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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 
BRCA1 , 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 . 

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 53BP1 recruitment 
to the DSB in the cell . In some embodiments , the methods 
of the disclosure feature use of 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. 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 53BP1 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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[ 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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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 

adeno - associated viral vector ( rAAV ) . In some embodi 
ments , the rAAV is serotype 6 ( AAVO ) . 
[ 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 53BP1 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 
ORNA ( SORNA ) , 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 AAVO . 
[ 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 53BP1 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 

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 AAV6 . 
[ 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 ?L - 3 and a SCF . In some embodiments , the cytokine is 
Fms - like tyrosine kinase 3 ( Flt3 ) ligand or IL - 3 , SCF and 
Flt3 . 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 AAVO . 
[ 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 53BP1 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 . 

[ 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 ( ii ) 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 ( SORNA ) , 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 AAVO . 
[ 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 ?L - 3 and a SCF . In some embodiments , the cytokine is 
Fms - like tyrosine kinase 3 ( F1t3 ) ligand or IL - 3 , SCF and 
Flt3 . 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 , Flt3 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 

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 - PKcs 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 ( Flt3 ) ligand or IL - 3 , SCF and 
Flt3 . 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 , Flt3 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 - PKcs inhibitor , and ( ii ) 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 AAVO . 
[ 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 

[ 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 in a 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 ( ii ) 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 ( SORNA ) , 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 - PKes 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 AAVO . 
[ 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 . 

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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[ 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 in a 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 

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 LT - 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 L755,507 ( e.g. , an 
inhibitor of 33 - adrenergic receptor ) using two different 
SSODN templates with varied doses of inhibitor . FIG . ID 
shows HDR efficiency in the presence of the i53 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 / 
SORNA RNP using single - stranded oligodeoxynucleotide 
( sSODN ) donor DNA that converts a gene in the AAVS1 
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 
SODN and the DNA - PK inhibitor Nu7441 ( FIG . 4B ) . 

[ 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 i53 , 
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 i53 for insertion of donor DNA 
encoding GFP delivered by AAV into the AAVS1 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 of i53 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 LT - 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 - engraft 
ment . CD34 - expressing LT - 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 - engraftment 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 

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 
B - 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 i53 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 i53 or Nu7441 compared to RNP + AAV - only . 

[ 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 LT - HSPCs 
edited with gRNA / Cas9 RNP and AAV given either pre - EP 
or post - EP . FIG . 24B shows % chimerism for LT - HSPCs 
edited with AAV and gRNA / Cas9 RNP in the presence of 
i53 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 - engraftment 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 ORNA / Cas9 
RNP in the presence of i53 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 ORNA / Cas9 
RNP in the presence of i53 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 ORNA / Cas9 
RNP in the presence of i53 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 i53 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 RO2 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 INDELs in the HBB gene ( FIG . 30B ) 
in CD34 - expressing LT - HSPCs electroporated with RO2 
ORNA / Cas9 RNP + AAV.323 in the presence of i53 alone or 
in combination with Nu7441 . Control cells were electropo 
rated with R02 gRNA / Cas9 RNP + AAV.323 , RO2 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 

marrow 
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human CD34 - expressing LT - HSPCs . Edited cells were elec 
troporated with RO2 ORNA / Cas9 RNP + AAV.323 in the 
presence of i53 alone or in combination with Nu7441 . 
Control cells were electroporated with RO2 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 RO2 ORNA 
Cas9 RNP + AAV.323 in the presence of i53 . Control cells 
were edited by electroporation with RO2 ORNA / Cas9 RNP + 
AAV.323 only , RO2 ORNA / 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 + 153 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 RO2 ORNA / Cas9 RNP + AAV . 
323 only , R02 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 HPLC 
analysis . 

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 ) Annu Review Genetics 
45 : 247-271 ) . Secondly , the pro - NHEJ 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 BRCA1 , 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 

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 
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 

numerous 
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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 h?ERT e.g. , hTERT 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 

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 NHEJ , 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 SNM1c ) . At a subset of DSBs , Artemis removes 
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Inhibition of 53BP1 excess single - strand DNA ( ssDNA ) and generates a sub 
strate that will be ligated by DNA ligase IV . DNA repair by 
NHEJ 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 
RAD50 - 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 NHEJ pathway limits HDR first by being a 
fast - acting repair pathway that seals the broken DNA ends 
through a DNA ligase IV - 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 BRCA1 , 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 2 
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 ( Polo ) . Polo enables the formation of 
resected DNA ends , as well as enabling the fill - in synthesis 
( Wang . H. et al . ( 2017 ) Cell Biosci 7 : 6 ) . 

[ 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. , H4K20Me2 ) , and 
a ubiquitin - dependent recruitment ( UDR ) motif that recog 
nizes histone H2A / H2AX ubquitinated on lysine 15 ( e.g. , 
H2A ( X ) K1506 ) ( 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 , H4K20Me2 ) . 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 ) K1505 ) . 
[ 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 53BP1 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 53BP1 inhibitor that binds to phosphorylated sites 
on 53BP1 and facilitates HDR is 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 53BP1 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 53BP1 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 

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 53BP1 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 titration 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 53BP1 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 ] In some embodiments , a 53BP1 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 15x10-9 M , 0.5 to 25x10-9 , 0.5 to 50x10-9M , 
0.5 to 100x10 - ' M , 0.5 to 200x10-9M , 1 to 200x10-9M , 1 
to 300x10-9 M , 1 to 400x10-9 M , 1 to 500x10-9 M , 100 to 
250x10-9M , 100 to 500x10-9M , or 200 to 500x10-9 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 500x10-9 M. In some 
embodiments , a 53BP1 polypeptide inhibitor of the disclo 
sure has a quantifiable binding affinity for the 53BP1 Tudor 
domain of approximately 250x10-9 M. 
[ 0159 ] In some embodiments , a 53BP1 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 53BP1 polypeptide inhibitor of the disclo 

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 53BP1 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 53BP1 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 ] In some embodiments , a 53BP1 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 ] In some embodiments , a 53BP1 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 ] In some embodiments , a 53BP1 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 53BP1 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 



US 2021/0008161 A1 Jan. 14 , 2021 
15 

some embodiments , the nucleic acid encoding a 53BP1 
polypeptide inhibitor comprises an mRNA comprising an 
ORF encoding the amino acid sequence of SEQ ID NO : 70 . 
[ 0163 ] In some 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 : e52118 ) . 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 53BP1 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 
a key kinase involved in NHEJ repair . DNA - PKcs 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 

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 - PKcs 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 - PKcs 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 LY294002 , which has been found to 
inhibit DNA - PKcs function in vitro ( Izzard ( 1999 ) Cancer 
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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 
RAD51 . In some embodiments , the disclosure provides 
agonists of RAD51 , including RS - 1 ( e.g. , Jayathilaka ( 2008 ) 
PNAS 105 : 15848-15853 ) . 

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 . 

Combination of Inhibitors 

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 MMEJ pathway ( e.g. , methods of 
MMEJ 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 

[ 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 ] In some 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 . 

[ 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 B - globin 
protein are referred to generally as B - hemoglobinopathies . 
For example , B - thalassemias result from a partial or com 
plete defect in the expression of the B - 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 ß - chains ( azB2 ) . B - thalassemias are due to 
mutations on the adult B - 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. , A to 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 ( azß2- ) in contrast to normal adult hemoglobin HbA 
( azß24 ) . 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 ) BMJ , 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 

TABLE 1 

Disorders Associated with Mutations in a Target Gene 

Monogenic er Target Gene 
Sickle Cell Disease 
Alpha - Thalassemia 

Beta - Thalassemia 
Hemophilia A 
Cystic Fibrosis 

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 ) 

X - linked severe Combined 
Immunodeficiency ( SCID ) 
RAG1 - 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 ( ADA ) Adenosine deaminase 

deficiency 
Familial 
Hypercholesterolemia 
Epidermolysis bullosa 

Low - density lipoprotein receptor 
( LDLR ) or Apolipoprotein B ( APOB ) 
Collagen type VII alpha 1 chain 
( COL7A1 ) 
Dystrophia myotonica - protein 
kinase ( DMPK ) 
Dystrophin 

Muscular Dystrophy 
type 1 
Duchenne type muscular 
dystrophy 
Huntington's Disease 
NGLY1 Deficiency 

Huntingtin ( HTT ) 
N - glycanase 1 ( NGLY1 ) 
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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 

[ 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 , CD11c , 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 LT - HSC has negative or low expres 
sion of cell surface markers comprising CD45RA and CD38 . 
In some embodiments , an LT - 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 

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 LT - 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 ) Cell 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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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 ( tNGFR ) 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 . 

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 , INN , USAN , JM3100 , and its 
trade name , MozobilTM , 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 

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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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 . 

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. , FICOLLTM 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 , CD , 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 CD8 , 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 , CDI D - 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 

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 wntza protein ( Willert ( 2003 ) Nature 423 : 448 ) , by 
inducing constitutive expression of ß - 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 ( Flt3 ) ligand . Flt3 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 ( Angpt1 ) . Non - limiting 
examples include Angpt17 , Angpt12 , Angpt13 , Angpt15 , and 
Mfap4 . 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 ; 

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. , Fit3 ligand , Ang protein , Insulin - like 
growth factor ) . In some embodiments , a combination com 
prises a combination of IL - 3 and SCF . In some embodi 
ments , a culture of HSCs comprises a combination of IL - 3 , 
SCF , and TBP . In some embodiments , a culture of HSCs 
comprises a combination of IL - 3 , SCF , TBP , and Flt3 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 IL - 3 , IL - 4 , IL - 7 , IL - 11 , IL - 12 , 
IL - 15 , GM - CSF , and TNFa . 
[ 0220 ] In some 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 , 41,6 
diamidino - 2 - phenylindole ( DAPI ) , propidium iodide , 45,6 
diamidino - 2 - phenylindole , Nuclear Green , Nuclear Red , 

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 DNA - 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 ( H - 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 EdU 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 % . 

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 

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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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 

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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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 . 

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 , 

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 ] In some 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 ] In some 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 

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 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 . 

or 

Systems for Genome Editing 
[ 0257 ] In some 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 

protein Cas nuclease such as a Cas9 protein or a Cpfi 
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 ] 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 selenitireducens , 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 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 

[ 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 - 1 , Type - II , or 
Type - III system . Updated classification schemes for 
CRISPR / Cas loci define Class 1 and Class 2 CRISPR / Cas 
systems , having Types I 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 , C2c1 , 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 - II 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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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 , H840A , 
N863A , H983A , and D986A ( 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 
Foki . A Cas9 nuclease is a modified nuclease . 

[ 0265 ] In alternative embodiments , the Cas nuclease is 
from a Type - I 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 . AgRNA 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 
( tracrRNA ) . 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 
ORNA ” 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 

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 ORNA 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 ] In some 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 tracrRNA 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 ( SORNA ) 
[ 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 
SORNA 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 - O - 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 . 

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 
ORNA 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 5 ' 
N19-21 - 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 . 

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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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 tracrRNA . In some embodiments , 
the crRNA and the tracrRNA is encoded by two separate 
nucleic acids . In other embodiments , the crRNA and the 
tracrRNA 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. , WO / 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 

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 
Foki . 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 Foki . 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 
TALENs 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 Fokl . 

[ 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 , PKKKRKV ( SEQ ID NO : 65 ) 
or PKKKRRV ( 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 ubiq 
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 ( NEDD8 , also called Rub 1 in S. cerevisiae ) , 
human leukocyte antigen F - associated ( FAT10 ) , 
autophagy - 8 ( ATG8 ) and -12 ( ATG12 ) , Fau ubiquitin - like 
protein ( FUB1 ) , membrane - anchored UBL ( MUB ) , ubiq 
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 , 
ZsYellowl ) , 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 , mRFP1 , 
DsRed - Express , DsRed2 , DsRed - Monomer , HcRed - Tan 
dem , HcRedl , AsRed2 , eqFP611 , mRasberry , mStrawberry , 
Jred ) , and orange fluorescent proteins ( mOrange , mKO , 

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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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 , 
AcV5 , AU1 , AUS , E , ECS , E2 , FLAG ( SEQ ID NO : 95 ) , 
HA , nus , Softag 1 , Softag 3 , Strep , SBP , Glu - Glu , HSV , 
KT3 , S , S1 , 17 , 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 acetyltransferase ( 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 . 

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 TALENs 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 

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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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 - Foki , 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 
( T ) ) . 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 . 

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 

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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7,03'GpppG , 7,03 Gpppp , 
7 , m2 

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 , 2-0 - methoxyethyl ( 2 ' - O - MOE ) , 
2 ' - O - aminopropyl ( 2 ' - O - AP ) , 2-0 - dimethylaminoethyl ( 2' 
O - DMAOE ) , 2 ' - O - dimethylaminopropyl ( 2 ' - O - DMAP ) , 
2 - O - dimethylaminoethyloxyethyl ( 2 - O - DMAEOE ) , 
2-0 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 ] In some 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 5 ' 
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 

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 ( 5 ' ) 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 , 
m ? 3'dGpppG , m2 m2 
m2702'GppppG , m'Gpppm'G , m % 3dGppp , 
03 GpppG , m2 7,03GppppG , and m 7,02'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 , 29,3 ' - dideoxyuridine , 25,3 ' - 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 thereof . 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 . 

or 

Modified RNA 

[ 0323 ] In some embodiments , an RNA of the disclosure 
( e.g .: ORNA 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 



US 2021/0008161 A1 Jan. 14 , 2021 
35 

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 ( V ) , pyridin 
4 - one ribonucleoside , 5 - aza - uridine , 6 - aza - uridine , 2 - thio 
5 - aza - uridine , 2 - thio - uridine ( s?U ) , 4 - thio - uridine ( s4U ) , 
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 ( mºU ) , 
5 - methoxy - uridine ( moU ) , uridine 5 - oxyacetic acid 
( cmoU ) , uridine 5 - oxyacetic acid methyl ester ( mcmoU ) , 
5 - carboxymethyl - uridine ( cm " U ) , 1 - carboxymethyl 
pseudouridine , 5 - carboxyhydroxymethyl - uridine ( chmU ) , 
5 - carboxyhydroxymethyl - uridine methyl ester ( mchmU ) , 
5 - methoxycarbonylmethyl - uridine ( mcmU ) , 5 - methoxy 
carbonylmethyl - 2 - thio - uridine ( mcm 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 ( ncm U ) , 5 - car 
boxymethylaminomethyl - uridine ( cmnmU ) , 5 - carboxym 
ethylaminomethyl - 2 - thio - uridine ( cmnm's - U ) , 5 - propynyl 
uridine , 1 - propynyl - pseudouridine , 5 - taurinomethyl - uridine 
( TmU ) , 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 ( my ) , 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 ( mD ) , 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 
( acpU ) , 1 - methyl - 3- ( 3 - amino - 3 - carboxypropyl ) pseudouri 
dine ( acpy ) , 5- ( isopentenylaminomethyl ) uridine ( inm®U ) , 
5- ( isopentenylaminomethyl ) -2 - thio - uridine ( inm s - U ) . 
a - thio - uridine , 2 - O - methyl - uridine ( Um ) , 5,2-0 - dimethyl 
uridine ( mUm ) , 2 - O - methyl - pseudouridine ( ym ) , 2 - thio 
2 - O - methyl - uridine ( s - Um ) , 5 - methoxycarbonylmethyl - 2 
O - methyl - uridine ( mcm Um ) , 5 - carbamoylmethyl - 2-0 
methyl - uridine ( ncm Um ) , 5 - carboxymethylaminomethyl 

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 ( fc ) , 
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 ( s C ) , 
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 , 5 - 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 ) , a - thio - cytidine , 2 - O - methyl - cytidine ( Cm ) , 5,2 - O 
dimethyl - cytidine ( mCm ) , N4 - acetyl - 2 - O - methyl - cytidine 
( ac + Cm ) , N4,2 - O - dimethyl - cytidine ( m * Cm ) , 5 - formyl - 2 
O - methyl - cytidine ( fCm ) , N4 , N4,2 ' - O - trimethyl - cytidine 
( m * .Cm ) , 1 - thio - cytidine , 2 - F - ara - cytidine , 2 ' - F - cytidine , 
and 2 - OH - 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 ( mA ) , 2 - methylthio - N6 - methyl - ad 
enosine ( ms ? m?A ) , N6 - isopentenyl - adenosine ( i?A ) , 
2 - methylthio - N6 - isopentenyl - adenosine ( ms ̂ i?A ) , N6- ( cis 
hydroxyisopentenyl ) adenosine ( iOA ) , 2 - methylthio - N6 
( cis - hydroxyisopentenyl ) adenosine ( ms ? io A ) , N6 - glycinyl 
carbamoyl - adenosine ( g?A ) , N6 - threonylcarbamoyl 
adenosine ( t ° A ) , N6 - methyl - N6 - threonylcarbamoyl 
adenosine ( m?tA ) , 2 - methylthio - N6 - threonylcarbamoyl 
adenosine ( msg A ) , N6 , N6 - dimethyl - adenosine ( mº , A ) , 
N6 - hydroxynorvalylcarbamoyl - adenosine ( hnºA ) , 2 - meth 
ylthio - N6 - hydroxynorvalylcarbamoyl - adenosine 
( ms ? hn?A ) , N6 - acetyl - adenosine ( ac®A ) , 7 - methyl - adenine , 
2 - methylthio - adenine , 2 - methoxy - adenine , a - 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 - OH - 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 ( 02yW ) , 
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hydroxywybutosine ( OhyW ) , undermodified hydroxywybu 
tosine ( OhyW * ) , 7 - deaza - guanosine , queuosine ( Q ) , epoxy 
queuosine ( oQ ) , 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 ( mPG ) , N2 , N2 - dimethyl 
guanosine ( m² , G ) , N2,7 - dimethyl - guanosine ( m2,7G ) , N2 , 
N2,7 - dimethyl - guanosine ( m2.2,7G ) , 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 , 2-0 - 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 ( m2 7 Gm ) , 2 - O - methyl - inosine ( Im ) , 1,2-0 
dimethyl - inosine ( m Im ) , 2 - O - ribosylguanosine 
( phosphate ) ( Gr ( p ) ) , 1 - thio - guanosine , 06 - 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 ) , N1 - methylpseudouridine ( my ) , 
2 - thiouridine , 4 - thiou ine , 5 - 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 , 5 - 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 ' ) represents 
from 75-100 % of the uracils in the mRNA . In some embodi 
ments , N1 - methylpseudouridine ( m'y ) 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 ) , 5 - halo - cytidine ( e.g. , 
5 - iodo - cytidine ) , 5 - hydroxymethyl - cytidine ( hm ) , 
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 ( mA ) , 2 - methyl - adenine ( mºA ) , 
N6 - methyl - adenosine ( m?A ) . 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 . ) 
[ 0333 ] In some embodiments , the modified nucleobase is 
a modified guanine . Exemplary nucleobases and nucleosides 
having a modified guanine include inosine ( 1 ) , 1 - methyl 
inosine ( m'1 ) , wyosine ( img ) , methylwyosine ( mimG ) , 
7 - deaza - guanosine , 7 - cyano - 7 - deaza - guanosine ( preQ . ) , 
7 - aminomethyl - 7 - deaza - guanosine ( preQ1 ) , 7 - methyl 
guanosine ( mg ) , 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'y ) , 5 - methoxy - uridine ( mo?U ) , 
5 - methyl - cytidine ( mC ) , pseudouridine ( V ) , a - 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 Nl - 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 
( mC ) . 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 .: 
ORNA 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 

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 RNA 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 AAVO . 
[ 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 
TAAV . 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 WO2011130749 , 
WO2015009952 , U.S. Pat . No. 5,817,491 , WO2014135998 , 
and WO2011125054 . 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 , ubiq 
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 Efla 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 , 

fibronectin promoter , Flt - 1 promoter , GFAP promoter , GPIIB 
promoter , ICAM - 2 promoter , INF - B promoter , Mb pro 
moter , Nphsl promoter , OG - 2 promoter , SP - B promoter , 
SYN1 promoter , and WASP promoter . 
[ 0346 ] In some embodiments , the nuclease encoded by the 
vector may be a Cas protein , such as a Cas9 protein or Cpfi 
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 III ( Pol III ) . Non - limiting examples of Pol 
III 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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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 . 

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 53BP1 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 53BP1 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 

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 ] In some embodiments , 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 ] In some embodiments , 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 ( B2M ) gene . B2M 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 B2M gene is elimi 
nated to prevent a host - versus - graft response . 
[ 0357 ] Methods of editing the TRAC gene locus and B2M 
gene locus are described by International Application No. 
PCT PCT / US2018 / 032334 , filed May 11 , 2018 , incorpo 
rated herein by reference . 

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 

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 . 

Pharmaceutical Compositions 
as , 

Methods of Treatment 

[ 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 

[ 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 53BP1 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 

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 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 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 
ORNA , 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 

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 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 . 
[ 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 IUPAC - 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 

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 ) . 
A T 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 ( 5 or z ) intracel 
lular 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 CD3E , CD27 , 
CD28 , 4-1BB , ICOS , or OX40 . CARs , in some embodi 
ments , contain an ectodomain ( e.g. , CD38 ) , 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 

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 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 . 

[ 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 ) EC50 : As used herein , the term “ EC50 ” 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 

a 

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 

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 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 . NHEJ 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 B - 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 , tritylated bases . “ Modified nucleosides ” 

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 ( mU ) , uridine 
( U ) , or inosine ( 1 ) ) . 
[ 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 ) . 

[ 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 ) ; 

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 . 

[ 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 . 

EQUIVALENTS AND SCOPE 

EXAMPLES 

[ 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 . 

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 
NHEJ 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 AAVS1 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 AAVS1 locus at SEQ ID NO : 3 ( spacer sequence 
identified by SEQ ID NO : 4 ; ORNA obtained from Maxcyte ) 
or SEQ ID NO : 5 ( spacer sequence identified by SEQ ID 
NO : 6 ; ORNA 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 AAVS1 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 AAVS1 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 
AAVS1 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 AAVS1 locus . The sgRNA targeted a 
sequence in the BFP gene identified by SEQ ID NO : 7 

( 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 , c , 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 and 
veliparib ( PARP inhibitor ) . Also evaluated were molecules 
that affect cell cycle , including XL 413 ( CDC7 inhibitor ) . 
Finally , also tested was the B3 adrenergic receptor agonist 
L755,507 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 
NHEJ 
NHEJ 

NHEJ 

HDR 

153 53BP1 SEQ ID NO : 70 
Nu7441 DNA - PKcs CAS 503468-95-9 ; Tocris 3712 
SCR7 DNA Ligase CAS 533426-72-0 ; Stemcell 

IV 74102 
CYREN1 Ku70 / 80 Arnoult et al Nature ( 2017 ) 
and 2 549 : 548-552 
RS - 1 Rad51 CAS 312756-74-4 Sigma 

R9782 
siRNA Pol ? 
Veliparib PARP CAS 912444-00-9 Santa Cruz 

394457 
L755,507 B3 - adrenergic CAS 159182-43-1 Tocris 2197 

receptor 
XL 413 CDC7 CAS 1169562-71-3 Tocris 5493 

MMEJ 
MMEJ 

Unknown 

Cell Cycle 

[ 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 . 2x105 
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 UM 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 uM 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 um 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 i53 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 i53 polypeptide 
inhibitor ( SEQ ID NO : 70 ) was evaluated . HEK293 T cells 
were transfected with two different ssODNs homologous to 
the AAVS1 locus : Hn - 91-61 ( SEQ ID NO : 25 ) and Ht - 39-88 
( SEQ ID NO : 28 ) . 2x109 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 i53 
polypeptide mRNA open reading frame encoding i53 poly 
peptide identified by SEQ ID NO : 69 ) . HDR efficiency 
increased with treatment of mRNA encoding i53 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 
L755,507 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 . 

Cas9 and gRNAI ( GFP target sequence identified by SEQ 
ID NO : 9 ; sgRNA spacer sequence identified by SEQ ID 
NO : 10 ) or ORNA2 ( 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 gRNA1 . 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 

SO 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 ORNA 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 ) . 2x105 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 

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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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 . 

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 ug dsDNA donor . These dsDNA donors , 
lacking homology arms , introduce a second 3 ' splice site into 
exon 2 at the GSDla 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 NHEJ 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 ) . 
2x105 cells were edited with 1 uM Cas9 and 1.5 uM ORNA . 
The cells were transfected with a ssODN donor ( SEQ ID 
NO : 42 ) . Cells were edited with 100 UM SODN . 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 : e168 ) . 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 

Example 3. Efficient Gene Editing by HDR Using 
i53 at Multiple Gene Loci and in Multiple Cell 

Types 
[ 0472 ] Having demonstrated improved HDR efficiency 
with 53BP1 inhibition by the i53 polypeptide , its effect on 
HDR efficiency at the hemoglobin subunit beta ( e.g. , 
B - 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 ( R02 gRNA , 
target sequence shown in SEQ ID NO : 15 ) . 2x10 cells were 
edited with 3 ug Cas9 and 3 ug gRNA . The target gene 
sequence ( including target sequence with PAM ) , RO2 spacer 
sequence , and RO2 sgRNA sequence are identified in Table 
3 . 

TABLE 3 

Sequences of R02 SERNA 

Name / 
Description 

SEQ 
ID NO Sequence 

CTTGCCCCACAGGGCAGTAA 15 HBB Target 
Sequence 

CTTGCCCCACAGGGCAGTAACGG 20 HBB Target 
Sequence with 
PAM 

CUUGCCCCACAGGGCAGUAA 16 RO2 Spacer 
Sequence 

17 RO2 SERNA 
( spacer in bold ) 

csusus GCCCCACAGGGCAGUAAGUUUUAGAGCUAGAAA 
UAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAA 
AAAGUGGCACCGAGUCGGUGCusususU 

a , c , g , u : 2 ' 0 - methyl phosphorothioate nucleotides 
S : phosphorothioate 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 i53 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 i53 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 i53 mRNA tested 
( 0.5 , 1 , and 2 ug mRNA ) . No GFP expression over back 
ground was seen in cells treated with RNP - only or AAV 
only . 

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 ug Cas9 and 1 ug gRNA . 
Cells were infected with AAV containing homology donor 
DNA encoding GFP ( DJ serotype ) as well as mRNA encod 
ing i53 ( 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 ) . 

TABLE 4 

Media components used to culture LT - HSPCs 

Component Concentration 

Thrombopoietin 
Fms - like tyrosine kinase 3 ligand 
Stem cell factor 
Interleukin - 3 

100 ng / mL 
100 ng / mL 
100 ng / mL 
60 ng / mL 

[ 0475 ] The effect of 53BP1 inhibition on HDR efficiency 
was compared to other mRNA - encoded proteins that inhibit 
the NHEJ pathway . These included the proteins CYREN1 
and CYREN2 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 ) , 
CYREN1 , or CYREN2 . Treatment with i53 mRNA resulted 
in increased HDR efficiency when administered at 0.3 ug or 
1 ug . Treatment with CYREN1 or CYREN2 mRNA resulted 
in no improvement in HDR efficiency over RNP + AAV - only 
( FIG . 6B ) . 
[ 0476 ] An inhibitor of the cell division cycle7 - related 
( CDC1 , ) protein kinase was also evaluated for improved 
HDR editing of the HBB gene locus . CDC1 , is an initiator of 
the G1 / S transition . Inhibition of CDCl , using the small 
molecule XL413 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 XL413 tested ( data 
not shown ) . 
[ 0477 ] The effect of treatment with i53 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 i53 
and 5 ?M Nu7441 ( FIG . 6C ) . No improvement in HDR 
efficiency was seen with treatment of a mRNA encoding a 
non - functional mutant i53 ( e.g , DM , mRNA ORF shown by 
SEQ ID NO : 71 ) . 
[ 0478 ] The effect of treatment of 153 on HDR efficiency 
was evaluated in additional cell types , including editing of 
the AAVS1 locus in human epithelial cells immortalized 
with h?ERT ( HTERT RPE - 1 , ATCC CRL - 4000 ) cells . RPE1 
cells were lipofected with RNP comprised of Cas9 protein 

Example 4. Efficient Gene Editing of the 
Hemoglobin Beta Subunit ( HBB ) Locus in 

CD34 - Expressing LT - HSPCs Using i53 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 ( RO2 ORNA , target sequence shown 
by SEQ ID NO : 15 ) . 1x10 were edited per reaction using 20 
ug Cas9 and 20 ug gRNA . The cells were electroporated 
with 1 ug 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 RO2 
ORNA 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 . 

results demonstrate that by isolating LT - HSPCs from healthy 
donors using mobilization by Mozobil , along with editing in 
the presence of i53 , 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 ) . 

TABLE 5 
Example 5. Evaluation of LT - HSPCs Edited with 

i53 Following Administered In Vivo 
Sequence of AAV.307 Homology Donor 

Name / Description SEQ ID NO 
110 
52 
53 

5 ' ITR 
Left Homology Arm ( LHA ) 
Gene - edit ( E7 E7V ) 
Right Homology Arm ( RHA ) 
3 ' ITR 
LHA to RHA 
AAV.307 full AAV 

54 
105 
108 
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 ORNA ) and treated with 1 ug of mRNA 
encoding the i53 polypeptide ( SEQ ID NO : 70 ) . Treatment 
with i53 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 ORNA 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 i53 , 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 ug Cas9 and 20 ug RO2 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 

[ 0486 ] As described above , HDR efficiency for editing the 
HBB locus in CD34 - expressing LT - HSPCs is improved in 
the presence of i53 . The effect of gene - editing with i53 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 ( RO2 ORNA , 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. , RO2 
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 ug 
Cas9 , 20 ug 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 i53 polypep 
tide ( SEQ ID NO : 70 ) during electroporation . Cells were 
edited with 1 ug 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 LT - 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 ) ) . 
































































































































































