METHODS AND COMPOSITIONS FOR TARGETED SINGLE-STRANDED CLEAVAGE AND
TARGETED INTEGRATION 5STATEMENT OF RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH 100011Not applicable. TECHNICAL FIELD 10[00021The
present disclosure is in the fields of genome engineering, gene targeting, targeted chromosomal
integration and protein expression. BACKGROUND 100031A major area of interest in genome
biology, especially in light of the 15 determination of the complete nucleotide sequences of a number

of genomes, | t aPl which link the
cleavage domain oﬁiﬁ%@gg&gﬂgggnm%ﬁﬁ%ﬁ%éﬁe g., ZzInc- r%%%%%@ﬁm (ZFP) linked
to a nuclease cleavage dorkdi# 4Ych@S AdH E&BFE&"M’HE@E@NBI@&?geted cleavage in
20eukaryotic cells. For example, zinc finger nuclease-mediated genome editing has been shown to
modify the sequence of the human genome at a secmc Iocatlon by (I) creation of a double-strand
break (D%B) in the genome oPa4his MR RIS : sevdr the desired modification,
and by (2) aIIowmg the napuns WMNA' wggﬁmlﬁﬁggm 25[00051To increase
specificity, t vage event is ced using one or more pairs of custom-designed zinc finger
nucleases th r|ze u 8?13(?5# E"?JNA to form a catalytically active nuclease complex. In addition,
specificity has been further increased by using one or more pairs of zinc finger nucleases (ZENs) that
include engineered cleavage half- ‘domairgm%@ie -stranded DNA only 30upon formation of
a heterodimer. See, e.g., U.S. Patent Pu 31962, incorporated by reference herein
in its erfiretyl0000D61 The Houblessitahzidosimenks (BIBEIswEgtedrby angificiainaigeases have been
used, for examplgn (o {due IABRIGShMMRAGRGSL ndyra Al agizd dgjetions of cellular DNA
sequences, an fac itate targeted recombination at a predetermine romosomal locus. See, for
example, United States Patent Publications 20030232410; 20050208489; 20050026157;
20050064474, 20060188987; 2006006323 200Ap2%8R7S; 20070134796; 20080015164 and
International Publlcatlon Nos. WO 07/014275 and WO 2007/139982, the disclosures of which are 5
incorporated!BY%rerence/riAisr WrtkrkiBETsH i SRR B! %§Sﬂ?é‘5%ﬂﬂ9%1§&§§i§te aDSB at a
target ggnondigdaaativnmRbows fongasaemiclestiieg«alame0en9Menber of genomes, is the

targeted aiterataon of genome sequences.

[6004] Artificial nucleases, which hnk the cleavage domain of nuclease to a
designed DNA-binding protein (e.g., zinc-finger protein (ZFP) linked to a nuclease
cleavage domain such as from Fokl), have been used for targeted cleavage in

20 eukaryotic cells. For exampie, zinc finger nuclease-mediated genome editing has
been shown to modify the sequence of the human genome at a specific location by (1)
creation of a double-strand break (DSB) in the genome of a living cell specifically at
the target site for the desired modification, and by (2) allowing the natural
mechanisms of DNA repair to “heal” this break.

25  [0005] To increase specificity, the cleavage event is induced using one or
fnore pairs of custom-designed zinc finger nucleases that dimerize upon binding DNA
to form a catalytically active nuclease complex. In addition, specificity has been
further increased by using one or more pairs of zinc finger nucleases (ZFNs) that
include engineered cleavage half-domains that cleave double-stranded DNA only

30  upon formation of a heterodimer. See, e.g., U.S. Patent Publication No.
20080131962, incorporated by reference herein in its entirety.

[0006] The double-stranded breaks (DSBs) created by artificial nucleases have
been used, for example, to induce targeted mutagenesis, induce targeted deletions of

cellular DNA sequences, and facilitate targeted recombination at a predetermined
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[00071There are two major and distinct pathways to repair DSBs -- homologous recombination and
non-homologous end-joining (NHEJ). Homologous 10recombination requires the presence of a
homologous sequence as a template (e.g., "donor") to guide the cellular repair process and the results
of the repair are error-free and predictable. In the absence of a template (or "donor") sequence for
homologous recombination, the cell typically attempts to repair the DSB via the unpredictable and
error-prone phyemesasial dochondetn dousemlipidingd St4E9)Pat6i0POBLESItighe strand breaks (SSBs),
neluaing D shalskais G- Ao RGN DRI Rtk aNdogenous reactve

oxygen species and during DNA metabolism, such as DNA repair a ation. See, McKinnon et

al. (2007) ARRGIREGIEE BRIZ0H BPR & 2RET B 37185 20080 &t 6t atzbbmympsicndl Rio! 23:3974- 3981.

ChromosompgyaAQSH ARADIWES 603 42033ty SingIEoo1aBsbeis GRBUNIREROP S BRAnisks) positioned at
about 5Q kb intervals all over the entire genome. See, e.g., Szekvolgyi et at (2007) Proc Natl Acad Sci

USA 104:14984PPAYES dX/seranss i dReinrrtieption HY rurapies gfdia 8854 process that can be
divided into {eueResicINENa: sSaiBalgiecion Rirally AANEfesa)palwaeraser ki’ ARP-1), DNA end
processing by various enzymes, DNA gap filling by DNA polymerases, and DNA 25ligation by DNA
ligases, See®CHltEcott, K. W. (2008) Nat Rev Genet 9, 619-31. Lee et al. (2004) Cell 117:171-184
found data t060gpest thaTweksrintucatkjoy mdiditecidR pdh proteinsapighibBisate homology-directed

repair (HDR) in mammalian cells,.[00091 However, it has not. previo en.shown that ZFNs can be
engineered %‘é%@g@é%g%g rcllla&%sn%} %ﬁéﬁnt?{gég @ég}%gﬁg AN be epaired ‘?/né?}v%gﬁl?ologous
recombihatioerasrinatitiesezred tho peestodaelindrenmplo tang stspénte gratibnplaictfagsgene via

homologous-greambinalion. dBYen NS SR pIBs-aA88 hiPr e oFm ARG SOTRRGILPR (at generate

single-stranded breaks ﬂnlcks) in double-stranded DNA and facilitate targeted integration by

homologousthdcaisthftaiien bt threabieresioditctemnisbrutasindonanasaaipescinr dagwisgerfor-prone NHEJ

repair mam MR G ISUMARKSHOAOLpIsdRs i BaaIha e it compositions
for inducing a targeted single-stranded break in anﬁ, ouble-stranded target sequence of interest. Also

described afE RSP HIES RERMY HIRMSHE, {ABE 4nd targeted integration following
single-strangeghgjeavage Sihaléangeid Dhisks i eBgdrizloduwatinofh igeasad fesadbad. | 0[00111In
one aspect, rtificif%llé&og-naturally gccud'ﬂn%)ngucleases thtat r?enerate sin%e-sggnded cutsin a
desired doubieSfhride tlg?lgoe Sé’eau%%ece are p? ViGea FRe SUtieadb PEESEMPE T HE Bin comprise a
DNA-bindind>dthragiabelisme ngihes Bl Almephnged pepleit)can dBat, | d&S omercle ala@eé0dymain or at

least one clegyaOghLAAMANAID. SEIBIOICIIERtS, P BUISASP AR AiDP fngsySnucleases

comprising a zinc finger domain that is engineere ind any selécted sequence (e.g., gene). Any of

the zinc fingéPProfehierarsseiserf Rencnapialisriehieontain gnglessigmst diwpantimdtitsgers, each zinc
finger havingsaraaeRiligpshrlicdhathinds i ingeisuldieinibesslagiadseasancs(s) (e.9.,

gene(s)). The cleavage domain can be derived from any nuclease, for example, a cleavage

half-domain YA5HY &%) 56 F0#PE7P dereadieli«Arad 3¢ kol IHESHARF S ABSYI , the cleavage
half-domain $oBHIiEe ara Rephigbdasrad paid:iiBalVSRIe BpAldsiotas that despes d@wnetameimer with

ambocmen U ARG S A EE D S an LA TR AEM A o TARA ) dorisesa
mutation thatridaotivatdsgthe catalyiendpmeDNA gap filling by DNA polymerases, and DNA
25  ligation by DNA ligases, See Caldecott, K. W. (2008) Nat Rev Genet 9, 619-31. Lee
et al. (2004) Cell 117:171-184 found data to suggest that nicks induced by mutated
RAG proteins might initiate homology-directed repair (HDR) in mammalian cells.
(0009} However, it has not previously been shown that ZFNs can be
engineered to induce SSBs/nicks, or that these SSBs/nicks can be repaired by
30 homologous recombination, or that they can be used to facilitate the targeted
integration of a transgene via homologous recombination. Thus, there remains a need
for methods and composition that generate single-stranded breaks (nicks) in double-

stranded DNA and facilitate targeted integration by homologous recombination at the



25(enzymatic activity) of the nuclease domain. [0012]In another aspect, provided herein are
complexes and/or compositions comprising a pair of zinc finger nucleases, each nuclease comprising
an engineered zinc finger domain and a Fold cleavage half-domain, wherein the cleavage half-domain
forms a dimer (homodimer or heterodimer). In certain embodiments, one zinc 30finger nuclease of the
pair comprises a first catalytically active engineered cleavage- half domain and the other zinc finger
nuclease comigkiedsiE seitemy satalimcallylinersiveertaih caraepeioavddBlatfadiomain, in which the first
and second gngineeredicleavage half-domains form an obligate heterodimer. 100131In yet another
aspect, a polynucleotide encoding any of the nucleases described herein is provided. [0014]In yet
another aspect also provided is an isolated cell comprising any of the proteins and/or polynucleotides
described herein. In certain embodiments, ced{plinga imwhich exogenous sequences have been
introduced via tarieted alteration are provided. In certain embodiments, one or more selected gene(s)

are inactivate®PtFhrtially oPESIRFE RSTT AR EREhadF ARASOTARSHEP L iHJBATERE 2 1AEBEERS or cell lines

include one emilerartaidtibaciandioddibhslatatiexeggnceg raquenaasrdsat Aave been stably or

wansienty infoduceg o the cells, Such celliines are, generaled by 10culuing o cells comprising
any of the proteins and/or polynucleotides described’herein in a cell line resiting in the inactivation of

selected genafsird00d 5}z singecsaneded vbrpnis ofganigeis Tonsprisgeted nedulatore transcribed
and/or transl (%gﬁ%qgg%o&§&ﬁ)%ences that have been stably or transiently introduced into the cells.
Further provided-are transgenic organisms that contain 15gene(s) selectively inactivated by the

method$ prolf8EH herein, IBroofrssnsn srtdataltheg-arbgaho oscoappmusicesisdbié of altering the
expression of 2RAROSRONSRAANENGRS id am%ai&owékeﬁﬂ&ea%ﬂgé%aﬁ&la@ﬁ?@ may be plants (e.g.

crop plants or tobacco strains) or animals (e.g. mice, rats, rabbits, fish, etc.). In certain embodiments,
the transgenfEQyigsshishhs axléi%@éa4@3@%&%%@%%5&?%@%&9%@ more sequences

encoding nuelassas RS HRIBHRe ridsvl AN GIEANEHe B B RARIA WS ATEALREES (.0., sequences
Cisctosed heFLitVAEE PPLIQEBAIE e A R RS e BHFS  SiACE4 BEBescribed hereim under
the contfol ofia¢lemndy clliensop atehcAugaddoglyidansgengipartsianithplant Ssestbcomprising
{ime andlor TS G HERl SHINE e O EEA T S e e S e, S ot
plant. n-addition, methods of genérating & specific
single-strande @ tealoinranore zinc fingers, each zinc finger having a recognition helix that binds
to a target subsite in the selected sequence(s) (e.g., gene(s)). The cleavage domain
can be derived from any nuclease, for example, a cleavage half-domain from a Type
20 1IS nucléase, such aé Fokl. In certain embodiments, the cleavage half-domain
comprises an engineered Fok! cleavage-half domain that forms a heterodimer with
another cleavage half-domain (e.g., engineered or wild-type in the dimerization
domain). In still further embodiments, the cleavage domain {e.g., engineered Fokl
cleavage half-domain) comprises a mutation that inactivates the catalytic domain
25  {enzymatic activity) of the nuclease domain.
{0012} In another aspect, provided herein are complexes and/or compositions
comprising a pair of zinc finger nucleases, each nuclease comprising an engineered
zinc finger domain and a Fok/ cleavage half-domain, wherein the cleavage half-
domain forms a dimer (homodimer or heterodimer). In certain embodiments, one zinc
30 finger nuclease of the pair comprises a first catalytically active engineered cleavage-
half domain and the other zinc finger nuclease comprises a second catalytically
inactive engineered cleavage half-domain, in which the first and second engineered

cleavage half-domains form an obligate heterodimer.



target double-stranded sequence in a cell are provided. In certain embodiments, the methods involve
introducing one or more pairs of nucleases (proteins or 30polynucleotide(s) encoding the nucleases)
into the cell. Each nuclease pair comprises a first nuclease with a first DNA-binding domain and a first
catalytically active cleavage-half domain and a second nuclease with a second DNA-binding domain
and second catalytically inactive cleavage-half domain. The one or more pairs of nucleases are
introduced inf@fHiF cells uhtxetcontitormstich thbntivdefifstearngabivg ady cletvaye!beitdomains of
each pair forgaa gimaiand Q‘iﬂ?@&ﬁi@d‘?‘ single-stranded break in the target sequence. 10017)In certain
embodiments, the first and/or second DNA-binding domains comprise a zinc finger protein (e.g., an
engineered A fhger prdfeis). aarhse Asmsrb 21spiprarifiest thanifelptd s elb cermEsAg A8, the first and

second cleavrge:habrdpmatlsGuhsapistirR I @lscslearraeihalhdemansmiiiaemylefold cleavage
half-domains that are engineered to form obligate heterodimers; The target sequence can be any

double-strantiie L8 I8TIoRs TroRensssfaYe beemi i Bamieid crird g Rl 08 HEnomic
sequence orpevidyd tharasfain aastdiioneitie dadge nsaguereedaereas pard haxttacromosomal double
stranded DNA sequence, for,example in a mid or virus. Similarly, the, target sequence can be in
any cell type naéfiu%&:%a,r B?Hl?é‘?f/%ﬁl: and %cu?(%g;ﬁo ey Ig{,gs?ﬂc g%ﬁﬂhxﬁéﬁ’égﬁgggfa?{tgéils, animal cells,
mammalian tels iprindatenceltsrame tranwaibabisd /00 1B]dhe d heogising keqirancetidiealk can be
coincident wj : ] i ' i 1 it.can be adjacent
(0.0, separaie T e Nl e e et o 14, 15
or mordhucledtiras) of pellResiorproe my ol ihberexpreseddorpalieiicleaides ddwivkadng the fusion
proteins to theeqll;and/ar Ry delvRiRdARCHMMAIERNH S RRAQAAG Qagpr more nucleases to a cell,

wherein the polynucleotide, if DNA, is 20transcribed into mRNA which is then translated into the fusion
protein. Altel@4E%kly, an KNSR RiBYadEH e Es SRR O CP RSN TS Fanslated to

generate thefitsigibbiciedoriaiindsiforpehotd depiide-a THaPRAVR RUA i sla vt Rscalls are presented
elsewhere in, this disclosure. [00 Q]gletRods for taégeted recombination (for, e.g., alteration or

replacement3599PSeE B0 STHEA B0 AL FEIORF B ATERRETT N8HGRIFERromatin) are also

provided. Fopaganpicdvelytantgenedie seguethodsoaio-Hagenagadobymilany/ pe sequence, e.g., for
weatment of genetic disease orinheried disorders. Inaddiien, awid toe gepomic seduence can be
replaced by a mﬁltangseqﬁence, efb.,% preBean?Jnc lon'ofano coglené’ pro Lo a product of a
gene involvestimeaadn apasgkaie o3 Gain fiownan dtoryibed forse. iy treephautse egnerop plengs alleles of a
gene can begeplageq by aie amaA e anbalisles Bk, Hallclie jargeipdaiptearation). [00201in the
methods of the disclosure, one or more targeted nucleases ‘as described herein create a
single-stranckEebpAEARIES tHE LEaRReeBKRIEARSS Y veafiasenteedings &f Q18A8Esrmined site, and a
“donorjgolyauelentidae Baviag: ReqelRgy i diR N HEEOlde ReRUSNSE! IR:BR: 1eYier Gidbe break, can
be introduced into the cell. The presence of the single-stranded break has been shown herein to
facilitate inteAAGH WEIRM TRATYPLSG (8 R qHEFS B ELY RIS H$5D e 3R e dntegrated or,
alternatively jiipgaoonnpaly Auclents asiddicaBedhersamplieifefaiepadieidhal heealk aa homologous

recombination, resulting in the infroduction of all or part of the nucleotide, sequence as in the donor into
the cellular PHBTRHN AL A B L B LR Ay SRrG AU LApe b Bl ERORRERE certain

embodimentsoart bEapandecteld prioraiseqidencel g sentnsgardopnpolyd pidaotides Thus, the use of
the terms "replace Q% LSRIACAE N-EANAG ANARIEI0M I8 e niRTetIRlage ment of pne

the plant at the desired time and/or in the desired tissue of the plant.

[0016] In addition, methods of generating a specific single-stranded break in a
target double-stranded sequence in a cell are provided. In certain embodiments, the
methods involve introducing one or more pairs of nucleases (proteins or

30  polynucleotide(s) encoding the nucleases) into the cell. Each nuclease pair comprises
a first nuclease with a first DNA-binding domain and a first catalytically active
cleavage-half domain and a second nuclease with a second DNA-binding dorain and
second catalytically inactive cleavage-half domain. The one or more pairs of

nucleases are introduced into the cells under conditions such that the first and second

4



10nucleotide sequence by another, (i.e., replacement of a sequence in the informational sense), and
does not necessarily require physical or chemical replacement of one polynucleotide by another.
[0021]In addition, a method for replacement of a region of interest in cellular chromatin (e.g., a
genomic sequence) with a first nucleotide sequence is provided, the 15method comprising: (a)
engineering a first zinc finger binding domain to bind to a second sequence in the region of interest; (b)
providing a sdevrgehadtfitgesihirdieaslpamaioro i ¢o adrird seguencglérsthadedonabf interest; (c)
expressing g {ifst (giségpsgiggg%in a cell, the first fusion protein comprising the first zinc finger binding
domain and a first catalytically active cleavage half-domain; (d) expressing a second 20fusion protein

in the cell, th®&edond fusisrtpiisteiembodipiaisgthisdise codry reanddeNbirindipgslemminand a second
catalytically inpghie-GeamearbAlirdRmasy anddairantacing ﬁhsg&%ud@étﬁ)a PabHgISelide comprising

the first nucleotide sequence; wherein the first fusion protein binds to the second sequence and the

second fusidh préiihsinedeiaissriied dgtramdbe distanyg prromeFlry ase krbdemairuli-domains

25such that aasibghepE@RER0: Ak dH MR Ries olanahPin aHR/iE dhe se RN ebrnlipkest and a
nucleotide S% uence in the ré?r?i(én of interest is r%)fiaced ith the first nucleotide sequence. In certain

embodimentS FHECSREIRETFL 1A B 8RN EA  RAGTRI TRFBI AL & BSLERANTIRS FEYR5I ¥ interest at a site
between thedmbinshandethid) sageefirexatip: zine dinges nctdiateshoaydin puoliges to the cells as
proteins and/qr as.0ne or more 98%9{%%%%??@%%&5}%%&% said ?inc fin&%rcr&g%lg%sle(s). For example,

two polynucl%%r{?é%s, each compgrising sequences encod}hg %F}aé% f5e tWo ruaion proteins, can be

intr_odu&:@d im@ﬂmmm&%@n@é M%ﬁmnmefoomipﬂml@meqmmé@emwmg both
fusion protelgg:aRR DRGS0l beGRin AZH A SH D alaRas firsgdped herein,
additional pairs of zinc finger proteins can be used for additional double-stranded and/or

single-strandE8aENsGF5H B suehiridHaE A F§Es SHast willinctiaedpiipaoaTrliansedse embodiment, a

method for rgplasepan slenigianaidinterest in cellular chromatin (e.g., a genomic sequence) with a
first nucleotide sequence comprises: (a) engineering a first zinc finger bindin%idomain to bind to a

second sequ8ft¥lin the rddr GRS B Msrlycanske sAaiseRER s SEMEEEmain to bind to
a third sgquesegiianthéRacantielingai cetwitasdipadistriobamusiedlidenenpisipardhg first nucleotide

sequence; (iR a second polynucleotide,10encqding.a first fusion protein, the first fusjon protein
comprising t efirs ez‘?ﬁ%’ﬁﬁ’g%r" gfﬁaittr)fél%g‘ignsﬁﬁ%grgd %S’lf%r’sﬁf’cguatséflﬁigaﬁyelagci\?e %eé%fage 5zfl)lf-domain; and
i) a third p 8 [ nobfasoeapiotenprthscdecandlugigniprotein comprising the
(iii) a third polymactentidestder)difigeciseco pobfeis: totenprtsecdecandiiusi [ ising th

second zinc fi Dingli i cond § ' i i leavage.half-domain; wherein
the first and é%i%c%r{?g %%%%?ggg?l r%gia;}r%t%e)%;&}eslse é{ﬁlﬁ%ﬁ(}/%ﬁg 2Ir{l%porﬁghlﬁ %’%gg to the second
sequence af8PETHERRharsTEprbaspsrieelb weethindhsepplenedeoridre BIP®AItiBNning the cleavage
half-dogpaing shchithatias RaRratiandes M&@ﬁiﬁs@ﬁ@@Eﬁ%@%@fﬁﬁl&ﬂ'ﬁf&&&?%@ﬂ&%@fgion of

interest; and the region of interest is replaced with the first nucleotide sequence. 100241In the

preferred enfBdAHRSHIRSIRRR I e e theselnmbishibrrio Hamkisd fasasmaisithad/or alteration
of a sequenggsivrapieginn dldmedeshihsBHuldEotide and polypeptide delivery to cells are

presented elsewhere in this disclosure.

[0019] Metheds for targeted recombination (for, e.g., alteration or replacement
25  of a sequence in a chromosome or a region of interest in cellular chromatin) are also

provided. For example, 2 mutant genomic sequence can be replaced by a wild-type

sequence, e.g., for treatment of genetic disease or inherited disorders. In addition, a

wild-type genomic sequence can be replaced by a mutant sequence, e.g., to prevent

function of an oncogene product or a product of a gene involved in an inappropriate
30  inflammatory response. Furthermore, one or more alleles of a gene can be replaced

by one or more different alleles (e.g., biallelic targeted integration).

[0020] In the methods of the disclosure, one or more targeted nucleases as

described herein create a single-stranded break in the target sequence (e.g., cellular

chromatin) at a predetermined site, and a “donor” polynucleotide, having homology to

5



chromatin, a chromosomal sequence is altered by homologous recombination with an exogenous
"donor" nucleotide sequence. Such homologous recombination is stimulated by the presence of a
single-stranded break in cellular chromatin, if sequences homologous to the region of the break are
present. Notably, single-strand 25breaks in cellular chromatin do not stimulate cellular mechanisms of
non-homologous end joining. [0025]In any of the methods described herein, the first nucleotide
sequence (thé¢ docleotsdrpegnenty catheorgimm ofohe breds dmmbearisthehmsid guashderihot identical, to
genomic seqyaaeR3JAdNGReianAL ntetash dhsiehi simuiaURd howeldays recombination to

insert a non-identical sequence Inthe region of interest. Thus, in certain embodiments, portions of the

donor sequeiitiegiationrs Rsrionsgstaiase qlisewirFtaeeRSGiIBROPIBreSeEXHBEFeleen about 80

to 99% (or any, iQE@SﬁEiU%%Fﬁ'B@%%P}:&%H@F&S@&Q%E&’d@stﬁ!%ﬂﬁﬂiﬁ%%ﬁ’&?@ﬁl&hﬁ%& replaced. In
other embodiments, the homology between the donar and genomic sequence is higher than 99%, for

exampledf orfif LR rBRnat g frREingdn Sheinirissmmeal eereB £5¥8ver 100 contiguous

base pairs. InggetRifeGRGaENE A9t RIS By tenudibErslaanh SEEUS NCRraaRERAERIN Sequences
not present in theigrﬁ?%io of inferest su%ht at réew sequences are introduced into the region of

interest. In thOSS SRR SNE AL PEUR LRI FRRRINBHLS Ao R Y Bi*8e quences of 50-
1,000 base paitsa esqaeycnteeyaitialuddher gbbivwetojide. afifnsuthbeseodfithsezpairs greater than 1,000,
for example seqyences sushasibase loundnariicial shromasomes.thal aigngmologous or
identical to seqtiences in the region of interest. In other embodime S, the donor sequence is
non-horiblogowiettidasdinstreediyeasshearo(aadrizplasenesd oo tmigweombopfeonatonmdlogous
recombination. mechaniais »[926lAm 9 gL sinAfs dsHhELN RGN CABRS ARd for partial or

complete inactivation of one or more target sequerices in a cell by targeted integration of donor
sequence th@oHBrRGIRER I 38MIEBS the gene(s) of interest. Cell lines with partially or completely

inactivated g are alsorprvigied, FHhriail rhtaiarhesH Arles srithhastialyenumempletely

inactivated genes can be used to generate transgenic plants. Plant cell lines comprising nucleases as
described hefBIAMARFe# ABTRAE PN HIKIEA IR BIRIEANSY SHINTBER IR PHSIHbE are also
provideds Sirpilettlyd Boatpriatign(gasigisedisngudits 3iao ries, Wiidingpdtalhironenaptetely inactivated
genes can be used to generat trans?eni . nim(?lﬁj 20100 71Furtheg‘norefthe rgetcii\.ods of targeted
integration aSHORE BT S B A R D Tt ]rﬂ%’é’}a{%goansée%ornmcz)lr%ce%ﬁlénléluén§equences. The
exogenous ndcieimacivind tue tiedceneonepnises fogieranplerand Orempressgerrefrst cDNA molecules,
or any type o [ [ j £ Rar. .g.
Dromatere. 1 B e

molecules (e dpmainanhaifipih RIS @WhrRas) cleaipao AR Npmraim N sy PrEfcBRNEEIRNAS), etc.).

[0028]Ingny gisthe sefisnoRHines ang eshedsessingA dersinsithaicalkasreling can be a COS,
CHO (e.g., CHO-S, CHO-K1, CHO-DG44, CHO-DUKB11, CHO-DUKX, CHOK1SV), VERO, MDCK,

WI38, V79, Btndipedomainne a secrnderiabticalls machra oleptegs bl Efogame29d {3k C203-F,
HEK293-H, RE293 g hf@ICE (N 4 pousrit] -5t tiSignatiddiistniaieupliicinapeheells such as

e B TR S TSR RmISSS B a1 elsgpacsharomces

protein binds to the third sequence, thereby positioning the cleavage half-domains

25  such that a single-stranded break is made in cellular chromatin in the region of interest
and a nucleotide sequence in the region of interest is replaced with the first nucleotide
sequence, In certain embodiments, the single-stranded break in cellular chromatin is
made in the region of interest at a site between the second and third sequences. The
zinc finger nucleases may be provided to the cells as proteins and/or as one or more

30  polynucleotides encoding said zinc finger nuclease(s). For example, two
polynucleotides, each comprising sequences encoding one of the two fusion proteins,
can be introduced into a cell. Alternatively, a single polynucleotide comprising

sequences encoding both fusion proteins can be introduced into the cell.



nucleases (or polynucleotides encoding these nucleases) as described herein for carrying out the
methods as described herein. The kits may optionally comprise reagents, buffers, cells, suitable
containers and written instructions. 5[00301These and other aspects will be readily apparent to the
skilled artisan in light of disclosure as a whole. BRIEF DESCRIPTION OF THE DRAWINGS
100311Figure 1 is a schematic depicting an exemplary zinc finger nuclease 10(ZEN) architecture that

includes an 488V ated cléaeayeidbararibalsaarrbpdrafinedivnnadpeip NivswdmEed form
single-strandgd, Qreaks te wld) 304 GIEPELIB RSRIGIR d[2032 1 Eigbiresaah@elR AV g ordepict

single-stranded cleavage of a double- stranded target using a pair of zinc finger nucleases where one
nuclease incidditioneh BERShRFHBIRIRE $#7Ak has been mutated to inactivate cleavage activity of the

nuclease doggais] [0033]FguAndiaRicisiasis 9hidenhlasirspdeshidppypdrgradicts obtained by

cleavage of a target substrate with the indicated ZFEN pairs. From left to right, lanes show: molecular

weight |gdde‘ﬂtﬁﬁ’ﬁ‘trlBI?%pt‘:‘éﬁg!?é?&féi’e@'%lf?\lgﬁﬁﬂé§F(§W§H$8)Zﬁ“§‘f§%ﬁ@<%%‘flﬁL, where ICK and EL

refer to engisegredcleavnies ¢ ainsnfainpinfiobtigatfnpeicrbdine dotoe Feodiateteauble-stranded
breaks (see, U.Sh.dPatent F;ubl' gtion 209 H%l?%?gbﬁ Ir,efeh:%ed to as i%{(p&%%?&zlc%%G?EL (WT) in
this applicati%er??a éwg’far]é}e edr%?\?palr e%,lg gdp§ BEERES , Where e 8267EL protein
also containdemmintatisindtopotitidrseferstthedaiatvtindomnanddDaBBN))of Hrse 25cleavage

half-domain 8&*%3%19&83%8&%%&%%@?@%&@%ﬁa?e%‘[’i‘@é”séﬁﬁl%%é%ﬂi\} R%Qéo%?ré‘o%ﬂ%%‘ﬁ‘@ed ZFN pair

designated zICK:826 /EL, where the 826/EL protein also contains a mutation at position 467 in
the catifytic eisating EOUsT7NFERIPSENVAESE 6 fosite FasEramao pghst N ZPNBERT a second
molecular W%hﬁhm%qeﬁraiﬁ SRFPRRSCONIGk AN GRAtRsIaEARN- Raih AR SIIIRSAREIRD:81962DR,

30 where RD and DR refer to engineered cleavage domains that form obligate heterodimers (see, U.S.

Patent Publi@ahBHIeRsEio $30sens, asterrdfis b RRIH B 8ot PRBIS OB PEMERAT) in this application; a
CCRS5-targetasngfibinpaiicdesiginaind 8364RREA9 sk RnwheestielOtabiR Arpiaiataleo contains a
mutation at position 450, of the catalytic domain (D450N) of one cleavage half-domain that inactivates
e clomvad AR GBI B I RS DR SE KR P B GBI D 5106 2DR
where fite 8iRéziiRopmpiairirnlsndean thinsceonil tedicmad puaisitio sedbrdifutiengatatytididdsain (D467A)
that inactivates,one.cleavage half-dgmain of the ZFN pair, 51 1Fig. 2B depicis analysis of
singIe-stran(g‘gzhgrl}e%é{/éasgeg%%é%ﬂc 'S |ﬂsé%%n)llng|§aﬁaev%§%v8 %'(})éll%ﬁe nsll%tr)légt%qe1 %ﬁ Pthe indicated ZFN
pairs. As desiriiedisindoe orakity. ZacTatat ilefeividy bortaraisndh dbe: temitacefanteresgakhdder, control, a

CCRS- argejd ZEN, BRI e lonAled B1P0AK SRR R ME NG GRS targeted ZPN pair designated
8196zKK:8267EL (D450N); the CCR5-targeted ZFN pair designated 10 8196zKK:8267EL(D467A); a

second mold@8H weight ladheprafeaedsmbatimsntssd methoslsdpydteerted Reppmbiadighated

8267RBB1IG#AR epIdethenGhdior tataairg SFNRAIEHRSIRARIHE 26 TRE:81i86eDR(DA50N); and the
CCRb5-targeted ZFN pair designated 8267RD;8196zDR @467A§. 10035]Fig. 2C is a schematic

depicting poggfm@aag,ag/glérgraawé s§gHfgee s altered by homologous recoinbination with an

exogenous “donor” nucleotide sequence. Such homologous recombination is
stimulated by the presence of a single-stranded break in cellular chromatin, if
sequences homologous to the region of the break are present. Notably, single-strand
25  breaks in cellular chromatin do not stimulate cellular mechanisms of non-homologous
end joining.
[0025] In any of the methods described herein, the first nucleotide sequence
(the “donor sequence”) can contain sequences that are homologous, but not identical,
to genomic sequences in the region of interest, thereby stimulating homologous
30 recombination to insert a non-identical sequence in the region of interest. Thus, in
certain embodiments, portions of the donor sequence that are homologous to
sequences in the region of interest exhibit between about 80 to 99% (or any integer
therebetween) sequence identity to the genomic sequence that is replaced. In other

embodiments, the homology between the donor and genomic sequence is higher than

5



15 mutant cleavage domains as described herein, showing which bands will be detected in the
autoradiographical analysis due to the position of the radiolabel on the various DNA segments.
[0036]Figure 3, panels A through E, depict repair of ZFN-induced SSB/nicks in K562 cells by an
HDR-dependent single-strand annealing (SSA) 20pathway. IC562 cells were either untreated
(Untreated, Fig. 3A) or transfected with a SSA-GFP reporter DNA plasmid in the absence (No ZFN,
Fig. 3B) or pf&Sanios ofampie Egityskisicisriidnididiers aeberinsy doreand BryomioA: the CCR5-targeted
ZFN par desigqialgec 839671 G0 83010 a1 dCh IR GLREIRIR R Bl designated
8196zICK:8267EL (D450N, Fig. 3D); the CCR5-targeted ZFN pair éSd_esignath 196z1CK:8267EL
(D467A, Fig PSEIOR e iqerr sAABEE SHLGNFHRECHIFTSRS H9ePSibjBe i@ R #bw cytometric
analysis aftefriterait) bach BatiQRWER ReaRid i iRige:£F Ihio Glalegionofahiecsellm(fBks)y Integration of
the GFP_donor sequence intq the preak in the CCR5 geng ogccurs through an HDR-dependent
pathway’sindB AR ES PRI LBRIP8RER: SRHERIE B S RBEeE R SEH AL B Romologous to
regions flankin@ptheasi phisstér Bhyspegrialcraasehisrdhevolsgd veth Giknbisped deeabsignal indicated
targeted inte rgg{grntﬁ)gn tli'%éj(?r%o{ seguence klll%% Qceur eads. [Egsrgg]tage %c s f'n each quadrant is
indicated at the upper comer of qua ARt The data demonstrate hat The pairs containing the
D450N and tedusdman thahtscdreratifeztadmegeaticth b GRRssguantbe se o0t Figrrs. 4, panels A to
0. depiet analysiRtAMIIAIABR-BARCLIRINAG (Y A A IR BB AN, of an

exogenous sequence (patch donor) following the induction of double-stranded or single-stranded
breaks iff theatshtfenspaied 1t thergerpnadyapanhomadeasies sacofdnation meekaiimstranded, breaks by

5 NHEJ in K§igplls compsisinaibenéfbupaiis slicatedabays.aach f8ppartidfdane number
corresponds to sample number in Table 1. Fig. 4B depicts targeted integration of a 46 bp CCR-5 patch

donor molecBfERIAGIMAGRYHINE-05 P86 Gh XL S aEFIBERAE &N thE BYCRSSI§E MUSHEN®e ZFN pairs
indicated in balakdr deqhentin ehBLENIEHS GRPRSPION G 1ehs FEHIE I uiMHeks:. FOS! AkearstidD depict
homologous 10recombinati vents in cells treated with a single zing finger nuclease or combinations
of > 76 TR R A RS BB AT OO LTS SondhE ARG, cpic
analysissof tdrgmstedtintegrtioor andipletely inadhéledalisitsansibeted dvithgtherinedicategkdie N
combinationsn.the fad CCR55pat nor...£igure SA shows targeted integration
analysis and?)i%g}g{ﬁrgegé%qg ﬁg%s%ﬂ%lgézﬂ?%%%%ﬁ%agsr%ngegn & bottomn o léla%)?ﬁg%séofandicate
frequency (96 Sftangtarss intgrenion or MGRDHI0OegIRwre EsparvisdpdandBildepict analysis of

targeted integrationiBRc k19 ﬁé@%&sﬂ%ﬁ@sﬁfﬁﬁéﬁﬂmp H?@%Eﬁagtémgamwﬁons in the
presence of a CCR5-1NGFR-outGFP donor. Figure 6A shows NHEJ analysis and Figure 6B shows

20targeted iR PaMERIIR SPSBIGHEPAASTHE Nidbers at the bottom of each lane
20 j0627] Furthermore, the methods of targeted integration as described herein

can also be used to integrate one or more exogenous sequences. The exogenous
nucleic acid sequence can comprise, for example, one or more genes or cDNA
molecules, or any type of coding or noncoding sequence, as well as one or more
control elements (e.g., promoters). In addition, the exogenous nucleic acid sequence
25  may produce one or more RNA molecules (e.g., small hairpin RINAs (shRNAs),
inhibitory RNAs (RNAis), microRNAs (miRNAs), etc.).
[6028] In any of the cells, cell lines and methods described herein, the cell or
cell line can be a COS, CHO (e.g., CHO-S, CHO-K 1, CHO-DG44, CHO-DUXBI11,
CHO-DUKX, CHOKI1SV), VERO, MDCK, WI38, V79, BI14AF28-G3, BHK, HakK,
30 NSO, SP2/0-Agl4, Hel.a, HEK293 (e.g., HEK293-F, HEK293-H, HEK293-T),
PerC.6® (Crucell); EBx™ (Sigma-Aldrich Group), insect cells such as Spodoptera
Jfugiperda (Sf), or fungal cells such as Saccharomyces, Pichia and

Schizosaccharomyces.



indicate frequency (%) of targeted integration or NHEJ. [0040]Figure 7 is a graph depicting 53BP1+
foci (indicative of DSBs) at the indicated time points in K562 cells transfected with the indicated ZFN
constructs. Open circles depict control cells having no ZFNs; shaded circles show cells 25transfected
with wild-type ZFNs; open squares show cells transfected with one wild- type ZFN and one inactivated
ZFN (D450N); and shaded squares show cells transfected with one wild-type ZFN and one inactivated
ZFN (D467A§0988k 1] Figurs 8ndépictsraatlfsi snoktaigepeoyidisduitgicomgiriie 3XERAtoms in K562
cells. K562 apaustearasaleaiatiing Sl e 4aog RV e i agence (no 2FN) or
presence of CXCR4 D450N ZFNs: CXCR4-ZFN-L-EL-D450N"+ CXCR4-ZFN-R-ICK. Cells were
allowed to re¥BVERERYA the saihads ahdpspiiksddrerciad BplntaimatisptienpdyDNABTisEhe process was

repeated for a4ptalobdrmuclsaiecinnsiCalirarrre Menselasisdnsiays after the last nucleofection for
gDNA preparation and RELP assay. Expected positions of CXCR4 modified by TI were indicated by

arrows. Rum®80ht the bdt6h YretbRT amsstditdiberreribhaspassnidetheskifiad aisap inSCRIPTION

510042]Disclasg@dhdikeiosare Lamprsiions and methods useful for targeted single-stranded cleavage
of cellular chromatin and for targeted alteration of a cellular nucleotide sequence, e.g., by targeted
single-stranded cleavage followed by homologous recombination between an exogenous

polynucleotide (comprising onBRIEMDESERIFTE QRN DT PRAMING®lular nucleotide sequence)
and a genomj seque omic sequences.include those,present in chrompsomes, episomes,
organellar grgpli())%n S (e..gTﬁ%ﬁ?ﬁ%ﬁ&rfﬁ%ﬁ%ﬁ%ﬁ&g nga%ﬂf%g?lglllgrgrﬁbnscoﬁr% STan %?133? other type of
nucleiclcid (FEdBrrthiteciutedhetinaiufos axamaptioaterhplifivagsaipnmce I dMiepaimute chromosomes

and the genayags oLAARIDRUS L NG BNy s GeAOIRSEauRDses oan be nomal

(i.e., wild-type) or mutant; mutant 15sequences can comprise, for example, insertions, deletions,
translocatior?s, ’F@éfﬁrangements, and/or point mutations. A genomic sequence can also comprise one

of a number gipdifferent aliglagre M) anRNOsHON A mfgieoaﬁﬁmeh%%%éwdf&rbﬁ%rgeted

alteration of extrachromosomal nucleotide sequences, e.g. plasmids. 10043]Compositions useful for
targeted singfE2Bdeth TP SRR RERRY 2SR IR TR IBIF 5Pt UsRbrising a cleavage

half-dornsain eieavage dertisgahiingdingdomainepalynuslesidgc.ensosingithesenprateinsand
combinationaé)rl‘]glglypeptides and polypeptide-encoding polynucleotides. A zinc finger binding domain
can comprise one or more zinc fingers (e.g., 2, 3, 4, 5, 6, 7, 8,9 or more zinc fingers), and can be
engineered @3 to any{enbindewrspisimsl sbiprdhestrinled A&wgdentifiriory cbtaiget genomic or
episomal reqjou hialeIGeL el b Gl aae Bl RANIRINARRL R ACHIEH BRS A according to he
methods disclosed hérein, construct one or more fusion proten]?s comprising oth ¢atalytically active
and catalytic@mysshetvangisvigavahidaddaincentid, A Ry tar sroed 408 mgindesisatsdecognize a

target SeQUERPRSHKFAID SRNOMIRLE RRISPINEL I 8MON. [hENES8NeE M RUsiin 28 Snfusigh protein (or
proteins) in a cell will result in binding of the fusion protein(s) to its (their) binding site(s) and

single-stranRYFEEREige RN O srasrefrYssHradsd dprekriarseliSn PRispaBRbIEE W herein, if
an exogenousimtyrBIoeDticiddnad ig L FOng RSN ERED &7 KIe(UeNaAnigiohepisandal kegion is also

resen i el AR D e ke RS RN genome

also contains a mutation at position 450 of the catalytic domain (D450N) of one

25  cleavage half-domain that inactivates one cleavage half-domain of the ZFN pair; a
CCRS5-targeted ZFN pair designated 8196zKK:8267EL, where the 8267EL protein
also contains a mutation at position 467 in the catalytic domain (D467A) that
inactivates one cleavage half-domain of the ZFN pair; a second molecular weight
ladder, a second control; a CCR5-targeted ZFN pair designated 8267RD:8196zDR,

30 where RD and DR refer to engineered cleavage domains that form obligate
heterodimers {(see, U.S. Patent Publication 2008/0131962), referred to as wildtype
8267RD:8196zDR (WT) in this application; a CCR5-targeted ZFN pair designated
8267RD:8196zDR, where the 8196zDR protein also contains a mutation at position

450 of the catalytic domain (D450N) of one cleavage half-domain that inactivates one

9



General 5[0044]Practice of the methods, as well as preparation and use of the compositions disclosed
herein employ, unless otherwise indicated, conventional techniques in molecular biology, biochemistry,
chromatin structure and analysis, computational chemistry, cell culture, recombinant DNA and related
fields as are within the skill of the art. These techniques are fully explained in the literature. See, 10 for
example, Sambrook et al. MOLECULAR CLONING: A LABORATORY MANUAL, Second edition, Cold
Spring Harbélergdisr by erassof e RN Hki i olivtargoed ZkDspaefes gnatdU RRENT

PROTOCOL@éw@llg%%%&%&Mg%&%ﬁb%B&iﬂ%%‘éﬁ%ﬁlg%ﬁﬂgIPeriOdiC
updates; the series METHODS IN ENZYMOLOGY, Academic Press, San Diego; Wolffe, CHROMATIN

STRUCTURECARIM e ctrytieAemein P18 Lol 4B, imactivalriopr el vasmhplicgemasort M THODS IN
ENZYMOLOZFN pégd. 304, "Chromatin” (P.M. Wassarman and A. P. Wolffe, eds.), Academic Press,

San Diego, 9: and METH IN MOLECULAR BIOLOGY, Vol. 119, "Chromatin Protocols" (P.B.
Becker, d.)][ na Prg§~$§§&?é?*i§§ VS SI9L eSS FHY A8 AL ﬁ'&?l&?&*%%%?
"polynucleotigdes;icana:talifyorangde stebe ser e ils elok intdichahAE RNy a0 duedesdibadasey ifoonucleotide or

ribonucleotide palymet, R e a1 gacular son'ormation andin eiher Sngls- opeauble-stranded form.
For the purposes of the present disclosure, these terms are ﬁ']c]) 1to e’constrded as limiting with respect
to the 25lendtreoted BBy par designatnt § LT BKCSIAPRESWRd e & aRiytiegetsidnakly siatucleotides, as

well as nucleplides, at i& MEGHSEN e RREE aRHeRR3NGHRIANSRRAIF JIGIES (..,

phosphorothioate backbones). In general, an analogue of a particular nucleotide has the same
base-pafting8dgeelfikif o LA A gusemd waleaba-paietiirddercoesprestaial olypeptide,”
"peptide” ang (i il -RIEAII YN ELcRANIE Y RDIG Iefento @vag iAok 3minR@gid residues. The

term also applies to amino acid polymers in which one or mare amino acids are chemical analogues or

modified derkERIVEY Ges! gt A0a Ry BN ngrdilin & Shivderes s A BiRdhg" refers to a

sequence-spr&ifigatea 3ZEARIERI dGtEIRCIMFE Eveen macromolecules (e.g., between a protein and a
nucleic acid) e sequence-specific (e.g., contacts

Noi.all components of a bindjng.interaction need
with phosphitkicuos HE BHOR BAERBAL CER RTE RETIE oPRROR IS ARUI8 1o
sequernice-specifict Sewchgntbraciions seqgibed iathioh shasiagzed dnbandis sollibtidatedrdtant (1(4) of
10-6M-I or lower, @

: Gushjnthwmoiora okecqiniahyichdravteg satiddrtagngtant (14) of
it fower T T A AT S hot P h e AP e R e Ay o another

molecule. A BiNdisgeprensin can bind to, for example, a DNA molecule (a DNA-binding protein), an
RNA molecufgﬁ@z) RNA-b'qumg ergﬁjggsqp%%@ggrggqjgpmp}@w{eofqpmﬁﬁﬁggading protein). In the

case of a protein-binding protein, it can bind to itself (to 10form homodimers, homotrimers, etc.) and/or

it can bind toséﬁé“@:ﬁkﬁ?@rgg)?ﬁ%l%@lﬂé’é’ ar ARRtenadriainge pdranslrging Hrotein can have more
than ong typgaafwindirg @ctdiywees exrmpgeziac (ngrhRQEIES by e BINdeiedinghRNA-binding

orotein, or & SRR SR DA LA PR A ETRAL DN & Gor BN REEBER Emanner through
one or more ZAN éipgessowplistimide 1edmodietiamine adiigsegente WERA-thedpddigNdomain
pair designated 8196zKK:8267EL (WT, Fig. 3C); the CCR5-targeted ZFN pair
designated 8196zKX:8267EL (D450N, Fig. 3D); the CCR5-targeted ZFN pair
25  designated 8196zKK:8267EL {D467A, Fig. 3E). Cells were collected 3 days post-
transfection and subjected to flow cytometric analysis after 5 min incubation with
propidium iodide (PI) to stain non-viable cells (PI). Integration of the GFP donor
sequernce into the break in the CCRS5 gene occurs through an HDR-dependent
pathway since the GFP donor sequernce is flanked by CCR5 sequences that are
30  homologous to regions flanking the nick site. Thus, an increase in the observed GFP
fluorescent signal indicated targeted integration of the donor sequence has occurred.
Percentage of cells in each quadrant is indicated at the upper corner of quadrant. The
data demonstrate that the ZNF pairs containing the D450N and the D467A mutants

are able to integrate the GFP sequences.
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whose structure is stabilized through coordination of a zinc ion. The term zinc finger DNA binding
protein is often abbreviated as zinc finger protein or ZFP. [0050]Zinc finger binding domains can be
"engineered"” to bind to a 20 predetermined nucleotide sequence, for example via engineering (altering
one or more amino acids) of the recognition helix region of a naturally occurring zinc finger protein.
Therefore, engineered zinc finger proteins are proteins that are non-naturally occurring. Non-limiting
examples of[MBHods for Eiginedripapelndftadbrdsrate malysts ¢é sehomapingeesiond A designed zinc
finger proteif, s Qiei/BhAsrnsREanaiG Wraae desnicompanibgpaiasdiagyncipally from
or desi S

rational criteria. Rational criteria %Fp include application of substitution rules and computerized

algorithms fdPinvEes thsdrdushemabhorbi viandsd estbraiyshrsdedhessisriathaiige2P designs and

binding datageage rigr £Xamlis HphIeaiaic dRRRY, buf adrafivslaneARatiblsape also WO
98/53058; WO 98/53059; WO 98/53060; 30 WO 02/016536 and WO 03/016496. [0051]A "selected"”

zin finger protEn 1 KSR tEls SOmmtsiegifhn 2 NePairoDe SR ARRiE FaCl R BritH P om an empirical
process suchuasbphagecsisntayio siarpitiannbapioThylkrid FoteaodeptaeergetddS 5,789,538; US
5,925,523; US 6,007,988; 6 A453; 6,200,759; 95/19431: WO 96/06166; WO 98/53057;
WO o5/ata TRGITO R AERBRIG R BATSRS BYEeHs Lo G B dE R B 052 The torm
"sequence” saﬁm@tbc&mageoﬁﬁee@Em@myheﬂgm,mhﬁm@am@bimmmdRNmecan be linear,
circular or b&?&%ﬁ%@&%ﬁ@%@&%@ﬁgﬂﬁﬁ ?Q%%@ﬁ%@%ﬁtag%%e?ﬂg%%ﬁ) {x "donor

sequence" refers to a nuc e sequen at Is inserted into a gen nGr sequence can be of

any lerigth, fseeckmphenersre nzdhdreaaboitueegidadin lagetmyoieaspnteger value
therebetwe%%mﬁqs@w&)o%%ﬁﬁ?y PEIVERH @hﬁ%@%@ PR gYycleotides in length (or any

integer therebetween), more preferably between about 200 and 500 10nucleotides in length.

Alternately, #83%or sequiRire anpanels AmeiB drpistyedrsis sbtiesied BirpTalion ¥ecterial artificial
chromosomeytB#4Gn R&¥E s AfiRIRL I AMPBRMRIHAE ZFPPeABinhiimolagRsraaencidentical

sequence” refers to a first sequence which shares a degree of sequence identity with a second
sequence, bRfti S’Qe(%é%%’éfl%ﬁ ©h ﬁ%l‘gﬁl?(fhf%‘fﬁég?’@ﬁ LSRR SR B Eor example, a
polynucieotideeansprigiogshNHEl dityheiseNueriess af chebdasingeiads hoeaialtigays and non-identical

to the sequepce of thjﬁ%ﬁ%}ﬁn . In ce{.taln emggfilments, the degree of homology between the two

Lol 1C € integrallon or . .
sequences is scl.llﬁlug omo} ous recombination therebetween, utilizing normal cellular

mechanismd043#d homoI(FQg!wmmﬂmmmh%équehmmﬁmtbhmﬁmmmm degree of
non-homologyanbe a5 SRRl A8 25109 16iHESRNAR H+8 INHAMRLEAR RE3AEAYDIEROINt mutation

by targeted homologous recombination) or as large as 10 or more kilobases e.(g#lfor insertion of a

gene at a pre§&erHER ©utoPiR drednh HigHreffbsbene) NI pralsircragdfiewre oBsiemy the

homolggousiignridenticalfarencas NessunRl-Reitie Kendsunalangbbal sxamplendn exogenous
polynucleotide (i.e., donor polénucleotide) of between 20 and 10,000 nucleotides, an artificial
|

chromosom&BF it SeMRIS paPE YdArBE SR gEs8a FdtH tues for determining nucleic acid and
amino acid Jecu@nce idemipnped khoptaph dogi aihg BABGAHY{wi Cindachinoeb $BIusatdetermining the

indicated time points in K562 cells transfected with the indicated ZFN constructs.
Open circles depict control cells having no ZFNs; shaded circles show cells
25  transfected with wild-type ZFNs; open squares show cells transfecied with one wild-
type ZFN and one inactivated ZFN (D450N); and shaded squares show cells
transfected with one wild-type ZFN and one inactivated ZFN (D467A).
[0041}] Figure 8 depicts analysis of targeted integration at the CXCR4 locus
in K562 cells. K562 cells were nucleofected with a CXCR4-patch donor DNA in the
30 absence (no ZFN) or presence of CXCR4 D450N ZFNs: CXCR4-ZFN-L-EL-D45CN
+ CXCR4-ZFN-R-KK. Cells were allowed to recover for 4-7days and then
nucleofected again with the same DNAs. The process was repeated for a total of 4

nucleofections. Cells were then collected 3 days afier the last nucleofection for gDNA
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30 nucleotide sequence of the mRNA for a gene and/or determining the amino acid sequence
encoded thereby, and comparing these sequences to a second nucleotide or amino acid sequence.
Genomic sequences can also be determined and compared in this fashion. In general, identity refers
to an exact nucleotide-to-nucleotide or amino acid-to-amino acid correspondence of two
polynucleotides or polypeptide sequences, respectively. Two or more sequences (polynucleotide or
amino acid) Bsp¥etearand RILB\eskate rRxpragdipor haree hOHER#ynTES vy Siitidentity of two
sequences, Waethes Byﬁﬁwpﬁuﬁ{%@'QQ@%@MH?@ES?IQJ%W@%HQ@W%_ gipes between
two aligned sequences divided by the length of the shorter 5sequences and multiplied by 100. With
respect to sequences described herein, the range of desired degrees of sequence identity is

approximately 80% to 100% and any ntegen \aupikeneiatyygen. Typically the percent identities
between seciLé nces are at least 70-75%, preferably 80-82%, more preferably 85-90%, even more
0

preferably 929828kl more prSIEFEHRFEER/ATS AAMAEI PR Al BR19895 WisdtldRE&as sty .
10[0055]Altesingtivstyntied diegrageasfxeilukinchrsimiliariidRinegppobinisiratiseseanihe determined
by hybridizationngt%oI%(nucleotides nder c%)gdi.tiops @aa};tfial ow formaf(w ofg able duplexes between
homologous Tegions. TOOWea By digEstion with Singie-Siranded -ase N SeI®%se(s), and size
determinationoofdegaisyssiautnaaime beswdsvcm aodeimagids; lgndwleatidly reptidésibgseguences are
substantially hgmal : ibit at least about 70%-75%,
preferably 80%-82 oggnyoﬁégﬁﬁegg%ﬁéﬁ%e%%ﬁgﬁ ?nggigs%fé?g%éb yagg%%%riﬂﬂﬁore preferably 95%,
and ma$t préfarsbip-OBTpeBif EIeTIeRs s gedhesdiptinett ferjeemPHimeacietoiess.as determined
using the mejgds gy yegd st anRl.seTdlagens AlRElSIRaegenCes showing

20 complete identity to a specified DNA or polypeptide sequence. DNA sequences that are

substantially SRR ESIF BEIBTERRId R S8 sUthah Ry sHaalioAesibtsthiemamsaer, for example,

stringent cordiiislosaiagte efingtdemibahpamie dbasiennRefinive apmeRtiaichyerdization conditions
is within the g\_l%l of the grt. See, e.qg., Sambrook et al., supra; Nuclei5 Acid Hybridization: A Practical

Approach, eBYoI3EE: (Y TAATHE SHHEEES BRRTIRSPRO 85 TRUGr BYRR) SEHABR MDY RI ., Press).
[0056] $&lectivgubnpdaidiaationni duy don ueiemplacidsbagme detidnd) e satecaiogy as follows. The degree
of sequenceri(%g%i% bgt\{\éeaelgl Wo Q{Jngleigt%&:(i)%sm%ecglesl éifféac]}s nthee efficiency and strength of
hybridization eventt Between such moleculea: A p&retléﬂ?)} [deicar nacleic adt ggﬁﬁgﬁge will at least
partially inhiloft zmargbtniritl entoh abletes ofis| etalpdsitiotic ahdagetbnde caalarhetsdl&oule. Inhibition of
hvbridizationgblha perAlsiebt UeERlRRQHENGRABAIE AneRsed ngpilization assays hat are
well known in the art (e.g., Southern (DNA) blot, Northern (RNA) blot, Solution hybridization, or the like,
see Sambrofi4d al., Mofeempestiontigeil fantraceg Nnshersiraded sleavasromd(1989) Cold Spring

HarborzdN.Y gecoméhagsayschalk Raserndbeiad dsipgidapindadesse aainkisalssivitys flarexample, using
conditions Vr?l%i% té%c:) I low to high stringencé. If conditions of low stringency are employed, the

absence of SRERHG-RabBEe EAQG0g DesscpiveiRs prdseavatiers Aven a partial

degree of sesplgnee déeatitypdbreptddepiecaibprpbighriogdess Ahancahgiet 8@isequence identity with
the target mgleculeg such that, in the absence Pf norgspec&fi% bAn irﬁg _;a\gegts, the secondary probe will
"Well-kh

not hybridize 0 the t%’}ég{‘_"%’@%?ﬁé’ﬁ&,}%%g‘ Sr H‘%Ff iZ&ticn are wn tSTREBHT skill in the art
(see, for examptes)Nurnd ei Aeidnigiyleridid soibimdAcRacicabAjsproegispmdltarguBabe. Thus,

25  byidentifying a target genomic or episomal region of interest at which cleavage or

recombination is desired, one can, according to the methods disclosed herein,
construct one or more fusion proteins comprising both a catalytically active and
catalytically inactive cleavage half-domain and a zinc finger domain engineered to
recognize a target sequence in said genomic or episomal region. The presence of such
30  a fusion protein (or proteins) in a cell will result in binding of the fusion protein(s) to
its (their) binding site(s) and single-stranded cleavage within or near said genomic or
episomal region. Notably, as shown herein, if an exogenous polynucleotide having

regions homologous to the genomic or episomal region is also present in such a cell,
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10Hames and Si. Higgins, (1985) Oxford; Washington, DC; IRL Press). Hybridization stringency refers
to the degree to which hybridization conditions disfavor the formation of hybrids containing
mismatched nucleotides, with higher stringency correlated with a lower tolerance for mismatched
hybrids. Factors that affect the stringency of hybridization are well-known to those of skill in the art and
include, but 15are not limited to, temperature, pH, ionic strength, and concentration of organic solvents
such as, for bsaxipieuforeRmiitatirmiadisnsthlicshilb xide betw sk Hevaeionmhoseepiskilain the art,
hybridizatioq%mxg%mgﬁﬁg%Qnggﬁgmperatures, lower ionic strength and lower solvent
concentrations. 100581 With respect to stringency conditions for hybridization, it is well 20known in the
art that numerous equivalent conditions can be employed to establish a particular stringency by
varying, for examplgeffagdollowing factors: the length and nature of the sequences, base composition
of the various sequences, concentrations of salts and other hybridization solution components, the
presence or B9%&hce of b?dﬁﬁ‘r‘?@ gE B fets Asor Rl Asmsrramtiansatess ofaran sulfate, and
polyethylenecahghsinbnsyibtidizationdiaashisofompes ateevasd itimeparamelieisoad well as, varying
wash conditions. .The selec[iionlof S.Elarti(;tﬁ)lar I?et of hyhridization conditions is %elected following
standard met °§3§q}lr? AR AR (ERET PP QR nTINEURIB SOROHRHR SRASIREE RIS A Laboratory
Manual, Seconopiiition) €he868JiGotaibpuingd-iadoonbiNaxt DB a58:14Re ddbimadren” refers to a
process of e .genetic info 10, t 0 Gleatides. Eor the oses of this
disclosure, "ﬁgﬁ"l%cﬂ%%ogll}‘sﬂrgqcﬁnﬂn%é?réazgﬁ%l—{%g?&ﬁ(feggsgrt% t 1@5%@%5 ?;aeicr]1 §?nl1198 Eﬁrg?luég%hange that
takes plfce, forermpisiSamnimagk epair MOHETNAR CEANINEe AKABGAEOR K N MbRds s requires
nucleotide seauaRCEINIRAIANY SRS fieARRYLBMBISHHRLO DRI aERBli Al Sifaet molecule

(Le., the one that experienced the double-strand break), and is variously known as “non-crossover

gene converdititbeelcHof HRRENEARTRRA S BDIMBECHLSR BiSERS Yo his (PaRfdE SPBenetic
information fram thedanay imihsigRtupiiReUinyishiegNe ReIPRURGRYvaRyLRRIicular theory, such

transfer can 5 involve mismatch correction of heteroduplex DNA that forms between the broken target

and the don TS PRI Ia8Re ntees R OMA MR TP R AN LY CHON ST to
resynthigsizezggioalia tafermiaPessdhsinidi &ec s part nidbs Rigetys /oG Migd3pmeesses. Such

specialized HR, often.res in,an alteration, of ence,of, the targe; moleculg such that part or all
of the soque O THE dil TR EIdBtdS & Nl o A e S RSt
100601"Clea¥@§e angfiETidohe INrsak ZgVIAR B @ @G Mobalckdh (himhnzatiiNAateotdetle. Cleavage can

be initiated XS%_‘@E@I&oéﬂ%ﬂ%%i'ﬂéﬂi%t%&%@mted to, enzymatic or chemical hydrolysis of a

phosphodiester bond. Single-stranded cleavage refers to cleavage of one stand of double-stranded
DNA/RNA and double- 15stranded cleavage refers to cleavage of both strands (e.qg., via two distinct
single-giranded clggMgggagsuents). In certain embodiments, fusion polypeptides are used for targeted
single-strand{%g“IIS)]NA Clea¥glg ?érms "nucleic acid," "polynucleotide,” and "oligonucleotide” are used
interchangeably and refer to a deoxyribonucleotide or ribonucleotide polymer, in linear or
circular conformation, and in either single- or double-stranded form. For the purposes of
the present disclosure, these terms are not to be construed as limiting with respect to the
25  length of a polymer. The terms can encompass known analogues of natural nucleotides, as
well as nucleotides that are modified in the base, sugar and/or phosphate moieties (e.g.,
phosphorothioate backbones). In general, an analogue of a particular nucleotide has the
same base-pairing specificity; i.e., an analogue of A will base-pair with T.
[0046] The terms "polypeptide,” "peptide” and "protein” are used interchangeably
30  to refer to a polymer of amino acid residues. The term also applies to amino acid polymers
in which one or more amino acids are chemical analogues or modified derivatives of a
corresponding naturally-occurring amino acids.
[0047] "Binding" refers to a sequence-specific, non-covalent interaction

between macromolecuies (e.g., between a protein and a nucleic acid). Not all
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100611A "cleavage half-domain" is a polypeptide sequence which, in conjunction with a second
polypeptide (either identical or different) forms a complex 20having cleavage activity (preferably
double-strand cleavage activity). The terms "first and second cleavage half-domains;" "+ and -
cleavage half-domains” and "right and left cleavage half-domains" are used interchangeably to refer to
pairs of cleavage half-domains that dimerize. [00621An "engineered cleavage half-domain” is a
cleavage haltadepaanited D5hdind dutarpbelifieesd beseao fatensobtidiatteisatepotiistenstivith another

cleavage half,dgmain (68, eAR0INRRNGNARIRS, “akef?:‘ﬁg% RIGEHONRIB) 388y RRO:sU-S. Patent
Publication Nos. 2005/0064474; 2007/0218528; 2008/0131962 and U.S. Patent Application No.

12/217,185, EBFRE ARG AeretHoby RETErERES HriRiFaHY dtractstepbyertisiasH s the

nucleoproteipasitaaire; Fempriainy sheeelulas 80asNoere:s tollid afrehsanaatimenigprises nucleic acid,
primarily DNA, and protejn, ingélféj{in%?histones an non-histone chromosomal proteins. The majority of

eukaryotic cANEHIEAsEH RIRLAINA e CRSFAHAh ER MFE L dvherein a nucleosome core comprises
approximate{padH) base pairsiadinpprasiodatestowih tatdctiean edndprising hilendgeh of histones

H2A, H2B, H3 and H4; and linker DNA (of variable | th dependin e organis ends
e 5 ot ohol g Sl g S R R et e
the purposesuiding prasant i Sbs ume| dhidet damRBArdmdiig' psotegarntberrooetpassatidyleds of

cellular nuclopHateh AR RIRY B 200 E WA NG RIMAL SRIRMAR IS ROAH o

chromosom epIso atin. [0064]A "chromosome,” Is a chromatin complex comprising all

or a poiffon deichgegHETss Romairimessgeladwiedeor it can bingrterpen ardeaseireiasyiesatdry oty pe,

which is the ggitaelioprofefll dharsRinmasamam N abranrsa iR Reo ame flthp colibitag,genome of a
cell can comprise one or more chromgsomes. 10[0065]An "episome" is a replicating nucleic acid,

nucleoproteifEH I ECOPEMBlesTacirs EaTRiFighipss it b ndasniN 4 ferdag BERP EHomosomal
karyotype of #EHg Be@Aples of episomes include plasmids and certain viral genomes. [0066]A "target

site" or "targ uence" is,a.nugleic agi ugnce that ]15defings a portion of a nucleic acid to which
= bincing REETL wil e, BT e oA LB GISIE 7 SRS SREETRP SREHTOR o
sequernice 5'dsAAih MaHHnia Bdgegeiostia, fdiathendcDRAresisetjoemeadpetiticasendOf6MbAmne
"exogenous" molecule is-a molecule that is not nermally present in a cell, .but can be introduced into a
el by one oSS SRt A MR ey MERLAE PR BB aR MR
determined witlesesirecitto hsigbaided brehahctoprivatanstageiandoanviforisrentancnghitions of the cell.

Thus, for exasRalenadi 'ﬁ%{@ﬁ%ﬁ%ﬂ%ﬁe@i%wwﬁmw@/ﬁ%@&@@pment of muscle is an
[ ilarly,

exogenous molecule with respect to an adult muscle cell. Simil a molecule induced by heat shock
is an exogen®¥8tholeculeZifitReshbErding duneie s hscraaines sl taRiaddgénous molecule can

comprisg, fohRxRMERR MRIIATIB RIS i MabNCoR B RRRIENSBRsUR R a
malfunCtionir]a%}}/neorgic?Qs?fog ti?f? ger:rc]:ggx;{%gcﬁg 1nx| rI]“ g?o?ldg aerri]aft)ll.‘ljrsa lyoolgggl!gﬁg zinc finger
protein. Therefore, engineered zinc finger proteins are proteins that are non-naturally
occurring. Non-limiting examples of methods for engineering zinc finger proteins are
design and selection. A designed zinc finger protein is a protein not occurring in
25  nature whose design/composition results principally from rational criteria. Rational
criteria for design include application of substitution rules and computerized
algorithms for processing information in a database storing information of existing
ZFP designs and binding data. See, for example, US Patents 6,140,081; 6,453,242,
and 6,534,261; see also WO 98/53058;, WO 98/53059; WO 98/53060;
30 WO 02/016536 and WO (03/016456.
{0051] A "selected" zinc finger protein is a protein not found in nature whose

production results primarily from an empirical process such as phage display, interaction
trap or hybrid selection. See e.g., US 5,789,538; US 5,925,523, US 6,007,988,
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[0068]An exogenous molecule can be, among other things, a small molecule, such as is generated by
a combinatorial chemistry process, or a macromolecule such 30as a protein, nucleic acid,
carbohydrate, lipid, glycoprotein, lipoprotein, polysaccharide, any modified derivative of the above
molecules, or any complex comprising one or more of the above molecules. Nucleic acids include
DNA and RNA, can be single- or double-stranded; can be linear, branched or circular; and can be of

any length. N¥R R Adie iKSROhOEY CHSaBRIGHEIMIYE B6BRbass, WOWRSHS385fiplex-forming nucleic
acids. See, foy@xRmpia.1YwoRmenkNOSwWLd f &Y AW d1ds15% RIGIRNGRGISie; but are not

limited to, DNA-binding proteins, transcription factors, chromatin remodeling factors, methylated DNA
binding protdf$olymerddsdemetprausare Jafrisn frisdeofidayrausaceiabaryJBrgts, kinases,
Sphosphatasghicintagias By AN 258 d BRse SciiepRISOMEIRERE M) 388 apthbelicases. [00691An
exogengus molecule cgn be the same typ oémolecu,[ as an endogenqus molecule, e.g., an
exogenc?uus P ﬁsgﬁ%&gﬁﬁég ?,&tg?rg;?§m ke tg%é"d"@ﬁ&ﬁ%‘lﬁ e %ﬁ&ocﬁﬁlﬁ%?ﬁﬂﬁ%e an infecting
viral genomesequetasntiidt o impestetmtbCirgeadmee diidtmer sefuarca ehromneamdethalt,isanot normally
present in the cell..Methods for the intraduction. of exqgenpus molecules intp cells are known to those
of skill in the AL af lawl?ﬁtgﬁglé,&%a&d;%@w@tﬁ%ltegg 8? flrf)?gr-l#gg?e{taendy tlrréyﬁg?g ?la(.?le?, liposomes, including
neutral and ¢heishitWigia oy, brscthepo)apteicrdlrbcethieetiohout i sivh] fattimieibamdbamment, calcium
phosphate cospraqipitatiohn EARABKALL] SRR diRiad-IiRpHiahanddinl yestaranggiated transfer. An

exogeneous molecule can also be the same type of molecule as an endogenous molecule but derived
from a Hiffer@MESpEERSIRHRNR e 2B EH ARPRONSCIIS RS EHA Broam ditifivaH plicsiesarlel sequenced

may be introguieeAdotad e84 g Qg RahcHe NRABRMA(BRUSSPIIRMMNEig0100701By contrast,

an "endogenqus" molecule is_one that is normally present in a particular cell at a particular
developmenE¥F SBFRRAAEASrticular environmental conditions. For example, an endogenous nucleic

acid can conpgesa a chromosemeidiinigeivanéenficarsiqunestridersebloaptasteeeiher organelle, or a
naturally- occ?gi e;r)iso al nucleic acid. Agditl nal. endogengus molecules ¢an include 25proteins,
IRRCHBAOA PREFE S D soud e

for example, WARSEAPEOA FRE6FS ARt EHRTHES R ET T ASF OB M I ¥ P olecule in which two
or mord Subuseitiamotecuiesi destivak edibpteftiabiycadasnpitycd hEcs waamiple alecules can be the same

chemical typ rp‘l3 I r can be 'f(};ﬁ nt chemical f malecules. Examples of the first type
of fusion moﬁeoc e%%%%_e?{guﬁgre B%imﬁ'[%ég%?(%l%%%cg(?%%sﬁgﬁg 8?%%%%18%0 FUsion between a
ZFP DNA-binadriepaofsairairid baecsnmorcotibavagend grmaink) eamthitusiobodirokeits.dbids (for example,

a nucleic acigeneasingrat lyier-RERtaIR desstiRrrl sy alEramalen el he-saeeaktype of fusion

molecule include, but are not limited to, a fusion between a triplex-forming nucleic acid and a

polypeptide, BFRIEPTIRIGH BetrReiH e miidizie BoEBi i ks arahamians adiye BoweiogoRpression of a

fusion poteindi @&l epRqesitdiam sicdve vpiihadubiandgiateisritthRosed G5 byadelévery of a
polynucleotide encoding the fusion protein to a cell, wherein the polynucleotide is transcribed, and the
transcript s BRI A0 YR RSIETHEr ffeforl B CRBR PR 2STETE POEEBIRIEE RAvage and

5polypeptidetdigatidrhomolatsobredowdhired impopae sigrant & protom kilebasdh (M gthfads

msertion of a gene at a predetenmined ectopic site in a chromosome), Two
polynucleotides comprising the homologous non-identical sequences need not be the

25  same length. For example, an exogenous polynucleotide (i.e., donor polynucleotide)
of between 20 and 10,000 nucleotides, an artificial chromosome, or nucleotide pairs
can be used.
{0054] Techniques for determining nucleic acid and amino acid sequence
identity are known in the art. Typically, such techniques include determining the

30  nucleotide sequence of the mRNA for a gene and/or determining the amino acid
sequence encoded thereby, and comparing these sequences to a second nucleotide or
amino acid sequence. Genomic sequences can also be determined and compared in
this fashion. In general, identity refers to an exact nucleotide-to-nucleotide or amino

acid-to-amino acid correspondence of two polynucleotides or polypeptide sequences,

15



for polynucleotide and polypeptide delivery to cells are presented elsewhere in this disclosure.
100731A "gene," for the purposes of the present disclosure, includes a DNA region encoding a gene
product (see infra), as well as all DNA regions which regulate 10 the production of the gene product,
whether or not such regulatory sequences are adjacent to coding and/or transcribed sequences.
Accordingly, a gene includes, but is not necessarily limited to, promoter sequences, terminators,
translational iesgetéitctly sduuertopersisehugnath (eoiyme tindidg «imsiamdcidiarmabeibosome entry sites,
enhancers, Sisfsak WA UARLELAMEaR!S, SR IGAHARAHER; (NaFipariachment sites L5and

locus control regions. [0074]"Gene expression” refers to the conversion of the information, contained
in a gene, infSAPERSES Brosiber naclsdneckt o8 aetRe Add stqu eNese: it theseviphened prartuct of a gene (e.g.,
MRNA, tRNA RN barbisans Ridediaamsmes drHaty 8) BNARLAY aihgidyae of RNA) or a protein

produced by 20 translation of an. nuURNA. Gene products also include RNAs which are modified, by
processes sEAER°Es ARG BIisiBk Ao SRR thscagear iR cHbRA A &hodified by, for
example, metngatodecacaiyedion pheapbrryidsaiubigitnations ) BRy basyedian syristilation, and

lycosylation, [0075]"Modulation” of gene. ion refers to.a change in the activity of a 25gene.
Viociaton 07 SRS 2EL15 AP REATRG B8 RoL R ATt GEHGeA ARCER AREF GRS froscion. Gene

inactivation retsts @e7afly peelaction 30-§2%e mrpr pssiontdy EH9Pareddomore hit@dtades not include a
ZFP as descgihed ﬁr%i&. TIP i lvation may be.c lete (knock-out) or partial (e.g., a
hypomorph %@Vﬁ’]i% a geﬁg g%ﬁ%?gﬁgg‘g%ﬁgﬁgﬁgmgﬁ&% e%[g%ﬁs eff‘.gzlvlgcélfgec)]rE eangl%duct of a mutant gene

that 305bow$d8afial reduciibermativeyads dggtan fif epmsspe[onmbit Fukeyetic” cells include, but are not
limited to, fu?s l&éﬁé@@M%MH%%{w&m%&s@ommm fflfsrand human cells
s

(e.g., T-cells). 100771A "cell line" refers to a population of cells established in tissue culture from a

primary cultiRdHiRRs Bal aline henatsel sihls diiswsgbeirsr herparrseregiamsa cell (or cell line)

in which onef@nmwgés%ﬁ@ﬁth@negneﬁfmaiapwﬁ&ﬁm@%@dy)jaa@@%ed by one or more zinc
finger nucle%!sﬁes and in Wf%lCh the pro a%ny of the cell (or cell Iing#r]etain the partial or complete

inactivation Honrrdyth gt Laanetsn ThRUreclBGrasidsnei S 2 RUNRSPEAR line is “deficient” in
Sexpressionsefjaaear momsbindidalschosiobswias expressiowaitng genetaeiséarsditeduced
(knock-downs) or eliminate ockouts). 781By "transgenic", is, t any animal or plant which
includes a n%%%gig%’&td?gg/?igg(‘bﬁg WG %%ﬁﬁé uced' i 'aI% (?:eer %e%ﬁg %gg)brﬁ%%e&%?fhe genome of
the animal opysi@rebIFtE terstillefors ocdegane 86&1yaed gncepetiamindltss ptantas well 10as offspring

of genetically GhapRFEPd AR terddie d1R AR RORNEARIR AL MIBR HRLIghrates such as

rodents, non-human primates, sheep, dogs, cows, amphi irds, Insects, reptiles, etc. The

term also incIRNSs Akt hereithlawhsiantighichomel irpve slsed ditis ncemiensesshaiedds found, or in
which the nuglgisiarithsRGyanGaERISS BN @ RlyieRINS DAt Bhcelspltheanipal or plant.

are substantially homologous can be identified in a Southern hybridization experiment

under, for example, stringent conditions, as defined for that particular system.

Defining appropriate hybridization conditions is within the skill of the art. See, e.g.,

Sambrook et al., supra; Nucleic Acid Hybridization: A Practical Approach, editors

25  B.D. Hames and S.J. Higgins, (1985} Oxford; Washington, DC; IRL Press).
[0056] Selective hybridization of two nucleic acid fragments can be

determined as follows. The degree of sequence identity between two nucleic acid
molecules affects the efficiency and strength of hybridization events between such
molecules. A partially identical nucleic acid sequence will at least partially inhibit the
30  hybridization of a completely identical sequence to a target molecule. Inhibition of
hybridization of the completely identical sequence can be assessed using
hybridization assays that are well known in the art (e.g., Southern (DNA) blot,
Northern {RNA) blot, solution hybridization, or the like, see Sambrook, et al.,
Molecular Cloning: A Laboratory Manual, Second Edition, (1989) Cold Spring
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15 [0079] A "region of interest" is any region of cellular chromatin, such as, for example, a gene or a
non-coding sequence within or adjacent to a gene, in which it is desirable to bind an exogenous
molecule. Binding can be for the purposes of targeted DNA cleavage and/or targeted recombination. A
region of interest can be present in a chromosome, an episome, an organellar genome (e.g.,
mitochondrial, chloroplast), or 20an infecting viral genome, for example. A region of interest can be
within the codmabrredion)ofSaigiersaysitaim eaesdritied vorgoaiiae degores ofietieativity, éxample, leader
sequences, KallghReURNESRRIAY QRS Y MB?H'B@QQ}EE@@%E‘}W&Q&%@@%&%‘EE Ypgpam or

downstream of the coding rergion. A region of interest can be as small as a single nucleotide pair or up
to 2,000 nuctEtRFEP-AFE FrRIAYEH; Breansenneatarvanecdisopndule andpessessedIsTE e terms

"operative linkagiagnstoppaiatineks Unked niaialonerabbrliskachi Aremsgd iteiahangeably with
reference to a%ugzj%position of twg or more components (such as sequence elements), in which the

componentsP& XINGSEsS AP ERRYS G L RIBINE ARERTR B S FESR) BAPSHIEW I possibility that at
least one of B@tfle thoatpenanis nam spadintbiadup eientihaid seesntiad pbe willerst one of the other
componentsh gvaé/tgfd'lllu%raetgon, a transcriptional regulatory sequence, such as a promoter, is
operatively Iinked o a coainggse'quence if the transcriptional regulatory sequence controls the level of
transcription[8#3fik codingGaglitoweftr hebpdiretdo theyriddawea do dlosendskol anthormore

transcriptiongl LogyiBlanRCIR Kaﬁ%%m%g,@lre-ééggbé@]g{ﬁgﬁﬂg@g@%&ﬁ,%%ﬂ%{é&bmpefative'y linked

in cis with a coding sequ nce, but need not be . or example, an enhancer is a
transcriftiontrregsabgory SEisnsd e OvivedatNeshingiess B alRdditgsee qurridizaiiem though they
are not contighaus HIRABLIYUIR desnach RiitaiayRRReRdsRathc e enatatively linked” can refer

to the fact that each of the components performs the same function in linkage to the other component
as it would ifARRHE R B TR SANEBHRK AR IFIRtChrthsdsRiided WithditghiSTHEshe in which a ZFP
DNA-binding:slesnaéa isifsgehieradieavade dadabicibe bR daNPrhbigding: demrithand the cleavage
domain are in operative, 10 linkage if, in the fusion polypeptide, the ZFP DNA-bindjng domain portion
o abie 16 e BUEHATN AT I B MR Be RN TE Bl R cloave DA I
the viciriity ofrhwotdigeesite, (toQB2 ki ional ftagipteninolanpeateitiopolypentide or nucleic acid is a
protein, polypeptide or nucleic acid whose seguence is not identical to the full-length 15protein,
polypeptide gor?ﬁ%ngfeslgcgcai%,?%te }r(g{gFV\{ng’ e Same ur?c@é%%lﬁﬁ%gﬂﬁﬁ%ngﬁfﬁ%gg#%oIypeptide or
nucleic acid tofenttotainfthgrrbiybadipyieessingorey fewsrcarethbySaigheremperofessidues as the

correspondi@mﬂ%g@g@g@&m@@gﬁ%@m@ﬁ&%@ﬁsmore amino acid or nucleotide

substitutions. Methods for determining the function of a nucleic acid (e.g., coding function, ability to

hybridize 20l8038bther nut{éie BeERsFbiR siFELsasd WA iRastar kybmdiggtienethakddbr determining
proteimfncliagwakenyed ko iaEeuanpitalhe NAdInding fenstion rliadahpaetide can be

determined, for example, by filter-binding, electrophoretic. mobility-shift, or immunoprecipitation assays.
DNA cleavafa taHa5 s RS0 M, 'GEr Ble drcpRBIRShe Ml Il asRariars:, the g% iRBhbility of a
protein to intesmet withe’Sanetaes, peatetbrapssinetlefehmincduioequarog scdiy eerifshsiBoprecipitation,

two- hybrid assays pr.complementation, both genetic and biochemical. See, for example, Fields et at
(1559) Natu B A A T SRS o P e AP (00851 e torm
"antibody" ablogedgvegeits imcibelbghaiditonie sobisiasdd. §ode:3tb ethfpe) yokb palyatit/lerenoclonal
preparations following: ' imeri ' I e xample, Winter
et al., Nagturg l?l%g%l @%ﬁ?gg 9%¥¥§r%51 %X@%é%@%%qﬁg%%%%y% ab%%%%?q%(gﬁ%ggments; Fv
molecules (riolcesdeinsetEhsdrirstnnsela portswdan preofibhndizanopreadiirnaad Sci USA (1972)
69:2659-2662|3pd FMiihgltlnd2iachamy (4 380k b2 401 18P mple, Sambrook, et al.,

Molecular Cloning: A Laboratory Manual, Second Edition, (1989) Cold Spring

Harbor, N.Y.).

30 (6059 "Recombination" refers to a process of exchange of genetic
information between two polynucleotides. For the purposes of this disclosure,
"homologous recombination (HR)" refers to the specialized form of such exchange
that takes place, for example, during repair of double-strand breaks in cells. This

process requires nucleotide sequence homology, uses a "donor" molecule to template
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single-chain Fv molecules (sFv) (see, for example, Huston et al., Proc Nati Acad Sci USA (1988)
85:5879-5883); dimeric and trimeric antibody fragment constructs; minibodies (see, e.g., Pack et al.,
Biochem (1992) 31:1579-1584; Cumber et al., J Immunology (1992) 149B: 120-126); humanized
antibody molecules (see, for 5example, Riechmann et al., Nature (1988) 332:323-327; Verhoeyan et
al., Science (1988) 239:1534-1536; and U.K. Patent Publication No. GB 2,276,169, published 21 Sep.
1994); and, apRPTURLHEGHaEstAgtlestBcobrinkeioie that sahamensed ibs deheieirsutbréagments retain

immunologicaldindiRgRIgneries 2f HeRaRNARIRRIYARASHE L 01RNBAIAS Ued herein, the term

"monoclonal antibody" refers to an antibody compaosition having a homogeneous antibody population.

The term is rFORNFRHER r&§sRutAdt dfadsgaiiedTarLsi pEE Brticinionmatign heifeaaBEY to be limited

by the manngfeitamBictwittitoi adehih et 8EB0RREOPRASpaswh eHER UARE ahriis @ well as
fragmen#ls such Es Fab, F(ab")2, Fv, and other fragments, as well as chimeric 15and humanized

homogeneo B aniiTGHR BB ASTSRYYR Af BYATBRURIR (b LReLiBma g Bren B8k he parent

monoclonal antibiodil mheldsude, MNdiessesHRoBiiRederibachhe teincakaartificialicngleases that can be
used to makg 2(())&@945&%%15(:@ bgleakselgSIScBigfoalsgﬁréef rr?d t@ 55 "nicks%hi g_(éutble-stranded DNA.
Also described herein are methooe or mﬁfatlng Romobgsus te Rt é}‘e. .,%eted integration)

by in_troducir@l@(ﬁsﬁatn@mgeg@sorﬁecmap@t@imgé{moﬁfainssﬂﬁ]iﬁ_@&&]féheimucf&hses described
herein COmPLSE EISRSECIe AU APIA T SA9SIBI HP AL TN fleayage domain portion of

the fusion proteins disclosed herein can be obtained from any endonuclease or exonuclease.
Exempléy eprishirdrotidedstineamenetehinte algesoarnbinvedavtidederived include, but are not limited

to, restriction gggpnucleases.angkborsind fvien HE S0 {AIEXBMRIRNIQ LPPRA003 Catalogue,
New England Biolabs, Beverly, MA; and Belfort et at (1997) Nucleic Acids Res. 25:3379-3388.

Additional efB§israden hilcavaga DRI RAY 1B, Simcibrdsdaciding beerehlimtidede; pancreatic
DNase |; migspeppaahfitieloss: ¥abs)diehendraypisaindratAlsnti il éedudlucleases, Cold

Spring Harbor Laboratgry Press,1993), One or more qf these enzymes_(or functional fragments
thereof) can %aﬁ%%ear%%% @oﬂ?@gaﬁaég%gélﬁo‘?‘ﬁg?ﬁ% ey ﬁggé Mggﬁﬁb‘?‘ﬂgiﬁ%‘.‘%r example, the

cleavadé dosnaimief ademegrnetiearechichges Saeh canrde (epreiedwandigibhcinagiive to induce SSBs

ather than QeRRIPOTISITINNG: cioavate At dama sanbe doedom, aay puglease or 5

a
. 5 €, £ cVems
portion thereof, as se ﬁ)i’%ﬁ a%ove,)tha requires dimeriza or Cle e activity. Tn general, two

fusion proteitiseatedsngicedrfodefclday elétagdusion proteins comprise cleavage half-domains.
AIternativer[®§iTgle proggi&ggq%q{gg_%&g}gqﬁ%%%gﬁ%@@é _eﬁ@@xpﬁi&ﬁ‘?ﬂ The two cleavage
e

half-domains can be derived from the same endonuclease (or functional fragments thereof), or each

cleavage hafeabIREHATCYHIba scoradivelynpids Githsicdeeien sudidisenth faomeasaamiagments
thereof)o[0083i1y anditign. dhe. far gaesias adhn LR lisioe: PERLeInG RS PIICTARIY “first

and second cleavage half-domains;” “+ and ~ cleavage half-domains™ and “right and
left cleavage half-domains” are used interchangeably to refer to pairs of cleavage half-
domains that dimerize.
[0062] An “engineered cleavage half-domain” is a cleavage half-domain that
25 has been modified so as to form obligate heterodimers with another cleavage half-
domain (e.g., another engineered cleavage half-domain). See, also, U.S. Patent
Publication Nos. 2005/0064474; 2007/0218528; 2008/0131962 and U.S. Patent
Application No. 12/217,185, incorporated herein by reference in their entireties.
[0063] "Chromatin" is the nucleoprotein structure comprising the cellular
30 genome. Cellular chromatin comprises nucleic acid, primarily DNA, and protein,
~ including histones and non-histone chromosomal proteins. The majority of
eukaryotic cellular chromatin exists in the form of nucleosomes, wherein a
nucleosome core comprises approximately 150 base pairs of DNA associated with an

octamer comprising two each of histones H2A, H2B, H3 and H4; and linker DNA (of
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disposed, with respect to each other, such that binding of the two fusion proteins to their respective
target sites places the cleavage half-domains in a spatial orientation to each other that allows the
cleavage half-domains to form a functional cleavage 15domain, e.g., by dimerizing. Thus, in certain
embodiments, the near edges of the target sites are separated by 5-8 nucleotides or by 15-18
nucleotides. However any integral number of nucleotides or nucleotide pairs can intervene between

two target sitédigblg lepgimdenerdone oplSutiersasisr) ok enstebefiv ephritelcasmmsigot cléavage lies
between the jagelsite %2 BOIReSIHGIOLaBdAMICRAS AR (RRLIESIQA SRy e A esent in

many species and are capable of sequence-specific binding to DNA (at a recognition site), and

cleaving DNAZRHPISESIH tiecausr i thHY. SupERiiRe i RGant éhsyrrew s 3Ll $pse 9fS) cleave DNA at

sites removegkkQa AEIFesReNHI PG e cnshbavarkEpaabiribindimBnehsipaaoRdemeains. For
zes 25double-stranded cleavage of DNA, at 9 nucleotides

example, the Type HS enzyme Fok. | catal

from its ecoegﬂ%iS%gf?é’sc?r?%ln@gtf’gﬁaraﬁilgli@’ﬂﬁgbotides from its recognition site on the other. See,
for example, [0 atents HA3bbr80DsaAS6i4 5@anc fid 369k asmieilshs lallatrat {3918) Proc. Natl.
Acad. Sci. USA,89:4275-4279:; Li et.at (1993)Proc. Natl. Acad, Sci, USA,90:2764- 2768; Kim et at
(19642) Prod N b RATG L s NGBSy e B S B e e
269:31,978-34h87s THews)lertrr of albdutirlontméssiors gratemsronissthmeletihageltiomain (or
cleavage halmggmgm@etﬂ%%tcg A3Ps L S e sl chios.eNzyme and one or more zinc finger

binding domains, which may or may not be engineered. [0090]An exemplary Type IIS restriction
enzyméOwhd8@8eleavage Monsairom S elsar ENECAHERE TNElBIn amed; BeriproisinsRMPI $harticular

enzyme is aglikg SR G GImBINRLE R4 ki€ 19RBNRRG IRk AL SFbrbbSéhap: 10,570-10,575.

Accordingly, for the purposes of the present disclosure, the portion of the Fold 5enzyme used in the
disclosed fudiRBfenie relloheimplsy of crisvmgtinelhdsatismidrnd oot yEttd double-stranded

cleavage angntaggeted replacement of cellular sequences using zinc finger-Fok | fusions, two fusion

proteins, ea prising a,Fold cleayage half-domain, can be used tp reconstitute a catalytically
Betive cloavd0Rbmain. AReBE Ve, SrsIHS GRS AAEAEC ARG Bhc mger binding
10domain anttfivwes Epkirtioleal/agedili-atddnaindicar disdihe msbkduRavititetel pfovitksdeted cleavage

and targeted sgguence alteration using zine. finger-E£ok | fusions are proyic /here in this
disclosure. [gﬁg%lin%ffg%%%%nsd%%ﬁﬁﬁg?%Fe??é%/{agg)rh%)%gg%aﬁegg%ugecggyﬁgrﬁﬁ %Vflga . protein that
retains cleavatpeestsifetjorghefna &hingrsaabigoryeinaitmerize (e.g., 15dimerize) to form a functional

cleavage dodn%m[w%]%%&t@gynm%%ﬁéﬁ@%t&amsaﬁmsﬂ%#@&%m idaierpational

Publication 07/014275, incorporated herein in its entirety. Additional restriction enzymes also

contain sepat&Ble BherRPaitredissd RIUFRAINY, ARPITRYE SrtmiRTHERAtRIRT #iBBresent
disclospge. Sgehils exNorial freheids @tab (200R)dANUEIerWItidespas 1S ilid p8rid(arl 00931In certain

o eI Soeln compriccs o O e, snaete cvage I oma o
for example,mvlecHie RateinpRisblicatipnibiase 20650061deA4] G060 1389861 a13ci20080131962, the
disclosures of Zoalb ol WHIEO A & IRCRRARIBADYAGIGHS0GE (L SRGUSS DRI, Amino acid
induced by heat shock is an exogenous molecule with respect to a non-heat-shocked
25  cell. An exogenous molecule can comprise, for example, a functioning version of a
malfunctioning endogenous molecule or a malfunctioning version of a normally-
functioning endogenous molecule.
[0068] An exogenous molecule can be, among other things, a small molecule,
such as is generated by a combinatorial chemistry process, or a macromolecule such
30  as aprotein, nucleic acid, carbohydrate, lipid, glycoprotein, lipoprotein,
polysaccharide, any modified derivative of the above molecules, or any complex
comprising one or more of the above molecules. Nucleic acids include DNA and
RNA, can be single- or double-stranded; can be linear, branched or circular; and can

be of any length. Nucleic acids include those capable of forming duplexes, as well as
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residues at positions 446, 447, 479, 483, 484, 486, 487, 490, 491, 496, 498, 499, 500, 531, 534, 537,
and 538 of Fokl are all targets for influencing dimerization of the Fok | cleavage half-domains.
[0094]Exemplary engineered cleavage half-domains of Fok | that form 30obligate heterodimers include
a pair in which a first cleavage half-domain includes mutations at amino acid residues at positions 490

and 538 of Fok | and a second cleavage half-domain includes mutations at amino acid residues 486
and 499. [0098}ksrfesainp lclsieanisin Semdoireams]an ibfeddendMbinaildasd3seauded in which the

cleavage domaMEaveRAHIAHOR AL $04AA1IERIARGS SN Brdlth e mutaton at 535 that

replaces Iso (I) with Lys (K); a mutation at 486 that replaces Gin (Q) with Glu E); and a mutation at
position 499 WRAFTERRASLqss Fhipmriy serydecireiany, medhakisAdehed kirdidége half-domains
described heseire SoPfRRRkRSE, BeMaln BRSNS M &5 adt) and R8ddes?IihiR@ne cleavage
5half-domain to produce an engineered cleavag?_half-domain designated "E490K:1538K" or "IOC"
and by mMutaRAG B BURGH HeE RS SRR B85 LTS RSP RIRAS S S A ARSI HMain to produce an
engineered diehsage half-domain designated "Q486E:1499L" or "EL." [00961Another example of a pair
of engineereﬂjﬁkﬁvage half-domains that 11Of§)rm a otplli%ate Qeteroijim?r §_|‘ti1 which aberrant cleavage
is minimized 'or abolished) 18 BHe M Which Sﬁ%ecfggwggeeh%m% & IS af’e%jgg?position 487 (R-+D,
also referredetslogetRB nakkdubthegclenvageshaifs gortramrismmititedidt Hositiomp83 {D-712, also

eferred to ag R 00U RAINESedFiFALBS AP VAN SR hSAIRIATD g prepared

15using any suitable method, for example, by site-direc agenesis of wild-ty eavage
half-dohfainsrefuned snie s@sbeer ik ahrempsgams: thaipsisativerivell pposeusadiaqgée, e.g., Example 5);

and WO 07/333838s ARR8hERRLI86Y a9 RHanala Al R B ESR MBI RK 50 include one

more mutations the catalytic domain of the nuclease, which renders the cleavage 20 half-domain

inactive. Norifih it g et and B ds ntPEcRes bgieddn. bieignmadbeisd #ResEerlitic domain of Fokl
includes amifpoa6iflcse idlamd HRutbi/aandmioARdifasflelermipechrRiativie:to M yRaklln certain

embodiments, one or more pojnt mutations are made in the catalytic. domajn of one member of the
obligate hetd iSRS EPEREARATE SRS LR AN AR TP R e VAR B R, For
25instartte, posiimed4tasfeaydieyvinitatechirmeiiRied thnpiesitian d@geneyubennietaledafrom D to A; and

position 469 may. be mutated from K tg A, Other amino acids may,b l:gpstitu at these or other
positions. B.%ﬁ%&?&}]edsl?@%%eaﬁg 80%%639%%:@10 i %iésslélgm ‘éélé’r?b“e ne‘?%%ﬁiggfgoacomprise at least
one DNA- bidififstgtiomprdies Aap Rl ceBiisdlag widrfrain. daer beanydd inhtmasomplesitisit and methods

disclosed hegein jR&egainemasdimanindhe aNAlindina JapaieaRrspsdzinc finger protein.

Preferably, the zinc finger protein is non-naturally occurring in that it is engineered to bind to a target
site of choicd!28&Erfor example,

20 [0070] By contrast, an "endogenous” molecule is one that is normaliy present
in a particular cell at a particular developmental stage under particular environmental
conditions. For example, an endogenous nucleic acid can comprise a chromosome,
the genome of a mitochondrion, chloroplast or other organelle, or a naturally-
occurring episomal nucleic acid. Additional endogenous molecules can include

25  proteins, for example, transcription factors and enzymes.

[0071] A "fusion;' molecule is a molecule in which two or more subunit
molecules are linked, preferably covalently. The subunit molecules can be the same
chemical type of molecule, or can be different chemical types of molecules.
Examples of the first type of fusion molecule include, but are not limited to, fusion

30  proteins (for example, a fusion between a ZFP DNA-binding domain and one or more
cleavage domains) and fusion nucleic acids (for example, a nucleic acid encoding the
fusion protein described supra). Examples of the second type of fusion molecule
include, but are not limited to, a fusion between a tnplex-forming nucleic acid and a

polypeptide, and a fusion between a minor groove binder and a nucleic acid.
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Beerli et at (2002) Nature BiotechnoL 20:135-141; Pabo et at (2001) Ann. Rev. Biochem. 70:313-340;
Isalan et at (2001) Nature Biotechnol. 19:656-660; Segal et at (2001) Cum Opin. BiotechnoL
12:632-637; Choo et al. (2000) Curr. Opin. Struct. Biol. 10:411-416. An engineered zinc finger binding
domain can have a novel 5binding specificity, compared to a naturally-occurring zinc finger protein.
Engineering methods include, but are not limited to, rational design and various types of selection.

Rational desi8§f7#kcludes, Fapestawipid aisigroereisasas cethprsiagrttipren @lygadedthet) nucleotide
sequences andiindiviciaks e EN0sF BMIBRRAbLEEFURAGER IRV BIRR ARE MEIRIGLAr quadruplet

nucleotide sequence is associated with 10one or more amino acid sequences of zinc fingers which

bind the parteAiE Al YhesH S RLRRRII s dbirrgsaxbafhRd S SAPREER) IS, Patents 6,453,242
and 6,534, 26hnileem) & atedai intefiencefierein imieisanimlipshiltitramplamselection
methods, including phage display and two-hybrig systems, are disclosed, in US Patents 5,789,538;
5005 535, CIBOPRECBLIAD 188 DATTHSEER T FOTIRR G308 FE A 635 METAE well as WO
98/37186; \Wior 98153a3attAQRDIAREBINY Qi 19TeHn dr&iH <384 2Béwineadilitisia, enhancement
of binding sp(g%:(i: icitfgor zinc finger binding domains has been described, for example, in co-owned

WO 02/0772 F(? 1]Selection of target sites; ZFPs and methods for design and construction 200f
fusion proteitf¥{dhd polyniidisordebethequingssmbiamdsondstotiosdofwied mDhart and

described in defall indashaPAUSE ABRlSAED BHblcaion oS 290A00EA4T4ANS 20069188987,

incorporated by reference’in their entireties herein. [0102]In addition, as disclosed 1n these and other

referendes, Hemietionafdhtsesneinspductiviribreer AR BRI SORIEess fiftked together using

any 25suitabjg; iR SESHIRD GRS/ONRIMAREHEArBYANRIE, WHeraiR 1?,%9@5%{13&@@, #aids in length.
See, also, U.S. Patent Nos. 6,479,626; 6,903,185; and 7,153,949 tor exemplary linker sequences 6 or
more amino BYAEFFIRRBITHGE RO FE SEMHRE e SRS inFRIS LA UoRALEFEIRIANON of suitable

linkers betwgeguihednslividuadigiaefingaising fesuniameHa{QdsdAdenngtisialy, shrbl¥A;binding
domain may he derived from abnucl ase. For e%xam le, the reco%nition s%qu nces of homing
endonucleadd EREF I AT RUISY SAmEn S ISR, RIBHER RHTE SRS PENNFS. Com, I-Pant,
IScel1} 3-Ppaidl@us khntzGredglesevl, |- Tevll and I-Tevlll are known. See also U.S. Patent No.

5,420,032; tent N@ 3 :Belfort et Nucleic Acids. Res, 25:3379-3388; Dujon et
at (1989) Gta{r?é‘g :115-11§?%%ﬁ§é?%§t%§?1§3§ SN%%%?&%}Q?S} é’s%.‘%%f BRI T (1996) Trends
Genet. 12:22438eG itgenstani¢1008)eModBRl. AGZTEGSoB0! paybsthe ¢irgd098)]. Mol Blot 280:345-

353 and the Ngw. and.Rielabsreatalrque. Impeditiornie RNA-bindingseregificity of homing

endonucleases and meganucleases can be engineered to bind non-natural target sites. See, for

example, CHaYMEReSHRBH RN orsans ofhed ps oY AR Shapiricin @ogs Wdteic Acids Res.

31:2952529624rABie 8hataR K20 06 Ml eud 41465 6nbhl: RacuesgtRL O fedarept Gene Therapy

7:49-66; U.S. Patent Publication No. 2?070117128. 10&(1)1[04 In ce tg&n _embogiments, the nucleases as
described h é?r&%eggﬁ]w &S capping, po yadenylation, methylation, an iting, and proteins

modified by, for example, methylation, acetylation, phosphorylation, ubiquitination,
ADP-ribosylation, myristilation, and glycosylation.
[0975] "Modulationt” of gene expression refers to a change in the activity of a
25  gene. Modulation of expression can include, but is not limited to, gene activation and
gene repression. Gene inactivation refers to any reduction in gene expression as
compared to a cell that does not include a ZFP as described herein. Thus, gene
inactivation may be complete (knock-out) or partial (e.g., a hypomorph in which a
gene exhibits less than normal expression levels or a product of a mutant gene that
30  shows partial reduction in the activity it influences).
[0076] "Eukaryotic” cells include, but are not limited to, fungal cells (such as
yeast), plant cells, animal cells, mammalian cells and human cells (e.g., T-cells).
[0077] A “cell line” refers to a population of cells established in tissue culture

from a primary culture. Thus, cell lines generated using zinc finger nuclease(s) arise
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one DNA-binding domain and one cleavage domain, for example a zinc finger protein and a Fokl
cleavage half-domain. In other embodiments, the nuclease comprises one DNA-binding domain and
two or more cleavage domains, for example a zinc finger protein comprising one catalytically active
Fold cleavage half-domain and one 15catalytically inactivate Fold cleavage half-domain. The cleavage
half-domains are able to dimerize when the DNA-binding domain is bound to its target site and

produce a sifigfs-3gethis el dinebinthieiges Srorssines xoeohasaee pasidhses (e.g., ZFNs)
described hesgitp Bl heaselivenas) iha darasicall dimary midiaRle meansyatiiafieceiainclude but not

limited to eulcaryotic (animal and/or plant) and prokaryatic cells and/or cell lines. Non-limiting

examples of SUER CICbFEL MRS GETBF RETH O SHcE IRar RN BsROERf 3R g, CHO-S,
CHO-K1, CHfipdpasskias B b Bk CRZHtHOXs, @ kDot S1) LiMER @i dilEaéalK, i35 WI38, V79,
B14AF28-G3, BHK, HaK, NSO, SP2/0-Ag14, HeLa, HEK293 (e.g., HEK293-F, HEK293-H,

HEK293T), RRITEPE S L2 Lm0 A e&&?@ﬁﬁéﬁ%ﬁ%@é&ﬁ&é&mﬁfﬁ g f), or fungal cells
such as SacchimedhiceskRiohias podeBotnmacshictakontyces. In certain embodiments, the cell line is a
CHO-K1, M r HEK293 cell line..ln addition, prima lIs,which.may he sensitive to double strand
30 breaks m[@i@ used. es@%%&%ﬁcl%d@%ﬁaag eg?wucﬁ/ |n%[&lja%,W(@Bgﬁ%uu%saanns‘ft%?ﬁccells,
embryonic sterd f&@ll&mb@%iﬁmvgﬂw@éﬁp@ﬂ@} anditiseiuedinpht dptiestratic. € éiis known to be
used in the crealinn,Of lANSYRDIE,AIYARISTS SHeEIIPOLES RRBMRRIG SigMkaelsans oocytes may

also be used. [0106]Methods of delivering nucleases comprising zinc finger proteins as described
herein He daseffisatngniaenptisalysnsmeepstantndss honamhmeandpaseenicasmaabe1: 6,599,692;
6,607,882; 639405 3eifcBride? (&b 3udh3; @R IAma? priRdds2 dieaNaofsl 63324, the disclosures of

all of which are incorporated 5by reference herein in their entireties. [0107]Nucleases as described
herein may ATE8!BEHSHIEE IRInG SE O Rt aHRinG S GTR AR AGIBRE 8Rthore of the

nuclease(s) ftagts AMNgEhARY iacthicey sieieicrnay heused incudd)@r bvtwadtHimiaddeigplasmid
vectors, retrovi&al vectors, lentiviral vect&)rs adengv@rusv ct ISP XVIrus v ctorS'perpesvirus vectors
acl i1l some gcé}a%o %F

10and adeno-asg%%lfg{lga %?rnlfsl%ygfé?%ﬁeetc. éenél, a}}son,oltf ent oasn.l%l, ﬁ,&lgﬁ;‘6,607,882;
6,824,938; d@BBIL13; 6,989 5840 k3sRkY; mrady1d €88 dhicarpbratedtiny siefie cenfoe herein in their

entireties, algo 5&,f@g&%92@&5@9&%}1%5%%&{0@»%3&'&@%Q&%ﬂ% Ell"e%e

fcan d?lelgalply linked to the
sequences encoding thie nuclease(s) to expression of these nucleases. Furthermore, it will be

apparent thaieaighds thdied P9 guessnsth aplastpriSindms spmrréon tha easeossicolitrgseduences.

Thus, when 9@%@1@%&%&%9%5&@ %&RHQQHSEQ }UPngiBQ GPlhtUP&th!:aNE@?ﬁé’sE}ﬁ fagried on the
same vector or on different vectors. When multiple vectors are_used, each vector may comprise a

sequence efERMRTTNE BP ARETAPIE SERISAPSHABEEMITVR fisn SRDCRAd HoAFaP 3SR gene transfer
methods canbmRRtigedisl piiegkconealaisiacidsancodingerginer rowimBstie celmge.0.,
mammalian cellsg)agd tar%et tit%sues. Su‘%h ethods can also be %sed o admi istgﬁgucleic acids
encoding ZFP& 8 RefSTite TR BaPESA S IEBEHNERE SRS R R s 5856‘??%?2 “Are administered

for in vivo orsegquenaegéraé¢herqumpersas. ihomyal webio noelivencspstergdnglaitbeDNA plasmids,
naked nuclejc acid. and.nucleic aci lexed with 25a delivery. vehicle such as a liposome or
poloxamer. \9ﬁ§‘%%%t§€‘§f§?&§?%%‘§§%%ﬁ%@? %ﬁA gr{ INA vllrrlheggsst,cv%uﬁ%aﬁg\!}lea igﬂﬁer episomal or
integrated genbraenuepiiddipeinomite l0Farcientidentss geltagie ipppivestlredusee Anderson,
Sciences256,808:81L3%41992); Nabel & Feigner, TIB TECH 11:211-217 (1993); Mitani & Caskey, TIB
TECH 11:162-166 (1993); Dillon, TIBTECH 11:167-175 (1993); 30Miller, Nature 357:455-460 (1992);
Van Brunt, ﬂm%hnology%miﬁgpfﬁwe linkage" and "operatively linked" (or “operably

linked”’} are used mterchangeably with reference to a juxtaposition of two or more
components {(such as sequence elements), in which the components are arranged such
that both components function normally and allow the possibility that at least one of
30  the components can mediate a function that is exerted upon at least one of the other
components. By way of illustration, a transcriptional regulatory sequence, such as a
promoter, is operatively linked to a coding sequence if the transcriptional regulatory
sequence controls the level of transcription of the coding sequence in response to the

presence or absence of one or more transcriptional regulatory factors. A
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(1988); Vigne, Restorative Neurology and Neuroscience 8:35-36 (1995); Kremer & Perricaudet, British
Medical Bulletin 51(1):31-44 (1995); Haddada et al., in Current Topics in Microbiology and
Immunology Doerfler and B6hm (eds.) (1995); and Yu et at, Gene Therapy 1:13-26 (1994).
101091Methods of non-viral delivery of nucleic acids include electroporation, lipofection,
microinjection, biolistics, virosomes, liposomes, immunoliposomes, polycation or lipid:nucleic acid
conjugates, HaRreDINPalapaiddensemenands sgesrridyhpereddapiikediriAviSonopbingtion using,
e.g., the SonjupR 0B pHeleMdiHERirelgn Gt /150 berssedl dpbreinenn A aueleic acids.

[0110]Additional exemplary nucleic acid delivery systems include those provided by Amaxa
Biosystems {t3B6HRECESEIREEIAITIASILGRES that TRpekymEvAiktd o p ertinsmsmEnRs Delivery
Systems (HollisihodA insychie Qe BRIGS A rapeutics Inc, (see for example US6008336). Lipofection
is descriped in e.g., US 105,049,386, US 4,946,787; and US 4,897,355) and lipofection reagents are
sold corﬁmemﬁgﬁ (e.g., TYAHBASEPSR IR PRISRSBHAT Y CERB AP SR YR R i §&that are
suitable for etffeianthedapttiatescgoitine dunfeatnn pétfialyubicaitefintlos & thasgetdeigner, WO
91/17424, th) %%11_6024. Degygsryft%g '11;0 cells ex Vi %kad({n' istration? or t?g et tissues (in vivo
administrationf. TIPTPITRE prepareﬂlorll gf‘ﬂﬁf&:n%c 2icacd cé’ﬁﬁo zé‘)’(’é’s?’i‘r'fé u ﬁﬁeférlﬁeted
liposomes sadhsésipnlypaptigid complex&EPiHNIHinding dorae of Skilito thelantggsee, e.g., Crystal,
Science 270404-410) (1995),,Bla :291-297.(1995)..Behr et at,
Bioconjugatg% C%heﬁr]in 8‘5%382-3£A(189%%41?2%3%}%@%%%{%,%%lo%g%%]%%ea%gg&}%%h?%%?‘#%gge(1994); Gao et at,
Gene TiRerapjkzgeld. ppth¢ 10sigy momepiiie.dha TaRder Redimpdesmimepigndofhle s, Pat. Nos.
4,186,183, 4,217:344gt 235 BillorA2 8IS shASMAB AR5 %A 4 0BR 4 BRZA28, and
4,946,787). [0112]The use of RNA or DNA viral based systems tor the delivery of nucleic acids
encoding engPiéeibthy Hpaityef hin/arsicdof highly evolved processes for targeting a virus to specific

cells in the bpdgAnd traffiskingéhendl #padeachia FRikmnpsions ik vaeltksLanipe administered

directly to patients (in vivo) or they can be ysed to treat cells in vitto and the modjfied cells are
cminstored TR B TR O T B DS JELRIER e 5P P mclude,

but arelfiot lipnitetheotetepvidaloteniiitio acwd gaaeitahsahe norrdbaciateds wachilideagdl herpes simplex
virus vectors for gene transfer. Integration. in the. host me is possible 30with the retrovirus,
entiris, ATl g e s O R S expression
of the inserted thransge nemkdditforsipchighihe aostspoutingfictérciasi¢éale, Baorgeserved in many

different cell fyR&s 30d SRS USSHED 2t d3MPRJTRRISID B iR OYHUR AT, altered by

incorporating foreign envelope proteins, expanding the potential target population of target cells.

Lentiviral ve BRSPS HPNEhSiBF VR £I13 tHelekrackble fo fidingdectpmnabitiydn brasies cells and
typicallypprogdlggobighnviéRli¢itena) aRlerirretka gty genadmnsienhsisteriedenands on the target

tissue. Retroviral vectors are comprised of cis-actinq long terminal repeats with packaging capacity for
up to 6-10 kB'SHE-BIGFIQB G EE 0% Mhikin ARl AR P rRungi & BRCHSI% 452 replication and
packaging opsipusiidersarieidetentitirdnfusechinpie{agr fitethdridiap pratiogoneiinto the target cell to
provide permanent transgene expression. \Widely used.retroviral vectors include those based 10upon
i loukE R L T U A oS v SR B esdoed by el

electrophoresis. See Ausubel et al., supra. The ability of a protein to interact with

25  another protein can be determined, for example, by co-immunoprecipitation, two-
hybrid assays or complementation, both genetic and biochemical. See, for example,
Fields ef al. (1989) Nature 340:245-246; U.S. Patent No. 5,585,245 and PCT WO
98/44350.

[0083] The term “antibody” as used herein includes antibodies obtained from

30 both polyclonal and monoclonal preparations, as well as, the following: hybrid
{chimeric) antibody molecules (see, for example, Winter et al., Nature (1991)
349:293-299; and U.S. Pat. No. 4,816,567); F(ab)2 and F(ab) fragments; Fv
molecules (non-covalent heterodimers, see, for example, Inbar et al., Proc Natl Acad
Sci USA (1972) 69:2659-2662; and Ehrlich et al., Biochem (1980) 19:4091-4096);
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Immunodeficiency virus (S1V), human immunodeficiency virus (HIV), and combinations thereof (see,
e.g., Buchscher et at, J. Vivo!. 66:2731-2739 (1992); Johann et at, .1. Virol. 66:1635-1640 (1992);
Somrnerfelt et at, Virol. 176:58-59 (1990); Wilson et at, J. Virol. 63:2374-2378 (1989); Miller et al., J.
Virol. 65:2220- 152224 (1991); PCT/US94/05700). [0114]In applications in which transient expression
is preferred, adenoviral based systems can be used. Adenoviral based vectors are capable of very
high transduétigieetisieFivyrinlenaley GEIV xyires fanekampiot Fogtirestell, divesidlatiithdsimh vectors, high

titer and high JguelsRkexprosaionbaveineen alzﬁqmﬁgdmay&gt( Sanroagdreduced in large

quantities in a relatively simple system. Adeno-associated virus ("AAV") vectors aré also used to

transduce ceMnedigarges uidiadcrial Riochemmel RPAd Prddubifsh Grmberetaeitls and peptides,

and for in Vivﬁmﬂﬂxﬁ}sgﬁi\(@s@@ﬁl@4@3!@%—@%%&%@%&%@%@&%@&1@&(}@EQE@QV 160:38-47 (1987);
U.S. Patent No. 4,797,368; WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1994);

25MuzyCzka™* Fenlfr. %%@ﬁa@affﬁéﬂf%ﬁﬂ%ﬁééaa?a@&? reCORNSYAE Al PS8RE6rs are described
in a number pf9s8plisaticng, i9skiding WKS PRehtMabBeaionddd, GFRtsTiin 6%, gubliehddell. Biol.
5:3251-3260,(198]);, Tratschin, et at, Mot.Cell. Blot 4:2072-2081 (1984); Hermonat & Muzyczka, PNAS
81:6466-647 %E’lggg‘)’?’aaﬁ‘é’é‘%ﬁ’%a?% ai&’ﬁg{ﬂ?%‘i? 838 E%Eﬁ%%@@gﬁ?‘%%’[o‘f{g%‘]‘i&? least six viral
vector approswthasagreentsretaily iavailabiesfcal pembriggnsfertieschinibaptials andbolytilize approaches
that involve m@@entation of defective vectors by genes inserted into helper cell lines to generate

the transducing agent. [01161pLASN and MFG-S are examples of retroviral vectors that have been
used inl€linid&P84ls (Dunbafetsad Beseid. ¥5: 3008-308:¢¢008) akdiniet wferdo Med. 1:11017-102

(1995); Maloghgh e BNAS S 2 AZL L3R OO SIIBASNHASING i therapeuric

vectOr used in a gene therapy trial. (Blaese et 5at, Science 270:475-480 (1995)). Transduction

efficiencies JBitRA GEHBEIPH MRRCI5E OF B OBl fotifed yenea ik deigndséitsr Se (Emitad et al.,

Immunol Immpynet heinddelvaRRA (4894 Pranafh ehabnliueGante ihghudotlohAlidf)-
101171Recomlﬁti)na%t adeno-as oci}ted Vwﬂa vectors (rAAV) are a promi%ifrig alternative gene delivery
i al‘f%?f ?

systems bas&d REWERE Ve A d AbpAtHage i BFL SRR AR LB B e 2 virus. All
vectorslare dad\echitdredhomspitdcthataatbidy popyHitoRsANalthivi imveriasideieninal repeats flanking
the transgenéa1 r(la(_tfé]gression casiigae. Effi%ierg)t ne #annfer and fetgtﬂae transgene delivery due to

. o roperties oL the paren noclonal antibody mmolecu )
integration into §8e Omes of the fransduced celt are &Y featlrés for this vector system. (Wagner et

at, Lancet 351:9117 1702-3 (1998), Kearns et at, Gene Ther. 159:748-55 (1996)).
101181Replicationgeficignt recombinant adenoviral vectors (Ad) can be produced at high titer and
readily infect a number of different cell types. Most adenovirus vectors are engineered such that a

transgene refiffds the APESCEbEI eapiE /B BEI§elsbBuRigpsGhelfap ieussglieands defective vector is
propagaged igdpunaadld B3.eRH33BE SR e eted genr furciodib ikansmAdi SRIRrs can transduce

Also described herein are methods of facilitating homologous recombination (e.g.,

targeted integration) by introducing a SSB into the genome.

A. Cleavage Domains

25 [0086] The nucleases described herein comprise a nuclease (cleavage domain,
cleavage half-domain). The cleavage domain portion of the fusion proteins disclosed
herein can be obtained from any endonuclease or exonuclease. Exemplary
endonucleases from which a cleavage domain can be derived include, but are not
limited to, restriction endonucieases and homing endonucieases. See, for example,

30  2002-2003 Catalogue, New England Biolabs, Beverly, MA; and Belfort er al. (1997)
Nucleic Acids Res. 25:3379-3388. Additional enzymes which cleave DNA are known
(e.g., S1 Nuclease; mung bean nuclease; pancreatic DNase I; micrococcal nuclease;
yeast HO endonuclease; see also Linn et al. (eds.) Nucleases, Cold Spring Harbor

Laboratory Press,1993). One or more of these enzymes (or functional fragments
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multiple types of tissues in vivo, including nondividing, differentiated cells such as those found in liver,
kidney and muscle. Conventional Ad vectors have a large carrying capacity. An example of the use of
an Ad vector in a clinical trial involved polynucleotide therapy for antitumor immunization with
intramuscular injection 25(Sterman et at, Hum. Gene Ther. 7:1083-9 (1998)). Additional examples of
the use of adenovirus vectors for gene transfer in clinical trials include Rosenecker etal., Infection 24:1
5-10 (1996); Beeavhigiebatiseilisn aGeurseTHarlcavageoR® 208 37(d 9By agedist-domaintuioGene Ther.
2:205-18 (193Gl aheR 2k Had oA Higknnc AL A3 198701 {apietafuGene Ther. 5:507.513
(1998); Sterman et at, Hum. 30Gene Ther. 7:1083-1089 (1998). 101191Packaging cells are used to
form virus p Aty tHactYe ipdpre SFRBEelsEBaRd2eBaIl. Such cells include 293 cells, which
packa%e adejpogmus, alrlld SyRiaells 3%1%&%2 dﬁﬁﬂ%dﬁt@;ﬁbﬂaﬁkaﬂa«ﬁa@&mﬂy&?@w@etgfs used in
gene therapy are usually generate a praducer cell line that packages a nucleic acid vector into a
viral parﬁcle.Wﬁ??/é‘?ﬁfﬁ%ﬁ%ﬁ%ﬁ%b?ﬁﬁﬁ%ﬂ?ﬁﬁ?ﬂﬂﬁﬁf gimpdagjinmnis Sayaserti¥adRaging and
subsequent ggshtion fikioa prstiit appteaile], fothtravigd sehudises bairthieplapteeby an
expression cassette ding. the protein.to.be expressed.. The missing, viral functio re supplied in
ans by the LEEoRS 8 OIS & ST AA RGeS0 SR BB G ATAF el oy
possess inveltetiernainbé repeail i Rycsequenedsiffdonthie sl geimived ilioHtareareguired for
packaging agdintegration g, the e s Qe Yirgd RNA | ed. | [} Ii hich contains a
. Gl Qh % a%ﬁ{eé tB%he 52‘} & g%%bg% lﬂa?g SEI0G: Y

helper plasmid encoding the other AAV genes, namely rep an cking ITR sequences. The

cell lind ¥ alderiveddtem widhlisemm svionuslrase p &natinaal Figemetty thesaedmotes replication of the
AAV vector gfekgipressiqn mfx%tﬁ,\{,gﬂ@%gwmé@?ohﬁlp%@'ﬁé ihbhgRGIRGSPlgapd is not

packaged in significant amounts due to a lack of ITR sequences. Contamination with’adenovirus can

be reduced SRS HaG TFeRathENEIEHOER Srdriboibiading ofdhednadveian A I 1901201In many
gene therapynaprlgRitains ik igiesh lecthiat egeneHie@mpYARvieciep R dslivare@avigh a high

degree of specificity to a particular tissue type, Accordingly, a viral vector can be modified to have
specificity fof & R}E/?fgézﬂ @ﬁé" %@8&3‘?@%@% I ﬁ%fsgéfﬂfg?oan HoPPhAFR%%Ral coat protein on
the outes sudasaiaf ¢he, Bywsmelieitigamthis, thosendehavéiakni)tfenascaiatasfkheown to be present
on the cell type of interest. For, m Han et al., Proc JAcad.. Sci. USA 92:9747- 209751
(1995), repor %ﬁg?mﬁgﬁ%%far%urﬁg I?egu%ecr%fgn\%ﬁgrc n}‘é\'?gn%%fégg %Séxp?\ggg%&ﬁ?an heregulin
fused to gp7intennel thenbscofimickntidasierinfetastisisairs tamate broash garertweltarepressing human

epidermal grouih JactanresqRies-nlRIsHABGIRIS GAMARSHIEBARII0 RINGIMMT:IRIGRGE! pairs, in

which the target cell expresses a receptor and the virus expresses a fusion protein"comprising a ligand
for the cell- 2S5tprache e sitet=or example, filamentous phage can be engineered to display

antibody) fragongats (e.9., RABigidivelmRindapacfichininG Sty fare\irualirmagshosen cellular
receptor. Although the above description applies primarily to viral vectors, the same principles can be

applied to noREHAT GBLiBrCaBry OLiearensseBerdicinsipeda DN @i P FRAgRTIEP 8l sequences
which favor updafeabiynspadiiattargetdealis dfbirdihg eCerthiarapirivacioeasaebegelivered in vivo by

raperitonobl WS BB G L TR o oA S TERTBIE a6 described
below. AlterhatiiefyandcloreagaddipatiedivEoe exangatistex Type IIS enzyme Fok [ catalyzes
25  double-stranded cleavage of DNA, at 9 nucleotides from its recognition site on one
strand and 13 nucleotides from its recognition site on the other. See, for example, US
Patents 5,356,802; 5,436,150 and 5,487,994; as well as Li et al. (1992) Proc. Natl.
Acad. Sci. USA 89:4275-4279; Liet al. (1993) Proc. Nail. Acad. Sci. USA 90:2764-
2768, Kim et al. (1994a) Proc. Nat'l. Acad. Sci. USA 91:883-887; Kim ef al. (1994b)
30 J Biol Chem. 269:31,978-31,982. Thus, in one embodiment, fusion proteins
cdmprise the cleavage domain (or cleavage half-domain) from at least one Type IIS

restriction enzyme and one or more zinc finger binding domains, which may or may

not be engineered.
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vivo, such as cells explanted from an individual patient (e.g., lymphocytes, bone marrow aspirates,
tissue biopsy) or universal donor hematopoietic stem cells, followed by reimplarttation of the cells into
a patient, usually after selection for cells which have incorporated the vector. 5[01221Ex vivo cell
transfection for diagnostics, research, or for gene therapy (e.g., via re-infusion of the transfected cells
into the host organism) is well known to those of skill in the art. In a preferred embodiment, cells are
isolated from{f¥8@ubject otgarempiaantypedd wrR e ZFmaERivheid ¢lrarese deDrA)s and

re-infused bagk ipiIR.sHEBHRIARHSL(R; S At MArUR Sk ReSiSuighadar ex vivo 10

transfection are well known to those of skill in the ar}g%see, e.g.: Freshney et at, Culture of Animal

Cells, A Manting BidneieeiHidd9@rirea. Nobfrahdthd retdlntds 18 ¥ &rein for a discussion of
how to isolateansidehiiy ozels fiepdaRiiamis)pheddiavaer€mHRadbrenbaipFerlls are used in ex

vivo progedures for cell 15transfection and gene therapy. The advantage tq using stem cells is that
thoy carebe GHRTBRISTEIILS SHFATER DL I o B RS A A CRB TR rmal (such a5
the donor of Tiecels Yandeted doeplevitrendpdfil aavtige hodemapaed MsthedsdooDidBuéntiating CD34+
cells in vitro isrgougligé(sz%ll}/nim or nt ipj O%rf%:lel%ygﬁﬁ hlfl@ Cf/t%kines cg a GM-CaSF, IFN-y and
TNF-a are known r{see faba et a‘?,gs. Xp. ed. 176:1693517 ﬁnfl%%i)c. fBRﬂ%}@tem cells are
isolated for trariddietiogamdiciffmaintieaiobeusiiknenamsihteth o databoicellaumsies steaviagells are isolated

from bone magiauceny RGPS gﬁ&%%@émiﬁaﬁm@Leaﬂxmsge@mc&m%wamed cells,
such as CD4* and CD8+ (T cells), CD45+ (panB cells), GR-1 (granulocytes), and lad 25{differentiated

antigen!Bresdatiincaikive doidhearren halfamans ¢an 25 Bogsed0F ayusess fon25]Vectors (e.g.,
retroviruses, QEleRQVHldsRSdIRRFAMEBEISqLeA ARG dheRe it AhFenusleiragids &R0 also be

administered directly to an organism for transduction of cells in vivo. Alternatively, naked DNA can be

administered®8t Adhsrsto MbARRP8Ffhe routes normally used for introducing a molecule into

ultimate contpgigwjth bloodhasiéissige detiminoluclingapehaotbmitkocte, bajecyipvrtiviusian, topical
i wall knoRR EVHEREAD ITA B 25 A SAPRLGRTRORS SUPB T E et fehmod 1o
administ@r a particedatcfimpaditiortjmapeldicalge domtércan often provide a more immediate and more
o esgignn naCesier ARMEIRIS S S RN ahspocts son
transgenes iAtebHesiatopEilit GtéA vansomeratavaeircinl s mtirty abiddioenalrmypetion.
10127]Vectogg sHiiable ioinipdiupon RiTHANIREGAE R KA S BING RS URd hdse are
contemplated by the present disclosure. See, for example, Roberts et al. (2003)
20 Nucleic Acids Res. 31:418-420.
[0093] In certain embodiments, the cleavage domain comprises one or more
engineered cleavage half-domain (also referred to as dimerization domain mutants)
that minimize or prevent homodimerization, as described, for example, in U.S. Patent
Publication Nos. 20050064474, 20060188987; and 20080131962, the disclosures of
25  all of which are incorporated by reference in their entireties herein. Amino acid
residues at positions 446, 447, 479, 483, 484, 486, 487, 490, 491, 496, 498, 499, 500,
531, 534, 537, and 538 of Fok 1 are all targets for influencing dimerization of the Fok
I cleavage half-domains.
[0094] Exemplary engineered cleavage half-domains of Fok I that form
30  obligate heterodimers include a pair in which a first cleavage half~domain includes
mutations at amino acid residues at positions 490 and 538 of Fok I and a second
cleavage half-domain includes mutations at amino acid residues 486 and 499.
[0095] For example, in certain embodiments, nuclease combinations are used

in which the cleavage domains have a mutation at 490 that replaces Glu (E) with Lys
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T-cells) include non-integrating lentivirus vectors. See, for example, Ory et al. (1996) Proc. Nail. Acad.
Scl. USA 93:11382-11388; Dull et at (1998) J. Virol. 72:8463- 108471, Zuffery et at (1998) Virot
72:9873-9880; Follenzi et at (2000) Nature Genetics 25:217-222. 101281Pharmaceutically acceptable
carriers are determined in part by the particular composition being administered, as well as by the
particular method used to administer the composition. Accordingly, there is a wide variety of suitable

15formulatiofS)ot prsiteacs dd8ahebrepasssdes Q) aitdies 88 HadpriEamedRoEEé, e.g., Remington's
Pharm aCGUti%@la%Si@ﬁR%)uﬂE eflo &38R a 10428468 7iRsRRAYS. he dinslesgsbmgthods and

compositions can be used in any type of cell including, but not limited to, prokaryotic_cells, fungal cells,

Archaeal celféthiayit ElisShssl hdhe rrsiarestelcanen hal-temeing dsirrhrderiE 20and human
cells. Suitableegepréperiapititig juaasianaogErayata 3ege-okkil indbraviand include, but are

not limited t é%% CHO (e. ,CHO-S,.CHogqf CHO-Dﬁééf, CHO-DUXB11), VERO, MDCK, WI38,
V79, B12AF 381310 PIARUGG e e S1or VaRs e i fioRs s designaitl 203 £ HEK293-H,
HE1C293-T ) BB IABKCtac e kS Ualnids Spoatings exaifiogipeRdd QS )amd APSgat-eb)Issuch as 25

Saccharomyce PisPhia a %izosagchargmxces. Proegg variant§1 g g derivatives of these cell

. HIIB et CIC VEriffge -aQImaln (o pro lﬁ) 3.1'}116 il [~ C]S&Vﬂs%c atﬁ 8[1136?

lines can also be used. Irraddition, primary cells whiclt may be sensitive to double strand breaks may
be used. Thdssignatpdi€M8eE B8 UE erothimited to, CD34+ human stem cells, embryonic stem cells,

mouse embrygig stem cals, aackindhned PLUIROLEBh SRUS-FRiS kR fods 45RdiA the creation of

transgenic 30 organisms, such as mouse embryonic stem cells and oocytes may also be used.
Applicaltbns fPM%PH%%&@@@@M%&HWW@W%&%@%Mf&r%@?%ﬂ}icaﬂon in which

introduction of &sindigrliandetiraakmlrisaleriedineationtisodasiady erspyarsas demonstrated
herein, single-stranded cleavage facilitates targeted integration into the site of the single-stranded

break (via hoRBIEgd8 2 eBEMLRARIAST HARAsE RN ABIRE g5 ResRR &iding (NHEJ) events.
[0131]Thus, the-gorapestfensdndsnEiRoyls described herein can be used for 5any nuclease

A e
[0132]R6r targatgdriptedraiie maimsdofonorenmie; bypgee-tireding momginssarefondinbpred to bind a
e e SR I S e e Atine oo s e
20050064474 (see, e.g., Example 5); and WO 07/139898.
[0098] The cleavage half-domains of the present invention may also include
one more mutations the catalytic domain of the nuclease, which renders the cleavage
20  half-domain inactive. Non-limiting examples of amino acids that can be mutated in
the catalytic domain of Fokl includes amino acid residues 450, 467 and/or 469 (as
determined relative to wild-type). In certain embodiments, one or more point
mutations are made in the catalytic domain of one member of the obligate
heterodimer so as to inactivate the catalytic activity of the cleavage half-domain. For
25  instance, position 450 may be mutated from D to N, position 467 may be mutated
from D to A; and position 469 may be mutated from K to A. Other amino acids may

be substituted at these or other positions.

B. DNA-binding domains
30 [0099] The nucleases described herein also comprise at least one DNA-

binding domain. Any DNA-binding domain can be used in the compositions and
methods disclosed herein. In certain embodiments, the DNA binding domain
comprises a zinc finger protein. Preferably, the zinc finger protein is non-naturally

occurring in that it is engineered to bind to a target site of choice. See, for example,
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second cleavage half-domains (that form a dimer) are expressed in a cell. The first cleavage domain is
catalytically inactivated and, upon binding of the zinc finger portion of the fusion protein to the target
site and dimerization of the cleavage half-domains, a single-stranded cut is made in the DNA near the
target site. 15 f0133] The presence of a single-stranded break facilitates integration of exogenous
sequences via homologous recombination. Thus, a polynucleotide comprising at least one exogenous

sequence toBrethse abd3A03 xMatyenBivieahkinp by plebiy-ifdiuBebe e dir RRYD régioRevof homology with
target gene tg;fagiathamalag QUi £eePM PRI WA KSR SCHIEER &F; IR S (fx0genous

sequence) can be introduced as described herein. Exemplary exogenous sequences include, but are
not limited td204} bEWpelde Bitaslrebqltehiepé7y Chemeags, E@bﬁw efEh¥4hd other

regulatory segipenees: Bard A e xRiession cassaiies: WalppRaRasN VAl kel geneseicleavage enzyme
ression constructs. In addition, the 25 exogenous nucleic

recognition sites.and various types of ex
acid sequenRPHRS FFHHED 0?‘%‘%%?@%@%& SRHNTE S ATEFHRIPHITRNAS (ShRNAS),
inhibitory RN g ) metierdRiCAR ¢l M s)oieajtcduc ragenit desigicamibateasliypebtained using

standard molecular biological techniques (cloning, synthesis, .etc d/or are commercially available.
For exampleo LT T o4 T CER CH o R AR e o AL S MO Bl gmr Alrich.
30[0135]M aMgéaeqda@udeﬁ_) !z_aqchnéiflmdtrnﬁmtmapéépﬂiem Bnchaigay qumus_ilasi:ﬂhat mediate

A tiotc oSISRRE (1w AP R RS G rinlag, PLromy i

resistance), sequences en red or fluorescent or luminescent proteins (e.g., green

fluoresdBnt protainMenh améeiagie seaficresseEring inams réd dhiorastemapiowdan tinetgase), cell
surface antigengdH e sepNRERbaN ¢RI vBichmeastiats. pahancedsellgrayyth and/or gene

amplification (e.g., dihydrofolate reductase). pitope tags include, for example, one or more copies of
FLAG, His, AyS 4, A sy HaYdefarie s RFinani el RErRIEsi01361In a preferred embodiment,

j[hehexoglt?r.]oggg_ep (;Jgnc;a ﬁg&qﬂ@@&am@ly?m@qggﬁ@m@ pgag@ﬁiggﬂ%pgmim%bﬁ@h ?xpilression

in the cell is desired, including, but nat limited, tg antibo : g enzy regeptors (cell surface

or nuclear), ﬁ%?%ﬁe@?lwﬂ iHbggcéﬁt%fﬁés?%?ﬁ%%pg&%’%miggés, and functional

fragmenis ofm%&@ﬂbDMTae@MQWMQéawml doVeRaB3IE, &I)NAS. The exogenous

sequence m%Vé‘%s%%%‘)dWtﬁﬁ%@%@i?@é&'é&o{é@f@%ﬁs&ﬁ]'iﬁ’%&&%%@f&"e’ the exogenous
Ide that’is [dcking or non-ful

seqguence comprisesa séquence encoding a polypep nctional in the subject
having a gerefierdiesantoihehditiagiveifmiyifoiteidadingsy bindiogeltoming kpsiwls diseases:

achondroplaaggcﬁgg@fgpgg%i@eaﬁqmgimﬁqenosine deaminase deficiency (OMIIVI
15N0.102700), adrenoleukodystrophy, aicardi syndrome, alpha-1 antitrypsin deficiency,

alpha-thalaséHd, androgestsesditarnst sissh &FRS ademediels Hondedmsnd RIERRIABt ventricular,
dysplagig, atgriasiglepaifiasianaaish aMDEHIRG HRbuRPL RS e Khive: ldahesRiebnews syndrome,

canavan disease, chronic granulomatqus diseases (CGD), cri du chat syndrome, cystic fibrosis,

dercum’s dis5<8! RASFEHRIR) HEL A Sora helsH ARBTALeR (RISAI N Esificans progressive,
fragile X syndoostgsgateicind @nis) (3aa8hansadiseard lgontraivedrghnglmsicoise hdeem., GM 1),

hemochrom is, the hemo in C mutation jn the 6th n of beta-globin (HbC), hemophilia,
Huntington'jg@e%se, Hur%r%%napo%se# %Jﬁ%eﬁinl&s% 3 gg%gfg%ﬁrnreef%eenrc%m%%rﬁ%%? rabbes Disease,
Langer-Giediom&iya croifoe teitkdogeraidhes ime2bprefioie noyy (bADkeMolgENer, usia 20y,

eukocysirorli UG T SLERIIE AL MRS EY e Rl sRCcharidosi

(MPS), nail patella syndrome, nephrogenic diabetes Insipdius, neurofibromatosis, Neimann-Pick

disease, ostédigsheSieeimiperiéstE perpNynl.PIAGERATNP3Rdiamk disgdPaforroteus syndrome,

retinoblastorageRat- Y NuBR NG G lidRYRh EHene Isalinne 3R ewmdiemeysevere
combined immunodeficiency (scrD), Shwaclunan syndrome, sickle cell disease (sickle cell anemia),

Smith-Mage AR ) aRS RS S HAR% FIPRRiAR of S8R KR BER e PRISMBILSBIR ARAbsent Radius
(TAR) syndremgurd egaebprdtentlins syndrome, trisomy, tuberous sclerosis, Turner's syndrome, urea

cycle digprdqgygp Hippelkanday disense, Miepidenbws, syndioys Juilgyesycrome. Wisor's
nuclease. For example, the recognition sequences of homing endonucleases and
meganucleases such as I-Scel, I-Ceul, P1-Pspl, P1-Sce, I-SecelV, I-Csml, I-Panl, I-
Scell, I-Ppol, I-Scelll, I-Crel, I-Tevi, I-TevIl and I-TevIll are known. See also U.S.
Patent No. 5,420,032; U.S. Patent No. 6,833,252; Belfort et al. (1997) Nucleic Acids
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disease, Wiskott-Aldrich syndrome, X-liniced lymphoproliferative syndrome (XLP, OMIM No. 308240).
101381Additional exemplary diseases that can be treated by targeted integration following
single-stranded cleavage include acquired immunodeficiencies, 5lysosomal storage diseases (e.g.,
Gaucher's disease, GM1, Fabry disease and Tay- Sachs disease), mucopolysaccahidosis (e.g.
Hunter's disease, Hurler's disease), hemoglobinopathies (e.g., sickle cell diseases, HbC,

a-thalassem#esfi AhaiAs3einfd) dhd teenahiGlRES) [BarBoli: Ebitdibe Merdetinientél B exogenous
sequences CRRGIBIRERE RAOarkes agne. (daseibasbppryel glpwing.selectan eftells that have

undergone targeted integration, and a linked sequence encoding an additional functionality.

[0140]Furtheffbrid Ak dulfie nBidedbde Yol 8pfagarb il ekébeitus Meh Rintds%iifalso be

transcriptionab 9ehkbite alianaheasdatonaseaiifeses, farnauamplendramaigrsignhancers, insulators,
internal ribosome_entry sites, sequences 15encoding 2A [)eptides and/or, polyadenylation signals.

[0141]NeicleSRER TN QL BABURE RIMSRYCA R SRR B TS PR AR ANEIRSRECdP Offplete) of one or
more genomie:segueslaesdnariy Sienfonexbeygpe therdlitoeeah 2082 by dageell re@ymbination of a
missense or Jansense co ' e cading region, p recombipatio irrelevant
sequence (i.g?.ga%e ﬁﬁe%‘-%ggh@ﬁg“ﬁ%ﬁ% 0(9 seﬁgefa'nsepéﬁrJ [ s'r%gggl’a o?%ﬁga%ﬁ{ é?oé@%i disrupt the gene
or regulatoryMegrerdddr hp1as§e thguecembi206h Giracpp idenadéepioy Fetfuéhidd.fito an intron to

cause missphging fine i@gsf%i@Obg@)ff%}%ﬁ\'l-mediated inactivation (e.g., knockdown or knockout) of

endogenous genes cart be used, for example, to generate cell lines deficient in genes 25involved in

apoptosts orlBt8Hin proddetishn gmbrtimenisstheonelcases drcdaronbastiais sonwsigation).
ZFN-mediatgddTagivaiiRnsabaisg %%Q@%&%%ﬁ?%%ﬁ@%%&%&r&@ﬂts or

transgenic animals). [0143] arggted cleavage of infecting or integrated viral genomes can be used to

treat viral infAR4iBd© dergageAatitomaiy, SrobaFnRabneEs YeausleresImgrEgrasptors for

viruses can paNUsBth#na askh exRies sk hssel kpceptaismidifsehy BraveNingiNy ahipdection and/or

viral spread in a host organism. Targeted mutagenesis. of genes encoding viral receptors (e.g., the
CCRS and CREHA FUBBHERE RSB0 JS0as P e YA R SABFER IS bind to virus,
therebyl preveiing cally ifedtion Avvd blaeokipohdle kpraad dhedRinngdafetfidosabeerelnternational
Patent Publication WO 2007413998 n-limiting examplgs of,viruses or viral receptors that may be
targeted-incI%%tgqﬁe%%%ngfm% ox E?E?us“?ﬁé\*}}g}éﬁc%‘&é‘ -1% el-lfdatr? % - ,S%}grﬁgé:lpzfoz%usct%r virus (VZV),
Epstein-BarrsingeEBayiehdut perndgatogitssi¢CMV), HEV6 and 1-IHV7. The hepatitis family of
viruses includes 5hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus (HCV), the delta
hepatitis virus (HDV), hepatitis E virus (HEV) and hepatitis G virus (HGV). Other viruses or their
receptors may be t%&t@a’, including, but not limited to, Picornaviridae (e.g., polioviruses, etc.);

Caliciviziglaegfiggpviridae T OputiaRlia (vigiszZERB0MR M IRk Fiaybiridacsoignaviridae;
Reoviridae; Bimaviridae; Rhabodoviridae (e.q., _ o .
target cell by any suitable means.” Stitable cells include but not limited to eukaryotic
(animal and/or plant) and prokaryotic cells and/or cell lines. Non-limiting examples
of such cells or cell lines generated from such cells include COS, CHO (e.g., CHO-S,
CHO-K1, CHO-DG44, CHO-DUXB11, CHO-DUKX, CHOK1S8V), VERQ, MDCK,
25 WI38, V79, B14AF28-G3, BHK, HaK, NSO, SP2/0-Agl4, Hela, HEK293 (e.g.,
HEK293-F, HEK293-H, HEK293-T), and per(C6 cells as well as insect cells such as
Spodoptera fugiperda (Sf), or fungal cells such as Saccharomyces, Pichia and
Schizosaccharomyces. In certain embodiments, the cell line is a CHO-K 1, MDCK or
HEK293 cell line. In addition, primary cells which may be sensitive to double strand
30  breaks may be used. These may include, but are not limited to, CD34+ human stem
cells, embryonic stem cells, mouse embryonic stem celis, and induced pluripotent
cells. Cells known to be used in the creation of transgenic organisms, such as mouse

embryonic stem cells and oocytes may also be used.
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10rabies virus, etc.); Filoviridae; Paramyxoviridae (e.g., mumps virus, measles virus, respiratory
syncytial virus, etc.); Orthomyxoviridae (e.g., influenza virus types A, B and C, etc.); Bunyaviridae;
Arenaviridae; Retroviradae; lentiviruses (e.g., HTLV-I; HTLV-II; HIV-1 (also Icnown as HTLV-III, LAV,
ARV, hTLR, etc.) HIV-II); simian immunodeficiency virus (SW), human papillomavirus (HPV), influenza
virus and the 15tick-borne encephalitis viruses. See, e.g. Virology, 3rd Edition (W. K. Joklik ed. 1988);
Fundamental®f@iogy, 2rifetbsise{ BelN ering aydersas CHRINIFDNE, 2 fingg Protsing aescription of these

and other virgses, RARS PR Qe NG0SRIl HEUde R RGREM8DEHBXCR-4. [0144]The

methods and com%)ositions as described herein can also be used in 20in vitro contexts, for example,

as a tool for Bl Gcitist absn? 52 Mt a8 Gh8Loreb- A Briptatel ¥r nucleic acid
amplificationg(79,530t Tlonm,dikkar’y peschratien) diersueteie faich d atgictiAfcimasypaarsple (e.g.,
diagnosgics fth?FFresence.of. netic conditions and/or infectious agents), for genome walking, for
analysis’of DN ARSI SREH HLAREIRR like. See, e.g., U.S. Patent Nos. 7,314,714; 25
7,112,423; 7{087B04; 6,88d536e0u0i6s89he8 Ddrdrominstdnebe ditkingdushensesas described herein

can be used aII%ne .or in combination,with other enzymes lon n omplementary

contalnm IS uences encoding o morIc t%gggs%@ge s %ﬁﬁg& I-’?g .
overhangs as Well 88 OtHer Structures. ﬁ)flféﬁn addition, fhe €ompostitons as described herein can be
used for genegettivsyeteniskeal (o epgd pedpdioabietseatitutbdpliemeidnectispretervicHt 30
amplification (3RA), A 3pihesnas DA cmRLTication aprreach dhatPiRvres A dqpig(@s short as 15

minutes) alternative to detection of polymerase chainreaction (PCR). See, eég., U.S. Patent No.
5,523,484; \gedidsicaetstagoEr NiEfkICAMRISReSeaF7Y: YeB1E250bNPROWSE 4P EDA to date has

depended o gindiiedsaiosprrduaatiel suslemsiges, inmrren 40 Hrpdues edaemidpesptorthioate DNA

duplex that on the modified, strand would be resistant to enzyme _cleava\%‘% resulting in_ enzymatic

nicking insteBY 6fErgEShere D et ARtERisH Al SrcredBhIG U P RS FST RIS enzymes

that do not cpiogiisbietsiraaded BiNAbACHEEing ihetbe ntaleasas degatibeddiereis)aan be readily
adapted for gny application in which SDA is currently appljied., 5Thus, the ositions of the invention
can be used ﬂ\‘/'&e%) t?gﬂoﬁ%utgféﬁ%%iﬁp%sgajg‘ﬁé%réﬁ@ é{c‘ggr |ﬁgaf§f§ailﬁ%%e8%[:§ng%8§t§eosf the presence
of gendtic diseasesmandiompisetinedagentsislzheasi¢tRivigHepatitssviflinHién dBAGHAV), HIV,

Mycobacteri tube j . = tis, f (=X I ine, pl ,
oyl on YL SO Bl AR SOl B4 Hore pias

( | | n vitro applications include the
generation ofess@rmiclasliffieregrestemorShmoreliimeplectarsidruaedl eadeyeat®yBdyribed herein can be

used in comgjﬁﬁé% with, 2i{er the.airatine af aRisH detqlions. See, e.g., U.S. Patent Nos, 7,244,560;
6,867,028; and 6,828,098. 15EXAMPLES Example 1: Design and Construction of ZFNs with Mutant

Cleavage DARfs [0147f7omEsigarbyba s aepaisd et e aEdsiBElSAs ftBPfational Patent

Publicatpn Nged MO 2RAAGELIARRAeres eResakly dinkinettaderpmagiedicleayvagemiaaains as described
in U.S. Patentgl)lbli%ation No. 200%{0?{%19 2,.essenfially as 20des ribeotl in U.S. Patﬁ%lt Publication
No. 2005006Z4928R PIREEHiHE 7 PR TS R A5 WFa 0 A E fh S & cally,

CCR5-bindirgaidin § §@s poatdin designaled 8tatzmiadifused, toveithe nthiz etdighite BERRyodimer
forming Clea\z{?egz?dr%)x{ps?eia?eg%gmg 5:190%‘1}%9%0 gene therapy uses. Non-viral vector delivery
systems include DNA plasmids, naked nucleic acid, and nucleic acid complexed with
25  adelivery vehicle such as a liposome or poloxamer. Viral vector delivery systems
include DNA and RNA viruses, which have either episomal or integrated genomes
after delivery to the cell. For a review of gene therapy procedures, see Anderson,
Science 256:808-813 (1992); Nabel & Felgner, TIBTECH 11:211-217 (1993); Mitani
& Caskey, TIBTECH 11:162-166 {1993); Dillon, TIBTECH 11:167-175 (1993);
30  Miller, Nature 357:455-460 (1992}, Van Brunt, Biotechnology 6(10):1149-1154
(1988); Vigne, Restorative Neurology and Neuroscience 8:35-36 (1995); Kremer &
Perricaudet, British Medical Bulletin 51(1):31-44 (1995); Haddada et al., in Current
Topics in Microbioclogy and Immunology Doerfler and Béhm (eds.) (1995); and Yu et
al., Gene Therapy 1:13-26 (1994).
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and 1538K mutations to form the zinc finger nuclease (ZFN) designated "8196zICK" 250r (2) an D483R
mutation to produce the ZFN designated "8196zDR." Similarly, the CCR5-binding zinc finger protein
designated 8267 was fused to either the obligate heterodimer forming cleavage domain having (1)
Q486E and 1599L mutations to form the ZFN designated "8267EL" or (2) an R487D mutation to form

the ZFN designated "8267RD." 30Catalytically inactive forms of all four ZFNs were also prepared by
site-directed 9 3genesisMsthadnol asa rirsidirky 5o { puedess, asedidhedisls Sasomprasn(D to A,

designated AR 4RSS L findbRiBaRE ABRAL, iEsSHRE Zaflistsabeleavage domains with

one catalytically inactive cleavage domain induce single-stranded breaks [0149]The ZFNs described in

Example 1 Hen o Neidduslsiarpideonysnndtidnd ntreitificit WhoRts BhRgsRd. In particular,

ZFN variantsgiescehagiinosrprinle sowsys st esiz aoeU SgSbhidrdn 2Q00avEvhe igled
transcription/translation system_ (Promega). 101501 The appropriate substrate containing the ZFNs
target sifes et)l;eﬂfﬁelg((ffﬁ %ﬁhﬁﬁ'f?’ngfiﬂﬁcg?@éﬁ% sequences flanking CCR5 ZFN binding

region to gerjeradg a 292 basktipait subaiphis, MivteRLRSE dbdis sve sgstaiis encddbdeied 10using T4
polynucleotide kinase and incubated with following ZF irs: 8196zI nd.8267EL (WT);
B1067ic. . AT AR BB EL Hre R e At At e HEration DASON
(D450N); 8196xiCiidNE B8 elecwiinepelB26Y Tkt (Helisaraljicalini@etieming point mutation
D467A (046?@@%9?95%2,%@9@%&9%%@1@%&0%%@2 3 a3 I67DR WiREHS,PLB6FER includes

15catalytically inactivating point mut D450N (D450N); and 8267RD and 8196ZDR; where
8196zD0R inchi¥8ss BauthlGticang. ifdcandting S8t Mbtand Amdectinqmergzaly. arneoiixture of

radio-labeled gybstaLe P %Féﬂt%ﬁ?ﬁ‘ﬂﬂ;%fé&ﬁ?ﬂ?@ﬁ%@i&& pelbASfigRGiHRed previously

(Miller et al (2007) Nat. Biotéch. 25:778-785) with- modifications described below. 20 [0151]Cleaved
DNA were erifsitétbls\forrdfisireh rsespifmareeaitioarlipeiceienolanimadaetiite dnelgvage products)

or treated with3RNAHEBAIWING SohioN WOM A b4l DUHMNAHBRRUNRIERA4. PH 7.0, 50%
DMSO) to generate single-stranded DNA before separation on a 10% ReadyTm gel THE gel

(Invitrogen). J6TS PHatGRD RRAEerJissResdBubie SHRRIEAERM age products were 25efficiently
generatsd ol 1ith ZFN papRbaeti6Hor IBI67EIEEI N SRAER, inGLaRERRAMT), in which the

Fokl cleavage half-domajns qf both left.and right ZFNs catalytically active. The parental uncut DNA
(292bp) s prIRERTYARASN SFRPBEI R S ES PELdR g s #Eus LB BE A, with when both

ZFNs were Qabglwlga@ﬁmlyéd@&%zmMOA&ZG'_(HBMB)_&@S&B@G:‘LR_Daﬂc&i@fﬁmEWT) pairs)._ 30For all
2FN pair corybigation iuichne,of thg AENS 5 sasalticalldnagivaied s fpgjeated point

mutation, double-stranded bBreaks in the C rget DNA were not'generated. [0153]However, as

shown in FigB2Rrimtp&itewithieto4tlyRdx G ap st aleGmr Tharmad sihBté22tkaP%ok breaks. In
particulgy, tha s 68 bR ragment res. 52:4817-4820 (1992); U.S. Pat. Nos. 4,186,183, 4,217,344,

4,235,871, 4,261,975, 4,485,054, 4,501,728, 4,774,085, 4,837,028, and 4,946,787).
[0112]) The use of RNA or DNA viral based systems for the delivery of
nucleic acids encoding engineered ZFPs take advantage of highly evolved processes
for targeting a virus to specific cells in the body and trafficking the viral payload to

25  thenucleus. Viral vectors can be administered directly to patients (in vivo) or they
can be used to treat cells in vitro and the modified cells are administered to patients
{(ex vivo). Conventional viral based systems for the delivery of ZFPs include, but are
not limited to, retroviral, lentivirus, adenoviral, adeno-associated, vaccinia and herpes
simplex virus vectors for gene transfer. Integration in the host genome is possible

30  with the retrovirus, lentivirus, and adeno-associated virus gene transfer methods, often
resulting in long term expression of the inserted fransgene. Additionally, high
transduction efficiencies have been observed in many different cell types and target

tissues.
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seen when both Foki cleavage half-domains are catalytically active in double-stranded cleavage
products (Fig. 2A, lanes 3 and 8 from left) was also seen in single-stranded cleavage products treated
with ZFN pairs 8196z1CK + 8267EL D450N and 8196zICK + 8267EL D467A (containing one
catalytically inactive cleavage domain). See, Fig. 52B, lanes 4 and 5 from left The smaller -124 bp
fragment is not visible because only the 5" end of each DNA strand was end-labeled (see, Fig. 2C).
[01541Simild@}1#e -124 BpererpsEntSeEATQHER BEIPFUIgrE bavagePrRFLIB MEFHE are catalytically

active in douglecsbrised ialcaypaRiIROtIeGIs1Ehith 2R lapesutabd & tppedelilvasalsggeen in
single-stranded cleavage products treated with 10 8267RD + 8196zDR D450N or 8267RD + 8196zDR

D467A (eact BSAFRMREOXHRL VR, HHA Ak eblfdgVEmedish HdRissh posetividigss8!l44Mds 9 and 10
from left. AgajpidhieylreiccliGgibaipgmentis aubuisitledndhiesesamplasihasatsse only the 5' end of

each DNA strand was end-labeled (see, Fig..2C). [01551These results demanstrate that the use of
dimers cle%?}’e?aé\ér%lligiéadg% i ﬁh%ﬁ]ﬂgﬁlﬁaﬁé %lté’é%/%rﬁec %lgﬁfﬁgfﬁgfﬁ AP /B8Rlly inactivated
generates S$&BwiniikspeatouithepstiagtarcEdéitBvampie @1RepaififoycHEBagukstyBiagle-strand
annealing in cells A, Yeast cell 0156]To evaluate ther SSB/nicks cap be used as an
aremative A e A R B RS e v
tested the systdph are/banussdsentitayate the Sasippeiiie Buyontettht. 20a8eN & Bioitstshnol 26:702-8

and U.S. Patent BHblicaling No 290900 LA LA SSAMEL L FeRRIIRI YGES sltain. in which the

CCRS5 ZFN-targeting 25sites was introduced between the 2 overlapping and nonfunctional fragments

of MELl §enspaia@rwiitsierksaiayimahMpeN) ox8hossnn ipwsmiadizs (GrIAD. SHBER + ZFNR-ICK
(D450N), ZFihniodefiAes GRNBIEE beniRARAANRIGeRRERL Y ostey s BONt). ZFN expression was

induced by culture cells in 2% galactose for 2 tg 6 hours before gvernight culturin%in glucose media
and assayinGIBPALRS el G6actiSin P 1615857/l Ak irintreattadifabtdetase activities were
observed alar@anitlAbE, INdUesDB6IE ZEN explessSonAaonwrsahygadaansssnsoultures treated with

DA450N/WT 7 U) or D467A/ - N ted with th
control vectéés% %%ﬁﬁigg)&)ﬁo%émfﬁ@g%(gﬁza?%g II:Y%\@ ﬁ%%%@%g?gé%@gcér{g:deheV;/(Iain ar?a

recombifioget¥z4aiadanPEl P a#sd Psingle-strand annealing in yeast. 10159]To ensure that ZFNs

induced ME.L[hf:mression ﬂ‘i%1%2%‘588@aﬁgi%%%%%%gi%ﬁ? Q’ililtgegI)m%lZFNs to induce

DSB formation was also 5ev . In mplaté sequence, DSB induction
is lethal based systems can be used. Adenoviral based vectors are capable of very high

transduction efficiency in many cell types and do not require cell division, With such
vectors, high titer and high levels of expression have been obtained. This vector can

20 be produced in large quantities in a relatively simple system. Adeno-associated virus
(“AAV™) vectors are also used to transduce cells with target nucleic acids, e.g., in the
in vitro production of nucleic acids and peptides, and for in vivo and ex vivo gene
therapy procedures (see, e.g., West et al., Virology 160:38-47 (1987); U.S. Patent No.
4,797,368; WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1954);

25  Muzyczka, J. Clin. Invest. 94:1351 (1994). Construction of recombinant AAV
vectors are described in a number of publications, including U.S. Pat. No. 5,173,414,
Tratschin et al., Mol. Cell. Biol. 5:3251-3260 (1985); Tratschin, et al., Mol. Cell, Biol.
4:2072-2081 (1984); Hermonat & Muzyczka, PNAS 81:6466-6470 (1984); and
Samulski ef al., J. Virol. 63:03822-3828 (1989).

30 [0115) At least six viral vector approaches are currently available for gene
transfer in clinical trials, which utilize approaches that involve complementation of
defective vectors by genes inserted into helper cell lines to generate the transducing

agent.
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to more than 99.8% of the yeast cells in a colony. Yeast cells with the CCR5 ZFN target sites
integrated into the HO locus were transformed with ZEN expression plasmids and cultured in minimal
media containing glucose or galactose at ten-fold serial dilutions. Only cells in which the ZFNs do not
induce DSBs would be expected 10to survive induction of ZEN expression. [0160]The cells grew well
in the presence of glucose (no induction of ZEN expression) regardless of the ZFN expression plasmid

introduced inf@A&8k cells. M-h8NpraddES ¢t galaxtomicnnd Bimpivalyecs tbef hadadgen in the number
of yeast cells,tagt suiviva o YIS SIS A ireaied watbokie 05T (Wds1hbisnmas gompared to cultures

15treated with control vectors. In contrast, yeast transformed with an expression construct replacing

one of the WA 2&1\731«9/%&18%@M@%rﬁfq@’-ﬁﬁéﬁéf@&é@&ﬁér1[%%871&)9%% indistinguishable from

th?se cultur?mgr%gmrtym GRS ﬂ;ﬁﬁéﬁléﬁtifv\ﬁ%%@f%&@i@ﬁlg&‘ﬁ%@f@gﬁﬁﬁlsz(o@mﬁbfﬁpm tkf]wese
cultures confirmed that the expression levels of the ZEN prateins werg similar. 161]As the
observed letHAlitFig oMl %%%8&9?%%% oFERausHaTS BE BGss ?ﬁt%%?é&’éﬁ%%a[‘é?get sites, it is

not due to theegriobsatied ffrFD S faSRgdiyvtetowilElipe LRI . Fhareidiathesssesults confirmed

that within thg 43&21{((3)%0{1%5/&% Ig“t‘%#ﬂtg‘eﬁ%g?é‘? ’gg%e’{%gﬁlsg mg@fg? SA-mediated repair via

SSB/nick formation and*do’ndt catalyze mimalian 162]To evaluate whether
SSB/nicks cdfli&]repairedk byombipiDRedepe atenta88 Aipathersys ifrinAMhaatiapeelisins 62 cells were
co-transfected, with. ' ' igl, in which the eGFP
open 30 readﬁ%&%ﬁ%%ﬁiﬁégggﬁa%g}%%%:&ug %%%%g%g\iﬁgriggﬁﬁ%%ﬁ{ %f DNA encoding the
CCRS5 2£N tafgursitseagriseeridedire degaiidehe yEckis aredatinsndron catieumddhgbing
SSA'mediat‘%gtéﬁﬁ%iﬁ@"éﬂeeﬁ'ﬂ?%iiﬁ%@E@M%éﬁﬁﬁ@&g@%@ﬂﬁmﬂg%@%@g@ﬂ& analysis. [0163]As

shown in Figure 3, significantly more GFP+ cells were observed in samples treated with D450N/WT
(ZFN-L-EL-DASesioy paseitsc Riiciegheenepreapisriand statody s esas ARIRETY(#ENOL-EL-D467A +
ZEN-R-10C fefritinoaty-(hE B-FoRoil e B0 dheva the samplertiratadiyithithe&A-GFP reporter

alone (0.67%), 5tho it is 2-3 fold less e h e treated with WT/WT ZFNs (ZFN-L-
EL + ZFN-RICCT SEASRES Al Efféég%ﬁﬁo@%éﬁgﬂ%méé@t 7€ sB7hicks generated by
ZFNs generdtingsSSBso0a)) .also be repaired by the SSA pathway in mammalian cells. 10Example 4:
Sl o NCaLs SR ORI L LSRRl eI iy of
produced at high titer and readily infect a number of different cell types. Most
adenovirus vectors are engineered such that a transgene replaces the Ad Ela, Elb,
and/or E3 genes; subsequently the replication defective vector is propagated in human
20 293 celis that supply deleted gene function in trans. Ad vectors can transduce
multiple types of tissues ir vivo, including nondividing, differentiated cells such as
those found in liver, kidney and muscle. Conventional Ad vectors have a large
carrying capacity. An example of the use of an Ad vector in a clinical trial involved
polynucleotide therapy for antitumor immunization with intramuscular injection
25  (Sterman et al., Hum. Gene Ther. 7:1083-9 (1998)). Additional examples of the use
of adenovirus vectors for gene transfer in clinical trials include Rosenecker ef al,
Infection 24:1 5-10 (1996); Sterman et al., Hum. Gene Ther. 9.7 1083-1089 (1998);
Welsh et al., Hum. Gene Ther. 2:205-18 (1995); Alvarez et al., Hum. Gene Ther.
5:597-613 (1997); Topf et al., Gene Ther. 5:507-513 (1998); Sterman et al., Hum.
30  Gene Ther. 7:1083-1089 (1998).
[0119] Packaging cells are used to form virus particles that are capable of
infecting a host cell, Such cells include 293 cells, which package adenovirus, and y2
cells or PA317 cells, which package retrovirus. Viral vectors used in gene therapy are

usually generated by a producer cell line that packages a nucleic acid vector into 2
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recombination and/or NHEJ was also determined. [0166]Briefly, K562 cells were treated with ZFN
combinations indicated in 15Table 1 alone or with ZFN combinations indicated in Table 1 and a CCR5
patch donor sequence. Genomic DNAs were collected from treated cells after 3 days and then tested
for NHEJ events by the SurveyorTM nuclease assay and TagManTm gPCR assay. In addition, an
RFLP assay was used to test targeted integration by homologous recombination. 20 A.
Non-homolog#akrerir]einiiy [GeerAPisetbacapsie thhmparedritigsefuintByreqeintd (vas estimated by

SurveyorTM guigleass assan @il haaMantiohaRe Rissay-Bisihodio SurvapMdclease assay
was conduct}(sa%éas described in e|IIer etgfl1 (12007t Nat. Bl%te?ﬁ 25 2? 778-785). Tﬁ{é TagmanTm gPCR

assay was cBﬁ’é‘ﬁéﬁ?&%ﬁ‘éBbﬂ?ﬁ@’fE’ﬂﬁ%‘?ﬂéﬁﬁ%{ﬁﬁ%‘r“giﬁ%ﬁhﬁfeﬁﬁ %E%’éﬂ?éefﬁ@ipr@?ence of a5 bp

insertion knqmstﬁgww ﬂ@maﬂ&{@&m@ﬁ&&m@g%pﬁwﬂamm@&m%@I%&r@{mﬂecleavage with
CCRS5 ZENs. Ac ordln Yy, Specifi ﬁgéhﬁl_ers were igned based on this pentamer insertion event,

tested, and YO ngéls‘ga%? 2% BBisR 51 BPVFASE BIESIRd BRReERSALaining the
pentamer |n$HR)mapQumOxﬁhbea§;A&ygeant®}ﬁasﬁyedet@ﬁe& Ok Yhatliexgin plilEJ event in genomic
DNA samples, 10]168 In |t|ﬁ)(glsto the unc)L( al DNA 29 206% [presence of the cleaved large
fragment (- 188 jaand sma ?Ti p in |catsé)s vale heeSurveyorTM nuclease due
to NHEJ- induoe@lnmmmaemmnméthcwanm wtﬁseqmeciwfmmmmmp,f@NA heteroduplex

dunng the aSENPFR TR RRelin 8 AU TRR G AR dtipperiple ot the
combination of wild-type (WT) ZFNs, 8196zICK + 826 7EL or 826/RD + 8196zDR'5 (lanes labeled 1

and 9),1|%dué@épgwapwmerﬁsmﬁwaﬁ@ o BerspranEbeB) TR B Of SeHCEWREY. See, also,
Figure 5B shoying N 45 hewih M@h@i&@:éé‘é&ﬁ:d%ﬁ&] BYoRopiiaasRANR Al thaqiher ZFN

combinations, in which one of the two ZFNs contains catafﬁ/tlcal y inactivated point mutations in the

Fold domaindHdA R ITIERIFARERSS Hr e aRE BRI R SIamNHES Sk HFARED as detected
10 by a rad|Qﬁ§“ﬁ@a§tﬁéﬁﬁﬁ@ﬁﬂ&kﬂiﬁﬂi%&ﬁcﬁﬁ5ﬁ)ﬁﬂﬂdr@ fpghlweengitna TagmanTm gPCR assay. See,

Figure 58. T[%lﬁe ]1 Sampllen#n'lfa%gt/ éelialt\elt e agyzagglggggglgtlegs desirable that the gene therapy

15  wvector be delivered with a high degree of specificity to a particular tissue type.
Accordingly, a viral vector can be modified to have specificity for a given cell type by
expressihg a ligand as a fusion protein with a viral coat protein on the outer surface of
the virus. The ligand is chosen to have affinity for a receptor known to be present on
the cell type of interest. For example, Han et al., Proc. Natl. Acad. Sci. USA 92:9747-

20 9751 (1995), reported that Moloney murine leukemia virus can be modified to express
human heregulin fused to gp70, and the recombinant virus infects certain human
breast cancer cells expressing human epidermal growth factor receptor. This principle
can be extended to other virus-target cell pairs, in which the target cell expresses a
receptor and the virus expresses a fusion protein comprising a ligand for the cell-

25  surface receptor. For example, filamentous phage can be engineered to display
antibody fragments {e.g., FAB or Fv) having specific bindinglafﬁnity for virtually any
chosen cellular receptor. Although the above description applies primarily to viral
vectors, the same principles can be applied to nonviral vectors. Such vectors can be
engineered to contain specific uptake sequences which favor uptake by specific target

30 cells.

[0121] Gene therapy vectors can be delivered in vivo by administration to an
individual patient, typically by systemic administration (e.g., intravenous,
intraperitoneal, intramuscular, subdermal, or intracranial infusion) or topical

application, as described below. Alternatively, vectors can be delivered to cells ex
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T1 % Estimated NHEJ%  Nuclease assay Tagman gPCR 1 8267ELwt 8196z-KKwt 29.4 54.3 553 2
8267ELwt 8196z-KKD467A 1.1 0.0 0.0 3 8267ELwt 8196z-KKK469A 0.0 0.0 0.0

vivo, such as cells explanted from an individual patient (e.g., lymphocytes, bone
marrow aspirates, tissue biopsy) or universal donor hematopoietic stem cells,
followed by reimplantation of the cells into a patient, usually after selection for cells
which have incorporated the vector.

5 [0122] Ex vivo cell transfection for diagnostics, research, or for gene therapy
{e.g., via re-infusion of the transfected cells into the host organism) is well known to
those of skill in the art. In a preferred embodiment, cells are isolated from the subject
organism, transfected with a ZFP nucleic acid (gene or cDNA), and re-infused back
into the subject organism (e.g., patient). Various cell types suitable for ex vivo

10 transfection are well known to those of skill in the art (see, e.g., Freshney et al,,
Culture of Animal Cells, A Manual of Basic Technigue (3rd ed. 1994)) and the
references cited therein for a discussion of how to isolate and culture cells from
patients).

[0123] In one embodiment, stem cells are used in ex vivo procedures for cell

15 transfection and gene therapy. The advantage to using stem cells is that they can be
differentiated into other cell types in vitro, or can be introduced into a mammal (such
as the donor of the cells) where they will engraft in the bone marrow. Methods for
differentiating CID34+ cells in vitro into clinically important immune cell types using
cytokines such a GM-CSF, IFN-y and TNF-a are known (see Inaba et al., J. Exp.

20 Med 176:1693-1702 (1992)). _

[0124] Stem cells are isolated for transduction and differentiation using
known methods. For example, stem cells are 1solated from bone marrow cells by
panning the bone marrow cells with antibodies which bind unwanted cells, such as
CD4+ and CD8+ (T cells), CD45+ (panB cells), GR-1 (granulocytes), and Iad

25 (differentiated antigen presenting cells) (see Inaba et al., J. Exp. Med. 176:1693-1702
(1992)).

[0125] Vectors (e.g., retroviruses, adenoviruses, liposomes, etc.) containing
therapeutic ZFP nucleic acids can also be administered directly to an organism for
transduction of cells in vivo. Alternatively, naked DNA can be administered.

30 Administration is by any of the routes normally used for introducing a molecule into
ultimate contact with blood or tissue cells including, but not limited to, injection,
infusion, topical application and electroporation. Suitable methods of administering
such nucleic acids are available and well known to those of skill in the art, and,

although more than one route can be used to administer a particular composition, a
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particular route can often provide a more immediate and more effective reaction than
another route,

[06126] Methods for introduction of DNA into hematopoietic stem cells are
disclosed, for example, in U.S. Patent No. 5,928,638, Vectors useful for introduction
of transgenes into hematopoietic stem cells, e.g., CD34" cells, include adenovirus
Type 35. |

[0127] Vectors suitable for introduction of transgenes into immune cells (e.g.,
T-cells) include non-integrating lentivirus vectors. See, for example, Ory ef al. {(1996)
Proc. Natl. Acad. Sci. USA 93:11382-11388; Dull er al. (1998) J. Virol. 72:8463-
8471, Zuffery et al. (1998) J. Virol. 72:9873-9880; Follenzi et al. (2000) Nature
Genetics 25:217-222.

[0128] Pharmaceutically acceptable carriers are determined in part by the
particular composition being administered, as well as by the particular method used to
administer the composition. Accordingly, there is a wide variety of suitable
formulations of pharmaceutical compositions available, as described below (see, e.g.,
Remington’s Pharmaceutical Sciences, 17th ed., 1989).

[0129] As noted above, the disclosed methods and composifions can be ﬁsed
in any type of cell including, but not limited to, prokaryotic cells, fungal cells,
Archaeal cells, plant cells, insect cells, animal cells, vertebrate cells, mammalian celis
and human cells. Suitable cell lines for protein expression are known to those of skill
in the art and include, but are not limited to COS, CHO (e.g., CHO-S, CHO-K1,
CHO-DG44, CHO-DUXB11), VERO, MDCK, WI38, V79, B14AF28-G3, BHK,
HaK, NS0, SP2/0-Agl4, Hela, HEK293 (e.g., HEK293-F, HEK293-H, HEK293-T),
perC6, insect cells such as Spodoptera fugiperda (Sf), and fungal cells such as
Saccharomyces, Pischia and Schizosaccharomyces. Progeny, variants and derivatives
of these cell lines can also be used. In addition, primary cells which may be sensitive
to double strand breaks may be used. These may include, but are not limited to,
CD34+ human stem cells, embryonic stem cells, mouse embryonic stem cells, and
induced pluripotent cells. Cells known to be used in the creation of transgenic

organisms, such as mouse embryonic stem cells and oocytes may also be used.

Applications
[0130] The disclosed compositions and methods can be used for any

application in which introduction of a single-stranded break at a selected location is
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desired. Moreover, as demonstrated herein, single-stranded cleavage facilitates
targeted integration into the site of the single-stranded break (via homologous
recombination), without inducing non-homologous end-joining (NHEJ) events.
[6131} Thus, the compositions and methods described herein can be used for

5  any nuclease application in which specifically targeted single-stranded cleavage is
desirable and/or to replace any genomic sequence with an exogenous sequence {e.g.,
homologous, non-identical sequence).
{0132} For targeted integration, one or more zinc finger binding domains are
engineered to bind a target site at or near the predetermined cleavage site, and a fusion

10 protein comprising the engineered zinc finger binding domain(s) and at least first and
second cleavage half-domains (that form a dimer) are expressed in a cell. The first
cleavage domain is catalytically inactivated and, upon binding of the zinc finger
portion of the fusion protein to the target site and dimerization of the cleavage half-
domains, a single-stranded cut is made in the DNA near the target site.

15 [0133] The presence of a single-stranded break facilitates infegration of
exogenous sequences via homologous recombination. Thus, a polynucleotide
comprising at least one exogenous sequence to be inserted into the genome will
typically include one or more regions of homology with target gene to facilitate
homologous recombination.

20 [0134] Any sequence of interest (exogenous sequence) can be introduced as
described herein. Exemplary exogenous sequences include, but are not limited to any
polypeptide coding sequence (e.g., cDNAs), promoter, enhancer and other regulatory
sequences, shRNA expression cassettes, epitope tags, marker genes, cleavage enzyme
recognition sites and various types of expression constructs. In addition, the

25  exogenous nucleic acid sequence may produce one or more RNA molecules (e.g.,
small hairpin RNAs (shRNAs), inhibitory RNAs (RNAIs), microRNAs (miRNAs),
etc.). Such sequences can be readily obtained using standard molecular biological
techniques (cloning, synthesis, etc.) and/or are commercially available. For example,
MISSION™ TRC shRNA libraries are commercially available from Sigma Aldrich.

30 [0135] Marker genes include, but are not limited to, sequences encoding
proteins that mediate antibiotic resistance (e.g., ampicillin resistance, neomycin
resistance, G418 resistance, puromycin resistance), sequences encoding colored or
fluorescent or luminescent proteins {e.g., green filuorescent protein, enhanced green

fluorescent protein, red fluorescent protein, luciferase), cell surface antigens (e.g.,
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ANGFR) and proteins which mediate enhanced cell growth and/or gene amplification
(e.g., dihydrofolate reductase). Epitope tags include, for example, one or more copies
of FLAG, His, myc, Tap, HA or any detectable amino acid sequence.
[0136] In a preferred embodiment, the exogenous sequence comprises a
5  polynucleotide encoding any polypeptide of which expression in the cell is desired,

including, but not limited to antibodies, antigens, enzymes, receptors (cell surface or
nuclear), hormones, lymphokines, cytokines, reporter polypeptides, growth factors,
and functional fragments of any of the above. The coding sequences may be, for
example, cDNAs. The exogenous sequence may also encode transcriptional

10 regulatory factors.
[0137] For example, the exogenous sequence comprises a sequence encoding
a polypeptide that is lacking or non-functional in the subject having a genetic disease,
including but not limited to any of the following genetic diseases: achondroplasia,
achromatopsia, acid maltase deficiency, adenosine deaminase deficiency (OMIM

15 No.102700), adrenoleukodystrophy, aicardi syndrome, alpha-1 antitrypsin deficiency,
alpha-thalassemia, androgen insensitivity syndrome, apert syndrome, arrthythmogenic
right ventricular, dysplasia, ataxia fciangictasia, barth syndrome, beta-thalassemia,
blue rubber bleb nevus syndrome, canavan disease, chronic granulomatous discases
(CGD), cri du chat syndrome, cystic fibrosis, dercum's disease, ectodermal dysplasia,

20  fanconi anemia, fibrodysplasia ossificans progressive, fragile X syndrome,
galactosemis, Gaucher’s disease, generalized gangliosidoses (e.g., GM1),
hemochromatosis, the hemoglobin C mutation in the 6™ codon of beta-globin (HbC),
hemophilia, Huntington's disease, Hurler Syndrome, hypophosphatasia, Klinefleter
syndrome, Krabbes Disease, Langer-Giedion Syndrome, leukocyte adhesion

25  deficiency (LAD, OMIM No. 116920), leukodystrophy, long QT syndrome, Marfan
syndrome, Moebius syndrome, mucopolysaccharidosis (MPS), nail patella syndrome,
nephrogenic diabetes insipdius, neurofibromatosis, Neimann-Pick disease,
osteogenesis imperfecta, porphyria, Prader-Willi syndrome, progeria, Proteus
syndrome, retinoblastoma, Rett syndrome, Rubinstein-Taybi syndrome, Sanfilippo

30 syndrome, severe combined immunodeficiency (SCID), Shwachman syndrome, sickle
cell disease (sickle cell anemia), Smith-Magenis syndrome, Stickler syndrome, Tay-
Sachs disease, Thrombocytopenia Absent Radius (TAR) syndrome, Treacher Collins
syndrome, trisomy, tuberous sclerosis, Turner's syndrome, urea cycle disorder, von

Hippel-Landau disease, Waardenburg syndrome, Williams syndrome, Wilson's
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disease, Wiskott-Aldrich syndrome, X-linked lymphoproliferative syndrome (XLP,
OMIM No. 308240).

[0138] Additional exemplary diseases that can be treated by targeted
integration following single-stranded cleavage include acquired immunodeficiencies,
lysosomal storage diseases (e.g., Gaucher’s disease, GM1, Fabry disease and Tay-
Sachs disease), mucopolysaccahidosis (e.g. Hunter’s disease, Hurler’s disease),
hemoglobinopathies (e.g., sickle cell diseases, HbC, a—thaléssemia, p-thalassemia)
and hemophilias.

[0139] In certain embodiments, the exogenous sequences can comprise a
marker gene (described above), allowing selection of cells that have undergone
targeted integration, and a linked sequence encoding an additional functionality.
[0140] Furthermore, although not required for expression, exogenous
sequences may also be transcriptional or translational regulatory sequences, for
example, .promoters, enhancers, insulators, internal ribosome entry sites, sequences
encoding 2A peptides and/or polyadenylation signals.

[0141] Nucleases as described herein can also be used for inactivation (partial
or complete) of one or more genomic sequences. Inactivation can be achieved, for
example, by targeted recombination of a missense or nonsense codon into the coding
region, by targeted recombination of an irrelevant sequence (i.e., a “stuffer” sequence)
into the gene or its regulatory' region, so as to disrupt the gene or regulatory region, or
by targeting recombination of a splice acceptor sequence into an intron to cause mis-
splicing of the transcript.

[0142] ZFN-mediated inactivation (e.g., knockdown or knockout) of
endogenous genes can be used, for example, to generate cell lines deficient in genes
involved in apoptosis or protein production {e.g., post-translational modifications such
as fucosylation). ZFN-mediated inactivation can also be used to generate transgenic
organisms (e.g., plants or transgenic animals).

[0143] Targeted cleavage of infecting or integrated viral genomes can be used
to treat viral infections in a host. Additionally, targeted cleavage of genes encoding
receptors for viruses can be used to block expression of such receptors, thereby
preventing viral infection and/or viral spread in a host organism. Targeted
mutagenesis of genes encoding viral receptors {e.g., the CCRS5 and CXCR4 receptors
for HIV) can be used to render the receptors unable to bind to virus, thereby

preventing new infection and blocking the spread of existing infections. See,
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International Patent Publication WO 2007/139982. Non-limiting examples of viruses
or viral receptors that may be targeted include herpes simplex virus (HSV), such as
HSV-1 and HSV-2, varicella zoster virus (VZV), Epstein-Barr virus (EBV) and
cytomegalovirus (CMV), HHV6 and HHV7. The hepatitis family of viruses includes
5 hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus (HCV), the delta
hepatitis virus (HDV), hepatitis E virus (HEV) and hepatitis G virus (HGV). Other
viruses or their receptors may be targeted, including, but not limited to, Picornaviridae
(e.g., polioviruses, etc.); Caliciviridae; Togaviridae (e.g., rubella virus, dengue virus,
etc.); Flaviviridae; Coronaviridae; Reoviridae; Bimaviridae; Rhabodoviridae (e.g.,

10 rabies virus, ete.); Filoviridae; Paramyxoviridae (e.g., mumps virus, measles virus,
respiratory syncytial virus, efc.); Orthomyxovinidae (e.g., influenza virus types A, B
and C, etc.); Bunyaviridae; Arenaviridae; Retroviradae; lentiviruses (e.g., HTLV-I;
HTLV-II; HIV-1 (also known as HTLV-III, LAV, ARV, hTLR, etc.) HIV-II}; simian
immunodeficiency virus (SIV), human papillomavirus (HPV), influenza virus and the

15  tick-bomne encephalitis viruses. See, e.g. Virology, 3rd Edition (W. K. Joklik ed.
1988); Fundamental Virology, 2nd Edition (B. N. Fields and D. M. Knipe, eds. 1991),

for a description of these and other viruses. Receptors for HIV, for example, include
CD4, CCR-5 and CXCR-4.
[6144] " The methods and compositions as described herein can also be used in

20 invitro contexts, for example, as a tool for the introduction of a site-specific nick in
an isolated DNA template, for nucleic acid amplification {e.g., for cloning, library
production), for nucleic acid detection in any sample (e.g., diagnostics of the presence
of genetic conditions and/or infectious agents), for genome walking, for analysis of
DNA methylation analysis and the like. See, e.g,, U.S. Patent Nos. 7,314,714,

25 7,112,423, 7,090,804, 6,884,586; and 6,395,523. For instance, nicking nucleases as
described herein can be used alone or in combination with other enzymes to generate
long and non-complementary overhangs as well as other structures.

[0145] In addition, the compositions as described herein can be used for
generation of nicked (or gapped) double stranded DNA for stand displacement

30 amplification (SDA), an isothermal DNA amplification approach that provides a rapid
(as short as 15 minutes} alternative to detection of polymerase chain reaction (PCR).
See, e.g., U.S. Patent No. 5,523,204; Walker er al. (1992) Nucleic Acids Res. 20(7):
1691-1696. The use of SDA to date has depended on modified phosphorthioate
nucleotides in order to produce a hemi-phosphorthioate DNA duplex that on the
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0.0 0.0 D467A- 24 8267RDK469 8196z-DRwt 0.9 0.0 0.0 101711Thus, DNA SSBs/nicks induced
by ZFN pairs in which one ZFN is catalytically inactivated as described herein are unable to induce
NHEJ. 5 B. Targeted integration 10172]Targeted integration of various donors was also evaluated.
Donors tested included a smaller 46 ph CCR5-patch donor (R5-patch donor), which has a Bgll
restriction enzyme site and total 46bp insertion between the 2 CCR5 ZFN binding 10 sites; a 1.6kb
CCR5-GFP asrbficthsimcanldberesisipib s vne séaadg ) sefdidnsyseyumrts hikiolbgous to

CCRS ( R5-GRERgiosns g afviined gonanibatisplaced e AGER mpvkpshgiveen the
homologous CCR5 sequence of the CCR5- GFP donor with a truncated NGFR reporter gene and

placed the eESEPHAnHEdoRYets dankieratipreied Poib ghtecrdinely sthsumiskeasss dredbetbr template

plasmid (CCh$eih2NGE R Sty igsEcaRssificahidndinatesasiany thsfrliowing a-Ns were
used: 8267-EL (or ZFN-L-IﬁEzéé, 826 /-EL-D450N %ZFN-L-EL-D%O_N), 8267-ELD467A

(ZFN-L-BL-DABF A eS8 HORICAANIHERION F3R PS I e steieeiRit Yriprleliisiftr 46 bp

CCRb5-patchsdomnardasgéfaccordingly, in the diagnosis of the presence of genetic diseases and/or
infectious agents, such as HPV, Hepatitis virus (HCV, HBV, HAV), HIV,
Mycobacterium tuberculosis and Chlamydia trachomatis, from any sample (e.g.,
blood, urine, plasma, tissue samples, isolated cells, fixed cells, etc.).

10 [0146] Additional in vitro applications include the generation of
exonucleolytic degradations. For example, nicking nucleases as described herein can
be used in combination with S1 for the creation of nested deletions. See, e.g., U.S.
Patent Nos. 7,244,560; 6,867,028; and 6,828,098.

15 EXAMPLES
Example 1: Design and Construction of ZFNs with Mutant Cleavage Domains
[0147] Zinc finger proteins targeted to CCRS as described in International
Patent Publication No. WO 2007/139982 were operably linked to engineered cleavage
domains as described in U.S. Patent Publication No. 2008/0131962, essentially as
20 described in U.S. Patent Publication No. 20050064474 and International Patent
Publication WO2005/014791.
[0148] Specifically, CCR5-binding zinc finger protein designated 8196z was
- fused to either the obligate heterodimer forming cleavage domain having (1) E490K
and 1538K mutations to form the zinc finger nuclease (ZFN) designated “81962KK”
25  or (2) an D483R mutation to produce the ZFN designated “8196zDR.” Similarly, the
CCRS-binding zinc finger protein designated 8267 was fused to either the obligate
heterodimer forming cleavage domain having (1) Q486E and I1599L mutations to form
the ZFN designated “8267EL” or (2) an R487D mutation to form the ZFN designated
“8267RD.” |
30  Catalytically inactive forms of all four ZFNs were also prepared by site-directed
mutagenesis of amino acid residues 450 (D to N, designated D450N); 467 (D to A,
designated D467A); or 469 (K to A, designated K469 A).

41



integration was evaluated by a restriction fragment length polymorphism (RFLP) 5assay, in which the
Bgll digested wild-type PCR product is 2433bp, and the Bgll digested fragments of patch-containing
modified CCR5 PCR products are 1554bp and 925bp, respectively. [0174]As shown in Fig. 4B and
Table 1, the combination of wild-type (WT) ZFNs, 8196zICK + 8267EL or 8267IW + 8196zDR induced
DSB, of which 29.4% 10 and 28.4% were repaired by homologous recombination, respectively. The
majority of tHexaalsidatidimensalcdensnediomaing wiifpenz catslyticalbatppptivelslesstge Fold domain

induced homgaeey SRR ERIPRIQRIRPr <2l Of the DNA repair events, whereas none of the
combinations that contain 2 ZENs with catalytically inactivated Fokl domains were able to induce

homologous fd8mbinatiohPe=FaNe Asrsrib e inEx Smplfe L2ERNS Lesthisy YRRy RAISR e catalytic activity
or catalyticalpyiagiiveiedrnn vianisgddlediiaindisea homelepous, EBENMRnatogehythwamselves (Figs.
4C and 4D). [0175]In addition, as shqwn in Figure 5A in a separate experiment, K562, cells treated with
o W, EERRE SRy OB S L S N S BB BRI B conor 1
30.6% of thesenelagBrions:)CRS alleles. The cells treated with the DA50N/WT or D467A/NVVT ZFNs
also showed the CCRS5 locus (7.3 and 8.0%, respectivel t at a -4-fold reduced level of
ciicioncy. TIOHIH not be HEGR e SO S A SHEIIEN (W, DASON, or
D467A). [01Z6iEetedtypiigRhiuinhie aednoid s Rdexquehhesflankseg e RHEENbindi@s experiment

using the CGRERAICHARArWAS B PAHAIARH. CRR% GRS Sro*HanalpaIgdvith the donor
DNA indicated’in Table 2 and combinations of ZFN expression plasmids: ZFN-L-EL + ZFN-R-KIC

(WT), ZEN-Legpsii4gokymuglenligadingsmaohipcsparewitlethefabpring ZEN. RITEK (D467A). Unsorted

or sorted po@iEBWAIR SHRIEFSEIQRNgle ik riRMng 2 Timitssheibigiosy Binglaeall-derived clones 30
were selected under microscope and tested by subsequent en.oti/l%n anal sis._}Ol??]As shown in
o® ﬂ%—‘fa%‘i?é)t?

Table 2, morH¥Hca8yinar thating pAgL B iR RGeANHLY Ktegration into the
CCRS5 locus vaedisnénEthamblighedregusticy 5 inoR-slivepoganmme; sio0ifErtionagadnduction of

ntroduced MRRRBIR I SERIL A b R L TN AR N pars o
evaluate targetagtiniigratictivafitiiepGRPrexpios Sdi @6 odtioNN et 826CIRD dodus. Briefly, GFITir cells

were sorted ﬁgggﬂdﬁj’% slgmaﬁ 've};[aq(gi?l% ?gg%l@ég‘%%‘é‘)aﬁ%a%mg&mag&jl\@ﬁ%%lof California

(Berkeley, C escribe oe fe_et atl Ac ci USA 104: 3055-3060, and this
sorted populE#&7 WasTisavitduge aérageositpledeybsietio dNdonukZf04 pPojRmeIgshe 75 GFP+ clones

derived fromhe Smpla eatsr iR WM MG T idEL 51 ZE0 FAGK B RoRS-GFP), 70

clones (93.3%) harbored 10Tl events and 58 clones (77.3%) harbored NHEJ events. In contrast, the

clones modifigd B iRPatvidhmmti{inaiana dewriker PERK: (ZFN-L-EL-D450N + ZFN-R-1CIC +

CCRS5-6iFP) glisyyed no NTRdWasss meeiicatianewbeieradiiiis60mohtdei@trl 93 clones exhibited

a Tl event. One out of 95 clones (1.1%) derived from the cells, . .
untreated (fdoub(ie-str.'mgi]éd1 clogavage products) or freated with a DNA denaturing

solution (1.0M glyoxal, 10mM NaH,P0O4/Na,HPO,, pH 7.0, 50% DMSO) to generate
single-stranded DNA before separation on a 10% Ready™ gel TBE gel (Invitrogen).
[0152] As shown in Fig. 2A, double-stranded cleavage products were

25  efficiently generated only with ZFN pairs 8196zKK + 8267EL (WT) or 8267RD +
81962zDR (WT), in which the Fokl cleavage half-domains of both left and right ZFNs
are catalytically active. The parental uncut DNA (292bp) is present with all ZFN
pairs. Two fragments (~168 bp and ~124 bp) were seen with when both ZFNs were
catalytically active (8196zKK + 8267EL (WT) or 8267RD + 8196zDR (WT) pairs).

30  For all ZFN pair combination in which one of the ZFNs is catalytically inactivated by
the indicated point mutation, double-stranded breaks in the CCRS target DNA were
not generated.
{0153} However, as shown in Fig. 2B, ZFN pairs with one catalytically
inactive ZFN induced single-stranded breaks. In particular, the ~168 bp fragment

42



treated with D467A/WT ZFNs (ZFN-L-EL-D467A + ZFN-R-ICIC + CCR5-GFP) 15 showed an
NHEJ-like mutation at CCR5, whereas 67 clones (70.5%) exhibited a Tl event. See, Table 2. [0180]For
experiments using the CCR5-tNGFR-outGFP donor, cells undergoing HDR-driven TI of the sequence
encoded on the donor should only express the NGFR marker, but not GFP (NGFR+GFP-). Expression
of eGFP (GFP+) would 20indicate the presence of episomal DNA or random integration of the donor

plasmid at uRkFTOVWARFRBEE: [ £]50y aen sl Ldomaingres rriplytisdbreiysasdmdicamandede first

incubated witheahtirdNiFdRcm A BD Phaesningars) rvasieafwanditder dack kafad-with agat anti-mouse
IgG conjugated with Dynal beads proyvided in the CELLection Pan 25mouse IgG kit (Invitrogen),

followed by FAESiHEF HIRSUGH FRAUEHITHSER n8Ea 4L it tdhlo it HoAre Aidpdiicells by DNase
| digestion fol@aéngianiifacitsaisiisy uatomdlvidg aaktAketaaive\ioaella \weee gither unstained or

incubated wi ti-NGFR [nAb conjugated with P D Pharmingen), thep.sorted based on GFP
aior NGFF NGRS ST /LR i TR 1at EPCERECERtL ~ OB CFEVSE PN NGFFes GFP-
cell pool deritred Tronmh datishirBaddswatid Wiy vid - BENed (@B HigE2().ZEN-R-ICK +

CCRS5-tNGFRy: FP) copfain ﬁg igh I 9 -base ification,.whereas no NHEJ
modification g%;i etecte in ce ’?égatelg %ﬁ&éﬁ%ﬁ%%%%ﬁgg%ffg@%#%%ﬁ?l -EL-D450N +
ZFN-R-ICIC donarsmn@riytnHtyRey v D JerprraErhclearegpnarincis FER-RA, kikes

CCR5-INGFRaUtSFR): 28 ASIeINOSE Yo SUVeYAEEMANGIRAS @Rsau Rt §fy. This difference in
the level of modification b% NHEJ was also observed both in the sorted NGFR+GFP+ cell population

and unBrie PSS T4 AN AR IR T RARP TR EVRE A FaFreani4Ing Honor and nick- 5

inducing ZFNg 44N MAErLRAG AN RE fidhah e xbiitiNH BB, usiRg theSvoveyaritl nuclease
assay, we found >18°§ of theH%CRS alleles in the sorted NGFR+GFP- cells derived from these

samples harb§d DerRea RS SRiBASREN IS A0 LEt R BRPEAGIHRIF BseIsr BB 0 rthermore,
single cell-desited elomENgestemdadafrend SabujeleGseoatedd@ith the DASON/WT and D467A/WT ZFNs

10confirmed 1 out 1 (78%) and 74 out of 96(77.1%).clones have TI in their genomes,
respecivety LIS 2. 1n TOARASPtg HraCATAG e e et TS S e A S Sete. which
would éfrichdfonael snthdiidrachactiengerdatrbominiecpatidicof theadtnaed kserdederived from the

ZFN-treated §ﬁ§§ﬂl&§m WEHRISSQueies bands were seen in the sorted NGFR+GFP+ cells
derived from the 15 WT/WT ZFN (ZFN-L-EL + ZFN-R-KK + CCR5-tNFR-outGFP)-treated sample, in

addition to the expected Tl band, presumably caused by the presence of various kinds of NHEJ

modification g {rfffos r iﬁ‘éeﬁﬁﬂﬁm&fﬁi%iﬁgﬁoﬁgm\ﬂﬁmm% Argifble persistence of the
donor plasmid as episomal DNA. 101841As shown in Table 2, more than 25% of the expanded clones

were 20hete1%z¥§é§§§$§? targeted integration into the CCR5 locus, confirming the high frequency of
HDR-dpigen ggBeme modificatisinaiewheiiet S8 BhbE/maks udsdle ah Bnelsative method

for inducing recombination-based genome editing at a targeted locus, we first tested
the system in yeast, essentially as described in Doyon er al. (2008) Nat Biotechnol
26:702-8 and U.S. Patent Publication No. 20090111119.
[0157] A SSA-MELI reporter yeast strain, in which the CCRS ZFN-targeting
25  sites was introduced between the 2 overlapping and nonfunctional fragments of MEL]
gene, was transformed with the ZFN expression plasmids: ZFN-L-EL-D450N + ZFN-
R-KK (D450N), ZFN-L-EL-D467A + ZFN-R-KK (D467A) or control vectors
(Control). ZFN expression was induced by culture cells in 2% galactose for2t0 6
hours before overnight culturing in glucose media and assaying for galactosidase
30 activity.
[0158] Significantly increased galactosidase activities were observed along
with the induction of ZFN expression for 2-6 hours by galactose in cultures treated
with D450ON/WT (40.0-75.5 mU) or D467A/WT (51.7-96.0 mU) ZFNs compared to
cultures treated with the control vectors (2.7-4.1 mU), demonstrating that SSB/nicks
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Donor ZFN Total clones Tl clones Tl clones% NHEJ clones NHEJ clones% Unsorted R5-Patch D450N
283 73 25.8% ND ND Unsorted R5-Patch D467A 284 86 30.3%

10

15

20

25

30

induced by ZFNs as described herein are recombinogenic and can be repaired by
single-strand annealing in yeast.

[0159] To ensure that ZFNs induced MELI expression via SSA repair of
SSB/nicks and not DSBs, the ability of the ZFNs to induce DSB formation was also
evaluated. In the absence of homologous template sequence, DSB induction is lethal
to more than 99.8% of the yeast cells in a colony. Yeast cells with the CCR5 ZFN
target sites integrated into the HQ locus were transformed with ZFN expression
plasmids and cultured in minimal media containing glucose or galactose at ten-fold
serial dilutions. Only cells in which the ZFNs do not induce DSBs would be expected
to survive induction of ZFN expression.

10160} The cells grew well in the presence of glucose (no induction of ZFN
expression) regardless of the ZFN expression plasmid introduced in these cells. In the
presence of galactose, we observed a 2-3 log reduction in the number of yeast cells
that survived in culture when treated with the WT/WT ZFNs, as compared to cultures
treated with control vectors. In contrast, yeast transformed with an expression
construct replacing one of the WT/WT ZFNs with one of the ZFNs variants (D450N
or D467A) were indistinguishable from those cultures treated with the control vectors.
Western blot analysis of extracts taken from these cultures confirmed that the
expression levels of the ZFN proteins were similar.

[0161] As the observed lethality is completely dependent on the presence of
the integrated CCRS5 target sites, it is not due to the generation of random DSBs by
the wild-type ZFN. Therefore, these results confirmed that within the context of a
living cell, the ZFNs generating SSB induce SSA-mediated repair via SSB/nick

formation and do not catalyze DSBs.

B. Mammalian Cells

[0162] To evaluate whether SSB/nicks can be repaired by an HDR-dependent
SSA pathway in mammalian cells, K562 cells were co-transfected with ZFN
expression plasmids and a SSA-GFP reporter plasmid, in which the eGFP open
reading frames with repeated homologous sequences flank a stretch of DNA encoding
the CCRS5 ZFN target sites (required for HDR dependency), and the number of cells
undergoing SSA-mediated repair and expressing GFP was then monitored by flow

cytometric analysis.

44



ND ND G FP+ R5-G FP WT 75 70 93.3% 58 77.3% GFP+ R5-GFP D450N 93 61 65.6% 0 0.0% G
FP+ R5-GFP 0467A 95 67 70.5% 1 1.1%

[0163] As shown in Figure 3, significantly more GFP" cells were observed in
samples treated with D45SON/WT (ZFN-L-EL-D450N + ZFN-R-KK + SSA-GFP
reporter, 3.55%) or D467TA/WT (ZFN-L-EL-D467A + ZFN-R-KK + CCR5-SSA-GFP
reporter, 3.40%) than the sample treated with the SSA-GFP reporter alone (0.67%),

5  though it is 2-3 fold less compared to the sample treated with WT/WT ZFNs (ZFN-L-
EL + ZFN-R-KK + SSA-GFP reporter, 8.58%).
{0164] These data indicate that SSB/nicks generated by ZFNs generating
SSBs can also be repaired by the SSA pathway in marmmalian cells.

10  Example 4: Single-stranded breaks facilitate target integration by homologous
recombination
[0165] The ability of ZFNs that induce SSB/nicks to facilitate homologous
recombination and/or NHEJ was also determined.
{0166} Briefly, K562 cells were treated with ZFN combinations indicated in

15 Table 1 alone or with ZFN combinations indicated in Table 1 and a CCRS patch
donor sequence. Genomic DNAs were collected from treated cells after 3 days and
then tested for NHEJ events by the Surveyor™ nuclease assay and TagMan™ qPCR
assay. In addition, an RFLP assay was used to test targeted integration by
homologous recombination.

20

A. Non-homologous end joining

[0167] As noted above, the percentage of NHEJ events was estimated by
'Surveyor“’ nuclease assay and TagMan™ gqPCR assay. Briefly, the Surveyor™
nuclease assay was conducted as described in Miller et af (2007) Nat. Biotech.

25  25:778-785). The Tagman™ gPCR assay was conducted according to the
manufacturer’s instruction to measure the presence of a 5 bp insertion known to occur
in approximately 10 to 30% of cells following double-stranded cleavage with CCRS
ZFNs. Accordingly, specific primers were designed based on this pentamer insertion
event, tested, and optimized. The assay is able to detect 1 copy of the plasmid DNA

30  containing the pentamer insertion sequence. The assay can also easily detect 0.01%
(1e-4) NHE]J event in genomic DNA samples.

[0168] In addition to the uncut parental DNA (292bp), the presence of the
cleaved large fragment (~168bp) and small fragment (~124bp) indicates cleavage by



R5-NGFR-

10

NGFR+GFP" outGFP WT 83 79 95.2% ND ND R5-NGFR- NGFR+GFP" outG FP

the Surveyor™ nuclease due to NHEJ-induced modification of DNA sequences and
the subsequent formation of DNA heteroduplex during the assay process.

[0169] Results, as shown in Table 1 and Fig. 4A, demonstrate that the
combination of wild-type (WT) ZFNs, 8196zKK + 8267EL or 8267RD + 8196zDR
(lanes labeled 1 and 9), induced DSB, of which 54.3% and 36.7% were repaired by
NHE], respectively. See, also, Figure 5B showing NHEJ only with wild-type ZFNs.
(0170} By contrast, none of the other ZFN combinations, in which one of the
two ZFNs contains catalytically inactivated point mutations in the Fokf domain,
induced double-stranded breaks, based on the absence of repair by NHEJ as detected
by a radioactive Surveyor™ nuclease assay and a highly sensitive Tagman™ gPCR

assay. See, Figure 5B.
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D450N 91 71 78.0% ND ND R5-NGFR- NGFR+GFP" outG FP D467A 96 74 77.1% ND ND
[0185]Thus, single-stranded breaks (nicks) in DNA can induce homologous recombination in
mammalian (e.g., human) cells, and can be used for targeted integration of any DNA sequences, with
reduction or elimination of on or off-target NHEJ mutations at the ZFN cleavage sites. 5

Table 1
Estimated Estimated NHEJ%
Nucloase Tagman
Sampie# Left ZFN Right ZFN Ti % assay gqPCR
1 8267EL  wi 8196z-KK  wt 29.4 54.3 55.3
2 8267EL  wi 8196z-KK  D487A 1.1 0.0 0.0
3 B267EL  wit 8196z-KK  K469A 0.0 0.0 0.0
4 B267EL D467A 8196z-KK  wt 1.8 0.0 0.0
5 8267EL K468A 8186z-KK  wt 0.7 0.0 0.0
6 B267EL D467A 8196z-KK  D467A 0.0 0.0 0.0
7 8267EL  K4B89A .81862-KK  K46BA 0.0 - 0.0 0.0
8 8267EL D467A 8196z-KK  K468A 0.0 0.0 0.0
g B267RD  wit 8196z-DR  wt 284 38.7 34.6
10 8267RD wit 8196z-DR  D467A 0.7 0.0 0.0
" 8267TRD wt 8196z-DR  K468A 0.0 0.0 0.0
12 8267RD  D4B7A 8196z-DR  wt 2.0 0.0 0.0
13 8267RD K488A 8196z-DR  wi 0.5 0.0 0.0
14 8267RD  D467A 8196z-DR  D4&7A 0.0 0.0 0.0
15 8267RD K4G68A 8196z-DR  K469A 0.0 Q.0 0.0
16 8267TRD K4G69A 8196z-DR  D487A 0.0 0.0 0.0
D467 A-
17 8267EL wi 8196z-KK K469 0.6 0.0 0.0
18 8267EL  wt 8196z-KK  D450A 1.9 0.0 c.o
18 8267El. D450A B196z-KK  wt 2.5 0o 0.0
D467 A-
20 8267EL K468 8196z-KK  wt 0.0 0.0 0.0
21 B267RD wt £196z-DR  D450A 1.1 0.0 0.0
22 8267RD wt 8186z-DR  D450N 1.2 0.0 0.0
23 8267RD D450N 8196z-DR  wt 1.5 .0 0.0
D4BTA-
24 B8267RD K469 8196z-DR  wt 0.9 0.0 0.0
[0171} Thus, DNA SSBs/nicks induced by ZFN pairs in which one ZFN is

catalytically inactivated as described herein are unable to induce NHEIJ.

B. Targeted integration
[0172] Targeted integration of various donors was also evaluated. Donors

tested included a smaller 46 pb CCRS5-patch donor (R5-patch donor), which has a Bgil
restriction enzyme site and total 46bp insertion between the 2 CCRS ZFN binding

10 sites; a 1.6kb CCRS-GFP donor, in which an eGFP expression cassette is flanked by
sequence homologous to CCRS ( R5-GFP donor); and an additional donor that
replaced the eGFP marker between the homologous CCR5 sequence of the CCR5-
GFP donor with a truncated NGFR reporter gene and placed the eGFP marker cassette
outside the homologous CCR5 sequence on the donor template plasmid (CCRS5-

15  NGFR-outGFP donor). Unless specifically indicated below, the following ZFNs were
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Example 5: Solexa(r) deep sequencing [0186]To further evaluate whether 558/nicks are repaired by
the NHEJ pathway, we performed Solexa(r) deep sequencing of the CCR5 target locus from WT/WT,
D450/WT ZFNs, or control treated K562 cells. Briefly, genomic DNAs 10 were amplified use a pair of
CCRS5 primers located outside the CCR5 homologous region of donor molecules. The amplified 2.5kb
CCRS5 fragments were gel purified and used as templates for inside PCR reactions using primers

containing Bp#dla7d khbl (@ stiidiidninz frid SileD4DA8 1T HERrhpiEoRd Mle 36A Blgested with Bpml
and Xhol to tsqpoxe reiDE N §F APRROL he, R megueR {0 allow sequencing to begin close to

the putative ZFN cleavage sites. The digested products were gel purified and ligated to adaptors which

have Bpml- 15bl-digestB o RigsiRee & die s lea Re’eh domeéarisisdotide 'bar-code'
unique”to eamk@mﬂm@ev%ﬁam@bygé%aﬁha% )ﬁﬁ@ﬂuﬁtﬂd&ﬁ@tﬁﬁb%&gﬂik%ﬁﬂf&@@‘ﬂ F’CbR amglified
using lllumina Genomjc DNA Primers 20(Illumina). The resulting PCR products were subjected to
Soleia(é deﬁsﬁaé/e&bgrhﬁlﬁé %@ggglgf’ o] ﬂTQ’?ﬁ&ﬁ‘:ﬁé’% %U%H@R%a B Lsdiels, Unjiversity of
California (Béiatey fGEgnheAtcusimnhariieinbompodticlcliPRI PCRspdacextiadtsshigearences which
were either \le'gé)r (ggsngic }e t with NHEJ mediated deletions or insertions. [0188]Greater than 485,000
quality sequencep reads ?>§ ¥ confidence for 25each base) were analyzed from each of the samples
tested. The $@blfdnces dekiveltbivorin thig.\AE ANTTZBIS sahepieniBinhtinnRif wikFyipR(MK)+ CCR5-patch)

showed that 260,500t T4/ 43678%, 82996MeRS (3587 BLAHEG AORGfieR by NHEJ. See,
Table 3. 30 Table 3: Solexa deep se uencin of unsorted pools ZFN-L ZFN- R Tota WT Ins Uni- Ins

Del UnifPDeland 28.4% were repaired by homologous recombination, respectively. The majority of
the combinations that contained one wild-type ZFN with a catalytically active Fok/
domain induced homologous recombination in 0.5-2.5% of the DNA repair events,
whereas none of the combinations that contain 2 ZFNs with catalytically inactivated
Fokl domains were able to induce homologous recombination. Furthermore, all

15  single ZFNs, either having wild-type catalytic activity or catalytically inactivated
mutants, failed to induce homologous recombination by themselves (Figs. 4C and
4D).

16175] In addition, as shown in Figure 5A in a separate experiment, K562
cells treated with the WT/WT ZFNs (DSB-inducing) showed targeted integration (TT)

20 of the CCRS5-patch donor in 30.6% of the endogenous CCRS alleles. The cells treated
with the D450N/WT or D467A/WT ZFNs also showed T1 at the CCRS locus (7.3 and
8.0%, respectively), but at a ~4-fold reduced level of efficiency. TI could not be
detected in any of the samples treated with a single ZFN (WT, D450N, or D467A).
[0176] Genotyping of single cell clones derived from unsoried pools in the

25 experiment using the CCRS5-patch donor was also performed. K562 cells were co-
transfected with the donor DNA indicated in Table 2 and combinations of ZFN
expression plasmids: ZFN-L-EL + ZFN-R-KK (WT), ZFN-L-EL-D450N + ZFN-R-
KK (D450N), or ZFN-L-EL-D467A + ZFN-R-KK (D467A). Unsorted or sorted pools
were subjected to single cell cloning by limited dilution. Single cell-derived clones

30 were selected under microscope and tested by subsequent genotyping analysis.

[0177} As shown in Table 2, more than 25% of the expanded clones were
heterozygous for targeted integration into the CCRS locus, confirming the high
frequency of HDR-driven genome modification via induction of SSB/nicks in K562

cells.
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Ins+Del Ins+Der/o none none 1772351 1772256 0 0 24 14 24 0.0014 EL KK 713186 427922 68594 91
191915 500 260509 36.5275 EL-
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[0178] Similarly, the larger 1.6 kb CCRS-GFP donor described above was
introduced into K562 cells along with the WT/WT CCRS5 ZFN and nickase mutant
ZFN pairs to evaluate targeted integration of the GFP expression cassette into the
CCRS locus. Briefly, GFP” cells were sorted for by fluorescence activated cell
sorting (FACS) at facilities in University of Califomia (Berkeley, CA) as described in
Moehle et al. (2007) Proc Natl Acad Sci U § A 104: 3055-3060, and this sorted
population was used to generate single cell-derived clones.

[0179] Among the 75 GFP+ clones derived from the sample treated with the
WT/WT ZFN (ZFN-L-EL + ZFN-R-KK + CCR5-GFP), 70 clones (93.3%) harbored
T1 events and 58 clones (77.3%) harbored NHEJ events. In contrast, the clones
modified by treatment with the D450N/WT ZFNs (ZFN-L-EL-D450N + ZFN-R-KK
+ CCR5-GFP) showed no NHEJ-based modification, whereas 61 (65.6%) of the total
93 clones exhibited a T1 event. One out of 95 clones (1.1%) derived from the cells
treated with D467A/WT ZFNs (ZFN-L-EL-D467A + ZFN-R-KK + CCR5-GFP)
showed an NHEJ-like mutation at CCRS5, whereas 67 clones (70.5%) exhibited a T1
event. See, Table 2.

[G186] For experiments using the CCRS5-tINGFR-outGFP donor, cells
undergoing HDR-driven TI of the sequence encoded on the donor should only express -
the NGFR marker, but not GFP (NGFR+GFP-). Expression of eGFP (GFP+) would
indicate the presence of episomal DNA or random integration of the donor plasmid at
unknown sites.

[0181] To enrich cells with surface NGFR expression, cells were first
incubated with anti-NGFR mAb (BD Pharmingen), washed, and then incubated with
goat anti-mouse IgG conjugated with Dynal beads provided in the CELLection Pan
mouse IgG kit (Invitrogen), followed by passing through magnetic fields. Beads were
then removed from enriched cells by DNase I digestion following manufacture’s
instruction (Invitrogen). Alternatively, cells were either unstained or incubated with
anti-NGFR mAb conjugated with PE (BD Pharmingen), then sorted based on GFP
and/or NGFR expression levels using a flow cytometric cell sorter.

[0182] The sorted NGFR+GFP- cell pool derived from cells treated with
WT/WT ZFNs (ZFN-L-EL + ZFN-R-KK + CCRS5-{INGFR-outGFP) contained a high
level (63.2%) of NHEJ-based modification, whereas no NHE] modification was
detected in cells treated with the following ZFNs: D450N/WT (ZFN-L-EL-D450N +
ZFN-R-KK + CCR5-{INGFR-outGFP} or D467A/WT (ZFN-L-EL-D467A + ZFN-R-
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D450N KK 944605 944492 18 2 25 13 43 0.0046 EL none 549766 549698 8 2 24 11 32 0.0058

16

15

20

KK + CCR5-tNGFR-outGFP), as determined by the Surveyor™ nuclease assay (Fig.
6A). This difference in the level of modification by NHEJ was also observed both in
the sorted NGFR+GFP+ cell population and unsorted pools.

[0183] While the cells treated with the CCRS-INGFR-outGFP donor and nick-
inducing ZFNs (D450N/WT or D467A/WT) did not exhibit NHEJ using the
Surveyor™ nuclease assay, we found >18% of the CCRS alleles in the sorted
NGFR+GFP- cells derived from these samples harbored a targeted insertion event, as
detected by Southern blot (Fig. 6B). Furthermore, single cell-derived clones
generated from samples treated with the D4SON/WT and D467A/WT ZFNs
confirmed that 71 out of 91 (78%) and 74 out of 96 (77.1%) clones have T1 in their
genomes, respectively (Table 2). In contrast, no T1 events were seen in the sorted
NGFR+GFP+ cells, which would enrich for cells that had undergone random
integration of the donor plasmid, derived from the ZFN-treated samples. Multiple
Southern blot bands were seen in the sorted NGFR+GFP+ cells denived from the
WT/WT ZFN (ZFN-L-EL + ZFN-R-KK + CCRS5-tNFR-outGFP)-treated sample, in
addition to the expected TI band, presumably caused by the presence of various kinds
of NHEJ modification at CCRS, random integration of the donor DNA terﬁplate, or
stable persistence of the donor plasmid as episomal DNA.

[0184] As shown in Table 2, more than 25% of the expanded clones were
heterozygous for targeted integration into the CCRS locus, confirming the high

frequency of HDR-driven genome modification via induction of SSB/nicks.

Table 2
Total TI - NHEJ NHEJ
Pools Donor 2FN clones | clones clones% | clones clones%
Unsorted R5-Patch  D450N 283 73 25.8% ND ND
Unsorted R5-Patch D48TA 284 86 30.23% ND ND
GEP* R5-GFP WT 75 70 93.3% 58 77.3%
GFP* R5-GFP D450N 23 61 65.6% 0 0.0%
GFP* R5-GFP  D467A 95 67 70.5% 1 1.1%
R&-NGFR-
NGFR'GFP’ outGFP WT 83 79 95.2% ND ND
RE-NGFR-
NGFR'GFP’ outGFP D450N a1 71 78.0% ND ND
R5-NGFR-
NGFR'GFP" outGFP D48T7A 96 74 77.1% ND ND
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D450N none 495811 495766 0 0 0 0 0 0.0000 none KK 485162 485103 6 1

[0185] Thus, single-stranded breaks (nicks) in DNA can induce homologous
recombination in mammalian {e.g., human) cells, and can be used for targeted
integration of any DNA sequences, with reduction or elimination of on or off-target

NHE] mutations at the ZFN cleavage sites.

Example 5: Solexa® deep sequencing

[0186] To further evaluate whether SSB/nicks are repaired by the NHEJ
pathway, we performed Solexa® deep sequencing of the CCRS target locus from
WT/WT, D430/WT ZFNs, or control treated K562 cells. Briefly, genomic DNAs
were amplified use a pair of CCRS primers located outside the CCRS homeologous
region of donor molecules. The amplified 2.5kb CCRS5 fragments were gel purified
and used as templates for inside PCR reactions using primers containing Bpmli and
Xhol restriction enzyme sites.

0187} The amplicons were then digested with BpmI and Xhol to remove the
5’-end of 16bp of the PCR products to allow sequencing to begin close to the putative
ZFN cleavage sites. The digested products were gel purified and ligated to adaptors
which have Bpml- or Xhol-digested DNA-like ends and contaiming no tag or a three-
nucleotide ‘bar-code’ unique to each experiment. Adaptor-ligated PCR products were
then gel purified and PCR amplified using llumina Genomic DNA Primers
(Illumina). The resulting PCR products were subjected to Solexa® deep sequencing
located at California Institute for Quanfitative Biosciences, University of California
(Berkeley, CA). A custom-written computer script was used to extract all sequences
which were either WT or consistent with NHEJ mediated deletions or insertions.
[0188] Greater than 485,000 quality sequence reads (> 99% confidence for
each base) were analyzed from each of the samples tested. The sequences derived
from the WT/WT ZFN sample (ZFN-L-EL + ZFN-R-KK + CCR5-patch) showed that
260,509 out of 713,186 sequences (36.5%) appeared to be modified by NHEJ. See,
Table 3.
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10 7 16 0.0033 *"WT" refers to wild-type; "Ins" refers to insertions; "Del" refers to deletions; "Uni"
refers to unique insertions or deletions 5101891In sharp contrast, the sequences analyzed from the
D450/WT ZFNs (ZFN-L-EL-D450N + ZFN-R-ICIC + CCR5-patch) revealed that only 43 out of 944,605
sequences (0.0046%) exhibited mutations consistent with NHEJ, a >7,900 fold reduction in NHEL The
mutation rate in the D450/WT ZFN treated cells is within the background noise of the assay

(0-0.0058%), which is presh ; Ealexa® depp saqueacingatwagaitathpesie PCR amplification and
sequencing >t§p§ Paséi%n dartatf om s%r,‘?ple t!'eated eh dopor DN%’Qth!nsj oqurlriisr_l giﬂ/%ngle
ZFN. This isiaiso buppw ted Ic bllld." ||uu| et c Seguence-vartaistraentmeatn e ontrol

and ZFN sarnppé’g A gr‘?gfer él;”é Ity i 5%es oPseque% e m&dificatibht obséfved WAl be
expected, ag seELh in th&W TP AN - 178412 gf?ﬁ?)‘fe if tRedd VS TodificRiorieWare Uit NHIEJ.
101901The celisstigateckivith 4NN/ W1 Lhl$ in the presence ofdgCR54 patch dghnor hgrkreed 7.3%

targeted integragipn evepts, Megeieg theigsissd >1,500 foldypreferegce fog HDR oyer NHEdgdsing the
ZFNs. It shouldthe noted that the addition of asingle ZFN ddes not cause modification of the Ipcus by

NHEJ, providifg20 additienpl €4a8iEncetdvdbhe bin@ing of @ |ZFNs I the &ppropridte oriedRAgn on
DNA is requiredofrsr DSBHformaA8616401983PAdse ddta sugdasted that theiel are either ng.e138xtremely
low levels of NFED" é@@ﬁﬁqn@éﬂmﬁu&iﬁ’g@fﬂﬁme&te@@aﬁﬁﬂp@%” Tiersdodaletionsieilbunfirm that
SSB/nicks aféfes|&e iy apsiarhytideirtiontd not NHEL 25 Example 6: Genome-wide assessment of
DSB formation induced by ZFN pairs with a catalytically inactivated ZE(IJ\IQ#,‘%D 01921SSB/nicks are one of

the mos? fredBbfthypes oDRARISTRESY: 6 dERetrF andlogehbog ibs oXygeRNpecies or during
DI\IIA metabqii- BUED- ms@NA mamm rapligati 'Qmmgh@&eﬂaa m?tr&ag@%grslglsely kz)zlo%';)AN
olymerases and ligases usin intac osjte strand as a ate. See, Caldecott at
FF)Qe\)// Genet 9° éigéglw%%?ﬁ ?;\a)t X%%DE&QHHQWW %@%‘%@F&&HW& t#é148uce a low level
of DSBs at gfeilbraiusies mthkrﬁhaﬂinhmtmiabdesiéafgﬁ‘eﬂesWE PeNargard eefleome-wide
assessment of%) %lfq) tion b ndetec 7H2A§6 %ﬁg ﬁlgﬁressmn since 7H2AX and 53BP1
are recruited 1o the &1te ot BoBS A9 the ha raﬁ ¥ ponseé to N amgge f@neeﬁjy, for
intracellfilar $tatming geyeiaadkdoatis dolRCRdnaplviaridios tindsepiatsife. gtspb, Basddon dadays)

post-nucleof o FBS, and
0.02% NaN3g§1ug%i§{)§£%(?%%r? ﬁ&&%&g%ﬁ%ﬁ%@?@ﬁ%{%&&%? anti cF))dfi{/l L{E’Jp?'is‘t?ée) followed by

incubation WAHPRAERE Irubeasml sunbeiefupidicsraipRissEmssaidisdivm thy, apaiedgen). Cells
were then anglyzediugingia Chaxsakrarnaiey)in g8 pell analiRisceyalrimésedaya(r) Technologies).

observed would be expected, as seen in the WT/WT ZFN-treated sample, if these

15 modifications were due to NHEJ.
[0190} The cells treated with D450N/WT ZFNs in the presence of CCR5-
patch donor harbored 7.3% targeted integration events, meaning there is a >1,500 fold
preference for HDR over NHEJ using the ZFNs. It should be noted that the addition
of a single ZFN does not cause modification of the locus by NHEJ, providing

20  additional evidence that the binding of 2 ZFNs in the appropriate orientation on DNA
is required for DSB formation.
[6151] These data suggested that there are either no or extremely low levels of
NHEJ events in SSB-inducing ZFN-treated samples. These data further confirm that
SSB/nicks are selectively repaired by HDR and not NHEJ,

25
Example 6: Genome-wide assessment of DSB formation induced by ZFN pairs
with a catalyticaily inactivated ZFN
10192} SSB/nicks are one of the most frequent types of DNA damage

produced by endogenous reactive oxygen species or during DNA metabolism, such as

52



15[0194]For 53BP1 immunocytochemistry, cells were collected to prepare slides by cytospin (Thermo
Scientific) and stained with anti-53BP1 rabbit polyclonal antibodies (Bethyl Laboratories) followed by
taking pictures with a CCD camera connected to an immunofluorescence microscope (Nikon) as
described before in detail in Perez et al. (2008) Nat Biotechnol 26:808-16. 20[0195]Under the
experimental conditions used to transfect cells with ZFNs and donor, a significant amount of yH2AX

expression W By aad nepdirstipsatelichigavby reprizs ReccpeN by EINA ppiyomemies+ CCR5-patch,

14.70% yH2Aniicakes qea%m&a%ﬂ U AR INcpainiedted il RASONOY Wa:
(ZFN-L-EL-D450N + ZFN-R-IUC + CCR5-patch, 0.33% yH2AX+). However, slightly higher 7TH2AX 25

expression Wi G52 fiddeliSauEhs SYRF BRSO IHRE SE-eensatng HOICK. +

CCRS5-patchimdd4% Iy ddyel) o COSSiS R rHenitilithet ey eriothabary watindethatdhes R4 66A/WT pair may
retain a small amount of DSB actjvity. As expected m%re 53BP It foci were also observed in cells

treated with WHEARACS  BROPAERMIE 1SSePPIRERACICE EREgRiceperBrASHEN, AveSD) than in
cells treated sy@p Bexieldh MW TIN5 3 BB R4 RN ited R 4K 4r OSERPapateh, 0.840.17

foci/cell), which is essentially at.the level of background. A moderate increase in the number of
53BP1+ foci TWHEAHFSBANSE 1 RIS S8H388 with DA67A/WT (ZFN-L-ELD467A + ZFN-R-ICK +
CCRb5-patchjot 9310.33 foakcetl), conppaaditdatheatong of s XansfecttidcnedniharfaGR5-patch donor
alone (0.824.22 foci/cell). The ression of 7H2AX and 53BP | returned.tq.background levels within a
week after tr%rﬁgfg%i?g%tgﬁggfefﬁafg% L%Ozﬁ 'rs“é%%%g% 11?&‘555‘7&%@%?@%)?%@5%38% expression
under thise Bemgershdnidecholito Ssforthe? . CUnHBR, tat ZEMs BaN2scRBS) et éiardo not increase

e oo Sl Grm et ey RACKARUIM NSRS A A0 oUPROTRUIBLNG (rooied

integration observed in the SSB-inducing ZEN-treated Ce occur t 1 nick-induced HDR, not
DSB-induce& MDRexnblpesttdingniteaiks erthvathiatise fomeanigighttandis dnvéretemiman cells while

reducing theqpletial el JAANKHAIYE (RRYOH: a%eé@%@ genaris MR G Fxample 7:
SSB-ZFN-initiated ta%eted intgﬁ.ﬁtion%} a non-CCE?Z endogenous Iocu@s [0197]To further evaluate
whether ZFNS¥R¥M$hdernalegiis)can be used for 15genome editing at loci other than the CCR5 locus,

welt%stm D@N]ZFA\IS-imﬁatfmmrgaiﬁdﬂm?@@{&aﬂ@%Q@k@&%ﬁ%&@@@d&%&@%@ﬁoNIZFNS
including zing finger domains targeted to CXCR4 were prepared as_described in U.S. Application No.
61/210,636. %"fi%@%ﬁé‘ﬁﬁ(}}’@%‘%&&lgw&?@ﬁ H&S‘oﬁ‘é‘&‘l&‘%ﬁﬁ%‘t&@ﬂ%ﬁ?ﬁ&&ﬁ&?‘ﬁm in the
absence (Nauztfthijios (Betain tanfr@xizRADMSEN HRAShEX O REsAF M- A0UDERAMOON +

CXCR4-ZFN-R-K.It<e. d(%gla!l% yvere allﬁwed to recover for 4'@?965 and.the %Igf%freegted again with the

n
same DNAs. gcprocess was %%e%%eg%x}cg fotal of 4 n eo?%gﬁgﬁg(.: gﬁls were then collected 3

days after théetaidimbetearic o 968 oM Aipreqbard i6rBEhd RFLP assay. [0198]As shown in Fig. 8,
DASONAWT Zyspairs spegifigallyderdeling s cn@Rdngeneus G4 Gans/araipdon chromosome

2 in the human genome can also mediate a significant amount of Tl at the CXCR4 locus. [0199]These

data suggestadidantieastientiisat aBmgtaf g BAPSS BUSHOR IWGSPRE e iictiilisdrrad®-driven genome
editing may Qebipasly PRRYGARRIRNIIECUIT PR WIRRTSHYIRPRIRY, 2 s g iort arget loci. 30
days post-transfection, but not in cells treated with D450N/WT (ZFN-L-EL-D450N +
ZFN-R-KK + CCRS-patch, 0.33% yH,AX"). However, slightly higher yH,AX
25  expression was observed in cells treated with D467A/WT (ZFN-L-EL-D467A + ZFN-
R-KK + CCRS-patch, 4.34% szAX+), consistent with the previous observation that
the D467A/WT pair may retain a small amount of DSB activity. As expected, more
53BP17 foci were also observed in cells treated with WT/WT ZFNs (ZFN-L-EL +
ZFN-R-KK + CCRS5-patch, 6.09+1.07 foci/cell, Ave:SD) than in cells treated with
30 the D450N/WT pair (ZFN-L-EL-D450N + ZFN-R-KK + CCR5-patch, 0.84+0,17
foci/cell), which is essentially at the level of background. A moderate increase in the
number of 53BP1" foci was observed in cells treated with D467A/WT (ZFN-L-EL-
D467A + ZFN-R-KK + CCR5-patch, 1.77£0.33 foci/cell), compared to the control



Example 8: Detection of nucleic acid sequences [02001Blood or cell samples suspected of containing
an infectious agent or from an individual suspected of having a genetic disease are collected
according to standard techniques. Appropriate primers are prepared for a target nucleotide sequence
that is characteristic of the genetic disease or infectious agent. Nucleases as described herein are

constructed to induce a site-specific single-stranded nick in the target sequence and/or amplification
primer. Slozwﬁiﬁﬁésé%ﬁﬁél‘é’éﬂhﬁbei%g@d%ﬁﬁwh’@ﬁlﬁbﬁ%@%%iﬁ?éV§FHh3TE§tides (dNTPs for

amplification),and enzymemix (GRM3BINGREREREMIRIERIRK NG AUGIRARES AN 3HRNA polymerase)

such that, when present, the sequence characteristic of the genetic disease or infectious agent is
amplified. Oﬁ%f%&%@é&ﬁfi’oﬂents may detectably labeled for ease of detection. 10[0202]The

amplified se e, if anypiis themdetecind using sianderd tessinussrietiexanianss!

electrophoresis, flow cytometry, radiolabeling, etc. The presence of an amplified sequence is indicative
of the presefEBEHMARY SABHEIOMSSHER G CRTRENADR a3 §eseERAd E TSP SRBHCRGERSCleic acid

sequences [@Z0RIRlredanSBY ramedes sHERAGRH RS SRITARIBAIaNeaPHD R H0Efom an
individual suspected of having a geneticﬁiﬁses‘ase,are collected accord[gféhopstandard techniques.

20[0204]AIl [RIESHRE TSR ApPIETEN ARG SRR ERE TRt f §18%&feby incorporated by
reference in gheifganticetind 025 ougIDAB dledLkel BESFYerid providiad i sheaeadedail by way of
illustration and ex le for t urposes of clarity of understanding..it will b rentto those skilled
in the art tha?\?gﬁgtr%g c?%%%%ks%é)ﬁag%%%ﬁ&%ﬁréxc@ﬁ rel:“ I&%‘E‘ﬁ% (t]h \?Vﬁﬂ%ﬂﬁ%ﬁ?%ﬂ% from the spirit
or scopé of twe tdrgeiandreffAngetdingdgeties foreddilty .descriptions and examples should not be
construed as limiting. CLAIMS What is claimed is: 51. A fusion protein comprising a DNA-binding

domain and at least one catalytically inactive cleavage domain or cleavage half-domain. 2. The
fusion proteiBxsma :1SSPh&i it Tedrasgrintyiersgraiiogoin grus QORI edggemormain. 10 3.
The fusion pygigin of claim 2, wherein the zinc finger domain is non-naturally occurring.

[0197] To further evaluate whether ZFNs that induce a SSB can be used for

15 genome editing at loci other than the CCRS locus, we tested D450N ZFNs-initiated
targeted integration at the CXCR4 locus. WT and D450N ZFNs including zinc finger
domains targeted to CXCR4 were prepared as described in U S, Appiicétion No.
61/210,636. Subsequently, K562 cells were nucleofected with a CXCR4-patch donor
DNA in the absence (No ZFN}) or presence of CXCR4 D450N ZFNs: CXCR4-ZFN-

20  L-EL-D450N + CXCR4-ZFN-R-KX. Cells were allowed to recover for 4-7days and
then nucleofected again with the same DNAs. The process was repeated for a total of
4 nucleofections. Cells were then collected 3 days after the last nucleofection for
gDNA preparation and RFLP assay.
[0198] As shown in Fig. 8, D450N/WT ZFN pairs specifically targeting the

25  endogenous CXCR4 gene located on chromosome 2 in the human genome can also
mediate a significant amount of T1 at the CXCR4 locus.
0199] These data suggests that the strategy of using targeted SSB-inducing
ZFNs to mediate HDR-driven genome editing may be broadly applicable and could be
universally applied across different target loci.

30
Example 8: Detection of nucleic acid sequences
0200} Blood or cell samples suspected of containing an infectious agent or

from an individual suspecied of having a genetic disease are collected according to



4. The fusion protein of any of claims | to 3, wherein the cleavage domain is 15a Fokt cleavage
half-domain. 5. A polynucleotide encoding the fusion protein of any of claims 1 to 4. 6. A
protein complex comprising the fusion protein of any of claims Ito 4 20and a second fusion protein
comprising a zinc finger domain and a catalytically active cleavage half domain, wherein the
catalytically inactive cleavage half domain forms a heterodimer with the catalytically active cleavage
half-domain 8ferserddedmidiesioApPBIAI® BAMATE 8TR prsited éomaparteignusepofignucleotide of claim 5
and a secondgaiyaralapfids, sacRMag 3R oRRIRIaIk e BRRIng a4 DEdinoRk.Aemalnand a

catalytically active cleavage half domain, wherein the catalytically inactive cleavage half domain forms

a heterodimélesmy e ETsmAGaNpEtie Cdabige pistrasi i prisssadiirite®diBrotein. 30 8.

An isolated agler eqlidine epmpising ActtippmiRiein according to any of claims Ito 4, a
polynucleotide according to claim 5, a protein complex according to claim 6 and{or,a composition

accordimy to &IH 7.~ 19 eAAMBtAD & o1 E RIS Y L AR R & B BB R Ot et
double-strangiNirPedquenaplifiadet) dhe enefhrdremprisingig thepispvioingta mpiuddag complex according

to claim 6 or a com osit'on[ﬁ\cf or é%%to clzisrlrllcg,ﬂ\{\épergin the hetetlfﬁ)dimer](]:)eenerates a single-stranded

break in the Paur%%S t8Ubfe-strand seéasl? See et Y g Rrt a SHER 9, wherein the target

sequence is ohaathetaticlnbimagenc Bldisgasmet midotbinseting scnmpldipdndirs: sequence into a region of
interest in a gg&pmﬁﬁeﬁmﬂqu%}gﬁﬁg%]dedggpga@tm%e%iggﬁg-stranded break in the region of

interest according to the metho 9; and providing an exogenous sequence that is

inserted(nto ¥#02&gion of Theranl B Reviens g aherntis ther dupigd-usinadendsrdak.  12. The

method of claighrhdud¥NereiR R IEXAg RNRUSSRALEY GRIEBIAGRS B Wil bIRS AR ARICRRAUENCE. 2013.
A method of inactivating a tar%et sequence in a region of interest of a cell, the method comprising

generating aRSfigNSes? SRR BRI P eRTsFaf (o A @ A JFBFEIaim 9, and
providing an éxaaeteusseatience that replaces the wild-type sequence in the 25region of interest and
wherein the exogenous sequence partially or fully inactivates the target sequence.

15 Example 9: Detection of nucleic acid sequences
{6203} Blood or cell samples suspected of containing an infectious agent or
from an individual suspected of having a genetic disease are collected according to

standard techniques.

20 {0204) All patents, patent applications and publications mentioned herein are
hereby incorporated by reference in their entirety.
{0205] Although disclosure has been provided in some detail by way of
illustration and example for the purposes of clarity of understanding, it will be
apparent to those skilled in the art that various changes and modifications can be

25  practiced without departing from the spirit or scope of the disclosure. Accordingly,

the foregoing descriptions and examples should not be construed as limiting.
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CLAIMS

What is claimed is:

1. A fusion protein comprising a DNA-binding domain and at least one

catalytically inactive cleavage domain or cleavage half-domain.

2. The fusion protein of claim 1, wherein the DNA-binding domain comprises

a zinc finger domain.

3. The fusion protein of claim 2, wherein the zinc finger domain is non-

naturally occurring.

4. The fusion protein of any of claims 1 to 3, wherein the cleavage domain is

a Fokl cleavage half-domain.

5. A polynucleotide encoding the fusion protein of any of claims 1 to 4.

6. A protein complex comprising the fusion protein of any of claims 1 to 4
and a second fusion protein comprising a zinc finger domain and a catalytically active
cleavage half domain, wherein the catalytically inactive cleavage half domain forms a
heterodimer with the catalytically active cleavage half-domain of the second fusion

protein.

7. A composition comprising the polynucleotide of claim 5 and a second
polynucleotide encoding a fusion protein comprising a zinc finger domain and a
catalytically active cleavage half domain, wherein the catalytically inactive cleavage
half domain forms a heterodimer with the catalytically active cleavage half-domain of

the second fusion protein.

8. An isolated cell or cell line comprising a fusion protein according to any of
claims 1 to 4, a polynucleotide according to claim 5, a protein complex according to

claim 6 and/or a composition according to claim 7.
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9. A method of generating a single-stranded break in a target double-stranded
sequence in a cell, the method comprising:

providing a protein complex according to claim 6 or a composition according
to claim 7, wherein the heterodimer generates a single-stranded break in the target

double-stranded sequence.

10. The method of claim 9, wherein the target sequence is in cellular

chromatin.

11. A method of inserting an exogenous sequence into a region of interest in a
cell, the method comprising

generating a single-siranded break in the region of interest according to the
method of claim 9; and

providing an exogenous sequence that is inserted into the region of interest

following generation of a single-stranded break.

12. The method of claim 11, wherein the exogenous sequence replaces a wild-

type genomic sequence.

13. A method of inactivating a target sequence in a region of interest of a cell,
the method comprising

generating a single-stranded break in the region of interest according to the
method of claim 9, and

providing an exogenous sequence that replaces the wild-type sequence in the
region of interest and wherein the exogenous sequence partially or fully inactivates

the target sequence.
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