METHODS AND COMPOSI TI ONS FOR TARGETED SI NGLE- STRANDED CLEAVAGE AND TARGETED
| NTEGRATI ON STATEMENT OF RI GHTS TO | NVENTI ONS MADE UNDER FEDERALLY
SPONSOREDVBESHARGII2[ 0001] Not applicabl e. TECHNI CAL FI EDT{uSe@3j00iThe
present disclosure is in the fields of genone engi neering, gene targeting,
targeted chronosonmal integration and protein expressi on. BACKGROUND [ 0003]
A major area of interest in genone biology, especi ally in light of the

det er mi na m@ Fote 159988 TRAN enofes,
is the ta?\gg?g}h)ﬂ)\gﬁgmw gehoﬁ:rge sequences iog i,AEr1§| fi mg 0

nucl eases, which |i rtRLEhé’kGEaNH@eTARﬁE’EEDfINTEGBa’éHQN a designed

DNA- bi nding protein (e.g., zinc-finger protein (ZFP) linked to a nucl ease
cl eavage domai n such as from Fold), have been used for targeted cl eavage in
eukaryotic cells. For eramUENEZORRIGHTSTO RV ERTEONEdI at ed genone edi ting
has been shown to nodify the sequence ot the human genone at a specific

| ocation by (1) CMaADEdﬂiNBE I BONSORER RESE t he genone of a
living cgb %]ﬁpem fi tb the target site for the desired nodification,
and by ( | owi n H%ﬁt‘l mechani sns of DNA repair to "heal” this
break. [0005] To |ncrease speC|ficity, t he cl eavage event is induced using

one or nore pairs of customdesigned zinc finger nucleases that dinerize
upon binding DNA to forma cat éﬂﬁtﬂwﬁl&ve nucl ease conpl ex hi

addlt hon, cifici nore pairs
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het erodi mer. See, e.g., U S. Patent Publication No. 20080131962,
i ncorporated by reference herein inits entirety. [0006] The

doubl e-stranded breaks (DSBs) Crﬁﬁ%l@@w{fﬁi ficial nucleases have been

used, for exanple, to induce tar nesi s, induce targeted
del eti onqoed3jcel | uIAimWremqﬁjﬁmm in gemdnfednology adspediait}gietl'fgﬂt ofthenbi nati on
redet er m nedchronoso | ocus, See, for_exa Uni t ed. St at es Pat ent

at a
Publ il g at idGHEMIESD 5 herem 655@6%&5‘9“‘1%@8%% S 5008 #ythe
20060188Q§r§eted alteration of genome sequences.

[0004] Artificial nucleases, which link 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 example, 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
more 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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20060063231; 20070218528; 20070134796; 20080015164 and Internati onal

Publ i cation Nos. WD 07/014275 and WD 2007/139982, the disclosures of which
are i ncorwonatoadidyy reference in their entireties for alPcTase@osesn3 Thus,
the ability to generate a DSB at a target genomc location allows for

genom c editing of any en me. [0007]. There are two ma{ or and di stinct
pat h\/vaysd?IB“F’ég%“ﬂ' ForBBSuYnited Satss RatenbRublicaliph- honol ogous
end-j oi nheadoblR). zob’%ﬁds%@t@ors@mﬁev%dsgaszrmummls Rresence of a
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(NHEJ) . [0008] Single strand breaks (SSBs), including DNA ni'cks, are one of
t he nost géneegaedISBMLR taegit gasomicddeation aHywerfiztc@@nmusedleagpf ¥ oxygen

speci es and during DNA netabolism such as DNA repair and replication. See,
MeKi nnon881°TY:.  (2007) Annu Rev Genoni cs Hum Genet 8:37-55; Ckano et al .
(2003) MuooPe! | Bi qihertird B¥d mapstteh dd@ﬁh@lg&m%%t@fremma@m otic cells
contain single-strand discontinuities Bs/ nicks) positioned at about 50
kb i nt er hemelogpys weembingtior ard pen gememou&réiw@lgg (NEESHdemgglogews al (2007)
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3981. Chromosomes of non-apoptotic cells contain single-strand discontinuities

20  (SSBs/nicks) positioned at about 50 kb intervals all over the entire genome. See, e.g.,
Szekvolgyi et al. (2007) Proc Natl Acad Sci U S A 104:14964-14969. Most
SSB/nicks are repaired by a rapid global SSB repair process that can be divided into
four basic steps: SSB detection by poly (ADP-ribose) polymerase-1 (PARP-1), DNA
end processing by various enzymes, DNA 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



manmal i an/ human cells. SUWMARY [ 0010] Di scl osed herein are nethods and
conpositions for inducing a targeted single-stranded break in any

doubl e- stwandad2i@eget sequence of interest. Al so descr ipbedrsaso/omvhods of
facilitating honol ogous reconbi nati on and targeted integration follow ng
singl e-stranded cl eavage of a target. Thus, targete dul at.ion of a genone
is descri"bczi?.g speihouf simgHienseushreccurenserqferor-propsNHE! 192 1) occurri gg)
nucl easespihdbigenghat &gl N9l e-stranded cuts in a desired doubl e-stranded
target sequence are provided. The nucl eases described herein conprise a
DNA- bi ndi ng domain (e.g., engineered zinc finger protein) and at |east one
cl eavage domain or at |east one cgiﬁﬁﬁigggalf-donain. In certain

enbodi nents, the nucl eases are zi nucl eases conprising a zinc

finges dq o;} that higcIB8 Ne&h ek hethBishAdmpRitfi 26t iREIESE ParkQed- -
gene). Any of the zinc finger proteins described herein may include 1, 2,

3, 4, 5, segie-stranded biaak i amyydouble-sinarided targetfsequamce haintergsta Alexogni ti on
helix th bi.nds to arget..subsi.te i.n the sel.ected sequence(s) (e.g.,
gene( s) ) Besciip et Baot b BEITHRE ool O BerP P B ERRE L ¢ o

exanpl e, iﬂtegﬂaﬁaﬂmmmg%&m@mmdéd Seavagd VP8 tark&. Mk aaetedshiédula@tontokl . I'n
certain enbodi mrents, the cl eavage hal f-domai n conprises an engi neered

Fokl cl eawdgeeneme isgénsefibed: hat forns a heterodi ner with another cleavage

hal f - dongj e.g., ' [ Wi | - ' - di ' ' domain). In
ot 1197 DY ® o Jf 0k BESEE Rl S Ruly ek i) BEGLAR LEF G°F0

cl eavage denérhtedirifie-BrartiedRuisiga dasifed diublnstidnded tangat seqirhesarehe catal ytic
domain (enzymatic activity) of the nuclease domain, [0012] .In another

aspect, preNifehdlhrdrusigases deserehad heran compriss 2 P ENHRGLIRMABASEI si ng a pair

of zinc fj LSj : i ed zinc

1 nger acnaRetrel Yl TREP ool b AGRESAERELC A B Ball P 2

hal f donaicheavagenmlfadainamr I bentan embodinrentse thermudleargs)are inc diagemi n
enmbodiinents, one zinc. finger_nuclease of the pair _conprises a first

cat alyt | dwFlegses compasiag gi REPT dp@aULaLs FREBETTES 10 BIRG 0% 8CIBRteLy i nc
finger n |.$ € ] bi i | i red

C eavage B A o R B P e R S vage
hal f - dom&, 8s4,f50 Gror arore bincdagersheschrzinti fimger hedng h réepgpisionsiebix itleat basisect, a

pol ynucl '?8 taltgrgetesrtll 81 ¢ inné Qéfec?éd stegﬁeﬁ’]c%fsl) ?ea.lg.?ﬁene(s)). The cleavage domain

can be derived from any nuclease, for example, a cleavage half-domain from a Type

20 1IS nucléase, such aé FokI. In certain embodiments, the cleavage half-domain
comprises an engineered Fokl 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 Fok/
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 FoklI 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.



described herein is provided. [0014] In yet another aspect also provided is
an isolated cell conprising any of the proteins and/or pol ynucl eoti des
descri bedwbepsini69en certain enbodi ments, cell |ines i nPamiushoooogenous
sequences have been introduced via targeted alteration are provided. In

certain i ments, one or nore selecte ne(s),.are inactivated
(partial ﬁg&gﬁ corrpISLEtYST 3nother agpret@ R?ZYW“CFqOﬁag ?‘gq(ﬁ)‘}“’(ﬁar?@ror}gh%’é‘&ﬁ?‘??éﬁ s, the
cell's or g&rdbel hBRM isrbHdeq.one or nore transcribed and/or translated
exogenous sequences that have been stably or transiently introduced into

the cel | 400BJch cellh yet armthearaspagéaleo atoyidedyis ex isolatédesilodomprising aynpr i si ng

any of th roteins d/ o ol ynucl goti.d descyibed. herein in a cell line
resul ti ngHE RRESmditr palmbRlethds dessned hytstt ncerpipoatodtnetts i ded ar e
t r ansgenilme® rWRich BRoEAORS bjubiced A8vbeciBhttoducad §ialthipRftdaNefbon afaans| at ed
exogenous sequences that have been stably or transiently introduced into

t he cel | Provded Harcepainemhodimenss.tong s e selestedhgans(® arigectitrdai n gene(s)

sel ectively,.i;nacti vat.ed he 10ds (proevi de erejn,. 0or.,or | SNB
cont ot ni AbHtfEE S RIEE T in IS B8 RIS 1RbaEt BRSodlleflemeXenoboast ot

endogenouines BIGURIB©AS or Fiodd) F@fetibed Aoy t8diBlabel ekogerndubeeqUtat & thatfiye be
plants (e.g. crop plants or tobacco strains) or aninmals (e.g. mce, rats,

rabbi t's, bepmsablyes tpnsiently-winodnesdentodhe pells: Such ell finesargeaneratsd ini sns are
used; o AR 6 éehg‘égmﬁﬁisﬁlg%gb?ﬁl% pr&teintiald o BolyRhel Bt des AEHBOG °° encodi ng
S as SCri pe erefn and/ o e

nucl ease one or nofe-exogenous sequences (e.g.,
sequenceshereis i 4 el lind resiltiag gethe ivacvivatidrosfpeleedigeh&@y. at i on usi ng nucl eases
as described herein). For instance, disclosed herein are transgenic plants
and pl antl093es corfpEP BIAYHISH AT HARSEENIS OTRANSIRS SOERPTHEREPRE QITB®E t he cont r ol

of an | NG Rd BRABPIrEfslaté ERIAAH daudrcBRAPRIV tRbABLE ARG ALY | | nes

conprising episonmal or integrated sequences encodi ng nucl'eases can b
expr essedntroducbdind thetcells. Fimthatpsowidal are tensgedicargamsmthatlemitaied ti ssue of

t he ant . 016] .In additio t hods ,of geperati.ng a specific

Si nghs- s weatiaes sty vy e bydte etprer el i BRI SR BB & cell are
provi ded.cohfifs &HgBnQEReHhHRES Sapabl®f AREMNIheleRMREMEN biedddPedRY One or
nore pairs of nucl eases (proteins or polynucl eotide(s) encoding the

nucl easesyquentes. tTensgehic orgmismnascdesersiedgwrain owmyheipdas e.4-icreqt planis| ease
\(,:V: ggvgggl-otrtuicha?%l\il)g\s;%i n?éﬂgnig%gsfel{ﬁ%ﬁglg%%%?%’gégﬁi\tﬂ?ﬁ%&y@ec lrflﬁytﬁ%z Ib?“r?di ng domain
and embodiments, the transgenic organisms are used to generate lines of organisms
20  carrying one or more sequences encoding nucleases as described herein and/or one or
more exogenous sequences (e.g., sequences inserted into the genome via targeted
integration using nucleases as described herein). For instance, disclosed herein are
transgenic plants and plant lines comprising nucleases as described herein under the
control of an inducible promoter. Accordingly, transgenic plants and plant lines
25  comprising episomal or integrated sequences encoding nucleases can be expressed in
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 domain 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



second catalytically inactive cl eavage-half domain. The one or nore pairs
of nucl eases are introduced into the cells under conditions such that the
first andweeemmdedseavage hal f- donmai ns of each pair for mpaTdiSoen/oed1d3
generate a single-stranded break in the target sequence. [0017] In certain
enbodi nents, the first and/or second DNA-bi ndi ng domai ns conprise a zinc
finger prccRasRge f(%f‘@?malﬁﬁog%hrﬂ?grféﬂnfidl%e’f IESCIEGR ngle-stiapdedigeatore, in
any of thﬁtHEetB;aéQEjs% deseri bed herein, the first and second cl eavage

hal f - domai ns can cgnprise Fokl cl eavage hal f-domai ns, for exanple

Fokl cl ead@@lhal f - doraitais entbeidimerds, ¢hgfirse enddr seoofidDINAobirdiet domains

het er odi ners.. The. tz}rn%et seegugnce can .be a(g%i d9ub| e-sthﬁg&ed sequence, for
exanpl e, “‘@TPEFUBATE 't _eE_B‘ioIt N L 8c AR ERraiRseRedHinn lingerproieppmturth frice or
porti on tRgheef thlimelklistdeSdtibeliRrdin e first AV EI6RI ERByAR HAF-dorhdiA¢ hr onpsomal
doubl e stranded DNA sequence, for exanple in a plasmd or virus. Simlarly,
t he t ar getn semprseckold sleayegd mlbdgmaias,| fot gpenple Ebbidileayagphalf-sloyainsc and
eukaryotic cells, suc f ungal | | | a ells, animal cells,

| a6 e¥einsBRitle 3o BPERS B rodimBscths ey dtafheRgen Fe ey

si ngl e- stdoapidatahdRideqicite PR eRAMSle efiquihdelin cbRulaEsHI&MaEn bgchMdiach t he
catal ytically active nucl ease binds, or it can be adjacent (e.g., separated
from t he ggBRIRICSgGEens o pertiontagreef. sinasddpion thepargst sequeme qgn bgang, 9, 10,

11, , ,de The. f usi in n_be
oxcpr 685 irpchfordsnl JBREE R EIAR R uenbl o HRURe B8 bBLATa SEPRE (o)
and/ or b\Sisiéhily,ahé ﬁig%e'tsét{lie)iwedrﬂsﬂihdlﬂyeél(t%eﬁﬁclﬁ@iﬂgpﬁromy@ti@uﬁd eases to a
cell, wherein the go ynucl eotide, if DNA is transcribed into nRNA which is
then trasgkayele selisosticheas fingabeeljss Bleat oells,qmimphellsvappmalian ca8. mol ecul e can
be deliv heh then is translated to generate the fusion
protein. %@ﬁ%geégggﬁ%gﬁa?%% ‘eoti de and pol ypeptide delivery to cells are
pr esent ed0@83 ewher eThersite loif sindlessttanded break 041l B cdibtibiad svitlothetseqgated
reconbination (for, e.qg., alteration qr. rep]acepent. of a sequence in a

chr o_ﬂgs iR Wiehhs sy #ve pagieasepipdsy, Pyt gpn B gy (5 8- aPPaEEh

provi ded dr0theSitaNRlge o fihdbihat sEEBYT §, $ATYEACE sC&M PG 1r BRhacRd 18y a

wi | d-type sequence, e.g., for {reathent of genetic disease or I1nherited

di sor der or mone nddéatidss). Ehenukidntpygieing emrobe exppesyad ncecadbr. ey epl aced by a

mut ant s ence,.e.q., to prevent functiqon of. an oncogen t pduct or a
o oauct - SRt iS Fikin RRIRTTORRe relbires i e T BREARTP D Fes ponce.
Fur t her N"@h&odifenddbr Brethudldasdsas aQkll awB&B® théPolRBudl @RS HFDNA, is

20  transcribed into mRNA which is then translated into the fusion protein. Alternatively,

an RNA molecule can be delivered to the cell which then is translated to generate the
fusion protein. Methods for polynucleotide and polypeptide delivery to cells are
presented elsewhere in this disclosure.
[0019] Methods for targeted recombination (for, e.g., alteration or replacement
25 ofasequence in a chromosome or a region of interest in cellular chromatin) are also
provided. For example, a 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
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by one or nore different alleles (e.g., biallelic targeted integration).
[0020] In the nethods of the disclosure, one or nore targeted nucl eases as
descri bedwbepw/nie@reeat e a singl e-stranded break in the trargstosomrehce
(e.g., cellular chromatin) at a predetermned site, and a "donor"

pol ynucl eoti de, havi ng honol ogy tothe nucl eotide sequence in t regi on of
t he  br eakthe augleefids seauenss i therpgign of thexpak, cambe it usrdanigythe ﬁi‘g?-

si ngl e SUTRNSIecknbE BYhcIARIORRMGSIBIAKES BLdh diBuhftdih It il e0r ati on of

t he donor sequence. or sequence may be physically integrated or,
al t er nat i medgyationtod thikodvonor payjugnes: | Bot daher sejues@dnagbaphysigallxtintegratedr epai r  of

the break via honologous reconbination, resulting,in.the introductijon of
A1 or  pait AE H Gt el Bug Gieas 4 A REPASTGY Franre REDEek L ar
chronat i nyja TBERl0gBus tcsibRRAYENE iR ftthk MtAIdubliéPo®dIl 6 gatibliBe al t ered and,
in certain enbodinents, can be converted into a sequence present in a donor

pol ynuc| ewtclaptide Feausnce dsan dlseedafor inte thegakular chysimatia” Tdws,"a Bist spguaRast " can

be understood to represent, repl acenment of .one,nucl eotide seguence by
anot her , l(’ic.eﬂ‘.ﬂflr ?l_g ﬁ‘ﬁ@éﬁ%t’e (gl?er _%Ién%d%ﬁ% i ﬁmpﬂém}eﬁ So?"??:lfei %Oglé’FRes(gnse), and
does not RpRLESEREndepréRatin£ddhoy pbBaliclestidel eThue fthe bspbBendils of one
pol ynucl eoti de by another. [0021 ] In addition, a nethod faor replacenent of

a regi on ‘Gfplaer’@rézaplacgment’| can be uadersioad it repeesgnt replaceiaeid of @& equence) with
aftl r1%)t n ﬁlu%lle%%%ﬂa gg({u%ﬁ&ulg}p%?otfl B.req\f%;g%%mcftgp &f y?f%qgglgcleﬁlg rﬁ?é fn%rﬂgitloﬁ

)
engineering a rrrst zin I nget - bi’ndi mail n 0 a secon@ sequence
i n the regnhsd), 4fd dosk abesdcessat)y fefoivé physicaboseeatichl zéplacemengef odd ndi ng
dormain to bind to a third sequence in the region of interest; (c)
expr essi neplyyclsodide pyapetheirotein in a cell, the first fusion protein

conprisin firs ' f Fndi ' 3 ically
active cl @g\%gge hal %%fg#golnhh fg§°d3§°8?éedggﬁeﬁgﬂg6%e‘%§ﬁ’é‘a%2{e§éﬁt %?JS? {é?ﬁrr] in the
cel |, theclzemati(dgisa genoptiosejuence)npith s ifingy nitleotsdecsenerce ncprovidgds thbi ndi ng

domai n and econd catalyti.cal]y ipact.ive cl eavage half-d jn; and (e
cCont 5% | MEePAG COBPISE @) SAIBITINGC ot 16 EBSHARGTREOTRE POREL Crfuct eo | de
Sequence, g \é?xﬁdsﬁqﬁeﬂ&(:in ke %%ioﬁ‘b?'iﬂ@re@tr; %)eﬂﬁaviaiﬁg@setzéh& AR fiRg&HIndigguence and

t he secon Ion protein bBinds to the third sequence, thereby poSitioning

t he cl eavédaeaihss binddomaitinsd saquendeliattheregiongifentstest i@)etptassiag aifystnade i n
col! ULar SRR 1ep S50 R ot P A LR S B CC |
certain eghpsh RO L SirstlchRIRicADY Sctiid Aage Riledbmbin; (Bl dxptedsing Asedordi n i s
made in the region of interest at a site between the second and_ third
sequetk esfusipagrotein in the cell, the second fusion protein comprising the second zinc finger
binding domain and a second catalytically inactive cleavage half-domain; and (¢)
contacting the cell with a polynucleotide comprising the first nucleotide sequence;
wherein the first fusion protein binds to the second sequence and the second fusion
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.



zinc finger nucleases nmay be provided to the cells as proteins and/or as
one or nore pol ynucl eoti des encodi ng said zinc finger nuclease(s). For
exanpl e, woaopdl2yésacl eot i des, each conpri si ng sequences Pemasdinago4yne of the
two fusion proteins, can be introduced into a cell. Alternatively, a single

pol ynucl jdJe conprising sequences encodi ng both. fusiqon proteins can be

intyoquciﬁﬁizﬂ;o th @gypgfm%ﬁogﬁea Joegeherdig. mtmaipﬂw@ PEEr ei n,

addi ti onghoteik ki B¢ usddor Addig6Hal Boel &%r&a%%r g@%fé-{;%dé&awage@f
eé c addi t 1 |t

doubl e-stranded and/or single-stran eavage o0 ona rget sites
wi t hi n t lndditiehdl tafg@0s®p withins theiogllone enbodi nent, a nmet hod for repl acenent
of a regi est. in cellylar chropa enomni ¢ fequence)

f int i.n (e g.,
with a f!lﬁ(&_ﬁnucl eﬁ‘f‘}“aemé’élﬁ&é‘}#’é’g‘ WWS@Q& f?rar%plé‘gﬁf_flﬁrg PAgEa Pirst zinc
finges biifdieBOind@MBian chromtii{e. k0 a 38R FRRLPRAR aiffistidi@lcbR@E On of
interest; (b) providing a second Zinc fln?er bi ndi ng donmain to bind to a
third segequenes campriges)(ag onginesring@ firsicain¢ fingerbinding dempinrtgbighlioynucl eot i de
conprising the first.nucleotide. sequence: (i.i) _a second pol ynucl eotide
encod ng eopepldnit iEiTE sFEb RimtH BT Bk o JreRaMS AR RIBIE g ' ne
first zi denfail@&ind®itoslihid sdqiaics; addcPcdntdctihg @aeBhwith: ¢dlalfitstact i ve cl eavage
hal f-domain; and (iii) a_third pol ynucl eotide encoding a second fusion
protein, pph@uglé@@mcmm%mg thediretimicleatide segupace; (1D asseeontipalynvcleqtidger
bi ndi A9 i: : i e i . V, . - domai n;
whor & CREG e ERF R IBEBARLIA eI R Mol AR Comb st BRVANE R hhe 0
fusi on phbaidngdihaidianta firbtecasatgtivatly aetiveesiesyagea Halfldenmac and (i aitisird pr ot ei n
binds to the third sequence, tlgﬁﬁle_by posij ti oni ng ttfée, cl eavage hal f - domai ns
such t hatoynyrlsglide encodingaseppendiision piiay thesgeqnd Meion RIYAFINChr omatin in the

regi on of. jnt-e ; ] i At 4l i, j ; e first
nucl eot i 8 ?gg‘ﬁ’gzﬁ%se%f"g%%@]g q’nggﬂtlﬁgdlg% g? g‘%ﬁa ean%%%é%%?gﬁgﬁlwﬁéﬁ%gs for

t ar get ed cicagagethaifadomainawtérein the filrst @adsertond fasion pwitdins atiespresfedathsequence
in a region of. interest jn cellul chromatin, a chronpsonal . sequence is
al't el S EPBrioR Bipeia bindsdniiaeconstseapinee 2nd distserri, BSian g HEES eot | de
sequence o #1¢GHird QERIAS) UserEIBEIERI MR 88 clcavadd H- &refnP¥uchhiBatlr €sence of a
si ngl e-stranded break in cel'l'ular chromatin, if sequences honol ogous to the
r egi on ofsingteesttandad break ipgensemied inNstlalet ghrogiatiglie thetnegiod of irderest; amd cel | ul ar
chromat i rﬁfdo not chani of non- honol ogous end

Foi ning. OB aMef Grépiidaih he R dORl- DBl SSnuPa the Tir s
nucl eot i @oZgquencen the preferred embodiments of methods for targeted recombination
20  and/or replacement and/or alteration of a sequence in a region of interest in cellular
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
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
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(the "donor sequence") can contain sequences that are honol ogous, but not
identical, to genom c sequences in the region of interest, thereby

sti nmul at iwgQ 2bovmli@gous reconbi nation to insert a non-i deoriusaéoomesfoence in
the region of interest. Thus, in certain enbodinents, portions of the donor

sequence that are honpl ogous to seq ces_in the region of interest exhibit
bet ween a&?ﬁtfowapﬁ’?@gﬂﬁ brnaﬂﬁoq“fﬁ‘ggé’is as hetasBdaBYANdgeHO®ic e i dentity to

the geno%gueﬁﬁmri@@&oﬂt&uﬁﬁ@ﬁ%@?cirs.!ﬁ&}@ﬁca@g@gﬁgﬁ-‘fﬁh}%éo g honol ogy

bet ween the donor and genomTc sequence i s higher than99% r- exanple if
only 1 nuortewst ofdbe doddreegueanse bat ewrain dequencesnt gesentiic tleaggenaods of over

100 conti.guous bas airs. In certain, cases, non- hono| ogou ortion of
the donori e eheRebiFt Biusners Sy BuReuedint By SR ol IRerRE. PBFSn of

i nt er st ingthifdas, theho RYMB RIFBES §RBelels Eéﬁ&ﬂﬁﬂﬁﬁﬂcea By QeditpicéLsy 50 of
interest. In these instances, the non-honol ogous sequence is generally

fl anked by0@depse paiess(op any itegralpGdudhsrsbptaiecs) gromyamynbienofbasalpairal ue

t her ebet ween r nber qf base pair.s eater than. .l, 000, for exanple
sequencedrettrPin PPHo JF PR BB R AT o 5K Slind BRBLeBal are

honol ogousrdiiosodes] thettdre homdRIpdaS6€Tehtical ReschBeicefindthe iréliSHh 85interkdl. Ot her
enbodi nents, the donor sequence is non-honol ogous to the first sequence,

and is i iBéthesgmbpdignentse thedrine sagpentsis RombProgingsus txbeatlirstseqeamcarechani sis.
[ 002} Ayl %&Q?%dqﬁfoﬂﬂgégﬁcgﬁgw %g?—ggﬁéfoégyggegaggin%ﬁggn{e%garg%fl%.' al or

conplete inactivation o uences in by targeted
i ntegratijoof donaknypefihenthddsalesabrd bipicin eaieassed dor wirtidlloe gene(s) of
interest. Cell lines with partially or conpletely jnactivated genes are

al so pr oFPHWEEte M3t yasiongatijong or moge [3ragt sequenses|in 3<sll Ry tarepigd dntggraiion
conpl et el ¥ 4i I : I .G ants.

bl ant _col OPRAEbGIE NG fbrafidfinG BT Bhfrcht TGRS,

expr essi quartaillytoneompiste g seactisated igeess aloyalampravitledi Buether siith) therplamtecell so
provi ded.. Si m, [ ermcells, such as oocytes, with partially

I I
b cdp! it P paelalydr camgy T e gsi %%aﬁﬁ%#tat n?fﬁ%%j\éﬁ?fgg ani mal s.
[0027] Fuyiidier pRnelitiies BhPAGAg Aliclbaed 8! B chBiPRh Mot dgREkidaed herein

can al so be used to integrate one or nore exogenous sequences. The
exogenouftheiuwiasarsidiiver hyendrdusaie pomotesae alsopreideds| Simoladyor nor e
genes or

el | as OREMBRIRLE s, e & SRRE v iR s SRSy AR T on. ¢ ne
exogenousgenéiCdative uded %@WQ%WC%MQe one or nore RNA nol ecul es
(e.g., small hairpin R (ShRNAs) ,
20  [0027) 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 RNAs (shRNAs),
inhibitory RNAs (RNAis), microRNAs (miRNAs), etc.).
[0028] 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-K1, CHO-DG44, CHO-DUXBI11,
CHO-DUKX, CHOK1SV), VERO, MDCK, WI38, V79, B14AF28-G3, BHK, HakK,
30 NSO, SP2/0-Agl14, HeLa, HEK293 (e.g., HEK293-F, HEK293-H, HEK293-T),
PerC.6® (Crucell); EBx™ (Sigma-Aldrich Group), insect cells such as Spodoptera
fugiperda (Sf), or fungal cells such as Saccharomyces, Pichia and

Schizosaccharomyces.



inhibitory RNAs (RNAi s), mcroRNAs (m RNAs), etc.). [0028] In any of the
cells, cell lines and nethods descri bed herein, the cell or cell |line can
be a COS,wGH@K®1g2, CHO S, CHO KI, CHO D4, CHO DUXBI PLT/USRIDIDLIKHG

CHOKI SV), VERQ, I\/DCK W38 V79, Bl4AF28- G3, BHK, HaK, NSO, SP2/0- Agl 4,
Hela, HE (e.qg., 3 F, HEK293-H, HEK293- Tt) PerC. 6(r) (Crucell);
EBx(t n) ?3% Al drIPé‘HO bagprct edarantion Pravidssdnls SOMBESIGIANE 04 Ui per da
(Sf), or nqufégﬁs di &%d@eé@ﬁ ﬁ&%ﬁ@l’%ase@j{ %Hé@‘cm herein for
Schlzosaccharonyces 0029] I n anothfier aspect, e 1 nvention provides kits
conpri si mgrrymeg omt thmnehndﬂ:asalxseﬂ)e@dierqjml Yhekitemy dpSomatlyadimpgist hese

nucl eases as des herein for. carrying out the nethods as described
her ei n. CRfsy Qu fﬁfvﬁf & flSBHelFlWO’E:tSWﬁPl \é RSECHONS-fers, cells, suitable
cont aknergozp)d Wi tfiRGe hﬁ@éﬂh@ﬁ&sb@&§wﬂ[l Qgg&hllyﬁﬁﬁﬁeﬂ’tﬂg tid il&l'lecﬁa?ﬁ%tlﬁ will be
readily apparent to the skilled artisan in di scl osure as a whol e.
BRI EF DE$ER! efidighosyre ZHHEWDRIW NGS [ 0031] Figure 1 is a schematic depicting
an exenplary zinc finger nuclease (ZFN) architecture that includes an

i nactivated cl eavage domain. The ZFN pair cleaves only one DNA strand to
form si ngl e-stranded BREKSDESCRIPTIGN OF THEIDRAWINGS®S ni cks. [0032]

Fi gure 2, &}‘Rel s Ato C depict single-stranded cleavage of a
doubl est r{a d tar d@gumhﬁga%@hptapmc pigtingcanf gxggplariigiicdinges nudiease one

nucl se V (0] t activate
cl ea\igge ac bﬂﬁ? ﬁe&?&ttﬁ% ﬁ%@ %aals;,qgh ct)ltr\r)gé%%\l @86%3‘?&% %55%5&‘;@? 4 s anal ysi s
of doubl ei@vémﬂgdneDe@vagaupuo(fdtm&ﬁxglﬂ%tﬁnaaﬁbﬂem(s:dssasm@so%feareaw get
substrate with the indicated ZFN pairs. Fromleft to right, |anes show
nol ecul as REKght Iadder control, a CCR5-targeted ZFN pair designated
8196zKK: L, AGE, ns that
form obl ﬁg%t hetero l|l}r§1:2r ‘ESE&%(EEZS?%&%OU %gtgiﬁ{rdgg gééeggeaks& ggele uU. S
Pat ent Plstrhmdﬁdttm(gat B4 PAi3 v9£5iAY fingerf rercteaskstwheas one hultlygse i 1@d=2 KK8267EL

Ilcatlo CCR5-t grgeted ZFN pair de3|
81962$<K § YE& %PPéP that ﬁés Sez@mﬂataﬁa? &aﬁ“‘éﬁt%g E t>g %FQP?IS?'Feat
position d{l,ﬁgupf the catal ytic domain (D450N) of one cI eavage hal f-domai n

that inactivates one cleavage hal f-domain of the ZFN pair; a
[0033]) Fig. 2A depicts analysis of double-stranded cleavage products obtained

by cleavage of a target substrate with the indicated ZFN pairs. From left to right,
lanes show: molecular weight ladder, control, a CCRS5-targeted ZFN pair designated

20  8196zKK:8267EL, where KK and EL refer to engineered cleavage domains that form
obligate heterodimers to generate double-stranded breaks (see, U.S. Patent Publication
2008/0131962), referred to as wildtype 8196zKK8267EL (WT) in this application; a
CCRS5-targeted ZFN pair designated 8196zKK:8267EL, where the 8267EL protein
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 CCRS5-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 CCRS5-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



CCR5-targeted ZFN pair designated 8196zKK: 8267EL, where the 8267EL protein
al so contains a nutation at position 467 in the catalytic domain (D467A)

t hat i nacwDwvatwe1e®ne cl eavage hal f-donmai n of the ZFN paPCI/U$26000t703

nol ecul ar wei ght | adder, a second control; a CCR5-targeted ZFN pair

desi gnat ed 8267 196z e RD refe 0 en |nee d cl eavage
domai ns t° aﬁeot?‘%g ?‘65&)’? éhgrll\gflgrpéﬁr ﬁgggu(?é@tedlj@% p%tdgﬁg“‘ﬁ licati ong
2008/ 013k967RD:41962DRSWhER tﬁésmdz@jwmtég §1§B@o§&&§%%t£m at' sftidhS
application; a CCR5-targeted N pair designated 8267RD: zDR, where the

8196zDR plﬁatlethn: catadyticodsmain @4@7mﬂm inactivatespos ntqamgeztﬁldf chfmamef thet al ytic
domai n gz}:ﬁ\?lgg of one cl eavage hal f-domai n that inactivates onecl eavage

hal f - do Tthe ZFN pair; a CCR5-targeted ZFN pair desi gnated

8267RE: 8}86wpR, Wheig, mge;ﬁéx%m%l%p&l%%l@ s?ﬂaﬁ&hdcaéuvag@?r@ue@dwzﬁm at
position 467 in the ¢at al ytic domain t hat i nactivates one cl eavage

hal f - dorrépmlwagmf aztlamepaibstra{eo@@zl]henn@catmzﬁblmams A@ﬁbﬁgf@b@d @pve or
si ngl e- st Vi roduct s obt |n d
substratg%\nr}?h(%{ Fe%n |C%’ir8 lgn aln?o Nl ‘Hélg@ 1?‘g&/e& g\(?lé % @Q 9. 2A

from | ef ttargered ZFN pait @@e@asdalcsm96mke8mshal.(W)gmé JdCREBleiget€dAFNGair a CCR5-
targeted ZFN pair degégnat ed 8196zKK: 8267EL§V\7I'); the CCR5-targeted ZFN pair

desi gnat élgsignaed KIO@KE7BL6THI G0N the CichSriargeted LEN padgsignatedesi gnat ed

he. obrs- 1 o0 Gok AP DTSR oME R B AR Made P Bl it e con T

CCR5- t ar giTRSHaffdledaFN pifrsdegizmbred SQBGRBEXISE%R[QWTMMRSam@eﬁeHe
CCR5-t ar et ed ZFN palr desi nat ed 8267RD 8196zDR ( DAGT7A) . CLOOSS] Fig. 2Cis
a schenat4tN BRpAesgnatedReod A 0D andk the CER Tiprasie FNcHaéravage

domai ns i ggﬁg&g gﬁ%ib%ge@g\y@g whi ch bands will be detected in the

aut or adi ogr rcal analysis to the position of the radiol abel on the
vari ous [[l)ﬂBSE}egnentE;g qcoﬁ%s]chﬁmgm éepﬁctnmmsklblekld:dvagugzttt@smug ct repair of

ZFN- i pduced / ni c in K56 e- st and

Anhed! ng A A Ty Bede s St ST RE DRG0 wEll PEARFGRS od. Fi o
3A) or trlﬁ‘ﬁr%fa‘%l%rﬁﬁoyabﬂlcﬁl a%%ﬁ’s@:cﬁ)lertsptﬁé b@é’ltlm m@@mgbélrbntttl@vmnce (No
ZFN, Fig. 3B) or presence of N expression plasm ds as described above in

Fi gure 2ANASegi@IRS-t ar get ed ZFN pair designated 8196zKK: 8267EL (W, Fig.
3Q); the m tar ge‘11;1gure pa%%isrA through E, depict repair of ZFN-induced
SSB/nicks in K562 cells by an HDR-dependent single-strand annealing (SSA)
20 pathway. K562 cells were either untreated (Untreated, Fig. 3A) or transfected with a
SSA-GFP reporter DNA plasmid in the absence (No ZFN, Fig. 3B) or presence of
ZFN expression plasmids as described above in Figure 2A: the CCR5-targeted ZFN
pair designated 8196zKK:8267EL (WT, Fig. 3C); the CCR5-targeted ZFN pair
designated 8196zKK: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
sequence into the break in the CCRS gene occurs through an HDR-dependent
pathway since the GFP donor sequence is flanked by CCRS 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 comer 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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desi gnated 8196zKK: 8267EL (D450N, Fig. 3D); the CCR5-targeted ZFN pair

desi gnat ed 8196zKK: 8267EL (D467A, Fig. 3E). Cells were collected 3 days
posttransweabiconi@nad subjected to flow cytonetric anal yecs/usbaenodos n

i ncubation with propidiumiodide (Pl) to stain non-viable cells (Pl+)

I nt egr at W{&Jgf theﬁggPWdo&%ééﬁequencgmctggH&gng e@;ﬁpfrlngkﬁggﬁs 5 gene -
occurs t h an A uence is
f'anked W6 téch t%n%@%?gé&u@ @Qqeleﬂée (;Ja?amoﬂe B! he ni ck

site. n 1 ncfease ser uor escent signal i cated
t ar get ed foltﬂvegg e mducafontdfeiodblneatrasmqhmrsmglehatsarmicd breakslin the nargeit age of

cells in eac .u rant i s i.ndj d at .t er_corner, qf t. Th

Gat o dengigt (EigcTA dapetrepaRe! GabRes e ot R SrdCpiSte iy Dag A
mut ang s mmlIesdzocelugEe&bﬁglﬁﬁ&ﬁhezﬁl&%aﬁegmmeesabw%zah IEh@UT: Bine Panel s A
to D, depict analysis of non-honol ogous end joining (NHEJ) and targeted

i nt egr at mombér‘mo)ﬂecporm tesayploumbsemibabie] ( Bt 4B dtpiety tprgetstd owi ng t he

o, an MUpPaberPLEAS bb BHGa bion el RaB UGl S8y 1o doifish el o7 catce

by NHEJ ka8 2]1620hdcSofQRETTORSE 3gnd hﬁhﬁﬁ\t}ﬂmp@ﬁs iﬂaﬁhaeailadraatmyemech | ane.
The | ane nunber corresponds to sanple nunber in Table 1. Fig. 4B depicts

tar get ed 11Pﬁ pegpersicorresong ta sampple aumbsrsp diigs 46and i Dhénietlomalegquswi ng
singy g %% (B8 e %@rﬂgﬁpcﬂs%\ﬁ?& n@I &H e%%é ?Hﬁcl\%stefbrt he ZFN pairs
|nd|cate PR Tab e A AR N e nunbe 3 or esp | e nunbers. Figs.

4C and 4%ﬂeﬁiaﬁbnd’ﬁmzlo(z@wﬁngeemaalbma(mmrca«edebwe ¢aah¢aiebs treated with a
single zinc finger nuclease or conbinations of two zinc finger nucleases

(i ndi cat é38bove edighnehPpnelsgoangd Brdepistanglysisof dargetad aﬁegretwraem
anal ysi s I\ﬁ-iEJ&ﬂé?_ﬁze%n% 15 AR GEAEA %halﬂﬂm'a‘ié‘ét]ed' M@gﬁb&% ZI%IES in é@glfeﬁ&{cﬁd Wi th

the indicate inatrons in the presence patch donor.
Fi gure 5Af shéprC&ngtﬂddénure@imé HA shosb mgaechnnieﬁatmnmlaﬁ&mniws NHEJ
anal boft om each hg e i ndicate fre uency (9% of

targ ed ?gﬁ‘t“gggéf’f’\’}fﬁ NRE Y S1S¢ ergpldhie Boom 9f fag ¥ " depi ct

anal ysi Sﬁ%é udrRy 907 ©F tdr i@ iRt drforPRIANDER) 1 n K562 cel I s transfected with
i ndi cated ZFN conbi nations in the presence of a CCR5-t NGFR-out G-P donor.

Fi gure 6/0039bws NHEIgure, panelsanandBydepctaBabiiswd targetgé ingegratioregndat i on
anal ysi s t t f eac ane indicate
fre qﬁ en C)I/\H‘{l%s ('#?@ac%e&éltrgasfF%'\{Fggvﬂtétlp(giﬁat?)& %ﬁ&%f)mobmaqlons in Hle presénce St 4

CCRS5-tNGFR-outGFP donor. Figure 6A shows NHEJ analysis and Figure 6B shows

20 targeted integration analysis by Southern blot. Numbers at the bottom of each lane
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

25 transfected 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).
[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-D450N
+ 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 after the last nucleofection for gDNA
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[0040] Figure 7 is a graph depicting 53BP1+ foci (indicative of DSBs) at
the indicated tinme points in K562 cells transfected with the indicated ZFN
const ructwo 20pen1e2r cl es depict control cells having noPZENS2009/0atfesl
circles show cells transfected with wild-type ZFNs; open squares show cells

transfected with o ] dt ZFN and .one | | vat ed N 50N); and
shaded sc!fﬂ%ﬂaé@wgﬁﬂa/ K %SS%E%’E?%‘E B%FIWI{SrPfgﬁgé#mxln&q@%gb&& Sfd one
I nact| Vaﬁ&ﬂcaﬁ&i\bﬁ M SINuthDQ4 4 thEbBHER oF el@PIaRE Tnddd®d Heduwndy (%pbOEL ed
integration at the CXCR4 |ocus in K562 cells. K562 cells were nhucl eof ected
Wi th a CXCR4-patch donor DNA in the absence (no ZFN) or presence of CXCR4
D450N ZFNs: CXCR4- ZFN- L- EL-M -KK. Cells were allowed to
recover for 4-7days and the with the same DNAs. The
process gmmr] epeat gois18§edeherdth ate Wmpbsitionk aRd Rietiods Bsefiefol Bary@e® t hen
collected 3 days after the |ast nucleofection for gﬂD}l}lApr eparation and RFLP
gral

assay. Espetratnged rlierags obreltptarehromatin ardifos jargete tioiptacdlasy arrows.

pescr ek B Blect oe B8 bR whBF b CFRAERENRY, noos usetul for

t ar get ed hsimdld gous tecombathtioh amags adfex6gdnbus polyailidlestidei (Boraptisih®bné af get ed
alteration of a cellular nucl|eotide sequence, e.g. , by targeted

si ngl e- sTRQIA RGOS A AEpdo OV Ith thscrellylanBrdlpesisisussaiencehssidraganomioet ween an
€X008 OUScRRNYNUGRRh i dEqlhOMRNLIHthoRD breStn TR EFrohRILABS effsohiguro! 0gy wi th
the cel | Grar hucréotide %equencel) ang- a genom € sequenceé. Genori ¢ sequences
i ncl ude ohemellprgeaemts (. cinitochaswdnieschl@ppasiel artifiig ahedrhasongeaadasy (€. g. ,
m tochondr.i a, chlorop|asts), artificjal chromsones and. any other type of
nucl ei ¢ 41 \ype R HE eI pcid epdh ine felichiag, O Lxarphle, “%ﬂﬁ!aqdfﬁ_e%e”é’éﬁuences,
doubl e Mggiie nARERRARRIRSNRIdnd R GROAEPST doEBHANSR RtiEcifly dalleRia! | N
bacteria and viruses. Genom c sequences can b& normal (1.€., wld-type) or
mut ant ; and auruses e figsomassegaences ppr bergrmfad (i. esxeilgtype) bnmetant;omstantdel et i ons,
tran %ocati ons rearrange nt s nd/ or .qri)]gi(ri nmut ati ons. .A genom c sequence
can & soStIFPrIsLan GRRPEES: 101 S, JisCHanfe e?ﬂoné’l_ SWSAGATe conposi ti ons
and met heglsrahaénaits anBRr PSR nfuRdtidnar Q\F%eggnﬁé §Rfuhdetan AlsoehippizB bpEDS onal

nucl eoti de sequences, e.g. plasmds. 043] Conpositions useful for
t ar get ed o8 p nymbessefrdiffawat eliadesy sl composisionsrindaethods tarcalsaiee isedifon pr ot ei ns
conpri si I e . f -domai n d i,nc_finger binding donain,
ol ynuct LeRed sfaRaEonB i R Ppfiuc bR SeceliiR r fomegRs
[0043] Compositions useful for targeted single-stranded cleavage and

20  recombination include fusion proteins comprising a cleavage half-domain and a zinc
finger binding domain, polynucleotides encoding these proteins and combinations of
polypeptides 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 to bind to any genomic or episomal sequence. Thus,

25 by identifying 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 afusion 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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pol ypepti des and pol ypepti de-encodi ng pol ynucl eoti des. A zinc finger

bi ndi ng domai n can conprise one or nore zinc fingers (e.qg., 2, 3, 4, 5, 6,
7, 8, 9 owvormrom2zéoac fingers), and can be engi neered t oPhirm$2a09/084793 genomi ¢
or episomal sequence. Thus, by identifying a target genom c or episonma
regi on of inﬁerest at which cl eavage, or reconbi nation i s desired, one can,
accor di ndio919808s Frepmbaratign Ocrys akia highdpts bebyiea the,genogie opepiserral f usi on

pr ot ei ns rgéqu%@{h@gxggﬁﬁugpg%&%w&al |y active and catal ytically inactive

cl eavage hal f-domain a zrrnc tfinger dommin engineered to recognize a

target sequence in said genom c or episomal region. The presence of such a
fusion protei ggr proteins) in acell will result in binding of the fusion
pr ot ei n(s) toq$? r'('ltheir) bi ndi ng site(s) and singl e-stranded cl eavage

withi g onoaeAr sai praaReWrthOme@BHS A5Rell’a8 PrParatidatadliu¥e ofheShown herein,
i f an exogenous pol ynucl eoti de having regi ons honol ogous to the genom c or

epi somal compositionsdis¢lesedhessinempiay, snleks ethemtise indivaled gonyentégwhbi nat i on
occurs at hi gh. r at et n the genom c.or episomal region and the
exogenouse Do Boftrui bekf RcAaEaTy sPimth 888 sifathats, he el
as preparcginpaiationsl cHeRistly, Eé1Pcl@i®)esdomifdnt HISA 1108 eslatte FiRlds 28R oy, unl ess
ot herw se i ndicated, conventional techniques in nolecular biolo

bi ocheni $tithyn therfkdhef the agt Thesaieehniaersarafulyiexplamedpnthe litsrpurec %yeéﬁ stry,
cell ;gult c } DINA I e jthin the skill of
t he é?t. f#{]egcgg{ p?%%%%%g%géetélr'e ?%I{/L%‘é{i%%rﬁgdl ??\‘B%‘ﬁ?ﬁg’s‘é@tﬁq‘é. See, for
exanpl e, Stasid @dtiorgiCodd Spikh} HatBoAR abbraldr NGt esALIABORAT DRI oL, 2@#GoNnd
edition, Cold Spring Harbor Laboratory Press, 1989 and Third edition, 2001;
Ausubel . dhuskbel cAuhrERRIPRGRGICLE KN MALEEULARBE QCCEIoh Biiley v Segs.e. Sons,
New Yor K, { Qdt cq: S; . i YMOLOGY,
Aoaden o Norodori 398 PR Berdi RS o ARieS FR BB B R BRGT o, Thi r
edi tion, Awadetaiti Rredd; Bas Dicgan WoH) CHR OB TINVETRHICDSIREM NENFYINCIIOSY Thivdl . 304,
"Chropatin’, (P.M_ Wissar nd A, P Wlffe, eds. Acadep ¢ Press, San

i egas. 1698iong AGRdeEearests S OEEOIORE BESHERY INGOPMOLE0Y: Vol iy  n

Prot ocol s{ChfdmBin” BN EWas&imhn BRIBNE WRES edd 9L AMemiIPress, o Dibid, 0ns

[0045] The terns "nucleic acid,” "polynucleotide,” and "ol’i gonucT eoti de"
are used 1989 auhHATEADS IN MOIECEL.AR BIQLQGYH dmtykli%h dohrohetiniRietogels™

ri bonucl ?ﬂtd %%cl?ecgl é/c{nfa ﬁhmiapla irerése,all:otcc))vrva, 1999.

20 Definitions
[0045] The terms "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 macromolecules (e.g., between a protein and a nucleic acid). Not all
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circular conformation, and in either single- or double-stranded form For

t he purposes of the present disclosure, these terns are not to be construed
as |imtiwg2windieespect to the length of a polynmer. ThecCrarsr®9oed103
enconpass known anal ogues of natural nucleotides, as well as nucl eotides

that are nodified in the base, sugar and/or phosphate noi eti es . 0.
phosphor SCHIPSAERHS Bh k%ﬁ&l}lter%ﬁlog@ﬁ@% B¢ seqygncerspepiide 8 cantaaﬁswt{!m ar

nucl eot i ogue of A

w1 “bas o IFGRET ( BRR PRREORT, SIGHRLK G Wleralith as SBNOET 0T
"“protein seqmwccrspcblﬁmtS!chthawg@abh:yamcgena’hléy cha)a@temdd;byea disfocaationo aci d

resi dues. The t yol l.ies tp cid ich one or nore
e o acicaBnanUReRE EM Hrlp B c 2B RO by i Foab B o

cor r espongirasked didifg éﬂinﬁ?%fnr'c'%&e?a'i@dﬂ@1tl@§'lc§i§erlﬁ9047] 'Binding” refers to a
sequence- speci fic, non-coval ent i nteraction between nmacronol ecules (e.g.,

bet ween d0048}t ei n addbimdimggireienas a gyoteindhatas aldgtmblmémps -covalanthy tedi ng

rost dues TROR ERICHIE ABRE ALy wbd L dor el o auo B BT BNA

sequence-tiRifg ptoteinfFaf UKNA!tnﬂflé&ﬂé %aﬂsmmnﬂ@iﬁg pedtbix) @rlitﬁblaa:pﬂtélﬂ afbldtuile(a
di ssoci ati on constant (| of 10 M1 or lower. "Affinity" refers to the

st r engt h poeteisi-pigiling: pr¢tﬁﬁlbeas@@ casarefi arjoteit-bimding nyeteiny icesnrbinditodeselfi(tch a

I owen K [0 i nd
non- covalfgg??’é%tbdélergt@%&gnﬂgecéﬁg%% glt%agrb%deﬂorz) t&% gh}:ogt?\"%%nc le%&fgf or
exanpl e, cﬁff%lﬁt protede ot SroteinsONAbIndéh g ysrofidE £ 1Ii’a)ve n&rre ivh oieltgseibfbinding

RNA- bi ndi ng protein) and/or a protei.n nol ecule (a protein-binding protein).
In the ca@sBViEY korgxampis ziscfmegppisteansehaye QNADindipg,RINADbipdingapd preseinpr m
honodi me etc.) and/or it can bind to one or nore nol ecul es
of a di fszrrl%ﬁgg%ﬂ%Wn or proteins. A binding protein can have nore than
one type [0049)i ndi ngA dzinht fingyr. DN(Arbmdmg]phﬁ;:mz (oxchihding domain)tiea pmteha,vara

DNA- hi_ndi RNA- Di nd| and pr ot ei ing activit 004 zinc finger
ﬁﬁnd.iz?gﬂa.m Bithmya 1 a( PERRIE thgt %ﬁabﬁ\ff\ 2 seayFRaes pﬁm[ﬁarmaglneb thEeughaneni n a
I arger prRigdB m{cffﬁ%@ Qe rdoiloR oTHHENSEd SRRGhEd ithRNAE binklHeQidihiRNe of

nore zinc fingers, are regl ons of amno acid sequence within the
bi ndi ng dursE strudtoreds sttabllnzcclltleomgl eoabnitioneef a hinologh Thedenh nac fingerof a zi nc

Finger o BIURRE P Fopat) SoBrtie B bRt Brder g AR RS cam b
‘engi neerjggso)t o bi r@in&ﬂngexwlﬁ&iﬁgabﬂihﬂﬁ@aﬂueb&@ﬁﬁ&ee@eauﬁmea for exanple

via engineering (altering one or nore
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 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 03/016496.
[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 hybnd selection. See e.g., US 5,789,538; US 5,925,523; US 6,007,988;

14



am no acids) of the recognition helix region of a naturally occurring zinc
finger protein. Therefore, engineered zinc finger proteins are proteins

t hat are wonrrervaweval | y occurring. Non-limting exanpl esPafi/usetooosos or

engi neering zinc finger proteins are design and selection. A designed zinc

teer oy DO BOT3 837 LS PO Tt SEMPSS o oaBb e WEFBEi52057: at i ona
criteria Wworoglesiigh wordd/s RPN oEAls700W G P8R d HEALW G BhB59@sHd

conputerized algorithnms for processing information in a data ase storing
i nf or mat i[8952f exi sEhertgrmz FRqdemsic nefemrid almualdoinde stqhencesdany lamgtlexanpl e, US

Patents 6,,140, 081; 45 2; apd..6, 534, 261; see al so WO 98/ 53058; WO
081 £3059; D G RTBRA OnEN A3 UL BE HReaR W B PTEARSEN I BOSEETRET sl ect ed
zi nc §i NGEgldEPRiRE of ol PERArRIed. TRE tdrAUAEnbr sehidndberafto$6a RLAEMEdd ON
results primarily froman enpirical process such as phage displ ay,

i nt er act isegneneaphabis insasied dntoal genpingn A &wer sequenceygnhergangIggthydos, 925, 523;
us 6, 007, , 013, 453; 6, 200,,759; 5/19431: \WD,96/06166; WO

o5/ 53057/ P BBt A . 0F) Bifemi by ot S AT IS ana o

02/ 099084hertidwedn diltheleabdne), gRrefeibiEbetivebeitsout Q0@ andi L 080 hiéleosRAUeNCe of
any |l ength, which can be DNA or RNA; can be linear, circular or branched

and can dength (greny anteggrdberebetygen), morepiafradly betacar gboutR80wad 300 donor

. . : T . . A
donon DseduERaaass ih fuBuluRl k7 HRRUERGRelcd Rk b2 ah AR SnldiiSioled 00 ™
nucl eot i dequence siehgis fa Haoteriahattifioiab glebomosdie (BAC) ebesdsemifiolal t her eabove)

pref erably between_about 100 and 1,000 nucl eotides in length (or any
i nt eger ﬁﬁ@%@mﬁég%f)- more preferably between about 200 and 500

nucl eot i hn len rtificial
chr onos o(r?irgéss3I éq uenc g& Q?J%rﬁé)lggwgbgllﬁ%epﬁ gfi%gﬂelnﬁ i@g}_:egﬁr;g %h%gﬁég@gﬂfegAC) or
yeast ar twHiclcslarescahdegneesafimeqierid€)denfifOsBh a Accandsedenoeibut mboseé dent i cal

sequepce” refers to.a first se nce ich shargs a degree of sequence

i denﬁ?t y SW‘FH"%“?@?H%B“%@&%Mg?ﬁ'ﬁusf’c ég%ue?&ﬁug%%‘afrg’?%@t identical to
that of th ﬁ@l%@fﬂ’e&ﬁ%’&%%h Reld-8p8 BB Rnco PLMITHME b&R! ik AsmbIEBLs S| Ng the
wi | d-typtep ggquenée of a rlru aﬁt geﬁ})g irggdhgcr:rol ogous e}%d nlon.-rindg{ngtgi cal to the
sequence apd nohedenticalrio thpesequenas of ¢ha mbtanegdned ilmeentan embedideaptss theof honol ogy

Petven el WrSAREISERAR P b Rk At SRR bR " o

recombination therebetween, utilizing normal cellular mechanisms. Two homologous

20  non-identical sequences can be any length and their degree of non-homology can be
as small as a single nucleotide (e.g., for correction of a genomic point mutation by
targeted homologous recombination) or as large as 10 or more kilobases (e.g., for
insertion of a gene at a predetermined 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,
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non-identi cal sequences can be any length and their degree of non-honol ogy
can be as small as a single nucleotide (e.g., for correction of a genomc
poi nt rnutwbi2om/dyestar get ed honol ogous reconbi nati on) or pas/usasogmo4s3 10 or
nore kil obases (e.g., for insertion of a gene at a predeterm ned ectopic
site in a chronpsone). Two pol ynucl eoti des conpri sing .the honol ogous

non- i dentfPP&F u@W&é% mpé%ae%quﬁépq peuddegtise|os agrre agid) cagbenpl e, an

exogenou ween 20 and
10, 000 n%cﬁ@otl 3%]& an arélﬂ}&r erg&?ﬁdennﬁjs%%e?%& %II etopai rs can be
used. [ 0GBgyentes; vhictheesudleic adidtarraniing agd seqieaces, esctheinanblerauﬁemoctaci d
sequence identit re known jn the art. Ty ly.. s t echni ques i ncl ude
det er mi m%%%é’eﬁmﬂlé‘dﬂ B@?ie%fﬂg?flf’és ’f“qel%’%’rf&?\lk“ﬁg’r fgltﬁ shgterng/ or

det er gi mse(?lehl@@s aﬁﬂ'rﬂﬁ’lhﬁﬁécﬂb? OB CNG @%@%%eamce@aescﬂoéh KRBR2HeNg t hese
sequences a second hucl eotide or amno acid sequence. Genom c sequences
can al so rmedxftdeslmdrrtngr@ﬁ@f s@mpacreeldemtnynmm)r@amat@yu SO%rtog@ﬁ%rmd anydentity
refers ex; tt nue | eot | d.(g .0-1,1utg1 eot | te or no aci 0- am no, aci d
cor respor\%f&%%‘ P% BoCFhu TR Y §P8frce‘bdfl‘§‘8&5¥ gaveen Seq“ences arca

sequencegedsCRSYd, pRIfOabl]\VI0-87% RbR preREBNE 859090 byétebRArkffealy an no
acid) can be compared by determning their percent identity. The percent

i dentit y 98%%s, stild mase peaderably Ifatand masy Dte&rébla((%&ﬁ grquamderidenity.d sequences, is

| ength of0PRL Shor (ATRREIRR, BEIERR R Rn PRARISEINEVE 1 ccpect 1o

sequencepoligaciebtidst cag beideterrhtird rbgngenaﬂ‘zaﬁkﬁsoﬂ;ﬁﬂyxdwoems @idesequence
identity is_approximtely 8Q0%to 100% and any i nteger val ue therebetween.

Typi cal | yovﬁeob%ﬁhebﬂiow mwm ebstakle duplsxeshfiiwerrclonaglegeis regigns. 70- 75%
pr ef er ablgy cﬁgef {o% 'ﬁ% LR éﬁ%&g@ %Qaﬂ@é@ﬁar&’dgieﬂab'y 92% still

nor e pre pre 0 Seq entity. [0055]

Al t er nat |d\zehyunat1be oﬁ&tgrcb@sm‘d fsmumrscér\so nudleiciatids pat tweqolyebtideicl eot i des
can be determ ned by hybrj dizatjon of polynucl eoti des under condl tions that

al | oW f oSREHENERS B¢ S%*%S%Flé ﬂbg@@l@ggutb@t%%ﬂt% %mqvw%w@l #3811 oved by
di gesti ofe &ﬂ%él% ym‘ LBsost Srefatitfly §@‘%082c%,%8&34r9@§a%ﬁ)$§5%aﬁ%,sév§ﬁ germnation

of the digeste ragnents. Two nucl eic aci two pol ypepti de sequences
are substpaeftniahlyl%B/hmlﬂlmgl@meﬁembba%i%omdenomdetahb/ WGgeeqease exhi bit at

| east about ..70% 75 erably, 80% 82% no referabl 85% 90% even nore
preferabléjje@;‘b/w?talcﬁeﬁ Ieélgg’r%f%ltg?%?i?u oS “SB}ge%Sbegﬁ%ﬁg%% sequence

above. As used herein, substantially homologous also refers to sequences showing

20  complete identity to a specified DNA or polypeptide sequence. DNA sequences that
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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identity over a defined | ength of the nol ecules, as determ ned using the
nmet hods above. As used herein, substantially honol ogous also refers to
sequenceswehow/mgoeonpl ete identity to a specified DNA ecTaskgpepinze
sequence. DNA sequences that are substantially honol ogous can be identified

I n a Southern I di zati on experinment under, for exanple, stringent
conditio ,boésﬁé’g;i glé 389YS 934+ eﬁﬁ%‘}"é‘iﬂ wn&m&de%g? ﬂqe??éecélﬁﬁy’ofﬁfi ate
hybri di zakifpmeConch &d ' hih P Bt 3 § . ,

Sanbr ook et glle’. , lsu%érgﬂ%ﬁiﬁaagléggg?ldlaﬁw%ﬁ%}{ Sztgt%égg? gg é&ng{?{%?gg 1(),g&vppr oach ,
edi t or s Btridgemgnare evptbysd, theliabssinos of fAO§EYifOHindidg cahbh assgised psibga | RL
Press). 005§er,Sel ective hybridi zlzgtti%n of hwo nucl.gi C. agtlgd fragnents can be
det er mi néFF°IEP AP at lfﬁlé; Aegrdd B dEg@gE ahRaupRE ety t REERPEvd nucl ei c
aci d sol pedHedraviticlEGitBar AueBOYHeqitmie At iBl WRR Heaet RVRICLR) Zath on events
between such nol ecules. A partially identical nucleic acid sequence wll at
| east pathat.anithe absendsi af nonesphsibie biriding ¢ventsotheseeandptyaprebs willlaat i cal
sequence,tp.a_targe | ecul e. Inhibition of hybridization of the

conpl etelh?/'grilcg%%&)l@&&arg%quence can be assessed using hybridization assays

that are[0887] knownComditibigs @F hylirédigation2@eivBR ko VBN thdak OF skillen theeirn ( RNA)
bl ot, solution hybridization, or the |like, see Sanbrook, et al., Ml ecular

d oni ng: (ke fopexampleyNuglpigAcid Hybpdizatren:: AdiacticabApproaeh, ¢drpisithBHar bor |

N. Y. S . . Us) I WA S . tivity,
Mo L0 SAR3801S. SRS OISR, UPRARR BORAMESE mabraest

condi t i osgingéndyefess tol thg dugr¢e & whizhhlybyiéidatidrheonditiomie désfafor i - speci fi c

bi ndi ng can be azgess d usi.ng a secondary probe that | acks even a parti al
degr ee ofOrEMGQBR yl?rb@ﬁorlfagmpgmlsr@%s Rucleotides, fathhhighefFRESECY han about
30% sequ ' | ] r , | .t he absence
of non- sgg@ﬁ? {leg%ﬁfﬁn%%r%& Té{;/lg%a?g? Fo?r?ggilgﬂcgg%]cgg}?ﬂﬁ'r g%%ks%' tFF[a%]f%'tc : ﬂlﬁbri dize to
t he t ar getringg@35f|hyBdddationas Wal-kinmar tocthaset ofehkilbunghevett land nehede; butt hose of

skill _in the ?,rt. see, for exanpl.e,. Nuclejc Acid Q%{gr.i di;.ation: A Practi cal

Appr b3ch e Rajilimyied tg tmPRLatHIE, dow.sﬁm%bﬁ?é,com flogR} BrEMC\Washi ngt on,

DC, | RL B5Q&st sudVA! ffliek &b RN fotinahi@eatddif it At oRideNA sde 4h&@n 1@ Whi ch

hybri di zati on conditions di sfavor the formati'on of hybrids containing

m smat chdébsaof blabtin thesart, hybhdigatignestrisgency graincrgasedrbrydii gher demperhtuses, ower

t ol eranci for. m spaeéaqged E bri dIs. tFactor,&s that affect the stringency of

hybri di z Y BAORF & -a]% T8 VENOLCBITRM I in the art and include, but

are not ligos8]ed to,WitkrRpE&itHERIngdIty doaditions for@nBiilizads] icieRegnt ration of

organi c
20

known in the art that numerous equivalent conditions can be employed to establish a
particular stringency by varying, for example, the following 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 absence of
blocking agents in the hybridization solutions (e.g., dextran sulfate, and polyethylene
25  glycol), hybridization reaction temperature and time parameters, as well as, varying
wash conditions. The selection of a particular set of hybridization conditions is
selected following standard methods in the art (see, for example, Sambrook, et al.,
Molecular Cloning: A Laboratory Manual, Second Edition, (1989) Cold Spring
Harbor, N.Y.).
30 [0059] "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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solvents such as, for exanple, formam de and di net hyl sul foxide. As is known
to those of skill in the art, hybridization stringency is increased by

hi gher t ewpensii@z, | ower ionic strength and | ower sol yemtusec@noesTds at i ons.
[ 0058] Wth respect to stringency conditions for hybridization it is well

known in the SLhat nunmerous equi val ent condltlon a yed to
est abl i sHERA! itfat |ter@r>érm P?lflﬁZfe%ﬁe BYe that Gxnsgengedith EM? étrartdnléreér | owi ng
factors: ahbc-;-s 1SR @@%%t%ﬁ.cmssm? gSRAUBIER " BREGOFAFRPSLAd On of the

vari ous sequences, “concentrations of Salts and other hybridization solution
conponenteonversienfibesase & leadsdb shertranstel ob perstic nyfoargatvrsfrom théidodortie i di zat i on

" eact | on weiip R P A o iR Py RSy Paaf ool Yok Gansiphtann “*'' "

condi i Oriﬁvol{ré"ﬂns?ﬂt&?édrﬁ%tl@ﬁ o@haefdduﬁwk @JNA%at%thwéémE 'b?ékeﬁond' tions
is selected follow ng standard nmethods in the art (see, for exanple,

Sambr ook target zad. the denascandier "sywhesigdeprndenstrandaynepkingiin whisbdhel Edi t i on,
(1989) | d ring Harb 059 nati on ers to a
ocobs peSB hsBEho Bl Milecidl alndic infamilion TR RAE AR A SOhE IRt Gos. For
the prpQﬁ&/i)rfﬁlatE@pﬁ:)céss%ﬁ S6¢H $ecia IR GILE résaltd A altdraion 5iRheé refers to
t he speci alized formof such exchange that takes place, for exanple, during

repair ofscgusapt ef the tayget eleanls speh t@eﬂ past or@li of the §ﬁ§1§§8°0r<€fdh¢ gerornucl eot i de
sequgpce p?mgl:@g%(%eeﬂgﬁ%rﬁ%ra Q8% thEB &ghgyﬁhag&?ﬁ)' aterepair of a "target”

nmol ecul e experi e e-strand break), and is

vari ousl ){mevm as "Oheavage' 'Q@&@S/&i’thgbf&k@gv’b'fehécm'lembadl&)hﬁé bf s DANA gene

conver si on, ? use it leads to the transfer of genetic inforpmatiaon from
Yh

the donomelgeulqeCleayagercan ednigiated by anvarigty of methedsinglugings Ayt nesdimited| ar
theory, syich, 9@@6 he Elﬁwlys%@mgﬁﬁ%&&%r%ghﬂoglr%ﬁ e-eife@dupl ex DNA

that forns between t n target an e donor
" synt hesiciadagranattento csleavagdoﬁummhnd*r@f double- smmdéﬂ DhbMRNJband douded to

res hesi ze, genetic i nfor tlon t t mnll cone of the target,
Ll 35 " Sl e e et g ol P e i o oG lstngtSmEte-an”

al terati Qpafedid@vagosiRnes. of cérﬂ@n ERbERMAR! RIEnDoIHPLiddre B?erdtfopr al | of
t he sequence of the donor pol ynucleotide is incorporated into the target

pol ynuc! éueptdé singBeaGihdedDoMY alyavageef ers to the breakage of the coval ent
paokbone et v TBTEHs e BT S BB BB 2 o o
a phosphedhrattesn Wihd seSindPodypebtiad)@atler identical or different) forms a complex
20  having 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.
[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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cl eavage refers to cl eavage of one stand of doubl e-stranded DNA/ RNA and
doubl estranded cl eavage refers to cl eavage of both strands (e.g., via two
di stinct wongleridanded cl eavage events) hi certain enbedrmsne/,00470%i on

pol ypeptides are used for targeted single-stranded DNA cl eavage. [0061] A
"cl eavage hal f-domain" i s a pol ypeptide sequence which, in conjunction with
a second V;&Bfgk/lﬁé‘iﬁgiﬂaéep(eéﬁltﬂﬁé’in thejerganisy)) exgtends bstaeaRYCleQsPms caTeorbl ex havi ng
cl eavage LM : rs 2 . Clp terns
ot ol bEnishE HS BeerpY eBeialc i, R AINAS I S i o
and "ri ghof tlenptesant disclosareathe téral fohdanatini'sl$ neast tosadompdss ntihtgpegedbl y t o
refer to pai of ¢ ea.vage hal f domai ns, t hat di

| j ) 0062] .An " i d
T eavage BHE Blere i Do ek A J1ah SRAYRGF 1 CENTRE SHHOMBREHOEST ed o0

as tosf orggpbiirb8Rtsnileha pRbARI éhrdhfalinanot her cl eavage hal fdomain (e.g.,
anot her engi neered cl eavage hal f-domain). See, also, U S. Patent

Publ i cat i[0064los. 2005¢l008Wwsame," 200THr0MaEs 28mpREENPLBINEEE arragodi® Pat ent
Applicati No. 12/217,18 i ncorporated. herein by reference in their
ot e o Fakel e gR SRl Ebafisleh Betsr G T e RS RarvBaher | &1 ng
the cel | ujidEh BaROBHIecEeh bPAIR theCdhi GHiBdonibs RATRbINDESe theGefibifie A€t cell | mari |y
DNA, and protein, including histones and non-hi stone chronosonmal proteins.

The maj orliheygeapme gk acglbearcceraprisgl aie of mraserahiomosgmes.s in the form of
nucl o] wher ei n e . LS roxinatel y 150 base
1§50 3 RS RS, 2

pai r s of associ co I st ones
H2A, H2B,otlds satctutdcongpriding OmesleiDdKid (edt vanstglatte fltkneirbmasgraaldi ng on t he

or gani sm extends. bet ween nucl eosone cores. A nplecule of histone H is
gener al | KapodRe oftacglinExamplggof emisaspesprgludeplasmids apd cpigaiByingk t he present
di scl osur, no‘f.jgse term"chromatin” is nmeant to enconpass all types of

cel I ul ar "hucl eoprotein, both prokaryotic and eukaryotic. Cellular chronatin
i ncl udes [B@6G) chr ondStanget siaeicbre'pirgersaduenbe’tisatnunleid £0dddquéncecthatonosone, " i s
a chromatjn conplex c rising. all ar a portion of the genonme of a cell.
The dgnoﬁ%ge?s &beipD of & ngpierCidiaruiins b Wolefglelé"é‘ﬁ;bé‘ﬁ%?é‘,’“ chis the
col I ecti qffRfierkbndifiénsCoF BB st! ra} e)&%m%'tﬁ@séqﬁl@n&eﬁ%qfrd@eisce! I The
genonme of a cell can conprise one or nore chronosones. [0065] An "epi sone"
i s a replaiteget sig fouthedico Rlaiestrichor blopnoleasen conpl ex or ot her structure

conpri si r‘[906617] nucl ei.&n ae%(iogelgorlll%l; rrlo?ecﬁ?et is B%é]eg{ﬁe %hra]l(taiscnrcl)rt gcr)rgr?ﬁg/agresent in

a cell, but can be introduced into a cell by one or more genetic, biochemical or other

20 methods. “Normal presence in the cell” is determined with respect to the particular
developmental stage and environmental conditions of the cell. Thus, for example, a
molecule that is present only during embryonic development of muscle is an
exogenous molecule with respect to an adult muscle cell. Similarly, a molecule
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 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. Nucleic acids include those capable of forming duplexes, as well as
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karyotype of a cell. Exanples of episones include plasm ds and certain
viral genones. [0066] A "target site" or "target sequence" is a nucleic
aci d sequenceinthato2def i nes a portion of a nucleic acid ProTwiszak/oa4703 ndi ng
nol ecule will bind, provided sufficient conditions for binding exist. For
exanpl e, the sequence 5 -GAATTC-3' is a target site faor. the Eco Rl

.-G 3
restri ct i'BRlCXHaBROg nugleic acidso SeF: fap examplgdhsu BateRigNes Ji 69964080 ecul e t hat
is not n | t: 1 , : tpnto a cell by one
or nore gréfl%fii%ﬁ,' q:g:g%c elrrlrtlﬂ{g%’bgfygtnﬁte)}rfﬁlgg?&d@A%N%@ﬂgpﬁg?ggence in the
cel | " i s toesaiptiondactods thromape cemodeling daghas methlybtedddNAl bipdimgt al st age and

environnental conditions of the cell. Thus, for ex le, a |l ecule that is
oresent | GRYSIGURA MDY PEHIAS e oM HvEATES. sretilascs Betcebiasee ks tous
nol ecyl e p‘%&ﬂhaf&@s@%Egrhéés?&c&%hfasé@ﬁgdsgs, @@ﬂdisonﬁré&eh,agr}lré(ses andol ecul e

i nduced by heat shock™is an exogenous nolecule with réspect to a
non- heat -heheasked cel | . An exogenous nol ecul e can conprise, for exanple, a

functi oni ersion, of a mal functionin ndogenous |l ecule or a

mal funct (08%g ver sbRendus P Rat et e Feseg e oBeiNle %ah ccul . [ oooe]
An exogerausgdiBhemolRukas ghan eREBMBuOpdein bhmiéic adids Mk kxdmpleca €, such as
IS generated by a conbi natorial chem stry process, or a nmacronol ecul e such
as a prote&pgenonsniapic agidi an compisn gl indecting| viiggl genogiey e asatid OREPIBYPOPr Ot €i N,
pol y%@“ r}I?trrécﬂl%ed ﬁlqé/ a’IQH',' Jr'aec%rglggéo\ﬁ?%ﬁl}{teigggt ﬁg}ﬁ]aﬁg%}lgsemhqﬁ%lﬁls , Or any
conpl éx conprising oneé’or nore o e above nolecdl €s.” Nucl ei ¢ aci ds

i ncl ude Mi&hadwifoRA intradudienif @gdEENnoy meRUbles irftd ceéllikad known tdthosé oar ,
branched or_ circular; and can be of any |ength. Nucleic acids include those

capabl e &Kilkigrthe ag aad ckidesbutase pef limised to; lipidsmediated Hgnsfeeiigi-c aci ds. See,
for exa . . 78 n . 4 t ns . .iipcl ude,
put ar o Wsesie incHA APt pnd bl Red Becirdtorarton, dreoLAbAITE

chr omat i rfusiempadetidleiborhbartioreat, cakeiuny phdsphatObié-poeaipitatipnpDEAN-dextrapel yner ases,
met hyl ases, .. denet hyl ases, acetyl ases, .deacety| ases, kinases, phosphat ases,

i nt eé?as duedizied gansferAndyir V%‘éé’é%‘?gﬁaffﬂéﬁagﬁﬁe?é%%’%qgeﬁw e‘&ﬂgcﬂ’el i cases.
[0069] An@tRa80045e Rk 8¢ Hdtedudlasdfh dnldSgSRTE ol R but MREFEHEmas an
endogenous nol ecul e, "e. g., an exogenous protein or nucleic acid. For

exanpl e, dafferentopeciosithantld exlkis derivedcfiomc Fopexaneplas hurhacmialejc acidal genone,

a plasm %ec?urenggd r%g%e introduced into a cell line originally derived from a mouse or

hamster.

20  [o070] By contrast, an "endogenous" molecule is one that is normally 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 triplex-forming nucleic acid and a

polypeptide, and a fusion between a minor groove binder and a nucleic acid.

20



i ntroduced into a cell, or a chronosone that is not normally present in the

cell. Methods for the introduction of exogenous nolecules into cells are
known to wbass/miecszkill in the art and include, but arePomtuskeoiovedst o,
l'i pi d-nedi ated transfer (i.e., |iposones, includi ng neutral and cationic

i pi ds t roporati on, dlrect i nj ection, cell 0 art|
bombar amd i3 P EprSion o adutian Brasin i el 6pn e AEORLId R tdhar od
transfer fageh iﬁo‘iéih td’ﬁl%fcgfl 0%9'd@ﬁ&‘é?yfofQ%%iéﬁﬁcle&meeéfﬁgﬁﬂg%bgﬁﬁ%ew' € can

al so be the sane type of nolécule as a dogenous nol écul e but derived
from a dipkéteingnita csba&h@smtthapmyheclc@ide 1B ganl@rube@canﬂrthmhralﬁonpmarrpl e, a

human nucl ei.c Cld se i trod I n rlglnally
dor 1 veq THABAar B ESRerglE THE AT Brofig 7 nisyb Loe PRLePUfF CIERAES aRbus

nol ecyl e po Bg@ﬂ%etlfg%hoh%aﬁlﬁrsﬁ% litv oIV ISR Rk pieBsidn B4 piotdih ¥ a 66! MREhoAs
particul ar devel opnental stage under parglcu | ar environnental conditions.
For exanﬁ@@olmcmagéﬁ@n@lyn@nnd@d@ha@‘wdo eells o ppserted alsewharpas e, t he
genone of é&&&}ochondrlon chl oropl ast or other organelle, or a
naturallyoccurrlng epi somal nucleic acid. Additional endogenous nol ecul es
can i ncl yo@y3pr ot ei s ;'gdne" foxtiPueposts afhe preséntiscl@aie) ircliied aKeSs.
[0071] A "fusion" nolecule is a nolecule 1n which two_or nore subunit

nol ecuI e$CLiPR CRGOHIIEAR gepwé’rr@d%(sye &gt envel as alh PN\ pgins Whipkeqguiade can be

the s ah@gh t I lsr%e types of
nol ecul esﬁ &a'{ogs&fo g‘{?erf)?{@fs&? v?mﬂ%r ? ﬁp h%?ggéé?oﬁs 88| nc E%e, but are
not | i m tadgicér to Eedinhgandootrensosibéd mqumsrphecormnfglys la(yené)ﬁtcma, bt ZFP

DNA- bi ndi n domsu B’ and ne or nore cleavage donains) and Lu5| on nucl eic

aci ds (f6‘P liggited 19, BroMOfEr $PAuERCESt IPPFQYSP fanslafignabieghRtN¥scr i bed
supra) . %é&ll@ﬂ&é?s%u@ﬁ ad Hsos%ﬁfeoaﬁdlh @ﬁ?soatndflﬁt%hﬁm nﬁséo%él&ﬁry s %gn%&g, are not

l[imted to, a fusion between a t ex-f orm ng nucl el ¢ "aci d an
pol ypept |sdencezsnd1salatans|b0un¢]m'ywmmms néphicatiqy arigiss, matde attznhoeant sites| ei ¢
aci d éOO?Z%lExgressHon .of a fusion protein in a cell can result from
del i V2ry 2BE 193 CORIEQL EBi Bt ein to the cell or by delivery of a

pol ynucl ggd74fe encogiend expiessist®ireferPloth&bshversich 6Bhé infhedtRIn) t he
pol ynucl eot ide is transcribed, and the transcript is translated, to

gener at e cpht@mredsn dgens; inte |argen¢pmdgcts A igenagrodpdicpmbp thedlirest eavage and

pol ypept i d at [;on VRNV QIEN e%ﬁ ession protein in a
cel |. t 8na16’0(|)<§“ﬁu8€e ?nea@ p(‘)AT’y e&’l eAdgﬁl R cells are
present e(ﬂlb@kﬁﬁm&ﬁ&utd] RN Srdh sih@swpe of RNA) or a protein produced by

20  translation of an mRNA. Gene products also include RNAs which are modified, by

processes such as capping, polyadenylation, methylation, and editing, and proteins
modified by, for example, methylation, acetylation, phosphorylation, ubiquitination,
ADP-ribosylation, myristilation, and glycosylation.
[0075] "Modulation" 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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[0073] A "gene," for the purposes of the present disclosure, includes a DNA
regi on encodi ng a gene product (see infra), as well as all DNA regions

whi ch regwbar®/@@2pr oducti on of the gene product, whet REeT/USR00OOD4783ICH
regul at ory sequences are adjacent to coding and/or transcribed sequences.

Accordin cl udes, i's not necessaril mted, to, pronot er
sequenceg"%ré ércﬁl?ER{tcS 1ne} %%@ngpﬁﬂhm%eet@{aeasmhé %ﬁ"éﬁ‘? lyd as r| bosone
bi ndi ng %bﬁx%fetél?%dcﬂ%&é&'ﬁ& ohé BP%@Zlﬁ@Hﬁger%quﬁﬁses%ﬂB%W&l the Pfo%ﬁ

i nsul ators, boundary el enents, replication origins, matrix at nt sites

and | ocusf terefldpr cadbling) $eta{n(:the7 partiaGammnelge awstivationgfeeoype oftethe
conversion.,of the inforngtio ont ai ned ene, ., ene product. A
cone pr odifbie paSseR R Bheo dur bRy il Sl SRS Gt o one (o g,
MRNA, 5t RiRpre§dfibiof @it drifdreendibifted ge&@m,exﬁxtewsﬁ Hfﬁxgﬁgh@( @s(a@é}y ot her type

of RNA) or a protein produced by translation of an ne products al so

i ncl ude Redase A ﬂpé'nmm'qimaate@f(kqwb@é@ses such as cappi ng,

| yad hyl - dif b,
Gl o 0T oy by S b e R RS [REL naffls "

ADP- 1 i boayidakgghce W,hlidlﬁl% lnlltﬁddu@éﬂ ineogl céll m@@ﬁedoﬁiels 93rt o[fQQ@iahomNMtﬂeat ion" of
gene expression refers to a change in the activit % of a gene. Mbdul ati on of

expr essi @A r plaat. udde tgsmt refess Hoa genetiralbuenginee imghorpdantap welld gene

repr e§si I A pressi on as
Conpad oaF STSFHE ¢ ERbhodRly Bkl alinkls R of iy BB °5 5, OO

gene i nadrdlwdesivenebrates bechcasmpl@its npkrhedanpuimate, slmpt deyds, écﬁzvg a hypom)rph
in which a g ne exhibits |ess tha nor mp| expr SSIO | evel s_ or .a product of

a_mut ant 2GeAR1ARa irdsh S IBRECES: aqptl esklet i ﬁtqrw at peingludes anipalsiandnt | yences).
[0076] " Bultgad 1}‘1%1{1& tl‘féelhﬂré c@& htdgic ﬁ@fﬂt seﬂft&w@ ® foluh{i1 dr&f le'{?Th {hid ng@lh cells

(such as yeast) ani ma lan cells an uman cells
(e.qg., Tacldlsbqgencg geﬂe?]s eﬂ\ptémﬂ] inl some"but ebtealkcedlls of thrpogmimal orqrlamsf cel | s
i |ture. Thus, cell_ lines

establis ntissug cultyre frgma mar

Gonet it o0/ ng' o1 it reEingil iarer s plipetbtial el Sompit e B80T | ne) i n
whi ch On%xﬁﬁ 1804 Berleddr G&iond&IART: J@:ﬁﬁ&lc@%fhnﬁ)@f hdjadenY P4 gé}fé”i?l whigh)t is

I nacti vat ed i;(one or nore zinc finger nucleases and rn which the progeny

of the cdegirap t0dvemd an cx%)enm@traolncmlheBpahmg edn by for d‘rqn@p@es nftrgeted i on
P!y POy oy LR SRR AR . S R B b, !
expr essi ghrodfosbhe, geéi{dhie, iaf (2gkllar genome (e.g., mitochondrial, chloroplast), or
20  aninfecting viral genome, for example. A region of interest can be within the coding
region of a gene, within transcribed non-coding regions such as, for example, leader
sequences, trailer sequences or introns, or within non-transcribed regions, either
upstream or downstream of the coding region. A region of interest can be as small as
a single nucleotide pair or up to 2,000 nucleotide pairs in length, or any integral value
25  of nucleotide pairs.
[0080] The terms "operative linkage" and "operatively linked" (or “operably
linked”) are used interchangeably 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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reduced (knock-downs) or elimnated (knockouts). [0078] By "transgenic" is
meant any ani mal or plant which includes a nucleic acid sequence which is
i nt r oducewtoi2ntom2as9eel | and becones part of the genone ofPCrlus2@ioosh3 or

plant. The termrefers to a genetically engineered animal or plant as well

as offspring of. genetically engineered | mal s. an- hunan tr nsgeni c
ani mal | ﬁ@P%d’ﬁ’éwg%lrrF@H?tg%ge 15 geneg) ?IéerathVSW ﬂ'ﬁ??aﬁn 585 §0018Reep,
dogs, cowg, ueae@%bh@ea%mt BE 'Elﬁéctl)f Acﬁxbent @%@Cﬁ& exafBld, b Enhdikér 1sIhe term al so

i ncl udes anlna s and plants in which the introduced nucleic acid sequence
i s f ound trapscriptionalircgulatoey sequemicahatids dperetinain bekegetna dodingaereesed, in sone

but not all cells . of the ani or plant. [0079] A "region of interest" is
any regi 6%° Ibﬁ“’t’gﬁ h.?P'é’Fe'&?'}rC(?HgE‘ﬂ% such as, for exanple, a gene or a

non- cedi Q%ﬁ?quencﬂv%%ﬁp@ct% f@éﬂb@ﬁ&%eﬂtﬂe@ tﬂ@ﬂ&ﬁn "operttiV i lihked"cafiesi r abl e
to bind an ecatgenous nol ecul e. Bi ndi hg can for the purposes of targeted

DNA cl eavefgetodthe fast thag eaphtafdhe ervommsmeoﬁmnﬁ\theégmrfumthnnném&we tean be

resent in chronnsone ne, an or,gan 1
Pt ochondhs e SRR g0 8P f Wers L HRRE: FEY BERIRS TPt ionr e,
regi on ofa ﬁlﬁbﬁbe% d;ﬁﬁl& iRevhitH HZFPINCACKIAdiAG doSPinas fﬁﬁedao geleavagd t hi n
transcri bed non-co regi ons such as, for exanple, |eader sequences,
trailer slogathéhesZiby D?\Mwbmng domainand the eleavage dempingse 1t @Qﬂ'%iﬁ? ei t her
upst rgam 0 e af t..can be as
slroral Ilsas lglkgge n\glqgtﬂlr;\eu eotqottlj@%gﬁ&? tﬂgz}%ﬁ@l\m? x@d%fnucﬁeg) e palgir%Stol n
| engt h, ®inditytardet sigy @ld/oratsindihg liﬂ@,lvﬂﬁ[el tﬁeclpavrarge dohﬁﬂﬁﬁ]abllate cleaves

"operative _|linkage" and _ "operatively linked" (or "operably |linked") are
used i nt é?lﬂlﬁdﬁ&é’fa‘ﬂwyltwnherté‘fgé?%ﬁce to a juxtaposition of two or nore

conponen uch asy s re
arrangedt[gugcza t hat 'AB f U%%}%ggﬁ gl%g@n}ozh {?tglnmﬁ&lﬁﬁg;t{ag Ogggagﬁaedg&ﬁ ts%e

possi bi | |p1rgtemhpd)ly1a¢ptidea>$nudae agid whesesequamee it rot cdentinaldo sheefudl-lengtht | on t hat
Is exerted upon at | east oeof he ot her_ co of

1G4S aProifn, BOISPeRidE or pogisdicidh dBRaY € SR Birction &t T IPE orrot er , i s
oper ati veldtein! B&?ﬂeﬁtﬂe%r 99&5{&%&?%%{&10@ ftdpenent 8ASEIssEsntd8] fevgul at ory
sequence control 5 the |evel of transcription of the coding sequence in

r esponse or thet Samepmasb@n ofregiduapaethe sousponding lnatmer motacales and/pit ¢aonal

regul atory factors. At ranscrl | ona ul at o S generally
oper at i vé’ﬁ}ta}q e CP}?Y%P’E‘%% gr %C&?Oﬁgg?él&fg% Oéls %ﬁ%@ga not be directly
adj acent deRriinind @l f@¥AIoRoF a riBleRNAbId (L4, tcding iNBAG bty eBybridigl at ory

sequence that is oPeratlver | i nked to a codi ng sequence,
20  to another nucleic acid) are well-known in the art. Similarly, methods for determining

protein function are well-known. For example, the DNA-binding function of a
polypeptide can be determined, for example, by filter-binding, electrophoretic
mobility-shift, or immunoprecipitation assays. DNA cleavage can be assayed by gel
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 et 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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even though they are not contiguous. [0081] Wth respect to fusion

pol ypeptides, the term"operatively linked" can refer to the fact that each
of the cowpansmksedperforns the same function in |inkagePCo/ush@9oovires
conponent as it would if it were not so |inked. For exanple, with respect

to a fusion pol ypeptide in which a_ZFP DNA-bj nding domain is fused to a

cl eavage $ 'FIPF?{“ franctegulesial vy G?ﬁﬁ‘g‘ Yomris Husteniehal .direa MaeA@dmein are in
operativegj¢A TM? kfsg7d)] fHSE OhdRRERE Rhi; f INARL ndi ng domai n
portion is alrg e 35155{8?%%5‘?@?9ar get site an@%l%g&}yt s%?%g?%g sf?’e, while the
cl eavage niinitwidiesi(sceablgs Pack el aaBeodbbia (1892)Hd : \676i i8¢y Combehet al.af get site.

[0082] A."functio r eny, ) rotein,.pal tiide or .nucleic acid is
a protei W%‘%’dﬁﬂ’%% @ggﬁﬂé?é%)’ gﬂgﬁnﬁﬁ%%l@géﬁiﬁg@l?ss(s%tfori dentical to
the fyll 'e&%?febRiHc&%‘ﬁhﬂet AOINHRER(1 988) 8823081387 Cv ahbeyanyRlal.f Sdigides the sane
function as the full-length protein, polypeptide or nhucleic acid. A

f unct i ondl19§%) 2gRda84-d 4B6;pmddéKs PatsnePulilivasen Nor GBHk2 &b, published @l r esi dues
as the cygre di ng_native l.ecul e d/ ar. can _contain one or.e nore am no
Reid or RSB DR edoamon Tt e qB i R P R s P iinct f on of a
nucl ei ¢ aqékfrh@ments réifidiimenunelspidaPBindayl propettib Lot pahZshtibedanot her
nucl eic acid) are well-known in the art. Simlarly, nethods for determ ning
protein mf?i@qu@n are wel | -known. For exanple, the DNA-binding function of a
pol ypgpt Hﬁ‘ﬁ»‘s{i?” be del&lmh ﬁé’rﬁn, T et 3K 1o aB{ile%cﬁﬁ"ere%dt'o%’

el ectrophoretic nmobi FIrty-shitt, Or I nmunopreci pitatron assays. DNA cl eavage

can be asatyedy doymmsltionl ReingighGfnscusI@EibodspdiRilatihn. The tedtmds aot The
ability of a protein to interact wth another protein can be determ ned,
a

for exanpmatedyggardmngthe sresies OF souras pothe aptipadypRords didtepdedio be limited

conpl ene I E L 1 f: | el ds et
o ( Lo50y he fencth SR el ne Qe Bt iRassepRBole Dim B RNRL: &

98/ 44350 .wdl04388dgmidnés dueh s FabtH(bigidy Fvasndusthel fregnednts, as edell e shimmdricbodi es
obt aiped from bot h. pol ycl onal and nonocl onal  preparations, as well as, the
ol I &0 ngnd hymanged Bﬂmﬂ%?qeeys aﬁiﬁ%wyp%ﬁl@wb@ X?@é@mwlwsmm e, Wnter
et al ., Nadheplopdfits oPthe pafint iddoctBR4l ddtiBody Rblectia: 4, 816, 567); F(ab')2
and F(ab) fraghents; Fv nol ecul es (non-coval’ent heterodi ners, see, for
exanple, Inbar et al., Proc Natl Acad Sci USA (1972) 69:2659-2662; and
Ehrlich et al. cgi ochem (1980) 19:4091-4096); si ngl e-chain Fv nol ecul es
(sFv) (see, foV'¥$8fble, Huston et al., Proc Natl Acad Sci

[0085] Described herein are artificial nucleases that can be used to make

20  single-stranded breaks (SSBs, also referred to as “nicks’) in double-stranded DNA.

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 endonucleases and homing endonucleases. See, for example,

30  2002-2003 Catalogue, New England Biolabs, Beverly, MA; and Belfort et 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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USA (1988) 85:5879-5883); dinmeric and trimeric antibody fragnment
constructs; mnibodies (see, e.g., Pack et al., Biochem (1992)

31: 1579- NsB4p100uamdver et al ., J Inmunol ogy (1992) 149B: PROAKR2@)p/004703aNni zed
ant i body nDIecuIes (see, for exanple, Riechmann et al., Nature (1988)
332:323-3 Vbrhoeyan et al. C|ence 1988) 23? 1534 1536; and_U. K.
Patent Pd ‘FYF%%P%hCRE? aga soursp of tlegva aiprandrcleavagehalidompins o Far  any

functi onaéxaﬁlgfcgg?gg% A b of b ARAHEL AR B AOSoel PP LIASUEN T T agmENt S

retain immun ng properties o e parent antli y nol ecul e.
[ 0084] Ayausdly ihetiet g inkdbee $&8Bsrdtiartibad DABE. ant i body" refers to an anti body

conposi ti avi ng nonogeneous ant od o ul ati The ter I S not
limted @@ﬁd. ng tﬁ@mégg’c‘? anv&gegslf{- %ﬁ't F%S’d’if“ Aot esas? PTi nt ended
to besli Holesh th¥rebD@s Er@f']ﬂﬁﬁ ab&ze""ﬁﬂa@?& '1ﬁreé §m§@ﬁ§tloﬁr ﬂﬁ‘ cie%@?e‘%ﬁﬁ@ﬁ?aﬁ?es whol e
I mmunogl obul ins as well as ragnents such as Fab, b')Z, Fv, and ot her

f r agment genersl, b ffuszen rioteims dre reguaretl forasieavage ifdh@@xsmcmstemtqompwe

opul ati ons_t hat hi bi t cal bin roperties.of th ar ent
Ponoc on gt ot o ARy OF o Sne g st BireB e vars ialPs
artifici albnﬁ%|cﬁﬂ%@%sémath§% deavagedalfdomlis cah BEUerivdd Rordere Sngaks ( SSBs,
also referred to as "nicks") in double-stranded DNA. Al so descri bed herein

are net headoryreleaseior fenstiony frRemantyibareofleebrashslnay age Hadf-domaingrpbe ed
| nt eg?at 'd%m/ecp ofnrﬁt Jlﬁg%ﬁ{ Ekﬂi@%&é}% e (8} ﬁm%ﬁgnaq %g&%ntsgﬁer% avage Dorrai ns

[ 0086] The nuc eases descri erern conprise®a nuclease (cl eavage donai n,

cl eavage [0@88] - donailn hddifibe, mhwga@ﬂedmmm&ﬁﬁfsioﬁrpr&fenishﬁeﬁl'dﬁdralﬂ?'pr otei ns
di scl osed herein can be obtained from an%mendonucl ease or exonucl ease.

Exenpl ar yipaershiéthagsnest toreaeh atien sueh rbbindie cd shrliwe Bisienpeotgsity ed
endonuci AbisBb TP tarkh MbERal e b FEbYASE IR SRAARARBRARS, g
Beverly, eMﬁn othaldthwlfo&rsttheblead'age(tﬁﬁ'&lb)nd‘thx:ﬂodbﬁn AcfuntsloReBcleaB&géB?Q 3388.
bean  Puc HEH: eyt GHETE eI I CFER SEBCU R I SOGBIG0 |
coionuc! WRE P Rciadnlny 4ol (800 by eisRSo b oL O o
f ragnment smthgtabmir)lb@ralf npeleoiddas casuealegtide pairsahn dhterveng betheamiwe tanged ¢l eavage
hal f- domaltnss(e g, Ofom 2 to 50 nucleotide pairs or more). In general, the site of cleavage lies
between the target sites.
20  [0089] Restriction endonucleases (restriction enzymes) are present in many
species and are capable of sequence-specific binding to DNA (at a recognition site),
and cleaving DNA at or near the site of binding. Certain restriction enzymes (e.g.,
Type IIS) cleave DNA at sites removed from the recognition site and have separable
binding and cleavage domains. For example, the Type IIS enzyme Fok I 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; Li et al. (1993) Proc. Natl. Acad. Sci. USA 90:2764-
2768; Kim et al. (1994a) Proc. Nat'l. Acad. Sci. USA 91:883-887; Kim et al. (1994b)
30 J. Biol. Chem. 269:31,978-31,982. Thus, in one embodiment, fusion proteins
comprise 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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exanpl e, the cl eavage domai n of a neganucl ease such as Seel can be rendered
partially inactive to induce SSBs rather than DSBs. [0087] Simlarly, a

cl eavage weal2btodan@2n can be derived from any nucl ease oPrCparseéoonoi7ner eof ,
as set forth above, that requires dinerization for cleavage activity. In

general, usi on protei uired for cleavage if th usi,on
pr ot ei ns mrl se cﬁ@ﬁ%‘a@{]"ﬁéﬁ@%ggrg?%cnoﬂl Ry mEs Wheserleayagg ﬁ?@v@nﬁ otein
conpri si ng, saaem%grﬂmnm g R, RSFERD Pis @ma;F &?zﬁ@is%@@emﬁ

hal f-domai hs can be derived fromthe sane e nuc ea or functional
f r agment sditrieer Bctfn)a;te et ale 6998y Peav Agd. Aadaf Sdio BrPSe 40,556- 1@e5r75ved f rom a

di fferent end a or fun I onal nts.thereof

Sadi £1 on, AFRESRH B s bibore BT ot HEUPTHe R PaRiS drvhd SO b abi

di SIOO%ed,eﬂé’yHé us&E RERE dIs@lo@@ePﬂstinﬁﬂételn%%EbrishﬁEe@A a@a%e%falfldaﬁla‘iﬁ/\ﬂ fusion
proteins totheir respective target sites places the cl eavage hal f - domai ns

i n a spatThus, foritergetad Kignblwtre@stﬂd cdedvege ardier talrgleted/sreplheemréa egjtlar

hal f-d f f I
Thus. 1 eaperen Bhdpfe ARELFOF Rhushaf AR R TR Pne b pabulbdE oy

separ at edrFéRI cleaBagitdl L@dhaiascbelised by feBomitiite alch@Baicaltipu@ierclanyigd nt egr al
nunber of nucl eoti des or nucl eoti de Pal rs can intervene between two target

sites (e.d¢pmains ddtematiyelyoa pipslegwiyngatigamolecnle coptaining pgingdingenbindinge site
of cligavagg, il &id RES f%ﬂ‘cfeﬁx?a Ya ?ec{on?durl&,san a[ls%%%eﬁze%{ahféér? fyendonucl eases

(restrl ction enzynes and are capabl e of
sequence- ta@(adfdléavbgaﬁitm@rge@ed@déuémé a&erraaomgsmg zm@ fiiges Fok aﬂfkmisaaal ng DNA
at or near the sjte of  bindi ngle Certain restriction enzynes (e.g., Type

11S) cl eaRFavidrAckewhereds thigdisclastter om t he recogni t ion site and have

separ abl di ng d1&he - k5 enzyne

Fok | ca’?[alhyges dou%l e- stgé/&gﬁ%}g%ﬁgz\%ga eFHoaif BEQIE}’?eot | geg fromits

recogni t i protesn that mtalmde&tagaach\at)doﬂmanmim)lﬂledbﬂlty tcomuitiserize€egni ti on site
for exa ents 5,356, 802; 5,436,150 and

on t ot nher.
2" 158500 mﬁgzesaémf%a@n alw’lea(%@%mwoc Natl . Acad. SoL USA

89: 4275 % et Eﬁém ﬁ]lyg?ﬁ)e dahl nzﬁﬁ@sdareﬁﬁéerf‘gg&‘u?ﬂﬁgrﬁ%na?768 Ki'm
et al. Pr ocC. Acad. SCL USA 91:883-887; Kimet al. (1994b) J.

Bi ol . memt;bhza@orswcg 98/0342'@8 commuated herebmia itsrentiityre Additionsl testrighion ei ns
conprise the cle vaedoman £ eavage. hal f.- domai n tnromat | east one
Type |I1S FELP &P tgwﬁgagl%gmbqﬁ %S?Veagf flﬂ%laqu a)edrt Bi%{ar ng domai ns,
whi ch maycoateniiited by the present disclosure. See, for example, Roberts ef 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 I 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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not be engi neered.[0090] An exenplary Type IIS restriction enzynme, whose

cl eavage domain is separable fromthe binding domain, is Fok I . This

parti cul avoenmyiresos active as a dinmer. Bitinaite et al pPCCAS2@p/oRr708. Nat | .
Acad. ScL USA 95: 10,570-10,575. Accordingly, for the purposes of the
present djsclosur.e, orti pn of the Fokl zyme used in the disclosed

f usi on pggSeal’HEtai“Qn@b tea a&%k@é@dﬁ@‘ﬁ)@ﬁ(ﬁ{}d%ﬂﬁitﬁw“ﬂm@ tha; t arget ed

doubl e- stEaRdeGIA l(__egmecmﬁé %dta% li6flat RRIRAITOThatp 19@4&1&8 @) sequences

using zinc fnget- f usions, usion proteins, eac conprising a Fokl
cl eavage with Eysz(&)m&ppmﬁaaﬂy)ehma@meuedrcﬂmyage halfttiemalnsalemwbd betelty active

cl eavage donmain. Alternative nol ecul e containing a
e gt Brenary donanng BiiedelE TR RE-) Fam Nt an al s be
used. 5sPanafRioeiasn fd);sroaaééyei a@ﬁe%vmamlp%ﬁsh%sﬁgﬂ%@nce alteration

usi ng zinc f&@ger- FoA: u5| ons are provided el sewhere in this disclosure.

[0091] A “EReRly 4 58Kl bor and:bremx@mgmsmwds)ﬁ%ﬁ Qo apd 498yIpdyin on of a

protein th tains e activit retaln he .ability to
hul ti mer .e@keeﬁgéﬁagahﬁﬁé{%%?ﬂ eFbiina et iR AR e B 1Y [ 000z)
Exerrpl ar YedigRgted 1‘§4g®149'9¢1’i@n13gn’zyrres are descri bed i n | nt ernati onal

Publ i cati on WO 07/014275, incorporated herein in its entirety. Additional
restri ct |[6‘?f’6énzynesAlmtb@ exampl of anaieiznemepred ¢lagyagmiplcdemnaiag thaliomi ns,

Rober s apis i SOERARTRA Rl AR SR s R W fim DS iGFRETY

enbodi meng épe inhehich eﬂcvalgwag@nﬁlﬂdo@m’mfslrﬁﬂﬁtedraEp@sntldsmuw QTI-@ID]QE’Oed cl eavage
hal f-domain (also referred to as dinerjzation domai rrut,a,nts)8 that mnim ze
or pr ever‘i? eﬁéﬁlrﬁhi‘%]?z)a?@ﬂd’ﬁher&%eaéi%%"clﬁ gmaip dy mypiateAMtPOSIgN 438 pat ent

Publ i cat ﬂso Z90°00844 74hr>80060188987; and 20080131962, the discl osures
of all o mhlc are incorporated by reference intheir entireties herein.
Ami no aci[@097si due Emfingeosi dlennage 46 domdihs déskibed BB8reint&ah bed@bpard®7, 490,
491, 496 498, 499, 500 537,.. and 5 of Fok, I |1 targets
for iIAf I HEWEiARY SHitahly F?B}Q%%Pf&f‘a?lﬁ@ g&ﬂ‘e ﬂlr%qtféﬁwa&semsfo SelTme [ 0094]
Exempl ar Xia0g e Bl e V08 abBbdcrBel US, Phrefitkublichiid Noor m obl i gate

het erodi mers Tnclude a pair in which first cleavage hal f-domain includes
mut at i on5209500ﬁ414%(%:c;¢igrEsamlgb@aandp‘&@ ?7/6389890 and 538 of Fok | and a

second [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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cl eavage hal f-domain includes nutations at am no acid residues 486 and 499.
[ 0095] For exanple, in certain enbodi nents, nucl ease conbi nati ons are used
i n whi ch wbheonleavage donmai ns have a nutation at 490 thaCTruspéoavesos u (E)
with Lys(K); a nutation at 538 that replaces Iso (1) with Lys (K); a

pos t1 on Besg e Dbl SEes Blowepng! g Suids: Tabe erih B0 am B e -

engi neer %Jo&ieﬁﬁ‘?@%ﬂ%bf IsQI&HBe't HP (M§Na’%‘é d?&%@ibi?al W@s@é@tﬁ%fégﬂ Py mut ating
positions 490 (E- "K) and 8 (I in one cleavage hal f-domarn to produce

an engi n€20@d CbArezﬁhageBzhedChndohtﬁﬂﬂﬂé%;@hrralt@dzl "(BAOQICurB3IBMn. HructKK" and by

mut ati ng jpo 8 d.49 n,anat her , cl eava hal f - domai n
Lo pr odachon0idl i Ee AnFramestlgins arde SEHIRA (FBEN SRR Y S XB0E: | 4000+ or

"EL. " 5[ OQ9&lind\§REIRYtyesipired &f a Aatally- déf:ur?l'iiglzﬁﬁ:eﬂi@gér ptot@Mage hal f - domai ns
that form an obli gate heterodi mer (in which aberrant cleavage is mnimzed

or abol i Singtheering msthads inghidsh butrase ppidlamiebton rtfondlodasign and vatious boest

positio r ef.er D' t her cl eavage

har - dondt ety iR RsieBiRgS: 1 s Ximpld dind fteisB Tt TPV e )

[0097] Engplee@rgdadrupRi)amelcbalé séﬁ@é%e@%ndiﬁﬁl@whd@ﬂ(ilﬁteﬁﬁgeﬂ afitid 40ed pr epar ed

usi ng any suitable nethod, for exaﬁLl 1|G§ site-directed nutagenesis of
P

wi | d- typéewe@aeﬁagewh@hfea@tbmlmr ar m&éeq!’élf,@mmae jsrassgcaitedoyithnt

Publ 'é? at 'o?lQ o'r\lﬂmrg ngﬁh a?%%%ugx?c%g of ?mg r‘f]igg% %ml:lfb]i)i 'th 1%&0 ;% 2p98-

[ 009 The cl eavage resen |nve I on nay SO include

one nore Iﬁudmp]eOEIeilu'eﬁk& Sz pfoy ek amplie)ev- awﬁéd UlS: Patentss® 453, 24mamih renders the
cl eavage hal f-domain inactive., Non- linmting exanmples of am no acids that
can be mfRedl; HICPWQT%%BYWfFr@n‘EFOIPﬁFIHlﬁfhelﬂo?ﬁt‘irﬁtqsudes amino acid residues

450, 467 {1 o 469&)&: ts@l%@ﬁ&?ﬁe{h%hé‘%aﬁdlhgg%éeﬁﬁ&%’iEglnd {qu @Al N

enbodi nents, "one or ol nt nmutationds are cata I ¢ domain
of one rm;yhems,cn?e ﬂhelosd:ﬂ mgas Patestsey, 1/, ¥, 5§@5§§316100718&8 |6J(blt3e4i3he catal ytic

it al 5o S 510 BRae 0 G 6na s 2edt it ue LA MBI “and positi on

469 may hgonas/sd039, W@UD)&WS AVO%IU%I%%H‘G@Q'%S MY IP8dAHESt i tuted at
these or other positions. B. DNA-binding domai ns | 0099] The nucl eases

descri beetnhancemnnmfsmmbogppecsf@lm for sing fingercbimiingidetiaing has been
described, for example, in co-owned WO 02/077227.

[0101] Selection of target sites; ZFPs and methods for design and construction

20  of fusion proteins (and polynucleotides encoding same) are known to those of skill in
the art and described in detail in U.S. Patent Application Publication Nos.
20050064474 and 20060188987, incorporated by reference in their entireties herein.
[0102] In addition, as disclosed in these and other references, zinc finger
domains and/or multi-fingered zinc finger proteins may be linked together using any

25  suitable linker sequences, including for example, linkers of 5 or more amino acids in
length. See, also, U.S. Patent Nos. 6,479,626, 6,903,185; and 7,153,949 for
exemplary linker sequences 6 or more amino acids in length. The proteins described
herein may include any combination of suitable linkers between the individual zinc
fingers of the protein.

30  [0103] Alternatively, the DNA-binding domain may be derived from a
nuclease. For example, the recognition sequences of homing endonucleases and
meganucleases such as I-Scel, I-Ceul, PI-Pspl, P1-Sce, I-ScelV, I-Csm], 1-Panl, 1-
Scell, I-Ppol, I-Scelll, I-Crel, I-Tevl, I-TevIl and I-TevIII 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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domai n. Any DNA- bi ndi ng dormain can be used in the conpositions and net hods
di scl osed herein. In certain enbodi nents, the DNA bi ndi ng domain conpri ses
a zinc fiwgenipnodsei n. Preferably, the zinc finger protecmussomomnat urally
occurring in that it is engineered to bind to a target site of choice. See,

(2001) A FEOS 759 S8 oRonE Sk 418D Cere dBeki Sel 1 Perlepsoth lur o~
Bi ot echn ; ' 1 . 8l it $ro B :

12: 632- 6%‘?"1‘%:?292%3&2%2’?gg%osﬁgu??s.m 8‘%&%%8@9%?%2?@1%335@‘@&%_ An
engi neer edak (HO6) Undel BioIn263rd631aiBh; rgast ehaly €1998ndvebl. Biald280y34peci ficity,

d ] y- I i fi . ,h. Engi i hod
Cnelude. 35aand i NeF Bnkinddolbs S dopin A HakioGnReToNodnidog " ypes of
sel ecki oRpediAtityPSRontiag Ao fdabtidend mhéPan€o18d¥Bd &an BESdnthARlABRIRE

conprising triplet (or quadruplet) nucleotide sequences and individual zinc
fi nger amonmaturaldargetsitenc dee, fonexahipdd (Gerdliar el ol 62003) Mplead Cefi118t8%3uc| eot i de

sequence 4 SsSOocCi a N ne or r j i equence i nc
rnoer o iEP R ar RA TR 4Pt FRE PR R ATPER AL B8 See. tor
exanmpl e, Nfa/RWAehSY-639; Ralqaes & 4. 3687)24dran Gdhe TREnaph :49-86:00 801 at ed by
reference herein in their entireties. [0100] Exenplary sel ecti on nethods,

i ncl udi ndapmhBeblifagen Ap. 207AME12/bri d systens, are disclosed in US Patents

o, 20007547 B4 "o, 243 ceial hwdiinedts Mptigper e R ad S80 00/ 2767s.
WO 01/ 88 1bé DNW-bisdling ddBaiadhd dneé chddade dumaigfopacaiflet zaic iriget progein

specificita for zinc finger binding domains has been described, for
exanpl e, @ ad@kbglsapepdalimdogam.oin otheriembodaapristhg Rugease SPBPLISE MEs;  ZFPs

and neth f . L an: i f i i .
pol ynucl gg?%c}gédlgggg%?wgﬁ@a&n@@géggtl?hegg\%g%tdg t llcl)sggo o %@?ﬁmﬁglﬁg Re art and
descr i begrotaindetmirisingrone.catalRivalin tactiyel okd ateavageati-damdinand bias. 20050064474

and 20060188987, | ncQrpora by reference i their entireties herein.
[0102 mafaﬁmcﬁﬂwa?%%ét?jfeﬁe ﬂgaéég? ﬁal_?-ﬁe@éma SRS Ealé-ﬂeweg@ a%inc finger
domai ns aB/19Nitidd whin 86 TRIA Hifding HOGSH iPHOLE] BSts epfté dn@ﬁﬁﬁd&c@get her
using any suitable |inker sequences, including for exanple, linkers of 5 or
nmor e ani Rcingié-sisanded lcetmgahtheSexget sifesso, U. S. Patent Nos. 6, 479, 626;

6, 903, 185; and 7,153,949 for exenplary |inker sequences 6 or nore am no

acids in length. The proteins described herein may include any conbi nation
of suitable |ipdepy between the individual zinc

20 [0105] The nucleases (e.g., ZFNs) described herein may be delivered to a
target cell by any suitable means. Suitable 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-DUXBI11, CHO-DUKX, CHOK1SV), VERO, MDCK,

25 WI38, V79, B14AF28-G3, BHK, HaK, NSO, SP2/0-Agl4, HeLa, HEK293 (e.g.,
HEK293-F, HEK293-H, HEK293-T), and perC6 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-K1, MDCK or
HEK?293 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 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.
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fingers of the protein. [0103] Alternatively, the DNA-binding domain may be
derived froma nucl ease. For exanple, the recognition sequences of hom ng
endonucl esgesiemdadreganucl eases such as 1-Scel, |- Ceul, PPIrARI@/004h3 Sce,

| -SceW 1-Csrl, 1-Panl, I1Scell, |-Ppol, 1-Scelll, I-Crel, I-Tevl, |-Tevll
and |-Tev] |l are known. Se Iso U S. Patent No. 5,6420,032; U S. Patent No.
6, 833, 25491084  or t Metheifg@f%e lmaev%mec %P%WS%Z@Q%@g?sfgsteﬂaﬁson et al.
(1989)  Cefderfded rl%%a (.89 Mlmses% odls Res. 22,

1125-1 127 Serfbed hort ?’1%'925%5% Rl foF fim@te, in( 3574 578; AR (1996) J.
Mol . Bi ol6, 503673716,334,861 @5%6?2 &,60a1882( 0.988.558:. 682;49783|6c933 1289: 345- 353 and

of hon ng L aPTASNE 00 HeobEh e ke Pl ol PR oBRR

non- ngtu refe?én%hel%h{ﬁ&heﬁ@ﬁtareﬁé&r exampl e, Chevalier et al. (2002) Ml ec.
Cell 10:895- 905; Epinat et al. (2003) Nucleic Acids Res. 31:2952-2962;

Ashwor t h [81073] . ( zaﬂmc)leasm m@smb@d%em@a@y wchﬂe(teh@@redlusmgmfms Cur r ent
CGene Therﬁﬁ% Z 49- ﬂeU S. Pat ent Publ | |on J %)rZ% [0104] In
certain SABBHINGTRALCGER sNeafing.one %rrg%red’ rl?%’é&s%( & r é’ one

DNA- bi ndividgrofl e maplb@ﬂ@edclhelauﬁngebﬂmumnea% peasaﬁuk/ectarsztmvfmlnger
protein and a Fokl cleavage half-domain. In other enbodi ments, the nuclease

conpri seyegiALs, tqmvrsaln\mcwgs AJPRAVArUAVECOTROP Y Vil VECteTse BRI &SRS, f or

exa e | f tive Fokl

ol ot dge apREkaRak R REL L GRTRE, SLOBA"E SEEE OB B L1 o

hal f - doneg,607,88206 824378089531 13; GQHV@LSB@ A)0¢3 2bY;eanid 07, 183824, ficovpreited he

DNA- bi ndi_ng domain is bound to its tar get. site and produce a

si ngl e- stbwaﬁ@&alce herexpiytheip gntirgtigss alsg |df’@“b%|“i detay cwﬂ@mveﬂﬁén%&l%ases
(e.g. t y any

Sui tabl e nima%tggstg%t: étagg)lee%%%kpsl | nglbzﬁc}% %bgl%{é?%gétjelfclg%ﬁi tlé‘é ?gélgé&g ?{/ogt I C

(ani mal ainidt expressiort of thogk rprclﬁaaesyd%url:henmdrbst svilldl be apeazeit thatmeg of these | i M ti ng
exanples of such cells or cell Ilnes ener at ed froms h cehls i ncl ude CGCS,
GO (3. o EEERTS) St O A E B Sqquenigs O BRI, | VERD
MOCK, W 38ore ¥iRs o BAERE 2R ifBod R intbaks ce'NS@e ﬁﬁ@s’ ﬁaﬁgkéaﬂéﬁ%ﬁthé‘ﬁﬁ?@?’ (e.g.
HEK293- F, HE 93-H, HEK293-T), and perCo6 cells as well as insect cells such
as Spodopeeonbuen @éfedfalt veftprs. Whénmylipleedotars gmkseé,seaga&warmayces, Pi chi a
and

comprise a sequence encoding one or multiple ZFNs.
[0108] Conventional viral and non-viral based gene transfer methods.can be

20  used to introduce nucleic acids encoding engineered ZFPs in cells (e.g., mammalian
cells) and target tissues. Such methods can also be used to administer nucleic acids
encoding ZFPs to cells in vitro. In certain embodiments, nucleic acids encoding ZFPs
are administered for in vivo or ex vivo 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 Microbiology and Immunology Doerfler and B6hm (eds.) (1995); and Yu et
al., Gene Therapy 1:13-26 (1994).
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Schi zosaccharonyces. In certain enbodi nents, the cell line is a CHOKI,
MDCK or HEK293 cell line. In addition, primary cells which may be sensitive
t o doubl ewetznavididzeaks may be used. These may i ncl ude, Powtusasog/0my03 | i mit ed
to, CD34+ human stemcells, enbryonic stemcells, nobuse enbryonic stem

I'ls, ind d pluri t cell]s. Cells k to b dinth
creat on 10107 ane gaeiboul GhmsHEa delliery 26 MHEEGECEIERG B Hogtonarn s and
oocyt es fR4iSA, rﬁﬁr&lﬁﬁ:gté([\rg L&t tiedsmas ng@éé;nve%,r fngg%ﬁai@loeaﬁsss conpri sing

zinc finger protelns as described’ herein ar escri , tor exanple, in
U.S. Pat guoiychien otligif 3wkl actd 6609y Fuds, nekedIANAGArtifisjh 9838 2andeagent?, 882;
6, 689, 558; 6’834’218;fgﬂ$338113; 6,979,539; 7,013,.219; d 7,18%, 24, the
di scl osurcdbatised yptake pf AN Sopoporationysiieas-&q hs Soritren 2Ubsystan (Richy 't hej r
entireti egar) A1 igh bAMSd LR asliASy EAGdIEBRGidRer ei n may al so be del ivered
usi ng vectors containing sequences encodi ng one or nore of the nucl ease(s)

{e.qg., ZHBEN0] Any vaddibena gxeraprymycléie acidalgliverylsystems inchude thete | inmited to,
pl asm d vect.qr retrovyj.ral vec s, lentivital vectors. _adenovirus
Dectors, FooRs b ARl HhESeicRikBlume. Comaby) MG Tt AR Lt 3 vi ¢ s
vect or s, Ma§landg BTRMdlecdlardelRareBYst&ias (HAISBA, KD;anf CpémBér; 6, 824, 978;
6,933,1 13; 6,979,539; 7,013,219; and 7,163,824, incorporated by reference

her ei n i Thempentiesine.r(sed fos exampls WREHOB3 D dLipafegtion iy deserkadiingtg. MéS or
i ndugjbl t 1S i . es encodin
ot ho) SRRl Py b4 3a DR £RET 3B panit PORADE el BERE °5 ST OO N0

Wil be appdiceiblly (@, TrinsRbtamTosad I8 fadth ™MRYCAIVIRY drkEncatal Bpidseiae
nucl ease encodi ng sequences. Thus, when one or nore pairs of ZFNs are

i nt r oduc ede $uitabletfhrefisiant rachptorFIe gngipn hipotegtion efipepnudieotislgsrincluslet or or on

2 scquendiSER iltner o701 Hah, oy E¥ABRR: BEwE o SOBMEIERANA T ot

non- vi r aladhasiegatiiei er tar et sikales (Ihinssdmiakiegon)sed to introduce nucleic
aci ds _encodi ng engi neered ZFPs in cells {e,g., mammlian cells) and target
tissdés. [SLHH net hotdhs reeppratiaiuofdipidiaueleicc lexesy ingluding targgtesdds encodi ng

ZFPs 10 ‘i&,'o%o%nésg'su}%% Hnmmol?o;ﬁ&tcia‘}n@e%i)%’ivgﬁ%?ﬁn @&SAe%Pskﬁ?irﬁgxeiﬂPOdi ng ZFPs
are adnm nrstered tor In vivdg or €x viVo gene therapy uses. n-viral vector
del i very (sgese.enErysiall Scienda¥ 0pd0ds41i 00 99 F)a Bedsaercd /e iCunaer Geneal¥krnucl ei ¢ aci d

vector " adi i ety aP80k BEhY eritiu hiocprsaticl e St Lo LR oGk Bmigdr i« ner
epi somal MmpcdnplRs ehen F6PRBSS (1994); Gao et al., Gene Therapy 2:710-722 (1995);
20  Ahmad et al., Cancer 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  the nucleus. 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 transgene. Additionally, high
transduction efficiencies have been observed in many different cell types and target

tissues.

31



after delivery to the cell. For a review of gene therapy procedures, see
Ander son, Science 256:808-813 (1992); Nabel & Feigner, TIBTECH 11:2 11-2 17
(1993); Mvoanio/1@askey, TIBTECH 11:162-166 (1993); D | lPom/UST00BDECHS

11: 167-175 (1993); M |l er, Nature 357: 455 460 (1992); Van Brunt,

Bi ot echn 6(10). 1 149- 1988) ; estorative ur oI ogy and
Neur osci %@8 @e(tfﬂ?@)%‘)‘ O%RFeé Pm&cﬁeﬁ’ EYIHCBFHOF?W REd®tal Bulletin

51(1): 315 eﬂéeléae‘?@% eins; g;ﬁ%gﬁ)g%e abtentln thE{mlamalo%arga Misr phiRli@oy and

| mmunol ogy Doerfler an hm (eds.) ; and Yu et "al ., Gene Therapy
1: 13- 26 (vtgt@tS)ar{s Mﬂg}ramcmashamfarembﬂp toi trmnlsdlcmlqrmeﬁeytrmm dlutdlmg ellaends

i ncl ude Iect orati,o 1 i.paf ec m r0|n t|on i CS,

Vi r osome 8%%6 m&?ﬁ%ﬂgq?ﬁ%&ﬁﬁg‘m%’g VE‘Q rfgeBF 'trlap HSYRE?EP eic acid
conj ugat ea% eﬂaalsadh%etﬁgguef IREHrRWirdll Veb RS are BFpAIENS £ olpt ake of DNA.
Sonopor at | on using, e.g., the Sonitron 2000 Séstem (Ri ch- r) can al so be

used for t@mma,léegpatsfwmlmpaﬁqagma@ran@lty[follum]o d kbl@lﬁqlelwﬁéﬁlpﬂnﬁﬁ yThecl ei ¢

o0t e g R 1SS o RS RE RIS P BB BT Rrd 2007

Systenms (WiatH a@ttm us¥ito fitébriie ey the Lgsutld@nd R ithe tarddicell (&@evfd@r exanpl e
US6008336) . Lipofection is described in e.g., US 556 049,386, US 4, 946 787,

and US 4 psunamgbiyansgeng expsession; aﬂlqebdgéﬁf@r%rél westters eraﬁwftertbm baﬁﬂt e.
T t | g th t
sL?tnaglegtug H%?Q&éér? ??glggg l\gélgwé(,gjbbgd‘?t L\?@ﬁﬁ? n of) pﬁ:l ynucl 2ot ?(rjgs

|nf:: ud((a tﬂmamOdéf(ij&atcg'n&fu,s (W)?hﬁﬂaﬁﬂﬂmum&ﬂ:le%@%’us Qé]\i)ym@/ can be to

cells (ex V|yoamn|strat|on or, target tissu v ni stration).

[0111] TW@“ﬁ?F‘B‘E}SP%EhieEﬁ‘? (ﬂee’l‘i%r Bu#&&ﬁ 1 ahcf d/’@grﬁﬁ(%{}é iyﬁ%r{&g%r ng targeted

|| posorre oﬁéﬂﬁm? y@m Fas 1995 8oﬁ1ﬁle\°ﬁltetbpow;lolt P7056.59f skill in
ystal, Science 27

the art (see, 404-410 (1995): Bl aese et al,
Cancer Géh@O)'hWnlsoﬂ e2@1 J2Birol, 59@574 -2828(1989);a¥jlleBievelon] Ugal &5CR2M

5:38 |ocon ugate Chem 5:647-654 (1994); Gao et
%’IQ' %?ﬁ(}@})ﬁ%@é@%gg Ajhrrgd et al, Cancer Res. (52 42317-4820

(1992 Zbﬁ q1Pat . NaSippHoatiBhs mmcﬂtﬁﬂieﬁﬂpreﬁs@§% Z?erreﬁ #Rhovifal,

4, 485, 05 4,501, 728, 4,774,085, 4,837,028, and 4, 946, 787 [0112] The use

of RNA omasisysiemsicabhe sseds y&qlmlraldaasemweecmrs ameqapaldﬁ ofielydiigh aci ds
encoch 19 B RAGR S FaELa) By BEY RO R Ao Bt SYEURVELORARREE
payl oad twectors, 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 (1994);
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 et 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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t he nucleus. Viral vectors can be adm nistered directly to patients (in
vivo) or they can be used to treat cells in vitro and the nodified cells
are adm nweteroadidee patients (ex vivo). Conventional viPall/usa@edoEyst ens
for the delivery of ZFPs incI ude, but are not limted to retroviral,

lentiviru denovi r.al ad ssoci at ed, C|n| and | ex virus
vectors fﬁpﬁene t r%l&an (g %[Fleéi’fnplﬁsf’ trﬁ&'é V@éW {)]%avﬁc%é’g;l?bl e with
the ret “h‘é d Holini & a‘fé g&tﬁxbaf%la%?c?wz?ﬁ?@@ ﬁse(%%)r WIhAEREL INanst er

nmet hods, ten resu ong 'term expression of the inserted transgene.
Addi ti onaMda(gll ltﬁ)lgHOQr(:h?&ijuMaﬂ@h ee il i RN45 0422 18433 1DEEN(18BPr ved i n nmany

di fferent tissue 0113 The a retrovirus
can be: amafapA S Rl M bt e reTonned o braPk E™ Riksaehg « he
pot enki alyt grigmte JrORHsadd0M 99§)|)t TEARButRh eBiciéRidsi ofi 508 oVEEARF BavRS €
retroviral vectors that are able to transduce or infect non-dividing cells

and typi dgen 9bq9r\(9deoeM’ﬁGyIS packagedtviectorss (Elmm etonli, dmmymoblmmewnaskérs al gene

compri sed b 10720 GRSTRPRab 6l G oviete & At agi ng capast ty for
up to 6-3011 of f R&oBibirkmEbdHoCassIdifed Vit RETLEFIIAA V) grela Promasine
sufficient for replication and packagi ng of the vectors, which are then

used to ialiemgtivg generelivprrsyplemsibeseseaiothe defsct reandaageathegenic o provi de
d
P TISTEFUETEE She PE  SRA S EF ARE 0

(@LV), SbtﬁlrﬁlbnlyfmmeSib@ﬁﬁVertddrteﬁniﬁﬁlﬂvﬁcatdﬂmmg uhmﬁ@hem ency virus
(H'V), and conbi nations_t hereof (see e.g. Buchscher et al J. Virol.
66: 2731- ZxpIsyianospetie; Frifisienk geng transter gnd sipble dransgens debivesy dyo o) -

oa: 2a7a: 955 (70 i tilmp HES op Sichrhnydittbey WeS9TsBhreSRorsprtle .
PCT/ U894/sQ§t€1@00Wag1€b1]eﬂf]zl. Lllanaetpﬁ1c991t1r7dﬂ9243r(IM)cKeamansaler(t?eneﬂﬂzleess| on is

preferred novi r based systens can be used. Adenoviral based vectors
are éépatﬂ -é‘&o% 818?9)%. gh transduction efficiency in many cell types and do

not requippgrgie! | digdsticRion-Yifdiert YebnWRAR benorSlvdctdre (A@Gnlbegh | evel s of
expre55|on have been obtained. This vector can be produced in Iarge

quantiti exodmeéawmghttlmrehsi reddalylinfestyasnenberaddiféereyselitpesd Most us (" AAV")
vectors ar,e al.so use

in the i RdgRPVIESY F%ta{fc‘{r 19 S%ig‘?esf%% g‘fecgﬁﬁatélitf%ygéeglﬁ %g%g%etsltﬁg‘ E‘Elalr'ﬁld ﬁefdsl newgvb
? 28 gg Z I7 avla/log gg ;geh%se E@&Eafixﬁliyﬁtﬂl\g feplichtiRBdefétiGe vedlbsis pedpaphted Vh h@agy
20 293 cells 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 et 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 a
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4,797, 368; WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1994);
Muzyczka, J. din. Invest. 94:1351 (1994). Construction of reconbi nant AAV
vect ors awe admarudédbed in a nunber of publications, incledirng2e098047Pat. No.
5, 173,414 Tratschi n et al, Mol Cell. Biol. 5 3251- 3260 (1985) Tratschi n,
et al, 761gell . 4:2072- 2081 (19841)l nat & I\/Uz

81: 6466- 64 19'@4) heé(ﬁ&”@af%ﬁ‘l"% y ctaigt e{anmm yiral sgquens fqe 0(1989)

[0115] Atyaleasie éi&%u\ékéq%nt"iﬁfé%%wﬁ@%%fd&?éf AphicabIEy, Stk Vlrﬁlvs%hbéiﬁleée for

gene transter |n clinical trials, which utili'Zze approaches that i1nvolve
conpl enerveatg roplacéd bbeixe@tpressmnsxassmtts chgodyagthe protsimrto de expitessede(Ther cel |

i t ! t he.t duci.ng. t.[0116 LASN. and GS I

of ' ot 1 oTRSITE JiStk UPGITH ATe HRDLCR LEAT st OF AL B SR 10F) JPCeritiibar ot al
Bl 00d585: B¢¥8re3{des dskd 9P hendiRbra ghgp%allxl\ﬁﬂ deks idvekl ferhfigaldSd®) ; Mal ech t
/., PNAS 94:22 12133-12138 (198 1%?pLASN was the first therapeutic

vect or ugEER) sequenges fomHbe é\p°yV1g¢m@me whithzaze ecquired ifor mkma@?o 475- 480

(1995)). .Transductian ef fici enci 0% .0 ate n observed for
VG badRaBaTo it Sfeufos) aoBy of FaDNR 1SR E R AL TS vBRE) 10- 20
(1997); [oaAsia iliperiplashiidrendodiiy thether KAV bdned, 1d8Y)rep bklllcdp! buReconbi nant
adeno- associ ated virus vectors are a pronmising alternative gene

del i very lagkingeiR smslé@peénThﬁéelhén@@talwnéﬂmdnwﬂpadmg@m ¥ phalpesyiThg

adengnas r sm d t hat
et athe: SR dhtidhatplichion Srine RV R aig SEbielich o AV RALES
trans gen€fr(ﬂxx FHecifedpen @lﬁﬁﬁ@erhehelﬁéﬁplssnaﬂhs aetpackdged sh eigndiedntsinadaings t r ansgene

delivery due to int egratlon into the genones of the transduced cell are key
f eat ur es dugto  fack of dTR spquspEsse rﬁor{tmgﬁe?n ¥ithadenqvinys ¢an Be fedygedi by, 1702- 3

( 1998) % 1’%%. ﬁ&atﬁ‘llent t%ﬁnlgg&rnovﬁugﬁ%g‘}% Sglﬂﬁgf\?\gz:t ans 18]

Replicati | clent reconbl nant adenovira Ad) can be produced
at high t[0120] and rleaaknyygenatlecdpyeapplichtemsoit 1sdidsfreblematdmlgeney}mfapy Most

i ar TE1 b.vesiape AelsTEHEE S R aRaR PySReY R PROSTRERHEPEE T ve vector | s
A eat o o K B b e Y g™
nondi vi diemgressing ad;gemd st Bidicogirbeirswith aadral g prdteinma thaoutevsirfack of ney and
muscl e. e \\//i%]st. | 1 gang is c(:‘zhotseonr It]aa\l/\é G ni{yatrogg receptor known to be present on
the cell type of interest. For example, Han et al., Proc. Natl. Acad. Sci. USA 92:974'-
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 binding‘afﬁnity 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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carrying capacity. An exanple of the use of an Ad vector in a clinical
trial involved pol ynucl eotide therapy for antitunor inmunization with
i nt ramuscwbanivezi@eti on (Sterman et al, Hum Gene Ther. PCTAB3B990470998) ) .
Addi tional exanples of the use of adenovirus vectors for gene transfer in
clinical trials inc]lude Rosenecker, et I nfection 24:1 5-10 (1996);

|
St er man &fvoapuc ﬁpllwﬁ%@w@w@ahwm glymphgrygs.dong| | Hum Gene
Ther. 2: - . t ‘0 13 (1997),;
ot et ararg i st KRS0 G il Moy ARG RS e e

Topf et Sterman‘et al, Hum "Gene Ther.
7: 1083- 1d8¥owadBBieimpRiteéipn B theagilln inte alphserdy wuabp dfttrasefestion forrcgls parti cl es

that are ca aﬁl e .of inf e%t hng a host cell. Such cells include 293 cells,
whi ch padﬁ‘d@% AFSARIPPILed the e@"_?r'cel | s or PA3 17 cells, which package
retroyiryg122yi ral vechns sellgfehfédtiod FHEIihHRSBRY rdbScHotabt YerBeRGhpY €d by a
producer cell line that packages a nucleic acid vector infto avird

parti cl e (egheiamscnfisongfthe aansfectesheedis antp tlee Indshprganisui) naiwel dnoendes

required for kagin nd subseguent. i.ntegration Jint host (& f

ppl 1 capitie BRRERRURLE SRR Binagh i s 8 0B T lectbisht casset e
encodi Ng o fhidh, Ak Disfecled With £ZPPeuSRL acid\@ehit s5¢DHAY] 4l refibfigéd Park are
supplied in trans by the packaging cell li1ne. For exanple, AAV vectors used

in gene tinterthpsubjgadpeganisy @rg.yPahieBY e Yarionyeqlt ypes stabledpr eepat (1 TR)

sequegpce . I.Ch are r i r j and

i nt egpat ?@%Ef?%éﬁ]ﬁﬁw&gﬁ%ﬁéﬂ@e ({%Slr?@ﬁn&%\ﬁ#gsg%aefééaglg%%#%%%égg'el | 1ine,
whi ch cortidiuns opAriiap €elln| Abtantalesf BagicTechiiguo(3né ed ABY4Yeindshe nanel y rep
and cap, but lacking | TR sequences. The cell line is also_infected with
adenovi r defergnces ¢tadghereinyigpa discpssionsfhow terispipfeaad calburecsls BAMG t he AAV
vect or a’fﬂti@ﬁi@r ession of AAV genes fromthe hel per plasm d. The hel per
plasm d i's not’ packaged in significant amobunts due to a lack of |ITR
sequenceq0123)nt am riatone rembiot imant.estew icelissare asedoia exedhogardcdapresdogeell heat
treatnment to which adengvirus js re sensitive t I n many

ha V. 10120
gene 1P hertEpyfectinn andgangiiacrany. The yyantagplodsipgtton Wéﬂbgﬁh‘“ﬁ%@f ‘_‘aﬁﬁ‘];}’ev ector be
del i ver e%im&ﬁiﬁc&iriﬂ@ofﬂﬁgééptggﬁs %R@ﬁb,fdr(éhﬁ e ifrdiuPa k& hmhiIgSis type.

Accordingly, a viral vector e nodified to have specificity for a given
cel | typesihe donor efthiervglls) Wheyatityasillengadt iothgberteanarrewt Methedsrfat  coat

oo o 1 SR L LR e B TR O R hoe,
For _examalyird3uéi a GM-CIR, BEN-Naid TNIGae kifthn USAISBaQ7 41 875, 1 (1995),
r eporzged Mgdét172m;il68§]-61¥0g1(11r9l93)e), | eukem a virus can be nodified to express
[0124] Stem cells are isolated for transduction and differentiation using
known methods. For example, stem cells are isolated 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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human heregulin fused to gp70, and the reconbi nant virus infects certain
human breast cancer cells expressing human epi dermal growt h factor
recept or . wohs/quiénci pl e can be extended to ot her virusPcarusetwsoeins pairs,
in which the target cell expresses a receptor and the virus expresses a
fusion protein conprisi a ligand faor the cel|surface receptor. For

exanpl e, Wl%ﬂ?éﬁ?‘&ﬁ&:afbﬂg@‘bp@é( CRemaredMasiate apd M9re wvachs%ylapr agment s
{e.q., FABo@Er folde havi ng specific binding affinity for virtually any chosen
cel | uI ar receptor. Although the above description applies primarily to
viral veddmkeE, the MatimodpfarmarqluetorafDA mpphé¢maopamenostemrczlls arect ors. Such

vectors can. be. e |neered ntal ific t ake ences which favor
e by ied pperarlen L5 ERer o, S8 618° MBI b P e Rut s

del i ver eQ)f'tﬂﬁné’ge}ié’s Yo ﬁaﬁmepo%ﬁ@&tbmehs) &, CDILViduaincRAt h8Hovirhy Pi cal |y by
system c adm nistration i ntravenous, |ntraper|toneal i nt ramuscul ar,

subder malTypeB3i nt r acr ani aI | nf usi on) or top| cal appl i catl on, as descri bed

bel ow. Al atl vel vect. an_be. d Iiv to cell.s eXVI v such as
cells exﬂbﬁ% ed fro‘%‘?é S5 g?bi? ﬁ’ﬁé’i‘tr(b%'tcf‘élh? t(%nséenesllw?ﬂ ﬁs (ffe marrow
aspi r at esp-cdlisy ﬁwﬁldélr@asmegmnngnmmﬁ@alvea@;@oSebefaaémqn@t@@ esweru@%)l s,
followed by reinplantation of the cells into a patient, usually after

sel ecti orPPPOrN@éMngM dﬁgﬁ%élﬁ%&ﬂw &Ué]dfttaﬁe(l?&%&)ﬂof’lm{ G2BA63Ex vivo cel |
tr a_nﬁpectg‘ﬁp fzg fﬁng e["’}?zgg?ée 7 157 SR d%%p,];?fohl 1%6 «%lhgf(ﬁ)@ §yd- . Via

re-infusion t'ed " cell's"1'nto nis 'S mell known
to those Gdnesksd 23:2in22Me art. In a preferred enbodl ment, cells are isol ated

fromthe subject organism transfected with a ZFP nucleic acid (gene or
cDNA), adB138-j nf ung*&namtlpﬂiyanCﬁ@aélesﬁ@@rs @F&&W@me(ién part bmq ent).

Var i
tﬁ(rjlsguzf %gbﬁ“?ax?ﬁﬁ‘f’ ﬁghgﬁ%lﬁé aﬁﬁm’ﬁé‘te}’e‘dv%r\llil nefe et pg’ﬁ,“ﬁlgﬁlﬁt{%re Jé%aﬁl mal
Cel I's, A al¥mimiafer tife cBaq:bmtﬁacMcqtdm@)arthbredhaW&Ea@aﬁeeymfmhebleef erences cited

therelnfor dISCSIOI’l of .how to i.sol ate. ture.cells from
pat i @At s) om[lﬁimsq Rharpace F%H?Sm%lts&ﬂ%%q? sa8§ﬁ%crw§é§e'i°w @ge igro

pr ocedur o, fiffiof 8l hahaRALEEL SRR d 7RRE, ToRes.apy. The advantage to using

stemcells I1s tha ey can be differentiated” into other cell types in
vitro, orl0t28) be i nAsnatedebbvienthe dischesedmictl{csis @hd asmpbstioswan bsfusehe cel | s)

Crnas cotny fyeg ot P st B BRI R G opiokAD e R “IFpes. uei ng.

Archaeal cells, plant cells, insect cells, animal cells, vertebrate cells, mammalian cells

20  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-DUXBI11), VERO, MDCK, WI38, V79, B14AF28-G3, BHK,
HaK, NSO, 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

25  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

30 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

36



cyt oki nes such a G CSF, FFN-g and TNF-a are known (see Inaba et al, J.
Exp. Med. 176:1693-1702 (1992)). [0124] Stemcells are isolated for

t ransductworrosmdief f erenti ati on usi ng known net hods. FecTamsamploe703t em
cells are isolated frombone marrow cells by panning the bone nmarrow cells

with antibpodi e i ch bind unwant cell's,, such s CD4+ CD8+ (T cells
CDA45+ (péﬁer@eMWOVeR% ?ra?%ﬁ%feégw%)smgéﬁaﬁ% ekﬁawgeerfgﬂg ifalgsed ént i gen )

presenti QQ@&%& |11%):gr¢1ﬁ§ﬁldt6‘ﬁ{easn%tof o sirlgle SitBndelieal (R hohidadus02 (1992)).

[0125] Vecfors .g., retroviruses, adenoviruses, 1|iposones, etc.)
cont ai ni rlgcomtanaxm@l)l,twnhomﬁldwmgelom Mmdegmmndﬂemmge(l\&wd)mwemer ed directly

to an or mfor ransducti on,.of ce ternatjvel naked DNA
can be a st eredlthuﬁ\d ﬁP?PP%ff‘PB%aqumﬁwogsn%sﬁlFob r‘?lﬂl‘}f’%be Hﬁ%ﬁrﬁfl y used

for i ptrodyaubgase @Pil@mhqn wHiéh éﬂe&imny:ta@geﬂécﬁﬁhgwshan&m&vage {s ssue cells
i ncl udi ng, but not limted I njection, 1nfusion, topical application and

el ect r opalesirabdsandsen tpamlecemwermf SeqelpHagi veithean ngggn@lh? segednsee.gci ds are
avai | abl wel | t hose,of skill in the art, and, although nore
t han oneeflrof}l??%goélgr{l%egméc&?fe@ug?ﬁﬁ) nister a particular conposition,

aparti culjar3zjout e gt taktea iMEgtiole ohe BOhRdTE ﬂiﬁe@imgéxemamdgraaﬁﬁuefafrect ive
reaction than another route. [0126] Methods for introduction of DNA into

hermat opoicagingered énbind)a targst iteht & ngardhe predeteaningd cleavage sijeandmafusion No.
5,928,.63
e oA YO Sl AT ey 0

sui t abl e seendi dnéavagbﬂ@ztlf damai‘ns T(tlﬁﬂﬁ)@ﬁﬂﬂhrrieﬂ)ta@e expressed cfeh bell (”Ehcgﬁrst T-cel |l s)

i nclude non-integrating |entivirus, vectors , .for fe et al.
(1996) Priavagedqmainiseptalyically imactiygted a&zé,a‘zmef)i%ago m& Izaaer (1998) J.

Fol | enzi Totta) o GEBG REIDF D0l site 380 melipalibh Plps SfeadlEnallllh car 1y
accept abldemaeinsc b eingleastmanded eutris made lmthpé)NAbrpartme tgygettsiteul ar conposi tion
the ddmpatlilon. “AckmiFirges Ot Rbel Tehadbrik eiaey ettt o
for mil at 2B 8erfdlus eélfa EHBE S h&rﬂmog@ﬁe%ééﬁqbﬁaeo@vmdsa&) Slyn@SleSIRRCT | bed bel ow
(see, e.g., Remn s PharmacCeuti cal Sciences, th ed., 1989).
comprising at least one exogenous sequence to be inserted 1nto 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 fluorescent protein, enhanced green

fluorescent protein, red fluorescent protein, luciferase), cell surface antigens (e.g.,
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[0129] As noted above, the disclosed nethods and conpositions can be used

in any type of cell including, but not limted to, prokaryotic cells,
fungal cewb2p10Anedvacal cells, plant cells, insect cell spcaniscw/oeshs s,
vertebrate cells, mammalian cells and human cells. Suitable cell lines for
protein e lopn are known to those of skill |nthe art and .include, but
are not 4%?@3 re@sﬂsmg;p@ dipte ehanceg celh grorth and/es gsng ampéifiestonxgl 1)

VERG, ND(égg n lé%roﬁﬂc@e re@&&@f éﬁop&ﬁ'ﬁ@s Mlsg(anﬁﬁg/ %e’%ﬂlm‘lor '6'81':1@3 HEK293

(e.qg., HEK293- H, H I nsect cells suc
Spodopt e rod FLAGs, déis day ¢, Slfap, Hmmmwctab&d arginsuctd ssgqu@mechar onyces, Pischia

and Schi charonyces e variants and derivatives .of these cell
li nes caﬁ8 o be @(Preqeﬁe‘gg@%‘?lm?m E‘? FEREFS SCYURRSF CAMBHESESHe sensiti ve

to doygbl %o%@ﬁgtlwﬁﬁﬁln@ylﬁ%lyﬁ% Stlde JN\GRIEN @?Meés’f&l hdfe céwfs dRkiged)ot limted

t o, CD34+ Hunmn stem cel oni c stemcells, nouse enbryoni ¢ stem
cel I's, anuclididgdud nol lurmtprthemtlboélles,santIQmSL snzwmnreccptme (cedbsiirfage phe
creation of, tr 1_glenlc or gani. sns mcells and

oocytes MuGleapshorpiongs, lyn eist%w?s’lf)‘ﬁgs ??S?fgtgijgéﬁgé%dé&l%% tfgﬁtﬁf%& tions

and net hads fesfioRd fpwntscwfa%?bfﬁ{aowo@at TRE codingbéqubné R ini AL fdron of a
singl e-stranded break at a selected | ocation isdesired. Moreover, as

denonst r KauplkeeldNAs. Jihagregenonasrauancs may alge encade iansariptionalr get ed
i nt eg at| })pfaE{&ﬁ site of the single-stranded break (via honol ogous
r ecomnpi na t? out induci ng non-honol ogous end-joining (NHEJ) events.

[ 0131] Tf[01337]t he cmesmpmnﬁleanalgmhhmemmﬂ@sés HesqieiceCantotliagused for
any nucl ease applicatjqgn i n which speC|f|caII targeted single-stranded

cl eavage 3ol xp@gf ide,habis daking onnone fugetienal yhihe @ebje%l@vwémaé@c diseasean
exogenou 0132] For
Car got ed T AnE Bk Fmli (AP LPEREHO DAY AeHEN AEBed SAHERE Bl

engi neer edhromakopsch, acidmajta&;e daéftodaermy afenosnge ddsdnﬁn;meeiéﬁbremy (@NIIe] eavage
site zinc finger binding

.th d
donail A( sg\yoa@'@b) 2 §P e’f‘ 5‘%1%39 I Sl a dylg‘#g gea:] RO ﬂ%tgc(‘?%é(t forma
di mer) angHaxRieseRsh, Iaﬁdx%gerﬂdsensﬁmtﬁyhafon% %ﬁé’r@%d‘i'&ﬁ@'a?r @éeg Jtically

i nactivated and, upon Ing of thé Zinc fi'nger portion o usi on
protein tright mtmeulgedy&plasm, atliadelmmgictaaia bmmsyndmne,lbemvthgkasmlﬁ domai ns, a

o 19l SRR i e TEbe. B5e DGR 6L BBurl i e

(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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exogenous sequences vi a honol ogous reconbi nati on. Thus, a pol ynucl eoti de
conprising at | east one exogenous sequence to be inserted into the genone
will typiweal2byw/i2nekude one or nore regi ons of honol ogy WCTluskemw®et7ogene to
facilitate honol ogous reconbi nation. [0134] Any sequence of interest

(exogenous sequence n _be introduced as descrij.bed herein. Exenplary
exogenoudIseasfy ﬁ%@-ﬁi@vwdwme, & Bnmtlmpﬁ?Rréquﬁlvéﬂn%FW@g{rﬁ?de codi ng
sequence - No.CJoR¥sg), pronoter, enhancer and other regul atory sequences,
ShRNA expressi on casséttes, epitope tags, marker genes, cleavage enzyne

recogni ti[@38i t es ahdHitiendl ewemplppedisafesshpr@adicdreatedrigttargeted. | n addi ti on,

t he exogenous .nucl.ei c acid sequen ma roduce one, or nor e RNA nol ecul es
(6.g., SHRFEHGR folforingAe|ecHIRRAE Cles ik BT ia ARt IRySadericieneiet ruas
(M RNGS) |yk6mal stéugadﬁeﬁeg(wg;scsmepg disead] GM QlFaBhyskads ki Tay-andar d
nol ecul ar” bi ol ogi cal' techni ques (cloning, synthesis,” etc.) and/or are

commer ci Sakls disesis¢)ahecopplysacsabidpsie (e. SIBSItEaRy diggasT,RdideraNtisdase) ari es are
iall ilaple f i | dri 0 Mar k .i\ncl ude, but
are ot memoeltopatis (hen AR R it Pt f SR s B BRI b o1 e

resi st angfad em@philiagipi ci | i n resistance, neonycin resistance, 418
resi stance, puronycin resistance), sequences encodi ng col ored or
f1 uor escd®t3%r | unilnesdaipenhodinagms theexggeneissequanceiotBLOEIISpROt ei n,

enhanged 0. I 3 i l.uci f erase),
cell rl1§ur f%%g&%?% E(g\sgﬁt?egln%)ogEﬁl@é?tngﬁggﬁ%c{rg{%?gmﬁgﬁge?rﬁergdlep % enhanced cel |
growt h anghgeted retegratiomantliadalked Seduenek encddiny dn atiditiohsl fugetivhalise) . Epi t ope
tags include, for exanple, one or nore copjies of FLAG Hi's, myc, Tap, HA or
any det ed®fle ani dorthsrmomscalthoygh not rgqwisgd fon exprsssiens cXegENEHbOdi nent, t he

EX0gENOUZe ﬂH@s’lﬁ?%ngﬁgé it:réﬁfcn?gB 1%} éﬁdn‘lfhegp%g&'&gg?@e%es? ypeptide of

whi ch expression esired, 1nc not ' fimted to

ant i bodi esamplet pwangers.comhyness, insata@santeriat elbbsane Eateesites, seqateas ) |
hor nppes, | hoki nes, cytokines, r%ﬁorter ol ypepti des, growh factors,
and fonctp g ‘?‘é’ﬁﬁ’éﬁiﬁs or pRlyadenyl4iion - The codi ng sequences may be,

for examphpy1)CDONAS. NiJdigasEX ORI AIRFE B4 PalSE e A0 MaR@ationdpasial Pt i onal
regul atory factors. [0137] For exanple, the exogenous sequence conprises a

sequence ozncmglety) of opebymept gahentid sequencesadidctiyatoon qaorbe achisved,doml in t he
subj ect havi i but not lim.ted.to ng of the

P oCC USLRE, B IGRILL St B AR o GO Rl A S 2o

region, by targeted recombination of an irrelevant sequence (i.e., a “stuffer” sequence)

20  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

25  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

30  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 CCRS 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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Kl i nefi ettﬁf;atmmwa? HXV3, §m|i% B%%@ &’g?%paﬁilﬁglv%s mcuh)qmieaeit@ukocyt e
adhesi on deficiency (LAD, 92

| eukodystro | ong
syndr ome hepatitisanrus ¢ \anepamélﬁ YJ@SW)@M henqm@@wga@&i{(b i @cti@ﬁrs ( MPS) ,
nail patella s r.ome, .nephrogenic ab i pdi e t osi s,
Nt . SR A en BRATIRE B et RN 0% il BT PIBEAR AR

syndr one,(e.pl, pgR6Vitused e, § Galisviridae"Bogdvitidde (b stituia, vifde deng v dires]e,
Rubi nst ei n- Taybi ,s_éadrome Sanfilippo syndrone, severe caonbined
i munodeféfe); 1(1 @OTOIQYMW%O@M%R Simavisidag, Rhapedovindacied. (si ckl e

cell ;gne W&ﬁ@g}g e chs
di sease rﬂilﬂ)esv <’:yt benl a sen ?’hrgfa %g%?)hl ﬁgsg%e%ﬁ‘a eacvﬁé? Col l'i ns
syndr one restpnna&myryynctyuh)lannusetsgj ©rthemgxovitidaea(e!gs, mﬂmﬁza wirns typea AGBcl e

di sorder, van Landau dlsease \\ar denbur,g syndro /]| iams
syndr ome, 2G> §(9r? apxaevae‘ga > frenaxiridag) Betrer %dgr&%m% 1gmlﬁ'1ﬂ’ '

| ynphopr at \qvflé x@dsqllln 4ponal
exenpl ar 3“ gelgslg\éﬁ% Kat can éﬁ[{?}; te Mb‘gvt’éggﬁg | nt ggratl foll ow ng
si ngl e- stimanohedefudiamyagums (8B ) themaie papiHemavims (MRS influenza wsys dndsls onal
stor e di seases Gaucher. s di sea e, Fabr | nd Tay-
Sachs di diskdgyne ?ﬂ%&ﬂ%&& i S sehn Soss & eoiger. i Ediees G SRR el o1

di sease),1988)1pg @zﬂa\hﬁ’él%v (RdEditicd @ Fals ast DERS Khipd;iREs. 1991),
a-thal assem a; b- assem a) and hernophilias. [0139] In certal n

embodi merfosa d@*ep@«o@@hm@eﬁhmwmsescdﬁcemfpsbﬂ‘d ekamplgemeluddescri bed
above), &lﬁgv&@g 5sael %ggn of cells that have undergone targeted

I ntegrati Sequence encodi ng an additional functionality.
[0144] 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 et 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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[ 0140] Furthernore, although not required for expression, exogenous
sequences nmay al so be transcriptional or translational regul atory
sequenceswoforo/ex@apl e, pronoters, enhancers, insul ator #CTiusc@9004703 i bosone
entry sites, sequences encodi ng 2A pepti des and/ or pol yadenyl ati on signal s.
[0141] Nucl eas as de i bed herein can al so be ysed for inactjivation
(parti al repdi gsﬁﬁraé@éymﬁﬁ E’Sﬁ@‘%@‘ﬁ%?’@&%ﬁ"&%é NPYHRYS Bigkingn can be

achi eved indald GPUREERliEn 1Ot HhORIBrhobAEATONR R Bnheoted SfiRRRc0r NOnsense

codon into the coding region, by targeted reconbination of an irrel evant
sequence efizyraes, that dcsmojfcheddubé@spnmdcépl‘mt Acaomdingbyn Ehecrmcwasesrcngmaﬂor y

region, so as to disrupt th ene or ul at i on, getl ng
Feconbi ndBreRcat bEM ST padplid BE RSy SRalisHEin B it SBX RRurShuy Ypriied

m sspki C'T’lﬂsQﬁeE&ﬂpéﬁﬁ&ﬁ&fﬂtﬁé mv[e&icﬂ?dan@é'\hé@ﬂi &i&dioh HEGLERLACRN (e g.,
knockdown or knockout) of endogenous genes can be used, for exanple, to

gener at e seqyences aq@sa@efdlnglynmt ﬁd@ms ¢ﬁih@prﬂémqemfspwtcabse§sezsran§mt ein

producti g ra i h fucosyl ati on).
ZFN- medi é"?fgét ?u%élgFl vastuc%ﬁs El?vag Vlr%se(%ktc\g %%@l@ nsgeni C organi sns
(e.g., phapdchaereritunatibgeosis and o:alasﬁydld; Rdchdmafia fasth ady € g,of infecting

or integrated viral genones can be used to treat vira ectl ons in a
host . Adchqud@ﬁam plasmygy Qé&uédafép@év&@éteéﬁe@feﬁ&déﬁ&)éicﬂg receptors f or

Vi T usggs. N “SEd &d%?(?ﬁa‘?%v%p{pﬁﬁédtf&ﬂ %Ich?dégﬂe g&&?ﬁosr , thereby

preventi g viral Ion an viral sprea organi sm Tar get ed
mut agene@xsmm‘lecgﬁne&gmdaodnm g?waxmhpreenepmcgrrmc(eesdg as defugibeCRereanchnCXCR4
receptorﬁ?éfor HI V) can. be us§ﬁj to, render the rece tors unabl e tg bind to

Vi rus paer mfomhipationgvite forrthe creaion eateécq@ ng.hece BeddtSof exi sting
infecti O%tengﬁ%s'ﬁ?ﬁ%'é%qlozgam 8?81@%8 cation V\D 2007/ 139982.

Non-limting exanples of Viruses or viral receptors that may be targeted
i ncl ude herpes sinplex virus (HSV), such as HSV-1 and HSV-2, varicella

zost?é1 virus (VZV), Epstein-Barr viJyus V) and cytonegal ovirus (CW),
HHV6 “and HHV7. The hepatitis fam ==uses includes hepatitis A virus

(HAV), heRahpie $; Bésiditisnd OoNitruifipét ZFRs Gith! M&iaﬁt"@&va%erﬁoﬂﬁiﬂsa
hepatitis virus (HD\/), hepatitis E virus (HEV) and hepatitis G virus (HGQV).

O her vi d0&84 or t Hahe fingaapetsins targgted éo CoRGetsaldscribedlinditomational not
L, i RSRNANS K0Py so R R ] i R
Cor onavi rdoflgis dt@esdribed e U. SiPakshy Pﬁbl@tﬁﬁon RoADOORIY1 31982 Cesbéntidlly as
20  described in U.S. Patent Publication No. 20050064474 and International Patent
Publication W02005/014791.
[0148] Specifically, CCR5-binding zinc finger protein designated 8196z was
- fused to either the obligate heterodimer forming cleavage domain having (1) E490K
and I538K mutations to form the zinc finger nuclease (ZFN) designated “8196zKK”
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 IS99L 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 K469A).
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rabies virus, etc.); Filoviridae; Paranyxoviridae (e.g., munps virus,
nmeasl es virus, respiratory syncytial virus, etc.); Othonyxoviridae (e.qg.,
i nfl uenzawvoizoum2igopes A, B and C, etc.); Bunyaviridae;, ARCEBLMI00LTE3
Retroviradae; lentiviruses (e.g., HTLV-1; HTLV-11; H V-1 (aI so known as

HTLV-111, LAV, hTLR, etc. | V-1 1| siman i odef | cl & Vi rus
(Slv), mﬁwrﬂaamﬁ'mﬁmf&'gar omains %’Vﬁ'é‘rﬁ‘%f W?W%B’d‘“@ﬁ%"ﬁ E‘k Y4861 ne

encephal 'ddn%nﬂ'nﬂ&lﬁ%%nng?@-@traﬁdgd bMdigl ogy , 3rd Edition (W K Joklik ed.
1988); Fundanental Virology . 2nd Edition (B. N. Fields and D. M Kni pe,

eds. 19919149‘]or a dB@cZFh&d@ﬂnbcﬁdmrfe@mmmd“mmeﬂedunwmwpameq)t ors for

Comos: ¢ i<GNBIRS AR oI Gef By ety evalindf Jo Hniylic 2PN Vatiad BedThBR I, 107 | o

exanpke, Banmpld PRlerd St ed DtihgdUEL TP QWK™ cBirpled &aﬁs‘dnfph@nﬁiﬂaﬁ&aﬂush an
isolated DNA tenplate, for nucleic acid anplification (e.g., for cloning,

i brary wsiqmdi’rqmgga)for nucl eic acid detection in any sarrpl e (e.g.
di agnost I ﬁf (ﬁf t he -le pﬁporc?%a?ef s&?@ﬁ% SniG iKY t&lb%ﬁf\lsqa%f&%ets Wa‘ECt : ous

agents), 'TOr 'genone Wal or - anal ySI's ion anal ysis and

the |ike.gep&gted®dyPCR hinﬁhﬁl%ttcﬁlrﬁf QCORS quuBﬁ&smﬂkmﬁ CCR2 ZFR3indin@90, 804,
6, 884, 586 .and 6,395,523, For instance, nicking nuclegses as described

herein cAapSipeiQEErat 382 base pRICHRBT Hert IB‘P\SWSFN%N@@ Bﬁﬁ?fﬁ% edo generate

I d I . [0145] |
| 009167 AR SR AL AR AS: W RIBIRL okl o, (048] I
of In| ](c:ked;IQGIKgapdeMEI[o(IWITE)hSI%alK(E’eahd]K%?Ehr whtmr&%dl]ﬂpinahxdaent |

a ificati an. | sof her na a t

O o ST e it suy e ARG B0 BBt P10y s
chai n reﬁﬂf O824 T ERIncImiS cailyicallPimacti VRS PoiliutatictPB4e P8 (DYéI kgr et al .

(1992) Nuclelc Acids Res. 20(7): 1691-169 The use of SDA'to date has
depended 8@67RBchnﬂ|8éa64Ih&ﬂth; 8%1&1’1) endh BLIEDR, deerd Hil WizhR includps oduce a

hem sph oat e .DNA dupl ex t t ifie d uld be

r esi §$ tcaagy‘ ng?C'dYaéﬁ\ga%’ 1t rpatien Pﬁg"lﬂgﬁg%?éiﬁ@.aﬂﬁol nst ead of
di gesti org198z19R! WRerk RIIGIISR R r&mage@s%ﬁcmtﬁg g@ﬂﬁ imesi@iDieT Lkase"
enzynmes t hat do’ not cut doubl e-stran Accordi ngly, the nucl eases

descr i bedD4é7 4). nThamiysurerafaadipylabalethsubatrato DN and BN pratainsiwash which SDA i's
cur et SRR 37 o 1S SRR BB SO N R 20 17
t he presenscEgofs e\n@ltﬂlsdlﬁbsmfgeﬁs@{uéﬂ@ewmf ectious agents, such as HPV,
Hepatziot ! S[OYélr]us HcgleaUeBc}/ DNFAA\VIV)ere g)l(ltgz{lcted by phenol/chloroform and either
untreated (double-stranded cleavage products) or treated with a DNA denaturing
solution (1.0M glyoxal, 10mM NaH,PO4/Na,HPO,, pH 7.0, 50% DMSO) to generate
single-stranded DN A 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 +
8196zDR (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
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Mycobact eri um tubercul osis and Chl anydia trachomatis, from any sanple

(e.g., blood, urine, plasma, tissue sanples, isolated cells, fixed cells,
etc.). [Owo@proAaddioei onal in vitro applications include rh@/usesenat’ndbn of
exonucl eol ytic degradations For exanpl e, nicking nucl eases as descri bed

herein can be, us i onbi na wth S| 1 creat.i f ne
del et i onSeerswhen po Pno lgavaﬂath@ﬁndmns are fat&f%lsg?y Ftygm 8%*’%-3%“%3828 098.
EXAMPLES c@ﬁ@%ﬂ @'oauct Pesib 9 ARfesCORRE S Hok lgﬁ) QES QEJ)\@eéN ih RilMd aninaéd eavage

Donmai ns [ 014 fi nger proteins targeted as described in
| nt er nat ickerahgerprodwets Padtkd wathi ZIrN pairs YO 62BE+ BB@WDA«QBE ampéﬂamIScKl inked to

d d S, Patent P No.
2008/ 0151068 TR0t KA S8 J08 SRR LGN T mer e SeAVBER ORIBIT 3RS I No
200508644051 10 4 16 G Pt e Fobb FaEiron MEBDGI: BebiSks orl146]

Speci fi cal 'y, CCR5-bi ndi ng zinc finger prot el n designated 8196z was fused

to eitherthg @@tﬂﬂ%@h@%ﬁ@r@wmﬂdfbbﬁﬁﬁﬁﬁegllﬁavwe dommi n having (1) E490K

and 1538 ation F f| ng E at ed
"81962KK‘|§0M]( %) ar ilalysy ok 154 B Hagh gmiSt o&u%évlﬁ%ﬂgg%ﬁ\fg’%es@aéérj%?%a "81962DR. "
Sim | arl ylontaiie &&Baialytiosliyngetize iE ddublgetrandedichiavagtasbfnas @ig.80% laves fused
to either. the obligate heterodinmer form ng cleavage domai n havi ng (1) Q486E

and | 59913 #dt&fromdeft) was Yperpecndn singlegurandeheleayagg peoducts tepatedyitlhn R487D

mut at;pon r DQZP i " ctlve forns
of aIIP f0852r87§]@ +nk%A/deb(r%e ggﬁgrogggér’gg)b?ﬁ?l%ﬁcﬁrec éeégﬁg@a{gléln Is of am no
acid res|cdtae581c4552)1da&1t@clbhvage$1hﬁmm)%6l\mg 2B largd9 & andA,0 ﬁlmugﬁnat ed
D467A); or 469 to A ner s O]é(tﬁl eavage

d npl
dona ns. Ao a&%@fmlw Bﬁix'a%g?%%ﬁa@ﬁ%f b @é@%ﬁ R
singl e- Steﬁaé%@'ﬁéjch%ﬁ%.bkéramjw‘h%]ena-h%eﬁﬁe e@"i«*%é?rz ed in Exanple 1 were used in

various palrw se conbi nati ons an avage events evaluated. In particular,
ZFN var i d0135]descr i Bede rasulixdempérestratevtbatehe yset dfasmersd ficddamggedIf-T7 Qui ck(t r’r)

coupl,ed tyranscr.i pti.qn/tr nslat stem (P The appropri ate
CohouSe: dontmrin R ot ARt bR ety P et hartivier bpemias T P
anpl i fi cyImmi&ds iF'dbebieatdsnaasNil anki ng CCR5 ZFN binding

Example 3: Repairing SSB/nicks by single-strand annealing in cells
A. Yeastcells

20 [0156] To evaluate whether SSB/nicks can be used as an alternative method
for inducing recombination-based genome editing at a targeted locus, we first tested
the system in yeast, essentially as described in Doyon et al. (2008) Nat Biotechnol
26:702-8 and U.S. Patent Publication No. 20090111119.
[0157] A SSA-MELLI reporter yeast strain, in which the CCRS ZFN-targeting

25  sites was introduced between the 2 overlapping and nonfunctional fragments of MEL1
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 for 2 to 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 D450N/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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region to generate a 292 base pair substrate. The substrates were 32P

end- | abel ed usi ng T4 pol ynucl eoti de ki nase and i ncubated with the follow ng
ZFN pai r swoi8dreki®2and 8267EL (WI); 8196zKK and 8267EL, Paimarse0@a6ioEL

i ncludes catalytically inactivating point nutati on D450N (D450N); 8196zKK

and 8267EL r 267 EL includes catal ytically ipactivating point
mut at i on lﬁﬁ@\ﬂga y%fgms;d%aozww%ar@fmﬁnn?mg RS TERTR 167 DR, wher o

8196zDR isn@é;g%d%;‘@ém;giiﬁggﬁ i nactivating point nutation D450N ( D450N);
and 8267RD and 8196zDR, "whére 8196zDR i ncludes catalytically inactivating

poi nt nut[@13%9n D467 ¢iasAxt ZANeinduredMELdfexpmdiion Va8 A cepsurtadt r at e DNA

d ZFN i [ bat ed . at C h i hed i I
(M1 or StmepS iR, Becihufly ot b 28l B DRBISE el deser i bed
bel ows [ Qiaiihte@ RAKEHbINE SRS EGRGERHIRY seghi@Re] DSBIiRdwtioh R RAth] ei t her
untreated (doubl e-stranded cl eavage products) or treated with a DNA

denat ur i rig mnse than®9.8%4 obMegiepss ealls imapapmia HY exst oellsovitiohe GFRY Z&N 50% DVBO)

to generate si.ngle-strande efore separation. 10% Ready(tnm) gel

TeeSger (Bt PRytre e SRR BRLCHE AR AL B SRBRRANLY O] eavage

product s pnfideidd Qilwrdd ivi nfianfilahedla eontiinMgl dluedsblop ghlastoSklAGedkold 8267EL

(W) or 8267RD + 8196zDR éV\?I’) ,'hi n which the FokJ cl eavage hal f-donai ns of
FEIVY

bot h | ef tseagldlilfight Opyge tchithe ZENp dg natindyee DSBe Wouldbg enpecisdut DNA

(292hp) | i rs. Two fragnents (-168 bp and -124 bp)
wer queerggsm&{vﬁ%\iﬁ%%%g?ﬁ%&%g%htat alytically active (8196zKK + 8267EL
(WI) or §BB6URD + 8IBfezdoRs k) wehiin the. pré@hcadt gldfdve Pro indactidyi GRZFNN i n whi ch
one of the ZFNs is catalytically inactivated by the indicated point

mut at i on SXBESHPRL6EdlsatRf the ARG exmression rigsryd aitroducedpgthgisreellndn thener at ed.

[ 0153] j j ), LS W yijical l'y
i nacti VZ?)%%% %eno céﬁ@mf gbgs:%r?eéingdgg lége%é@gh&?wvﬁﬁgﬁ@?gﬁ %ﬁe%%thctghgl% bp
f r agnent skasuminerd ib @uludeoliendteatodageth tel WIAWTELFINs, as eomph@i yo culalrky acti ve

in d? bl e- st randed cl eavage products (Fig. qu, lLanes 3 and 8 fromleft) was
al so | SeeeRiFdSyifyFantiel Vesicrs i qoatisigucest Binsiarinet MALY BUCNRFEHIOBEN pai r &
8196zKK ’eoﬁaﬁl?:ﬁep%ﬂ%&{w tRd WeE/T zm%%gtoe&‘kgﬁﬁe fzgg@ tvlaﬁﬁﬁtél DN

catal ytically inactive cl eavage domain). , g. 2B, lanes 4 and 5 from
| ef t. Ther &7AY werel indistipghisizaphe fromi thoseatulturesitishiedeithate ontmdlvectoes.5'  end

of each I:abl'éstesrtnrb‘;1lor{dana ygis %rflgitlrgcl?se Lﬂaign %renethes!:ei c%ltuge%)cbnﬁrmed that the

expression levels of the ZFN proteins were similar.

20 [0161] As the observed lethality is completely dependent on the presence of
the integrated CCRS 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.

25
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

30 reading frames with repeated homologous sequences flank a stretch of DNA encoding
the CCRS 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.
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[0154] Simlarly, the -124 bp fragnent seen when both Fokl cleavage
hal f donai ns are catalytically active in doubl e-stranded cl eavage products
(Fig. 2Awbans#289and 8 fromleft) was al so seen in si ngCeAsto0ld3
cl eavage products treat ed vvith 8267RD + 8196zDR D450N or 8267RD + 81962DR

Y g T R e e i A
not Vi si hgpldy tfeaea%&ambm/v@@gzmq,m M43dne+5mendm+mc@w strand was

end- | abel ed (see Fig 5] These results denonstrate that the use
of di mer gepdrter] 254y er BA6TM|(ZENrIn-EMaDéﬁ7AHeZENd§\Ké§e C@M -S8énafR i s

B! o Toporlesyhittan gy SFRaE BRL RS SSASHHP el Fiohe [ROLET: o' A
Yeast 5celth§ughqm62 3 T&ld%’s@|cHﬁ1§>ﬁreﬂh@tﬂke§anWréﬁt€d<ﬁntﬁfWTkWTlEfEN% @F N

alternative nethod for inducing reconbination-based genone editing at a
t ar get ed Blot /& N-ReKKi T S8A+GEP seportes &38%pkm i n yeast, essentially as

pubi | cat 19K~ 200855 i cterie pbf s P BR Ry BT el (77T

whi ch t hesSERan 4l Heatgatddty the 583 paiswayinmsteatiabedlseen the 2 overl appi ng
and nonfunctional fragnents of MELI gene, was transfornmed with the ZFN

expression plasmds: ZFN L-EL-D450N + ZFNR- KK (D450N), ZFN-L-EL-D467A +

ZFN RiKK g egllé)" (gmg@rkttlt %CrE ssfaggﬂ?ttertg}%t uﬁ'é&ta‘?@r ﬁélﬂ@lo g | nduced

by cul'turé ¢ s'in 2%ga ac ose ours overn t
cul turi ngebmbiniame medi a and assaying for gal act osi dase acti VI ty. [0158]

the | LLE?{B%%% R T TN R T

treated v, Cﬁﬁwm&%@stﬁtheﬁﬁm@&mNW (51.7-96. 0 nU) ZFNs

conpar ed to tures treated wth the control vectors (2.7-4.1 nlJ),
denonst r 0166 t hat BS#ly)iKi2icelswer iigat&iFnith Z&Nlesubinaisahshediedted ar e

(01595 ol Ak ABnE R MR FRAHEa TR e L AP g Gk PRSI 1 of
SSB/ ni ¢ ksdo%@f’sé@ﬂ%nd@s@enohﬁ@mg Whik Rlledtb® fréfiNvedtdd ¢dldwaer DBy admat i on was

al so evaluated. In the absence of honol ogous tenpl ate sequence, DSB
i nduct i orthémstested el 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™ qPCR assay. Briefly, the Surveyor™
nuclease assay was conducted as described in Miller et al (2007) Nat. Biotech.

25  25:778-785). The Tagman™ qPCR 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 CCR5
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) NHEIJ 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
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to nore than 99.8% of the yeast cells in a colony. Yeast cells wth the
CCR5 ZFN target sites integrated into the HO | ocus were transforned with
ZFN expr esoi2ory/qpi@3m ds and cultured in mninmal nedia cearaiseemmogbricose or
gal actose at ten-fold serial dilutions. Only cells in which the ZFNs do not

i nduce DSBs woul d_be expected to survive incg 1cti on of ZFN expressj on.

[0160] THEE SWIVPXOTGY Byrlgaseidup do NHEpindueecpogpcajiopfddNfrssavardetidon of zFN
expr essi gy sybRefetll formal nahpmt%eggéﬁu%gﬂih@%agﬂr dsgduced in these

cells. In the ptesence of gal actose, observed a 2-3 log reduction in the
nunber of[016&dst celResulthas ssowwin/Eable h and Figidd, demonstratathatithei t h t he WI/ WI

vensi tr ARCPURNEN ok bme B 2ERRoRThosk s BERME Sy HEFD §:asoBs0RNe 2"
WIAVTEFN k4 RbOIRE 1 3hd D) Sndiicia DVSH | F¥HicH S 30NnAr3 6049 (ke YaRed by

i ndi stinguishable fromthose cultures treated with the control vectors.
Vest er n BVBEJ, aesplegtsvedy. o$ eee alsp albiguret dk showing M Hieandy withtwitdetypedfNs: med t hat

t he expr iQn levels of the ZF r ot.ei were.simlar. [.0161 t he
obser vd Whtdla i ¢y FLcdimt Boff of Be Bkt Shih s dbaie 87 of e

i nt egr at ego @ENE doAt6e cafdl lylihactivate@poiit fnitRionb én gRIFVAALOMAINGT random
DSBs by the wild-type ZFN. Therefore, these results confirnmed that within

t he cont éxduced dgublp-sirprdeddirpaks: based pnghepbaenca of repasdy NHES @s dgsptededi at ed
cont . ! _ el
[oresp Todaraiol Bt SRR ARABRe a0 ha ERIMY SlholteTaalianMEIPER 20 ht | °

SSA pat hwesayl Seayiigié 5Bn cells, K562 cells were co-transfected with ZFN
expression plasmds and a SSA-G-P reporter plasmd, in which the eGP open
reading frames with repeated honol ogous sequences flank a stretch of DNA
encoding the CCR5 ZFN target sites (required for HDR dependency), and the
nunber of cells undergoi ng SSA-nedi ated repair and expressing GFP was t hen
nonitored by flow cytonetric anal ysis.[0163] As shown in Figure 3,
significantly nore GFP+ cells were observed in sanples treated with
DAS0N WI' ( ZFN- L- EL- D450N + ZFN-R-KK + SSA- GFP reporter, 3.55% or DA67A/WI
(ZFN- L- EL- D467A + ZFN-R- KK + CCR5- SSA- GFP reporter, 3.40% than the sanple
treated with the SSA-G-P reporter alone (0.67%, though it is 2-3 fold |ess
conpared to the sanple treated with WTAVTZFNs ( ZFN- LEL
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+ ZFN-R-KK + SSA-G-P reporter, 8.58% . [0164] These data indicate that
SSB/ ni cks generated by ZFNs generating SSBs can al so be repaired by the SSA
pat hway iwormarmaidsan cells. Exanple 4 : Singl e-strandedprorask@ofescsinsit ate

t ar get

i ntegration by honol ogous reconbination [0165] The ability of ZFNs

that induce SSB/ nicks to facilita b?ogol ogous reconbi nati on and/ or NHEJ
IR 2%S6

was al so determ ned. [0166] Bri ef

combi n4g
in Tabl
fromti
Sur vey(

) 2 cells were treated with ZFN
it 1 ons 1jndicated I n Talbl e 1 alone or W idxtigiatedC DI paimAEENHEIH, Cat

d

(D

e 1 and a CCR5 patch [donor sequence. [Genoni ¢ DfNucias& CPpradgmedred
Gaimprb#del | sLestzem 3 days amightZrn tested Tiew Nhladssvent s| §BCr he
6 REMBRLt M) gPCR@ssay (hi g4glitipn, s83 RFLP

r (tmM Nubprsewlssay

assay Was ased gog7glesivtt ar get @@dei-Rkegibasron by hemol ogous grgeconpi nag.o on. | A
Non- honrol ogouy g2BeEl owni NG [ 0dwELl-kRS mabsxl apoveg.ot he |per @ant age ofo.0NHEJ
event s |wasy est|igrgr@d Ipdemar v 6£-kR) Rwcl easp asggy and Tagvan(inm @EPCR
assay. |Brigfly,goba Swugeyor (§19bz-RKC| @ase assay gas condueieed as degeri bpd
in Mlller gt dlg62007pablk . [Ea@bRRR. Pas7A8-[785)0.0The (Taqman(tm) qROR aspay
was conduct ed (aepEdi RdedL t heoBBRKT aglspger' B 1 ngbruct|i ongtgo nepsurgot he
preseng¢e of a (BRIl NBREEA ON| &IIBARKL O KAEEAIr | N agpr oxijmat @lgy 10| t o BH% of
cell's flol | oW neg@pwb| G st ran sebravage with C@gn ZFNs. Aggord| nglays
speci filc ppi MErHevenh e wilesi gneghgBaApRA ®astAll S| peng.amer |i nseyd i on| eveqp,
tested, ang optdoayREdwt The asgm¥. bR alsged 0 fetegh 1 gopy of the pl@sm d
DNA cont aiy Ing BPRBCMaAR! | SRLDRON vaequente. Fhe agsay oqan also @gsily
det ect (O. qg% | &54mp NEdo £V eng1gsnpgenQri ¢ DNA sapgpl es.| [0168] h| adglptiop
to the|ungyt pafgicd! o (2P24B).0Rt h4BF£SeENce gh the cl gayed | arggo
fragment (5168% Rhd aEdd | FErgoert kasgdtbp) ingpcatgs clggavage byg ke
Surveyor (t,g) nluE% a5 e kdbéa t o] NdsJ).pRrNdygsla nofi figgti on of JINA sequegiges and
t he sutsequent ormati on of DNA het er ggpA-ex| during the assay pfocess.
[ 0169] [Regyl t s|,gogseishqun i n [Teddbekk amdedi g. | 4A odenorstrate t hat the
conbi nati og of| g¥ehel- t wee (WI) sidbikk 81A6BKK t+ 826FEL qr 826¥RD t+ 8186zDR
(1 anes || abel ed gbearrd us0A NdugrdzREB, waf whi th 5453% gnd 3% 7% \wer €0.0
repaired by NHEJ, resmpaerAve|ly. See, also, Flgure 5B dhow ng NHEJ only wWth
wi | d-t ype 20FNs|.8267EL K469 8196z-KK  wt 0.0 0.0 0.0

21 8267RD wt 8196z-DR  D450A 1.1 0.0 0.0

22 8267RD wt 8196z-DR  D450N 1.2 0.0 0.0

23 8267RD D450N 8196z-DR  wt 1.5 0.0 0.0

D467A-
24 8267RD 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 NHEJ.
5

10

15

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

tested included a smaller 46 pb CCR5-patch donor (R5-patch donor), which has a Bgl/l
restriction enzyme site and total 46bp insertion between the 2 CCRS5 ZFN binding
sites; a 1.6kb CCR5-GFP donor, in which an eGFP expression cassette is flanked by
sequence homologous to CCRS5 ( R5-GFP donor); and an additional donor that
replaced the eGFP marker between the homologous CCRS sequence of the CCRS5-
GFP donor with a truncated NGFR reporter gene and placed the eGFP marker cassette
outside the homologous CCRS sequence on the donor template plasmid (CCR5-
NGFR-outGFP donor). Unless specifically indicated below, the following ZFNs were
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[0170] By contrast, none of the other ZFN conbinations, in which one of the
two ZFNs contains catalytically inactivated point nutations in the

Fokl domaiwoQ 20ridee@d doubl e- stranded breaks, based on thecCahsenwo®o4h3 r epair
by NHEJ as detected by a radi oactive Surveyor(tn) nucl ease assay and a

hi ghl [ ] P . Fl B I 0171] Thus,
DNA S5m0 AT RRLTFR B ARy L JnY Kok 7 L O SARY s ZhELoh iSO A bl 1y |
i nact i vatregh7as ZARe e LE0Sshchah el f98, KRAPFR-RKKNduce NHEJ. B. Targeted

i ntegration [8(172] Targeted’integration of various donors was al so

eval uat ed0113dnor s tiethepresancet nfithe smadlopdd bp CAR SppatGORMqyatargstadonor

(R5- pat ch_donor whi ch h a BgH restriction enzyne site otal 46bp
inserti oftt %X"af ﬁ%ﬁ%t@aﬁm%ﬁa@ne&t ?eé'ﬁﬁl %MWQWI%%E@P donor, in
whi chs an 1eyPinaXRER 8 B 838sted WaldLtspd PERKREIRY isSRAYBPCMdiREBLPgoUs to CCR5
( R5-GFP donor); and an additi onal donor that replaced the eGFP narker

bet ween tdigested Hrsigorgotso fOaRb-coatpiring magifiqdeC mrduels aor 1 344bp and

t runcat e@ G:Resr@%%ovre er gene and placed the eGFP marker cassette outside

t he horml8 g iqguence on the donor tenplate plasm d (CCR5-

NG-R- out @#74gonor ) .Ad shoessin R oI arkBldble 1 e cambihatien oPwillhgpd OV TPW ng ZFNs
wer eused: 8267-EL (or ZFN-L- EL%, 8267- EL- D450N (or_ ZFN- L- EL- DA50N),

8267- ELD4ENR, 8 E82646E Ay 82GRD g1 KIRR (ixduqgek NGB, of v B9.4% t he

pr esepce &) . - i i @Nn was
Eval o0 odbgoa% SR ieBliretbyRorbbib o R o RRRln, resBLAR A TRy o) "7
whi ch t hehBgimbidaties tied condathet] ype wRdRype ZENCWwith & c24Bdioplly activetAvdl Byl |

di gested fragments of patch-contai.ning modified CCRS PCR products are
1554bp ad@memsBgucsdhgmalegapsirocombination ing-sadvhnof the EINA romingygntfabl e 1, the
conbi nat i | : : 196zDR

i nduced D }‘é%,g]p %véug{:ﬁg ggm&gﬁ%ﬁg%t ‘Z@ﬁg?e@?rl‘gsp‘gﬁgégkweﬁlyn@@gﬁ%@

r econbi ndokbdomaies pect abletoyindii¢techomeglogousyeaimbiihaiano irthetranesalt hat

cont ap ned. one_wi | d- e ZFN with a catal yticall t.ive FoJd domai n i nduced
hormﬁ%goﬁg’gpee%%ﬁi hgﬁ@r‘(‘r}%wﬁn‘.iﬁypf @4/%? ¢ %lc_ltl‘é(‘twg?té f?lﬁé\?éﬁt_f‘?, e(\/\,her eas none
of the comhhnatmhdabrolindicetRMAbgbus rédobibintion b%hahyetwéégbigé. 40agdivated Fokl
dormai ns were able to i nduce honbl ogous reconbination. Furthernore, all

single ZARY, either having wild-type catalytic activity or catalytically
I nact| Vat[&fi75] In addition, as shown in Figure SA in a separate experiment, K562

cells treated with the WT/WT ZFNs (DSB-inducing) showed targeted integration (TI)

20  of the CCRS-patch donor in 30.6% of the endogenous CCRS alleles. The cells treated
with the D450N/WT or D467A/WT ZFNs also showed TI 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 unsorted 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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mutants, failed to induce honol ogous reconbi nation by thenselves (Figs. 4C
and 4D). [0175] In addition, as shown in Figure 5A in a separate

experi nerwQ 268621691 | s treated with the WI/ W ZFNs ( DSBPCmaiscom®y47ehowed
targeted integration (TlI) of the CCR5-patch donor in 30.6% of the

2PNs al Sg0Laea TiSmistneetsteen bt kb G ldopondpechbadiraveimy) . but
a ~4- 1 0] GnfiGliEs thib RUBD cof %ﬁ%wlmﬁawﬂw@dmb PPN 2R n @gﬁg&ﬁlﬁ% n any of

the sanples treated with a sin D450N, or 0176]
CGenot ypi MFNpaiss togiveluatl thrgctednmsgdmon vé dlef(EEFerprss:smreazhsmbt@hst0| the t he

[ t t d f d. K56 |1
S T N s e IO e B L e
ZFN exDr QsRirpIFACE) & fieiligEhh Unﬁlers’ftyzd‘?l\@aﬁf&ﬁla((\ﬁ@kelg}’:@&) BlaebdBRN i ZFN- RKK
(D450N), L- D467A + ZFN- R- KK é)D467A Unsorted or sorted pools

wer e subJMQQhé@Iettd QO0RY BrocdYatl deashlaid/ byl 104nB30E03e00, and tns s@tedgl e
ceII-derlved Iones e selected unq scope and tested by subsequent
genot ypi RYPAR ngvag %ﬁ‘ﬁﬂ’er sIElGae Fﬂenlya Iiorf,s nore than 25% of the
expanded [oi)es wergmbai &ieOBYGPRS clonks deHvadtifRin tHy fiphd iredted With thdre CCRS

| ocus, confirm % t he h| %h frequency of HDR-driven genone nodification via

| nduct i oVEfW&: (€RN-L- cRKIEs H{ GEREIGISNRT P glongs (Brdo) karbered1. 6 kb

C};)oy, e along with

t he \}\?:\fﬂi%lggﬁtigﬁ? Rﬁlg% ase/e%%\?anljteﬁ%h—{ﬁjjg‘%gtss' o} 0eva? }{Ceeél{ugers get ed

i nt egr at imedifiéd bh&eﬁﬂ?ﬁnewnheﬁéDomNMT@PM (lZJFI\DLtRIerDZGRSHZENsR-IHU efly,
GFP+ cells were saorted for fluorescence, activated cell sorti % (FACS) at

faciliti sCERSUAIRIehsred nef {-passdamedifigtioperagreacd (@%bt fdal i n
Moehl e e os. c1&?e9%181°é&>& Tl dnt ASAL omGf 3‘5’?@%‘2@1 1§Qﬁgn§$oﬁﬂom49f8é£l}' S sorted

popul ati on was use gener at e si n erive ones 9] Anong
t he 75 GhieatedIvartieD46EAIWEZRNso(@:FNE- EIa-mbéAt-l‘ ZRNeR- Kth-PrCCRé GPRBVTZFN

(ZFN- L-EL + ZFN- R- + CCR5- GFP ones 3 vents and
58 cllc‘snes*h?‘*}"?‘f 3‘%61#5 IS TaptakpR 3 GGégngerpﬁs @é P%t%@m@t X@ﬁaﬁ& Thodi 11 ed by
treat mente Wit Rk NERAPONAVT ZFENs ( ZFN- L- EL- DASON + ZFN-R-KK + CCR5- G-P)
showed no NHEJ-based nodification, whereas 6 1 (65.6% of the total 93
clones exf180]t ed a For espaithentOnging the OGERSSNEIFRewt GFP. doypr,dels ved from t he

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

20  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

25 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.

30 [0182] The sorted NGFR+GFP- cell pool derived from cells treated with
WT/WT ZFNs (ZFN-L-EL + ZFN-R-KK + CCR5-tNGFR-outGFP) contained a high
level (63.2%) of NHEJ-based modification, whereas no NHEJ modification was
detected in cells treated with the following ZFNs: D450N/WT (ZFN-L-EL-D450N +
ZFN-R-KK + CCR5-tNGFR-outGFP) or D467A/WT (ZFN-L-EL-D467A + ZFN-R-
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treated with D467AAVT ZFNs (ZFN-L-EL-D467A + ZFN-R-KK + CCR5- GFP) showed an
NHEJ- i ke nmutation at CCR5, whereas 67 clones (70.5% exhibited a Tl event.
See, Tablw020121®0@] For experinents usi ng the CCR5-t NGPRTas2@BRBoHonor ,

cell s undergoing HDR-driven Tl of the sequence encoded on the donor should

only express r but  not. P (NGFR+GEP: ) . I essi of eGFP
(GF>|;+) md' ¢€§§§%l{tﬁ%&§&és%§erﬁ?n ys%‘ﬁg‘:lwﬁg?mﬂcgﬁg%ﬁsﬂh&g%r ation of
the donorg ) a%d diftendd k@Wewvl bemodlRAR by NHEY Wi alsSbbservdtttsir f ace
NGFR expression, cells were first incubated with anti-NGR mAb (BD

Phar m ngeh¢ soredNGHR +&i®+tdel popwlatiom ardiuntortad goels. ant i - mouse 1 gG conj ugat ed

with Dyn ads proyided i he Ll.ect i us kit (Jlnyitrogen),
foll omeda[h§/§)3§assi ng\%ﬂpSlgpg%ﬂﬁ%rgﬁtgﬁﬁ@gﬁ@ﬁﬁgﬁ-qﬁ?@?ﬁg%afn r%(\:\j(éd from
enri ched js@ldisg ZFNPNBSSON/WIT 68 D6 A/ W) UMl @xRBRUNEES Wsig thel NSt ructi on
(I'nvitrogen). Alternatively, cells were either unstained or incubated with

ant i - NGFRumtyorShiusdease assay t we faand Bh8¥nefi the f&&D) allelesdn thosared based on GFP

and/ or N ssion, |l eyel.s usi f i . r.. [ 0182]
The. oor t OREAR B2 ph e FUE et Bisleahpis WSt TRk € o b a8 | Orna
( ZFN- L- EldetecdNyF8dtifthen GEREFigNEBR- Purtiahiibres sing i ceidicaivad glonkevel (63.2% of
NHEJ- based nodi fication, whereas no NHEJ nodification was detected in cells

treated \@enpratederar sampien greatefisvithihe AT VZEand RD4G7AMED KFNS ZEN- R- KK +
CCR5-)NGER- Bﬁc AR E{nf?{@( AT  thei
CCRS-ﬂthGIf:E-n g%ﬁig@dt ?gg gft er ﬁn"éég%zbto e urazs}gr)(t égn'ﬁtlég gé}snethglsrsay (Fig.

6A) . Thi sgelbiksrespeetivety (Tebld 2V dh cofitramsndid Toavehrwdry sédriba thasoredso obser ved
both in the sorted NGFR+GFP+ ceg | ul ati on and upnsorted pools. [0183]

Wi | e thé"@ERﬁ@FP#éaﬁngwlﬂ WOPleﬁ’Iee"&% oF ﬂl%g?‘%éﬁé]%%ma ni cki nduci ng
ZFNs (D4 3Nl g el 1 € fiyeyor (tm
nucl eas qu{s%%% ,0 ch\)/g @fb?udr?l‘/g}/@fg&(gfd %ﬁ%ﬁ%ghégwﬁg%a@nﬁ%%&ggﬁ!éﬁg NGFR+G-P-
cel | s derSongletrii blotrbaddssweers aeql inshdisorted NQFR+GEP Y ecBsidénedrframtheevent , as

det ect ed r I (Fi F e e ingle cell-derived
clonés ge ﬁ'{g’ﬁﬁ%ﬂﬁ Kgﬁﬁé 'E?% N’g' d %@EW%@@%&F%@&% AW ZFNs
confi r meddafiftn 16 IhePsitpebed 93 bardd® Bre b%%a%’éd ¥ th8@rdsérce dMariclOkiags have TI
in their genonmes, respectively (Table 2). In contrast, no Tl events were
seen i n tdfeNBBF medification at CCRS, random integration of the donor DNA template, or

stable persistence of the donor plasmid as episomal DNA.

[0184] As shown in Table 2, more than 25% of the expanded clones were

20  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 T NHEJ NHEJ
Pools Donor ZFN clones | clones clones% | clones clones%
Unsorted R5-Patch  D450N 283 73 25.8% ND ND
Unsorted R5-Patch D467A 284 86 30.3% ND ND
GFP* R5-GFP WT 75 70 93.3% 58 77.3%
GFP* R5-GFP D450N 93 61 65.6% 0 0.0%
GFP* R5-GFP D467A 95 67 70.5% 1 1.1%
R5-NGFR-
NGFR'GFP’ outGFP WT 83 79 95.2% ND ND
R5-NGFR-
NGFR'GFP’ outGFP D450N 91 71 78.0% ND ND
R5-NGFR-
NGFR'GFP’ outGFP D467A 96 74 77.1% ND ND
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NGFR+GFP+ cell's, which would enrich for cells that had undergone random
integration of the donor plasmd, derived fromthe ZFN-treated sanpl es.

Mul ti pl e WBoubtvanzmeodl ot bands were seen in the sorted NGPRFESBEWIOEITNS
derived fromthe WI/ W' ZFN (ZFN-L-EL + ZFN-R-KK + CCR5- tNFR—outGFP)-treated

sanple, i dition,to th umabl use t he
presence [m?ﬂarl ougnmsn%’é S’Isugﬁ%ji%%ﬁsf@’& TlBﬁ)@ @CRB%C? 148 P egration
of the dQE@fm%&qm%ahﬁf (e q{ﬂn%ml?%élﬁ ah@BaLoOhsel 16t fig plasnid as
epi somnal [0184] As shown in Tablé 2, nore than 25% of” t he expanded

cl ones wenteglhsoe pbarpyDNA $aqmemc@sg\§ttbdedunn@gomhrmnamm of arher afRBg¢tocus,
confirm e high fr HDR- dri ven genone nodification via
inductio}%ﬁ @g%}ﬁf‘%ﬁ‘sﬁgﬁﬁée?%‘at‘ﬁ? TI NHEJ NHEJ Pool s Donor ZFN

cl oneg cl ones cl ones% cl ones cl ones% Unsorted R5- Pat ch D450N 283 73 25. 8%

ND ND Unsorted R5-Patch D467A 284 86 30.3% ND ND GFP+ R5-GFP WI' 75 70 93. 3%
58 77. 3%ExmmplRs: Sotexa®sde¢pogqaenciag. 6% 0 0. 0% GFP+ R5- GFP D467A 95 67

out arp DIB0 1 7 1D e R BE R SRS P At BRI o6 74 77. 196
ND NOJ 01&aihwhyliee petfoghat Sélexd® deepiscqaksing o flis CORD fabidt baas frogiice

honol ogous reconbi nation in nannallan@é g human) cel | s, and can be used
KShe el

for targeVEQVInDAsYAYT A Nst ongpptolgxeat Is. vﬁ»mfhﬂx, EERANICAINAS

ellm ati ijl—.ﬁ,} t ge sites.
1P géi’ dle %%nggc?ﬁieogdg %{)@g‘ggi&g Cl negr%%gim%b&ftgé thﬁ:er ev n9+ Sgy lgs whet her

SSB/ ni cksegior of éqmir nexleduest m‘he Nﬂﬁllﬁpdiﬂbklaﬁcmﬁefra@néms wetk @blpamﬁ(:d) deep

sequenci ng ;of the 5 targ ﬁ s from WI/WI, D450/ W', ZF. control

treated 1RB8Hsedas templatesdoy ymd@ GACHHPRUSING primers containing pml and

Xhol restriction enzyme sites.
[0187] The amplicons were then digested with BpmI and Xhol to remove the

15  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 containing no tag or a three-
nucleotide ‘bar-code’ unique to each experiment. Adaptor-ligated PCR products were
then gel purified and PCR amplified using Illumina Genomic DNA Primers

20  (Illumina). The resulting PCR products were subjected to Solexa® deep sequencing
located at California Institute for Quant.itative 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

25  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.

30
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were anplified use a pair of CCR5 priners |ocated outside the CCR5

honol ogous regi on of donor nol ecules. The anplified 2.5kb CCR5 fragnents
wer e gel wonnfoedvand used as tenplates for inside PCR PeaaiSe@a®04783 ng
primers containing Bpml and Xhol restriction enzyne sites. [0187] The
anplicons were then dli;ested wi_th Bpml and Xhol to renove the 5' -end of
16bp of the PCR pr nIﬁP e3:1Solexa®yde Mﬂﬂ?ﬂqm@oj wnsorted poalse to ¢ he putative

~ i : .
ool S [Rlortg et SRy gl PO SR e

1\||u|

tag or alt hpr&EnuePRDOT |1Zlé235bar17?%§@ un|0que t®| eachd expddilment 24 0.0014
Adaptor-|i geted PR proth166s wEnoe2 { leespagel ouf 1919¢8 ardoRPCES0&0P! | BEEA7USI Ng
[1'lum na|GeElomi ¢ DNA|Priners (Illumna). The fesulting PCR products werp
subj ect eql R4508o| ella( 1) 9466p s448A¢I ng'8l ocat®ed at 2%al i f18rini a #hsti 4046 f or
Quanti tafi vEL B osomeence«sa?ewni 9496981y ofs8 Cal iZ prni a4 ( Berikgl ey, 3LA) . 00058
custom wyi tElen conpufer script was|used to extiract all sequences which were
ei t her RASONoNSPRR (=nt495ﬁ111 h #8466 nedi & ed de| eti obs or Oijnsert? ons0.-0p1 B8]

Greater thanonet85, RKO|[quedieey sgxjogmce meeads P 999 conf irdencel16 or 040038
base) were‘wmaksfesdo wiklypachndfrefdietosiasatians; t'Del adfersiioalcttipusithrs” deri ved
from t he MEFWE vakeSastRlighs(offibletiold- + ZFN- R- KK + CCR5- pat ch) showed t hat

260, 509 out of 713,186 sequences (36.5% appeared to be nodified by NHEJ.

See, bl T bI f | ZFN-
Sec. - 3ablgyy Tabl ¢ iton Sl SHHL) 0SSR SR IEBELT BoR U BRA0AFE AR © 27
1772351 IZFBlzBfEIQDQSQNﬂZLFNAIUKK)G}ECH- Kichyesdded hat 1y 488h94f9 1 191915
500 260509 36.5275 ELD450N 944605 944492 18.2 25 EL

549766 54’%@3 ge@efzaeS% @éé‘g%é@él m%nnﬁswlsmm@@é%%%g% 0 3036
0. 0000 nqpR Kfuddr IS AHES HiR rﬁut%tla‘rgraze %thﬁlgélr‘i’\'ﬁ" Z"P\N-treﬁt@é @él?s 1%0 wi | d type;

"Ins" refers to insertions; refers to del etions; refers to
uni que i reigrin thersckgroded Boise nﬁthe assay (0-0.0058%), which is presumably caused

10 by errors generated during the PCR amplification and sequencing steps, based on data
from samples treated with donor DNA only or donor and a single ZFN. This is also
supported by the small number of unique sequence variants identified in the control
and ZFN samples. A greater diversity in the types of sequence modifications
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 CCRS5-
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.

[0191] These data suggested that there are either no or extremely low levels of
NHE]J events in SSB-inducing ZFN-treated samples. These data further confirm that
SSB/nicks are selectively repaired by HDR and not NHE]J.

25
Example 6: Genome-wide assessment of DSB formation induced by ZFN pairs
with a catalytically inactivated ZFN
[0192] SSB/nicks are one of the most frequent types of DNA damage

produced by endogenous reactive oxygen species or during DNA metabolism, such as
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[0189] In sharp contrast, the sequences analyzed fromthe D450/ W ZFNs
(ZFN- L- EL- D450N + ZFN- R-KK + CCR5-patch) reveal ed that only 43 out of

944, 605 swouernoes69¢0. 0046% exhi bited mutations consi st eot/us2eoa/oNHE), a
>7,900 fold reduction in NHEJ. The rrutation rate in the D450/V\7I' ZFN treated

cells is éhl n the b ckgr oungiﬁgm se of th ass !§ gf 8% which is
presumablliiQI AERaiagl replication, which cap G“HHFF BreeReEY APSYIELSe SN and
sequenci ngd $eeRs ’usﬂﬁgstﬁ'éjm tgﬁﬁcﬁntfirsﬁﬁﬂcﬁ%%ﬁx?lité e@é@@aﬂe&&?ﬂ@g § NeNA only or

donor and a Sing This 1s al so suppor by the snal nber of
uni que sdtfmﬁayet Y&t 9-3mt Joifdeher dviabudtei the phtent@ajrfmrSSB@aderZFmg ZBNpttes. A

t d' t t f . d ld b
Dpct ed M= Sk 1P bR SRYAGRerha SHHETEG ERipe UMY ReBLSRLART, (o'l ons”
were gue pkﬁfoh‘k@a EdORR0b i dRs &Skt JITFS8 Eimttibh b é{é%‘r{g yHIAXR ah@ the

presence of CCR5- patch donor harbored 7.3% targéeted integration events,
meani ng t538Pé ekpreasion,, side YHRAXK 1def3BRine rdcaritadDR tieysite AfHESBuss thg t he ZFNs.
It should be noted that the addition of a single ZFN does not cause

modi f i catPBElgFsSPoREe 1od2N4 dAMA8EET, provi di ng additional evi dence that the

bi ndi ZFNs ' df DSB
| ndi ng 3619[%6 ' fgﬁgat SHREAR AL Sta lh%at téﬁ@ﬁ %Tls%dtﬁ% LeAongd for

formati on. 191] a suggeste ere are eit no or
extrenel yirﬂla)poihls\(elgs 102 N7 daoesbnpestmchS&ctumlmrengprﬂébblllzehww sanpl es.

ana 16t ey Ve BHaFEs Eshein o S 3B RanI NERB PR BT nalcea by

ZFN pai r §paibhied dvigphi- ym&xlrwndcmﬁn MRS (BPate) iR e3 DR it wssionr € one of

the nost frequent types of DNA damage produced by endogenous reactive
oxygen speti dkxaFluuf$srgoingaterbgeds ahii-gmuse uumuagmhulne a,llmvmen)epl i cation,

whi ch can, be rep red | sel ases usi ng the
I nt act 03:6’ §|“fé ﬂgﬁeéic%tmf%%ﬁbé\’@m%ggf a? PPt Rev Genet
9:619- 3 YGude® Wéélﬂﬁ[og‘i‘éég uate the potenti aI for SSB—generatl ng ZFNs to

i nduce a | ow | evel of DSBs at genomic sites other than the intended target
si t el5we [BE or med For §éRBiimpiudecechesypiin celly wespolleetadte PisPHy det ect i ng

0rLA e o el SRR PR IR TR P it dsphg (e o1t
I ntracel ladtibadied @estiyd QLabdragirizé)olloelet by taklihepicadeswith arGCID$amera
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 YH,AX expression was observed in cells treated
with WI/WT ZFNs (ZFN-L-EL + ZFN-R-KK + CCR5-patch, 14.70% yH,AX") at 2
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 + CCR5-patch, 4.34% yH,AX"), consistent with the previous observation that
the D467A/WT pair may retain a small amount of DSB activity. As expected, more
53BP1" 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 + CCRS-patch, 1.77+0.33 foci/cell), compared to the control
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time points (e.g., 1, 2, 3 and 7 days) post-nucl eofection were
permneabilized with permwash buffer (0.05% Saponin, 2.5%FBS, and 0.02%
NaN3 i n RBE)oswmtid¢dnen i ncubated with anti-gH2AX nonocl omalr/tsaeoolooy3
(Upstate) foll owed by incubation with Al exa Fl uor488-conjugated goat

o Guava. EAUy Ry Slih g E Pl dper S0k @ B Gt Bedeeth Fodhnol ogi es).
[0194] Foton3th, E,flﬂ?;wﬁbgaﬁa% BPPRSHE 1o GENLRWAIE LR SR oPar

slides by ospin |ent n ant 1 | rabbit
pol ycl onaianaﬂ’etmdmm@.&eqﬁet hyl Labor at or| es) followed by taking pictures
with a CCD canera connected to an i munofl uorescence m croscope (N kon) as
descri bed0B¥or e i nTheabsgniceiof upkagalatad; YHRAX b HHHP Nepressionderaioihess: 808- 16.

010k gt Rl Blrfler 6 HD2PRE S0 BLANLRC AEHAGA TN 2P

and donor;ra signi can anoun expr essi on was o SSErV e 'n cells

treated whé huMd\GITDOBs fodhéd bvdibadk@&lﬁ-;d%ﬂﬂ@rdwﬁ%ddﬁﬁémﬂl suppbrt4Q80tgE2AX+) at
2 days post transfection, but not in . cells treated with DAS5ON WI
( ZFN- L- Eltargatsg ftegraiton poserved iptheS Pardrducing Zstisptedxells dossareWer, slightly

PO SRR R ARINSh A RO A RO SR T

pr evi ous mdib&d foatedivingithagerone dM4mrAn\tEllpaihile neducingtthe potantatedbt bathount  of
DSB a t|V|ty As expected, nore 53BP|_+ foci were also observed in cells

treat®d W g%tZPNaEerEEISMazERLE& KK + CCR5-patch, 6.091.07
foci/cell, AveSD) than in cells treated with the D450NAVT pair

(ZFN- L- EL- D450N + ZFN-R- KK + CCR5-patch, 0.840. 17 foci/cell), which is
essent i alExangile Th8SBeXEN-initiatert taggeted dntegr aticieinzd pon+1CRAsvdogenone nunber
of 53BPI .+ foci was observed in cells treated with D467AAVT (ZFN-L- ELD467A
+ ZFN- R- €US CCR5- patch, 1.770.33 foci/cell), conpared to the controlcells

transf ect 6@7;1/' th t hgy GHRer falkie dABMREr 2FRE thaf thdBeda B8BfQAIbeGREd Jor The

expressi on of gH2AX and 53BPlI returned to background levels within a week
af t edSt r eséroe tedutmg @Hloguetherzthan [lg1GGRS Torus e tasted QﬁSOthEldsﬂnatlé@dg H2AX and

et N B A I A A R
backgr ouridnaid tafgeit de & XTIRU e irep& U@ ROddsctibét inths. A@pg@h@d Noit egrati on
observed in the SSB-inducing ZFEN-treated cells does ocC
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-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 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 TT 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 suspected of having a genetic disease are collected according to
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t hrough ni ck-induced HDR, not DSB-induced HDR, and providing an alternative
nmet hod for editing the genone of human cells while reducing the potenti al
for both wo-20awged92and of f-target nutagenesis via NHEJ. PEXAIspo0n/074703
SSB-ZFN-initiated targeted integration in a non-CCR5 endogenous | ocus

[0197] To fyrther evaluate whether ZFNs that induce a SSB c be used for
genone e&fatnﬁﬁr& SRy Qs APREIPTIAIERTIT S SCSPEPIEL L & ket %‘é“tl?%‘ﬁ?d%dSON

ZFNs-i ni tsgﬁeﬁlge %lﬁ[ Aenarhcldis 895 Athk Penétlc difRsEiGhfectiBtd/SeenVTNAAdasedadN ZFNs

i ncl udi ng i nger domains targeted to CXCR4 were prepared as descri bed
in U S Aepiribedhermm die.cobdiridg 036ducBalritesspeific yinglksaranded hisk wethe

nucl eof ected with a C@CR4- %Ehc . donor DNA in the absence (No ZFN) or
presence WECIERARENCAABHNT FERANCIIOBRIIDAEN - EL- DASON + CXCRA- ZFN-R-KK. Cel | s
vere gl | quegi|t 0 r ecrieianipls e kAN Re@WkhithAe bSO bAReAI nadadtidewi t h t he
same DNAs. The process was repeated for a total of 4 nucleofections. Cells
wer e t her(dN@P5 fartamplificdtigr) aatlteazymemik ontaisp ot anpropsiatd BickigBNA
preparation and RELR assay. [0198 hown i ig. ON'WI' ZFN pairs
speci fi ca{’luFVaﬁeéraﬁg?il?‘git 8%638#%}{3%‘%)\? pﬁegﬁlgt’ ﬁ’gég uee@%%n chrompsome 2 in
t he humanh@@BRAB!CaMNthalgsRetitRilicatEorinfdcond dgeanis agipdifietl. QneBr nédret he CXCR4
| ocus. [0199] These data suggests that the strategy of using targeted
SSB- i nduconpoReINg may detediablelabpird firispesolgletesHenedi ti ng may be broadly

appl i;gabl d coul ' |y -appl i L] target |oci.
Exam%ﬁe 4:62@t ecti oﬂlegaﬁnl#\iumc\égs{egeéa{lg%’d@glg}aﬁ%ﬁgggg?ggggf%%%ghgr cell sanples
suspect ededthiqiestfor exangplargel eleeedphousisgfentcytsmétrymadiolabelitigy edudlhesuspect ed
of having a genetic disease are ¢oll ected cordi ng tostandard. techni ques.
Appr opr i Tesepeq Heancamplificd:segueneg is gicatiyeelfBe PrSerE Al e DEHE et hat | s
char act egjr%tdie&i&js a%@r?t. genetic disease or infectious agent. Nucl eases as
descri bed herein arfe constructed to induce a site-specific single-stranded
nick in the target sequence and/or anplification primer. [0201] The sanpl es
are incubated with the appropriate prinmers, nucleotides (dNTPs for

anpl i1Pi cdtXample dn Pef gé‘?'%‘?‘ﬁ@ﬁldaﬁeﬂpﬁ'b“f he appropriate nicking nucl eases

and a DNAopgd]y mer asgihod ¥ Belt mplgwiﬁﬁeo@é@émhtaimg af BIUaNRRA aghdloact eristic
of the genetic disease or infectious agent is anplified. One or nore
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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conponents may detectably | abeled for ease of detection. [0202] The
anplified sequence, if any, is then detected using standard techni ques, for
exanpl e, wolwaleetrophoresis, flow cytonetry, radi ol abelPcmgis2@éoos7dhe
presence of an anplified sequence is indicative of the presence of the
genetic disease or infectious agent. Exanple 9 : Detection of nucleic acid
sequenceéj%ﬁgﬂg] Bl ood or cell sanples suspected of containing an

i nfectious agent or froman individual suspected of having a genetic

di sease are collected according to standard techni ques. [0204] Al patents,
pat ent apWhatdatlagned snd publ i cati ons nentioned herein are hereby

i ncorporated by reference in their entirety. [0205] Although disclosure has
been provided in sonme detail by way of illustration and exanple for the
purpoges of clgarAtrysioh p%ﬁ%%ﬁﬂﬁihg%DNA-%JﬁhgG@nﬁﬁpﬁfded’élleatspoﬂehose skilled
in the art that various changes and nodifications can be practiced w thout
depart i ngafalgivatlpénaspive tleaage donpin ofcledvegelhaléidomaine. Accordi ngly, the

f oregoi ng descriptions and exanpl es should not be construed as

limting. CLAIMS What is claimed is: L A fusion protein conprising a

DNA- bi ndi ng dgraiie fasénroteRasticlamel , Gaieddil thecPNAYbinARgtdoveiie t&apags domai n
or cleavage hal f-domain. 2. The fusion protein of claim1, wherein the

DNA- bi ndiawgjnelBnggrdoasiibri ses a zinc finger domain. 3. The fusion protein of
claiqu, wherein the zinc finger domain is nonnaturally occurring. 4. The
fusion protein of any of clains 1 to 3, wherein the cleavage domain is a
Fokl cl eavage Il Thelfugiinprotéin of cieiiny2) witepsit itittezina fingirrigntaiveisfnosi on prot ei n
of any of clains 1 to 4. 6. A protein conplex conprising the fusion protein
of any ofnaUrally@CCUmiRg.4 and a second fusion protein conprising a zinc
finger domain and a catalytically active cleavage half domain, wherein the
catalytically inactive cleavage half domain forns a heterodiner with the
cat al yti cal | y acThe/fasiohgactampeoflaalyfof dammas b toB, wheemabeopktavageidomam st ei n.

15  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
20  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.

25 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.

30

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.

56



7. A conposition conprising the polynucleotide of claim5 and a second

pol ynucl eoti de encoding a fusion protein conprising a zinc finger domain
and a catwbybiooeldsg active cl eavage half donmai n, wherei rRCrhis2eated79sically
i nactive cleavage half domain fornms a heterodinmer with the catalytically
active cl eavage hal f-domai n of. the second fusion protein. 8 An ispolated
cell or cell I rfemeshgstotdengrating as 'ﬂ?@@@#ﬁreégé‘g?&rﬁijd%blgwaﬁ@edclai s 1
to 4, a QQ%%BH&LPQE&W%\@&&%&'ES‘& Hgn% aim5, a protein conplex according to
claim6 and/or a conposition accgrdi gtoclaim7.9. A nethod of generating
a si ngl e- st r ampieddingegkoiem compley atcodding keclsim arvdedospqsiéine ecdondiagcel |, t he
met hod co L si_ng: proyi di protein conplex according. t |laim6 or a
conposi t i'® aHEgog@F‘r%g‘ %‘Sq‘@{ég‘?‘ﬁ{“ﬂ gW‘Fé"E%ﬁ %gﬁﬁlgsﬁ@é@{)@?ﬂgw tﬁ%f?é%%h es a

si ngl ¢- stgoapdasraRd&pdeqiéhckhe target doubl e-stranded sequence. 10. The

met hod of claim9, wherein the target sequence is in cellular chromatin.

11. A nethod of inserting an exogenous sequence into a region of interest

i 1, th hod i,Si i i ngl e- i
0 onhr S SRR, HEORBN B kSRR o 576 0,

exogenoughfReptpnce that is inserted into the region of interest foll ow ng
generation of a single-stranded break. 12. The nethod of claim 11, wherein
t he exogenous sequence replaces a wldtype genom c sequence. 13. A nethod

he exogenou | genom et h
et hal compr i Sing: BEARRLRRHEIER bt E3LA0, B S5 pEindeliTla

i nt er est canchie ehdtighbd @nigiBinget hod of claim 9, and providing an exogenous
sequence that replaces the wild-t sequence in. the regi gn of interest and

1 pe
wherein the e%@@ﬁ%&%\é‘&feﬁ@éd%gﬁﬂém egegipn of ipterpst acrardingdo thee t ar get

S€QUence.  ethod of claim 9; and

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

15 following generation of a single-stranded break.

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

type genomic sequence.

20 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
25  region of interest and wherein the exogenous sequence partially or fully inactivates

the target sequence.
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