACCCGAATCCACAGGAGAACGGGGTGTCCAGGCAAAGAAAGCA
AGAGGATGGAGAGGTGGCTAAAGCCAGGGAGACGGGGTACTTTGG
GGTTGTCCAGAAAAACGGTGATGATGCAGGCCTACAAGAAGGGGA
GGCGGGACGCAAGGGAGACATCCGTCGGAGAAGGCCATCCTAAGA
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46

47

48

Donor
DNA

Donor
DNA

Donor
DNA

AAVS1 locus
LHA (used for
GFP donor)

GFP donor to
AAVS1 locus

AAVS1 locus
RHA (used for
GFP donor)

AACGAGAGATGGCACAGGCCCCAGAAGGAGAAGGAAAAGGGAAC
CCAGCGAGTGAAGACGGCATGGGGTTGGGTGAGGGAGGAGAGATG
CCCGGAGAGGACCCAGACACGGGGAGGATCCGCTCAGAGGACATC
ACGTGGTGCAGCGCCGAGAAGGAAGTGCTCCGGAAAGAGCATCCT
TGGGCAGCAACACAGCAGAGAGCAAGGGGAAGAGGGAGTGGAGG
AAGACGGAACCTGAAGGAGGCGGCAGGGAAGGATCTGGGCCAGCC
GTAGAGGTGACCCAGGCCACAAGCTGCAGACAGAAAGCGGCACAG
GCCCAGGGGAGAGAATGCAGGT CAGAGAAAGCAGGACCTGCCTGG
GAAGGGGAAACAGTGGGCCAGAGGCGGCGCAGAAGCCAGTAGAGC
TCAAAGTGGTCCGGACTCAGGAGAGAGACGGCAGCGTTAGAGGGC
AGAGTTCCGGCGGCACAGCAAGGGCACT CGGGGGCGAGAGGAGGG
CAGCGCAAAGTGACAATGGCCAGGGCCAGGCAGATAGACCAGACT
GAGCTATGG

CCCCAGCTCTTCTCTGTTCAGCCCTAAGAATCCTGGCTCCAGCCCCT
CCTACTCTAGCCCCCAACCCCCTAGCCACTAAGGCAATTGGGGTGC
AGGAATGGGGGCAGGGTACCAGCCTCACCAAGTGGTTGATAAACC
CACGTGGGGTACCCTAAGAACTTGGGAACAGCCACAGCAGGGGGG
CGATGCTTGGGGACCTGCCTGGAGAAGGATGCAGGACGAGAAACA
CAGCCCCAGGTGGAGAAACTGGCCGGGAATCAAGAGTCACCCAGA
GACAGTGACCAACCATCCCTGTTTTCCTAGGACTGAGGGTTTCAGT
GCTAAAACTAGGCTGTCCTGGGCAAACAGCATAAGCTGGTCACCCC
ACACCCAGACCTGACCCAAACCCAGCTCCCCTGCTTCTTGGCCACG
TAACCTGAGAAGGGAATCCCTCCTCTCTGAACCCCAGCCCACCCCA
ATGCTCCAGGCCTCCTGGGATACCCCGAAGAGTGAGTTTGCCAAGC
AGTCACCCCACAGTTGGAGGAGAATCCACCCAAAAGGCAGCCTGGT
AGACAGGGCTGGGGTGGCCTCTCGTGGGGTCCAGGCCAAGTAGGTG
GCCTGGGGCCTCTGGGGGATGCAGGGGAAGGGGGATGCAGGGGAA
CGGGGATGCAGGGGAACGGGGCTCAGTCTGAAGAGCAGAGCCAGG
AACCCCTGTAGGGAAGGGGCAGGAGAGCCAGGGGCATGAGATGGT
GGACGAGGAAGGGGGACAGGGAAGCCTGAGCGCCTCTCCTGGGCT
TGCCAAGGACTCAAACCCAGAAGCCCAGAGCAGGGCCTTAGGGAA
GCGGGACCCTGCTCTGGGCGGAGGAATATGTCCCAGATAGCACTGG
GGACTCTTTAAGGAAAGAAGGATGGAGAAAGAGAAAGGGAGTAGA
GGCGGCCACGACCTGGTGAACACCTAGGACGCACCATTCTCACAAA
GGGAGTTTTCCACACGGACACCCCCCTCCTCACCACAGCCCTG

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCC
TGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTC
CGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAA
GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC
GTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCG
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG
CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC
AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC
CGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC
CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA
TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGA
TCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC
AACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACG
AGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGTAA

ACTGTGGGGTGGAGGGGACAGATAAAAGTACCCAGAACCAGAGCC

ACATTAACCGGCCCTGGGAATATAAGGTGGTCCCAGCTCGGGGACA
CAGGATCCCTGGAGGCAGCAAACATGCTGTCCTGAAGTGGACATAG
GGGCCCGGGTTGGAGGAAGAAGACTAGCTGAGCTCTCGGACCCCTG
GAAGATGCCATGACAGGGGGCTGGAAGAGCTAGCACAGACTAGAG
AGGTAAGGGGGGTAGGGGAGCTGCCCAAATGAAAGGAGTGAGAGG
TGACCCGAATCCACAGGAGAACGGGGTGTCCAGGCAAAGAAAGCA
AGAGGATGGAGAGGTGGCTAAAGCCAGGGAGACGGGGTACTTTGG
GGTTGTCCAGAAAAACGGTGATGATGCAGGCCTACAAGAAGGGGA
GGCGGGACGCAAGGGAGACATCCGTCGGAGAAGGCCATCCTAAGA
AACGAGAGATGGCACAGGCCCCAGAAGGAGAAGGAAAAGGGAAC

CCAGCGAGTGAAGACGGCATGGGGTTGGGTGAGGGAGGAGAGATG
CCCGGAGAGGACCCAGACACGGGGAGGATCCGCTCAGAGGACATC
ACGTGGTGCAGCGCCGAGAAGGAAGTGCTCCGGAAAGAGCATCCT
TGGGCAGCAACACAGCAGAGAGCAAGGGGAAGAGGGAGTGGAGG

AAGACGGAACCTGAAGGAGGCGGCAGGGAAGGATCTGGGCCAGCC
GTAGAGGTGACCCAGGCCACAAGCTGCAGACAGAAAGCGGCACAG
GCCCAGGGGAGAGAATGCAGGT CAGAGAAAGCAGGACCTGCCTGG
GAAGGGGAAACAGTGGGCCAGAGGCGGCGCAGAAGCCAGTAGAGC
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TCAAAGTGGTCCGGACTCAGGAGAGAGACGGCAGCGTTAGAGGGC
AGAGTTCCGGCGGCACAGCAAGGGCACT CGGGGGCGAGAGGAGGG
CAGCGCAAAGTGACAATGGCCAGGGCCAGGCAGATAGACCAGACT
GAGCTATGG

49 Donor HBB locus CTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATATAACCTA
DNA LHA (used for TATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAGGATATT
E7 to E7V TGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTCACATAT
AAV.304) ACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAAAACTGT
CTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATAAAATAA
AATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTAACATTT
AAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTGAAATCT
TTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTAGTTTTTT
ACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTATCCCTCT
TACCTCTATAATCATACATAGGCATAATTTTTTAACCTAGGCTCCAG
ATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAGAATAATC
AGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTA
GAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGAGAAAGCA
TTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTT
CTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTAACCTAAAT
TTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTGTG
TAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAAGTAGGAG
AAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACAT
GGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAGGGCCCTT
AGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCT
TTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAACTCTGCA
CTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTACAAGGGG
AAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGGGAAGCT
ATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAAACAAAC
AAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATGATTTTA
AAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATCTGAGCC
AAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGTCACAGA
GGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGGCAGAAA
CAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACTGATTACC
CCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTATTTATTTGT
ATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCTTGTTTCCC
AAAACCTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTT
ATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGA
AAAACAACAACAAATGAATGCATATATATGTATATGTATGTGTGTA
TATATACACACATATATATATATATTTTTTCTTTTCTTACCAGAAGG
TTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAGGTAGAGT
TTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCA
GGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAA
AACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTAATAAGAA
AATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAA
ATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAAT
TTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGC
TGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAG
GACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACA
CCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGT CAGGGCAGAGCCATCTATTGCTTACA
TTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACC
ATGGTGCA

50 Donor E7 to E7V TCTGACTCCTGTCGAGAAGTCTGCAGTCACTGCTCTATGGGGGAAA
DNA ARV .304

51 Donor HBB locus GTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTAT
DNA RHA (used for CAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCAT
E7 to E7V GTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTC
AAV.304) TCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTAC
CCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCC
TGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAA
GTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCA
AGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCA
CGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGT
TTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGG
GATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGAT
TGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGC
TGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTT
TCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTA
TAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAR
AACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGT
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GCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTA
ATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTT
TTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTG
TAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCT
TATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATA
CAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATA
ATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAAATATTTCT
GCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGC
AGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGT TGGGATAA
GGCTGGATTATTCTGAGT CCAAGCTAGGCCCTTTTGCTAATCATGTT
CATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCT
GTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCA
GGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCC
CACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAA
GGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATG
AAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTT
CATTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAG
GGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAATGAAGAG
CTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAA
AGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAACAGCCCCT
GATGCATATGCCTTATTCATCCCTCAGAAAAGGATTCAAGTAGAGG
CTTGATTTGGAGGTTAAAGTTTTGCTATGCTGTATTTTACATTACTT
ATTGTTTTAGCTGTCCTCATGAATGTCTTTTCACTACCCATTTGCTTA
TCCTGCATCTCTCAGCCTTGACTCCACTCAGTTCTCTTGCTTAGAGA
TACCACCTTTCCCCTGAAGTGTTCCTTCCATGTTTTACGGCGAGATG
GTTTCTCCTCGCCTGGCCACTCAGCCTTAGTTGTCTCTGTTGTCTTAT
AGAGGTCTACTTGAAGAAGGAAAAACAGGGGTCATGGTTTGACTGT
CCTGTGAGCCCTTCTTCCCTGCCTCCCCCACTCACAGTGACCCGGAA
TCTGCAGTGCTAGTCTCCCGGAACTATCACTCTTTCACAGTCTGCTT
TGGAAGGACTGGGCTTAGTATGAAAAGTTAGGACTGAGAAGAATTT
GAAAGGCGGCTTTTTGTAGCTTGATATTCACTACTGTCTTATTACCC
TGTC

52 Donor HBB locus CTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATATAACCTA
DNA LHA (used for TATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAGGATATT
E7 to E7V TGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTCACATAT
AAV.307) ACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAAAACTGT
CTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATAAAATAA
AATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTAACATTT
AAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTGAAATCT
TTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTAGTTTTTT
ACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTATCCCTCT
TACCTCTATAATCATACATAGGCATAATTTTTTAACCTAGGCTCCAG
ATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAGAATAATC
AGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTA
GAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGAGAAAGCA
TTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTT
CTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTAACCTAAAT
TTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTGTG
TAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAAGTAGGAG
AAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACAT
GGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAGGGCCCTT
AGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCT
TTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAACTCTGCA
CTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTACAAGGGG
AAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGGGAAGCT
ATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAAACAAAC
AAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATGATTTTA
AAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATCTGAGCC
AAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGTCACAGA
GGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGGCAGAAA
CAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACTGATTACC
CCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTATTTATTTGT
ATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCTTGTTTCCC
AAAACCTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTT
ATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGA
AAAACAACAACAAATGAATGCATATATATGTATATGTATGTGTGTA
TATATACACACATATATATATATATTTTTTCTTTTCTTACCAGAAGG
TTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAGGTAGAGT
TTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCA
GGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAA
AACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTAATAAGAA
AATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAA
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ATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAAT
TTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGC
TGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAG
GACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACA
CCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGT CAGGGCAGAGCCATCTATTGCTTACA
TTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACC
ATGGTGCA

53 Donor E7 to E7V TCTGACTCCTGTCGAAAAATCCGCTGTCACCGCCCTCTGGGGCAAG
DNA ARV .307

54 Donor HBB locus GTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTAT
DNA RHA (used for CAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCAT

E7 to E7V GTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTC

AAV.307) TCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGTGGTCTAC
CCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCCACTCC
TGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAA
GTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCA
AGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACAAGCTGCA
CGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGCTTGATGT
TTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAGGAAGGG
GATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACGAATGAT
TGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGC
TGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTT
TCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACATTGTGTA
TAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTAAAAAAR
AACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATATATGTGT
GCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTTTATTTTTA
ATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAATGTT
TTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTG
TAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCT
TATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAATAATGATA
CAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTGATA
ATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAAATATTTCT
GCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGC
AGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGT TGGGATAA
GGCTGGATTATTCTGAGT CCAAGCTAGGCCCTTTTGCTAATCATGTT
CATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCT
GTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCACCAGTGCA
GGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGCCCTGGCC
CACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAA
GGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATG
AAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTT
CATTGCAATGATGTATTTAAATTATTTCTGAATATTTTACTAAAAAG
GGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAATGAAGAG
CTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACTCCATGAA
AGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAACAGCCCCT
GATGCATATGCCTTATTCATCCCTCAGAAAAGGATTCAAGTAGAGG
CTTGATTTGGAGGTTAAAGTTTTGCTATGCTGTATTTTACATTACTT
ATTGTTTTAGCTGTCCTCATGAATGTCTTTTCACTACCCATTTGCTTA
TCCTGCATCTCTCAGCCTTGACTCCACTCAGTTCTCTTGCTTAGAGA
TACCACCTTTCCCCTGAAGTGTTCCTTCCATGTTTTACGGCGAGATG
GTTTCTCCTCGCCTGGCCACTCAGCCTTAGTTGTCTCTGTTGTCTTAT
AGAGGTCTACTTGAAGAAGGAAAAACAGGGGTCATGGTTTGACTGT
CCTGTGAGCCCTTCTTCCCTGCCTCCCCCACTCACAGTGACCCGGAA
TCTGCAGTGCTAGTCTCCCGGAACTATCACTCTTTCACAGTCTGCTT
TGGAAGGACTGGGCTTAGTATGAAAAGTTAGGACTGAGAAGAATTT
GAAAGGCGGCTTTTTGTAGCTTGATATTCACTACTGTCTTATTACCC
TGTC

55 Donor HBB locus GACTGCATTAAGAGGTCTCTAGTTTTTTACCTCTTGTTTCCCAAAAC
DNA LHA (used for CTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTTATTCTA
GFP AAV) TTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGAAAAAC
AACAACAAATGAATGCATATATATGTATATGTATGTGTGTACATAT
ACACATATATATATATTTTTTTTCTTTTCTTACCAGAAGGTTTTAATC
CAAATAAGGAGAAGATATGCTTAGAACTGAGGTAGAGTTTTCATCC
ATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCAGGAAGAG
ATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAAAACTCTT
CCACTTTTAGTGCATCAATTTCTTATTTGTGTAATAAGAAAATTGGG
AAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAAATATTAC
GTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAATTTGTACT
GATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGCTGAGGG
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TTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAGGACAGG
TACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACACCCTAG
GGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAGCCAGGG
CTGGGCATAAAAGTCAGGGCAGAGCCATCTATTGCTTACATTTGCT
TCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGT
GCATCTGACTCCTGAGGA

56 Donor GFP ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCC
DNA TGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTC
CGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAA
GTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC
GTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCG
ACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGG
CTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTAC
AAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAAC
CGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATC
CTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATA
TCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGA
TCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGAC
AACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACG
AGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGG
GATCACTCTCGGCATGGACGAGCTGTACAAGTAA

57 Donor HBB locus CTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGC
DNA RHA (used for CCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACC
GFP AAV) AATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTG
ATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAG
GCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTG
GGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAA
GGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCT
CACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGC
ACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCT
ATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTC
ATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGG
AAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTT
AGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATT
CTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAAT
GCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATT
AAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACT
ATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTT
TATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATG
GGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCA
GGGTAATTTTGCATTTGTAATTTTAAAAAATGC

58 MND promoter GGCCGCCAGTGTGATGGATATCTGCAGAATTCGCCCTTATGGGGAT
CCGAACAGAGAGACAGCAGAATATGGGCCAAACAGGATATCTGTG
GTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGTTGGAACAG
CAGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCC
CGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCCGCCCT
CAGCAGTTTCTAGAGAACCATCAGATGTTTCCAGGGTGCCCCAAGG
ACCTGAAATGACCCTGTGCCTTATTTGAACTAACCAATCAGTTCGCT
TCTCGCTTCTGTTCGCGCGCTTCTGCTCCCCGAGCTCTATATAAGCA
GAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACG
CTGTTTTGACCTCCATAGAAGACACCGACTCTAGAG

59 ER a promoter GGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCACAGTCC
CCGAGAAGTTGGGGGGAGGGGTCGGCAATTGAACCGGTGCCTAGA
GAAGGTGGCGCGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCT
CCGCCTTTTTCCCGAGGGTGGGGGAGAACCGTATATAAGTGCAGTA
GTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACAC
AGGTAAGTGCCGTGTGTGGTTCCCGCGGGCCTGGCCTCTTTACGGG
TTATGGCCCTTGCGTGCCTTGAATTACTTCCACTGGCTGCAGTACGT
GATTCTTGATCCCGAGCTTCGGGT TGGAAGTGGGTGGGAGAGTTCG
AGGCCTTGCGCTTAAGGAGCCCCTTCGCCTCGTGCTTGAGTTGAGG
CCTGGCCTGGGCGCTGGGGCCGCCGCGTGCGAATCTGGTGGCACCT
TCGCGCCTGTCTCGCTGCTTTCGATAAGTCTCTAGCCATTTAAAATT
TTTGATGACCTGCTGCGACGCTTTTTTTCTGGCAAGATAGTCTTGTA
AATGCGGGCCAAGATCTGCACACTGGTATTTCGGTTTTTGGGGCCG
CGGGCGGCGACGGGGCCCGTGCGTCCCAGCGCACATGTTCGGCGAG
GCGGGGCCTGCGAGCGCGGCCACCGAGAATCGGACGGGGGTAGTC
TCAAGCTGGCCGGCCTGCTCTGGTGCCTGGCCTCGCGCCGCCGTGT
ATCGCCCCGCCCTGGGCGGCAAGGCTGGCCCGGTCGGCACCAGTTG
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60

61

62

63

64

65

66

67

68

69

70

71

72

PAM

PAM
Nuclear
locali-
zation
signal

(NLS)
NLS

NLS

153

153
mMRNA

153

DM
mMRNA

SFFV promoter

2A peptide
from porcine
tescho virus

Synthetic
poly(A) signal

Canonical
PAM

SpCas9 PAM

SV40 NLS 1

SV40 NLS 2

Nucleoplasmin
NLS

i53 (DNA&)

153 (RNA)

i53 (aa)

I53-DM (RNA)

Al10 (DNA)

CGTGAGCGGAAAGATGGCCGCTTCCCGGCCCTGCTGCAGGGAGCTC
AAAATGGAGGACGCGGCGCTCGGGAGAGCGGGCGGGTGAGT CACC
CACACAAAGGAAAAGGGCCTTTCCGTCCTCAGCCGTCGCTTCATGT
GACTCCACGGAGTACCGGGCGCCGTCCAGGCACCTCGATTAGTTCT
CGAGCTTTTGGAGTACGTCGTCTTTAGGTTGGGGGGAGGGGTTTTAT
GCGATGGAGTTTCCCCACACTGAGTGGGTGGAGACTGAAGT TAGGC
CAGCTTGGCACTTGATGTAATTCTCCTTGGAATTTGCCCTTTTTGAG
TTTGGATCTTGGTTCATTCTCAAGCCTCAGACAGTGGTTCAAAGTTT
TTTTCTTCCATTTCAGGTGTCGTGA

GTAACGCCATTTTGCAAGGCATGGAAAAATACCAAACCAAGAATA
GAGAAGTTCAGATCAAGGGCGGGTACATGAAAATAGCTAACGTTG
GGCCAAACAGGATATCTGCGGTGAGCAGTTTCGGCCCCGGCCCGGE
GCCAAGAACAGATGGTCACCGCAGTTTCGGCCCCGGCCCGAGGCCA
AGAACAGATGGTCCCCAGATATGGCCCAACCCTCAGCAGTTTCTTA
AGACCCATCAGATGTTTCCAGGCTCCCCCAAGGACCTGAAATGACC
CTGCGCCTTATTTGAATTAACCAATCAGCCTGCTTCTCGCTTCTGTT
CGCGCGCTTCTGCTTCCCGAGCTCTATAAAAGAGCTCACAACCCCTC
ACTCGGCGCGCCAGTCCTCCGACAGACTGAGTCG

GCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAA
AACCCCGGTCCT

AATAAAATCGCTATCCATCGAAGATGGATGTGTGTTGGTTTTTTGT
GTG

N.NRG (N = any nucleotide; R = A or G; x = 19-21)

NRG (N = any nucleotide, R = A or G)

PKKKRKV

PKKKRRV

KRPAATKKAGQAKKKK

ATGCTGATCTTCGTGAAGACCCTGACCGGCAAGACCATCACCCTGG
AGGTGGAGCCCAGCGACACCATCGAGAACGTGAAGGCCAAGATCC
AGGACAAGGAGGGCATCCCCCCCGACCAGCAGAGGCTGGCCTTCG
CCGGCAAGAGCCTGGAGGACGGCAGGACCCTGAGCGACTACAACA
TCCTGAAGGACAGCAAGCTGCACCCCCTGCTGAGGCTGAGGTGA

AUGCUGAUCUUCGUGAAGACCCUGACCGGCAAGACCAUCACCCUG
GAGGUGGAGCCCAGCGACACCAUCGAGAACGUGAAGGCCAAGAU
CCAGGACAAGGAGGGCAUCCCCCCCGACCAGCAGAGGCUGGCCUU
CGCCGGCAAGAGCCUGGAGGACGGCAGGACCCUGAGCGACUACAA
CAUCCUGAAGGACAGCAAGCUGCACCCCCUGCUGAGGCUGAGGUG
A

MLIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLAFAGKSL
EDGRTLSDYNILKDSKLHPLLRLR

AUGUUGAUUUUCGUGAAAACCCUUACCGGGAAAACCAUCACCCUC
GAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGAU
CCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGAGACUGGCCU
UUGCUGGCAAAUCGCUGGAAGAUGGACGUACUUUGUCUGACUAC
AAUAUUCUAAAGGACUCUAAACUUCAUCUAGUGUUGAGACUUCG
U

ATGCAGATTTACGTGAAGACCTTTGCCCGGAAGCCCATCACCCTCG
AGGTTGAACCCTCGGATACGATAGAAAATGTAAAGGCCAAGATCC
AGGATAAGGAAGGAATTCCTCCTGATCAGCAGCGACTGATCTTTGC
TGAAATGCGGCTGGAAGATGGACGTACTTTGTCTGACTACAATATT
AAAAACGACTCTACTCTTTTTCTTGTGT TGAAAAATAGTGTTACT
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73 Al10 (RNA) AUGCAGAUUUACGUGAAGACCUUUGCCCGGAAGCCCAUCACCCUC
GAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGAU
CCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGCGACUGAUCU
UUGCUGAAAUGCGGCUGGAAGAUGGACGUACUUUGUCUGACUAC
AAUAUUAAAAACGACUCUACUCUUUUUCUUGUGUUGAAAAAUAG
UGUUACU

74 Al0 (aa) MQIYVKTFARKPITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAEMRL
EDGRTLSDYNIKNDSTLFLVLKNSVT

75 All (DNA&) ATGCTGATTTTCGTGACCACCGATATGGGGATGACAATCTCACTCG
AGGTTGAACCCTCGGATACGATAGAAAATGTAAAGGCCAAGATCC
AGGATAAGGAAGGAATTCCTCCTGATCAGCAGAGACTGATCTTTGG
TGACAAGGATCTGGAAGATGGACGTACTTTGTCTGACTACAATATT
CAAAAGGAGTCTAGCCTTAATCTTGTGCTGAAACTTCGTGGTGGT

76 All (RNA) AUGCUGAUUUUCGUGACCACCGAUAUGGGGAUGACAAUCUCACU
CGAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGA
UCCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGAGACUGAUC
UUUGGUGACAAGGAUCUGGAAGAUGGACGUACUUUGUCUGACUA
CAAUAUUCAAAAGGAGUCUAGCCUUAAUCUUGUGCUGAAACUUC
GUGGUGGU

77 All (aa) MLIFVTTDMGMTISLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFGDKDL
EDGRTLSDYNIQKESSLNLVLKLRGG

78 C08 (DNA) ATGCAGATTTTCGTGACCACCGATATGTGGATGAGAATCTCACTCG
AGGTTGAACCCTCGGATACGATAGAAAATGTAAAGGCCAAGATCC
AGGATAAGGAAGGAATTCCTCCTGATCAGCAGAGACTGATCTTTGG
TGACAAGGATCTGGAAGATGGACGTACTTTGTCTGACTACAATATT
CAAAAGGAGTCTAGCCTTAATCTTGTGCTGAACCTTCGTGGTGGT

79 C08 (RNA) AUGCAGAUUUUCGUGACCACCGAUAUGUGGAUGAGAAUCUCACU
CGAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGA
UCCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGAGACUGAUC
UUUGGUGACAAGGAUCUGGAAGAUGGACGUACUUUGUCUGACUA
CAAUAUUCAAAAGGAGUCUAGCCUUAAUCUUGUGCUGAACCUUC
GUGGUGGU

80 co8 (aa) MQIFVTTDMWMRISLEVEPSDTIENVKAKIQDKEGIPPDQQORLIFGDKD
LEDGRTLSDYNIQKESSLNLVLNLRGG

81 G08 (DNA) ATGTTGATTTTCGTGAAAACCCTTACCGGGAAAACCATCACCCTCG
AGGTTGAACCCTCGGATACGATAGAAAATGTAAAGGCCAAGATCC
AGGATAAGGAAGGAATTCCTCCTGATCAGCAGAGACTGATCTTTGC
TGGCAAATCGCTGGAAGATGGACGTACTTTGTCTGACTACAATATT
CTAAAGGACTCTAAACTTCATCCTCTGTTGAGACTTCGTGGTGGT

82 G08 (RNA) AUGUUGAUUUUCGUGAAAACCCUUACCGGGAAAACCAUCACCCUC
GAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGAU
CCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGAGACUGAUCU
UUGCUGGCAAAUCGCUGGAAGAUGGACGUACUUUGUCUGACUAC
AAUAUUCUAAAGGACUCUAAACUUCAUCCUCUGUUGAGACUUCG
UGGUGGU

83 G08 (aa) MLIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKSLE
DGRTLSDYNILKDSKLHPLLRLRGG

84 HO4 (DNA) ATGCGAATTATCGTGAAAACCTTTATGCGGAAGCCGATCACGCTCG
AGGTTGAACCCTCGGATACGATAGAAAATGTAAAGGCCAAGATCC
AGGATAAGGAAGGAATTCCTCCTGATCAGCAGAGACTGTATTTTGC
GGCCAGTCAGCTGGAAGATGGACGTACTTTGTCTGACTACAATATT
CAAAAGGAGTCTACTCTTCTTCTTGTGGTAAGGCTGCTCCGCGTT

85 HO4 (RNA) AUGCGAAUUAUCGUGAAAACCUUUAUGCGGAAGCCGAUCACGCU
CGAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGA
UCCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGAGACUGUAU
UUUGCGGCCAGUCAGCUGGAAGAUGGACGUACUUUGUCUGACUA
CAAUAUUCAAAAGGAGUCUACUCUUCUUCUUGUGGUAAGGCUGC
UCCGCGUU

86 HO4 (aa) MRIIVKTFMRKPITLEVEPSDTIENVKAKIQDKEGIPPDQQRLYFAASQL
EDGRTLSDYNIQKESTLLLVVRLLRV
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87 I53 alt (DNAa) ATGTTGATTTTCGTGAAAACCCTTACCGGGAAAACCATCACCCTCG
AGGTTGAACCCTCGGATACGATAGAAAATGTAAAGGCCAAGATCC
AGGATAAGGAAGGAATTCCTCCTGATCAGCAGAGACTGGCCTTTGC
TGGCAAATCGCTGGAAGATGGACGTACTTTGTCTGACTACAATATT
CTAAAGGACTCTAAACTTCATCCTCTGTTGAGACTTCGT
88 I53 alt (RNA) AUGUUGAUUUUCGUGAAAACCCUUACCGGGAAAACCAUCACCCUC
GAGGUUGAACCCUCGGAUACGAUAGAAAAUGUAAAGGCCAAGAU
CCAGGAUAAGGAAGGAAUUCCUCCUGAUCAGCAGAGACUGGCCU
UUGCUGGCAAAUCGCUGGAAGAUGGACGUACUUUGUCUGACUAC
AAUAUUCUAAAGGACUCUAAACUUCAUCCUCUGUUGAGACUUCG
U
89 FLAG-tagged ATGGACTACAAAGACGATGACGATAAAGCCGCCAGTTTAAACGGC
i53 DNA GCGCCATTAATTAAGGATCCAATGTTGATTTTCGTGAAAACCCTTAC
CGGGAAAACCATCACCCTCGAGGTTGAACCCTCGGATACGATAGAA
AATGTAAAGGCCAAGATCCAGGATAAGGAAGGAATTCCTCCTGATC
AGCAGAGACTGGCCTTTGCTGGCAAATCGCTGGAAGATGGACGTAC
TTTGTCTGACTACAATATTCTAAAGGACTCTAAACTTCATCCTCTGT
TGAGACTTCGTTGA
90 FLAG-tagged AUGGACUACAAAGACGAUGACGAUAAAGCCGCCAGUUUAAACGG
153 RNA CGCGCCAUUAAUUAAGGAUCCAAUGUUGAUUUUCGUGAAAACCC
UUACCGGGAAAACCAUCACCCUCGAGGUUGAACCCUCGGAUACGA
UAGAAAAUGUAAAGGCCAAGAUCCAGGAUAAGGAAGGAAUUCCU
CCUGAUCAGCAGAGACUGGCCUUUGCUGGCAAAUCGCUGGAAGA
UGGACGUACUUUGUCUGACUACAAUAUUCUAAAGGACUCUARAC
UUCAUCCUCUGUUGAGACUUCGUUGA
91 Linker (DNA) GCCGCCAGTTTAAACGGCGCGCCATTAATTAAGGATCCA
92 Linker (RNA) GCCGCCAGUUUAAACGGCGCGCCAUUAAUUAAGGAUCCA
93 Linker AASLNGAPLIKDP
94 Protein 6xHis HHHHHH
tag
95 Protein Flag MDYKDDDDK
tag
96 Protein FLAG (DNA) GACTACAAAGACGATGACGATAAA
tag
97 Protein FLAG (RNA) GACUACAAAGACGAUGACGAUAAA
tag
98 Donor HBB locus CTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATATAACCTA
DNA LHA to RHA TATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAGGATATT

(used for E6V
to E6,
AAV.323)

TGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTCACATAT
ACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAAAACTGT
CTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATAAAATAA
AATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTAACATTT
AAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTGAAATCT
TTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTAGTTTTTT
ACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTATCCCTCT
TACCTCTATAATCATACATAGGCATAATTTTTTAACCTAGGCTCCAG
ATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAGAATAATC
AGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTA
GAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGAGAAAGCA
TTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTT
CTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTAACCTAAAT
TTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTGTG
TAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAAGTAGGAG
AAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACAT
GGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAGGGCCCTT
AGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCT
TTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAACTCTGCA
CTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTACAAGGGG
AAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGGGAAGCT
ATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAAACAAAC
AAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATGATTTTA
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AAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATCTGAGCC
AAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGTCACAGA
GGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGGCAGAAA
CAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACTGATTACC
CCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTATTTATTTGT
ATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCTTGTTTCCC
AAAACCTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTT
ATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGA
AAAACAACAACAAATGAATGCATATATATGTATATGTATGTGTGTA
TATATACACACATATATATATATATTTTTTCTTTTCTTACCAGAAGG
TTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAGGTAGAGT
TTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCA
GGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAA
AACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTAATAAGAA
AATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAA
ATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAAT
TTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGC
TGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAG
GACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACA
CCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGT CAGGGCAGAGCCATCTATTGCTTACA
TTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACC
ATGGTGCATCTGACTCCTGAAGAAAAATCCGCTGTCACTGCCCTGT
GGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCA
GGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAA
ACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCA
CTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGG
TGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTG
TCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATG
GCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGA
CAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGAC
AAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACG
CTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATA
GGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGAC
GAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTT
TATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCT
TTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACA
TTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTT
AAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAAT
ATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTT
TTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAG
TGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATT
TTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTT
TGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCA
ATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAR
CAGTGATAATTTCTGGGT TAAGGCAATAGCAATATCTCTGCATATA
AATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTG
CTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGT
TGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTA
ATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGT
GCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCAC
CAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGC
CCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTC
TATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGA
TATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACA
TTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTAC
TAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAL
TGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACT
CCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAA
CAGCCCCTGATGCATATGCCTTATTCATCCCTCAGAAAAGGATTCA
AGTAGAGGCTTGATTTGGAGGTTAAAGTTTTGCTATGCTGTATTTTA
CATTACTTATTGTTTTAGCTGTCCTCATGAATGTCTTTTCACTACCCA
TTTGCTTATCCTGCATCTCTCAGCCTTGACTCCACTCAGTTCTCTTGC
TTAGAGATACCACCTTTCCCCTGAAGTGTTCCTTCCATGTTTTACGG
CGAGATGGTTTCTCCTCGCCTGGCCACTCAGCCTTAGTTGTCTCTGT
TGTCTTATAGAGGTCTACTTGAAGAAGGAAAAACAGGGGTCATGGT
TTGACTGTCCTGTGAGCCCTTCTTCCCTGCCTCCCCCACTCACAGTG
ACCCGGAATCTGCAGTGCTAGTCTCCCGGAACTATCACTCTTTCACA
GTCTGCTTTGGAAGGACTGGGCTTAGTATGAAAAGTTAGGACTGAG
AAGAATTTGAAAGGCGGCTTTTTGTAGCTTGATATTCACTACTGTCT
TATTACCCTGTC
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99 Donor HBB locus CTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATATAACCTA
DNA LHA (used for TATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAGGATATT
E6V to E6, TGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTCACATAT
AAV.323) ACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAAAACTGT
CTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATAAAATAA
AATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTAACATTT
AAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTGAAATCT
TTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTAGTTTTTT
ACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTATCCCTCT
TACCTCTATAATCATACATAGGCATAATTTTTTAACCTAGGCTCCAG
ATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAGAATAATC
AGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTA
GAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGAGAAAGCA
TTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTT
CTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTAACCTAAAT
TTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTGTG
TAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAAGTAGGAG
AAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACAT
GGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAGGGCCCTT
AGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCT
TTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAACTCTGCA
CTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTACAAGGGG
AAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGGGAAGCT
ATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAAACAAAC
AAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATGATTTTA
AAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATCTGAGCC
AAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGTCACAGA
GGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGGCAGAAA
CAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACTGATTACC
CCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTATTTATTTGT
ATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCTTGTTTCCC
AAAACCTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTT
ATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGA
AAAACAACAACAAATGAATGCATATATATGTATATGTATGTGTGTA
TATATACACACATATATATATATATTTTTTCTTTTCTTACCAGAAGG
TTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAGGTAGAGT
TTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCA
GGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAA
AACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTAATAAGAA
AATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAA
ATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAAT
TTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGC
TGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAG
GACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACA
CCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGT CAGGGCAGAGCCATCTATTGCTTACA
TTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACC
ATGGTGCATCTGACTCCT

100 Donor HBB locus ACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGG
DNA RHA (used for CCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGAC
E6V to E6, CAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCT
AAV.323) GATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTA
GGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTT
GGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGA
AGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGC
TCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTG
CACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTC
TATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTT
CATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGG
GAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTT
TAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATT
CTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAAT
GCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATT
AAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACT
ATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTT
TATTTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATG
GGTTAAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCA
GGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATA
TACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTT
CAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAA
AGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCT
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GCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTT
CATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATT
TTATGGTTGGGATAAGGCTGGATTATTCTGAGT CCAAGCTAGGCCC
TTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGG
GCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATT
CACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTG
GCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGT
CCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAA
CTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAAT
AAAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGA
ATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACA
TAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATAT
CTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACA
TTGGCAACAGCCCCTGATGCATATGCCTTATTCATCCCTCAGAAAR
GGATTCAAGTAGAGGCTTGATTTGGAGGTTAAAGTTTTGCTATGCT
GTATTTTACATTACTTATTGTTTTAGCTGTCCTCATGAATGTCTTTTC
ACTACCCATTTGCTTATCCTGCATCTCTCAGCCTTGACTCCACTCAG
TTCTCTTGCTTAGAGATACCACCTTTCCCCTGAAGTGTTCCTTCCAT
GTTTTACGGCGAGATGGTTTCTCCTCGCCTGGCCACTCAGCCTTAGT
TGTCTCTGTTGTCTTATAGAGGTCTACTTGAAGAAGGAAAAACAGG
GGTCATGGTTTGACTGTCCTGTGAGCCCTTCTTCCCTGCCTCCCCCA
CTCACAGTGACCCGGAATCTGCAGTGCTAGTCTCCCGGAACTATCA
CTCTTTCACAGTCTGCTTTGGAAGGACTGGGCTTAGTATGAAAAGTT
AGGACTGAGAAGAATTTGAAAGGCGGCTTTTTGTAGCTTGATATTC
ACTACTGTCTTATTACCCTGTC

101 Donor HBB exons 1-3 ATGGTGCATCTGACTCCTGAAGAAAAATCCGCTGTCACTGCCCTGT
DNA GGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCA

GGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAA
ACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCA
CTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGG
TGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTG
TCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATG
GCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGA
CAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGAC
AAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACG
CTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATA
GGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGAC
GAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTT
TATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCT
TTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACA
TTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTT
AAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAAT
ATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTT
TTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAG
TGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATT
TTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTT
TGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCA
ATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAR
CAGTGATAATTTCTGGGT TAAGGCAATAGCAATATCTCTGCATATA
AATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTG
CTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGT
TGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTA
ATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGT
GCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCAC
CAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGC
CCTGGCCCACAAGTATCAC

102 Donor E6V to E6 GAAGAAAAATCCGCTGTC
DNA Insert (PAM
underlined)

103 Donor Full AAV-323 CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGT
template GTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCG
CAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCGC
ACGCGTCTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATAT
AACCTATATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAG
GATATTTGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTC
ACATATACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAA
AACTGTCTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATA
AAATAAAATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTA
ACATTTAAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTG
AAATCTTTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTA
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GTTTTTTACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTA
TCCCTCTTACCTCTATAATCATACATAGGCATAATTTTTTAACCTAG
GCTCCAGATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAG
AATAATCAGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAG
ACAGGTAGAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGA
GAAAGCATTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAA
ATTTCCTTCTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTA
ACCTAAATTTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTT
ATTTTGTGTAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAA
GTAGGAGAAACATGCAAAGTAAAAGTATAACACTTTCCTTACTARAA
CCGACATGGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAG
GGCCCTTAGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTT
GCTACCTTTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAA
CTCTGCACTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTAC
AAGGGGAAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGG
GAAGCTATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAA
ACAAACAAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATG
ATTTTAAAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATC
TGAGCCAAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGT
CACAGAGGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGG
CAGAAACAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACT
GATTACCCCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTAT
TTATTTGTATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCT
TGTTTCCCAAAACCTAATAAGTAACTAATGCACAGAGCACATTGAT
TTGTATTTATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCA
AATTAAGAAAAACAACAACAAATGAATGCATATATATGTATATGTA
TGTGTGTATATATACACACATATATATATATATTTTTTCTTTTCTTAC
CAGAAGGTTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAG
GTAGAGTTTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGG
AGACGCAGGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGG
TAGACAAAACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTA
ATAAGAAAATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTG
ATTCCAAATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAG
TAGCAATTTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAG
GGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAG
AGCCAAGGACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGG
AGCCACACCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGG
CAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGCCATCTATT
GCTTACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAAC
AGACACCATGGTGCATCTGACTCCTGAAGAAAAATCCGCTGTCACT
GCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCC
TGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAA
TAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGAT
AGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGC
TGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGG
GATCTGTCCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGG
CTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCA
CCTGGACAACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCAC
TGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTAT
GGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCAT
GTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAA
ACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAG
TTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTT
GCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCC
TTAACATTGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAG
TAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTT
GGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATT
TTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTT
AAAGTGTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGG
TAATTTTGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATAC
TTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAG
GGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAG
AATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGC
ATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCA
TATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTT
ATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTT
TTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGG
CAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTC
ACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGG
CTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTC
CAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAAC
TGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATA
AAAAACATTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAA
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TATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACAT
AAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATC
TTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACAT
TGGCAACAGCCCCTGATGCATATGCCTTATTCATCCCTCAGAAAAG
GATTCAAGTAGAGGCTTGATTTGGAGGTTAAAGTTTTGCTATGCTGT
ATTTTACATTACTTATTGTTTTAGCTGTCCTCATGAATGTCTTTTCAC
TACCCATTTGCTTATCCTGCATCTCTCAGCCTTGACTCCACTCAGTTC
TCTTGCTTAGAGATACCACCTTTCCCCTGAAGTGTTCCTTCCATGTTT
TACGGCGAGATGGTTTCTCCTCGCCTGGCCACTCAGCCTTAGTTGTC
TCTGTTGTCTTATAGAGGTCTACT TGAAGAAGGAAAAACAGGGGTC
ATGGTTTGACTGTCCTGTGAGCCCTTCTTCCCTGCCTCCCCCACTCA
CAGTGACCCGGAATCTGCAGTGCTAGTCTCCCGGAACTATCACTCTT
TCACAGTCTGCTTTGGAAGGACTGGGCTTAGTATGAAAAGTTAGGA
CTGAGAAGAATTTGAAAGGCGGCTTTTTGTAGCTTGATATTCACTAC
TGTCTTATTACCCTGTCGGTAACCACGTGCGGCCGAGGCTGCAGCG
TCGTCCTCCCTAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTC
TGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCARAAGGTCGCCCG
ACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGL
AGCTGCCTGCAGGGGCGCCTGATGCGGTATTTTCTCCTTACGCATCT
GTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTACGCGC
CCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAG
CGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTT
TCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTC
TAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCAC
CTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGC
CATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACG
TTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCC
TATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGG
CCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAA
TTTTAACAAAATATTAACGTTTACAATTTTATGGTGCACTCTCAGTA
CAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCC
AACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCC
GCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGA
GGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGT
GATACGCCTATTTTTATAGGTTAATGTCATGAACAATAAAACTGTCT
GCTTACATAAACAGTAATACAAGGGGTGTTATGAGCCATATTCAAC
GGGAAACGTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTT
ATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCG
ACAATCTATCGCTTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCT
GAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATG
GTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCA
AGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCG
ATCCCCGGAAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATT
CAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTT
GCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTAT
TTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGA
TGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAA
GTCTGGAAAGAAATGCATAAACTTTTGCCATTCTCACCGGATTCAG
TCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTTTTGACGAG
GGGAAATTAATAGGTTGTATTGATGT TGGACGAGT CGGAATCGCAG
ACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTT
TCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAA
TCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTT
TCTAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTG
AGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCT
TTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCT
ACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTC
CGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCT
TCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCA
CCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGC
CAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAG
TTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCA
CACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCT
ACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAA
GGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCG
CACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCT
GTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTC
GTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTT
TTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGT

104 AAV 5'ITR CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGT
GTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCG
CAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCT
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105 AAV 3'ITR AGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCG
CTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGT
TTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCCTGC
AGG
106 Donor HBB Locus CTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATATAACCTA
LHA to RHA TATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAGGATATT
template TGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTCACATAT
(AAV.304) ACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAAAACTGT

CTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATAAAATAA
AATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTAACATTT
AAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTGAAATCT
TTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTAGTTTTTT
ACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTATCCCTCT
TACCTCTATAATCATACATAGGCATAATTTTTTAACCTAGGCTCCAG
ATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAGAATAATC
AGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTA
GAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGAGAAAGCA
TTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTT
CTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTAACCTAAAT
TTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTGTG
TAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAAGTAGGAG
AAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACAT
GGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAGGGCCCTT
AGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCT
TTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAACTCTGCA
CTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTACAAGGGG
AAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGGGAAGCT
ATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAAACAAAC
AAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATGATTTTA
AAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATCTGAGCC
AAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGTCACAGA
GGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGGCAGAAA
CAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACTGATTACC
CCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTATTTATTTGT
ATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCTTGTTTCCC
AAAACCTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTT
ATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGA
AAAACAACAACAAATGAATGCATATATATGTATATGTATGTGTGTA
TATATACACACATATATATATATATTTTTTCTTTTCTTACCAGAAGG
TTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAGGTAGAGT
TTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCA
GGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAA
AACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTAATAAGAA
AATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAA
ATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAAT
TTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGC
TGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAG
GACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACA
CCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGT CAGGGCAGAGCCATCTATTGCTTACA
TTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACC
ATGGTGCATCTGACTCCTGTCGAGAAGTCTGCAGTCACTGCTCTATG
GGGGAAAGTGAACGTGGATGAAGT TGGTGGTGAGGCCCTGGGCAG
GTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAAC
TGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGT
GGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGT
CCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGG
CAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGAC
AACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACA
AGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGC
TTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAG
GAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACG
AATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTT
ATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTT
TTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACAT
TGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTA
AAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATA
TATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTT
TATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGT
GTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTT
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TGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTT
GTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAA
TAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAAC
AGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAA
ATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGC
TAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTT
GGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTA
ATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGT
GCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCAC
CAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGC
CCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTC
TATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGA
TATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACA
TTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTAC
TAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAL
TGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACT
CCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAA
CAGCCCCTGATGCATATGCCTTATTCATCCCTCAGAAAAGGATTCA
AGTAGAGGCTTGATTTGGAGGTTAAAGTTTTGCTATGCTGTATTTTA
CATTACTTATTGTTTTAGCTGTCCTCATGAATGTCTTTTCACTACCCA
TTTGCTTATCCTGCATCTCTCAGCCTTGACTCCACTCAGTTCTCTTGC
TTAGAGATACCACCTTTCCCCTGAAGTGTTCCTTCCATGTTTTACGG
CGAGATGGTTTCTCCTCGCCTGGCCACTCAGCCTTAGTTGTCTCTGT
TGTCTTATAGAGGTCTACTTGAAGAAGGAAAAACAGGGGTCATGGT
TTGACTGTCCTGTGAGCCCTTCTTCCCTGCCTCCCCCACTCACAGTG
ACCCGGAATCTGCAGTGCTAGTCTCCCGGAACTATCACTCTTTCACA
GTCTGCTTTGGAAGGACTGGGCTTAGTATGAAAAGTTAGGACTGAG
AAGAATTTGAAAGGCGGCTTTTTGTAGCTTGATATTCACTACTGTCT
TATTACCCTGTC

107 Donor Full AAV CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGT
(AAV.304) AAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGC
template GAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGT

TCCTGCGGCCGCACGCGTCTTGCTTTGACAATTTTGGTCTTTCAGAA
TACTATAAATATAACCTATATTATAATTTCATAAAGTCTGTGCATTT
TCTTTGACCCAGGATATTTGCAAAAGACATATTCAAACTTCCGCAG
AACACTTTATTTCACATATACATGCCTCTTATATCAGGGATGTGAAA
CAGGGTCTTGAAAACTGTCTAAATCTAAAACAATGCTAATGCAGGT
TTAAATTTAATAAAATAAAATCCAAAATCTAACAGCCAAGTCAAAT
CTGCATGTTTTAACATTTAAAATATTTTAAAGACGTCTTTTCCCAGG
ATTCAACATGTGAAATCTTTTCTCAGGGATACACGTGTGCCTAGATC
CTCATTGCTTTAGTTTTTTACAGAGGAATGAATATAAAAAGAAAAT
ACTTAAATTTTATCCCTCTTACCTCTATAATCATACATAGGCATAAT
TTTTTAACCTAGGCTCCAGATAGCCATAGAAGAACCAAACACTTTC
TGCGTGTGTGAGAATAATCAGAGTGAGATTTTTTCACAAGTACCTG
ATGAGGGTTGAGACAGGTAGAAAAAGTGAGAGATCTCTATTTATTT
AGCAATAATAGAGAAAGCATTTAAGAGAATAAAGCAATGGAAATA
AGAAATTTGTAAATTTCCTTCTGATAACTAGAAATAGAGGATCCAG
TTTCTTTTGGTTAACCTAAATTTTATTTCATTTTATTGTTTTATTTTAT
TTTATTTTATTTTATTTTGTGTAATCGTAGTTTCAGAGTGTTAGAGCT
GAAAGGAAGAAGTAGGAGAAACATGCAAAGTAAAAGTATAACACT
TTCCTTACTAAACCGACATGGGTTTCCAGGTAGGGGCAGGATTCAG
GATGACTGACAGGGCCCTTAGGGAACACTGAGACCCTACGCTGACC
TCATAAATGCTTGCTACCTTTGCTGTTTTAATTACATCTTTTAATAGC
AGGAAGCAGAACTCTGCACTTCAAAAGTTTTTCCTCACCTGAGGAG
TTAATTTAGTACAAGGGGAAAAAGTACAGGGGGATGGGAGAAAGG
CGATCACGTTGGGAAGCTATAGAGAAAGAAGAGTAAATTTTAGTAA
AGGAGGTTTAAACAAACAAAATATAAAGAGAAATAGGAACTTGAA
TCAAGGAAATGATTTTAAAACGCAGTATTCTTAGTGGACTAGAGGA
AAAAAATAATCTGAGCCAAGTAGAAGACCTTTTCCCCTCCTACCCC
TACTTTCTAAGTCACAGAGGCTTTTTGTTCCCCCAGACACTCTTGCA
GATTAGTCCAGGCAGAAACAGTTAGATGTCCCCAGTTAACCTCCTA
TTTGACACCACTGATTACCCCATTGATAGTCACACTTTGGGTTGTAA
GTGACTTTTTATTTATTTGTATTTTTGACTGCATTAAGAGGTCTCTAG
TTTTTTATCTCTTGTTTCCCAAAACCTAATAAGTAACTAATGCACAG
AGCACATTGATTTGTATTTATTCTATTTTTAGACATAATTTATTAGC
ATGCATGAGCAAATTAAGAAAAACAACAACAAATGAATGCATATA
TATGTATATGTATGTGTGTATATATACACACATATATATATATATTT
TTTCTTTTCTTACCAGAAGGTTTTAATCCAAATAAGGAGAAGATATG
CTTAGAACCGAGGTAGAGTTTTCATCCATTCTGTCCTGTAAGTATTT
TGCATATTCTGGAGACGCAGGAAGAGATCCATCTACATATCCCAAA
GCTGAATTATGGTAGACAAAACTCTTCCACTTTTAGTGCATCAACTT
CTTATTTGTGTAATAAGAAAATTGGGAAAACGATCTTCAATATGCTT
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ACCAAGCTGTGATTCCAAATATTACGTAAATACACTTGCAAAGGAG
GATGTTTTTAGTAGCAATTTGTACTGATGGTATGGGGCCAAGAGAT
ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCC
AGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACC
TCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGG
AGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGT CAGGGCAG
AGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTGTTCACTAG
CAACCTCAAACAGACACCATGGTGCATCTGACTCCTGTCGAGAAGT
CTGCAGTCACTGCTCTATGGGGGAAAGTGAACGTGGATGAAGTTGG
TGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTT
AAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCT
TGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCC
CACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTG
AGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCT
AAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATG
GCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAG
TGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGG
GTGAGTCTATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGG
TTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTA
GAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGG
ATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTT
GTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTA
TACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGA
GATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGT
ACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATC
TCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATAC
ATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTG
ACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCT
TCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAAT
CTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGC
ACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAG
CAATATCTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATG
TAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTC
TGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAA
GCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCAC
AGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGC
AAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGG
CTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTT
CTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTC
TGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATT
ATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCAT
TTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAAT
ACACTATATCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGC
TAATGCACATTGGCAACAGCCCCTGATGCATATGCCTTATTCATCCC
TCAGAAAAGGATTCAAGTAGAGGCTTGATTTGGAGGTTAAAGTTTT
GCTATGCTGTATTTTACATTACTTATTGTTTTAGCTGTCCTCATGAAT
GTCTTTTCACTACCCATTTGCTTATCCTGCATCTCTCAGCCTTGACTC
CACTCAGTTCTCTTGCTTAGAGATACCACCTTTCCCCTGAAGTGTTC
CTTCCATGTTTTACGGCGAGATGGTTTCTCCTCGCCTGGCCACTCAG
CCTTAGTTGTCTCTGTTGTCTTATAGAGGTCTACTTGAAGAAGGAAA
AACAGGGGTCATGGTTTGACTGTCCTGTGAGCCCTTCTTCCCTGCCT
CCCCCACTCACAGTGACCCGGAATCTGCAGTGCTAGTCTCCCGGAA
CTATCACTCTTTCACAGTCTGCTTTGGAAGGACTGGGCTTAGTATGA
AAAGTTAGGACTGAGAAGAATTTGAAAGGCGGCTTTTTGTAGCTTG
ATATTCACTACTGTCTTATTACCCTGTCGGTAACCACGTGCGGCCGA
GGCTGCAGCGTCGTCCTCCCTAGGAACCCCTAGTGATGGAGTTGGC
CACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCA
AAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCG
AGCGAGCGCGCAGCTGCCTGCAGGGGCGCCTGATGCGGTATTTTCT
CCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAAC
CATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGET
GGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCC
GCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTT
CCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAG
TGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTT
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACG
TTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAAC
AACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTT
TGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAR
ATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTTATGGT
GCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCC
CCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTG
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CTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCT
GCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACG
AAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGAAC
AATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATG
AGCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACA
TGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGG
GCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCG
CCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATG
TTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCC
TCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGT
TACTCACCACTGCGATCCCCGGAAAAACAGCATTCCAGGTATTAGA
AGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTG
TTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAAC
AGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATA
ACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTG
GCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTC
TCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCT
TATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGA
GTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACT
GCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAA
TATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGAT
GCTCGATGAGTTTTTCTAATCTCATGACCAAAATCCCTTAACGTGAG
TTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGAT
CTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACA
AAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGC
TACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGAT
ACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCA
AGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTA
CCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGG
ACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAA
CGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACAC
CGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTT
CCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTC
GGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGG
TATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCC
AGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGC
TCACATGT

108 Donor HBB Locus CTTGCTTTGACAATTTTGGTCTTTCAGAATACTATAAATATAACCTA
LHA to RHA TATTATAATTTCATAAAGTCTGTGCATTTTCTTTGACCCAGGATATT
template TGCAAAAGACATATTCAAACTTCCGCAGAACACTTTATTTCACATAT
(AAV.307) ACATGCCTCTTATATCAGGGATGTGAAACAGGGTCTTGAAAACTGT

CTAAATCTAAAACAATGCTAATGCAGGTTTAAATTTAATAAAATAA
AATCCAAAATCTAACAGCCAAGTCAAATCTGCATGTTTTAACATTT
AAAATATTTTAAAGACGTCTTTTCCCAGGATTCAACATGTGAAATCT
TTTCTCAGGGATACACGTGTGCCTAGATCCTCATTGCTTTAGTTTTTT
ACAGAGGAATGAATATAAAAAGAAAATACTTAAATTTTATCCCTCT
TACCTCTATAATCATACATAGGCATAATTTTTTAACCTAGGCTCCAG
ATAGCCATAGAAGAACCAAACACTTTCTGCGTGTGTGAGAATAATC
AGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTA
GAAAAAGTGAGAGATCTCTATTTATTTAGCAATAATAGAGAAAGCA
TTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTT
CTGATAACTAGAAATAGAGGATCCAGTTTCTTTTGGTTAACCTAAAT
TTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTGTG
TAATCGTAGTTTCAGAGTGTTAGAGCTGAAAGGAAGAAGTAGGAG
AAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACAT
GGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAGGGCCCTT
AGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCT
TTGCTGTTTTAATTACATCTTTTAATAGCAGGAAGCAGAACTCTGCA
CTTCAAAAGTTTTTCCTCACCTGAGGAGTTAATTTAGTACAAGGGG
AAAAAGTACAGGGGGATGGGAGAAAGGCGATCACGTTGGGAAGCT
ATAGAGAAAGAAGAGTAAATTTTAGTAAAGGAGGTTTAAACAAAC
AAAATATAAAGAGAAATAGGAACTTGAATCAAGGAAATGATTTTA
AAACGCAGTATTCTTAGTGGACTAGAGGAAAAAAATAATCTGAGCC
AAGTAGAAGACCTTTTCCCCTCCTACCCCTACTTTCTAAGTCACAGA
GGCTTTTTGTTCCCCCAGACACTCTTGCAGATTAGTCCAGGCAGAAA
CAGTTAGATGTCCCCAGTTAACCTCCTATTTGACACCACTGATTACC
CCATTGATAGTCACACTTTGGGTTGTAAGTGACTTTTTATTTATTTGT
ATTTTTGACTGCATTAAGAGGTCTCTAGTTTTTTATCTCTTGTTTCCC
AAAACCTAATAAGTAACTAATGCACAGAGCACATTGATTTGTATTT
ATTCTATTTTTAGACATAATTTATTAGCATGCATGAGCAAATTAAGA
AAAACAACAACAAATGAATGCATATATATGTATATGTATGTGTGTA
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Donor

Full AAV
(AAV.307)
template

TATATACACACATATATATATATATTTTTTCTTTTCTTACCAGAAGG
TTTTAATCCAAATAAGGAGAAGATATGCTTAGAACCGAGGTAGAGT
TTTCATCCATTCTGTCCTGTAAGTATTTTGCATATTCTGGAGACGCA
GGAAGAGATCCATCTACATATCCCAAAGCTGAATTATGGTAGACAA
AACTCTTCCACTTTTAGTGCATCAACTTCTTATTTGTGTAATAAGAA
AATTGGGAAAACGATCTTCAATATGCTTACCAAGCTGTGATTCCAA
ATATTACGTAAATACACTTGCAAAGGAGGATGTTTTTAGTAGCAAT
TTGTACTGATGGTATGGGGCCAAGAGATATATCTTAGAGGGAGGGC
TGAGGGTTTGAAGTCCAACTCCTAAGCCAGTGCCAGAAGAGCCAAG
GACAGGTACGGCTGTCATCACTTAGACCTCACCCTGTGGAGCCACA
CCCTAGGGTTGGCCAATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGT CAGGGCAGAGCCATCTATTGCTTACA
TTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACC
ATGGTGCATCTGACTCCTGTCGAAAAATCCGCTGTCACCGCCCTCTG
GGGCAAGGTGAACGTGGATGAAGT TGGTGGTGAGGCCCTGGGCAG
GTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAAC
TGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACT
GACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGCTGCTGGT
GGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGT
CCACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGG
CAAGAAAGTGCTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGAC
AACCTCAAGGGCACCTTTGCCACACTGAGTGAGCTGCACTGTGACA
AGCTGCACGTGGATCCTGAGAACTTCAGGGTGAGTCTATGGGACGC
TTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGTTCATGTCATAG
GAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGACG
AATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTT
ATTTGCTGTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTT
TTTTTTTCTTCTCCGCAATTTTTACTATTATACTTAATGCCTTAACAT
TGTGTATAACAAAAGGAAATATCTCTGAGATACATTAAGTAACTTA
AAAAAAAACTTTACACAGTCTGCCTAGTACATTACTATTTGGAATA
TATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTTCTTT
TATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGT
GTAATGTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTT
TGCATTTGTAATTTTAAAAAATGCTTTCTTCTTTTAATATACTTTTTT
GTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGCAA
TAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAAC
AGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTGCATATAA
ATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGC
TAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTT
GGGATAAGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTA
ATCATGTTCATACCTCTTATCTTCCTCCCACAGCTCCTGGGCAACGT
GCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTCACCCCAC
CAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGTGTGGCTAATGC
CCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATTTC
TATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGA
TATTATGAAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACA
TTTATTTTCATTGCAATGATGTATTTAAATTATTTCTGAATATTTTAC
TAAAAAGGGAATGTGGGAGGTCAGTGCATTTAAAACATAAAGAAL
TGAAGAGCTAGTTCAAACCTTGGGAAAATACACTATATCTTAAACT
CCATGAAAGAAGGTGAGGCTGCAAACAGCTAATGCACATTGGCAA
CAGCCCCTGATGCATATGCCTTATTCATCCCTCAGAAAAGGATTCA
AGTAGAGGCTTGATTTGGAGGTTAAAGTTTTGCTATGCTGTATTTTA
CATTACTTATTGTTTTAGCTGTCCTCATGAATGTCTTTTCACTACCCA
TTTGCTTATCCTGCATCTCTCAGCCTTGACTCCACTCAGTTCTCTTGC
TTAGAGATACCACCTTTCCCCTGAAGTGTTCCTTCCATGTTTTACGG
CGAGATGGTTTCTCCTCGCCTGGCCACTCAGCCTTAGTTGTCTCTGT
TGTCTTATAGAGGTCTACTTGAAGAAGGAAAAACAGGGGTCATGGT
TTGACTGTCCTGTGAGCCCTTCTTCCCTGCCTCCCCCACTCACAGTG
ACCCGGAATCTGCAGTGCTAGTCTCCCGGAACTATCACTCTTTCACA
GTCTGCTTTGGAAGGACTGGGCTTAGTATGAAAAGTTAGGACTGAG
AAGAATTTGAAAGGCGGCTTTTTGTAGCTTGATATTCACTACTGTCT
TATTACCCTGTC

CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGT
AAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGC
GAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGT
TCCTGCGGCCGCACGCGTCTTGCTTTGACAATTTTGGTCTTTCAGAA
TACTATAAATATAACCTATATTATAATTTCATAAAGTCTGTGCATTT
TCTTTGACCCAGGATATTTGCAAAAGACATATTCAAACTTCCGCAG
AACACTTTATTTCACATATACATGCCTCTTATATCAGGGATGTGAAA
CAGGGTCTTGAAAACTGTCTAAATCTAAAACAATGCTAATGCAGGT
TTAAATTTAATAAAATAAAATCCAAAATCTAACAGCCAAGTCAAAT
CTGCATGTTTTAACATTTAAAATATTTTAAAGACGTCTTTTCCCAGG
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ATTCAACATGTGAAATCTTTTCTCAGGGATACACGTGTGCCTAGATC
CTCATTGCTTTAGTTTTTTACAGAGGAATGAATATAAAAAGAAAAT
ACTTAAATTTTATCCCTCTTACCTCTATAATCATACATAGGCATAAT
TTTTTAACCTAGGCTCCAGATAGCCATAGAAGAACCAAACACTTTC
TGCGTGTGTGAGAATAATCAGAGTGAGATTTTTTCACAAGTACCTG
ATGAGGGTTGAGACAGGTAGAAAAAGTGAGAGATCTCTATTTATTT
AGCAATAATAGAGAAAGCATTTAAGAGAATAAAGCAATGGAAATA
AGAAATTTGTAAATTTCCTTCTGATAACTAGAAATAGAGGATCCAG
TTTCTTTTGGTTAACCTAAATTTTATTTCATTTTATTGTTTTATTTTAT
TTTATTTTATTTTATTTTGTGTAATCGTAGTTTCAGAGTGTTAGAGCT
GAAAGGAAGAAGTAGGAGAAACATGCAAAGTAAAAGTATAACACT
TTCCTTACTAAACCGACATGGGTTTCCAGGTAGGGGCAGGATTCAG
GATGACTGACAGGGCCCTTAGGGAACACTGAGACCCTACGCTGACC
TCATAAATGCTTGCTACCTTTGCTGTTTTAATTACATCTTTTAATAGC
AGGAAGCAGAACTCTGCACTTCAAAAGTTTTTCCTCACCTGAGGAG
TTAATTTAGTACAAGGGGAAAAAGTACAGGGGGATGGGAGAAAGG
CGATCACGTTGGGAAGCTATAGAGAAAGAAGAGTAAATTTTAGTAA
AGGAGGTTTAAACAAACAAAATATAAAGAGAAATAGGAACTTGAA
TCAAGGAAATGATTTTAAAACGCAGTATTCTTAGTGGACTAGAGGA
AAAAAATAATCTGAGCCAAGTAGAAGACCTTTTCCCCTCCTACCCC
TACTTTCTAAGTCACAGAGGCTTTTTGTTCCCCCAGACACTCTTGCA
GATTAGTCCAGGCAGAAACAGTTAGATGTCCCCAGTTAACCTCCTA
TTTGACACCACTGATTACCCCATTGATAGTCACACTTTGGGTTGTAA
GTGACTTTTTATTTATTTGTATTTTTGACTGCATTAAGAGGTCTCTAG
TTTTTTATCTCTTGTTTCCCAAAACCTAATAAGTAACTAATGCACAG
AGCACATTGATTTGTATTTATTCTATTTTTAGACATAATTTATTAGC
ATGCATGAGCAAATTAAGAAAAACAACAACAAATGAATGCATATA
TATGTATATGTATGTGTGTATATATACACACATATATATATATATTT
TTTCTTTTCTTACCAGAAGGTTTTAATCCAAATAAGGAGAAGATATG
CTTAGAACCGAGGTAGAGTTTTCATCCATTCTGTCCTGTAAGTATTT
TGCATATTCTGGAGACGCAGGAAGAGATCCATCTACATATCCCAAA
GCTGAATTATGGTAGACAAAACTCTTCCACTTTTAGTGCATCAACTT
CTTATTTGTGTAATAAGAAAATTGGGAAAACGATCTTCAATATGCTT
ACCAAGCTGTGATTCCAAATATTACGTAAATACACTTGCAAAGGAG
GATGTTTTTAGTAGCAATTTGTACTGATGGTATGGGGCCAAGAGAT
ATATCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCC
AGTGCCAGAAGAGCCAAGGACAGGTACGGCTGTCATCACTTAGACC
TCACCCTGTGGAGCCACACCCTAGGGTTGGCCAATCTACTCCCAGG
AGCAGGGAGGGCAGGAGCCAGGGCTGGGCATAAAAGT CAGGGCAG
AGCCATCTATTGCTTACATTTGCTTCTGACACAACTGTGTTCACTAG
CAACCTCAAACAGACACCATGGTGCATCTGACTCCTGTCGAAAAAT
CCGCTGTCACCGCCCTCTGGGGCAAGGTGAACGTGGATGAAGTTGG
TGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGACAGGTTT
AAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCT
TGGGTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCC
CACCCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTG
AGTCCTTTGGGGATCTGTCCACTCCTGATGCTGTTATGGGCAACCCT
AAGGTGAAGGCTCATGGCAAGAAAGTGCTCGGTGCCTTTAGTGATG
GCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTGCCACACTGAG
TGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCAGG
GTGAGTCTATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGG
TTAAGTTCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTA
GAATGGGAAACAGACGAATGATTGCATCAGTGTGGAAGTCTCAGG
ATCGTTTTAGTTTCTTTTATTTGCTGTTCATAACAATTGTTTTCTTTT
GTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTACTATTA
TACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCTCTGA
GATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGT
ACATTACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATC
TCCCTACTTTATTTTCTTTTATTTTTAATTGATACATAATCATTATAC
ATATTTATGGGTTAAAGTGTAATGTTTTAATATGTGTACACATATTG
ACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATGCTTTCT
TCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAAT
CTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGC
ACCATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAG
CAATATCTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATG
TAAGAGGTTTCATATTGCTAATAGCAGCTACAATCCAGCTACCATTC
TGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGTCCAA
GCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCAC
AGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGC
AAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGG
CTGGTGTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTT
CTTGCTGTCCAATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAA
CTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTC
TGCCTAATAAAAAACATTTATTTTCATTGCAATGATGTATTTAAATT
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SEQ ID
NO:

Identi-
fier

Name/
Description

Sequence

ATTTCTGAATATTTTACTAAAAAGGGAATGTGGGAGGTCAGTGCAT
TTAAAACATAAAGAAATGAAGAGCTAGTTCAAACCTTGGGAAAAT
ACACTATATCTTAAACTCCATGAAAGAAGGTGAGGCTGCAAACAGC
TAATGCACATTGGCAACAGCCCCTGATGCATATGCCTTATTCATCCC
TCAGAAAAGGATTCAAGTAGAGGCTTGATTTGGAGGTTAAAGTTTT
GCTATGCTGTATTTTACATTACTTATTGTTTTAGCTGTCCTCATGAAT
GTCTTTTCACTACCCATTTGCTTATCCTGCATCTCTCAGCCTTGACTC
CACTCAGTTCTCTTGCTTAGAGATACCACCTTTCCCCTGAAGTGTTC
CTTCCATGTTTTACGGCGAGATGGTTTCTCCTCGCCTGGCCACTCAG
CCTTAGTTGTCTCTGTTGTCTTATAGAGGTCTACTTGAAGAAGGAAA
AACAGGGGTCATGGTTTGACTGTCCTGTGAGCCCTTCTTCCCTGCCT
CCCCCACTCACAGTGACCCGGAATCTGCAGTGCTAGTCTCCCGGAA
CTATCACTCTTTCACAGTCTGCTTTGGAAGGACTGGGCTTAGTATGA
AAAGTTAGGACTGAGAAGAATTTGAAAGGCGGCTTTTTGTAGCTTG
ATATTCACTACTGTCTTATTACCCTGTCGGTAACCACGTGCGGCCGA
GGCTGCAGCGTCGTCCTCCCTAGGAACCCCTAGTGATGGAGTTGGC
CACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCA
AAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCG
AGCGAGCGCGCAGCTGCCTGCAGGGGCGCCTGATGCGGTATTTTCT
CCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAAC
CATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGET
GGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCC
GCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTT
CCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAG
TGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTT
CACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACG
TTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAAC
AACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTT
TGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAR
ATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTTATGGT
GCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCC
CCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTG
CTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCT
GCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACG
AAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGAAC
AATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATG
AGCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACA
TGGATGCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGG
GCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCG
CCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATG
TTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCC
TCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGT
TACTCACCACTGCGATCCCCGGAAAAACAGCATTCCAGGTATTAGA
AGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGTG
TTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAAC
AGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATA
ACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTG
GCCTGTTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTC
TCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCT
TATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGA
GTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACT
GCCTCGGTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAA
TATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGAT
GCTCGATGAGTTTTTCTAATCTCATGACCAAAATCCCTTAACGTGAG
TTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGAT
CTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACA
AAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGC
TACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGAT
ACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCA
AGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTA
CCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGG
ACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAA
CGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACAC
CGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTT
CCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTC
GGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGG
TATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCC
AGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGC
TCACATGT
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SEQ ID 1Identi- Name/
NO: fier Description Sequence
110 Donor 5' ITR CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGT
template AAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGC
GAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGT
TCCT
SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 116
<210> SEQ ID NO 1
<211> LENGTH: 114
<212> TYPE: RNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic: gRNA-related, sgRNAl
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (1)..(30)
<223> OTHER INFORMATION: n is any nucleotide; n is present at least 17
and up to 30 times
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (107)..(114)
<223> OTHER INFORMATION: u 1is present at least 1 time and up to 8 times
<400> SEQUENCE: 1
nnnnNnNNnNnnn NNNNnNNnnnnn nnnnnnannn guuuuagage uagaaauagce aaguuaaaau 60
aaggcuaguc cguuaucaac uugaaaaagu ggcaccgagu cggugcuuuu uuuu 114
<210> SEQ ID NO 2
<211> LENGTH: 119
<212> TYPE: RNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic: gRNA-related, SpCas9 sgRNA
<220> FEATURE:
<221> NAME/KEY: modified_base
<222> LOCATION: (1).. (e)
<223> OTHER INFORMATION: every ¢ and u is a 2' O-methyl
phosphorothicate nucleotide
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (2)..(2)
<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (4)..(4)
<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (6)..(6)
<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (7)..(36)
<223> OTHER INFORMATION: n is any nucleotide and repeats 17 times and
up to 30 times
<220> FEATURE:
<221> NAME/KEY: modified_base
<222> LOCATION: (113)..(118)
<223> OTHER INFORMATION: every u is a 2' O-methyl phosphorothiocate
nucleotide
<220> FEATURE:
<221> NAME/KEY: misc_feature
<222> LOCATION: (114)..(114)
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<223>
<220>
<221>
<222>
<223>
<220>
<221>
<222>
<223>

<400>

cnununnnnn hnnnnnnnnnn nnnnnnnnnn nnnnnnguuu uagagcuaga aauagcaagu

OTHER INFORMATION: n is a phosphorothiocate nucleotide
FEATURE:

NAME/KEY: misc_feature

LOCATION: (116)..(116)

OTHER INFORMATION: n is a phosphorothiocate nucleotide
FEATURE:

NAME/KEY: misc_feature

LOCATION: (118)..(118)

OTHER INFORMATION: n is a phosphorothiocate nucleotide

SEQUENCE: 2

uaaaauaagg cuaguccguu aucaacuuga aaaaguggca ccgagucggu gounununu

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 3

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic: gRNA-related, AAVS1 target

sequence A

SEQUENCE: 3

ggggccacta gggacaggat

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 20

TYPE: RNA

ORGANISM: Artificial Sequence
FEATURE:

60

119

20

OTHER INFORMATION: Synthetic: gRNA-related, AAVS1 sgRNA spacer A

SEQUENCE: 4

ggggccacua gggacaggau

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 5

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic: gRNA-related, AAVS1 target

sequence B

SEQUENCE: 5

gecagtagee agecccgtec

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 6

LENGTH: 20

TYPE: RNA

ORGANISM: Artificial Sequence
FEATURE:

20

20

OTHER INFORMATION: Synthetic: gRNA-related, AAVS1 sgRNA spacer B

SEQUENCE: 6

gccaguagee agecccguce

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 7

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic: gRNA-related, BFP target sequence

SEQUENCE: 7

20



US 2021/0008161 Al Jan. 14, 2021
&5

-continued

tgaagcactg cacgccat 18

<210> SEQ ID NO 8

<211> LENGTH: 18

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, BFP sgRNA spacer

<400> SEQUENCE: 8

ugaagcacug cacgccau 18

<210> SEQ ID NO 9

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, GFP target sequence A

<400> SEQUENCE: 9

gctgaagcac tgcacgccgt 20

<210> SEQ ID NO 10

<211> LENGTH: 20

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, GFP sgRNA spacer A

<400> SEQUENCE: 10

gcugaagcac ugcacgccgu 20

<210> SEQ ID NO 11

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, GFP target sequence B

<400> SEQUENCE: 11

ctcgtgacca ccctgaccta 20

<210> SEQ ID NO 12

<211> LENGTH: 20

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, GFP sgRNA spacer B

<400> SEQUENCE: 12

cucgugacca cccugaccua 20
<210> SEQ ID NO 13

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, GSDla target sequence

<400> SEQUENCE: 13

tctttggaca gcgtceccatac 20

<210> SEQ ID NO 14



US 2021/0008161 Al Jan. 14, 2021
86

-continued

<211> LENGTH: 20

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, GSDla Ch32 gRNA spacer

<400> SEQUENCE: 14

ucuuuggaca gcguccauac 20

<210> SEQ ID NO 15

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, HBB target sequence

<400> SEQUENCE: 15

cttgccccac agggcagtaa 20

<210> SEQ ID NO 16

<211> LENGTH: 20

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, HBB RO2 sgRNA spacer

<400> SEQUENCE: 16

cuugccccac agggcaguaa 20

<210> SEQ ID NO 17

<211> LENGTH: 106

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, HBB sgRNA

<220> FEATURE:

<221> NAME/KEY: modified_base

<222> LOCATION: (1).. (e)

<223> OTHER INFORMATION: every ¢ and u is a 2' O-methyl
phosphorothicate nucleotide

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(2)

<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (4)..(4)

<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (6)..(6)

<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide

<220> FEATURE:

<221> NAME/KEY: modified_base

<222> LOCATION: (100)..(104)
<223> OTHER INFORMATION: every u is a 2' O-methyl phosphorothiocate
nucleotide

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (101)..(101)

<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (103)..(103)

<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (105)..(105)

<223> OTHER INFORMATION: n is a phosphorothiocate nucleotide
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<400> SEQUENCE: 17
cnunungccc cacagggcag uaaguuuuag agcuagaaau agcaaguuaa aauvaaggcua

guccguuauc aacuugaaaa aguggcaccg agucggugcu nununu

<210> SEQ ID NO 18

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

60

106

<223> OTHER INFORMATION: Synthetic: gRNA-related, CFTR target sequence

<400> SEQUENCE: 18

tctgtatcta tattcatcat

<210> SEQ ID NO 19

<211> LENGTH: 20

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, CFTR sgRNA spacer

<400> SEQUENCE: 19

ucuguaucua uauucaucau

<210> SEQ ID NO 20

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: gRNA-related, HBB Target Sequence

<400> SEQUENCE: 20

cttgccccac agggcagtaa cgg

<210> SEQ ID NO 21

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN1 (Ht-CR282)
<400> SEQUENCE: 21

gecacctacyg gcaagctgac cctgaagtte atctgcacca ceggcaaget gecegtgece
tggcccacce tegtgaccac cctgacgtac ggegtgeagt gettcagecg ctaccccgac
cacatga

<210> SEQ ID NO 22

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN2 (Hn-CR283)
<400> SEQUENCE: 22

tcatgtggte ggggtagegg ctgaagcact gcacgeegta cgtcagggtyg gtcacgaggg
tgggccaggyg cacgggcage ttgecggtgg tgcagatgaa cttcagggte agettgecegt

aggtgge

<210> SEQ ID NO 23

20

20

23

60

120

127

60

120

127
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<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN3 (Hn-39-88)

<400> SEQUENCE: 23

cgctectgga cgtagectte gggcatggeg gacttgaaga agtegtgetg cttcatgtgg
tcggggtage ggctgaagcea ctgcacgecg tacgtcaggg tggtcacgag ggtgggecag
ggcacgg

<210> SEQ ID NO 24

<211> LENGTH: 152

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN4 (Ht-91-61)
<400> SEQUENCE: 24

gecacctacyg gcaagctgac cctgaagtte atctgcacca ceggcaaget gecegtgece
tggcccacce tegtgaccac cctgacgtac ggegtgeagt gettcagecg ctaccccgac
cacatgaagc agcacgactt cttcaagtce gc

<210> SEQ ID NO 25

<211> LENGTH: 152

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN (Hn-91-61)
<400> SEQUENCE: 25

geggacttga agaagtcegtg ctgcettcatg tggteggggt ageggctgaa geactgeacyg
cegtacgtca gggtggtcac gagggtggge cagggcacgg geagettgee ggtggtgeag
atgaacttca gggtcagett gecgtaggtyg ge

<210> SEQ ID NO 26

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN (Hn-91-36)
<400> SEQUENCE: 26

tcatgtggte ggggtagegg ctgaagcact gcacgeegta cgtcagggtyg gtcacgaggg
tgggccaggyg cacgggcage ttgecggtgg tgcagatgaa cttcagggte agettgecegt
aggtgge

<210> SEQ ID NO 27

<211> LENGTH: 152

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN (Ht-91-61)
<400> SEQUENCE: 27

gecacctacyg gcaagctgac cctgaagtte atctgcacca ceggcaaget gecegtgece

tggcccacce tegtgaccac cctgacgtac ggegtgeagt gettcagecg ctaccccgac

60

120

127

60

120

152

60

120

152

60

120

127

60

120
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cacatgaagc agcacgactt cttcaagtce gc

<210> SEQ ID NO 28

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN (Ht-39-88)

<400> SEQUENCE: 28

cgctectgga cgtagectte gggcatggeg gacttgaaga agtegtgetg cttcatgtgg
tcggggtage ggctgaagcea ctgcacgecg tacgtcaggg tggtcacgag ggtgggecag
ggcacgg

<210> SEQ ID NO 29

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1067

<400> SEQUENCE: 29

gecacctacyg gcaagctgac cctgaagtte atctgcacca ceggcaaget gecegtgece
tggcccacce tegtgaccac cctgagecac ggggtgeagt gettcagecg ctaccccgac
cacatga

<210> SEQ ID NO 30

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1068

<400> SEQUENCE: 30

tcatgtggte ggggtagegg ctgaagcact gcacccegtg getcagggtyg gtcacgaggg
tgggccaggyg cacgggcage ttgecggtgg tgcagatgaa cttcagggte agettgecegt
aggtgge

<210> SEQ ID NO 31

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1069

<400> SEQUENCE: 31

tcatctgcac caccggcaag ctgecegtge cctggeccac cctegtgace accctgagece

acggggtgca gtgcttcage cgctacceeg accacatgaa gcagcacgac ttcttcaagt

cecgecat

<210> SEQ ID NO 32

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1070

<400> SEQUENCE: 32

152

60

120

127

60

120

127

60

120

127

60

120

127
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atggcggact tgaagaagtc gtgctgette atgtggtegg ggtagegget gaagcactge
acccegtgge tcagggtggt cacgagggtyg ggecagggea cgggcagett geeggtggtg

cagatga

<210> SEQ ID NO 33

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1061

<400> SEQUENCE: 33

ctecetggacyg tagecttegg geatggegga cttgaagaag tegtgetget tcatgtggte
ggggtagegyg ctgaagcact gcacceegtyg getcagggtg gtcacgaggyg tgggecaggg
cacggge

<210> SEQ ID NO 34

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1062

<400> SEQUENCE: 34

gecegtgece tggcccacee tegtgaccac cctgagccac ggggtgcagt gettcageeg

ctaccccgac cacatgaage agcacgactt cttcaagtec gecatgeccg aaggctacgt

ccaggag

<210> SEQ ID NO 35

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1063

<400> SEQUENCE: 35
gacttgaaga agtcgtgctg cttcatgtgg tcggggtage ggctgaagca ctgcaccceeg
tggctcaggyg tggtcacgag ggtgggecag ggcacgggea gettgecggt ggtgcagatg

aacttca

<210> SEQ ID NO 36

<211> LENGTH: 127

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, ssODN 1064

<400> SEQUENCE: 36

tgaagttcat ctgcaccacc ggcaagctge cegtgeectg geccaccete gtgaccaccce
tgagccacgg ggtgcagtge ttcagecget accccgacca catgaagecag cacgacttet
tcaagtce

<210> SEQ ID NO 37

<211> LENGTH: 50

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

60

120

127

60

120

127

60

120

127

60

120

127

60

120

127
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<223> OTHER INFORMATION: Synthetic: Donor DNA, 50-0 dsDNA
<400> SEQUENCE: 37

cccagaaact tgttetgttt ttecatagga ttetetttgg acagtgecct

<210> SEQ ID NO 38

<211> LENGTH: 150

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, 150-0 dsDNA

<400> SEQUENCE: 38
agggcactgt ccaaagagaa tcctatggaa aaacagaaca agtttetggg gttactgaat

gaatgctttt gcccaaagec tacaccttca agaagagtgt agectgagaa ggatttcaca

tgttgectet agaagggaga actgggtgge

<210> SEQ ID NO 39

<211> LENGTH: 142

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, 93-50 ssODN

<400> SEQUENCE: 39

tcttgaaggt gtaggetttg ggcaaaagca ttcattcagt aaccccagaa acttgttetg
tttttcecata ggattectett tggacagtge ccttactggt gggtcetgga tactgactac
tacagcaaca cttcegtgee ct

<210> SEQ ID NO 40

<211> LENGTH: 125

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, 25-100 ssODN

<400> SEQUENCE: 40

taggattcte tttggacagt geccttactg gtgggtectg gatactgact actacagcaa
cacttcegtyg ccectgataa agcagttece tgtaacctgt gagactggac caggtaageg
tceca

<210> SEQ ID NO 41

<211> LENGTH: 125

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, H3-95-30 ssODN
<400> SEQUENCE: 41

taagcacagt ggaagaattt cattctgtte tcagttttec tggattatge ctggcaccat

taaagaaaat atcataagct ttggtgtttg ctatgatgaa tatagataca gaagcgtcat

caaag

<210> SEQ ID NO 42

<211> LENGTH: 125

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

50

60

120

150

60

120

142

60

120

125

60

120

125
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<223> OTHER INFORMATION: Synthetic: Donor DNA, N1-95-30 ssODN
<400> SEQUENCE: 42

aattaagcac agtggaagaa tttcattetg ttetecagttt tectggatta tgectggeac
cattaaagaa aatatcatct ttggtgtttg ctagcatgat gaatatagat acagaagcgt
catca

<210> SEQ ID NO 43

<211> LENGTH: 1000

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

60

120

125

<223> OTHER INFORMATION: Synthetic: Donor DNA , AAVS1 locus LHA (used

for BFP donor)
<400> SEQUENCE: 43
ccccagetet tetetgttca gecctaagaa tectggetece ageccctect actctagece
ccaaccccct agccactaag gcaattgggg tgcaggaatyg ggggcagggt accagectca
ccaagtggtt gataaaccca cgtggggtac cctaagaact tgggaacagce cacagcaggg
gggcgatget tggggacctyg cctggagaag gatgcaggac gagaaacaca gccccaggtyg
gagaaactygyg ccgggaatca agagtcaccce agagacagtg accaaccatc cctgttttec
taggactgag ggtttcagtg ctaaaactag gctgtcctgg gcaaacagca taagetggte
accccacace cagacctgac ccaaacccag ctecectget tettggcecac gtaacctgag
aagggaatcce ctcctetetg aaccccagece caccccaatyg ctecaggect cctgggatac
ccecgaagagt gagtttgcca agcagtcacce ccacagttgg aggagaatcce acccaaaagg
cagcctggta gacagggcetg gggtggecte tegtggggte caggccaagt aggtggectg
gggectctgg gggatgcagg ggaaggggga tgcaggggaa cggggatgcea ggggaacggg
gctecagtety aagagcagag ccaggaacce ctgtagggaa ggggcaggag agcecaggggce
atgagatggt ggacgaggaa gggggacagg gaagcctgag cgectctect gggettgeca
aggactcaaa cccagaagcc cagagcaggg ccttagggaa gcegggaccct getcetgggeg
gaggaatatyg tcccagatag cactggggac tctttaagga aagaaggatg gagaaagaga
aagggagtag aggcggccac gacctggtga acacctagga cgcaccattce tcacaaaggg
agttttccac acggacaccce ccctectcac cacagccctg
<210> SEQ ID NO 44
<211> LENGTH: 717
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic: Donor DNA, BFP locus donor
<400> SEQUENCE: 44
atggtgagca agggcgagga getgttcacce ggggtggtge ccatcctggt cgagetggac
ggcgacgtaa acggccacaa gttcagegtg tccggegagg gegagggcega tgccacctac
ggcaagctga ccctgaagtt catctgcacce accggcaage tgcccgtgec ctggeccacce
ctegtgacca ccctgaccca tggcegtgeag tgettcagece gctaccccga ccacatgaag

cagcacgact tcttcaagte cgecatgece gaaggctacg tccaggageg caccatctte

ttcaaggacg acggcaacta caagaccege gecgaggtga agttcgaggg cgacaccctg

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1000

60

120

180

240

300

360
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gtgaaccgca tcgagctgaa gggcatcgac ttcaaggagg acggcaacat cctggggcac 420
aagctggagt acaactacaa cagccacaac gtctatatca tggccgacaa gcagaagaac 480
ggcatcaagg tgaacttcaa gatccgccac aacatcgagg acggcagegt gcagctcgec 540
gaccactacc agcagaacac ccccatcgge gacggccccg tgetgectgec cgacaaccac 600
tacctgagca cccagtccaa gctgagcaaa gaccccaacg agaagcgcga tcacatggtce 660
ctgctggagt tcgtgaccge cgccegggatce actcteggeca tggacgagct gtacaag 717

<210> SEQ ID NO 45

<211> LENGTH: 1000

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, AAVS1 locus RHA (used
for BFP donor)

<400> SEQUENCE: 45

actgtggggt ggaggggaca gataaaagta cccagaacca gagccacatt aaccggccct 60
gggaatataa ggtggtccca gcteggggac acaggatccce tggaggcagce aaacatgetg 120
tcctgaagtyg gacatagggg cecgggttgg aggaagaaga ctagetgage tceteggaccce 180

ctggaagatyg ccatgacagg gggctggaag agctagcaca gactagagag gtaagggggg 240

taggggagct gcccaaatga aaggagtgag aggtgacceg aatccacagg agaacggggt 300
gtccaggcaa agaaagcaag aggatggaga ggtggctaaa gccagggaga cggggtactt 360
tggggttgte cagaaaaacg gtgatgatge aggcctacaa gaaggggagg cgggacgcaa 420
gggagacatc cgtcggagaa ggccatccta agaaacgaga gatggcacag gccccagaag 480

gagaaggaaa agggaaccca gcgagtgaag acggcatggg gttgggtgag ggaggagaga 540
tgcceggaga ggacccagac acggggagga tccgctcaga ggacatcacyg tggtgcageg 600
ccgagaagga agtgctccgg aaagagcatce cttgggcage aacacagcag agagcaaggg 660
gaagagggayg tggaggaaga cggaacctga aggaggcggce agggaaggat ctgggccagce 720
cgtagaggtg acccaggcca caagctgcag acagaaageg gcacaggcecce aggggagaga 780
atgcaggtca gagaaagcag gacctgectg ggaaggggaa acagtgggece agaggceggceg 840
cagaagccag tagagctcaa agtggtecgg actcaggaga gagacggcag cgttagaggg 900
cagagttceg gceggcacage aagggcactce gggggcgaga ggagggcage gcaaagtgac 960
aatggccagg gccaggcaga tagaccagac tgagctatgg 1000
<210> SEQ ID NO 46

<211> LENGTH: 1000

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, AAVS1 locus LHA (used
for GFP donor)

<400> SEQUENCE: 46

ccccagetet tetetgttea gecctaagaa tectggetece ageccctect actctagecce 60
ccaacccect agccactaag gcaattgggg tgcaggaatg ggggcagggt accagectca 120
ccaagtggtt gataaaccca cgtggggtac cctaagaact tgggaacage cacagcaggg 180

gggcgatget tggggacctg cctggagaag gatgcaggac gagaaacaca gccccaggtyg 240
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gagaaactgg ccgggaatca agagtcaccc agagacagtg accaaccatc cctgttttec 300
taggactgag ggtttcagtg ctaaaactag gctgtcctgg gcaaacagca taagctggtce 360
accccacacc cagacctgac ccaaacccag ctcccctget tcttggecac gtaacctgag 420
aagggaatcc ctcctctcectg aaccccagec caccccaatg ctccaggcect cctgggatac 480
cccgaagagt gagtttgcca agcagtcacc ccacagttgg aggagaatcc acccaaaagg 540

cagcctggta gacagggetg gggtggecte tegtggggte caggccaagt aggtggectg 600
gggectctgg gggatgcagg ggaaggggga tgcaggggaa cggggatgcea ggggaacggg 660
getcagtetyg aagagcagag ccaggaacce ctgtagggaa ggggcaggag agecagggge 720

atgagatggt ggacgaggaa gggggacagg gaagectgag cgcectetect gggettgeca 780

aggactcaaa cccagaagcc cagagcaggg ccttagggaa gcegggaccct getcetgggeg 840
gaggaatatyg tcccagatag cactggggac tctttaagga aagaaggatg gagaaagaga 900
aagggagtag aggcggccac gacctggtga acacctagga cgcaccattce tcacaaaggg 960
agttttccac acggacaccc ccctcectcac cacagccectg 1000

<210> SEQ ID NO 47

<211> LENGTH: 720

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, GFP donor to AAVS1 locus

<400> SEQUENCE: 47

atggtgagca agggcgagga gctgttcace ggggtggtge ccatcetggt cgagetggac 60
ggcgacgtaa acggccacaa dgttcagegtyg tceggcegagg gcegagggcega tgecacctac 120
ggcaagctga ccctgaagtt catctgcacce accggcaage tgeccgtgeco ctggeccace 180
ctegtgacca ccctgaccta cggegtgeag tgettcagec getacccega ccacatgaag 240
cagcacgact tcttcaagte cgecatgece gaaggctacg tccaggageg caccatctte 300
ttcaaggacg acggcaacta caagaccege gecgaggtga agttcgaggg cgacaccctg 360
gtgaaccgca tcgagctgaa gggcatcgac ttcaaggagg acggcaacat cctggggeac 420
aagctggagt acaactacaa cagccacaac gtctatatca tggecgacaa gcagaagaac 480
ggcatcaagg tgaacttcaa gatccgccac aacatcgagg acggcagcegt geagetegec 540
gaccactace agcagaacac ccccatcegge gacggecceg tgetgetgec cgacaaccac 600
tacctgagca cccagtecge cctgagcaaa gaccccaacg agaagegega tcacatggte 660
ctgctggagt tegtgaccge cgeccgggate actcteggea tggacgaget gtacaagtaa 720

<210> SEQ ID NO 48

<211> LENGTH: 1000

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, AAVS1 locus RHA (used
for GFP donor)

<400> SEQUENCE: 48
actgtggggt ggaggggaca gataaaagta cccagaacca gagccacatt aaccggccct 60

gggaatataa ggtggtccca gcteggggac acaggatccce tggaggcagce aaacatgetg 120
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tcctgaagtyg gacatagggg cecgggttgg aggaagaaga ctagetgage tceteggaccce 180

ctggaagatyg ccatgacagg gggctggaag agctagcaca gactagagag gtaagggggg 240

taggggagct gcccaaatga aaggagtgag aggtgacceg aatccacagg agaacggggt 300
gtccaggcaa agaaagcaag aggatggaga ggtggctaaa gccagggaga cggggtactt 360
tggggttgte cagaaaaacg gtgatgatge aggcctacaa gaaggggagg cgggacgcaa 420
gggagacatc cgtcggagaa ggccatccta agaaacgaga gatggcacag gccccagaag 480

gagaaggaaa agggaaccca gcgagtgaag acggcatggg gttgggtgag ggaggagaga 540
tgcceggaga ggacccagac acggggagga tccgctcaga ggacatcacyg tggtgcageg 600
ccgagaagga agtgctccgg aaagagcatce cttgggcage aacacagcag agagcaaggg 660
gaagagggayg tggaggaaga cggaacctga aggaggcggce agggaaggat ctgggccagce 720
cgtagaggtg acccaggcca caagctgcag acagaaageg gcacaggcecce aggggagaga 780
atgcaggtca gagaaagcag gacctgectg ggaaggggaa acagtgggece agaggceggceg 840
cagaagccag tagagctcaa agtggtecgg actcaggaga gagacggcag cgttagaggg 900
cagagttceg gceggcacage aagggcactce gggggcgaga ggagggcage gcaaagtgac 960
aatggccagg gccaggcaga tagaccagac tgagctatgg 1000
<210> SEQ ID NO 49

<211> LENGTH: 2189

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus LHA (used for

E7 to E7V AAV.304)

<400> SEQUENCE: 49

cttgctttga caattttggt ctttcagaat actataaata taacctatat tataatttca 60
taaagtctgt gcattttett tgacccagga tatttgcaaa agacatattc aaacttccge 120
agaacacttt atttcacata tacatgcctce ttatatcagg gatgtgaaac agggtcttga 180
aaactgtcta aatctaaaac aatgctaatg caggtttaaa tttaataaaa taaaatccaa 240
aatctaacag ccaagtcaaa tctgcatgtt ttaacattta aaatatttta aagacgtctt 300
ttcccaggat tcaacatgtg aaatctttte tcagggatac acgtgtgect agatcctcat 360
tgctttagtt ttttacagag gaatgaatat aaaaagaaaa tacttaaatt ttatccctct 420
tacctctata atcatacata ggcataattt tttaacctag gctccagata gccatagaag 480
aaccaaacac tttctgegtg tgtgagaata atcagagtga gattttttca caagtacctg 540
atgagggttyg agacaggtag aaaaagtgag agatctctat ttatttagca ataatagaga 600
aagcatttaa gagaataaag caatggaaat aagaaatttyg taaatttcct tctgataact 660
agaaatagag gatccagttt cttttggtta acctaaattt tatttcattt tattgtttta 720
ttttatttta ttttatttta ttttgtgtaa tcgtagtttc agagtgttag agctgaaagg 780
aagaagtagg agaaacatgc aaagtaaaag tataacactt tccttactaa accgacatgg 840
gtttccaggt aggggcagga ttcaggatga ctgacagggce ccttagggaa cactgagacce 900
ctacgctgac ctcataaatg cttgctacct ttgctgtttt aattacatct tttaatagca 960

ggaagcagaa ctctgcactt caaaagtttt tcctcacctg aggagttaat ttagtacaag 1020

gggaaaaagt acagggggat gggagaaagg cgatcacgtt gggaagctat agagaaagaa 1080
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gagtaaattt tagtaaagga ggtttaaaca aacaaaatat aaagagaaat aggaacttga 1140
atcaaggaaa tgattttaaa acgcagtatt cttagtggac tagaggaaaa aaataatctg 1200
agccaagtag aagacctttt cccctectac ccctacttte taagtcacag aggctttttg 1260
ttccececcaga cactcecttgca gattagtcca ggcagaaaca gttagatgtce cccagttaac 1320
ctecctatttg acaccactga ttaccccatt gatagtcaca ctttgggttg taagtgactt 1380
tttatttatt tgtatttttg actgcattaa gaggtctcta gttttttatc tettgtttce 1440
caaaacctaa taagtaacta atgcacagag cacattgatt tgtatttatt ctatttttag 1500
acataattta ttagcatgca tgagcaaatt aagaaaaaca acaacaaatg aatgcatata 1560
tatgtatatg tatgtgtgta tatatacaca catatatata tatatttttt cttttcttac 1620
cagaaggttt taatccaaat aaggagaaga tatgcttaga accgaggtag agttttcatc 1680
cattctgtce tgtaagtatt ttgcatattc tggagacgca ggaagagatc catctacata 1740
tceccaaaget gaattatggt agacaaaact cttceccacttt tagtgcatca acttcttatt 1800
tgtgtaataa gaaaattggg aaaacgatct tcaatatgct taccaagctg tgattccaaa 1860
tattacgtaa atacacttgc aaaggaggat gtttttagta gcaatttgta ctgatggtat 1920
ggggccaaga gatatatctt agagggaggg ctgagggttt gaagtccaac tcctaagceca 1980
gtgccagaag agccaaggac aggtacggct gtcatcactt agacctcacc ctgtggagec 2040
acaccctagg gttggecaat ctactcccag gagcagggag ggcaggagece agggetggge 2100
ataaaagtca gggcagagcc atctattgct tacatttgect tctgacacaa ctgtgttcac 2160
tagcaacctc aaacagacac catggtgca 2189
<210> SEQ ID NO 50

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, E7 to E7V AAV.304

<400> SEQUENCE: 50

tctgactcect gtcgagaagt ctgcagtcac tgctctatgg gggaaa 46
<210> SEQ ID NO 51

<211> LENGTH: 2200

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus RHA (used for

E7 to E7V AAV.304)

<400> SEQUENCE: 51

gtgaacgtgg atgaagttgg tggtgaggcce ctgggcaggt tggtatcaag gttacaagac 60
aggtttaagg agaccaatag aaactgggca tgtggagaca gagaagactc ttgggtttet 120
gataggcact gactctcectet gectattggt ctattttcee acccttagge tgetggtggt 180
ctaccettgg acccagaggt tetttgagte ctttggggat ctgtccacte ctgatgetgt 240
tatgggcaac cctaaggtga aggctcatgg caagaaagtg cteggtgect ttagtgatgg 300
cctggetcac ctggacaacce tcaagggeac ctttgecaca ctgagtgage tgcactgtga 360

caagctgcac gtggatcctg agaacttcag ggtgagtcta tgggacgett gatgttttet 420
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tteccecttet tttetatggt taagttcatg tcataggaag gggataagta acagggtaca 480
gtttagaatyg ggaaacagac gaatgattgc atcagtgtgg aagtctcagg atcgttttag 540
tttcttttat ttgctgttca taacaattgt tttcttttgt ttaattcttg ctttettttt 600
ttttcttete cgcaattttt actattatac ttaatgectt aacattgtgt ataacaaaag 660
gaaatatctce tgagatacat taagtaactt aaaaaaaaac tttacacagt ctgcctagta 720
cattactatt tggaatatat gtgtgcttat ttgcatattc ataatctcce tactttattt 780
tcttttattt ttaattgata cataatcatt atacatattt atgggttaaa gtgtaatgtt 840
ttaatatgtg tacacatatt gaccaaatca gggtaatttt gcatttgtaa ttttaaaaaa 900
tgctttette ttttaatata cttttttgtt tatcttattt ctaatacttt ccctaatctce 960

tttctttcag ggcaataatg atacaatgta tcatgcctcet ttgcaccatt ctaaagaata 1020
acagtgataa tttctgggtt aaggcaatag caatatctct gcatataaat atttctgcat 1080
ataaattgta actgatgtaa gaggtttcat attgctaata gcagctacaa tccagctacc 1140
attctgettt tattttatgg ttgggataag gctggattat tctgagtcca agctaggcecce 1200
ttttgctaat catgttcata cctcttatct tcctecccaca getcectggge aacgtgetgg 1260
tctgtgtget ggcccatcac tttggcaaag aattcacccce accagtgcag gcectgectatce 1320
agaaagtggt ggctggtgtg gctaatgcce tggcccacaa gtatcactaa gctcegcettte 1380
ttgctgtcca atttctatta aaggttecctt tgttccctaa gtccaactac taaactgggg 1440
gatattatga agggccttga gcatctggat tctgcctaat aaaaaacatt tattttcatt 1500
gcaatgatgt atttaaatta tttctgaata ttttactaaa aagggaatgt gggaggtcag 1560
tgcatttaaa acataaagaa atgaagagct agttcaaacc ttgggaaaat acactatatc 1620
ttaaactcca tgaaagaagg tgaggctgca aacagctaat gcacattggce aacagcccct 1680
gatgcatatg ccttattcat ccctcagaaa aggattcaag tagaggcttg atttggaggt 1740
taaagttttg ctatgctgta ttttacatta cttattgttt tagctgtcct catgaatgtce 1800
ttttcactac ccatttgctt atcctgcatc tctcagectt gactccacte agttctettg 1860
cttagagata ccacctttecc cctgaagtgt tccttcecatg ttttacggeg agatggttte 1920
tcetegectyg gecactcage cttagttgte tetgttgtet tatagaggtce tacttgaaga 1980
aggaaaaaca ggggtcatgg tttgactgtc ctgtgagccc ttcttceccctg cctecceccac 2040
tcacagtgac ccggaatctg cagtgctagt ctcccggaac tatcactctt tcacagtcectg 2100
ctttggaagg actgggctta gtatgaaaag ttaggactga gaagaatttg aaaggcggct 2160
ttttgtaget tgatattcac tactgtctta ttaccctgte 2200
<210> SEQ ID NO 52
<211> LENGTH: 2189
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus LHA (used for
E7 to E7V AAV.307)
<400> SEQUENCE: 52
cttgctttga caattttggt ctttcagaat actataaata taacctatat tataatttca 60

taaagtctgt gcattttett tgacccagga tatttgcaaa agacatattce aaacttccge 120

agaacacttt atttcacata tacatgccte ttatatcagg gatgtgaaac agggtcttga 180
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aaactgtcta aatctaaaac aatgctaatg caggtttaaa tttaataaaa taaaatccaa 240
aatctaacag ccaagtcaaa tctgcatgtt ttaacattta aaatatttta aagacgtctt 300
ttcccaggat tcaacatgtg aaatctttte tcagggatac acgtgtgect agatcctcat 360
tgctttagtt ttttacagag gaatgaatat aaaaagaaaa tacttaaatt ttatccctct 420
tacctctata atcatacata ggcataattt tttaacctag gctccagata gccatagaag 480
aaccaaacac tttctgegtg tgtgagaata atcagagtga gattttttca caagtacctg 540
atgagggttyg agacaggtag aaaaagtgag agatctctat ttatttagca ataatagaga 600
aagcatttaa gagaataaag caatggaaat aagaaatttyg taaatttcct tctgataact 660
agaaatagag gatccagttt cttttggtta acctaaattt tatttcattt tattgtttta 720
ttttatttta ttttatttta ttttgtgtaa tcgtagtttc agagtgttag agctgaaagg 780
aagaagtagg agaaacatgc aaagtaaaag tataacactt tccttactaa accgacatgg 840
gtttccaggt aggggcagga ttcaggatga ctgacagggce ccttagggaa cactgagacce 900
ctacgctgac ctcataaatg cttgctacct ttgctgtttt aattacatct tttaatagca 960

ggaagcagaa ctctgcactt caaaagtttt tcctcacctg aggagttaat ttagtacaag 1020
gggaaaaagt acagggggat gggagaaagg cgatcacgtt gggaagctat agagaaagaa 1080
gagtaaattt tagtaaagga ggtttaaaca aacaaaatat aaagagaaat aggaacttga 1140
atcaaggaaa tgattttaaa acgcagtatt cttagtggac tagaggaaaa aaataatctg 1200
agccaagtag aagacctttt cccctectac ccctacttte taagtcacag aggctttttg 1260
ttccececcaga cactcecttgca gattagtcca ggcagaaaca gttagatgtce cccagttaac 1320
ctecctatttg acaccactga ttaccccatt gatagtcaca ctttgggttg taagtgactt 1380
tttatttatt tgtatttttg actgcattaa gaggtctcta gttttttatc tettgtttce 1440
caaaacctaa taagtaacta atgcacagag cacattgatt tgtatttatt ctatttttag 1500
acataattta ttagcatgca tgagcaaatt aagaaaaaca acaacaaatg aatgcatata 1560
tatgtatatg tatgtgtgta tatatacaca catatatata tatatttttt cttttcttac 1620
cagaaggttt taatccaaat aaggagaaga tatgcttaga accgaggtag agttttcatc 1680
cattctgtce tgtaagtatt ttgcatattc tggagacgca ggaagagatc catctacata 1740
tceccaaaget gaattatggt agacaaaact cttceccacttt tagtgcatca acttcttatt 1800
tgtgtaataa gaaaattggg aaaacgatct tcaatatgct taccaagctg tgattccaaa 1860
tattacgtaa atacacttgc aaaggaggat gtttttagta gcaatttgta ctgatggtat 1920
ggggccaaga gatatatctt agagggaggg ctgagggttt gaagtccaac tcctaagceca 1980
gtgccagaag agccaaggac aggtacggct gtcatcactt agacctcacc ctgtggagec 2040
acaccctagg gttggecaat ctactcccag gagcagggag ggcaggagece agggetggge 2100
ataaaagtca gggcagagcc atctattgct tacatttgect tctgacacaa ctgtgttcac 2160

tagcaacctc aaacagacac catggtgca 2189

<210> SEQ ID NO 53

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, E7 to E7V AAV.307
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<400> SEQUENCE: 53

tctgactect gtegaaaaat ccgetgtcac cgecctetgg ggcaag

<210> SEQ ID NO 54
<211> LENGTH: 2200

<212> TYPE:

DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION:

E7 to E7V AAV.307)

<400> SEQUENCE: 54

gtgaacgtgg

aggtttaagg

gataggcact

ctaccettygg

tatgggcaac

cctggeteac

caagctgcac

ttcececttet

gtttagaatg

tttcttttat

ttttcttecte

gaaatatctce

cattactatt

tcttttattt

ttaatatgtg

tgctttette

tttctttecag

acagtgataa

ataaattgta

attctgettt

ttttgctaat

tetgtgtget

agaaagtggt

ttgctgteca

gatattatga

gcaatgatgt

tgcatttaaa

ttaaactcca

gatgcatatg

taaagttttyg

atgaagttgg

agaccaatag

gactctctet

acccagaggt

cctaaggtga

ctggacaacc

gtggatcctyg

tttctatggt

ggaaacagac

ttgctgtteca

cgcaattttt

tgagatacat

tggaatatat

ttaattgata

tacacatatt

ttttaatata

ggcaataatg

tttctgggtt

actgatgtaa

tattttatgg

catgttcata

ggcccatcac

ggctggtgtyg

atttctatta

agggccttga

atttaaatta

acataaagaa

tgaaagaagg

ccttattcat

ctatgetgta

tggtgaggcc

aaactgggca

gectattggt

tctttgagte

aggctcatgg

tcaagggcac

agaacttcag

taagttcatg

gaatgattge

taacaattgt

actattatac

taagtaactt

gtgtgettat

cataatcatt

gaccaaatca

cttttttgtt

atacaatgta

aaggcaatag

gaggtttcat

ttgggataag

cctcettatcet

tttggcaaag

gctaatgece

aaggttcectt

gecatctggat

tttctgaata

atgaagagct

tgaggctgea

ccctcagaaa

ttttacatta

ctgggcaggt

tgtggagaca

ctattttcce

ctttggggat

caagaaagtg

ctttgecaca

ggtgagtcta

tcataggaag

atcagtgtgg

tttecttttgt

ttaatgectt

aaaaaaaaac

ttgcatattc

atacatattt

gggtaatttt

tatcttattt

tcatgectet

caatatctct

attgctaata

getggattat

tccteccaca

aattcacccce

tggcccacaa

tgttcectaa

tctgectaat

ttttactaaa

agttcaaacc

aacagctaat

aggattcaag

cttattgttt

tggtatcaag

gagaagactc

acccttagge

ctgtccacte

cteggtgect

ctgagtgage

tgggacgett

gggataagta

aagtctcagyg

ttaattcttg

aacattgtgt

tttacacagt

ataatctcce

atgggttaaa

gcatttgtaa

ctaatacttt

ttgcaccatt

gcatataaat

gcagctacaa

tctgagteca

getectggge

accagtgcag

gtatcactaa

gtccaactac

aaaaaacatt

aagggaatgt

ttgggaaaat

gcacattgge

tagaggcttyg

tagctgtect

gttacaagac

ttgggtttet

tgctggtggt

ctgatgetgt

ttagtgatgg

tgcactgtga

gatgttttet

acagggtaca

atcgttttag

ctttettttt

ataacaaaag

ctgectagta

tactttattt

gtgtaatgtt

ttttaaaaaa

ccctaatcte

ctaaagaata

atttctgeat

tccagcetace

agctaggece

aacgtgctygyg

getgectate

getegettte

taaactgggyg

tattttcatt

gggaggtcag

acactatatc

aacagccect

atttggaggt

catgaatgtce

46

Synthetic: Donor DNA, HBB locus RHA (used for

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800
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ttttcactac ccatttgctt atcctgcatc tctcagectt gactccacte agttctettg 1860
cttagagata ccacctttecc cctgaagtgt tccttcecatg ttttacggeg agatggttte 1920
tcetegectyg gecactcage cttagttgte tetgttgtet tatagaggtce tacttgaaga 1980
aggaaaaaca ggggtcatgg tttgactgtc ctgtgagccc ttcttceccctg cctecceccac 2040
tcacagtgac ccggaatctg cagtgctagt ctcccggaac tatcactctt tcacagtcectg 2100
ctttggaagg actgggctta gtatgaaaag ttaggactga gaagaatttg aaaggcggct 2160
ttttgtaget tgatattcac tactgtctta ttaccctgte 2200
<210> SEQ ID NO 55

<211> LENGTH: 803

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus LHA (used for

GFP AAV)

<400> SEQUENCE: 55

gactgcatta agaggtctct agttttttac ctecttgtttce ccaaaaccta ataagtaact 60
aatgcacaga gcacattgat ttgtatttat tctattttta gacataattt attagcatgc 120
atgagcaaat taagaaaaac aacaacaaat gaatgcatat atatgtatat gtatgtgtgt 180
acatatacac atatatatat attttttttc ttttcttacc agaaggtttt aatccaaata 240
aggagaagat atgcttagaa ctgaggtaga gttttcatce attctgtcect gtaagtattt 300
tgcatattct ggagacgcag gaagagatcce atctacatat cccaaagetyg aattatggta 360
gacaaaactc ttccactttt agtgcatcaa tttcttattt gtgtaataag aaaattggga 420
aaacgatctt caatatgctt accaagetgt gattccaaat attacgtaaa tacacttgca 480
aaggaggatg tttttagtag caatttgtac tgatggtatg gggccaagag atatatctta 540
gagggagggce tgagggtttg aagtccaact cctaagecag tgccagaaga gccaaggaca 600
ggtacggetyg tcatcactta gacctcacce tgtggagcca caccctaggg ttggccaatce 660
tactcccagg agcagggagg gcaggagceca gggcetgggea taaaagtcag ggcagagcca 720
tctattgett acatttgett ctgacacaac tgtgttcact agcaacctca aacagacacce 780
atggtgcatc tgactcctga gga 803

<210> SEQ ID NO 56

<211> LENGTH: 720

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, GFP

<400> SEQUENCE: 56

atggtgagca agggcgagga gctgttcace ggggtggtge ccatcetggt cgagetggac 60
ggcgacgtaa acggccacaa dgttcagegtyg tceggcegagg gcegagggcega tgecacctac 120
ggcaagctga ccctgaagtt catctgcacce accggcaage tgeccgtgeco ctggeccace 180
ctegtgacca ccctgaccta cggegtgeag tgettcagec getacccega ccacatgaag 240
cagcacgact tcttcaagte cgecatgece gaaggctacg tccaggageg caccatctte 300
ttcaaggacg acggcaacta caagaccege gecgaggtga agttcgaggg cgacaccctg 360

gtgaaccgca tcgagctgaa gggcatcgac ttcaaggagg acggcaacat cctggggeac 420
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aagctggagt acaactacaa cagccacaac gtctatatca tggccgacaa gcagaagaac 480
ggcatcaagg tgaacttcaa gatccgccac aacatcgagg acggcagegt gcagctcgec 540
gaccactacc agcagaacac ccccatcgge gacggccccg tgetgectgec cgacaaccac 600
tacctgagca cccagtccge cctgagcaaa gaccccaacg agaagcgcga tcacatggtce 660
ctgctggagt tcegtgaccge cgccgggatc actcteggeca tggacgagcet gtacaagtaa 720

<210> SEQ ID NO 57

<211> LENGTH: 920

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus RHA (used for
GFP AAV)

<400> SEQUENCE: 57

ctgcectgtyg gggcaaggtyg aacgtggatg aagttggtgyg tgaggccctyg ggcaggttgg 60
tatcaaggtt acaagacagg tttaaggaga ccaatagaaa ctgggcatgt ggagacagag 120
aagactcttg ggtttectgat aggcactgac tcetetetgece tattggtceta tttteccace 180
cttaggcetge tggtggtcecta cecttggacce cagaggttet ttgagtccett tggggatctg 240
tccactcectyg atgetgttat gggcaaccct aaggtgaagyg ctcatggcaa gaaagtgcte 300
ggtgccttta gtgatggect ggctcacctg gacaacctca agggcacctt tgccacactg 360
agtgagctge actgtgacaa gctgcacgtg gatcctgaga acttcagggt gagtctatgg 420
gacgcttgat gttttcttte ccecttetttt ctatggttaa gttcatgtca taggaagggyg 480
ataagtaaca gggtacagtt tagaatggga aacagacgaa tgattgcatc agtgtggaag 540
tctcaggatc gttttagttt cttttatttg ctgttcataa caattgtttt cttttgttta 600
attcttgett tetttttttt tettctecge aatttttact attatactta atgcecttaac 660
attgtgtata acaaaaggaa atatctctga gatacattaa gtaacttaaa aaaaaacttt 720
acacagtctg cctagtacat tactatttgg aatatatgtg tgcttatttg catattcata 780
atctcectac tttattttet tttattttta attgatacat aatcattata catatttatg 840
ggttaaagtyg taatgtttta atatgtgtac acatattgac caaatcaggg taattttgca 900
tttgtaattt taaaaaatgc 920

<210> SEQ ID NO 58

<211> LENGTH: 451

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: MND promoter

<400> SEQUENCE: 58

ggccgecagt gtgatggata tctgcagaat tcgeccttat ggggatccga acagagagac 60
agcagaatat gggccaaaca ggatatctgt ggtaagecagt tectgececg getcagggece 120
aagaacagtt ggaacagcag aatatgggcce aaacaggata tctgtggtaa gcagttcctg 180
cceceggetea gggccaagaa cagatggtee ccagatgegg tecegeccte agecagtttet 240
agagaaccat cagatgttte cagggtgece caaggacctg aaatgaccect gtgecttatt 300

tgaactaacc aatcagttecg cttetegett ctgttegege gettetgete cccgagetcet 360
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atataagcag agctcgttta gtgaaccgte agatcgectyg gagacgccat ccacgetgtt 420
ttgacctcca tagaagacac cgactctaga g 451
<210> SEQ ID NO 59

<211> LENGTH: 1178

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: EF1 alpha promoter

<400> SEQUENCE: 59

ggctceggty ccegtcagtyg ggcagagege acatcgecca cagtccccega gaagttgggg 60

ggaggggtcg gcaattgaac cggtgcectag agaaggtgge geggggtaaa ctgggaaagt 120

gatgtcegtgt actggctceg cctttttece gagggtgggyg gagaaccgta tataagtgea 180
gtagtcgeeyg tgaacgttet ttttegcaac gggtttgceceyg ccagaacaca ggtaagtgec 240
gtgtgtggtt ccecgegggee tggectettt acgggttatg geccttgegt gecttgaatt 300
acttccactg gctgcagtac gtgattecttg atcccgaget tegggttgga agtgggtggg 360
agagttcgag gccttgeget taaggagecce cttegecteg tgettgagtt gaggectgge 420
ctgggegetyg gggecgecge gtgcgaatcet ggtggcacct tegegectgt ctegetgett 480
tcgataagtc tctagccatt taaaattttt gatgacctgce tgcgacgctt tttttetggce 540
aagatagtct tgtaaatgcg ggccaagatc tgcacactgg tatttceggtt tttggggccyg 600

cgggeggega cggggeccgt gegteccage geacatgtte ggegaggegyg ggcectgegag 660

cgeggecace gagaatcgga cgggggtagt ctcaagetgg ceggectget ctggtgectg 720
gectegegee geegtgtate gecccgecct gggeggcaag getggecegyg teggeaccag 780
ttgcegtgage ggaaagatgg ccgctteeeg gecctgetge agggagetca aaatggagga 840
cgeggegete gggagagegg goegggtgagt cacccacaca aaggaaaagg gecttteegt 900
cctecageegt cgettecatgt gactccacgg agtaccggge gecgtecagg cacctcegatt 960

agttctcgag cttttggagt acgtcgtctt taggttgggg ggaggggttt tatgcgatgg 1020
agtttcceccca cactgagtgg gtggagactg aagttaggcc agcttggcac ttgatgtaat 1080
tctecttgga atttgccectt tttgagtttg gatcttggtt cattctcaag cctcagacag 1140
tggttcaaag tttttttectt ccatttcagg tgtcgtga 1178
<210> SEQ ID NO 60

<211> LENGTH: 402

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: SFFV promoter

<400> SEQUENCE: 60

gtaacgccat tttgcaaggc atggaaaaat accaaaccaa gaatagagaa gttcagatca 60
agggcgggta catgaaaata gctaacgttg ggccaaacag gatatctgeg gtgagcagtt 120
tcggeccegyg cceggggeca agaacagatg gtcaccgeag ttteggecce ggeccgagge 180
caagaacaga tggtccccag atatggecca accctcagea gtttcttaag acccatcaga 240
tgtttccagg cteccccaag gacctgaaat gaccctgege cttatttgaa ttaaccaatce 300

agcctgette tegettetgt tegegegett ctgetteceg agetctataa aagagctcac 360
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aacccctcac tecggecgcegece agtcecctceccga cagactgagt cg 402

<210> SEQ ID NO 61

<211> LENGTH: 57

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: 2A peptide from porcine teschovirus

<400> SEQUENCE: 61

gccacgaact tctctctgtt aaagcaagca ggagacgtgg aagaaaaccce cggtect 57

<210> SEQ ID NO 62

<211> LENGTH: 49

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Synthetic poly(A) signal

<400> SEQUENCE: 62

aataaaatcg ctatccatcg aagatggatg tgtgttggtt ttttgtgtg 49

<210> SEQ ID NO 63

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Canonical PAM

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(21)

<223> OTHER INFORMATION: n is any nucleotide and repeats 19 times and
up to 21 times

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (22)..(22)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 63

nNNNNNNNNN NNNNNNNNNNn nnrg 24

<210> SEQ ID NO 64

<211> LENGTH: 3

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: SpCas9 PAM
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 64

nrg 3

<210> SEQ ID NO 65

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: SV40 NLS 1

<400> SEQUENCE: 65

Pro Lys Lys Lys Arg Lys Val
1 5
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<210> SEQ ID NO 66

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: SV40 NLS 2

<400> SEQUENCE: 66

Pro Lys Lys Lys Arg Arg Val
1 5

<210> SEQ ID NO 67

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Nucleoplasmin NLS

<400> SEQUENCE: 67
Lys Arg Pro Ala Ala Thr Lys Lys Ala Gly Gln Ala Lys Lys Lys Lys

1 5 10 15

<210> SEQ ID NO 68

<211> LENGTH: 225

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: 153 (DNA)

<400> SEQUENCE: 68

atgctgatct tcgtgaagac cctgaccgge aagaccatca cectggaggt ggageccage
gacaccatcg agaacgtgaa ggccaagatc caggacaagg agggcatccce ccecgaccag
cagaggctgg ccttegecgg caagagectyg gaggacggea ggacccetgag cgactacaac
atcctgaagg acagcaagcet geacccectg ctgaggetga ggtga

<210> SEQ ID NO 69

<211> LENGTH: 225

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: I53 mRNA

<400> SEQUENCE: 69

augcugaucu ucgugaagac ccugaccgge aagaccauca ccecuggaggu ggagceccage
gacaccaucg agaacgugaa ggccaagauc caggacaagg agggcauccce ccccgaccag
cagaggcugg ccuucgecgg caagagecug gaggacggea ggacccugag cgacuacaac
auccugaagg acagcaagcu gcacccccug cugaggeuga gguga

<210> SEQ ID NO 70

<211> LENGTH: 74

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: i53 (aa)

<400> SEQUENCE: 70

Met Leu Ile Phe Val Lys Thr Leu Thr Gly Lys Thr Ile Thr Leu Glu
1 5 10 15

Val Glu Pro Ser Asp Thr Ile Glu Asn Val Lys Ala Lys Ile Gln Asp

60

120

180

225

60

120

180

225



US 2021/0008161 Al

105

-continued

Jan. 14, 2021

20 25

Lys Glu Gly Ile Pro Pro Asp Gln Gln Arg Leu
35 40

Ser Leu Glu Asp Gly Arg Thr Leu Ser Asp Tyr
50 55

Ser Lys Leu His Pro Leu Leu Arg Leu Arg
65 70

<210> SEQ ID NO 71

<211> LENGTH: 222

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: I53-DM

<400> SEQUENCE: 71

auguugauuu ucgugaaaac ccuuaccggg aaaaccauca
gauacgauag aaaauguaaa ggccaagauc caggauaagg
cagagacugg ccuuugcugg caaaucgcug gaagauggac
auucuaaagg acucuaaacu ucaucuagug uugagacuuc
<210> SEQ ID NO 72

<211> LENGTH: 228

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

30

Ala Phe Ala Gly Lys
45

Asn Ile Leu Lys Asp
60

(RNA)

cccucgaggu ugaacccucg
aaggaauucc uccugaucag
guacuuuguc ugacuacaau

gu

<223> OTHER INFORMATION: Synthetic: A10 (DNA)

<400> SEQUENCE: 72

atgcagattt acgtgaagac ctttgccegg aagcccatca
gatacgatag aaaatgtaaa ggccaagatc caggataagg
cagcgactga tctttgetga aatgeggetyg gaagatggac
attaaaaacyg actctactct ttttettgtg ttgaaaaata
<210> SEQ ID NO 73

<211> LENGTH: 228

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

ccctegaggt tgaacccteg

aaggaattcce tcctgatcag

gtactttgte tgactacaat

gtgttact

<223> OTHER INFORMATION: Synthetic: A10 (RNA)

<400> SEQUENCE: 73

augcagauuu acgugaagac cuuugcccegg aagcccauca
gauacgauag aaaauguaaa ggccaagauc caggauaagg
cagcgacuga ucuuugcuga aaugcggeug gaagauggac

auuvaaaaacg acucuacucu uuuucuugug uugaaaaaua

<210> SEQ ID NO 74

<211> LENGTH: 76

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

cccucgaggu ugaacccucg

aaggaauucc uccugaucag

Juacuuuguc ugacuacaau

guguuacu

<223> OTHER INFORMATION: Synthetic: Al0 (aa)

<400> SEQUENCE: 74

Met Gln Ile Tyr Val Lys Thr Phe Ala Arg Lys

Pro Ile Thr Leu Glu

60

120

180

222

60

120

180

228

60

120

180

228
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1 5 10 15
Val Glu Pro Ser Asp Thr Ile Glu Asn Val Lys Ala Lys Ile Gln Asp
20 25 30
Lys Glu Gly Ile Pro Pro Asp Gln Gln Arg Leu Ile Phe Ala Glu Met
35 40 45

Arg Leu Glu Asp Gly Arg Thr Leu Ser Asp Tyr Asn Ile Lys Asn Asp
50 55 60

Ser Thr Leu Phe Leu Val Leu Lys Asn Ser Val Thr

65 70 75

<210> SEQ ID NO 75

<211> LENGTH: 228

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: All (DNA)

<400> SEQUENCE: 75

atgctgattt tcgtgaccac cgatatgggg atgacaatct cactcgaggt tgaacccteg
gatacgatag aaaatgtaaa ggccaagatc caggataagg aaggaattcc tcctgatcag
cagagactga tctttggtga caaggatctg gaagatggac gtactttgte tgactacaat
attcaaaagg agtctagect taatcttgtg ctgaaacttce gtggtggt

<210> SEQ ID NO 76

<211> LENGTH: 228

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: All (RNA)

<400> SEQUENCE: 76

augcugauuu ucgugaccac

gauacgauag aaaauguaaa

cagagacuga ucuuugguga

auucaaaagyg agucuagccu

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 77
LENGTH: 76
TYPE :
ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:

PRT

<400> SEQUENCE: 77

Met

1

Val

Lys

Asp

Ser
65

Leu

Glu

Glu

Leu

50

Ser

Ile

Pro

Phe Val Thr

Ser Asp Thr
20

Gly Ile Pro Pro

35

Glu Asp Gly Arg

Leu Asn Leu Val

70

cgauaugggyg

ggccaagauc

caaggaucug

uaaucuugug

augacaaucu cacucgaggu ugaacccucg

caggauaagg aaggaauucc uccugaucag

gaagauggac guacuuuguc ugacuacaau

cugaaacuuc gugguggu

Synthetic: All (aa)

Thr

Ile

Asp

Thr

55

Leu

Asp

Glu

Gln

40

Leu

Lys

Met Gly Met Thr Ile Ser Leu Glu
10 15

Asn Val Lys Ala Lys Ile Gln Asp
25 30

Gln Arg Leu Ile Phe Gly Asp Lys
45

Ser Asp Tyr Asn Ile Gln Lys Glu
60

Leu Arg Gly Gly
75

60

120

180

228

60

120

180

228
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<210> SEQ ID NO 78

<211> LENGTH: 228

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: C08 (DNA)

<400> SEQUENCE: 78

atgcagattt tcgtgaccac cgatatgtgg atgagaatct cactcgaggt tgaacccteg

gatacgatag aaaatgtaaa ggccaagatc caggataagg aaggaattcc tcctgatcag

cagagactga tctttggtga caaggatctg gaagatggac gtactttgte tgactacaat

attcaaaagg agtctagect taatcttgtg ctgaacctte gtggtggt

<210> SEQ ID NO 79

<211> LENGTH: 228

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: C08 (RNA)

<400> SEQUENCE: 79

augcagauuu ucgugaccac cgauaugugg augagaaucu cacucgaggu ugaacccucg

gauacgauag aaaauguaaa ggccaagauc caggauaagg aaggaauucc uccugaucag

cagagacuga ucuuugguga caaggaucug gaagauggac guacuuuguc ugacuacaau

auucaaaagg agucuagccu uaaucuugug cugaaccuuc gugguggu

<210> SEQ ID NO 80

<211> LENGTH: 76

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: C08 (aa)

<400> SEQUENCE: 80

Met

1

Val

Lys

Asp

Ser
65

Gln Ile Phe Val Thr Thr Asp Met Trp Met Arg Ile
5 10

Glu Pro Ser Asp Thr Ile Glu Asn Val Lys Ala Lys
20 25

Glu Gly Ile Pro Pro Asp Gln Gln Arg Leu Ile Phe
35 40 45

Leu Glu Asp Gly Arg Thr Leu Ser Asp Tyr Asn Ile
50 55 60

Ser Leu Asn Leu Val Leu Asn Leu Arg Gly Gly
70 75

<210> SEQ ID NO 81

<211> LENGTH: 228

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: GO8 (DNA)

<400> SEQUENCE: 81

Ser
Ile
30

Gly

Gln

Leu Glu

Gln Asp

Asp Lys

Lys Glu

atgttgattt tcgtgaaaac ccttaccggg aaaaccatca cectcgaggt tgaacccteg

gatacgatag aaaatgtaaa ggccaagatc caggataagg aaggaattcc tcctgatcag

cagagactga tctttgetgg caaatcgetyg gaagatggac gtactttgte tgactacaat

60

120

180

228

60

120

180

228

60

120

180
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attctaaagg actctaaact tcatcctetg ttgagactte gtggtggt

<210> SEQ ID NO 82
<211> LENGTH: 228
<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 82

auguugauuu ucgugaaaac ccuuaccggg

gauacgauag aaaauguaaa ggccaagauc

cagagacuga ucuuugcugg caaaucgcug

auucuaaagg acucuaaacu ucauccucug

<210> SEQ ID NO 83
<211> LENGTH: 76
<212> TYPE: PRT

Synthetic: GOS8

(RNA)

aaaaccauca cccucgaggu ugaacccucg

caggauaagg aaggaauucc uccugaucag

gaagauggac guacuuuguc ugacuacaau

uugagacuuc gugguggu

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 83

Met Leu Ile Phe Val Lys
1 5

Val Glu Pro Ser Asp Thr
20

Lys Glu Gly Ile Pro Pro
35

Ser Leu Glu Asp Gly Arg
50

Ser Lys Leu His Pro Leu
65 70

<210> SEQ ID NO 84
<211> LENGTH: 228
<212> TYPE: DNA

Synthetic:

Thr

Ile

Asp

Thr

55

Leu

Leu

Glu

Gln

40

Leu

Arg

Thr

Asn

25

Gln

Ser

Leu

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 84

Go8

Gly

10

Val

Arg

Asp

Arg

Synthetic: HO4

Lys Thr Ile Thr Leu Glu
15

Lys Ala Lys Ile Gln Asp
Leu Ile Phe Ala Gly Lys
45

Tyr Asn Ile Leu Lys Asp
60

Gly Gly
75

(DNA)

atgcgaatta tcgtgaaaac ctttatgegg aagccgatca cgctcgaggt tgaacccteg

gatacgatag aaaatgtaaa ggccaagatc caggataagg aaggaattcc tcctgatcag

cagagactgt attttgegge cagtcagetg gaagatggac gtactttgte tgactacaat

attcaaaagg agtctactct tcttettgtg gtaaggetge tcecegegtt

<210> SEQ ID NO 85
<211> LENGTH: 228
<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION

<400> SEQUENCE: 85

Synthetic: HO4

(RNA)

augcgaauua ucgugaaaac cuuuaugegg aagccgauca cgcucgaggu ugaacccucg

gauacgauag aaaauguaaa ggccaagauc caggauaagg aaggaauucc uccugaucag

228

60

120

180

228

60

120

180

228

60

120
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cagagacugu auuuugcgge cagucageug gaagauggac guacuuuguc ugacuacaau

auucaaaagg agucuacucu ucuucuugug guaaggcuge uccgeguu

<210> SEQ ID NO 86
<211> LENGTH: 76
<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION:

<400> SEQUENCE: 86

Met Arg Ile Ile Val Lys
1 5

Val Glu Pro Ser Asp Thr
20

Lys Glu Gly Ile Pro Pro

Gln Leu Glu Asp Gly Arg
50

Ser Thr Leu Leu Leu Val

65 70

<210> SEQ ID NO 87
<211> LENGTH: 222
<212> TYPE: DNA

Synthetic:

Thr

Ile

Asp

Thr

55

Val

Phe

Glu

Gln

40

Leu

Arg

Met

Asn

25

Gln

Ser

Leu

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION:

<400> SEQUENCE: 87

atgttgattt tcgtgaaaac ccttaccggg
gatacgatag aaaatgtaaa ggccaagatc
cagagactgg cctttgetgg caaatcgetg

attctaaagg actctaaact tcatecctetg

<210> SEQ ID NO 88
<211> LENGTH: 222
<212> TYPE: RNA

Synthetic:

H04 (aa)

Arg Lys Pro Ile Thr Leu Glu
10 15

Val Lys Ala Lys Ile Gln Asp
30

Arg Leu Tyr Phe Ala Ala Ser
45

Asp Tyr Asn Ile Gln Lys Glu
60

Leu Arg Val
75

153 alt (DNA&)

aaaaccatca ccctegaggt tgaacccteg

caggataagg aaggaattcc tcctgatcag

gaagatggac gtactttgtc tgactacaat

ttgagacttc gt

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION:

<400> SEQUENCE: 88

auguugauuu ucgugaaaac ccuuaccggg

gauacgauag aaaauguaaa ggccaagauc

cagagacugg ccuuugcugg caaaucgcug

auucuaaagg acucuaaacu ucauccucug

<210> SEQ ID NO 89
<211> LENGTH: 291
<212> TYPE: DNA

Synthetic:

153 alt (RNA)

aaaaccauca cccucgaggu ugaacccucg

caggauaagg aaggaauucc uccugaucag

gaagauggac guacuuuguc ugacuacaau

uugagacuuc gu

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION:

<400> SEQUENCE: 89

Synthetic:

FLAG-tagged i53 DNA

180

228

60

120

180

222

60

120

180

222
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atggactaca aagacgatga cgataaagcc gecagtttaa acggcgcegece attaattaag 60
gatccaatgt tgattttcgt gaaaaccctt accgggaaaa ccatcaccct cgaggttgaa 120
cecteggata cgatagaaaa tgtaaaggcec aagatccagyg ataaggaagyg aattcctcect 180
gatcagcaga gactggcctt tgctggcaaa tcgctggaag atggacgtac tttgtctgac 240
tacaatattc taaaggactc taaacttcat cctctgttga gacttcgttg a 291

<210> SEQ ID NO 90

<211> LENGTH: 291

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: FLAG-tagged 153 RNA

<400> SEQUENCE: 90

auggacuaca aagacgauga cgauaaagcce gccaguuuaa acggcegegece auuaauuaag 60
gauccaaugu ugauuuucgu gaaaacccuu accgggaaaa ccaucacccu cgagguugaa 120
cccucggaua cgauagaaaa uguaaaggcece aagauccagg auaaggaagg aauuccuccu 180
gaucagcaga gacuggccuu ugcuggcaaa ucgcuggaag auggacguac uuugucugac 240
uacaauauuc uaaaggacuc uaaacuucau ccucuguuga gacuucguug a 291

<210> SEQ ID NO 91

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Linker (DNA)

<400> SEQUENCE: 91

gecgecagtt taaacggcege gecattaatt aaggatcca 39

<210> SEQ ID NO 92

<211> LENGTH: 39

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Linker (RNA)

<400> SEQUENCE: 92

gecgecaguu uaaacggcege gccauuaauu aaggaucca 39

<210> SEQ ID NO 93

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Linker

<400> SEQUENCE: 93

Ala Ala Ser Leu Asn Gly Ala Pro Leu Ile Lys Asp Pro
1 5 10

<210> SEQ ID NO 94

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Protein tag, 6éxHis

<400> SEQUENCE: 94
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His His His His His His
1 5

<210> SEQ ID NO 95

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Protein tag, Flag

<400> SEQUENCE: 95

Met Asp Tyr Lys Asp Asp Asp Asp Lys
1 5

<210> SEQ ID NO 96

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Protein tag, FLAG

<400> SEQUENCE: 96

gactacaaag acgatgacga taaa

<210> SEQ ID NO 97

<211> LENGTH: 24

<212> TYPE: RNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Protein tag, FLAG

<400> SEQUENCE: 97

gacuacaaag acgaugacga uaaa

<210> SEQ ID NO 98

<211> LENGTH: 4435

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus LHA to RHA

(uged for E6V to E6, AAV.323)

<400> SEQUENCE: 98

cttgctttga caattttggt ctttcagaat actataaata taacctatat
taaagtctgt gcattttett tgacccagga tatttgcaaa agacatattce
agaacacttt atttcacata tacatgectce ttatatcagyg gatgtgaaac
aaactgtcta aatctaaaac aatgctaatyg caggtttaaa tttaataaaa
aatctaacag ccaagtcaaa tctgcatgtt ttaacattta aaatatttta
ttecccaggat tcaacatgtg aaatctttte tcagggatac acgtgtgect
tgetttagtt ttttacagag gaatgaatat aaaaagaaaa tacttaaatt
tacctctata atcatacata ggcataattt tttaacctag gctccagata
aaccaaacac tttetgegtg tgtgagaata atcagagtga gattttttea
atgagggttyg agacaggtag aaaaagtgag agatctctat ttatttagea
aagcatttaa gagaataaag caatggaaat aagaaatttyg taaatttecet

agaaatagag gatccagttt cttttggtta acctaaattt tatttcattt

(DNA)

(RNA)

tataatttca

aaacttcege

agggtcttga

taaaatccaa

aagacgtett

agatcctcat

ttatccctcet

gccatagaag

caagtacctyg

ataatagaga

tctgataact

tattgtttta

24

24

60

120

180

240

300

360

420

480

540

600

660

720
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ttttatttta ttttatttta ttttgtgtaa tcgtagtttc agagtgttag agctgaaagg 780
aagaagtagg agaaacatgc aaagtaaaag tataacactt tccttactaa accgacatgg 840
gtttccaggt aggggcagga ttcaggatga ctgacagggce ccttagggaa cactgagacce 900
ctacgctgac ctcataaatg cttgctacct ttgctgtttt aattacatct tttaatagca 960

ggaagcagaa ctctgcactt caaaagtttt tcctcacctg aggagttaat ttagtacaag 1020
gggaaaaagt acagggggat gggagaaagg cgatcacgtt gggaagctat agagaaagaa 1080
gagtaaattt tagtaaagga ggtttaaaca aacaaaatat aaagagaaat aggaacttga 1140
atcaaggaaa tgattttaaa acgcagtatt cttagtggac tagaggaaaa aaataatctg 1200
agccaagtag aagacctttt cccctectac ccctacttte taagtcacag aggctttttg 1260
ttccececcaga cactcecttgca gattagtcca ggcagaaaca gttagatgtce cccagttaac 1320
ctecctatttg acaccactga ttaccccatt gatagtcaca ctttgggttg taagtgactt 1380
tttatttatt tgtatttttg actgcattaa gaggtctcta gttttttatc tettgtttce 1440
caaaacctaa taagtaacta atgcacagag cacattgatt tgtatttatt ctatttttag 1500
acataattta ttagcatgca tgagcaaatt aagaaaaaca acaacaaatg aatgcatata 1560
tatgtatatg tatgtgtgta tatatacaca catatatata tatatttttt cttttcttac 1620
cagaaggttt taatccaaat aaggagaaga tatgcttaga accgaggtag agttttcatc 1680
cattctgtce tgtaagtatt ttgcatattc tggagacgca ggaagagatc catctacata 1740
tceccaaaget gaattatggt agacaaaact cttceccacttt tagtgcatca acttcttatt 1800
tgtgtaataa gaaaattggg aaaacgatct tcaatatgct taccaagctg tgattccaaa 1860
tattacgtaa atacacttgc aaaggaggat gtttttagta gcaatttgta ctgatggtat 1920
ggggccaaga gatatatctt agagggaggg ctgagggttt gaagtccaac tcctaagceca 1980
gtgccagaag agccaaggac aggtacggct gtcatcactt agacctcacc ctgtggagec 2040
acaccctagg gttggecaat ctactcccag gagcagggag ggcaggagece agggetggge 2100
ataaaagtca gggcagagcc atctattgct tacatttgect tctgacacaa ctgtgttcac 2160
tagcaacctc aaacagacac catggtgcat ctgactcctg aagaaaaatc cgctgtcact 2220
gcecetgtggyg gcaaggtgaa cgtggatgaa gttggtggtg aggccctggg caggttggta 2280
tcaaggttac aagacaggtt taaggagacc aatagaaact gggcatgtgg agacagagaa 2340
gactcttggg tttectgatag gcactgactce tctctgecta ttggtctatt tteccaccct 2400
taggctgetg gtggtctace cttggaccca gaggttcettt gagtecctttg gggatctgte 2460
cactcctgat gectgttatgg gcaaccctaa ggtgaaggct catggcaaga aagtgctcegg 2520
tgcctttagt gatggcctgg ctcacctgga caacctcaag ggcacctttg ccacactgag 2580
tgagctgcac tgtgacaagc tgcacgtgga tcctgagaac ttcagggtga gtctatggga 2640
cgcttgatgt tttctttece cttettttet atggttaagt tcatgtcata ggaaggggat 2700
aagtaacagg gtacagttta gaatgggaaa cagacgaatg attgcatcag tgtggaagtc 2760
tcaggatcgt tttagtttcect tttatttgct gttcataaca attgttttet tttgtttaat 2820
tcttgettte ttttttttte ttectceccgcaa tttttactat tatacttaat gecttaacat 2880
tgtgtataac aaaaggaaat atctctgaga tacattaagt aacttaaaaa aaaactttac 2940

acagtctgcce tagtacatta ctatttggaa tatatgtgtg cttatttgca tattcataat 3000



US 2021/0008161 Al Jan. 14, 2021
113

-continued

ctccctactt tattttcttt tatttttaat tgatacataa tcattataca tatttatggg 3060
ttaaagtgta atgttttaat atgtgtacac atattgacca aatcagggta attttgcatt 3120
tgtaatttta aaaaatgctt tcecttctttta atatactttt ttgtttatct tatttctaat 3180
actttcecta atctectttet ttcagggcaa taatgataca atgtatcatg cctctttgcea 3240
ccattctaaa gaataacagt gataatttct gggttaaggc aatagcaata tctctgcata 3300
taaatatttc tgcatataaa ttgtaactga tgtaagaggt ttcatattgc taatagcagc 3360
tacaatccag ctaccattct gettttattt tatggttggg ataaggctgg attattctga 3420
gtccaagcta ggcccttttg ctaatcatgt tcatacctet tatcttecctce ccacagetcece 3480
tgggcaacgt gctggtctgt gtgctggcce atcactttgg caaagaattc accccaccag 3540
tgcaggctgce ctatcagaaa gtggtggctg gtgtggctaa tgccctggece cacaagtatce 3600
actaagctcg ctttecttget gtccaattte tattaaaggt tectttgtte cctaagtcca 3660
actactaaac tgggggatat tatgaagggc cttgagcatc tggattctgce ctaataaaaa 3720
acatttattt tcattgcaat gatgtattta aattatttct gaatatttta ctaaaaaggg 3780
aatgtgggag gtcagtgcat ttaaaacata aagaaatgaa gagctagttc aaaccttggg 3840
aaaatacact atatcttaaa ctccatgaaa gaaggtgagg ctgcaaacag ctaatgcaca 3900
ttggcaacag cccctgatge atatgcctta ttcatcectce agaaaaggat tcaagtagag 3960
gcttgatttyg gaggttaaag ttttgctatg ctgtatttta cattacttat tgttttaget 4020
gtcctcatga atgtctttte actacccatt tgcttatcet gcatctcectca gcecttgacte 4080
cactcagttc tcttgcttag agataccacc tttecceccectga agtgttcecctt ccatgtttta 4140
cggcgagatg gtttctcecte gectggeccac tcagecttag ttgtctcectgt tgtcttatag 4200
aggtctactt gaagaaggaa aaacaggggt catggtttga ctgtcctgtg agcccttcett 4260
ccetgectee cccactcaca gtgaccecgga atctgcagtg ctagtctcecee ggaactatca 4320
ctctttcaca gtctgctttyg gaaggactgg gcttagtatg aaaagttagg actgagaaga 4380
atttgaaagg cggctttttyg tagcttgata ttcactactg tcttattacce ctgtce 4435
<210> SEQ ID NO 99
<211> LENGTH: 2199
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB locus LHA (used for
E6V to Eé6, AAV.323)

<400> SEQUENCE: 99

cttgctttga caattttggt ctttcagaat actataaata taacctatat tataatttca 60
taaagtctgt gcattttett tgacccagga tatttgcaaa agacatattc aaacttccge 120
agaacacttt atttcacata tacatgcctce ttatatcagg gatgtgaaac agggtcttga 180
aaactgtcta aatctaaaac aatgctaatg caggtttaaa tttaataaaa taaaatccaa 240
aatctaacag ccaagtcaaa tctgcatgtt ttaacattta aaatatttta aagacgtctt 300
ttcccaggat tcaacatgtg aaatctttte tcagggatac acgtgtgect agatcctcat 360
tgctttagtt ttttacagag gaatgaatat aaaaagaaaa tacttaaatt ttatccctct 420
tacctctata atcatacata ggcataattt tttaacctag gctccagata gccatagaag 480

aaccaaacac tttctgegtg tgtgagaata atcagagtga gattttttca caagtacctg 540
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atgagggttyg agacaggtag aaaaagtgag agatctctat ttatttagca ataatagaga 600
aagcatttaa gagaataaag caatggaaat aagaaatttyg taaatttcct tctgataact 660
agaaatagag gatccagttt cttttggtta acctaaattt tatttcattt tattgtttta 720
ttttatttta ttttatttta ttttgtgtaa tcgtagtttc agagtgttag agctgaaagg 780
aagaagtagg agaaacatgc aaagtaaaag tataacactt tccttactaa accgacatgg 840
gtttccaggt aggggcagga ttcaggatga ctgacagggce ccttagggaa cactgagacce 900
ctacgctgac ctcataaatg cttgctacct ttgctgtttt aattacatct tttaatagca 960

ggaagcagaa ctctgcactt caaaagtttt tcctcacctg aggagttaat ttagtacaag 1020
gggaaaaagt acagggggat gggagaaagg cgatcacgtt gggaagctat agagaaagaa 1080
gagtaaattt tagtaaagga ggtttaaaca aacaaaatat aaagagaaat aggaacttga 1140
atcaaggaaa tgattttaaa acgcagtatt cttagtggac tagaggaaaa aaataatctg 1200
agccaagtag aagacctttt cccctectac ccctacttte taagtcacag aggctttttg 1260
ttccececcaga cactcecttgca gattagtcca ggcagaaaca gttagatgtce cccagttaac 1320
ctecctatttg acaccactga ttaccccatt gatagtcaca ctttgggttg taagtgactt 1380
tttatttatt tgtatttttg actgcattaa gaggtctcta gttttttatc tettgtttce 1440
caaaacctaa taagtaacta atgcacagag cacattgatt tgtatttatt ctatttttag 1500
acataattta ttagcatgca tgagcaaatt aagaaaaaca acaacaaatg aatgcatata 1560
tatgtatatg tatgtgtgta tatatacaca catatatata tatatttttt cttttcttac 1620
cagaaggttt taatccaaat aaggagaaga tatgcttaga accgaggtag agttttcatc 1680
cattctgtce tgtaagtatt ttgcatattc tggagacgca ggaagagatc catctacata 1740
tceccaaaget gaattatggt agacaaaact cttceccacttt tagtgcatca acttcttatt 1800
tgtgtaataa gaaaattggg aaaacgatct tcaatatgct taccaagctg tgattccaaa 1860
tattacgtaa atacacttgc aaaggaggat gtttttagta gcaatttgta ctgatggtat 1920
ggggccaaga gatatatctt agagggaggg ctgagggttt gaagtccaac tcctaagceca 1980
gtgccagaag agccaaggac aggtacggct gtcatcactt agacctcacc ctgtggagec 2040
acaccctagg gttggecaat ctactcccag gagcagggag ggcaggagece agggetggge 2100
ataaaagtca gggcagagcc atctattgct tacatttgect tctgacacaa ctgtgttcac 2160
tagcaacctc aaacagacac catggtgcat ctgactcct 2199
<210> SEQ ID NO 100

<211> LENGTH: 2218

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA , HBB locus RHA (used for

E6V to Eé6, AAV.323)

<400> SEQUENCE: 100

actgcectgt ggggcaaggt gaacgtggat gaagttggtg gtgaggcect gggcaggttg 60
gtatcaaggt tacaagacag gtttaaggag accaatagaa actgggcatyg tggagacaga 120
gaagactctt gggtttctga taggcactga ctetetetge ctattggtet atttteccac 180

ccttaggetyg ctggtggtet acccttggac ccagaggtte tttgagtect ttggggatcet 240
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gtecactect gatgetgtta tgggcaacce taaggtgaag gcetcatggca agaaagtget 300
cggtgecttt agtgatggcce tggctcacct ggacaaccte aagggcacct ttgccacact 360
gagtgagctyg cactgtgaca agctgcacgt ggatcctgag aacttcaggg tgagtctatg 420
ggacgcttga tgttttcttt cceccttettt tcectatggtta agttcatgtce ataggaaggyg 480
gataagtaac agggtacagt ttagaatggg aaacagacga atgattgcat cagtgtggaa 540
gtctcaggat cgttttagtt tcttttattt gctgttcata acaattgttt tcettttgttt 600
aattcttget ttcttttttt ttettcectccg caatttttac tattatactt aatgecttaa 660
cattgtgtat aacaaaagga aatatctctg agatacatta agtaacttaa aaaaaaactt 720
tacacagtct gecctagtaca ttactatttg gaatatatgt gtgcttattt gcatattcat 780
aatctcecta ctttatttte ttttattttt aattgataca taatcattat acatatttat 840
gggttaaagt gtaatgtttt aatatgtgta cacatattga ccaaatcagg gtaattttgce 900
atttgtaatt ttaaaaaatg ctttcttctt ttaatatact tttttgttta tcecttatttct 960

aatactttcc ctaatctett tetttcaggg caataatgat acaatgtatc atgecctcettt 1020
gcaccattct aaagaataac agtgataatt tctgggttaa ggcaatagca atatctctge 1080
atataaatat ttctgcatat aaattgtaac tgatgtaaga ggtttcatat tgctaatagc 1140
agctacaatc cagctaccat tcectgctttta ttttatggtt gggataaggc tggattattce 1200
tgagtccaag ctaggccctt ttgctaatca tgttcatacc tcecttatctte ctecccacagce 1260
tcetgggcaa cgtgectggte tgtgtgetgg cccatcactt tggcaaagaa ttcaccccac 1320
cagtgcaggc tgcctatcag aaagtggtgg ctggtgtgge taatgccctg geccacaagt 1380
atcactaagc tcgctttett getgtccaat ttctattaaa ggttectttg tteccctaagt 1440
ccaactacta aactggggga tattatgaag ggccttgagce atctggattce tgcctaataa 1500
aaaacattta ttttcattgc aatgatgtat ttaaattatt tctgaatatt ttactaaaaa 1560
gggaatgtgg gaggtcagtg catttaaaac ataaagaaat gaagagctag ttcaaacctt 1620
gggaaaatac actatatctt aaactccatg aaagaaggtg aggctgcaaa cagctaatgce 1680
acattggcaa cagcccctga tgcatatgce ttattcatcce ctcagaaaag gattcaagta 1740
gaggcttgat ttggaggtta aagttttgct atgctgtatt ttacattact tattgtttta 1800
gctgtecteca tgaatgtctt ttcactaccce atttgettat cctgcatctce tcagecttga 1860
ctccactcag ttctettget tagagatacce acctttecce tgaagtgtte cttecatgtt 1920
ttacggcgag atggtttcte ctecgectgge cactcagect tagttgtcte tgttgtetta 1980
tagaggtcta cttgaagaag gaaaaacagg ggtcatggtt tgactgtcct gtgagccctt 2040
cttcectgece teccccacte acagtgacce ggaatctgca gtgctagtcet cccggaacta 2100
tcactctttc acagtctgcect ttggaaggac tgggcttagt atgaaaagtt aggactgaga 2160

agaatttgaa aggcggcttt ttgtagecttg atattcacta ctgtcttatt accctgtce 2218

<210> SEQ ID NO 101

<211> LENGTH: 1421

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, HBB exons 1-3

<400> SEQUENCE: 101
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atggtgcatc tgactcctga agaaaaatcce getgtcactyg ceetgtgggyg caaggtgaac 60
gtggatgaag ttggtggtga ggccctggge aggttggtat caaggttaca agacaggttt 120
aaggagacca atagaaactg ggcatgtgga gacagagaag actcttgggt ttctgatagg 180
cactgactct ctctgectat tggtctattt teccaccett aggcetgetgyg tggtctacce 240
ttggacccag aggttctttg agtcctttgg ggatctgtece actectgatyg ctgttatggg 300
caaccctaag gtgaaggctc atggcaagaa agtgcteggt gectttagtg atggectgge 360
tcacctggac aacctcaagg gcacctttge cacactgagt gagctgcact gtgacaagcet 420
gcacgtggat cctgagaact tcagggtgag tctatgggac gettgatgtt ttetttecee 480
ttetttteta tggttaagtt catgtcatag gaaggggata agtaacaggyg tacagtttag 540
aatgggaaac agacgaatga ttgcatcagt gtggaagtct caggatcgtt ttagtttett 600
ttatttgctg ttcataacaa ttgttttett ttgtttaatt cttgctttet ttttttttet 660
tcteegecaat ttttactatt atacttaatg ccttaacatt gtgtataaca aaaggaaata 720
tctectgagat acattaagta acttaaaaaa aaactttaca cagtctgect agtacattac 780
tatttggaat atatgtgtgc ttatttgcat attcataatc tccctacttt attttetttt 840
atttttaatt gatacataat cattatacat atttatgggt taaagtgtaa tgttttaata 900
tgtgtacaca tattgaccaa atcagggtaa ttttgcattt gtaattttaa aaaatgcttt 960

cttcttttaa tatacttttt tgtttatctt atttctaata ctttccctaa tetcetttett 1020
tcagggcaat aatgatacaa tgtatcatgc ctctttgcac cattctaaag aataacagtg 1080
ataatttctg ggttaaggca atagcaatat ctctgcatat aaatatttct gcatataaat 1140
tgtaactgat gtaagaggtt tcatattgct aatagcagct acaatccagc taccattctg 1200
cttttatttt atggttggga taaggctgga ttattctgag tccaagctag gcccttttgce 1260
taatcatgtt catacctctt atcttcectce cacagctect gggcaacgtg ctggtetgtg 1320
tgctggcecca tcactttggce aaagaattca ccccaccagt gcaggctgcece tatcagaaag 1380
tggtggctgg tgtggctaat gccctggccce acaagtatca ¢ 1421
<210> SEQ ID NO 102

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor DNA, E6V to Eé6 Insert

<400> SEQUENCE: 102

gaagaaaaat ccgctgtce 18
<210> SEQ ID NO 103

<211> LENGTH: 7107

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor template, Full AAV-323

<400> SEQUENCE: 103

cctgecaggea getgegeget cgectcegetca ctgaggecge cegggegteyg ggcgaccettt 60

ggtcgecegyg cctcagtgag cgagcgageyg cgcagagagg gagtggecaa ctecatcact 120

aggggttect geggecgecac gegtettget ttgacaattt tggtctttca gaatactata 180
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aatataacct atattataat ttcataaagt ctgtgcattt tctttgaccc aggatatttg 240
caaaagacat attcaaactt ccgcagaaca ctttatttca catatacatg cctcttatat 300
cagggatgtg aaacagggtc ttgaaaactg tctaaatcta aaacaatgct aatgcaggtt 360
taaatttaat aaaataaaat ccaaaatcta acagccaagt caaatctgca tgttttaaca 420
tttaaaatat tttaaagacg tcttttccca ggattcaaca tgtgaaatct tttctcaggg 480
atacacgtgt gcctagatcc tcattgettt agttttttac agaggaatga atataaaaag 540
aaaatactta aattttatcc ctcttacctce tataatcata cataggcata attttttaac 600
ctaggctcca gatagccata gaagaaccaa acactttcetyg cgtgtgtgag aataatcaga 660
gtgagatttt ttcacaagta cctgatgagg gttgagacag gtagaaaaag tgagagatct 720
ctatttattt agcaataata gagaaagcat ttaagagaat aaagcaatgg aaataagaaa 780
tttgtaaatt tccttctgat aactagaaat agaggatcca gtttcttttg gttaacctaa 840
attttatttc attttattgt tttattttat tttattttat tttattttgt gtaatcgtag 900
tttcagagtyg ttagagctga aaggaagaag taggagaaac atgcaaagta aaagtataac 960

actttcctta ctaaaccgac atgggtttce aggtaggggce aggattcagg atgactgaca 1020
gggceccttag ggaacactga gaccctacgce tgacctcata aatgcttget acctttgetg 1080
ttttaattac atcttttaat agcaggaagc agaactctgc acttcaaaag tttttectca 1140
cctgaggagt taatttagta caaggggaaa aagtacaggg ggatgggaga aaggcgatca 1200
cgttgggaag ctatagagaa agaagagtaa attttagtaa aggaggttta aacaaacaaa 1260
atataaagag aaataggaac ttgaatcaag gaaatgattt taaaacgcag tattcttagt 1320
ggactagagg aaaaaaataa tctgagccaa gtagaagacc ttttccecctce ctacccctac 1380
tttctaagtc acagaggctt tttgttccce cagacactct tgcagattag tccaggcaga 1440
aacagttaga tgtccccagt taaccteccta tttgacacca ctgattacce cattgatagt 1500
cacactttgg gttgtaagtg actttttatt tatttgtatt tttgactgca ttaagaggtc 1560
tctagttttt tatctcttgt ttcccaaaac ctaataagta actaatgcac agagcacatt 1620
gatttgtatt tattctattt ttagacataa tttattagca tgcatgagca aattaagaaa 1680
aacaacaaca aatgaatgca tatatatgta tatgtatgtg tgtatatata cacacatata 1740
tatatatatt ttttcttttc ttaccagaag gttttaatcc aaataaggag aagatatgct 1800
tagaaccgag gtagagtttt catccattct gtcctgtaag tattttgcat attctggaga 1860
cgcaggaaga gatccatcta catatcccaa agctgaatta tggtagacaa aactcttcca 1920
cttttagtgc atcaacttct tatttgtgta ataagaaaat tgggaaaacg atcttcaata 1980
tgcttaccaa gctgtgattc caaatattac gtaaatacac ttgcaaagga ggatgttttt 2040
agtagcaatt tgtactgatg gtatggggcc aagagatata tcttagaggg agggctgagg 2100
gtttgaagtc caactcctaa gccagtgcca gaagagccaa ggacaggtac ggctgtcatce 2160
acttagacct caccctgtgg agccacacce tagggttgge caatctacte ccaggagcag 2220
ggagggcagg agccagggct gggcataaaa gtcagggcag agccatctat tgcttacatt 2280
tgcttcectgac acaactgtgt tcactagcaa cctcaaacag acaccatggt gcatctgact 2340
cctgaagaaa aatccgctgt cactgcecctg tggggcaagg tgaacgtgga tgaagttggt 2400

ggtgaggccec tgggcaggtt ggtatcaagg ttacaagaca ggtttaagga gaccaataga 2460
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aactgggcat gtggagacag agaagactct tgggtttcectg ataggcactg actctcectcetg 2520
cctattggtce tattttcecca ceccttaggct gctggtggte tacccttgga cccagaggtt 2580
ctttgagtcce tttggggatc tgtccactce tgatgctgtt atgggcaacc ctaaggtgaa 2640
ggctcatggce aagaaagtgc tcggtgectt tagtgatggce ctggctcacce tggacaacct 2700
caagggcacc tttgccacac tgagtgagct gcactgtgac aagctgcacg tggatcctga 2760
gaacttcagg gtgagtctat gggacgcttg atgttttctt tceccccttett ttectatggtt 2820
aagttcatgt cataggaagg ggataagtaa cagggtacag tttagaatgg gaaacagacg 2880
aatgattgca tcagtgtgga agtctcagga tcgttttagt ttcttttatt tgctgttcat 2940
aacaattgtt ttcttttgtt taattcttgc tttetttttt tttcttctee gcaattttta 3000
ctattatact taatgcctta acattgtgta taacaaaagg aaatatctct gagatacatt 3060
aagtaactta aaaaaaaact ttacacagtc tgcctagtac attactattt ggaatatatg 3120
tgtgcttatt tgcatattca taatctccct actttatttt cttttatttt taattgatac 3180
ataatcatta tacatattta tgggttaaag tgtaatgttt taatatgtgt acacatattg 3240
accaaatcag ggtaattttg catttgtaat tttaaaaaat gctttcttet tttaatatac 3300
ttttttgttt atcttatttc taatactttc cctaatctct ttctttcagg gcaataatga 3360
tacaatgtat catgcctcectt tgcaccattc taaagaataa cagtgataat ttctgggtta 3420
aggcaatagc aatatctctg catataaata tttctgcata taaattgtaa ctgatgtaag 3480
aggtttcata ttgctaatag cagctacaat ccagctacca ttctgctttt attttatggt 3540
tgggataagg ctggattatt ctgagtccaa gctaggccect tttgctaatc atgttcatac 3600
ctcttatett cctceccacag ctectgggca acgtgctggt ctgtgtgctg geccatcact 3660
ttggcaaaga attcacccca ccagtgcagg ctgcctatca gaaagtggtg getggtgtgg 3720
ctaatgccct ggcccacaag tatcactaag ctecgetttet tgctgtccaa tttctattaa 3780
aggttcettt gttcecctaag tceccaactact aaactggggg atattatgaa gggccttgag 3840
catctggatt ctgcctaata aaaaacattt attttcattg caatgatgta tttaaattat 3900
ttctgaatat tttactaaaa agggaatgtg ggaggtcagt gcatttaaaa cataaagaaa 3960
tgaagagcta gttcaaacct tgggaaaata cactatatct taaactccat gaaagaaggt 4020
gaggctgcaa acagctaatg cacattggca acagcccctg atgcatatgce cttattcatce 4080
cctcagaaaa ggattcaagt agaggcttga tttggaggtt aaagttttgce tatgctgtat 4140
tttacattac ttattgtttt agctgtcctce atgaatgtct tttcactacc catttgctta 4200
tcetgecatet ctcagecttyg actccactca gttetcecttge ttagagatac cacctttcece 4260
ctgaagtgtt ccttccatgt tttacggcga gatggtttcect cctegectgg ccactcagcece 4320
ttagttgtct ctgttgtctt atagaggtct acttgaagaa ggaaaaacag gggtcatggt 4380
ttgactgtce tgtgagccct tettcecectge cteccccact cacagtgacce cggaatctgce 4440
agtgctagtc tcccggaact atcactecttt cacagtctge tttggaagga ctgggcttag 4500
tatgaaaagt taggactgag aagaatttga aaggcggctt tttgtagctt gatattcact 4560
actgtcttat taccctgteg gtaaccacgt gcggccgagg ctgcagcegte gtectceccta 4620
ggaacccceta gtgatggagt tggccactcece ctctetgcege getecgcetege tcactgagge 4680

cgggegacca aaggtecgece gacgeceggg ctttgecegg geggectcag tgagegageg 4740
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agcgcgcecagce tgcctgcagg ggcgcectgat gcecggtatttt ctecttacge atctgtgegg 4800
tatttcacac cgcatacgtc aaagcaacca tagtacgcgc cctgtagcgg cgcattaagce 4860
gcggegggtyg tggtggttac gcgcagegtg accgctacac ttgccagegce cctagcgecce 4920
gctecttteg ctttettece ttectttete gecacgtteg ceggetttee ccgtcaaget 4980
ctaaatcggg ggctcecccttt agggtteccga tttagtgett tacggcacct cgaccccaaa 5040
aaacttgatt tgggtgatgg ttcacgtagt gggccatcgce cctgatagac ggtttttegce 5100
cctttgacgt tggagtccac gttctttaat agtggactct tgttccaaac tggaacaaca 5160
ctcaacccta tctcecgggeta ttettttgat ttataaggga ttttgccgat tteggcectat 5220
tggttaaaaa atgagctgat ttaacaaaaa tttaacgcga attttaacaa aatattaacg 5280
tttacaattt tatggtgcac tctcagtaca atctgctcectg atgccgcata gttaagccag 5340
ccecgacace cgccaacace cgctgacgeg cectgacggyg cttgtetget cccggeatce 5400
gcttacagac aagctgtgac cgtcectceceggg agctgcatgt gtcagaggtt ttcaccgtca 5460
tcaccgaaac gcgcgagacg aaagggcctce gtgatacgcc tatttttata ggttaatgtce 5520
atgaacaata aaactgtctg cttacataaa cagtaataca aggggtgtta tgagccatat 5580
tcaacgggaa acgtcgaggc cgcgattaaa ttccaacatg gatgctgatt tatatgggta 5640
taaatgggct cgcgataatg tcgggcaatc aggtgcgaca atctatcget tgtatgggaa 5700
gccegatgeg ccagagttgt ttetgaaaca tggcaaaggt agegttgecca atgatgttac 5760
agatgagatg gtcagactaa actggctgac ggaatttatg cctcttccga ccatcaagca 5820
ttttatcecgt actcctgatg atgcatggtt actcaccact gcgatcccecg gaaaaacagc 5880
attccaggta ttagaagaat atcctgattc aggtgaaaat attgttgatg cgctggcagt 5940
gttcectgege cggttgcatt cgattcecctgt ttgtaattgt ccttttaaca gcgatcgegt 6000
atttcgtecte gectcaggege aatcacgaat gaataacggt ttggttgatg cgagtgattt 6060
tgatgacgag cgtaatggct ggcctgttga acaagtctgg aaagaaatgc ataaactttt 6120
gccattcteca ccggattcag tcgtcactca tggtgattte tcacttgata accttatttt 6180
tgacgagggg aaattaatag gttgtattga tgttggacga gtcggaatcg cagaccgata 6240
ccaggatctt gccatcctat ggaactgcct cggtgagttt tcectcecttcat tacagaaacg 6300
gctttttcaa aaatatggta ttgataatcc tgatatgaat aaattgcagt ttcatttgat 6360
gctcgatgag tttttctaat ctcatgacca aaatccctta acgtgagttt tcgttccact 6420
gagcgtcaga ccccgtagaa aagatcaaag gatcttcttg agatcctttt tttetgegeg 6480
taatctgctg cttgcaaaca aaaaaaccac cgctaccagc ggtggtttgt ttgccggatce 6540
aagagctacc aactcttttt ccgaaggtaa ctggcttcag cagagcgcag ataccaaata 6600
ctgtccttet agtgtageccg tagttaggcce accacttcaa gaactctgta gcaccgecta 6660
catacctecge tectgctaate ctgttaccag tggctgcetge cagtggcgat aagtcegtgtce 6720
ttaccgggtt ggactcaaga cgatagttac cggataaggc gcagcggtceg ggctgaacgg 6780
ggggttegtyg cacacagcce agcettggage gaacgaccta caccgaactg agatacctac 6840
agcgtgaget atgagaaagc gccacgette cegaagggag aaaggcggac aggtatccgg 6900
taagcggcag ggtcggaaca ggagagcegca cgagggaget tcecaggggga aacgectggt 6960

atctttatag tcctgtcggg tttcecgccace tctgacttga gegtcgattt ttgtgatget 7020
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cgtcaggggg gcggagccta tggaaaaacg ccagcaacgc ggcecttttta cggttcectgg 7080

ccttttgetg gecttttget cacatgt 7107

<210> SEQ ID NO 104

<211> LENGTH: 130

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: AAV 5'ITR

<400> SEQUENCE: 104

cctgecaggea getgegeget cgectcegetca ctgaggecge cegggegteyg ggcgaccettt 60
ggtegecegy cctcagtgag cgagegageg cgcagagagg gagtggcecaa ctcecatcact 120
aggggttecct 130

<210> SEQ ID NO 105

<211> LENGTH: 141

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: AAV 3'ITR

<400> SEQUENCE: 105

aggaacccct agtgatggag ttggccacte cetetetgeg cgetegeteg ctcactgagg 60
cegggegace aaaggtcgcece cgacgeccgg getttgeceg ggeggectca gtgagegage 120
gagcgcgceag ctgectgcag g 141

<210> SEQ ID NO 106

<211> LENGTH: 4435

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor template, HBB Locus LHA to
RHA (AAV.304)

<400> SEQUENCE: 106

cttgctttga caattttggt ctttcagaat actataaata taacctatat tataatttca 60
taaagtctgt gcattttett tgacccagga tatttgcaaa agacatattc aaacttccge 120
agaacacttt atttcacata tacatgcctce ttatatcagg gatgtgaaac agggtcttga 180
aaactgtcta aatctaaaac aatgctaatg caggtttaaa tttaataaaa taaaatccaa 240
aatctaacag ccaagtcaaa tctgcatgtt ttaacattta aaatatttta aagacgtctt 300
ttcccaggat tcaacatgtg aaatctttte tcagggatac acgtgtgect agatcctcat 360
tgctttagtt ttttacagag gaatgaatat aaaaagaaaa tacttaaatt ttatccctct 420
tacctctata atcatacata ggcataattt tttaacctag gctccagata gccatagaag 480
aaccaaacac tttctgegtg tgtgagaata atcagagtga gattttttca caagtacctg 540
atgagggttyg agacaggtag aaaaagtgag agatctctat ttatttagca ataatagaga 600
aagcatttaa gagaataaag caatggaaat aagaaatttyg taaatttcct tctgataact 660
agaaatagag gatccagttt cttttggtta acctaaattt tatttcattt tattgtttta 720
ttttatttta ttttatttta ttttgtgtaa tcgtagtttc agagtgttag agctgaaagg 780
aagaagtagg agaaacatgc aaagtaaaag tataacactt tccttactaa accgacatgg 840

gtttccaggt aggggcagga ttcaggatga ctgacaggge ccttagggaa cactgagacc 900
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ctacgctgac ctcataaatg cttgctacct ttgctgtttt aattacatct tttaatagca 960
ggaagcagaa ctctgcactt caaaagtttt tcctcacctg aggagttaat ttagtacaag 1020
gggaaaaagt acagggggat gggagaaagg cgatcacgtt gggaagctat agagaaagaa 1080
gagtaaattt tagtaaagga ggtttaaaca aacaaaatat aaagagaaat aggaacttga 1140
atcaaggaaa tgattttaaa acgcagtatt cttagtggac tagaggaaaa aaataatctg 1200
agccaagtag aagacctttt cccctectac ccctacttte taagtcacag aggctttttg 1260
ttccececcaga cactcecttgca gattagtcca ggcagaaaca gttagatgtce cccagttaac 1320
ctecctatttg acaccactga ttaccccatt gatagtcaca ctttgggttg taagtgactt 1380
tttatttatt tgtatttttg actgcattaa gaggtctcta gttttttatc tettgtttce 1440
caaaacctaa taagtaacta atgcacagag cacattgatt tgtatttatt ctatttttag 1500
acataattta ttagcatgca tgagcaaatt aagaaaaaca acaacaaatg aatgcatata 1560
tatgtatatg tatgtgtgta tatatacaca catatatata tatatttttt cttttcttac 1620
cagaaggttt taatccaaat aaggagaaga tatgcttaga accgaggtag agttttcatc 1680
cattctgtce tgtaagtatt ttgcatattc tggagacgca ggaagagatc catctacata 1740
tceccaaaget gaattatggt agacaaaact cttceccacttt tagtgcatca acttcttatt 1800
tgtgtaataa gaaaattggg aaaacgatct tcaatatgct taccaagctg tgattccaaa 1860
tattacgtaa atacacttgc aaaggaggat gtttttagta gcaatttgta ctgatggtat 1920
ggggccaaga gatatatctt agagggaggg ctgagggttt gaagtccaac tcctaagceca 1980
gtgccagaag agccaaggac aggtacggct gtcatcactt agacctcacc ctgtggagec 2040
acaccctagg gttggecaat ctactcccag gagcagggag ggcaggagece agggetggge 2100
ataaaagtca gggcagagcc atctattgct tacatttgect tctgacacaa ctgtgttcac 2160
tagcaacctc aaacagacac catggtgcat ctgactcctg tcgagaagtce tgcagtcact 2220
gctectatggyg ggaaagtgaa cgtggatgaa gttggtggtg aggccctggg caggttggta 2280
tcaaggttac aagacaggtt taaggagacc aatagaaact gggcatgtgg agacagagaa 2340
gactcttggg tttectgatag gcactgactce tctctgecta ttggtctatt tteccaccct 2400
taggctgetg gtggtctace cttggaccca gaggttcettt gagtecctttg gggatctgte 2460
cactcctgat gectgttatgg gcaaccctaa ggtgaaggct catggcaaga aagtgctcegg 2520
tgcctttagt gatggcctgg ctcacctgga caacctcaag ggcacctttg ccacactgag 2580
tgagctgcac tgtgacaagc tgcacgtgga tcctgagaac ttcagggtga gtctatggga 2640
cgcttgatgt tttctttece cttettttet atggttaagt tcatgtcata ggaaggggat 2700
aagtaacagg gtacagttta gaatgggaaa cagacgaatg attgcatcag tgtggaagtc 2760
tcaggatcgt tttagtttcect tttatttgct gttcataaca attgttttet tttgtttaat 2820
tcttgettte ttttttttte ttectceccgcaa tttttactat tatacttaat gecttaacat 2880
tgtgtataac aaaaggaaat atctctgaga tacattaagt aacttaaaaa aaaactttac 2940
acagtctgcce tagtacatta ctatttggaa tatatgtgtg cttatttgca tattcataat 3000
ctccctactt tattttcttt tatttttaat tgatacataa tcattataca tatttatggg 3060
ttaaagtgta atgttttaat atgtgtacac atattgacca aatcagggta attttgcatt 3120

tgtaatttta aaaaatgctt tcecttctttta atatactttt ttgtttatct tatttctaat 3180
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actttcecta atctectttet ttcagggcaa taatgataca atgtatcatg cctctttgcea 3240
ccattctaaa gaataacagt gataatttct gggttaaggc aatagcaata tctctgcata 3300
taaatatttc tgcatataaa ttgtaactga tgtaagaggt ttcatattgc taatagcagc 3360
tacaatccag ctaccattct gettttattt tatggttggg ataaggctgg attattctga 3420
gtccaagcta ggcccttttg ctaatcatgt tcatacctet tatcttecctce ccacagetcece 3480
tgggcaacgt gctggtctgt gtgctggcce atcactttgg caaagaattc accccaccag 3540
tgcaggctgce ctatcagaaa gtggtggctg gtgtggctaa tgccctggece cacaagtatce 3600
actaagctcg ctttecttget gtccaattte tattaaaggt tectttgtte cctaagtcca 3660
actactaaac tgggggatat tatgaagggc cttgagcatc tggattctgce ctaataaaaa 3720
acatttattt tcattgcaat gatgtattta aattatttct gaatatttta ctaaaaaggg 3780
aatgtgggag gtcagtgcat ttaaaacata aagaaatgaa gagctagttc aaaccttggg 3840
aaaatacact atatcttaaa ctccatgaaa gaaggtgagg ctgcaaacag ctaatgcaca 3900
ttggcaacag cccctgatge atatgcctta ttcatcectce agaaaaggat tcaagtagag 3960
gcttgatttyg gaggttaaag ttttgctatg ctgtatttta cattacttat tgttttaget 4020
gtcctcatga atgtctttte actacccatt tgcttatcet gcatctcectca gcecttgacte 4080
cactcagttc tcttgcttag agataccacc tttecceccectga agtgttcecctt ccatgtttta 4140
cggcgagatg gtttctcecte gectggeccac tcagecttag ttgtctcectgt tgtcttatag 4200
aggtctactt gaagaaggaa aaacaggggt catggtttga ctgtcctgtg agcccttcett 4260
ccetgectee cccactcaca gtgaccecgga atctgcagtg ctagtctcecee ggaactatca 4320
ctctttcaca gtctgctttyg gaaggactgg gcttagtatg aaaagttagg actgagaaga 4380
atttgaaagg cggctttttyg tagcttgata ttcactactg tcttattacce ctgtce 4435
<210> SEQ ID NO 107

<211> LENGTH: 7118

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor template, Full AAV (AAV.304)
<400> SEQUENCE: 107

cctgecaggea getgegeget cgetegetca ctgaggecge cegggcaaag ccegggegte 60

gggcgacctt tggtegeceg gectcagtga gegagegage gegcagagag ggagtggeca 120

actccatcac taggggttcce tgcggecgea cgegtettge tttgacaatt ttggtettte 180
agaatactat aaatataacc tatattataa tttcataaag tctgtgcatt ttctttgacc 240
caggatattt gcaaaagaca tattcaaact tccgcagaac actttatttc acatatacat 300
gectettata tcagggatgt gaaacagggt cttgaaaact gtctaaatct aaaacaatgce 360
taatgcaggt ttaaatttaa taaaataaaa tccaaaatct aacagccaag tcaaatctge 420
atgttttaac atttaaaata ttttaaagac gtcttttceccc aggattcaac atgtgaaatc 480
ttttctecagg gatacacgtyg tgcctagatc ctcattgett tagtttttta cagaggaatg 540
aatataaaaa gaaaatactt aaattttatc cctcttacct ctataatcat acataggcat 600
aattttttaa cctaggctcc agatagecat agaagaacca aacactttcet gegtgtgtga 660

gaataatcag agtgagattt tttcacaagt acctgatgag ggttgagaca ggtagaaaaa 720
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gtgagagatc tctatttatt tagcaataat agagaaagca tttaagagaa taaagcaatg 780
gaaataagaa atttgtaaat ttccttctga taactagaaa tagaggatcc agtttctttt 840
ggttaaccta aattttattt cattttattg ttttatttta ttttatttta ttttattttg 900
tgtaatcgta gtttcagagt gttagagctg aaaggaagaa gtaggagaaa catgcaaagt 960

aaaagtataa cactttcctt actaaaccga catgggtttc caggtagggg caggattcag 1020
gatgactgac agggccctta gggaacactg agaccctacg ctgacctcat aaatgcttge 1080
tacctttgct gttttaatta catcttttaa tagcaggaag cagaactctg cacttcaaaa 1140
gtttttcete acctgaggag ttaatttagt acaaggggaa aaagtacagg gggatgggag 1200
aaaggcgatc acgttgggaa gctatagaga aagaagagta aattttagta aaggaggttt 1260
aaacaaacaa aatataaaga gaaataggaa cttgaatcaa ggaaatgatt ttaaaacgca 1320
gtattcttag tggactagag gaaaaaaata atctgagcca agtagaagac cttttccect 1380
cctaccecta ctttctaagt cacagaggct ttttgttcecce ccagacactce ttgcagatta 1440
gtccaggcag aaacagttag atgtccccag ttaacctcecet atttgacacc actgattacce 1500
ccattgatag tcacactttg ggttgtaagt gactttttat ttatttgtat ttttgactgc 1560
attaagaggt ctctagtttt ttatctcttg tttcccaaaa cctaataagt aactaatgca 1620
cagagcacat tgatttgtat ttattctatt tttagacata atttattagc atgcatgagc 1680
aaattaagaa aaacaacaac aaatgaatgc atatatatgt atatgtatgt gtgtatatat 1740
acacacatat atatatatat tttttctttt cttaccagaa ggttttaatc caaataagga 1800
gaagatatgc ttagaaccga ggtagagttt tcatccattc tgtcctgtaa gtattttgcea 1860
tattctggag acgcaggaag agatccatct acatatccca aagctgaatt atggtagaca 1920
aaactcttcce acttttagtyg catcaacttcec ttatttgtgt aataagaaaa ttgggaaaac 1980
gatcttcaat atgcttacca agctgtgatt ccaaatatta cgtaaataca cttgcaaagg 2040
aggatgtttt tagtagcaat ttgtactgat ggtatggggc caagagatat atcttagagg 2100
gagggctgayg ggtttgaagt ccaactccta agccagtgcece agaagagcca aggacaggta 2160
cggctgtcat cacttagacc tcaccctgtg gagccacacce ctagggttgg ccaatctact 2220
cccaggagcea gggagggcag gagccagggce tgggcataaa agtcagggca gagccatcta 2280
ttgcttacat ttgcttctga cacaactgtg ttcactagca acctcaaaca gacaccatgg 2340
tgcatctgac tcctgtcgag aagtctgcag tcactgctcect atgggggaaa gtgaacgtgg 2400
atgaagttgg tggtgaggcc ctgggcaggt tggtatcaag gttacaagac aggtttaagg 2460
agaccaatag aaactgggca tgtggagaca gagaagactc ttgggtttct gataggcact 2520
gactctctet gectattggt ctattttecce acccttagge tgctggtggt ctacccttgg 2580
acccagaggt tctttgagte ctttggggat ctgtccactc ctgatgctgt tatgggcaac 2640
cctaaggtga aggctcatgg caagaaagtg ctcggtgect ttagtgatgg cctggctcac 2700
ctggacaacc tcaagggcac ctttgccaca ctgagtgagc tgcactgtga caagctgcac 2760
gtggatcctg agaacttcag ggtgagtcta tgggacgctt gatgttttct tteccccttcet 2820
tttctatggt taagttcatg tcataggaag gggataagta acagggtaca gtttagaatg 2880
ggaaacagac gaatgattgc atcagtgtgg aagtctcagg atcgttttag tttcecttttat 2940

ttgctgttca taacaattgt tttcecttttgt ttaattcttg ctttettttt ttttettcete 3000
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cgcaattttt actattatac ttaatgcctt aacattgtgt ataacaaaag gaaatatctc 3060
tgagatacat taagtaactt aaaaaaaaac tttacacagt ctgcctagta cattactatt 3120
tggaatatat gtgtgcttat ttgcatattc ataatctccc tactttattt tettttattt 3180
ttaattgata cataatcatt atacatattt atgggttaaa gtgtaatgtt ttaatatgtg 3240
tacacatatt gaccaaatca gggtaatttt gcatttgtaa ttttaaaaaa tgctttcttce 3300
ttttaatata cttttttgtt tatcttattt ctaatacttt ccctaatctce tttctttcag 3360
ggcaataatg atacaatgta tcatgcctct ttgcaccatt ctaaagaata acagtgataa 3420
tttctgggtt aaggcaatag caatatctct gcatataaat atttctgcat ataaattgta 3480
actgatgtaa gaggtttcat attgctaata gcagctacaa tccagctacc attctgettt 3540
tattttatgg ttgggataag gctggattat tctgagtcca agctaggccce ttttgctaat 3600
catgttcata cctcttatct tectceccaca gctectggge aacgtgctgg tetgtgtget 3660
ggcccatcac tttggcaaag aattcacccc accagtgcag gctgcectatc agaaagtggt 3720
ggctggtgtyg gctaatgcce tggcccacaa gtatcactaa gcectcecgcetttce ttgectgteca 3780
atttctatta aaggttcctt tgttccectaa gtccaactac taaactgggg gatattatga 3840
agggccttga gcatctggat tcectgcctaat aaaaaacatt tattttcatt gcaatgatgt 3900
atttaaatta tttctgaata ttttactaaa aagggaatgt gggaggtcag tgcatttaaa 3960
acataaagaa atgaagagct agttcaaacc ttgggaaaat acactatatc ttaaactcca 4020
tgaaagaagg tgaggctgca aacagctaat gcacattggc aacagcccct gatgcatatg 4080
ccttattcat ccctcagaaa aggattcaag tagaggcttg atttggaggt taaagttttg 4140
ctatgctgta ttttacatta cttattgttt tagctgtect catgaatgtce ttttcactac 4200
ccatttgectt atcctgcatc tcectcagectt gactccactce agttctcttg cttagagata 4260
ccacctttece cctgaagtgt tecttcecatg ttttacggeg agatggttte tectegectg 4320
gccactcage cttagttgte tctgttgtcect tatagaggtc tacttgaaga aggaaaaaca 4380
ggggtcatgg tttgactgtc ctgtgagccce ttctteccctg ccteccccac tcacagtgac 4440
ccggaatctg cagtgctagt ctcecccggaac tatcactett tcacagtctg ctttggaagg 4500
actgggctta gtatgaaaag ttaggactga gaagaatttg aaaggcggct ttttgtagcet 4560
tgatattcac tactgtctta ttaccctgte ggtaaccacg tgcggccgag gcetgcagegt 4620
cgtcctecect aggaaccect agtgatggag ttggccactce cctcetetgeg cgctegeteg 4680
ctcactgagg ccgggcgacce aaaggtegece cgacgcecegyg getttgeeeyg ggceggectca 4740
gtgagcgagce gagcgcgcag ctgcctgcag gggcgcectga tgcggtattt tctecttacyg 4800
catctgtgcg gtatttcaca ccgcatacgt caaagcaacc atagtacgcg ccctgtageg 4860
gcgcattaag cgcggcegggt gtggtggtta cgcgcagcegt gaccgctaca cttgccageg 4920
ccetagegece cgctecttte getttettee cttectttet cgccacgtte gecggcettte 4980
ccegtcaage tctaaatcegg gggctcecectt tagggttecg atttagtget ttacggcacce 5040
tcgaccccaa aaaacttgat ttgggtgatg gttcacgtag tgggccatcg ccctgataga 5100
cggttttteg cecctttgacyg ttggagtcca cgttctttaa tagtggactce ttgttccaaa 5160
ctggaacaac actcaaccct atctcgggct attcecttttga tttataaggg attttgccga 5220

tttcggecta ttggttaaaa aatgagctga tttaacaaaa atttaacgcg aattttaaca 5280



US 2021/0008161 Al Jan. 14, 2021
125

-continued

aaatattaac gtttacaatt ttatggtgca ctctcagtac aatctgctct gatgccgcat 5340
agttaagcca gccccgacac ccgccaacac cegetgacge gecctgacgyg gettgtetge 5400
tceeggcecate cgcttacaga caagctgtga ccgtcectecegg gagctgcatg tgtcagaggt 5460
tttcaccgtce atcaccgaaa cgcgcgagac gaaagggcect cgtgatacgce ctatttttat 5520
aggttaatgt catgaacaat aaaactgtct gcttacataa acagtaatac aaggggtgtt 5580
atgagccata ttcaacggga aacgtcgagg ccgcgattaa attccaacat ggatgctgat 5640
ttatatgggt ataaatgggc tcgcgataat gtcgggcaat caggtgcgac aatctatcgce 5700
ttgtatggga agcccgatgce gccagagttg tttcetgaaac atggcaaagg tagcecgttgcece 5760
aatgatgtta cagatgagat ggtcagacta aactggctga cggaatttat gecctcttecg 5820
accatcaagc attttatccg tactcctgat gatgcatggt tactcaccac tgcgatcccce 5880
ggaaaaacag cattccaggt attagaagaa tatcctgatt caggtgaaaa tattgttgat 5940
gcgetggeag tgttectgceg ccggttgcat tcgattcecctg tttgtaattg tecttttaac 6000
agcgatcgeg tatttcecgtet cgctcaggcg caatcacgaa tgaataacgg tttggttgat 6060
gcgagtgatt ttgatgacga gcgtaatggce tggcctgttg aacaagtctg gaaagaaatg 6120
cataaacttt tgccattctc accggattca gtcgtcactc atggtgattt ctcacttgat 6180
aaccttattt ttgacgaggg gaaattaata ggttgtattg atgttggacg agtcggaatc 6240
gcagaccgat accaggatct tgccatccta tggaactgec teggtgagtt ttcectecttcea 6300
ttacagaaac ggctttttca aaaatatggt attgataatc ctgatatgaa taaattgcag 6360
tttcatttga tgctcgatga gtttttctaa tctcatgacc aaaatccctt aacgtgagtt 6420
ttegttecac tgagcgtcag accccgtaga aaagatcaaa ggatcttctt gagatccttt 6480
ttttctgege gtaatctget gettgcaaac aaaaaaacca ccgctaccag cggtggtttg 6540
tttgccggat caagagctac caactctttt tccgaaggta actggcttca gcagagcgca 6600
gataccaaat actgtcctte tagtgtagcc gtagttaggce caccacttca agaactctgt 6660
agcaccgect acataccteg ctetgctaat cctgttacca gtggctgctg ccagtggega 6720
taagtcgtgt cttaccgggt tggactcaag acgatagtta ccggataagg cgcagcggtce 6780
gggctgaacyg gggggttcegt gcacacagcece cagcttggag cgaacgacct acaccgaact 6840
gagataccta cagcgtgage tatgagaaag cgccacgcett cecgaaggga gaaaggcgga 6900
caggtatceg gtaageggca gggtcggaac aggagagege acgagggage ttccaggggg 6960
aaacgcctgg tatctttata gtecctgtcgg gtttegecac ctcectgacttg agegtcgatt 7020
tttgtgatgce tcgtcagggyg ggcggagcct atggaaaaac gccagcaacg cggcecttttt 7080

acggttectg gecttttget ggecttttge tcacatgt 7118

<210> SEQ ID NO 108

<211> LENGTH: 4435

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor template, HBB Locus LHA to
RHA (AAV.307)

<400> SEQUENCE: 108

cttgctttga caattttggt ctttcagaat actataaata taacctatat tataatttca 60
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taaagtctgt gcattttett tgacccagga tatttgcaaa agacatattc aaacttccge 120
agaacacttt atttcacata tacatgcctce ttatatcagg gatgtgaaac agggtcttga 180
aaactgtcta aatctaaaac aatgctaatg caggtttaaa tttaataaaa taaaatccaa 240
aatctaacag ccaagtcaaa tctgcatgtt ttaacattta aaatatttta aagacgtctt 300
ttcccaggat tcaacatgtg aaatctttte tcagggatac acgtgtgect agatcctcat 360
tgctttagtt ttttacagag gaatgaatat aaaaagaaaa tacttaaatt ttatccctct 420
tacctctata atcatacata ggcataattt tttaacctag gctccagata gccatagaag 480
aaccaaacac tttctgegtg tgtgagaata atcagagtga gattttttca caagtacctg 540
atgagggttyg agacaggtag aaaaagtgag agatctctat ttatttagca ataatagaga 600
aagcatttaa gagaataaag caatggaaat aagaaatttyg taaatttcct tctgataact 660
agaaatagag gatccagttt cttttggtta acctaaattt tatttcattt tattgtttta 720
ttttatttta ttttatttta ttttgtgtaa tcgtagtttc agagtgttag agctgaaagg 780
aagaagtagg agaaacatgc aaagtaaaag tataacactt tccttactaa accgacatgg 840
gtttccaggt aggggcagga ttcaggatga ctgacagggce ccttagggaa cactgagacce 900
ctacgctgac ctcataaatg cttgctacct ttgctgtttt aattacatct tttaatagca 960

ggaagcagaa ctctgcactt caaaagtttt tcctcacctg aggagttaat ttagtacaag 1020
gggaaaaagt acagggggat gggagaaagg cgatcacgtt gggaagctat agagaaagaa 1080
gagtaaattt tagtaaagga ggtttaaaca aacaaaatat aaagagaaat aggaacttga 1140
atcaaggaaa tgattttaaa acgcagtatt cttagtggac tagaggaaaa aaataatctg 1200
agccaagtag aagacctttt cccctectac ccctacttte taagtcacag aggctttttg 1260
ttccececcaga cactcecttgca gattagtcca ggcagaaaca gttagatgtce cccagttaac 1320
ctecctatttg acaccactga ttaccccatt gatagtcaca ctttgggttg taagtgactt 1380
tttatttatt tgtatttttg actgcattaa gaggtctcta gttttttatc tettgtttce 1440
caaaacctaa taagtaacta atgcacagag cacattgatt tgtatttatt ctatttttag 1500
acataattta ttagcatgca tgagcaaatt aagaaaaaca acaacaaatg aatgcatata 1560
tatgtatatg tatgtgtgta tatatacaca catatatata tatatttttt cttttcttac 1620
cagaaggttt taatccaaat aaggagaaga tatgcttaga accgaggtag agttttcatc 1680
cattctgtce tgtaagtatt ttgcatattc tggagacgca ggaagagatc catctacata 1740
tceccaaaget gaattatggt agacaaaact cttceccacttt tagtgcatca acttcttatt 1800
tgtgtaataa gaaaattggg aaaacgatct tcaatatgct taccaagctg tgattccaaa 1860
tattacgtaa atacacttgc aaaggaggat gtttttagta gcaatttgta ctgatggtat 1920
ggggccaaga gatatatctt agagggaggg ctgagggttt gaagtccaac tcctaagceca 1980
gtgccagaag agccaaggac aggtacggct gtcatcactt agacctcacc ctgtggagec 2040
acaccctagg gttggecaat ctactcccag gagcagggag ggcaggagece agggetggge 2100
ataaaagtca gggcagagcc atctattgct tacatttgect tctgacacaa ctgtgttcac 2160

tagcaacctc aaacagacac catggtgcat ctgactcctg tcgaaaaatc cgctgtcacce 2220

gccectetggyg gcaaggtgaa cgtggatgaa gttggtggtg aggccctggg caggttggta 2280

tcaaggttac aagacaggtt taaggagacc aatagaaact gggcatgtgg agacagagaa 2340
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gactcttggg tttectgatag gcactgactce tctctgecta ttggtctatt tteccaccct 2400
taggctgetg gtggtctace cttggaccca gaggttcettt gagtecctttg gggatctgte 2460
cactcctgat gectgttatgg gcaaccctaa ggtgaaggct catggcaaga aagtgctcegg 2520
tgcctttagt gatggcctgg ctcacctgga caacctcaag ggcacctttg ccacactgag 2580
tgagctgcac tgtgacaagc tgcacgtgga tcctgagaac ttcagggtga gtctatggga 2640
cgcttgatgt tttctttece cttettttet atggttaagt tcatgtcata ggaaggggat 2700
aagtaacagg gtacagttta gaatgggaaa cagacgaatg attgcatcag tgtggaagtc 2760
tcaggatcgt tttagtttcect tttatttgct gttcataaca attgttttet tttgtttaat 2820
tcttgettte ttttttttte ttectceccgcaa tttttactat tatacttaat gecttaacat 2880
tgtgtataac aaaaggaaat atctctgaga tacattaagt aacttaaaaa aaaactttac 2940
acagtctgcce tagtacatta ctatttggaa tatatgtgtg cttatttgca tattcataat 3000
ctccctactt tattttcttt tatttttaat tgatacataa tcattataca tatttatggg 3060
ttaaagtgta atgttttaat atgtgtacac atattgacca aatcagggta attttgcatt 3120
tgtaatttta aaaaatgctt tcecttctttta atatactttt ttgtttatct tatttctaat 3180
actttcecta atctectttet ttcagggcaa taatgataca atgtatcatg cctctttgcea 3240
ccattctaaa gaataacagt gataatttct gggttaaggc aatagcaata tctctgcata 3300
taaatatttc tgcatataaa ttgtaactga tgtaagaggt ttcatattgc taatagcagc 3360
tacaatccag ctaccattct gettttattt tatggttggg ataaggctgg attattctga 3420
gtccaagcta ggcccttttg ctaatcatgt tcatacctet tatcttecctce ccacagetcece 3480
tgggcaacgt gctggtctgt gtgctggcce atcactttgg caaagaattc accccaccag 3540
tgcaggctgce ctatcagaaa gtggtggctg gtgtggctaa tgccctggece cacaagtatce 3600
actaagctcg ctttecttget gtccaattte tattaaaggt tectttgtte cctaagtcca 3660
actactaaac tgggggatat tatgaagggc cttgagcatc tggattctgce ctaataaaaa 3720
acatttattt tcattgcaat gatgtattta aattatttct gaatatttta ctaaaaaggg 3780
aatgtgggag gtcagtgcat ttaaaacata aagaaatgaa gagctagttc aaaccttggg 3840
aaaatacact atatcttaaa ctccatgaaa gaaggtgagg ctgcaaacag ctaatgcaca 3900
ttggcaacag cccctgatge atatgcctta ttcatcectce agaaaaggat tcaagtagag 3960
gcttgatttyg gaggttaaag ttttgctatg ctgtatttta cattacttat tgttttaget 4020
gtcctcatga atgtctttte actacccatt tgcttatcet gcatctcectca gcecttgacte 4080
cactcagttc tcttgcttag agataccacc tttecceccectga agtgttcecctt ccatgtttta 4140
cggcgagatg gtttctcecte gectggeccac tcagecttag ttgtctcectgt tgtcttatag 4200
aggtctactt gaagaaggaa aaacaggggt catggtttga ctgtcctgtg agcccttcett 4260
ccetgectee cccactcaca gtgaccecgga atctgcagtg ctagtctcecee ggaactatca 4320
ctctttcaca gtctgctttyg gaaggactgg gcttagtatg aaaagttagg actgagaaga 4380

atttgaaagg cggctttttyg tagcttgata ttcactactg tcttattacce ctgtce 4435

<210> SEQ ID NO 109

<211> LENGTH: 7118

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: Synthetic: Donor template, Full AAV (AAV.307
<400> SEQUENCE: 109
cctgcaggea getgegeget cgetegetca ctgaggecge cegggcaaayg ceegggegte 60

gggcgacctt tggtegeceg gectcagtga gegagegage gegcagagag ggagtggeca 120

actccatcac taggggttcce tgcggecgea cgegtettge tttgacaatt ttggtettte 180
agaatactat aaatataacc tatattataa tttcataaag tctgtgcatt ttctttgacc 240
caggatattt gcaaaagaca tattcaaact tccgcagaac actttatttc acatatacat 300
gectettata tcagggatgt gaaacagggt cttgaaaact gtctaaatct aaaacaatgce 360
taatgcaggt ttaaatttaa taaaataaaa tccaaaatct aacagccaag tcaaatctge 420
atgttttaac atttaaaata ttttaaagac gtcttttceccc aggattcaac atgtgaaatc 480
ttttctecagg gatacacgtyg tgcctagatc ctcattgett tagtttttta cagaggaatg 540
aatataaaaa gaaaatactt aaattttatc cctcttacct ctataatcat acataggcat 600
aattttttaa cctaggctcc agatagecat agaagaacca aacactttcet gegtgtgtga 660
gaataatcag agtgagattt tttcacaagt acctgatgag ggttgagaca ggtagaaaaa 720
gtgagagatc tctatttatt tagcaataat agagaaagca tttaagagaa taaagcaatg 780
gaaataagaa atttgtaaat ttccttctga taactagaaa tagaggatcc agtttetttt 840
ggttaaccta aattttattt cattttattg ttttatttta ttttatttta ttttattttg 900
tgtaatcgta gtttcagagt gttagagctg aaaggaagaa gtaggagaaa catgcaaagt 960

aaaagtataa cactttcctt actaaaccga catgggtttc caggtagggg caggattcag 1020
gatgactgac agggccctta gggaacactg agaccctacg ctgacctcat aaatgcttge 1080
tacctttgct gttttaatta catcttttaa tagcaggaag cagaactctg cacttcaaaa 1140
gtttttcete acctgaggag ttaatttagt acaaggggaa aaagtacagg gggatgggag 1200
aaaggcgatc acgttgggaa gctatagaga aagaagagta aattttagta aaggaggttt 1260
aaacaaacaa aatataaaga gaaataggaa cttgaatcaa ggaaatgatt ttaaaacgca 1320
gtattcttag tggactagag gaaaaaaata atctgagcca agtagaagac cttttccect 1380
cctaccecta ctttctaagt cacagaggct ttttgttcecce ccagacactce ttgcagatta 1440
gtccaggcag aaacagttag atgtccccag ttaacctcecet atttgacacc actgattacce 1500
ccattgatag tcacactttg ggttgtaagt gactttttat ttatttgtat ttttgactgc 1560
attaagaggt ctctagtttt ttatctcttg tttcccaaaa cctaataagt aactaatgca 1620
cagagcacat tgatttgtat ttattctatt tttagacata atttattagc atgcatgagc 1680
aaattaagaa aaacaacaac aaatgaatgc atatatatgt atatgtatgt gtgtatatat 1740
acacacatat atatatatat tttttctttt cttaccagaa ggttttaatc caaataagga 1800
gaagatatgc ttagaaccga ggtagagttt tcatccattc tgtcctgtaa gtattttgcea 1860
tattctggag acgcaggaag agatccatct acatatccca aagctgaatt atggtagaca 1920
aaactcttcce acttttagtyg catcaacttcec ttatttgtgt aataagaaaa ttgggaaaac 1980
gatcttcaat atgcttacca agctgtgatt ccaaatatta cgtaaataca cttgcaaagg 2040
aggatgtttt tagtagcaat ttgtactgat ggtatggggc caagagatat atcttagagg 2100

gagggctgag ggtttgaagt ccaactccta agccagtgee agaagagcca aggacaggta 2160
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cggctgtcat cacttagacc tcaccctgtg gagccacacce ctagggttgg ccaatctact 2220
cccaggagcea gggagggcag gagccagggce tgggcataaa agtcagggca gagccatcta 2280
ttgcttacat ttgcttctga cacaactgtg ttcactagca acctcaaaca gacaccatgg 2340
tgcatctgac tcctgtcgaa aaatccgctg tcaccgecect ctggggcaag gtgaacgtgg 2400
atgaagttgg tggtgaggcc ctgggcaggt tggtatcaag gttacaagac aggtttaagg 2460
agaccaatag aaactgggca tgtggagaca gagaagactc ttgggtttct gataggcact 2520
gactctctet gectattggt ctattttecce acccttagge tgctggtggt ctacccttgg 2580
acccagaggt tctttgagte ctttggggat ctgtccactc ctgatgctgt tatgggcaac 2640
cctaaggtga aggctcatgg caagaaagtg ctcggtgect ttagtgatgg cctggctcac 2700
ctggacaacc tcaagggcac ctttgccaca ctgagtgagc tgcactgtga caagctgcac 2760
gtggatcctg agaacttcag ggtgagtcta tgggacgctt gatgttttct tteccccttcet 2820
tttctatggt taagttcatg tcataggaag gggataagta acagggtaca gtttagaatg 2880
ggaaacagac gaatgattgc atcagtgtgg aagtctcagg atcgttttag tttcecttttat 2940
ttgctgttca taacaattgt tttcecttttgt ttaattcttg ctttettttt ttttettcete 3000
cgcaattttt actattatac ttaatgcctt aacattgtgt ataacaaaag gaaatatctc 3060
tgagatacat taagtaactt aaaaaaaaac tttacacagt ctgcctagta cattactatt 3120
tggaatatat gtgtgcttat ttgcatattc ataatctccc tactttattt tettttattt 3180
ttaattgata cataatcatt atacatattt atgggttaaa gtgtaatgtt ttaatatgtg 3240
tacacatatt gaccaaatca gggtaatttt gcatttgtaa ttttaaaaaa tgctttcttce 3300
ttttaatata cttttttgtt tatcttattt ctaatacttt ccctaatctce tttctttcag 3360
ggcaataatg atacaatgta tcatgcctct ttgcaccatt ctaaagaata acagtgataa 3420
tttctgggtt aaggcaatag caatatctct gcatataaat atttctgcat ataaattgta 3480
actgatgtaa gaggtttcat attgctaata gcagctacaa tccagctacc attctgettt 3540
tattttatgg ttgggataag gctggattat tctgagtcca agctaggccce ttttgctaat 3600
catgttcata cctcttatct tectceccaca gctectggge aacgtgctgg tetgtgtget 3660
ggcccatcac tttggcaaag aattcacccc accagtgcag gctgcectatc agaaagtggt 3720
ggctggtgtyg gctaatgcce tggcccacaa gtatcactaa gcectcecgcetttce ttgectgteca 3780
atttctatta aaggttcctt tgttccectaa gtccaactac taaactgggg gatattatga 3840
agggccttga gcatctggat tcectgcctaat aaaaaacatt tattttcatt gcaatgatgt 3900
atttaaatta tttctgaata ttttactaaa aagggaatgt gggaggtcag tgcatttaaa 3960
acataaagaa atgaagagct agttcaaacc ttgggaaaat acactatatc ttaaactcca 4020
tgaaagaagg tgaggctgca aacagctaat gcacattggc aacagcccct gatgcatatg 4080
ccttattcat ccctcagaaa aggattcaag tagaggcttg atttggaggt taaagttttg 4140
ctatgctgta ttttacatta cttattgttt tagctgtect catgaatgtce ttttcactac 4200
ccatttgectt atcctgcatc tcectcagectt gactccactce agttctcttg cttagagata 4260
ccacctttece cctgaagtgt tecttcecatg ttttacggeg agatggttte tectegectg 4320
gccactcage cttagttgte tctgttgtcect tatagaggtc tacttgaaga aggaaaaaca 4380

ggggtcatgg tttgactgtc ctgtgagccce ttctteccctg ccteccccac tcacagtgac 4440
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ccggaatctg cagtgctagt ctcecccggaac tatcactett tcacagtctg ctttggaagg 4500
actgggctta gtatgaaaag ttaggactga gaagaatttg aaaggcggct ttttgtagcet 4560
tgatattcac tactgtctta ttaccctgte ggtaaccacg tgcggccgag gcetgcagegt 4620
cgtcctecect aggaaccect agtgatggag ttggccactce cctcetetgeg cgctegeteg 4680
ctcactgagg ccgggcgacce aaaggtegece cgacgcecegyg getttgeeeyg ggceggectca 4740
gtgagcgagce gagcgcgcag ctgcctgcag gggcgcectga tgcggtattt tctecttacyg 4800
catctgtgcg gtatttcaca ccgcatacgt caaagcaacc atagtacgcg ccctgtageg 4860
gcgcattaag cgcggcegggt gtggtggtta cgcgcagcegt gaccgctaca cttgccageg 4920
ccetagegece cgctecttte getttettee cttectttet cgccacgtte gecggcettte 4980
ccegtcaage tctaaatcegg gggctcecectt tagggttecg atttagtget ttacggcacce 5040
tcgaccccaa aaaacttgat ttgggtgatg gttcacgtag tgggccatcg ccctgataga 5100
cggttttteg cecctttgacyg ttggagtcca cgttctttaa tagtggactce ttgttccaaa 5160
ctggaacaac actcaaccct atctcgggct attcecttttga tttataaggg attttgccga 5220
tttcggecta ttggttaaaa aatgagctga tttaacaaaa atttaacgcg aattttaaca 5280
aaatattaac gtttacaatt ttatggtgca ctctcagtac aatctgctct gatgccgcat 5340
agttaagcca gccccgacac ccgccaacac cegetgacge gecctgacgyg gettgtetge 5400
tceeggcecate cgcttacaga caagctgtga ccgtcectecegg gagctgcatg tgtcagaggt 5460
tttcaccgtce atcaccgaaa cgcgcgagac gaaagggcect cgtgatacgce ctatttttat 5520
aggttaatgt catgaacaat aaaactgtct gcttacataa acagtaatac aaggggtgtt 5580
atgagccata ttcaacggga aacgtcgagg ccgcgattaa attccaacat ggatgctgat 5640
ttatatgggt ataaatgggc tcgcgataat gtcgggcaat caggtgcgac aatctatcgce 5700
ttgtatggga agcccgatgce gccagagttg tttcetgaaac atggcaaagg tagcecgttgcece 5760
aatgatgtta cagatgagat ggtcagacta aactggctga cggaatttat gecctcttecg 5820
accatcaagc attttatccg tactcctgat gatgcatggt tactcaccac tgcgatcccce 5880
ggaaaaacag cattccaggt attagaagaa tatcctgatt caggtgaaaa tattgttgat 5940
gcgetggeag tgttectgceg ccggttgcat tcgattcecctg tttgtaattg tecttttaac 6000
agcgatcgeg tatttcecgtet cgctcaggcg caatcacgaa tgaataacgg tttggttgat 6060
gcgagtgatt ttgatgacga gcgtaatggce tggcctgttg aacaagtctg gaaagaaatg 6120
cataaacttt tgccattctc accggattca gtcgtcactc atggtgattt ctcacttgat 6180
aaccttattt ttgacgaggg gaaattaata ggttgtattg atgttggacg agtcggaatc 6240
gcagaccgat accaggatct tgccatccta tggaactgec teggtgagtt ttcectecttcea 6300
ttacagaaac ggctttttca aaaatatggt attgataatc ctgatatgaa taaattgcag 6360
tttcatttga tgctcgatga gtttttctaa tctcatgacc aaaatccctt aacgtgagtt 6420
ttegttecac tgagcgtcag accccgtaga aaagatcaaa ggatcttctt gagatccttt 6480
ttttctgege gtaatctget gettgcaaac aaaaaaacca ccgctaccag cggtggtttg 6540
tttgccggat caagagctac caactctttt tccgaaggta actggcttca gcagagcgca 6600
gataccaaat actgtcctte tagtgtagcc gtagttaggce caccacttca agaactctgt 6660

agcaccgect acataccteg ctetgctaat cctgttacca gtggctgctg ccagtggega 6720
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taagtcgtgt cttaccgggt tggactcaag acgatagtta ceggataagg cgcageggte
gggctgaacyg gggggttcegt gcacacagcece cagcttggag cgaacgacct acaccgaact
gagataccta cagcgtgagce tatgagaaag cgccacgctt cccgaaggga gaaaggegga
caggtatccg gtaageggca gggtcggaac aggagagege acgagggage ttcecaggggg
aaacgcctgg tatctttata gtectgtegg gtttegecac ctetgacttyg agegtcegatt
tttgtgatge tcgtcagggg ggcggagect atggaaaaac gecagcaacg cggecttttt

acggttecctyg gecttttget ggecttttge tcacatgt

<210> SEQ ID NO 110

<211> LENGTH: 141

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Donor template, 5' ITR

<400> SEQUENCE: 110
cctgecaggea getgegeget cgetegetca ctgaggecge cegggcaaag ccegggegte
gggcgacctt tggtegeceg gectcagtga gegagegage gegcagagag ggagtggeca

actccatcac taggggttee t

<210> SEQ ID NO 111

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Wild-type HBB gene region
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(2)

<223> OTHER INFORMATION: n = C or T

<400> SEQUENCE: 111

anctgactce tgaggagaag tctgecgtta ctgecctgtyg gggcaagg

<210> SEQ ID NO 112

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: Sickle HBB gene region
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(2)

<223> OTHER INFORMATION: n = C or T

<400> SEQUENCE: 112

anctgactce tgtggagaag tctgecgtta ctgecctgtyg gggcaagg
<210> SEQ ID NO 113

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: R0O2 gRNA

<400> SEQUENCE: 113

cttgeccccac agggcagtaa

<210> SEQ ID NO 114

6780

6840

6900

6960

7020

7080

7118

60

120

141

48

48

20
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<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic:AAV.307

<400> SEQUENCE: 114

atctgactce tgtcgaaaaa tcegetgteca cegecctetyg gggcaagg

<210> SEQ ID NO 115

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic: AAV.304

<400> SEQUENCE: 115

atctgactce tgtcgagaag tctgecagtca ctgctctatg ggggaaag

<210> SEQ ID NO 116

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

48

48

<223> OTHER INFORMATION: Synthetic: B-thal HBB gene region

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (2)..(2)

<223> OTHER INFORMATION: n = C or T

<400> SEQUENCE: 116

anctgactce tgaggagaag tctgcagtta ctgccctgtyg gggcaagg

48

1. A method for increasing homology directed repair
(HDR) of a double-strand break (DSB) in a target gene in a
cell or a population of cells, the method comprising con-
tacting a cell or a population of cells with a 53BP1 inhibitor,
wherein the cell or the population of cells is a quiescent
human cell or a population of quiescent human cells that is
induced to divide, and wherein the DSB is mediated by a
site-directed nuclease, thereby increasing HDR of the DSB
in the target gene in the cell or the population of cells.

2. (canceled)

3. The method of claim 1, wherein the 53BP1 inhibitor is
(1) 2 53BP1 binding polypeptide that inhibits S3BP1 recruit-
ment to the DSB in the cell or the population of cells; or (ii)
a 53BP1 binding polypeptide comprising an amino acid
sequence selected from a group consisting of: SEQ ID NO:
70, SEQ ID NO: 74, SEQ ID NO: 77, SEQ ID NO: 80, SEQ
ID NO: 83, or SEQ ID NO: 86.

4. (canceled)

5. The method of claim 1, wherein the 53BP1 inhibitor
comprises (i) a nucleic acid comprising a nucleotide
sequence encoding a 53BP1 binding polypeptide that inhib-
its 53BP1 recruitment to the DSB site in the cell or the
population of cells; or (ii) a nucleic acid comprising a
nucleotide sequence selected from a group consisting of:
SEQ ID NO: 69, SEQ ID NO: 73, SEQ ID NO: 76, SEQ ID
NO: 79, SEQ ID NO: 82, SEQ ID NO: 85, or SEQ ID NO:
88.

6. (canceled)

7. The method of claim 5, wherein the nucleic acid
comprises (i) a vector comprising a nucleotide sequence
encoding the 53BP1 binding polypeptide; or (ii) a vector

comprising a nucleotide sequence selected from a group
consisting of: SEQ ID NO: 68, SEQ ID NO: 72, SEQ ID
NO: 75, SEQ ID NO: 78, SEQ ID NO: 81, SEQ ID NO: 84,
or SEQ ID NO: 87.

8. (canceled)

9. The method of claim 7, wherein the vector is an adeno
associated viral vector (AAV).

10-11. (canceled)

12. The method of claim 1, wherein the cell or population
of cells is isolated from a tissue sample obtained from a
human donor, or a peripheral blood sample obtained from a
human donor.

13. (canceled)

14. The method of claim 1, wherein the cell or population
of cells is:

(1) a hematopoietic stem or progenitor cell (HSPC) or a

population of HSPCs;

(i) a long-term HSPC (LT-HSPC) or a population of

LT-HSPCs;

(ii1) a CD34 expressing cell or a population of CD34

expressing cells;

(iv) a white blood cell or a population of white blood

cells;

(v) in the GO phase of the cell cycle; or

(vi) a combination of (i)-(v).

15-18. (canceled)

19. The method of claim 1, wherein the cell or population
of cells is induced to divide by treatment with one or more
extrinsic signals, wherein the one or more extrinsic signals
are selected from: an extrinsic signal that stimulates a cell
signaling receptor, a mitogen, or an environmental factor.

20-23. (canceled)
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24. The method of claim 1, wherein the DSB is mediated
by a Cas9 DNA endonuclease and one or more guide RNAs
(gRNA), or a Streptococcus pyogenes Cas9 (SpCas9) and
one or more gRNAs.

25. (canceled)

26. The method of claim 1, further comprising contacting
the cell or population of cells with a donor polynucleotide
comprising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB, wherein
the donor polynucleotide comprises a double-stranded DNA
(dsDNA) or a single-stranded oligonucleotide (ssODN).

27-29. (canceled)

30. The method of claim 26, wherein the donor poly-
nucleotide comprises a vector comprising the donor poly-
nucleotide, wherein the vector comprises a recombinant
single-stranded adeno-associated viral vector (rAAV).

31. (canceled)

32. The method of claim 30, wherein the rAAV is serotype
6 (AAVO).

33. The method of claim 1, further comprising contacting
the cell or population of cells with an inhibitor of DNA-PK.

34. (canceled)

35. The method of claim 1, wherein the cell or population
of cells is induced to divide prior to contact with the 53BP1
inhibitor, is contacted with the 53BP1 inhibitor prior to
being induced to divide, or is contacted with the 53BP1
inhibitor concurrent with being induced to divide.

36-37. (canceled)

38. The method of claim 1, wherein the cell or population
of cells is contacted ex vivo and the method further com-
prises administering the cell or population of cells to a
subject in need thereof, or wherein the cell or population of
cells is contacted with the 53BP1 inhibitor in vivo.

39-82. (canceled)

83. The method of claim 12, wherein the tissue sample is
obtained from a human donor, and wherein the human donor
is:

(1) administered an HSPC mobilizing agent prior to

obtaining the tissue sample;

(ii) administered (i), wherein the HSPC mobilizing agent

is Plurexifor;

(iii) administered a combination of HSPC mobilizing

agents prior to obtaining the tissue sample; or

(iv) administered (iii), wherein the combination of HSPC

mobilizing agents comprises Plerixafor and granulo-
cyte colony stimulating factor (GCSF).

84-87. (canceled)

88. The method of claim 19, wherein the extrinsic signal
is:

(1) one or more cytokines;

(ii) one or more cytokines selected from interleukin-3

(IL-3), stem cell factor (SCF), Fms-like tyrosine kinase
3 (F1t3) ligand, and thrombopoietin;

(iii) a mitogen;

(iv) an environmental factor; or

(v) hypoxia.

89-110. (canceled)

111. The method of claim 38, wherein the population of
cells is contacted ex vivo and the contacting results in an
increase in HDR frequency in the cell population to 50% or
more.

112. (canceled)

113. The method of claim 111, wherein contacting results
in;

(1) a 1-2 fold increase in HDR frequency in the cell

population, or wherein contacting results in a 1.1-2
fold, 1.2-2 fold, 1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2
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fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2 fold increase in
HDR frequency in the cell population;

(i) a 1-2 fold decrease in indel frequency in the cell
population, or wherein contacting results in a 1.1-2
fold, 1.2-2 fold, 1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2
fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2 fold decrease in
indel frequency in the cell population;

(iii) an increase in engraftment in vivo following admin-
istration;

(iv) an increase in chimerism in vivo following adminis-
tration; or

(v) a combination of (i)-(iv).

114-117. (canceled)

118. A method for increasing HDR of a DSB in a target
gene in a population of human CD34+ cells, the method
comprising contacting the population of human CD34+ cells
with

(1) an inhibitor of 53BP1, wherein the inhibitor is nucleic
acid comprising a nucleotide sequence encoding a
53BP1 binding polypeptide comprising the amino acid
sequence of SEQ ID NO: 69, and

(i1) a Cas9 DNA endonuclease and one or more gRNAs to
effect a DSB within the target gene in the population of
cells.

119. The method of claim 118, wherein the nucleic acid
comprising a nucleotide sequence encoding the 53BP1 bind-
ing polypeptide is an RNA or a vector.

120. (canceled)

121. The method of claim 119, wherein the vector is an
AAV or an AAV of the DJ serotype (AAV-DIJ).

122-123. (canceled)

124. The method of claim 118, wherein the Cas9 DNA
endonuclease is a polypeptide, and wherein the Cas9 DNA
endonuclease is pre-complexed with one or more gRNAs.

125. (canceled)

126. The method of claim 124, wherein the Cas9 DNA
endonuclease and one or more gRNAs are electroporated
into the cells, and wherein the cell population is contacted
with the nucleic acid encoding the S3BP1 polypeptide prior
to electroporation, is contacted with the nucleic acid encod-
ing the 53BP1 polypeptide during electroporation, or is
contacted with the nucleic acid encoding the 53BP1 poly-
peptide subsequent to electroporation.

127-129. (canceled)

130. The method of claim 118, further comprising con-
tacting the population of cells with a donor polynucleotide
comprising a nucleotide sequence that corrects or induces a
mutation when incorporated at the site of the DSB, wherein
the donor polynucleotide comprises a dsDNA or a ssODN.

131-134. (canceled)

135. The method of claim 130, wherein the donor poly-
nucleotide comprises a vector comprising the donor poly-
nucleotide, wherein the vector comprises rAAV or AAV6.

136-137. (canceled)

138. The method of claim 130, wherein the donor poly-
nucleotide is administered to the cells prior to electropora-
tion or following electroporation.

139. (canceled)

140. The method of claim 118, further comprising con-
tacting the population of cells with an inhibitor of DNA-PK.

141. (canceled)

142. The method of claim 118, wherein the cells are
cultured with

(1) one or more cytokines;

(i1) one or more cytokines selected from: thrombopoietin,
FIt3 ligand, SCF, IL-3; or
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(iii) a combination of cytokines comprising: thrombopoi-
etin, F1t3 ligand, SCF, and IL-3.

143-147. (canceled)

148. The method of claim 118, wherein the cells are
cultured under hypoxic conditions comprising atmospheric
oxygen content less than 5%.

149. The method of claim 118, wherein the population of
cells is contacted ex vivo and the method further comprises
administering the cells to a subject in need thereof, wherein
contacting results in an increase in HDR frequency in the
cell population to 50% or more.

150. (canceled)

151. The method of claim 149, wherein contacting results
in:

(1) a 1-2 fold increase in HDR frequency in the cell
population, or wherein contacting results in a 1.1-2
fold, 1.2-2 fold, 1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2
fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2 fold increase in
HDR frequency in the cell population;

(ii) a 1-2 fold decrease in indel frequency in the cell
population, or wherein contacting results in a 1.1-2
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fold, 1.2-2 fold, 1.3-2 fold, 1.4-2 fold, 1.5-2 fold, 1.6-2
fold, 1.7-2 fold, 1.8-2 fold, or 1.9-2 fold decrease in
indel frequency in the cell population;

(iii) an increase in engraftment in vivo following admin-
istration;

(iv) an increase in chimerism in vivo following adminis-
tration; or

(v) a combination of (i)-(iv).

152-155. (canceled)

156. A method for increasing HDR of a DSB in a target
gene in a population of human CD34+ cells, the method
comprising contacting the population of human CD34+ cells
with an effective amount of an inhibitor of the catalytic
subunit of DNA-dependent protein kinase, and wherein the
DSB is mediated by a site-directed nuclease, thereby
increasing HDR of the DSB in the target gene in the
population of human CD34+ cells.

157-228. (canceled)
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