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TARGETED INTEGRATION AND EXPRESSION
OF EXOGENOUS NUCLEIC ACID SEQUENCES

TECHNICAL FIELD
[0002] The present disclosure 1s in the fields of genome engineering, gene

targeting, targeted chromosomal integration and protein expression.

BACKGROUND
[0003] A major area of interest in genome biology, especially in light of the
determination of the complete nucleotide sequences of a number of genomes, 1s the
targeted alteration of genome sequences. To provide but one example, sickle cell
anemia is caused by mutation of a single nucleotide pair in the human -globin gene.
Thus, the ability to convert the endogenous genomic copy of this mutant nucleotide
pair to the wild-type sequence in a stable fashion and produce normal §3-globin would
provide a cure for sickle cell anemia, as would mtroduction of a functional 3-globin
gene into a genome containing a mutant B-globin gene.
[0004] Attempts have been made to alter genomic sequences in cultured cells

by taking advantage of the natural phenomenon of homologous recombination. See,

for example, Capecchi (1989) Science 244:1288-1292; U.S. Patent Nos. 6,528,313 and
6,528,314, If a polynucleotide has sufficient homology to the genomic region
containing the sequence to be altered, it is possible for part or all of the sequence of the
polynucleotide to replace the genomic sequence by homologous recombination.
However, the frequency of homologous recombination under these circumstances is
extremely low. Moreover, the frequency of insertion of the exogenous polynucleotide
at genomic locations that lack sequence homology exceeds the frequency of

homologous recombination by several orders of magnitude.
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[0005] The introduction of a double-stranded break into genomic DNA, 1n the
region of the genome bearing homology to an exogenous polynucleotide, has been
shown to stimulate homologous recombination at this site by several thousand-fold in
cultured cells. Rouet et al. (1994) Mol. Cell. Biol. 14:8096-8106; Choulika ef al.
(1995) Mol. Cell. Biol. 15:1968-1973; Donoho et al. (1998) Mol. Cell. Biol. 18:4070-
4078. See also Johnson et al. (2001) Biochem. Soc. Trans. 29:196-201; and Yanez ef
al. (1998) Gene Therapy 5:149-159. In these methods, DNA cleavage in the desired
genomic region was accomplished by inserting a recognition site for a meganuclease
(i.e., an endonuclease whose recognition sequence is so large that it does not occur, or
occurs only rarely, in the genome of interest) into the desired genomic region.

[0006] However, meganuclease cleavage-stimulated homologous
recombination relies on either the fortuitous presence of, or the directed insertion of, a
suitable meganuclease recognition site in the vicinity of the genomic region to be
altered. Since meganuclease recognition sites are rare (or nonexistent) in a typical
mammalian genome, and insertion of a suitable meganuclease recognition site 1s
plagued with the same difficulties as associated with other genomic alterations, these
methods are not broadly applicable.

[0007] Thus, there remain needs for compositions and methods for targeted
alteration of sequences in any genome and for compositions and methods for targeted

introduction of exogenous sequences 1nto a genome.

SUMMARY

[0008] - The present disclosure provides method and compositions for
expressing the product of an exogenous nucleic acid sequence (i.e. a protein or a RNA
molecule) in a cell. The exogenous nucleic acid sequence can comprise, for example,
one or more genes or cDNA molecules, or any type of coding or noncoding sequence,
and is introduced into the cell such that it is integrated into the genome of the cell 1n a
predetermined region of interest. Integration of the exogenous nucleic acid sequence
is facilitated by targeted double-strand cleavage of the genome in the region of
interest. Cleavage is targeted to a particular site through the use of fusion proteins
comprising a zinc finger binding domain, which can be engineered to bind any
sequence of choice in the region of interest, and a cleavage domain or a cleavage half-

domain. Such cleavage stimulates integration of exogenous polynucleotide sequences
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at or near the cleavage site. Said integration of exogenous sequences can proceed

through both homology-dependent and homology-independent mechanisms.

[0009] Also provided are methods and composttions for modulating the expression
of an endogenous cellular gene by targeted integration (either homology-dependent or
homology-independent) of one or more exogenous sequences. Such exogenous
sequences can include, for example, transcriptional control sequences such as
promoters and enhancers. Modulation can include transcriptional activation (e.g.,
enhancement of transcription by, for example, insertion of a promoter and/or enhancer
sequence) and transcriptional repression (e.g., functional "knock-out" by, tor example,
inserting an exogenous sequence into an endogenous transcriptional regulatory
sequence, inserting a sequence facilitating transcriptional repression, or inserting a
sequence that interrupts a coding region).

0010} Also provided are methods and compositions for targeted msertion of an
exogenous sequence into a genome, by either homology-dependent or homology-
independent mechanisms, wherein the exogenous sequence does not express a product
or modulate expression of an endogenous gene. For example, a recognition sequence
for a sequence-specific DNA-cleaving enzyme can be introduced at a predetermined
location in a genome so that targeted cleavage by the cleaving enzyme, at the
predetermined location in the genome, can be accomplished. Exemplary DNA-
cleaving enzymes include, but are not limited to, restriction enzymes, meganucleases
and homing endonucleases.

[0010a} Certain exemplary embodiments provide a protein comprising an
engineered zinc finger protein DNA-binding domain, wherein the DNA-binding
domain comprises four zinc finger recognition regtons ordered F1 to F4 from
N-terminus to C-terminus, and (i) wherein F1, F2, F3, and F4 comprise the following

amino acid sequences:

F1: QSGALAR (SEQ ID NO:229)
F2: RSDNLRE (SEQ ID NO:230)
F3: QSSDLSR (SEQ ID NO:231)
F4: TSSNRKT (SEQ ID NO:232) or
(i1) wherein F1, F2, F3, and F4 comprise the following amino acid sequences:
F1: RSDTLSE (SEQ ID NO:224)
F2: NNRDRTK (SEQ ID NO:225)
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F3: RSDHLSA (SEQ ID NO:226)

F4: QSGHLSR (SEQ ID NO:227).
{0011] In one aspect, disclosed herein 1s a method for expression the product of an
exogenous nucleic acid sequence in a cell, the method comprising: (a) expressing a first
fusion protein in the cell, the first fusion protein comprising a first zinc finger binding
domain and a first cleavage half-domain, wherein the first zinc finger binding domain
has been engineered to bind to a first target site in a region of interest in the genome of
the cell; (b) expressing a second fusion protein in the cell, the second fuston protein
comprising a second zinc finger binding domain and a second cleavage half domain,
wherein the second zinc finger binding domain binds to a second target site in the
region of interest 1n the genome of the cell, wherein the second target site is different
from the first target site; and (c¢) contacting the cell with a polynucleotide comprising an
exogenous nucleic acid sequence and a first nucleotide sequence that is homologous to
a first sequence in the region of interest; wherein binding of the first fusion protein to

the first target site, and binding of the second fusion protein to the
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second target site, positions the cleavage half-domains such that the genome of the cell
is cleaved in the region of interest, thereby resulting in integration of the exogenous
sequence into the genome of the cell in the region of interest and expression of the
product of the exogenous sequence.

[0012] The exogenous nucleic acid sequence may comprise a cDNA and/or a
promoter. In other embo&liments, the exogenous nucleic acid sequence encodes a
siRNA. The first nucleotide sequence may be identical to the first sequence in the
region of interest.

[0013] In certain embodiments, the polynucleotide further comprises a second
nucleotide sequence that 1s homologous to a second sequence in the region of interest.
The second nucleotide sequence may be identical to the second sequence in the region
of interest. Furthermore, in embodiments comprising first and second nucleotide
sequences, the first nucleotide sequence may identical to the first sequence in the
region of mterest and the second nucleotide sequence may be homologous but non-
1dentical to a second sequence in the region of interest. In any of the methods
described herein, the first and second nucleotide sequences flank the exogenous
sequence. |

[0014] In certain embodiments, the polynucleotide is a plasmid. In other
embodiments, the polynucleotide is a linear DNA molecule.

[0015] In any of the methods described herein, the region of interest is in an
accessible region of cellular chromatin, a chromosome, and/or a gene (e.g., a gene
comprising a mutation such as a point mutation, a substitution, a deletion, an insertion,
a duplication, an inversion and/or a translocation). In certain embodiments, the
exogenous nucleic acid séquenoe comprises the wild-type sequence of the gene. In
other embodiments, the exogenous nucleic acid sequence comprises a portion of the
wild-type sequence of the gene. In still other embodiments, the exogenous nucleic
acid sequence comprises a cDNA copy of a transcription product of the gene.

[0016] ~ In any of the methods described herein, the region of interest is in a
region of the genome that is not essential for viability. In other embodiments, the
region of interest 1s in a region of the genome that is transcriptionally active. The
region of interest is in a region of the genome that is transcriptionally active and not
essential for viability (e.g., the human Rosa26 genome, the human homologue of the

murine Rosa26 gene, or a CCR5 gene).
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[0017] In another aspect, provided herein is a method for integrating an
exogenous sequence into a region of interest in the genome of a cell, the method
comprising: (&) expressing a first fusion protein in the cell, the first fusion protein
comprising a first zinc finger binding domain and a first cleavage half-domain,
wherein the first zinc finger binding domain has been engineered to bind to a first
target site in a region of interest in the genome of the cell; (b) expressing a second
fusion protein in the cell, the second fusion protein comprising a second zinc finger
binding domain and a second cleavage half domain, wherein the second zinc finger
binding domain binds to a second target site in the region of interest in the genome of
the cell, wherein the second target site is different from the first target site; and (c)
contacting the cell with a polynucleotide comprising an exogenous nucleic acid
sequence; wherein binding of the first fusion protein to the first target site, and binding
of the second fusion protein to the second target site, positions the cleavage hali-
domains such that the genome of the cell is cleaved in the region of interest, thereby
resulting in integration of the exogenous sequence into the genome of the cell in the
region of interest. In certain embodiments, the integration inactivates gene expression
in the region of interest. The exogenous nucleic acid sequence may comprise, for
example, a sequence of between 1 and 50 nucleotides in length. Furthermore, the
exogenous nucleic acid sequence may encode a detectable amino acid sequence. The
region of interest may be in an accessible region of cellular chromatin.
[0018] In any of the methods described herein, the first and second cleavage
half-domains are from a Type IIS restriction endonuclease, for example, Fokl or Szsl.
Furthermore, in any of the methods described herein, at least one of the fusion proteins
may comprise an alteration in the amino acid sequence of the dimerization interface of
the cleavage half-domain.
[0019] In any of the methods described herein, the cell can be a mammalian
cell, for example, a human cell. Furthermore, the cell may be arrested in the G2 phase
of the cell cycle.
[0020] The present subject matter thus includes, but is not limited to, the
following embodiments:

1. A method for expressing the product of an exogenous nucleic acid sequence
in a cell, the method comprising:

(a) expressing a first fusion protein in the cell, the first fusion protein

comprising a first zinc finger binding domain and a first cleavage half-domain,



CA 02615532 2008-01-16
WO 2007/0142735 PCT/US2006/029027

wherein the first zinc finger binding domain has been engineered to bind to a first
target site in a region of interest in the genome of the cell;

(b) expressing a second fusion protein in the cell, the second fusion protein
comprising a second zinc finger binding domain and a second cleavage half domain,
wherein the second zinc finger binding domain binds to a second target site in the
region of interest in the genome of the cell, wherein the second target site is different
from the first target site; and

(c) contacting the cell with a polynucleotide comprising an exogenous nucleic
acid sequence;

wherein binding of the first fusion protein to the first target site, and binding of
the second fusion protein to the second target site, positions the cleavage half-domains
such that the genome of the cell is cleaved in the region of interest, thereby resulting 1n
integration of the exogenous sequence into the genome of the cell in the region of
interest and expression of the product of the exogenous sequence.

2. The method according to 1, wherein the exogenous nucleic acid sequence
comprises a cDNA.

3. The method according to 1, wherein the exogenous sequence comprises a
promoter.

4, The method according to 1, wherein the polynucleotide further comprises a
first nucleofide sequence that 1s 1dentical to a first sequence 1n the region of interest.

5. The method according to 4, wherein the polynucleotide further comprises a
second nucleotide sequence that is identical to a second sequence 1n the region of
interest.

6. The method according to 1, wherein the polynucleotide further comprises a
first nucleotide sequence that is homologous but non-identical to a first sequence in the
region of interest.

7. The method according to 6, wherein the polynucleotide further comprises a
second nucleotide sequence that is homologous but non-identical to a second sequence
in the region of interest.

8. The method according to 1, wherein the polynucleotide further comprises a
first nucleotide sequence that is identical to a first sequence in the region of interest
and a second nucleotide sequence that is homologous but non-identical to a second

sequence 1n the region of interest.
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9. The method according to 5, wherein the first and second nucleotide
sequences flank the exogenous sequence.

10. The method according to 7, wherein the first and second nucleotide
sequences flank the exogenous sequence.

11. The method according to 8, wherein the first and second nucleotide
sequences flank the exogenous sequence.

12. The method of 1, wherein the polynucleotide is a plasmid.

13. The method of 1, wherein the polynucleotide is a linear DNA molecule.

14. The method according to 1, wherein the region of interest is in an
accessible region of cellular chromatin.

15. The method of 1, wherein the region of interest is in a region of the
genome that 1s not essential for viability.

16. The method of 1, wherein the region of interest is in a region of the
genome that 1s transcriptionally active.

17. The method of 1, wherein the region of interest is in a region of the
genome that 1s transcriptionally active and not essential for viability.

18. The method according to 17, wherein the region of interest is the human
Rosa26 gene.

19. The method according to 17, wherein the region of interest is the human
homologue of the murine Rosa26 gene.

20. The method according to 1, wherein the first and second cleavage half-
domains are from a Type IIS restriction endonuclease.

21. The method according to 20, wherein the Type IIS restriction
endonuclease 1s selected from the group consisting of Fokl and StsI.

22, The method according to 1, wherein the region of interest is in a
chromosome.

23. The method according to 1,wherein the region of interest comprises a
gene.

24. The method according to 13, wherein the gene comprises a mutation.

25. The method according to 14, wherein the mutation is selected from the
group consisting of a point mutation, a substitution, a deletion, an insertion, a
duplication, an inversion and a translocation.

26. The method according to 24, wherein the exogenous nucleic acid sequence

comprises the wild-type sequence of the gene.



CA 02615532 2008-01-16

WO 2007/014275 PCT/US2006/029027
8

27. The method according to 24, wherein the exogenous nucleic acid sequence
comprises a portion of the wild-type sequence of the gene.
28. The method according to 24, wherein the exogenous nucleic acid sequence

comprises a cDNA copy of a transcription product of the gene.

29. The method according to 1, wherein the exogenous nucleic acid sequence

encodes a siRNA.
30. The method according to 1, wherein the cell is arrested in the G2 phase of

the cell cycle.

31. The method according to 1, wherein at least one of the fusion proteins
comprises an alteration in the amino acid sequence of the dimerization interface of the
cleavage half-domain.

32. The method according to 1, wherein the cell is a mammalian cell.

33. The method according to 32, wherein the cell is a human cell.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Figure 1 shows the nucleotide sequence, in double-stranded form, of a

portion of the human hSMCI1L1 gene encoding the amino-terminal portion of the
protein (SEQ ID NO:1) and the encoded amino acid sequence (SEQ ID NO:2). ‘Target
sequences for the hSMCl1-specific ZFPs are underlined (one on each DNA strand).
[0022] Figure 2 shows a schematic diagram of a plasmid encoding a ZFP-Fokl
fusion for targeted cleavage of the hSMC1 gene.

[0023] Figure 3 A-D show a schematic diagram of the hSMC1 gene. Figure
3A shows a schematic of a portion of the human X chromosome which includes the
hSMC1 gene. Figure 3B shows a schematic of a portion of the hSMC1 gene including
the upstream region (left of +1), the first exon (between +1 and the right end of the
arrow labeled “SMC1 coding sequence”) and a portion of the first intron. Locations of
sequences homologous to the initial amplification primers and to the chromosome-
specific primer (see Table 3) are also provided. Figure 3C shows the nucleotide
sequence of the human X chromosome in the region of the SMC1 initiation codon
(SEQ ID NO: 3), the encoded amino acid sequence (SEQ ID NO: 4), and the target
sites for the SMC1-specific zinc finger proteins. Figure 3D shows the sequence of the
corresponding region of the donor molecule (SEQ ID NO: 5), with difterences
between donor and chromosomal sequences underlined. Sequences contained in the

donor-specific amplification primer (Table 3) are indicated by double underlining.
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[0024] - Figure 4 shows a schematic diagram of the hSMC1 donor construct.
10025] Figure S shows PCR analysis of DNA from transfected HEK293 cells.

From left, the lanes show results from cells transfected with a plasmid encoding GFP
(control plasmid), cells transfected with two plasmids, each of which encodes one of
the two hSMC1-specific ZFP-Fokl fusion proteins (ZFPs only), cells transfected with
two concentrations of the hSMC1 donor plasmid (donor only), and cells transfected
with the two ZFP-encoding plasmids and the donor plasmid (ZFPs + donor). See
Example 1 for details.

[0026] Figure 6 shows the nucleotide sequence of an amplification product
derived from a mutated hSMC1 gene (SEQ ID NO:6) generated by targeted
homologous recombination. Sequences derived from the vector into which the
amplification product was cloned are single-underlined, chromosomal sequences not
present in the donor molecule are indicated by dashed underlining (nucleotides 32-97),
sequences common to the donor and the chromosome are not underlined (nucleotides
98-394 and 402-417), and sequences unique to the donor are double-underlined
(nucleotides 395-401). Lower-case letters represent sequences that differ between the
chromosome and the donor.

[0027] Figure 7 shows the nucleotide sequence of a portion of the human
IL2Ry gene comprising the 3’ end of the second intron and the 5° end of third exon
(SEQ ID NO:7) and the amino acid sequence encoded by the displayed portion of the
third exon (SEQ ID NO:8). Target sequences for the second pair of IL2Ry-specific

ZFPs are underlined. See Example 2 for details.

[0028] Figure 8 shows a schematic diagram of a plasmid encoding a ZFP-FokI
fusion for targeted cleavage of IL2Ry gene.

[0029] Figure 9 A-D show a schematic diagram of the IL2Ry gene. Figure 9A
shows a schematic of a portion of the human X chromosome which includes the IL2Ry
rene. Figure 9B shows a schematic of a portion of the IL2Ry gene including a portion
f the second intron, the third exon and a portion of the third intron. Locations of
equences homologous to the initial amplification primers and to the chromosome-
pecific primer (see Table 5) are also provided. Figure 9C shows the nucleotide
equence of the human X chromosome in the region of the third exon of the IL2Ry

ene (SEQ ID NO: 9), the encoded amino acid sequence (SEQ ID NO: 10), and the
arget sites for the first pair of IL2Ry-specific zinc finger proteins. Figure 9D shows

1€ sequence of the corresponding region of the donor molecule (SEQ ID NO: 11),
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with differences between donor and chromosomal sequences underlined. Sequences

contained in the donor-specific amplification primer (Table 5) are indicated by double

overlining.
[0030] " Figure 10 shows a schematic diagram of the IL2Ry donor construct.
[0031] Figure 11 shows PCR analysis of DNA from transfected K652 cells.

From left, the lanes show results from cells transfected with two plasmids, each of
which encodes one of a pair of IL2Ry -specific ZFP-FoklI fusion proteins (ZFPs only,
lane 1), cells transfected with two concentrations of the IL2Ry donor plasmid (donor
only, lanes 2 and 3), and cells transfected with the two ZFP-encoding plasmids and the
donor plasmid (ZFPs + donor, lanes 4-7). Each of the two pairs of IL2Ry-specific
ZFP-Fokl fusions were used (identified as “pair 17 and “pair 2”°) and use of both pairs
resulted in production of the diagnostic amplification product (labeled “expected
chimeric product” in the Figure). See Example 2 for details.

[0032] Figure 12 shows the nucleotide sequence of an amplification product
derived from a mutated IL2Ry gene (SEQ ID NO:12) generated by targeted
homologous recombination. Sequences derived from the vector into which the
amplification product was cloned are single-underlined, chromosomal sequences not
present in the donor molecule are indicated by dashed underlining (nucleotides 460-
552), sequences common to the donor and the chromosome are not underlined
(nucleotides 32-42 and 59-459), and a stretch of sequence containing nucleotides
which distinguish donor sequences from chromosomal sequences is double-underlined
(nucleotides 44-58). Lower-case letters represent nucleotides whose sequence differs
between the chromosome and the donor.

[0033] Figure 13 shows the nucleotide sequence of a portion of the human
beta-globin gene encoding segments of the core promoter, the first two exons and the
first intron (SEQ ID NO:13). A missense mutation changing an A (in boldface and
underlined) at position 5212541 on Chromosome 11 (BLAT, UCSC Genome
Bioinformatics site) to a T results in sickle cell anemia. A first zinc finger/Fokl fusion
protein was designed such that the primary contacts were with the underlined 12-
nucleotide sequence AAGGTGAACGTG (nucleotides 305-316 of SEQ ID NO:13),
and a second zinc finger/Fokl fusion protein was designed such that the primary

contacts were with the complement of the underlined 12-nucleotide sequence

CCGTTACTGCCC (nucleotides 325-336 of SEQ ID NO:13).
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[0034] Figure 14 is a schematic diagram of a plasmid encoding ZFP-FokI
fusion for targeted cleavage of the human beta globin gene.
[0035] Figure 15 is a schematic diagram of the cloned human beta globin gene

showing the upstream region, first and second exons, first intron and primer binding

sites.

[0036] Figure 16 1s a schematic diagram of the beta globin donor construct,
pCR4-TOPO-HBBdonor.

[0037] Figure 17 shows PCR analysis of DNA from cells transiected with two

pairs of B-globin-specific ZFP nucleases and a beta globin donor plasmid. The panel
on the left is a loading control in which the initial amp 1 and 1nitial amp 2 primers
(Table 7) were used for amplification. In the experiment shown 1n the right panel, the
“chromosome-specific and “donor-specific” primers (Table 7) were used for
amplification. The leftmost lane in each panel contains molecular weight markers and
the next lane shows amplification products obtained from mock-transfected cells.
Remaining lanes, from left to right, show amplification product from cells transfected
with: a GFP-encoding plasmid, 100ng of each ZFP/Fokl-encoding plasmid, 200ng ot
each ZFP/Fokl-encoding plasmid, 200 ng donor plasmid, 600 ng donor plasmid, 200
ng donor plasmid + 100 ng of each ZFP/FokI-encoding plasmid, and 600 ng donor
plasmid + 200 ng of each ZFP/Fokl-encoding plasmid.

[0038] ' Figure 18 shows the nucleotide sequence of an amplification product
derived from a mutated beta-globin gene (SEQ ID NO:14) generated by targeted
homologous recombination. Chromosomal sequences not present in the donor
molecule are indicated by dashed underlining (nucleotides 1-72), sequences common
to the donor and the chromosome are not underlined (nucleotides 73-376), and a
stretch of sequence containing nucleotides which distinguish donor sequences from
chromosomal sequences is double-underlined (nucleotides 377-408). Lower-case
letters represent nucleotides whose sequence differs between the chromosome and the
donor.

[0039] Figure 19 shows the nucleotide sequence of a portion of the fifth exon
of the Interleukin-2 receptor gamma chain (IL-2Ry) gene (SEQ ID NO:15). Also
shown (underlined) are the target sequences for the 5-8 and 5-10 ZFP/Fokl fusion
proteins. See Example 5 for details.

[0040] | Figure 20 shows the amino acid sequence of the 5-8 ZFP/FokI fusion
targeted to exon 5 of the human IL-2Ry gene (SEQ ID NO:16). Amino acid residues
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1-17 contain a nuclear localization sequence (NLS, underlined); residues 18-130
contain the ZFP portion, with the recognition regions of the component zinc fingers
shown 1n boldface; the ZFP-Fokl linker (ZC linker, underlined) extends from residues
131 to 140 and the FoklI cleavage half-domain begins at residue 141 and extends to the
end of the protein at residue 336. The residue that was altered to generate the Q486E
mutation 1s shown underlined and in boldface.

[0041] Figure 21 shows the amino acid sequence of the 5-10 ZFP/FokI fusion
targeted to exon 5 of the human IL-2Ry gene (SEQ ID NO:17). Amino acid residues
1-17 contain a nuclear localization sequence (NLS, underlined); residues 18-133
contain the ZFP portion, with the recognition regions of the component zinc fingers
shown 1n boldface; the ZFP-Fokl linker (ZC linker, underlined) extends from residues
134 to 143 and the Fokl cleavage half-domain begins at residue 144 and extends to the
end of the protein at residue 339. The residue that was altered to generate the E490K
mutation 1s shown underlined and in boldface.

[0042] Figure 22 shows the nucleotide sequence of the enhanced Green
Fluorescent Protein gene (SEQ ID NO:18) derived from the Aequorea victoria GFP
gene (Tsien (1998) Ann. Rev. Biochem. 67:509-544). The ATG initiation codon, as
well as the region which was mutagenized, are underlined. :“
[0043] Figure 23 shows the nucleotide sequence of a mutant defective eGFP
gene (SEQ ID NO:19). Binding sites for ZFP-nucleases are underlined and the region
between the binding sites corresponds to the region that was modified.

[0044] ~ Figure 24 shows the structures of plasmids encoding Zinc Finger
Nucleases targeted to the eGFP gene.

[0045] Figure 25 shows an autoradiogram of a 10% acrylamide gel used to

analyze targeted DNA cleavage of a mutant eGFP gene by zinc finger endonucleases.

See Example 8 for details.

10046] Figure 26 shows the structure of plasmid pcDNA4/TO/GFPmut (see
Example 9).
[0047] Figure 27 shows levels of eGFPmut mRNA, normalized to GAPDH

mRNA, in various cell lines obtained from transfection of human HEK293 cells. Light
bars show levels in untreated cells; dark bars show levels in cell that had been treated
with 2 ng/ml doxycycline. See Example 9 for details.

[0048] Figure 28 shows the structure of plasmid pCR(R)4-TOPO-GFPdonors5.
See Example 10 for details.
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[0049] Figure 29 shows the nucleotide sequence of the eGFP insert in
pCR(R)4-TOPO-GFPdonorS (SEQ ID NO:20). The insert contains sequences
encoding a portion of a non-modified enhanced Green Fluorescent Protein, lacking an
initiation codon. See Example 10 for details.

[0050] Figure 30 shows a FACS trace of T18 cells transfected with plasmids
encoding two ZFP nucleases and a plasmid encoding a donor sequence, that were
arrested 1n the G2 phase of the cell cycle 24 hours post-transfection with 100 ng/ml
nocodazole for 48 hours. The medium was replaced and the cells were allowed to
recover for an additional 48 hours, and gene correction was measured by FACS
analysis. See Example 11 for details.

[0051] Figure 31 shows a FACS trace of T18 cells transfected with plasmids
encoding two ZFP nucleases and a plasmid encoding a donor sequence, that were
arrested 1n the G2 phase of the cell cycle 24 hours post-transfection with 0.2 uM
vinblastine for 48 hours. The medium was replaced and the cells were allowed to
recover for an additional 48 hours, and gene correction was measured by FACS
analysis. See Example 11 for details.

[0052] Figure 32 shows the nucleotide sequence of a 1,527 nucleotide eGFP
sert in pCR(R)4-TOPO (SEQ ID NO:21). The sequence encodes a non-modified
enhanced Green Fluorescent Protein lacking an initiation codon. See, Example 13 for
details.

[0053] Figure 33 shows a schematic diagram of an assay used to measure the
frequency of editing of the endogenous human IL-2Ry gene. See, Example 14 for
details.

[0054] Figure 34 shows autoradiograms of acrylamide gels used in an assay to
measure the frequency of editing of an endogenous cellular gene by targeted cleavage
and homologous recombination. The lane labeled “GFP” shows assay results from a
control in which cells were transfected with an eGFP-encoding vector; the lane labeled
“ZFPs only” shows results from another control experiment in which cells were
transtected with the two ZFP/nuclease-encoding plasmids (50 ng of each) but not with
a donor sequence. Lanes labeled “donor only” show results from a control experiment
1in which cells were transfected with 1 ug of donor plasmid but not with the
ZFP/nuclease-encoding plasmids. In the experimental lanes, 50Z refers to cells
transtected with 50 ng of each ZFP/nuclease expression plasmid, 100Z refers to cells

transtected with 100 ng of each ZFP/nuclease expression plasmid, 0.5D refers to cells
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transfected with 0.5 pg of the donor plasmid, and 1D refers to cells transfected with
1.0 ug of the donor plasmid. “+” refers to cells that were exposed to 0.2 uM
vinblastine; “-” refer to cells that were not exposed to vinblastine. “wt” refers to the
fragment obtained after Bs#BI digestion of amplification products obtained from
chromosomes containing the wild-type chromosomal IL-2Ry gene; “rflp” refers to the
two fragments (of approximately equal molecular weight) obtained afier Bs¥BI
digestion of amplification products obtained from chromosomes containing sequences
from the donor plasmid which had integrated by homologous recombination.

[0055] Figure 35 shows an autoradiographic 1image of a four-hour exposure of
a gel used 1n an assay to measure targeted recombination at the human IL-2Ry locus in
K562 cells. “wt” identifies a band that 1s diagnostic for chromosomal DNA containing
the native K562 IL-2Ry sequence; “rflp” identifies a doublet diagnostic for

chromosomal DNA containing the altered IL-2Ry sequence present in the donor DNA

molecule. The symbol “+” above a lane indicates that cells were treated with 0.2 uM
vinblastine; the symbol "-" indicates that cells were not treated with vinblastine. The
numbers in the “ZFP + donor” lanes indicate the percentage of total chromosomal
DNA containing sequence originally present in the donor DNA molecule, calculated
using the “peak finder, automatic baseline’ function of Molecular Dynamics’
ImageQuant v. 5.1 software as described in Ch. 8 of the manufacturer’s manual
(Molecular Dynamics ImageQuant User’s Guide; part 218-415). “Untr’” indicates
untransfected cells. See Example 15 for additional details.

[0056] Figure 36 shows an autoradiographic image of a four-hour exposure of
a gel used in an assay to measure targeted recombination at the human IL-2Ry locus in
K562 cells. “wt” identifies a band that is diagnostic for chromosomal DNA containing
the native K562 IL-2Ry sequence; “rflp” identifies a band that is diagnostic for
chromosomal DNA containing the altered IL-2Ry sequence present in the donor DNA
molecule. The symbol “+” above a lane indicates that cells were treated with 0.2 uM
vinblastine; the symbol "-" indicates that cells were not treated with vinblastine. The
numbers beneath the “ZFP + donor” lanes indicate the percentage of total
chromosomal DNA containing sequence originally present in the donor DNA
molecule, calculated as described in Example 35. See Example 15 for additional
details.

[0057] Figure 37 shows an autoradiogram of a four-hour exposure of a DNA

blot probed with a fragment specific to the human IL-2Ry gene. The arrow to the right
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of the image indicates the position of a band corresponding to genomic DNA whose
sequence has been altered by homologous recombination. The symbol “+” above a
lane indicates that cells were treated with 0.2 uM vinblastine; the symbol "-" indicates
that cells were not treated with vinblastine. The numbers beneath the “ZFP + donor”
lanes 1ndicate the percentage of total chromosomal DNA containing sequence
originally present in the donor DNA molecule, calculated as described in Example 35.
See Example 15 for additional details.

[0058] Figure 38 shows autoradiographic images of gels used in an assay to
measure targeted recombination at the human IL-2Ry locus in CD34" human bone
marrow cells. The left panel shows a reference standard in which the stated percentage
of normal human genomic DNA (containing a Maell site) was added to genomic DNA
from Jurkat cells (lacking a Maell site), the mixture was amplified by PCR to generate
a radiolabelled amplification product, and the amplification product was digested with
Maell. “wt” 1dentifies a band representing undigested DNA, and “rflp” identifies a
band resulting from Maell digestion.

[0059] The right panel shows results of an experiment in which CD34" cells
were transfected with donor DNA containing a BsyBI site and plasmids encoding zinc
finger-Fokl fusion endonucleases. The relevant genomic region was then amplified
and labeled, and the labeled amplification product was digested with BsrBI. “GFP”
indicates control cells that were transfected with a GFP-encoding plasmid; “Donor
only” indicates control cells that were transfected only with donor DNA, and “ZFP +
Donor” indicates cells that were transfected with donor DNA and with plasmids
encoding the zinc .ﬁnger/F okl nucleases. “wt” identifies a band that is diagnostic for
chromosomal DNA containing the native IL-2Ry sequence; “rflp” identifies a band
that 1s diagnostic for chromosomal DNA containing the altered IL-2Ry sequence
present i the donor DNA molecule. The rightmost lane contains DNA size markers.
See Example 16 for additional details.

[0060] Figure 39 shows an image of an immunoblot used to test for Ku70
protein levels in cells transfected with Ku70-targeted siRNA. The T7 cell line
(Example 9, Figure 27) was transfected with two concentrations each of siRNA from
two different siRNA pools (see Example 18). Lane 1: 70 ng of siRNA pool D; Lane
2: 140 ng of siRNA pool D; Lane 3: 70 ng of siRNA pool E; Lane 4: 140 ng of
siIRNA pool E.. “Ku70” indicates the band representing the Ku70 protein; “TFIIB”

indicates a band representing the TFIIB transcription factor, used as a control.
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[0061] Figure 40 shows the amino acid sequences of four zinc finger domains
targeted to the human B-globin gene: sca-29b (SEQ ID NO:22); sca-36a (SEQ ID
NO:23); sca-36b (SEQ ID NO:24) and sca-36¢ (SEQ ID NO:25). The target site for
the sca-29b domain is on one DNA strand, and the target sites for the sca-36a, sca-36b
and sca-36¢ domains are on the opposite strand. See Example 20.

[0062] Figure 41 shows results of an in vitro assay, in which different
combinations of zinc finger/Fokl fusion nucleases (ZFNs) were tested for sequence-
specific DNA cleavage. The lane labeled “U” shows a sample of the DNA template.
The next four lanes show results of incubation of the DNA template with each of four
B-globin-targeted ZFNs (see Example 20 for characterization of these ZFNs). The
rightmost three lanes show results of incubation of template DNA with the sca-29b
ZFN and one of the sca-36a, sca-36b or sca-36¢ ZFNs (all of which are targeted to the
strand opposite that to which sca-29b is targeted).

[0063] Figure 42 shows levels of eGFP mRNA 1n T18 cells (bars) as a
function of doxycycline concentration (provided on the abscissa). The number above
each bar represents the percentage correction of the eGFP mutation, in cells transtected
with donor DNA and plasmids encoding eGFP-targeted zinc finger nucleases, as a
function of doxycycline concentration.

[0064] Figure 43A-C show schematic diagrams of different fusion protein
configurations. Figure 43 A shows two fusion proteins, in which the zinc finger
domain is nearest the N-terminus and the FokI cleavage half-domain is nearest the C-
terminus, binding to DNA target sites on opposite strands whose 5’ ends are proximal
to each other. Figure 43B shows two fusion proteins, in Wﬁich the Fokl cleavage hali-
domain is nearest the N-terminus and the zinc finger domain is nearest the C-terminus,
binding to DNA target sites on opposite strands whose 3° ends are proximal to each
other. Figure 43C shows a first protein in which the FokI cleavage half-domain 1s
nearest the N-terminus and the zinc finger domain is nearest the C-terminus and a
second protein in which the zinc finger domain is nearest the N-terminus and the okl
cleavage half-domain is nearest the C-terminus, binding to DNA target sites on the
same strand, in which the target site for the first protein is upstream (i.e. to the 5’ side)
of the binding site for the second protein.

[0065] In all examples, three-finger proteins are shown binding to nine-
nucleotide target sites. 5’ and 3’ polarity of the DNA strands is shown, and the N-

termini of the fusion proteins are 1dentified.
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[0066] Figure 44 is an autoradiogram of an acrylamide gel in which cleavage
of a model substrate by zinc finger endonucleases was assayed. Lane 1 shows the
migration of uncleaved substrate. Lane 2 shows substrate after incubation with the
I1.2-1R zinc finger/Fokl fusion protein. Lane 3 shows substrate after incubation with
the5-9DR zinc finger/Fokl fusion protein. Lane 4 shows substrate after incubation
with both proteins. Approximate sizes (in base pairs) of the substrate and its cleavage
products are shown to the right of the image. Below the image, the nucleotide
sequence (SEQ ID NO:211) of the portion of the substrate containing the binding sites
for the 5-9D and IL2-1 zinc finger binding domains is shown. The binding sites are
identified and indicated by underlining.

[0067] Figure 45 is an autoradiogram of an acrylamide gel in which cleavage
of a model substrate by zinc finger endonucleases was assayed. Lane 1 shows the
migration of uncleaved substrate. Lane 2 shows substrate after incubation with the
I1.2-1C zinc finger/Fokl fusion protein. Lane 3 shows substrate after incubation with
the IL2-1R zinc: finger/Fokl fusion protein. Lane 4 shows substrate after incubation
with the5-9DR zinc finger/Fokl fusion protein. Lane 5 shows substrate after
incubation with both the IL2-1R and 5-9DR fusion proteins. Lane 6 shows substrate
after incubation with both the IL2-1C and 5-9DR proteins. Approximate sizes (in base
pairs) of the substrate and its cleavage products are shown to the right of the image.
Below the image, the nucleotide sequence (SEQ ID NO:212) of the portion of the
substrate containing the binding sites for the 5-9D and IL2-1 zinc finger binding
domains 1s shm;fn. The binding sites are identified and indicated by underlining.
[0068] Figure 46 is a schematic diagram of a plasmid containing mutant eGEP
coding sequences containing an insertion of sequences from exon 5 of the IL-2Ry
gene. See Example 29 for details.

[0069] Figure 47 shows an autoradiographic image of a gel in which
amplification products of DNA from transfected K562 cells were incubated with the
restriction enzyme Stu I. Headings above the lane indicate DNA from cells transfected
with a GFP-encoding plasmid (GFP); DNA from cells transfected with a vector
encoding the 5-8G and 5-9D ZFP/FoklI fusion proteins (ZFNs); DNA from cells
transfected with a plasmid containing a 12-nucleotide pair exogenous sequence
(including a Stul recognition site) flanked on either side by 750 nucleotide pairs of
sequence homologous to exon 5 of the IL-2Ry gene, wherein the two exon 5-

homologous sequences are adjacent to one another in the wild-type IL-2Ry gene
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(donor); and DNA from cells transfected with a vector encoding the 5-8G and 5-9D
ZFP/Fokl fusion proteins and a plasmid containing a 12-nucleotide pair exogenous
sequence (including a Stul recognition site) flanked on either side by 750 nucleotide
pairs of sequence homologous to exon 5 and adjacent regions of the IL-2Ry gene,
wherein the two exon 5-homologous sequences are adjacent to one another in the wild-
type IL-2Ry gene (ZFNs + donor). Bands arising from chromosomes containing wild-
type IL-2R sequences (“WT”) and chromosomes into which exogenous sequences
have been integrated (“+patch™) are indicated. The rightmost lane contains molecular
weight markers. See also Example 33.

[0070] Figure 48 shows images of gels in which amplification products of
DNA from transfected K562 cells were analyzed. Headings above the lane indicate
DNA from cells transfected with a vector encoding the 5-8G and 5-9D ZFP/Fokl
fusion proteins (ZFNs); DNA from cells transfected with a plasmid containing a 720
nucleotide pair open reading frame encoding eGFP (donor 1); DNA from cells
transfected with a plasmid containing a 924 nucleotide pair sequence that included an
eGFP open reading frame and a downstream polyadenylation signal (donor 2); DNA
from cells transfected with a vector encoding the 5-8G and 5-9D ZFP/Fokl fusion
proteins and with a plasmid containing a 720 nucleotide pair open reading frame -
encoding eGFP (ZFNs + donor 1) and DNA from cells transfected with a vector
encoding the 5-8G and 5-9D ZFP/Fokl fusion proteins and with a plasmid containing a
924 nucleotide pair sequence that included an eGFP open reading frame and a
downstream polyadenylation signal (ZFNs + donor 2). The leftmost and rightmost
lanes of the top panel contains molecular weight markers. The top panel 1s a
photograph of an ethidium bromide-stained gel; the bottom panel shows an
autoradiogram of a gel from a separate experiment in which labeled amplification
products were analyzed. See also Example 34.

[0071] Figure 49 is a schematic diagram describing an experiment in which a
“therapeutic half-gene” was introduced into the endogenous human IL-2Ry gene. The
top line represents chromosomal IL-2Ry sequences, and the middle line represents
donor sequences, with exons indicated by boxes and introns by horizontal lines.
Numbers inside the boxes identify the exons of the IL-2Ry gene, with “5” representing
the fifth exon of the chromosomal IL-2R gene, “5u” representing the upstream portion
of the fifth exon, “5d” representing the downstream portion of the fifth exon and

“5d(m)” representing the downstream portion of the fifth exon containing several
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silent sequeﬁce changes (i.e., changes that do not alter the encoded amino acid
sequence). Diagonal lines demarcate regions of homology between donor and
chromosomal sequences. The bottom line shows the expected product of homologous
recombination, in which exons 5d(m), 6, 7, and 8 are inserted within the fifth exon of
the chromosomal gene. See also Example 35.

[0072] Figure 50 shows an autoradiogram of a gel in which amplification
products of DNA from transfected K562 cells were analyzed. Headings above the lane
indicate DNA from control cells transfected with a vector encoding green fluorescent
protein (“GFP”) and from experimental cells transfected with a vector encoding the 5-
8G and 5-9D ZFP/Fokl fusion proteins and a plasmid containing a 720-nucleotide
cDNA construct containing part of exon 5 and exons 6, 7 and 8 of the IL-2Ry gene,
tlanked on either side by 750 nucleotide pairs of sequence homologous to exon 5 and
surrounding regions of the IL-2Ry gene, wherein the two exon 5-homologous
sequences ai‘e adjacent to one another 1n the wild-type IL-2Ry gene (ZFNs + donor).
Bands arising from chromosomes containing wild-type IL-2R sequences (“WT”) and
chromosomes 1nto which exogenous sequences have been integrated (“+ORE”) are
indicated. See also Example 35.

[0073] Figure 51 shows the design and results of an experiment in which a 7.7
kbp antibody expression construct was inserted into the endogenous chromosomal IL-
2Ry gene. The upper portion of the figure is a schematic diagram showing the result
of homology-dependent targeted integration of a 7.7 kilobase pair expression construct
(shaded) into exon 5 of the endogenous chromosomal I1.-2Ry gene. Arrows indicate
the locations and polarities of amplification primers used to detect the junctions
between exogenous and endogenous sequences that result from targeted integration.
[0074] The lower portion of the figure shows photographs of ethidium
bromide-stained gels 1n which amplification products were analyzed. The left panel
shows prodﬁcts of cellular DNA that was amplified using primers that detect the
upstream junction (Primer set A) and the right panel shows products of cellular DNA
that was amplified using primers that detect the downstream junction (Primer set B).
DNA samples used as templates for amplification are identified below the gel, as
follows: DNA from cells transfected with a vector encoding green fluorescent protein
(GFP); DNA from cells transfected only with the donor DNA molecule containing the
7.7 kbp expression construct (don.); DNA from cells transfected with a vector

encoding the 5-8G and 5-9D ZFP/FoklI fusion proteins and with the donor DNA
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molecule (ZFNs + donor). The topology of the donor DNA (circular or linear) is also
indicated. See also Example 36.

[0075] ~ Figure 52 is an autoradiogram of a gel in which amplification products
from the CHO DHFR gene were analyzed for mismatches using a Cel-1 assay.
Amplification products were obtained from wild-type CHO cell DNA (W) or DNA
from CHO cells that had been treated with zinc finger nucleases (Mu), and were then
exposed to Cel-1 nuclease (+) or not (-), as indicated above the gel. To the right of the
gel, bands indicative of wild-type DHFR sequences (WT) and mutant DHFR
sequences containing a 157-nucleotide insertion (Mutant) are indicated. See Example
37 for details.

[0076] Figure 53 shows a portion of the nucleotide sequence of the CHO
dihydrofolate reductase (DHEFR) gene (upper lines) and a portion of the nucleotide
sequence of a mutant DHFR gene generated by targeted homology-independent
integration of exogenous sequences (lower lines). Target sequences for the zinc finger
nucleases described in Table 28 are boxed; changes from wild-type sequence are
underlined. See also Example 37.
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