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FIGS. 6A-6C
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FIGS. 7A-7E

Circular plasmid options (after transfection)
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FIGS. 7A-7E CONTINUED
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FIGS. 7A-7E CONTINUED

Linear plasmid option (before transfection)
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METHOD TO ENHANCE SCREENING FOR
HOMOLOGOUS RECOMBINATION IN
GENOME EDITED CELLS USING
RECOMBINATION-ACTIVATED
FLUORESCENT DONOR DELIVERY
VECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 62/768,676, filed Nov. 16, 2018, which is
incorporated by reference herein and relied on in its entirety.

REFERENCE TO A SEQUENCE LISTING
SUBMITTED VIA EFS-WEB

[0002] The content of the ASCII text file of the sequence
listing named “960296_03964_ST25.txt” which is 12.2 kb
in size was created on Nov. 14, 2019 and electronically
submitted via EFS-Web herewith the application is incor-
porated herein by reference in its entirety.

BACKGROUND

[0003] The CRISPR/Cas9 nuclease system has emerged as
a promising new option for genome editing. Using CRISPR/
Cas9 to create indels (deletions or insertions) in a genome is
relatively easy. However, performing gene editing is often
difficult and inefficient. The insertion of precise genetic
modifications by genome editing tools such as CRISPR/
Cas9 is limited by the relatively low efficiency of homology-
directed repair (HDR) compared with the higher efficiency
of the nonhomologous end-joining (NHEJ) pathway. This is
a widely accepted problem, and many have attempted to
address this through a host of different approaches for
promoting HDR (often at the expense of NHEJ). Nonethe-
less, this remains a real limitation on the efficient use of
CRISPR for gene editing.

[0004] A need in the art exists for improved methods of
CRISPR/Cas9 HDR for genome editing technologies.

SUMMARY OF THE INVENTION

[0005] In a first aspect, described herein is a nucleic acid
construct comprising a gene that encodes for a first select-
able marker comprising a 5' portion that comprises a direct
repeat at the 3' end of said 5' portion; and a 3' portion that
comprises the direct repeat at the 5' end of said 3' portion,
wherein the 5' portion and the 3' portion are separated by a
multiple cloning site. In some embodiments, the selectable
marker is a fluorescent protein. In some embodiments, the
construct is a vector.

[0006] In some embodiments, the fluorescent protein is
selected from the group consisting of a green fluorescent
protein, a red fluorescent protein, a blue fluorescent protein,
a cyan fluorescent protein, a yellow fluorescent protein, an
orange fluorescent protein, and a far-red fluorescent protein
[0007] In some embodiments, the selectable marker is an
antibiotic resistance marker.

[0008] In some embodiments, the multiple cloning site is
a restriction enzyme cleavage site selected from the group
consisting of Nhel, EcoRV, Sacl, Aflll, Alfl, Arsl, Ascl,
AsiSI, Bael, Barl, BbvCl, Bell, BmgBI, BpulOIl, BsiWI,
BsmBI, BspEl, BsrGI, BstBI, BstB171, Clal, CspCI, Dralll,
EcoNI, EcoRI, Fsel, Hpal, MauBI, Mfel, Mlul, Nrul, Nsil,
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Pacl, Pasl, Pmel, Pmll, PpuMI, PshAl, Psrl, Rsrll, SanDI,
SgrDI, Sphl, Srfl, Swal, Tstl, Tth111I, Xeml, and Xhol
cleavage sites.

[0009] In a second aspect, described herein is a nucleic
acid construct comprising a gene that encodes for a select-
able marker comprising a 5' portion that comprises a direct
repeat at the 3' end of said 5' portion; and a 3' portion that
comprises the direct repeat at the 5' end of said 3' portion,
wherein the 5' portion and the 3' portion are separated by a
donor repair template. In some embodiments, the donor
repair template is between about 400 base pairs and about
1000 base pairs.

[0010] In some embodiments, the selectable marker is a
fluorescent protein. In some embodiments, the fluorescent
protein is selected from the group consisting of a green
fluorescent protein, a red fluorescent protein, a blue fluo-
rescent protein, a cyan fluorescent protein, a yellow fluo-
rescent protein, an orange fluorescent protein, and a far-red
fluorescent protein.

[0011] In some embodiments, the selectable marker is an
antibiotic resistance marker selected from the group con-
sisting of an ampicillin resistance marker, a kanamycin
resistance marker, a chloramphenicol resistance marker, a
puromycin resistance marker, a hygromycin resistance
marker, a blasticidin resistance marker, a neomycin resis-
tance marker, and a zeocin resistance marker. In some
embodiments, the selectable marker is a [-galactosidase or
a luciferase selectable marker.

[0012] In a third aspect, described herein is a system for
CRISPR/Cas9 gene editing comprising a nucleic acid donor
repair construct as described herein and including a first
selectable marker and a construct encoding a Cas9 nuclease,
a guide RNA (gRNA), and a second selectable marker. In
some embodiments, the first and second selectable markers
are fluorescent proteins.

[0013] In a fourth aspect, described herein is a method of
screening for homology directed repair (HDR) comprising
the steps of: transfecting a population of cells with a first
construct comprising a gene that encodes a first selectable
marker comprising: a 5' portion that comprises a direct
repeat at the 3' end of said 5' portion; and a 3' portion that
comprises the direct repeat at the 5' end of said 3' portion,
wherein the 5' portion and the 3' portion are separated by a
donor repair template; transfecting the population of cells
with a second construct comprising a gene encoding a Cas9
nuclease, a sequence encoding a guide RNA, and a gene that
encodes a second selectable marker; and selecting cells from
the population that are positive for expression of both the
first and second selectable marker, whereby the selected
cells are enriched for HDR.

[0014] In some embodiments, the first and second select-
able markers are fluorescent proteins of different wave-
lengths. In some embodiments, the fluorescent proteins are
selected from the group consisting of a green fluorescent
protein, a red fluorescent protein, a blue fluorescent protein,
a cyan fluorescent protein, a yellow fluorescent protein, an
orange fluorescent protein, a far-red fluorescent protein.

[0015] In some embodiments, the first construct and the
second construct are included on the same plasmid for
transfection into the population of cells. In some embodi-
ments, the first construct and the second construct are on
separate plasmids for transfection into the population of
cells.
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[0016] In some embodiments, the cells are transfected
using lipid based transfection, nucleofection, or viral trans-
fection. In some embodiments, the population of cells are
plant cells, animal cells, eukaryotic cells, prokaryotic cells,
mammalian cells, bacterial cells, fungal cells, nematode
cells, or insect cells.

[0017] In some embodiments, the cells are selected using
fluorescence-activated cells sorting (FACS). In some
embodiments, the cells are selected using antibiotic resis-
tance selection. In some embodiments, the antibiotic resis-
tance marker is selected from the group consisting of an
ampicillin resistance marker, a kanamycin resistance
marker, a chloramphenicol resistance marker, a puromycin
resistance marker, a hygromycin resistance marker, a blas-
ticidin resistance marker, a neomycin resistance marker, and
a zeocin resistance marker.

[0018] In some embodiments, the cells are selected using
bioluminescence screening or -galactosidase screening.

BRIEF DESCRIPTION OF DRAWINGS

[0019] The patent or patent application file contains at
least one drawing in color. Copies of this patent or patent
application publication with color drawings will be provided
by the Office upon request and payment of the necessary fee.
[0020] FIG. 1 shows CRISPR/Cas9 mediated genome
editing. A guide RNA (indicated as sgRNA in FIG. 1) binds
the Cas9 nuclease and guides the nuclease to the target
sequence of the gene of interest, which is upstream of a
protospacer adjacent motif (PAM). The Cas9 nuclease and
the sgRNA may be transfected into a cells and expressed
from a plasmid or may be introduced as a purified Cas9
protein and a synthetic sgRNA. Once bound at the target
site, the Cas9 nuclease induces a double strand break at the
target site. If no donor sequence is inserted, non-homolo-
gous end joining (NHEJ) will result in an insertion or
deletion (indel) mutation which may result in a frame shift
mutation or other disruption in transcription and expression
of the gene of interest. If a donor sequence is present,
homology directed repair (HDR) may result in the desired
precise gene editing at the target site, but this occurs at low
efficiency as NHEIJ also can occur.

[0021] FIG. 2 shows CRISPR editing workflow.

[0022] FIG. 3 shows schematics for the surveyor assay
and the restriction digest assay used in traditional CRISPR
genome editing screening.

[0023] FIG. 4 shows plasmids used in CRISPR editing for
selection of cells positive for expression of the Cas9 nucle-
ase by GFP or puromycin selection. Plasmids encode both
the gRNA and the Cas9 nuclease as well as a selectable
marker. In the embodiments depicted the selectable marker
is either a fluorescent marker (GFP) or an antibiotic select-
able marker (puromycin). Expression of both the Cas9
nuclease and the selectable marker are controlled by the
same promoter (for example, a CMV promoter) and selec-
tion for cells positive for expression of the selectable marker
will be positive for Cas9 nuclease expression.

[0024] FIG. 5 shows the design of a plasmid vector 100 for
delivery of repair donors into the genome via HDR (Homol-
ogy Directed Repair) with CRISPR Cas9 editing protocols.
The vector 100 contains an RFP gene (or a gene encoding
any other fluorescent protein or a gene encoding an antibi-
otic resistance marker) interrupted by two identical 223 bp
direct repeats 106. These 223 bp repeats code for a segment
of'the RFP gene. In the vector the RFP gene is broken up into
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a 5' portion 102 and a 3' portion 104. The 3' end of the 5'
portion 102 is the first 223 bp direct repeat 106. The 5' end
of the 3' portion 104 is the second 223 bp direct repeat 106.
Between the two 223 bp direct repeats 106 is the repair
donor template sequence 108. The circular (non-linearized)
vector with the repeats will not express RFP when trans-
fected into cells. Nor does the circular repair vector express
RFP when a repair donor is cloned between the direct
repeats. After transfection into cells, a fraction of the repair
donor fragments will recombine by HDR into the genome at
a specific location determined by the Cas9/sgRNA and this
will linearize the repair RFP vector. The linearized repair
donor will recombine at the direct repeats and produce
functional RFP gene expression.

[0025] FIGS. 6A-6C show the method for enhanced
screening for CRISPR HDR edits using the repair donor
vector of the present invention. FIG. 6A shows a method for
enhanced screening for HDR genome editing of cells using
a fluorescent vector (RFP) with direct repeats 106 to deliver
the HDR repair donor 108. A second vector contains the
Cas9 protein, gRNA sequence and GFP. It is also envisioned
that all components may be encoded on a single vector. FIG.
6B shows cleavage of the genomic DNA by Cas9 allows site
specific HDR recombination of the repair donor 108 into the
genome. FIG. 6C shows recombination of the repair donor
vector at the direct repeats 106 producing RFP fluorescence.

[0026] FIGS. 7A-7E show additional embodiments of the
donor repair vector of the present invention. FIG. 7A shows
the same embodiment depicted in FIG. 5 including the '
portion 102 of the RFP gene with the first direct repeat 106
and the 3' portion 104 of the RFP gene with the second direct
repeat 106 interrupted by the repair donor sequence 108.
FIG. 7B shows an additional circular embodiment including
the 5' portion 102 of the RFP gene with the first direct repeat
106 and the 3' portion 104 of the RFP gene with the second
direct repeat 106 interrupted by the repair donor sequence
108 and also including one Cas9 wild type (WT) guide
cleavage site 110. FIG. 7C shows an additional circular
embodiment including the 5' portion 102 of the RFP gene
with the first direct repeat 106 and the 3' portion 104 of the
RFP gene with the second direct repeat 106 interrupted by
the repair donor sequence 108 and also including two Cas9
WT guide cleavage sites 110. FIG. 7D shows an additional
circular embodiment including the 5' portion 102 of the RFP
gene with the first direct repeat 106 and the 3' portion 104
of the RFP gene with the second direct repeat 106 inter-
rupted by a Cas9 WT guide cleavage site 110. In this
embodiment, a single stranded oligodeoxynucleotide (ODN)
repair oligo is co-transfected with the reporter vector and a
vector expressing the Cas9 nuclease. In some embodiments,
the ODN is about 100 bp and contains the mutation to be
introduced into the genome. The ODN serves as the repair
donor and cells that are positive for Cas9 cleavage will
cleave the WT cleavage site 110 in the RFP repair vector to
produce RFP fluorescence. FIG. 7E shows a linear plasmid
embodiment including the 5' portion 102 of the RFP gene
with the first direct repeat 106 and the 3' portion 104 of the
RFP gene with the second direct repeat 106 interrupted by
the repair donor sequence 108 and additional including a
restriction enzyme cleavage site 112.

[0027] FIG. 8 shows enhanced selection for HDR using
the repair donor template of the present invention with a
Cas9 encoding vector including a selectable marker. In this
embodiment, the selectable marker on the Cas9 encoding
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vector is GFP and the selectable marker on the repair donor
vector is RFP, therefore FACs sorting of GFP/RFP positive
cells will select for cells in which the desired HDR event
was successful.

[0028] FIG. 9 shows that the linearized donor repair
delivery vector recombines and expresses RFP after
homologous recombination in mammalian HEK cells.

[0029] FIG. 10 shows HEK cells co-transfected with
Cas9-GFP vector and linearized donor repair RFP vector.
Green cells indicate cells position for Cas9 plasmid only
(Cas9/GFP expression). Red cells indicate cells positive for
the linearized donor repair RFP vector expressing RFP after
recombination. Orange and yellow cells indicate cells posi-
tive for the Cas9 plasmid and the donor repair RFP vector.
These cells contain both the Cas9 vector required for
genomic DNA cleavage and recombined donor repair vector.

[0030] FIG. 11 shows results using two different embodi-
ments of the present invention for enhanced HDR screening.
Two different forms of the repair donor delivery plasmid
(linearized and circular) were transfected in cells along with
the Cas9/sgRNA. After 72 hours cells were FACs sorted for
GFP only cells (standard screening method) and GFP+RFP
expressing cells (enhanced screening method disclosed
herein). Using both linear and circular forms of the repair
donor delivery plasmid showed a significant difference in
cells containing the Cas9 guide only (GFP sort) vs. cells
containing Cas9 guide and repair donor plasmid (GFP/RFP
sort).

[0031] FIG. 12 shows screening of GFP and GFP/RFP
FAC:s sorted pools by restriction enzyme digest. Sorted cell
pools 1 and 2 show the results of HEK cell transfection using
linearized donor repair plasmid along with GFP expressing
Cas9/gRNA vectors. Sorted cell pools 3 and 4 show the
results of HEK cell transfections using circular donor repair
plasmid along with GFP expressing Cas9/gRNA vectors.
Cell pools 1 and 3 were FACs sorted for GFP expressing
cells only (standard screen). Cell pools 2 and 4 were FACs
sorted for both RFP and GFP (enhanced screen disclosed
herein). Based on restriction enzyme digest assays to screen
for positive HDR, only 21% and 19.5% of cells transfected
with linearized or circular plasmids, respectively, were posi-
tive when selection was based on GFP expression only.
When cells were selected based on GFP and RFP expression
using the donor repair vector constructions of the present
invention, cells positive for HDR increased to 31.2% and
38.8% for cells transfected with linearized and circular
plasmids, respectively.

[0032] FIG. 13 shows results in HEK cells co-transfected
with Cas9-GFP plasmid and the donor repair vector (RFP).
Cell pools 1 and 2 were screened by FACs sorting for cells
expressing GFP only (standard screen) and cells were then
plated to obtain individual clones. Cell pools 3 and 4 were
FACs sorted for cells expressing both GFP and RFP (en-
hanced screen disclosed herein) and cells were then plated to
obtain individual clones. These clones were then analyzed
by PCR amplification across the region of interest and by
restriction enzyme digest with Tsp451 indicated donor inser-
tion. For pools 1 (linear donor plasmid) and 2 (circular donor
plasmid) 66% and 16% of cells, respectively, were positive
for HDR. When cells were selected for using both GFP and
RFP using the donor repair template constructs of the
present invention, the cells positive for HDR increased to
92% and 75% for groups 3 (linear) and 4 (circular), respec-
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tively. PCR products indicated by the red starts were
selected for sequencing to confirm donor template insertion.
[0033] FIG. 14 show sequencing results of the PCR prod-
ucts from GFP sorted clones in FIG. 13. Results indicate that
cells positive for Tsp451 digest have been edited with the
repair donor. For linear GFP sort pool 1, clones A and B are
positive for Tsp451 digest indicating donor insertion.
Sequence data confirms mixture of donor and WT sequences
indicating a heterologous edit (one allele). For circular GFP
sort pool 2, clones A and B are negative for Tsp451 digest
indicating no donor insertion. Sequence data shows clone A
has a deletion indicating NHEJ editing. Clone B shows WT
sequence indicating no editing occurred.

[0034] FIG. 15 shows sequencing results of the PCR
products from the GFP/RFP pools in FIG. 13. For linear
GFP/RFP sort pool 3, clones A and B are positive for Tsp451
digest indicating donor insertion. Sequence data confirms a
mixture of donor and WT sequences indicating a heterozy-
gous edit (editing on one allele). For circular GFP/RFP
sorted pool 4, clone A is negative for Tsp451 digest indicated
no donor insertion. Clone A was sequenced as a negative
control. Sequence data show clone A has a deletion indicat-
ing NHEJ editing. The sequence data for clone B confirm a
mixture of donor and WT sequences indicating a heterozy-
gous edit (editing on one allele).

[0035] FIG. 16 shows an example of a modified donor
delivery plasmid as described herein. The backbone of the
plasmid is Addgene plasmid #11151. The DsRed2 gene is
modified to include a 230 bp direct repeat with cloning sites
in between the repeats.

INCORPORATION BY REFERENCE

[0036] All publications, including but not limited to pat-
ents and patent applications, cited in this specification are
herein incorporated by reference as though set forth in their
entirety in the present application.

DETAILED DESCRIPTION OF THE
INVENTION

[0037] CRISPR/Cas9 works by inducing sequence-spe-
cific double-stranded breaks (DSBs) in DNA. After such
breaks, the cell undergoes an error-prone repair process
called non-homologous end joining (NHEJ), leading to a
disruption in the translational reading frame, often resulting
in frameshift mutations and premature stop codons. Alter-
natively, if a repair template is provided, the cell may
undergo homology directed repair (HDR) to incorporate the
sequence of the repair template into the site of the double-
strand break.

[0038] For the system to work for HDR, at least three
components must be introduced in cells: a Cas9 nuclease, a
guide RNA, and a repair template. For standard CRISPR
methods known in the art, the repair template may be
provided as part of a double stranded donor plasmid, as a
double stranded PCR product, or as a single stranded oli-
gonucleotide. The repair template includes the desired muta-
tion to be introduced at the Cas9 cleavage site or any desired
sequence to be incorporated into the genome at the Cas9
cleavage site.

[0039] Described herein are repair template constructs and
methods of use for enhanced HDR directed genome editing.
[0040] The present disclosure describes vectors and meth-
ods for enhanced screening for homologous recombination
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genome editing of cells using a vector including a selectable
marker interrupted with direct repeats to deliver a repair
template. The vector is constructed such that a selectable
marker will only be expressed upon removal of the repair
template from the vector and recombination of the direct
repeats to form the complete and uninterrupted selectable
marker gene from which the selectable marker is expressed.

Constructs of the Present Invention

[0041] The present invention provides a donor repair
template construct for transfection into a cell. The donor
repair template construct includes a gene encoding a select-
able marker. In the construct, the gene encoding the select-
able marker is interrupted by two identical direct repeat
sequences to form a 5' portion of the selectable marker gene
and a 3' portion of the selectable marker gene. The direct
repeat sequence is repeated first at the far 3' end of the &'
portion and again at the far 5' end of the 3' portion. In some
embodiments, between the two identical direct repeat
sequences is a donor repair template sequence. The construct
is arranged such that upon removal of the repair template
sequence, the direct repeat sequences recombine to form the
full gene encoding the selectable marker and the selectable
marker may be expressed. If the repair template sequence is
not removed, the selectable marker cannot be expressed.
[0042] As used herein ‘“repair template sequence” or
“donor repair sequence” refers to the nucleotide sequence to
be inserted at the site of Cas9 cleavage in the cell. The repair
template sequence may be any nucleotide sequence and may
be used to introduce mutations, including silent mutations,
frameshift mutations, single nucleotide substitutions, and
the like at the Cas9 cleavage site. The repair donor template
sequence is about 400 base pairs (bp) to about 1000 bp. The
repair donor template sequence may be about 400, about
500, about 600, about 700, about 800, about 900, or about
1000 base pairs. The length of the repair donor template will
depend on the nature of the mutation to be made and the
cloning method used to insert the donor repair template
sequence into the construct.

[0043] In some embodiments, between the two identical
direct repeat sequences is a multiple cloning site for cloning
of'a donor repair template sequence into the vector. As used
herein “multiple cloning site” refers to a nucleotide
sequence used for controlled cloning of a desired sequence
into a construct at a predetermined location. The multiple
cloning site may be any sequence known in the art used for
cloning. Multiple cloning sites for use in the donor repair
template constructs of the present invention may include,
but are not limited to, restriction enzyme cleavage sites.
Suitable restriction enzyme cleavage sites will be cleavage
sites that are not found anywhere else in the vector and are
unique to the donor repair template construct. Restriction
enzyme cleavage site include, but are not limited to, Nhel,
EcoRV, Sacl, Aflll, Alfl, Arsl, Ascl, AsiSI, Bael, Barl,
BbvCl, Bcll, BmgBI, BpulOl, BsiWI, BsmBI, BspEI,
BsrGI, BstBI, BstB171, Clal, CspCI, Dralll, EcoNI, EcoRI,
Fsel, Hpal, MauBIl, Mfel, Mlul, Nrul, Nsil, Pacl, Pasl,
Pmel, Pmll, PpuMI, PshAl, Psrl, Rsrll, SanDI, SgrDI, Sphl,
Srfl, Swal, Tstl, Tth111I, Xcml, and Xhol cleavage sites.
The DNA sequences associated with the restriction cleavage
sites listed, as well as other known restriction enzyme
cleavage sites, are known in the art.

[0044] In some embodiments, the repair donor and direct
repeats are inserted without restriction enzymes as a double-
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stranded DNA or using alternative cloning methods such as
Gibson assembly. The double-stranded DNA may be pro-
duced synthetically (e.g., chemical synthesis or gBlock™)
or by polymerase chain reaction and used to assemble the
donor repair template construct. When Gibson assembly
methods are used the donor repair template may be up to
about 500 bp.

[0045] As used herein “selectable marker” refers to a
protein or nucleic acid used to sort or select a given
population of cells based on a characteristic property of said
maker. The selectable marker is encoded by a gene for said
selectable marker. Suitable selectable markers include, but
are not limited to, fluorescent proteins, antibiotic resistance
markers, a [-galactosidase selectable marker, and a
luciferase selectable marker. The selectable marker gene
may be a gene encoding a fluorescent protein, a gene
encoding an antibiotic resistance marker, a gene encoding a
[p-galactosidase, or a gene encoding a luciferase. Selectable
markers, and methods of selecting cells using said selectable
markers are known in the art. See, for example, Mortensen
et al. (“Selection of transfected mammalian cells,” Current
Protocols in Neuroscience, 1997) and Patrick (“Plasmids
101: Mammalian Vectors,” Addgene Blog, 2014).

[0046] In some embodiments, the selectable marker is a
fluorescent protein. Fluorescent proteins may include, but
are not limited to, a green fluorescent protein (e.g., GFP), a
red fluorescent protein (e.g., RFP), a blue fluorescent pro-
tein, a cyan fluorescent protein, a yellow fluorescent protein,
an orange fluorescent protein, a far-red fluorescent protein,
and the like. Fluorescent proteins and gene sequences
encoding fluorescent proteins are known in the art (Kremers
et al. “Fluorescent proteins at a glance,” Journal of Cell
Science, 124, 157-160, 2011).

[0047] In some embodiments, the selectable marker is an
antibiotic resistance marker which, when expressed, confers
antibiotic resistance to the cell. Antibiotic resistance markers
may include, but are not limited to, ampicillin resistance
markers, kanamycin resistance markers, chloramphenicol
resistance markers, puromycin resistance markers, hygro-
mycin resistance markers, blasticidin resistance markers,
neomycin (G418/Geneticin) resistance markers, zeocin
resistance markers, and the like.

[0048] In some embodiments, the selectable marker is a
[-galactosidase selectable marker. [-galactosidase select-
able markers and methods of selecting cells using [-galac-
tosidase selectable markers are known in the art. See, for
example, Weir et al. (“The use of beta-galactosidase as a
marker gene to define the regulatory sequences of the herpes
simplex virus type 1 glycoprotein C gene in recombinant
herpesviruses,” Nuc. Acids Res., 1988, 16 (21): 10267-
10282).

[0049] In some embodiments, the selectable marker is a
luciferase selectable marker and the cells are selected based
on bioluminescence screening. Luciferase selectable mark-
ers and methods of selecting cells using bioluminescence are
known in the art. See, for example, Brasier et al. (“Opti-
mized use of the firefly luciferase assay as a reporter gene in
mammalian cell lines,” BioTechniques, 1989 7 (10):1116-
1122).

[0050] As used herein “direct repeat sequence” refers to a
portion of the selectable marker gene which is repeated
twice in the vector between the 5' and 3' ends of the
selectable marker gene. The direct repeat may be between
about 10 bp to about 250 bp long. In some embodiments, the
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direct repeat may be at least about 10, about 20, about 30,
about 40, about 50, about 60, about 70, about 80, about 90,
about 100, about 110, about 120, about 130, about 140,
about 150, about 160, about 180, about 200, about 225, or
about 250 base pairs (bp) long. The upper limit on the length
of the direct repeat will vary depending on the length of the
gene encoding the selectable marker. For example, the RFP
gene is approximately 700 bp so the upper limit of the direct
repeat when the selectable marker is RFP will be less than
700 bp. Without wishing to be bound by any particular
theory, the more homology, that is the longer the direct
repeat, the more likely it will be that recombination will
occur and the smaller the direct repeats, the less efficient
recombination will be. In general, a direct repeat of at least
10 bp will be sufficient for homologous recombination to
occur. It is known in the art that changing the length of the
direct repeat will alter the efficiency of homologous recom-
bination, and a skilled artisan will understand what mini-
mum and maximum lengths are suitable for the direct
repeats in various constructs comprising various selectable
markers and donor repair template sequences. See, for
example, Rubnitz et al. (“The minimum amount of homol-
ogy required for homologous recombination in mammalian
cells,” Molecular and Cellular Biology, 1984, 4 (11):2253-
2258), Perez et al. (“Factors affecting double-stranded
break-induced homologous recombination in mammalian
cells,” BioTechniques, 2005, 39:109-115), Zhang et al.
(“Efficient precise knocking with a double cut HDR donor
after CRISPR/Cas9-mediated double-strand DNA cleav-
age,” Genome Biology, 2017, 18:35), and Fujimoto et al.
(“Minimum length of homology arms required for effective
red/ET recombination,” Biosci. Biotechnol. Biochem., 73
(12), 2783-2786, 2009).

[0051] When the selectable marker is interrupted in the
vector, the direct repeat region will be repeated at both the
3' most end of the 5' portion of the selectable marker gene
and the 5' most end of the 3' portion of the selectable marker
gene. For example, in embodiments where the direct repeat
is 100 bp, the last 100 bp of the 5' portion of the selectable
marker gene will be defined as the direct repeat and will
match the first 100 bp of the 3' portion of the selectable
marker gene. In another example, when the direct repeat is
80 bp, the last 80 bp of the 5' portion of the selectable marker
gene will be defined as the direct repeat and will match the
first 80 bp of the 3' portion of the selectable maker gene.

[0052] FIG. 5 shows one embodiment of a donor repair
template construct in a vector. In this embodiment, the
vector 100 contains a red fluorescent protein (RFP) reporter
gene interrupted by two identical 223 bp direct repeats 106
such that a 5' portion 102 of the RFP gene and a 3' portion
104 of the RFP are present in the construct. The first 223 bp
direct repeat 106 is at the far 3' end of the 5' portion 102 and
the second 223 bp direct repeat 106 is at the far 5' end of the
3' portion 104. In this embodiment, the direct repeats 106 are
separated by a repair donor template sequence 108. While
this embodiment shows the use of the RFP reporter gene, it
is understood that other selectable marker genes may be
used and assembled in the same construct.

[0053] In addition to the repair donor construct, constructs
of the present invention may include a nucleotide encoding
a Cas9 nuclease and a guide RNA (gRNA). The one or more
constructs encoding the Cas9 nuclease and the gRNA will
also include a selectable marker. In some embodiments the
sequence encoding the Cas9 nuclease and the gRNA are
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included on a single vector construct. In some embodiments,
the repair donor construct, the sequence encoding the Cas9
nuclease and the gRNA are included in a single vector. In
some embodiments, the repair donor construct is on a vector
separate from the construct for the Cas9 nuclease and the
gRNA. Additionally, the Cas9 and gRNA constructs may
include a promoter, a poly(A) tail, and an optional reporter
element. In some embodiments, the Cas9 nuclease may be
provided to the cell as a purified protein and the gRNA and
tracrRNA may be provided as a separate synthesized or
transcribed RNA.

[0054] As used herein “guide RNA (gRNA)” refers to the
nucleotide guide sequence which directs Cas9 mediated
cleavage at a target site specific and complementary to the
target region of the gRNA. The gRNA may be between
about 15 to about 20 bp (e.g., 15 bp, 16 bp, 17 bp, 18 bp, 19
bp, or 20 bp). The gRNA may be specific to any target site
suitable for Cas9 mediated cleavage. The gRNA is fused to
or hybridized to the tracrRNA sequence for binding to the
Cas9 nuclease. While the target region of the gRNA
sequence is variable and will be specific for the cleavage site
of interest, the tracrRNA is the same for all gRNA sequences
used and specific for binding to the Cas9 nuclease. The
tractrRNA sequence for S. pyrogenes Cas9 is GTTTTA-
GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC-
CGTTATCAACTTGAAAA AGTGGCACCGAGTCG-
GTGC (SEQ ID NO:1).

[0055] The donor repair template construct may addition-
ally include one or more cleavage sites. In some embodi-
ments, the cleavage site is identical to the target site of the
gRNA used for CRISPR/Cas9 mediated HDR. The cleavage
sites may be between the donor repair fragment and the
direct repeat at either the 5' or 3' end of the donor repair
fragment. Cleavage at these sites within the donor repair
template construct are a method to linearize the donor repair
vector and increase the efficiency of recombination.

[0056] FIG. 7B shows one embodiment of a donor repair
template construct in a vector. In this embodiment, the
vector contains a red fluorescent protein (RFP) reporter gene
interrupted by two identical 223 bp direct repeats 106 such
that a 5' portion 102 of the RFP gene and a 3' portion 104 of
the RFP are present in the construct. The first 223 bp direct
repeat 106 is at the far 3' end of the 5' portion 102 and the
second 223 bp direct repeat 106 is at the far 5' end of the 3'
portion 104. In this embodiment, the direct repeats 106 are
separated by repair donor template sequence 108 and a
gRNA target site 110 is included before the second direct
repeat.

[0057] FIG. 7C shows one embodiment of a donor repair
template construct in a vector. In this embodiment, the
vector contains a red fluorescent protein (RFP) reporter gene
interrupted by two identical 223 bp direct repeats 106 such
that a 5' portion 102 of the RFP gene and a 3' portion 104 of
the RFP are present in the construct. The first 223 bp direct
repeat 106 is at the far 3' end of the 5' portion 102 and the
second 223 bp direct repeat 106 is at the far 5' end of the 3'
portion 104. In this embodiment, the direct repeats 106 are
separated by repair donor template sequence 108. This
embodiment also includes two gRNA target sites 110
included between each direct repeat and the donor repair
template. The gRNA target sites do not need to be directly
between the direct repeat and the donor repair template and
there is flexibility in the placement of the target sites.
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[0058] FIG. 7D shows one embodiment of a donor repair
template construct in a vector. In this embodiment, the
vector contains a red fluorescent protein (RFP) reporter gene
interrupted by two identical 223 bp direct repeats 106 such
that a 5' portion 102 of the RFP gene and a 3' portion 104 of
the RFP are present in the construct. The first 223 bp direct
repeat 106 is at the far 3' end of the 5' portion 102 and the
second 223 bp direct repeat 106 is at the far 5' end of the 3'
portion 104. In this embodiment, the direct repeats 106 are
separated by a gRNA target site 110. For methods using this
construct, the donor repair template is introduced into the
cell as a separate single stranded DNA oligonucleotide.
[0059] The donor repair template construct may addition-
ally include one or more restriction enzyme cleavage sites.
Restriction enzyme cleavage sites for use in the present
invention include, but are not limited to, cleavage sites for
Nhel, EcoRV, Sacl, Aflll, Alfl, Arsl, Ascl, AsiSI, Bael,
Barl, BbvCl, Bell, BmgBI, BpulOL BsiWI, BsmBI, BspEI,
BsrGI, BstBI, BstB171, Clal, CspCI, Dralll, EcoNI, EcoRI,
Fsel, Hpal, MauBIl, Mfel, Mlul, Nrul, Nsil, Pacl, Pasl,
Pmel, Pmll, PpuMI, PshAl, Psrl, Rsrll, SanDI, SgrDI, Sphl,
Srfl, Swal, Tstl, Tth1111, Xcml, and Xhol.

[0060] FIG. 7E shows one embodiment of a linearized
donor repair template construct in a vector. In this embodi-
ment, the vector contains a red fluorescent protein (RFP)
reporter gene interrupted by two identical 223 bp direct
repeats 106 such that a 5' portion 102 of the RFP gene and
a 3' portion 104 of the RFP are present in the construct. The
first 223 bp direct repeat 106 is at the far 3' end of the 5'
portion 102 and the second 223 bp direct repeat 106 is at the
far 5' end of the 3' portion 104. In this embodiment, the
direct repeats 106 are separated by repair donor template
sequence 108. This embodiment also includes a restriction
enzyme cleavage site 112. Cleavage of the vector using the
restriction enzyme specific for the restriction enzyme cleav-
age site 112 will generate a linearized plasmid. The restric-
tion enzyme cleavage site may be between the first direct
repeat 106 and the 5' end of the repair donor template
sequence or between the 3' end of the repair donor template
sequence and the second direct repeat 106.

[0061] Constructs may be packaged in a vector suitable for
delivery into a cell, including but not limited to an adeno-
associated viral (AAV) vector, a lentiviral vector, a retroviral
vector or a vector suitable for transient transfection. Suitable
vector backbones are known and commercially available in
the art. In some embodiments, the vector is an AAV vector
and the donor repair, gRNA, and Cas9 constructs are
encoded on separate vectors. In some embodiments, the
vector is an AAV vector and the donor repair, gRNA, and
Cas9 constructs are encoded on a single vector. In some
embodiments, the vector is a vector suitable for transient
transfection and the donor repair, gRNA, and Cas9 con-
structs are encoded on a single vector. In some embodi-
ments, the vector is a lentiviral vector and the donor repair,
gRNA, and Cas9 constructs are encoded on separate vectors.
In some embodiments, the vector is a lentiviral vector and
the donor repair, gRNA, and Cas9 constructs are encoded on
a single vector. In some embodiments, the vector is a vector
suitable for transient transfection and the donor repair,
gRNA, and Cas9 constructs are encoded on a single vector.
Suitable CRISPR viral vectors are known and used in the art.
[0062] Constructs of the present invention may be trans-
fected into a cell using any suitable transfection reagent or
transfection method known in the art. Construction may be
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transfected using lipid transfection (e.g., lipofectamine),
electroporation (e.g., Thermo Neon™ electroporation),
nucleofection (e.g., Lonza Nucleofector™), viral transfec-
tion, and calcium phosphate transfection. Suitable transfec-
tion systems and methods are known in the art.

Methods of the Present Invention

[0063] Provided herein is a method for screening a popu-
lation of cells for HDR. The population of cells is transfected
with a donor repair template construct. The donor repair
template construct for transfection may be any donor repair
construct described herein and includes a first selectable
marker and a repair template sequence. The population of
cells are also transfected with a construct expressing a Cas9
nuclease, a gRNA, and a second selectable marker. The
gRNA may be introduced to the cells by expression from a
vector or as a synthetic oligonucleotide. In some embodi-
ments, the donor repair construct and the Cas9 nuclease/
gRNA construct are transfected into the population of cells
on separate vectors. In some embodiments, the donor repair
construct and the Cas9 nuclease/gRNA construct are trans-
fected into the population of cells as a single vector.
[0064] Cells to be transfected with the constructs of the
present invention can be any suitable cell type capable of
being transformed by methods known in the art. Suitable
cells may include, but are not limited to, plant cells, animal
cells, eukaryotic cells, prokaryotic cells, mammalian cells,
bacterial cells, fungal cells, nematode cells, or insect cells.
[0065] For methods of enhanced HDR screening
described herein, the first selectable marker in the donor
repair construct will be different than the second selectable
marker in the Cas9 nuclease construct. For example, if the
first selectable maker in the donor repair construct is RFP,
the second selectable marker in the Cas9 nuclease construct
will not be RFP but rather will be a different selectable
maker, such as GFP, another fluorescent protein, or an
antibiotic resistance marker. The first and second selectable
markers may be any selectable maker so long as they are
different selectable makers. In some embodiments, the first
selectable marker and the second selectable marker are
fluorescent proteins. In some embodiments, the first select-
able marker and the second selectable marker are an anti-
biotic resistance marker. In some embodiments, the first
selectable marker is a fluorescent protein and the second
selectable marker is an antibiotic resistance marker. In some
embodiment, the first selectable marker is an antibiotic
resistance marker and the second selectable marker is a
fluorescent protein.

[0066] Following transfection of the cells with the donor
repair construct and the Cas9 nuclease/gRNA construct, the
population of cells are sorted based expression of both the
first and second selectable markers. The cells may be sorted
by any means known in art for selecting for expression of the
selectable markers. A skilled artisan understands the appro-
priate methods to use for selection of cells expressing a
given selectable markers.

[0067] For embodiments in which the selectable marker is
a fluorescent protein, the cells may be sorted using fluores-
cent-activated cell sorting (FACS) and flow cytometry. In
FACS sorting, cells are sorted based on the specific light
scattering and fluorescent characteristics of each cell. When
multiple fluorescent proteins are used to select for cells
comprising multiple constructs, it is advantageous to choose
fluorescent proteins with distinct excitation and emission
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peaks to be targeted. A skilled artisan will understand how
to select suitable fluorescent markers or other selectable
markers to ensure suitable sorting and identification of cells.
[0068] Insome embodiments, cell or colonies of cells may
be sorted using microscopy techniques. Visualization and
mechanical sorting of cells may be used when the selectable
markers used impart visual differences in the cells positive
for Cas9 nuclease/gRNA or donor template construct
expression.

[0069] For embodiments in which the selectable marker is
an antibiotic resistance marker, the cells may be sorted by
growing or culturing the cells in the presence of the antibi-
otic corresponding to the antibiotic resistance marker used
and the cell line being transfected. For example, in embodi-
ments where the antibiotic resistance marker is a puromycin
resistance gene, growth or culture of the cells in the presence
of puromycin will select for the cells expressing the puro-
mycin resistance gene. A skilled artisan will understand
suitable selection methods as taught in the art.

[0070] The selected population of cells will be enriched
for cells expressing the Cas9 nuclease/gRNA and cells in
which the HDR event was successful determined by removal
of the donor repair template from the donor repair construct
and recombination of the selectable marker in the donor
repair vector.

[0071] Insome embodiments, following enrichment of the
population of cells by selection using the first and second
selectable markers, the cells are further screened using a
surveyor assay or a restriction digest assay.

[0072] In some embodiments, methods of screening for
HDR or NHEJ include a surveyor assay. FIG. 3 shows an
example of the surveyor assay. The surveyor assay is a
screening method for checking cell pools after CRISPR
editing and selection. The sequence of the target region of
the genome corresponding to the gRNA target site is known,
and PCR primers are designed to amplify the target region
of the genome. In some embodiments, the PCR primers are
designed to amplify an approximately 500 bp fragment of
the target region. Genomic DNA is extracted from cells in
the pools of interest. The genomic DNA then serves as the
templates for PCR amplification using the designed PCR
primers. Generally, the genomic DNA will include a mixture
of edited and wild type of unedited cells. Therefor the PCR
amplification product will also include a mixture of edited
and WT DNA. The amplified fragment is then denatured and
rehybridized to form PCR products that contain (i) double
stranded WT (unedited) DNA; (ii) double stranded, edited,
DNA; and (iii) heterozygous double-stranded DNA wherein
one strand, a first strand, is WT DNA and the other strand,
a second strand, is edited DNA. The heterozygous double-
stranded DNA will not hybridize completely due to base pair
mismatches. Mismatched base pair are recognized using the
Surveyor nuclease enzyme which cleaves the mismatches.
All rehybridized DNA is exposed to the Surveyor nuclease
enzyme. DNA exposed to the Surveyor enzyme is run on an
agarose gel and if cleavage products are present, the cell
pool necessarily includes at least some cells that have been
edited.

[0073] In some embodiments, methods for screening for
HDR include a restriction digest assay. FIG. 3 shows an
example of the restriction digest assay. The restriction digest
assay is a screening method for checking cell pools after
CRISPR editing and selection. The restriction digest assay is
useful if a new restriction site is introduced in the donor
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sequence that is recombined into the genome by HDR. The
sequence of the target region of the genome corresponding
to the gRNA target site is known, and PCR primers are
designed to amplify the target region of the genome. In some
embodiments, the PCR primers are designed to amplify an
approximately 500 bp fragment of the target region.
Genomic DNA is extracted from cells in the pools of
interest. The genomic DNA then serves as the templates for
PCR amplification using the designed PCR primers. Gen-
erally, the genomic DNA will include a mixture of edited
and wild type of unedited cells. Therefor the PCR amplifi-
cation product will also include a mixture of edited and WT
DNA. Following amplification, the PCR amplification prod-
uct is exposed to a restriction digest enzyme. The restriction
enzyme used will be specific for the restriction enzyme
cleavage site introduced in the donor repair sequence. The
digested DNA is run on an agarose gel and if cleavage
products are present, the donor sequence has been inserted
into the genomic DNA. This is a positive indication that
some cells in the screened pool are positive for HDR editing.
[0074] The present invention has been described in terms
of one or more preferred embodiments, and it should be
appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated, are
possible and within the scope of the invention.

Example 1

[0075] The embodiment described here demonstrates
enhanced screening and enrichment for HDR in genome
edited cells using GFP and RFP selectable markers.

[0076] FIG. 5 shows the design of a plasmid vector for
delivery of repair donors into the genome via HDR (
Homology Directed Repair) with CRISPR Cas9 editing
protocols. The vector contains an RFP gene interrupted by
two identical 223 bp direct repeats. The circular vector with
the repeats will not express RFP when transfected into cells.
Nor does the circular repair vector express RFP when a
repair donor is cloned between the direct repeats. RFP will
be expressed when the donor repair template is removed
during successful HDR.

[0077] FIG. 8 shows both the repair donor vector and the
Cas9/gRNA vector used in these experiments. The Cas9/
gRNA vector includes a GFP selectable marker which is
expressed under the same promoter as the Cas9 nuclease.
Therefore, cells positive for GFP expression will indicate
cells in which the Cas9 nuclease is also expressed.

[0078] Human embryonic kidney (HEK) cells (ATCC®
CRL-1573) were transfected with the RFP donor repair
vector and the GFP Cas9/nuclease vectors described in FIG.
8 using the lipid transfection reagent lipofectamine using
lipid transfection methods.

[0079] After transfection into cells, a fraction of the repair
donor fragments will recombine by HDR into the genome at
a specific location determined by the Cas9/sgRNA and this
will linearize the repair RFP vector. The linearized repair
donor will recombine and produce functional RFP gene
expression. As depicted in FIG. 10, cells positive for only
the Cas9/gRNA plasmid are green, cells expressing only the
linearized RFP donor vector are red and cells that include
both the Cas9/gRNA vector and the donor vector will appear
orange or yellow.

[0080] FIG. 11 shows the results using two different donor
repair vector constructs for enhanced HDR screening. Lin-
earized and circular donor repair vectors with an RFP
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selectable marker were transfected along with the Cas9/
gRNA expression construct, which expresses GFP, into cells
using lipofectamine and lipid transfection methods. After 72
hours cells were FACs sorted for GFP only cells (standard
screening method) and GFP+RFP expressing cells. A sum-
mary of the cell pools are included below in Table 1. Using
both linear and circular forms of the repair donor delivery
plasmid showed a significant difference in cells containing
the Cas9 guide only (GFP sort) vs. cells containing Cas9
guide and repair donor plasmid (GFP/RFP sort).

TABLE 1

Quantification of cell pools sorted
for GFP or GFP + RFP expression

Donor Vector FACs sort Total Cells
Linear GFP only 87,984
Linear GFP/RFP 7,078
Circular GFP only 131,630
Circular GFP/RFP 3,678

[0081] The GFP/RFP sorted cell pools have eliminated a
large number of the unedited cells or false positives seen
when cells were sorted for GFP expressing cells only. Cells
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only expressing GFP, and not expressing RFP, containing the
Cas9/gRNA vector only. There is no indication if these cells
contain the donor template or if HDR was successful. The
GFP/RFP cells contain the Cas9/gRNA vector as well as the
repair donor vector in which recombination and HDR have
occurred. The repair donor vector has lost the donor frag-
ment because it has recombined to create RFP expression. If
the repair donor has been removed from the repair donor
vector we assume it has been recombined into the genome
by HDR. The difference in GFP only sorted cells compared
to the GFP/RFP sorted cells is significant. The smaller the
pool of sorted cells, the more efficient the screening for
edited cells and the better the odds of finding HDR edited
cells.

[0082] FIG. 12 shows the results of screening the GFR and
GFP/RFP sorted pools using the restriction digest assay.
FIGS. 13-15 show the results of the experiments in HEK
cells and sequencing of genomic DNA extracted therefrom.
Cells sorted for GFP/RFP expressed showed a higher rate of
successful HDR events with the donor sequence of interest.
[0083] An example of the donor repair template construct
is included below as SEQ ID NO:2. Direct repeats are in
BOLD (SEQ ID NO:3) and the restriction digest sites
separating the direct repeats are underlined (SEQ ID NO:4).

GTCGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTC

ATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCT

GACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAA

CGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGACTATTTACGGTAAACTGCCC

ACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATG

ACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTA

CTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGGTCGAGGTGAGCCCC

ACGTTCTGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATT

TATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGGGEEGGEEGEGGCGCECGCCA

GGCGGGGCGGEEECEEEECEAGGEECEEEECEEEGECGAGGCGGAGAGGTGCGGECG

GCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCGAGGCGGCGGCG

GCGGCGGCCCTATAAAAAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGTTGCCTT

CGCCCCGTGCCCCGCTCCGCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCG

CGTTACTCCCACAGGTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGC

GCTTGGTTTAATGACGGCTCGTTTCTTTTCTGTGGCTGCGTGAAAGCCTTAAAGGGCT

CCGGGAGGGCCCTTTGTGCGGGGGGGAGCGGCTCGGGGGGTGCGTGCGTGTGTGTG

TGCGTGGGGAGCGCCGCGTGCGGCCCGCGCTGCCCGGCGGCTGTGAGCGCTGCGGGE

CGCGGCGCGGGGCTTTGTGCGCTCCGCGTGTGCGCGAGGGGAGCGCGGCCGGGGGET

GGTGCCCCGCGGTGCGGGEGEGGCTGCGAGGGGAACAAAGGCTGCGTGCGGGGTGTG

TGCGTGGGGGGGTGAGCAGGGGGTGTGGGCGCGGCGGTCGGGCTGTAACCCCCCCC

TGCACCCCCCTCCCCGAGTTGCTGAGCACGGCCCGGCTTCGGGTGCGGGGCTCCGTG

CGGGGCGTGGCGCGGGEGCTCGCCOTGCCGGGCGGEEEGETGGCGGCAGGTGGGGET

GCCGGGCGGGGECEGEGECCECCTCGGGCCGGGGAGGGCTCGGGGGAGGGGCGCGGTL

GGCCCCGGAGCGCCGGCGGCTGTCGAGGCGCGGCGAGCCGCAGCCATTGCCTTTTA
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TGGTAATCGTGCGAGAGGGCGCAGGGACTTCCTTTGTCCCAAATCTGGCGGAGCCG
ARATCTGGGAGGCGCCGCCGCACCCCCTCTAGCGGGCGCGGGCGAAGCGGTGCGGT
GCCGGCAGGAAGGAAATGGGCGGGGAGGGCCTTCGTGCGTCGCCGCGCCGCCGTCC
CCTTCTCCATCTCCAGCCTCGGGGCTGCCGCAGGGGGACGGCTGCCTTCGGGGGGGA
CGGGGCAGGGCGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGCT
AACCATGTTCATGCCTTCTTCTTTTTCCTACAGCTCCTGGGCAACGTGCTGGTTATTG
TGCTGTCTCATCATTTTGGCAAAGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGA
TCCACCGGTCGCCACCATGGCCTCCTCCGAGAACGTCATCACCGAGTTCATGCGCTT
CAAGGTGCGCATGGAGGGCACCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAG
GGCGAGGGCCGCCCCTACGAGGGCCACAACACCGTGAAGCTGAAGGTGACCAAGG
GCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCCAGTACGGCTCCA
AGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGAAGCTGTCCTTCC
CCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT CGAGGACGGCGGCGTGGCGACT
GTGACCCAGGACTCCTCCCTGCAGGACGGCTGCTTCATCTACAAGGTGAAGTTCA
TCGGCGTGAACTTCCCCTCCGACGGCCCCGTGATGCAGAAGAAGACCATGGGC
TGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCG
AGACCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTC

AAGTCCATCTACATGGCCAAGAAGCCCGTGCAGGCTAGCGATATCGAGCTCCTCG

AGGGACGGCTGCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTC
CGACGGCCCCGTGATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAG
CGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGACCCACAAGGCCCTGAA
GCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCA
AGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACGCCAAGCTGGACATCAC
CTCCCACAACGAGGACTACACCATCGTGGAGCAGTACGAGCGCACCGAGGGCCGCT
ACCACCTGTTCCTGTAGCGGCCGCACTCCTCAGGTGCAGGCTGCCTATCAGAAGGTG
GTGGCTGGTGTGGCCAATGCCCTGGCTCACAAATACCACTGAGATCTTTTTCCCTCT
GCCAAAAATTATGGGGACATCATGAAGCCCCTTGAGCATCTGACTTCTGGCTAATAA
AGGAAATTTATTTTCATTGCAATAGTGTGTTGGAATTTTTTGTGTCTCTCACTCGGAA
GGACATATGGGAGGGCAAATCATTTAAAACATCAGAATGAGTATTTGGTTTAGAGTT
TGGCAACATATGCCATATGCTGGCTGCCATGAACAAAGGTGGCTATAAAGAGGTCA

TCAGTATATGAAACAGCCCCCTGCTGTCCATTCCTTATTCCATAGAAAAGCCTTGAC

TTGAGGTTAGATTTTTTTTATATTTTGTTTTGTGTTATTTTTTTCTTTAACATCCCTAA

AATTTTCCTTACATGTTTTACTAGCCAGATTTTTCCTCCTCTCCTGACTACTCCCAGTC

ATAGCTGTCCCTCTTCTCTTATGAAGATCCCTCGACCTGCAGCCCAAGCTTGGCGTA

ATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAAC

ATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACT

CACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGT CGGGAAACCTGTCGTGCCA

GCGGATCCGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATC

CCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTT

May 21, 2020
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TTATTTATGCAGAGGCCGAGGCCGCCTCEGCCTCTGAGCTATTCCAGAAGTAGTGAG
GAGGCTTTTTTGGAGGC CTAGGCTTTTGCAAAAAGCTAACTTGTTTATTGCAGCTTAT
AATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCA
CTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGATCC
GCTGCATTAATGAATCGGCCAACGCGCGGEGAGAGGCGGTTTGCGTATTGGGCGCT
CTTCCGCTTCCTCGCTCACTGACTCGCTGCGC TCGETCGT TCGGCTGCGGCGAGCGE
TATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCA
GGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAARAAGGCCE
CGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGAC
GCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCC
CCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGT
CCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTT TCTCAATGCTCACGC TGTAGGTATCT
CAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGC TGTGTGCACGAACCCCCCGTTCA
GCCCGACCGCTGCGCCTTATCCGGTAACTATCGT CTTGAGTCCAACCCGGTAAGACA
CGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGC TACAGAGTTCTTGAAGTGGTGGCC TAACTACGGCTACACTAGAAGS
ACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGARAAAGAGT TGGT
AGCTCTTGATCCGGCAAACAAACCACCGCTGETAGCGGTGGTTTTTTTGTTTGCAAG
CAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACG
GGGTCTGACGCTCAGTGGAACGAAAAC TCACGTTAAGGGATTT TGGTCATGAGATTA
TCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTARATCA
ATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGC TTAATCAGTGAG
GCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCG
TGTAGATAACTACGATACGGGAGGGCTTACCATCTGECCCCAGTGCTGCAATGATAC
CGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGA
AGGGCCGAGCGCAGAAGTGGTCCTGCAACT TTATCCGCCTCCATCCAGTCTATTAAT
TGTTGCCGGGAAGCTAGAGTAAGTAGT TCGCCAGTTAATAGTTTGCGCAACGTTGTT
GCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTT CATTCAGCT
CCGETTCCCAACGATCAAGGCGAGT TACATGATCCCCCATGTTGTGCAAAARAGCG
GTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGT TGGCCGCAGTGTTATCA
CTCATGGT TATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCT
TTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGAC
CGAGTTGCTCTTGCCCGGCGTCAATACGEGATAATACCGCGCCACATAGCAGAACTT
TAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTAC
CGCTGTTGAGATCCAGT TCGATGTAACCCACTCGTGCACCCAACTGATC TTCAGCAT
CTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAA
AAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAAT
ATTATTGAAGCATTTATCAGGGTTATTGTC TCATGAGCGGATACATATTTGAATGTAT

TTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 19

<210> SEQ ID NO 1
<211> LENGTH: 76

<212> TYPE:

DNA

<213> ORGANISM: Streptococcus pyogenes

<400> SEQUENCE: 1

gttttagagce tagaaatagc aagttaaaat aaggctagtce cgttatcaac ttgaaaaagt

ggcaccgagt

cggtgc

<210> SEQ ID NO 2
<211> LENGTH: 5754

<212> TYPE:

DNA

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

<223> OTHER INFORMATION:

<400> SEQUENCE: 2

gtcgacattyg

gcccatatat

ccaacgaccc

ggactttcca

atcaagtgta

cctggeatta

tattagtcat

atctcccecce

gcgatggggy

dggceggggcy

tcettttatg

gggagtcgct

ceggetetga

gggctgtaat

ccttaaaggyg

tgtgtgtgtg

¢gggegegge

ggtgcccege

tgggggggty

cctecccgag

geggggceteg

cegectegygy

gtegaggege

gacttcettt

tagcgggcgc

cgtgegtege

attattgact

ggagttccge

ccgeccattyg

ttgacgtcaa

tcatatgeca

tgcccagtac

cgctattace

ccteeccace

€g99999999

aggcggagag

gcgaggeggce

gegttgectt

ctgaccgegt

tagcgettygg

ctccgggagg

cgtggggage

gcggggcttt

ggtgcggggy

agcagggggt

ttgctgageca

CCgthngg

c¢cggggaggy

ggcgagccgce

gtceccaaatce

dggcgaagceyg

cgegeagecyg

agttattaat

gttacataac

acgtcaataa

tgggtggact

agtacgcccc

atgaccttat

atgggtcgag

cccaattttyg

dggggegege

gtgcggegge

dgcggeggcy

cgececcegtge

tactcccaca

tttaatgacg

gecetttgty

geegegtgeg

gtgegetecy

ggctgegagg

gtgggegegy

cggecegget

c©ggggggtag

ctcgggggag

agccattgec

tggcggagcc

gtgcggegee

tcececttete

synthetic

agtaatcaat

ttacggtaaa

tgacgtatgt

atttacggta

ctattgacgt

gggactttce

gtgagcccca

tatttattta

gccaggegygy

agccaatcag

gccctataaa

cecegeteege

ggtgagcggyg

getegtttet

¢gggggggag

gecegegety

cgtgtgegeg

ggaacaaagg

cggtcgggct

tegggtgegg

cggcaggtgg

dggcgegygcy

ttttatggta

gaaatctggyg

dgcaggaagyg

catctecage

tacggggtca

tggccegect

tcccatagta

aactgcccac

caatgacggt

tacttggcag

cgttetgett

ttttttaatt

geggggegygg

ageggcegege

aagcgaagcg

geegectege

cgggacggcc

tttetgtgge

cggctegggy

cceggegget

aggggagegce

ctgcgtgegg

gtaaccccce

ggctcegtge

gggtgecggyg

geceeggage

atcgtgcgag

aggcgecgec

aaatgggcgg

ctcggggctg

ttagttcata

ggctgaccge

acgccaatag

ttggcagtac

aaatggceceg

tacatctacg

cactcteccecce

attttgtgca

dcgaggggcg

tccgaaagtt

c¢geggcegggce

geegecegece

cttctectee

tgcgtgaaag

ggtgegtgeg

gtgagegetg

dgecgggggce

ggtgtgtgeg

cctgeacceee

ggggegtgge

¢ggggcgggy

gCngngCt

agggcegeagy

gcacccecte

ggagggcctt

c¢cgeaggggy

60

76

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560
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acggctgect tecggggggga cggggcaggg cggggttegg cttcetggegt gtgaccggeg 1620

gctctagage ctetgctaac catgttcatg ccttettcett tttectacag ctectgggca 1680
acgtgctggt tattgtgctg tcectcatcatt ttggcaaaga attctgcagt cgacggtacc 1740
gegggecegyg gatccaccgg tcegecaccat ggectectece gagaacgtca tcaccgagtt 1800
catgegette aaggtgcgca tggagggcac cgtgaacgge cacgagtteg agatcgaggg 1860
cgagggcgag ggccgeccect acgagggeca caacaccgtyg aagctgaagyg tgaccaaggg 1920
cggccceectg cecttegect gggacatcct gtecccecag ttceccagtacg getccaaggt 1980
gtacgtgaag caccccgcecg acatccccga ctacaagaag ctgtcecttcece ccgagggcett 2040
caagtgggag cgcgtgatga acttcgagga cggceggegtyg gcegaccgtga cccaggacte 2100
ctcecctgecag gacggctget tcatctacaa ggtgaagttc atcggcgtga acttcccecte 2160
cgacggceccee gtgatgcaga agaagaccat gggcetgggag gectcecaccyg agcegectgta 2220
ccecegegac ggcegtgetga agggcgagac ccacaaggece ctgaagctga aggacggcegg 2280
ccactacctg gtggagttca agtccatcta catggccaag aagcccgtgce aggctagcga 2340
tatcgagectce ctcgagggac ggctgcttca tctacaaggt gaagttcatce ggcgtgaact 2400
tceectecga cggeccegtyg atgcagaaga agaccatggg ctgggaggece tccaccgage 2460
gectgtacee cegegacgge gtgctgaagg gcgagaccca caaggcecctg aagcetgaagyg 2520
acggcggcca ctacctggtyg gagttcaagt ccatctacat ggccaagaag cccgtgcagce 2580
tgcceggeta ctactacgtg gacgccaage tggacatcac ctceccacaac gaggactaca 2640
ccategtgga gcagtacgag cgcaccgagg gecgccacca cctgttectyg tageggecge 2700
actcctcagg tgcaggctge ctatcagaag gtggtggcetg gtgtggccaa tgccctgget 2760
cacaaatacc actgagatct ttttccctct gccaaaaatt atggggacat catgaagccce 2820
cttgagcatc tgacttctgg ctaataaagg aaatttattt tcattgcaat agtgtgttgg 2880
aattttttgt gtctctcact cggaaggaca tatgggaggg caaatcattt aaaacatcag 2940
aatgagtatt tggtttagag tttggcaaca tatgccatat gectggctgcce atgaacaaag 3000
gtggctataa agaggtcatc agtatatgaa acagccccct getgtcecatt ccttattceca 3060
tagaaaagcc ttgacttgag gttagatttt ttttatattt tgttttgtgt tattttttte 3120
tttaacatcc ctaaaatttt ccttacatgt tttactagcc agatttttece tectctectg 3180
actactccca gtcatagetg tecctettet cttatgaaga tccctcgacce tgcagcccaa 3240
gcttggcgta atcatggtca tagetgtttce ctgtgtgaaa ttgttatccg ctcacaattce 3300
cacacaacat acgagccgga agcataaagt gtaaagcctg gggtgcctaa tgagtgagcet 3360
aactcacatt aattgcgttg cgctcactgce ccgcttteca gtcgggaaac ctgtcegtgece 3420
agcggatccg catctcaatt agtcagcaac catagtcccg cccctaacte cgcccatcce 3480
gccectaact ccgeccagtt ccgeccatte tccgeccccat ggctgactaa ttttttttat 3540
ttatgcagag gccgaggcecg cctecggecte tgagctattce cagaagtagt gaggaggcett 3600
ttttggaggc ctaggctttt gcaaaaagct aacttgttta ttgcagctta taatggttac 3660
aaataaagca atagcatcac aaatttcaca aataaagcat ttttttcact gcattctagt 3720
tgtggtttgt ccaaactcat caatgtatct tatcatgtct ggatccgctg cattaatgaa 3780

tcggccaacg cgcggggaga ggcggtttge gtattgggeg ctcettecget tectegetca 3840
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ctgactecget gegctceggte gtteggectge ggcgageggt atcagcectcac tcaaaggcegg 3900
taatacggtt atccacagaa tcaggggata acgcaggaaa gaacatgtga gcaaaaggcce 3960
agcaaaaggc caggaaccdgt aaaaaggccg cgttgctgge gtttttccat aggctccgece 4020
ccectgacga gcatcacaaa aatcgacget caagtcagag gtggcgaaac ccgacaggac 4080
tataaagata ccaggcgttt ccccctggaa gcteccctegt gegctcectect gttecgacce 4140
tgccgettac cggatacctg tecgecttte tceectteggg aagecgtggeg ctttcetcaat 4200
gctcacgetyg taggtatcte agtteggtgt aggtcegtteg cteccaagetg ggetgtgtge 4260
acgaaccccce cgttcageecce gaccgctgceg ccttatceegg taactatcgt cttgagtceca 4320
acccggtaag acacgactta tcgccactgg cagcagccac tggtaacagyg attagcagag 4380
cgaggtatgt aggcggtgct acagagttct tgaagtggtg gcctaactac ggctacacta 4440
gaaggacagt atttggtatc tgcgctctgce tgaagccagt taccttcgga aaaagagttg 4500
gtagctcttyg atccggcaaa caaaccaccg ctggtagcgg tggttttttt gtttgcaage 4560
agcagattac gcgcagaaaa aaaggatctc aagaagatcc tttgatcttt tctacggggt 4620
ctgacgctca gtggaacgaa aactcacgtt aagggatttt ggtcatgaga ttatcaaaaa 4680
ggatcttcac ctagatcctt ttaaattaaa aatgaagttt taaatcaatc taaagtatat 4740
atgagtaaac ttggtctgac agttaccaat gcttaatcag tgaggcacct atctcagcga 4800
tctgtctatt tecgttcatce atagttgcect gactccecegt cgtgtagata actacgatac 4860
gggagggcett accatctgge cccagtgetg caatgatacce gegagaccca cgctcaccegg 4920
ctccagattt atcagcaata aaccagccag ccggaaggge cgagcgcaga agtggtectg 4980
caactttatc cgcctccatce cagtctatta attgttgecg ggaagctaga gtaagtagtt 5040
cgccagttaa tagtttgcge aacgttgttg ccattgctac aggcatcgtg gtgtcacget 5100
cgtegtttgg tatggcttca ttcagctccecg gtteccaacg atcaaggcga gttacatgat 5160
cceccatgtt gtgcaaaaaa geggttagcet cctteggtece teccgatcgtt gtcagaagta 5220
agttggccgce agtgttatca ctcatggtta tggcagcact gcataattct cttactgtca 5280
tgccatcegt aagatgcttt tetgtgactg gtgagtactc aaccaagtca ttctgagaat 5340
agtgtatgcg gcgaccgagt tgctcttgce cggcgtcaat acgggataat accgcgccac 5400
atagcagaac tttaaaagtg ctcatcattg gaaaacgttc ttcggggcga aaactctcaa 5460
ggatcttacc gctgttgaga tccagttcga tgtaacccac tcgtgcaccce aactgatcett 5520
cagcatcttt tactttcacc agcgtttctg ggtgagcaaa aacaggaagg caaaatgccg 5580
caaaaaaggg aataagggcg acacggaaat gttgaatact catactcttc ctttttcaat 5640
attattgaag catttatcag ggttattgtc tcatgagcgg atacatattt gaatgtattt 5700

agaaaaataa acaaataggg gttccgcgca catttccccg aaaagtgcca cctg 5754

<210> SEQ ID NO 3

<211> LENGTH: 223

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 3

ggacggctge ttcatctaca aggtgaagtt catcggegtg aacttccect ccgacggecc 60
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cgtgatgcag aagaagacca tgggctggga ggectccace gagegectgt acccccgega
cggegtgetyg aagggcgaga cccacaagge cctgaagetg aaggacggeg gcecactacct

ggtggagttc aagtccatct acatggccaa gaagcccegtyg cag

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

<400>

SEQ ID NO 4

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: synthetic

SEQUENCE: 4

gctagegata tcgagctect cgag

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

<400>

SEQ ID NO 5

LENGTH: 25

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: synthetic

SEQUENCE: 5

gatcgatcga tcgatcgatce gatceg

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

<400>

SEQ ID NO 6

LENGTH: 64

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: synthetic

SEQUENCE: 6

tcagaaagat gaggtctatc ttaatctggt gggkgactat gttectgaaa cagtatacag

agtt

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

<400>

SEQ ID NO 7

LENGTH: 64

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: synthetic

SEQUENCE: 7

tcagaaagat gaggtctatc ttaatctggt gggtgactat gttectgaaa cagtatacag

agtt

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

<400>

SEQ ID NO 8

LENGTH: 64

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: synthetic

SEQUENCE: 8

tcagaaagat gaggtctatc ttaatctggt gggggactat gttecggaaa cagtatacag

agtt

<210>
<211>
<212>

SEQ ID NO 9
LENGTH: 64
TYPE: DNA

120

180

223

24

25

60

64

60

64

60

64
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<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 9

ttcagaaaga tgaggtctat cttaatctgg tgskkgacta tgttcckgaa acagtataca

gagt

<210> SEQ ID NO 10

<211> LENGTH: 64

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 10
ttcagaaaga tgaggtctat cttaatctgg tgggtgacta tgttcctgaa acagtataca

gagt

<210> SEQ ID NO 11

<211> LENGTH: 58

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 11

ttcagaaaga tgaggtctat cttaatctgg actatgttec ggaaacagta tacagagt

<210> SEQ ID NO 12

<211> LENGTH: 64

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 12

ttcagaaaga tgaggtctat cttaatctgg tgetggacta tgttceggaa acagtataca
gagt

<210> SEQ ID NO 13

<211> LENGTH: 64

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 13

gatgaggtct atcttaatct ggtgggkgac tatgttcctg aaacagtata cagagttges
agac

<210> SEQ ID NO 14

<211> LENGTH: 64

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 14

gatgaggtct atcttaatct ggtgggtgac tatgttcctg aaacagtata cagagttgeg

60

64

60

64

58

60

64

60

64

60
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agac

<210> SEQ ID NO 15

<211> LENGTH: 64

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 15
gatgaggtct atcttaatct ggtgggggac tatgttcctg aaacagtata cagagttgeg

agac

<210> SEQ ID NO 16

<211> LENGTH: 64

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 16
ctttcagaaa gatgaggtct atcttaatct ggtggskgac tatgttceckg aaacagtwta

caga

<210> SEQ ID NO 17

<211> LENGTH: 64

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 17

ctttcagaaa gatgaggtct atcttaatct ggtgggtgac tatgttcetg aaacagtata
caga

<210> SEQ ID NO 18

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 18

ctttcagaaa gatgaggtct atgtgcccga tgetecggaa acagtttaca ga

<210> SEQ ID NO 19

<211> LENGTH: 64

<212> TYPE: DNA

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

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 19
ctttcagaaa gatgaggtct atcttaatct ggtgggggac tatgttcetg aaacagtata

caga
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We claim:

1. A nucleic acid construct comprising:

a gene that encodes for a first selectable marker compris-

ing:

a 5' portion that comprises a direct repeat at the 3' end
of said 5' portion; and

a 3' portion that comprises the direct repeat at the 5' end
of said 3' portion,

wherein the 5' portion and the 3' portion are separated by

a multiple cloning site.

2. The nucleic acid construct of claim 1, wherein the
selectable marker is a fluorescent protein.

3. The nucleic acid construct of claim 2, wherein the
fluorescent protein is selected from the group consisting of
a green fluorescent protein, a red fluorescent protein, a blue
fluorescent protein, a cyan fluorescent protein, a yellow
fluorescent protein, an orange fluorescent protein, a far-red
fluorescent protein

4. The nucleic acid construct of claim 1, wherein the
selectable marker is an antibiotic resistance marker.

5. The nucleic acid construct of claim 1, wherein the
multiple cloning site is a restriction enzyme cleavage site
selected from the group consisting of Nhel, EcoRYV, Sacl,
Aflll, Alfl, Arsl, Ascl, AsiSI, Bael, Barl, BbvCIl, Bcll,
BmgBI, BpulOl, BsiWI, BsmBI, BspEIl, BsrGI, BstBI,
BstB171, Clal, CspCl, Dralll, EcoNI, EcoRI, Fsel, Hpal,
MauBI, Mfel, Mlul, Nrul, Nsil, Pacl, Pasl, Pmel, Pmll,
PpuMI, PshAl, Psrl, Rsrll, SanDI, SgrDI, Sphl, Srfl, Swal,
Tstl, Tth1111, Xeml, and Xhol cleavage sites.

6. The nucleic acid construct of claim 1, wherein the
construct is a vector.

7. A nucleic acid construct comprising:

A gene that encodes for a selectable marker comprising:

a 5' portion that comprises a direct repeat at the 3' end
of said 5' portion; and

a 3' portion that comprises the direct repeat at the 5' end
of said 3' portion,

wherein the 5' portion and the 3' portion are separated by

a donor repair template.

8. The nucleic acid construct of claim 7, wherein the
selectable marker is a fluorescent protein.

9. The nucleic acid construct of claim 8, wherein the
fluorescent protein is selected from the group consisting of
a green fluorescent protein, a red fluorescent protein, a blue
fluorescent protein, a cyan fluorescent protein, a yellow
fluorescent protein, an orange fluorescent protein, a far-red
fluorescent protein.

10. The nucleic acid construct of claim 7, wherein the
selectable marker is an antibiotic resistance marker selected
from the group consisting of an ampicillin resistance marker,
a kanamycin resistance marker, a chloramphenicol resis-
tance marker, a puromycin resistance marker, a hygromycin
resistance marker, a blasticidin resistance marker, a neomy-
cin resistance marker, and a zeocin resistance marker.

11. The nucleic acid construct of claim 7, wherein the
donor repair template is between about 400 base pairs and
about 1000 base pairs.

12. A system for CRISPR/Cas9 gene editing comprising:

the construct of claim 1; and

a construct encoding a Cas9 nuclease, a guide RNA

(gRNA), and a second selectable marker.
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13. The system of claim 12, wherein the first and second
selectable markers are fluorescent proteins.
14. A method of screening for homology directed repair
(HDR) comprising the steps of:
transfecting a population of cells with a first construct
comprising a gene that encodes a first selectable marker
comprising:
a 5' portion that comprises a direct repeat at the 3' end
of said 5' portion; and
a 3' portion that comprises the direct repeat at the 5' end
of said 3' portion,
wherein the 5' portion and the 3' portion are separated by
a donor repair template;

transfecting the population of cells with a second con-
struct comprising a gene encoding a Cas9 nuclease, a
sequence encoding a guide RNA, and a gene that
encodes a second selectable marker; and

selecting cells from the population that are positive for

expression of both the first and second selectable
marker, whereby the selected cells are enriched for
HDR.

15. The methods of claim 14, wherein the first and second
selectable markers are fluorescent proteins of different
wavelengths.

16. The method of claim 15, wherein the fluorescent
proteins are selected from the group consisting of a green
fluorescent protein, a red fluorescent protein, a blue fluo-
rescent protein, a cyan fluorescent protein, a yellow fluo-
rescent protein, an orange fluorescent protein, a far-red
fluorescent protein.

17. The method of claim 14, wherein the first construct
and the second construct are included on the same plasmid
for transfection into the population of cells.

18. The method of claim 14, wherein the first construct
and the second construct are on separate plasmids for
transfection into the population of cells.

19. The method of claim 14, wherein the cells are trans-
fected using lipid based transfection, nucleofection, or viral
transfection.

20. The method of claim 14, wherein the cells are selected
using fluorescence-activated cells sorting (FACS).

21. The method of claim 14, wherein the cells are selected
using antibiotic resistance selection.

22. The method of claim 21, wherein the antibiotic
resistance marker is selected from the group consisting of an
ampicillin resistance marker, a kanamycin resistance
marker, a chloramphenicol resistance marker, a puromycin
resistance marker, a hygromycin resistance marker, a blas-
ticidin resistance marker, a neomycin resistance marker, and
a zeocin resistance marker.

23. The method of claim 14, wherein the cells are selected
using bioluminescence screening or §-galactosidase screen-
ing.

24. The nucleic acid construct of claim 1, wherein the
selectable marker is a [-galactosidase or a luciferase select-
able marker.

25. The nucleic acid construct of claim 7, wherein the
selectable marker is a [-galactosidase or a luciferase select-
able marker.



